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1. Introduction

The environmental impact of the Portland cement production and the large use of
cement-based building materials is a growing problem. The substitution strategy, consisting
of the partial replacement of Portland cement with supplementary cementitious materials
(SCMs), or the more common application of blended cements, is an effective way to improve
the sustainability of the construction industries.

To date, the most common SCM is siliceous fly ash [1], a by-product of coal burning
in power plants. However, fly ash, which is used in the production of both cement and
concrete, is slowly losing primacy due to the progressive decommissioning of coal-fired
power plants. Granulated blast furnace slag [2], generally used to reduce the clinker
content, cannot replace fly ash due to its properties and limited availability. On the
other hand, fly ash from biomass combustion [3] or natural (pumice, volcanic tuffs) [4] or
artificial pozzolans (metakaolin) [5] are increasingly being considered within the building
materials industry.

The issues related to the possibility of extending the range of SCMs, including, for
instance, calcareous fly ash [6], wood ash [7], or activated copper tailings [8], are related to
their physical and chemical properties, which in turn can enhance some concrete properties
(performance strategy). Indeed, due to the use of SCMs, differences in the microstructure
are observed in cement and concrete, consisting in the reduction of the total volume of open
pores in the hardened cement paste and in the contact zone between paste and aggregate
grains. This improves the performances of cement-based composites, especially in terms of
durability, or of resistance to an aggressive environment (due to carbonation [9], presence
of chloride ions [10], sulphates [11], etc.), by increasing, for instance, water tightness [12].

Accordingly, in this Special Issue of Materials, aimed at recognizing the current state of
knowledge and development in the use of SCMs within the substitution and performance
strategies, the following aspects are investigated:

• Measuring the chemical, physical, and mineralogical properties of SCMs, before and
after hydration.

• Defining the amounts and the types of SCMs in accordance with the desired effects on
fresh and hardened concrete performances.

• Designing structural elements made with normal and high-performance concretes
containing SCMs.

• Assessing the durability and environmental impact of cement-based composites con-
taining SCMs.

Hence, various research issues regarding SCMs are herein considered and described
in detail through both research papers and state-of-the art reviews. The articles featured in
this Special Issue cover the aspects of design, testing, and application of various types of
supplementary cementitious materials in concrete. The results of the research, conducted

Materials 2021, 14, 2291. https://doi.org/10.3390/ma14092291 https://www.mdpi.com/journal/materials
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by over 45 international universities and scientific centers, prove the great interest in the
SCM topic. In fact, they foster the introduction of new and more environmentally friendly
construction materials, with improved physical and mechanical properties, to be used in
building engineering.

2. Short Description of the Articles Presented in This Special Issue

The issues of the original research papers and stat-of-the art reviews published in this
Special Issue of Materials, and coming from over 45 international universities and scientific
centres, can be divided as follows:

• permeability and diffusivity, which are directly related to the quality of concrete and
to the durability in various aggressive environments [13–17];

• properties of modified cement matrix composites reinforced with fibers [14,18–20];
• application of new types of supplementary cementitious materials [13,16,21–28];
• characterization of various types of modified cement based materials [18,21,23,25–31].

In the study presented by Andrade et al. [13] a common clay–bentonite was used
as concrete additive. The Authors not only analysed the influence of such clay on the
mechanical properties of concrete, but also its chemical resistance to sulphates, carbonation
and chlorides. They revealed that in the bentonite-bearing material, the resistance to
carbonation can be lower than in reference plain Portland cement.

Ahmed et al. [32] showed detailed characteristic of the high-performance self-con
solidating concrete incorporating waste mineral materials (i.e., micro-silica and fly ash).
They analysed fresh and hardened properties of concrete, and introduced a multi-parameter
analytical approach to identify the optimum concrete mixture in terms of cost, workability,
strength, and durability.

In the paper presented by Ali et al. [14] the individual and combined incorporation of
steel fiber and micro-silica in high-strength concrete were investigated. The tailoring of
concrete were performed according to the results of mechanical and permeability tests. By
varying the fiber dosage, a mixed effects on the permeability of concrete (water absorption
and chloride ion penetration) occurs. However, the presence of micro-silica minimalized
the negative effects of high fiber dosage on the properties of concrete.

Research performed by Vu et al. [21] concerned the introduction of new drywall
wood-based particleboard as an alternative to gypsum board. More precisely, the use of
wood particles in combination with steatite powder and Portland cement was investigated.
Both screw withdrawal resistance and bending properties were improved with respect to
gypsum board having a similar density. Authors also revealed that wood-cement-steatite
powder particleboard could be classified as a quasi-non-combustible material.

Han et al. [31] investigated the application of porous feldspar to reduce the use
of cement and sand in the heat storage concrete layer. The mechanical and chemical
activation methods were used to compensate the reduction of strength, due to the lower
content of cement. With respect to a reference cement mortar, the compressive strength
was approximately twice when chemical activation was performed after reducing the
cement content by 5% and replacing the sand with porous feldspar. In a large-scale model
experiment, the heat storage layer containing the porous feldspar exhibited better thermal
properties than those of heat storage layers made with ordinary cement mortar.

The study presented by Yang et al. [29] was aimed at introducing a precise strength
evaluation technique. The apparent activation energy of ground granulated blast furnace
slag (GGBFS) was calculated through several experiments and used to set up a prediction
model. The latter, based on the thermodynamic reactivity of GGBFS within a concrete
system cured at different temperature, was able to estimate the compressive strength of
GGBFS concrete in accordance to the experimental results.

Kalinowska-Wichrowska et al. [22] presented the results of using recycled cement
mortar, obtained from old concrete, as a supplementary cementitious material. Authors
showed that by means of a thermal treatment of concrete rubble, a high-quality fine fraction
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can be obtained. In particular the fine material has pozzolanic properties and can be used
as a partial cement replacement in new mortar and concrete.

The parameters affecting the fibre pullout capacity and strain-hardening behavior
of fibre-reinforced alkali-activated cement-based composites were investigated by Lee
et al. [18]. They used fly ash as a common aluminosilicate source in alkali-activated
cementitious composite, whose compressive and flexural strengths were analyzed in
addition to the strain-hardening behavior. In particular, the composite critical energy
release rate was determined with a nanoindentation approach.

Fantilli et al. [19] investigated the use of ultra-high performance fibre-reinforced
cementitious composites (UHP-FRCC), made with various replacement ratio of cement with
fly ash, as a reinforcement material of existing concrete columns. Relationships between the
size of the UHP-FRCC jacket, the percentage of cement replaced by fly ash, and the strength
of the columns were measured and analyzed by means of the eco-mechanical approach.
They found that replacement of approximately half of cement with fly ash, and a suitable
thickness of the ultra-high performance fibre-reinforced cementitious composites jacket,
could ensure the lowest environmental impact without lowering the mechanical properties.

In the study presented by Ishak et al. [23], the influence of the high temperature
(from 200 ◦C to 800 ◦C) on the fly ash geopolymer concrete incorporating bamboo ash was
investigated. When 5% bamboo ash is added to fly ash, geopolymers exhibited more than
50% improvement in residual strength. Moreover, bamboo origin fly ash could be one of
the alternatives to fly ash when geopolymer concrete is exposed to high temperature.

Research performed by Monfardini et al. [20] was focused on the flexural behavior
of structural elements made with alkali-activated concrete containing class F fly ash, and
reinforced with conventional steel rebars in combination with fibers randomly distributed
within the concrete matrix. The benefical effects of the hybrid reinforcement was mea-
sured through experimental analyses performed on full-scale strutcure at ultimate and
serviceability limit states.

Hager et al. [15] analyzed the influence of the binder type (Portland cement and slag
cement) on the mechanical and transport properties of heated concrete. The compressive
and tensile strength, as well as the static modulus of elasticity and permeability, were
measured after the exposure to elevated temperatures (from 200 ◦C to 1000 ◦C). The damage
of concrete and crack growth due to high temperatures were quantified in accordance with
the variation of the static modulus of elasticity. Test results clearly showed the existence of
an exponential increment of permeability with damage for both the types of cement.

Vukićević et al. [24] proposed the use of alternative waste materials and hydraulic
binders for the soft soil stabilization. High plasticity clay stabilization using fly ash, as
well as engineering properties of ash and ash-slag mixtures, were investigated. Test results
showed the positive effects of clay stabilization using fly ash, in terms of increasing strength
and stiffness and reducing expansivity. As the mechanical properties of fly ash and ash-slag
mixtures were comparable with those of sands, they can be used as sustainable fill materials
for embankments.

Glinicki et al. [25] investigated the influence of fluidized bed combustion fly ash on the
phase composition and microstructure of cement paste. They observed a significant changes
in portlandite content and only moderate changes in the content of ettringite, especially
when a quantitative evaluation of the phase composition, as a function of fluidized bed fly
ash content, was performed.

The aim of the research presented by Vu et al. [26] concerned the use of biomass wood
ash as a partial replacement of cement material in wood-cement particleboards. Test results
indicated that water demand increased with the increasing of the ash content, and the
mechanical properties decreased slightly with an increase of the ash content. The heat
capacity increased with the wood ash content as well. The replacement of cement to an
extent of approximately 30% by weight was found to give the optimum result.

Woyciechowski et al. [16] presented a new self-terminatin model of carbonation, where
the content of calcareous fly ash was taken into consideration as binder component. Also,
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the idea of developing models for various concrete compositions, as a tool for designing
concrete cover thickness of reinforced elements, was proposed.

Fantilli et al. [30] investigated the structural behavior of reinforced concrete elements
made with fly ash substitution. A new procedure was introduced with the aim of fulfilling
a new limit state of sustainability, in accordance with the serviceability and ultimate
limit states currently required by building codes. The proposed approach showed that
the CO2 emission of a reinforced concrete beam was not a monotonic function of the
substitution rate of cement with fly ash. On the contrary, there were favorable values of
such substitution rates.

García-Vera et al. [17] presented a research on the effect produced by an aggressive
environment (containing sulphuric acid solution) on mortars containing different per-
centages of a crystalline admixture. After a sulphuric acid exposure, mortars made with
crystalline admixtures showed higher compressive strength than the reference mortars,
besides exhibiting lower mass loss. However, the crystalline admixture did not produce
any significant effect on the capillary water absorption coefficient. Whereas, in the short
term analysis made in a nonaggressive environment, the crystalline admixture did not
have a significant effect neither on the compressive strength and on the capillary water
absorption coefficient, nor on the ultrasonic pulse velocity.

The state-of-the-art review presented by Jaskulski et al. [27] concerned various aspects
of calcined clays application as a supplementary cementitious material. In more than
200 recent research papers, the authors discussed in detail the idea of replacing Portland
cement with large amounts of calcined clay.

Finally, Nicoara et al. [28] reviewed a series of papers regarding the use of end-of-life
materials as SCMs in the concrete industry. Ordinary Portland Cement can be effectively
substituted by several industrial end-of-life products that contain calcareous, siliceous and
aluminous materials, as well as by natural pozzolanic materials like sugarcane bagasse
ash, palm oil fuel ash, rice husk ash, mine tailings, marble dust, and construction and
demolition debris. Authors revealed that the application of the above-mentioned waste
materials as SCMs would decrease the amount of cement used in the production of concrete,
and reduce the carbon emissions associated with cement production.

3. Conclusions

The application of supplementary cementitious materials in cement-based composites
was an appropriate Special Issue choice, as evidenced by the wide number of research pa-
pers published on this subject. They primarily concerned the characterization of new types
of SCMs and their possible use in cement-based composites. The properties of matrixes
containing SCMs could be further improved by the presence of a fiber reinforcement. More-
over, a better durability in various aggressive environments was also observed. Thus, new
building materials containing SCMs can be effectively tailored with the aim of substituting
traditional virgin raw materials and to increase their performances, espcially in terms of
reducing CO2 and NOx emissions.
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Abstract: If supplementary cementitious materials (SCMs) are used as binders, the environmental
impact produced by cement-based composites can be reduced. Following the substitution strategy to
increase sustainability, several studies have been carried out with the aim of measuring the mechanical
properties of different concrete systems, in which a portion of Portland cement was substituted
with SCMs, such as fly ashes. On the other hand, studies on the structural behavior of reinforced
concrete (RC) elements made with SCMs are very scarce. For this reason, in this paper, a new
procedure is introduced with the aim of fulfil a new limit state of sustainability, in accordance with
the serviceability and ultimate limit states required by building codes. Although the environmental
impact of concrete decreases with the reduction of cement content, the proposed approach shows that
the carbon dioxide emission of an RC beam is not a monotonic function of the substitution rate of
cement with SCMs. On the contrary, there are favorable values of such substitution rates, which fall
within a well-defined range.

Keywords: fly ash; substitution strategy; structural concrete; steel reinforcement; limit states;
RC beams in bending; carbon footprint

1. Introduction

Reinforced concrete (RC) structures are currently designed to satisfy ultimate and serviceability
limit states [1]. Nevertheless, as stated by Model Code 2010 [2], the design of structures is a process of
developing a suitable solution in which not only must safety and functionality be guaranteed during
service life, but also sustainability must be assured. Although green concrete structures are achieved
via different approaches [3], two possible strategies can be applied to better fulfill environmental
requirements [4]:

• Material performance strategy, aimed at the reduction of clinker and thus of the volume of
structures, by increasing the mechanical performance of concrete.

• Material substitution strategy, which consists of substituting clinker with cementitious and/or
pozzolanic mineral admixtures (e.g., fly ashes, silica fumes, etc.).

In several cases, these two strategies are contemporarily used, such as in the substitution of
cement with supplementary cementitious materials (SCMs), which can be byproducts of the industrial
process. For instance, coal fly ashes, deriving from the combustion of coal in power plants and which
can be used to partially substitute Portland cement, can also enhance the strength and the durability of
traditional concrete [5].

From a practical point of view, the abovementioned strategies are not well integrated into the
current limit state design approach. In other words, there is not a single procedure capable of assuring
structural safety while also minimizing the environmental impact of concrete elements. In almost
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all cases, after designing the mechanical performance of RC structures, the environmental impact is
assessed through broad-based green building rating schemes [2]. As the most common rating systems
grant a posteriori (i.e., after building the structure) sustainability certificate, the sustainability and
the mechanical performances of different concretes cannot be compared [6–8]. Hence, the European
Union (EU) target to reduce the greenhouse gasses GHG emissions by 20% [9] cannot be fulfilled by
the cement and concrete industry if the current mechanical and environmental approaches used to
design RC structures are not integrated.

In the opinion of the authors, to design more sustainable reinforced concrete structures, a new
limit state has to be introduced and used in combination with the traditional limit states. In this
way, a code-specific language addressing sustainability practices, which is one of the key objectives
of the American Concrete Institute ACI Concrete Sustainability Forum [10], can be developed. Thus,
here, a simply supported beam is designed not only to satisfy the bearing capacity and deflection
limits, but also to reduce, as much as possible, the environmental impact and fulfill the EU target [9].
Specifically, an integrated ecological and mechanical procedure is herein proposed to select the best
concrete with the optimal replacement rate of cement with fly ash.

2. The Sustainability of Materials

In the material performance strategy, the CO2 emitted per cubic meter of concrete increases with
the concrete strength. According to Habert’s and Roussel’s [4] model (see Figure 1a), a quadratic
function can define this relationship:

β = δ
√

fc (1)

where β = mass of CO2 emitted by the production of a cubic meter of concrete (whose binder is
only cement); fc = average compressive strength of concrete (whose binder is only cement); and δ =
coefficient of proportionality.

Conversely, the application of the substitution strategy, e.g., replacing part of the cement with fly
ash, produces a decrement of the initial values of CO2 emission, βA, and concrete strength, fcA, in a
specific concrete system (Figure 1b).

Figure 1. The impact of concrete: (a) the quadratic function proposed by Habert and Roussel [4]; (b) the
decrement of β and fc due to the substitution of cement with fly ash in a specific concrete system, whose
initial values of CO2 emission and average compressive strength are βA and fcA, respectively.

The new values of fc and β of concrete in which part of the cement is substituted by fly ash, depend
on the initial values βA and fcA (of a concrete made by only cement) and on the rate of substitution S.
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Thus, for given values of βA, fcA, and S, by means of the following functions, both fc and β can
be evaluated:

fc = (1 + α·S) fcA (2)

β = (1 + γ·S) βA (3)

where S = is the substitution rate of cement with fly ash that modifies fcA and βA into fc and β,
respectively; α = strength coefficient; and γ = sustainability coefficient. Obviously, for a specific
concrete system, the three coefficients α, δ, and γ have to be evaluated through the regression analyses
of the available experimental data.

The Tests of Lam et al. [11]

Lam et al. [11] investigated the effects of replacing cement by fly ash on the compressive strength of
concrete. The investigation included 15 concretes, having 3 sets of water/cement ratios and containing
low and high volumes of fly ash. The mixtures taken into consideration are reported in Table 1.
The same Table also shows the results of compressive strength measured on the cylindrical specimens
at 28 days. To evaluate the impact of the concrete components, in terms of CO2 released into the
atmosphere, the data reported in Table 2 are assumed herein [8].

Table 1. The concretes tailored and tested by Lam et al. [11].

Mix w/c Cement (kg/m3) Fly Ash (kg/m3) Aggregate (kg/m3) Superplasticizer (kg/m3) fc (MPa)

S1-0 0.3 500 0 1810 7.5 82.5
S1-15 0.3 425 75 1810 7.5 77.9
S1-25 0.3 375 125 1810 7.5 79.1
S1-45 0.3 275 225 1810 7.5 64
S1-55 0.3 225 275 1810 7.5 57.1
S2-0 0.4 400 0 1810 7.5 55.8

S2-15 0.4 340 60 1810 7.5 44.8
S2-25 0.4 300 100 1810 7.5 44.1
S2-45 0.4 220 180 1810 7.5 32.7
S2-55 0.4 180 220 1810 7.5 32.4
S3-0 0.5 410 0 1810 7.5 42.6

S3-15 0.5 348.5 61.5 1810 7.5 38.1
S3-25 0.5 307.5 102.5 1810 7.5 35.2
S3-45 0.5 225.5 184.5 1810 7.5 30.4
S3-55 0.5 184.5 225.5 1810 7.5 25.9

Table 2. The environmental impact of the components of reinforced concrete (RC) structures [8].

Materials Unit Global Warming Potential (GWP) CO2 (kg)

Cement Type I 52.5 kg 0.832
Ground limestone kg 0.0191

Fly ash kg -
Silica fume kg -
Aggregates kg 0.00246

Steel kg 1.50
Water kg 0.000318

Superplasticizer kg 0.720
Air entraining kg 0.0860

Retarder kg 0.0760

Accordingly, the following values can be obtained through least squares approximation of the
experimental data reported in Tables 1 and 2:

• δ = 48.088 kg CO2/(m3 MPa0.5);
• α = −0.006732;
• γ = −0.009731.
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Such parameters, to be used in Equations (1)–(3), seem to be independent of the water/cement
ratio and are included in the procedure illustrated in Figure 2, herein used to evaluate the curves fc-S
and β-S of a specific concrete system. For instance, the diagram depicted in Figure 3 shows the results
of the proposed procedure applied to the three series of specimens tested by Lam et al. [11].

Figure 2. The procedure used to obtain the functions fc-S and β-S.

Figure 3. The proposed functions fc-S and β-S compared with test data measured by Lam et al. [11].

3. The Limit States of an RC Beam in Bending

According to Eurocode 2 (EC2) [1] the ultimate limit states of RC beams in bending (Figure 4a,b)
depend on the constitutive relationships of materials. For normal-weight concrete of a class lower
than 50 MPa, the parabola–rectangle relationship illustrated in Figure 4c can be used. The bilinear
elastic–perfectly plastic relationship is assumed for steel in tension (Figure 4d). In the latter, after
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yielding (i.e., εs > εyd = fyd/Es, where Es = 200 GPa = elastic modulus of steel), the stress is constant and
equal to the yielding strength, regardless of the strain.

The design strengths of both materials are computed in accordance with the partial safety factors
given by Eurocode 2 [1]:

σcd = 0.85
fck

γc
(4)

fyd =
fyk

γs
(5)

where fck = characteristic compressive cylinder strength of concrete at 28 days; fyk = characteristic yield
strength of reinforcement; γc = 1.5 = partial safety factor of concrete; and γs = 1.15 = partial safety
factor of steel.

Figure 4. The ultimate limit state in reinforced concrete beams in bending: (a) a simply supported beam
subjected to distributed loads; (b) the limit state profile in a cross-section; (c) the parabola–rectangle
relationship for concrete; and (d) the elastic–perfectly plastic relationship for steel.

With the constitutive laws illustrated in Figure 4c,d, an RC cross-section can be designed in order
to satisfy the following condition:

MRd ≥MEd (6)

where MEd = design bending moment applied to the cross-section and produced by the external actions
and MRd = design bending moment capacity of the cross-section.

The value of MRd can be analytically computed assuming the limit strain conditions illustrated in
Figure 4b. Specifically, the maximum strain of concrete is reached in the compressed edge of the beam,
whereas the strain of steel in tension should be larger than or equal to that at yielding (i.e., εs ≥ εyd).

Under these assumptions, the equilibrium and compatibility equations provide [12]:

ω = 0.81 ξ (7a)

μRd = 0.81 ξ(1− 0.42ξ) (7b)

where, according to the symbols reported in Figure 4b, the following non-dimensional geometrical and
mechanical properties are taken into consideration
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ξ =
xc

d
(8)

ω =
As fyd

b d σcd
(9)

μRd =
MRd

b d2 σcd
(10)

If the value of ξ is fixed, the optimal values of ω and μRd can be calculated through Equation (7).
Generally, code rules fix the minimum and the maximum value of the reinforcement area [1,2]

as follows:
k1

b d
fyk
≤ As ≤ k2

b d
fyk

(11)

where k1 = 1.4 and k2 = 3.5 are the values used in Italy.
To reduce the volume of the cross-section, it is better to design the area As close to the upper

bound of Equation (11), thus:

ω =
k2

σcd γs
(12)

If Equation (12) is substituted into Equation (7a), the optimal value of ξ can be obtained:

ξ =
k2

0.81 σcd γs
(13)

It must be noted that in the case of concrete C25 (which is the most used in Italy), the value of
ξ = 0.25 is obtained when k2 = 3.5 and γs = 1.15. As stated by EC2 [1], the plastic analysis of beams,
frames, and slabs can be performed without the explicit verification of the required ductility when
ξ ≤0.25 for concrete strength classes lower than C50.

Finally, by substituting Equation (9) into Equation (12) and Equation (10) and Equation (13) into
Equation (7b), the following formulae can be obtained:

As =
b d k2

fyd γs
(14a)

MRd = b d2 k2

γs

(
1− 0.42

k2

0.81 σcd γs

)
(14b)

As the direct computation of deflection is not always necessary [1], the span/depth ratio is herein
limited for avoiding deflection problems in RC beams. In other words:

H ≥ L
ψ

(15)

where L= span length of the beam (Figure 4a); H = height of the beam (Figure 4a); and ψ = coefficient.
The depth of the concrete cover c is related to durability requirements. Thus, it depends on the

environmental conditions (i.e., the class of exposition), and it can be assumed as a fraction of the
height H:

c ≥ H
ρ

(16)

where ρ = coefficient.

4. A New Design Procedure for RC Beams in Bending

When a concrete system is introduced (and, therefore, δ, α and γ are known), it is possible to select
a specific value of strength fc (herein assumed as the average value of strength) and the corresponding
coefficient β. For the beam depicted in Figure 4a, the length of the span L, the density of concrete
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De, and the applied load qd are the input data. The values of the depth H and concrete cover c can
be obtained from the coefficients ψ and ρ, regarding the serviceability (control of deflection) and the
durability requirements, respectively.

Under these conditions, to obtain the geometry of the beam, only the width b and the area of the
reinforcement As have to be calculated. Such values mainly depend on the maximum bending moment
acting on the beam:

MRd = MEd = (1.3 b H De + 1.5 qd)
L2

8
(17)

where 1.3 and 1.5 are the partial safety factors of the structural weight and service load.
If Equation (17) is substituted into Equation (14b), and assuming d = H − c, then the width b can

be obtained:

b =
1.5 qd L2[

8 (H − c)2 k2
γs

(
1− 0.42 k2

0.81 σcd γs

)
− 1.3 H De L2

] (18)

The area of reinforcement in tension is then computed with Equation (14a), and the global impact
of the beam BI, in terms of CO2 released into the atmosphere, is:

BI = β(b H −As) + φ As (19)

where φ is the environmental impact of steel as obtained from Table 2.
The procedure illustrated in Figure 2 and used to calculate the fc-S and β-S functions can now be

extended to calculate the relationships b–S, As–S, and BI–S of the RC beam illustrated in Figure 4a.
The flow chart of the new procedure is drawn in Figure 5, whereas Figure 6 shows the curves computed
in the case of f ckA = 25 MPa (f ckA = the characteristic value of strength in the absence of cement
substitution = fcA − 8 MPa [1,2]) and:

• δ = 48.088 kg CO2/(m3 MPa0.5);
• α = −0.006732;
• δ = −0.009731;
• ψ = 0.1;
• ρ = 0.07;
• L = 5000 mm;
• De = 25 kN/m3;
• qd = 46.5 kN/m;
• k2 = 3.5;
• φ = 1174.525 kg CO2 /m3.

As shown in Figure 3, β (and thus fc) linearly decreases with S (see also Figure 6a). Consequently,
the geometrical dimensions of the beam increase as the substitution rate of cement with fly ash
increases. As a matter of fact, the width of the beam b becomes larger as S grows. Nevertheless, the b-S
function (Figure 6b) is not linear as is β-S (Figure 6a). In particular, when S > 75% the width of the
beam drastically increases for small increments of S, and Figure 6b shows a vertical asymptote when
S→ 100%.

The above observations are also valid for the area of the steel used to reinforce the tensile zone of
the RC beam. Namely, Figure 6c reveals a monotonic increment of As with S, but the As-S function
shows two different slopes before and after S � 75% (Figure 6c). As a result, the global impact of an RC
beam decreases when S < 75%, whereas BI grows when S > 75% (Figure 6d). In other words, although
the unitary impact of concrete always decreases with S (see Figure 6a), the global impact of a beam BI
is not a monotonic function of S (see Figure 6d). For the given initial strength and impact (i.e., fcA and
BI0), the values of BI have a minimum, BImin, in correspondence to the substitution rate SF (where
0 < SF < 100%).
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It must be noted that the shape of the functions BI-S strongly depends on f ckA. As shown in
Figure 7, where five BI-S functions, corresponding to five different values of f ckA, are reported, BImin

tends to decrease and SF tends to increase if the initial strength of the concrete increases. However, BI0

becomes larger as f ckA increases, and, when S < SF, although the beam can be cast with a low amount
of concrete (and steel, as well), the impact is higher due to the high content of cement. On the contrary,
when S > SF, the impact increases despite the low amount of cement (and low concrete strength),
because large amounts of concrete and steel are needed. Finally, the proposed model reveals that for
high values of f ckA, the best substitution rate of cement with fly ash can be 100% (i.e., SF = 100%).

Figure 5. The procedure to compute the functions β-S, b-S, As-S, and BI-S in concrete systems with an
average compressive strength in the absence of cement substitution lower than f cA,max.
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Figure 6. The result of the procedure herein proposed to design RC beams in bending with f ckA = 25 MPa:
(a) β-S function; (b) b-S function, (c) As-S function; and (d) BI-S function.

Figure 7. BI-S functions obtained by substituting cement with fly ashes in concrete systems with
different f ckA.

From a practical point of view, the substitution rate cannot be too high, because some problems
occur in the concrete system, whose early strength decreases with S [13]. Thus, to reduce the emission
of CO2, a new limit state of sustainability, corresponding to the maximum environmental impact of a
structure, is herein introduced. For instance, code rules or tenders can require a concrete in which
the substitution of cement with fly ashes leads to a reduction of the carbon dioxide emission of larger
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than 20% (as suggested in [9]), with respect to the emission produced by the same concrete system
when S = 0. Referring to Figure 8, where the concrete strength f ckA is 25 MPa, a new limit BImax =

80% BI0 must be introduced. It defines a range of the admissible S, where the optimal substitution
rate of cement with fly ash (or others SCMs) can be selected. The best S does not necessarily coincide
with SF, because, for large substitutions, the RC beams and the area of rebar are too large to be used
in practice. Moreover, higher rates of substitution would provide a decrease in the early strength
of concrete. Thus, some building codes impose lower limits on the usage rates of fly ash than the
feasibility rates measured by laboratory tests.

Finally, it must be noted that though the proposed approach herein applies to fly ashes only, it can
be easily generalized to other SCMs. Indeed, the procedure illustrated in Figure 5 can be used in all
cases, if the parameters of Equations (2) and (3) are experimentally measured for the supplementary
cementitious material taken into consideration.

Figure 8. Application of a possible sustainability limit state and definition of the range of admissible S
(f ckA = 25 MPa).

5. Conclusions

According to the results obtained by applying the design procedure previously described,
the following conclusions are drawn:

• The use of SCMs as cement replacement can be directly integrated within the current design
procedure of RC structures, as long as specific experimental analysis on concrete systems provides
the function fc-S and β-S (Figure 1).

• In the new approach, the design of an RC beam in bending (Figure 4), performed in accordance
with the traditional ultimate and serviceability limit states, also includes the evaluation of the
environmental impact BI, herein computed as a function of the substitution rate of cement
with SCMs.

• In absence of cement substitution (i.e., S= 0), BI increases with the initial strength fcA. Nevertheless,
the relative minimum of the curve BI-S moves towards higher S. As BImin decreases when fcA
increases, it seems more convenient to use high strength concrete systems (i.e., with the highest
fcA ) but with the maximum substitution rate of cement with fly ash.

• If a new limit state of sustainability (i.e., BImax) is introduced, the reduction of the carbon dioxide
emission can be achieved also in the case of low values of S.
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Finally, future works will be devoted to calculating BI-S functions in more complex structures,
such as frames and slabs, as well as considering the effects of other actions (e.g., shrinkage, seismic
loads, etc.).
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Abstract: The purpose of this study is to suggest the optimum mix design with a high volume of
GGBS (Ground Granulated Blast-furnace Slag) replacement and the procedure of the cryogenic test
to consider mechanical and thermal properties, and durability performance. To decide the optimum
mix design, four mix designs with high-volume of GGBS replacement were suggested, in terms of the
slump and retention time. Based on the test results, with respect to the workability and compressive
strength, the mixtures with 65% of GGBS (C40-2 and C40-4) were better than the mixtures with
50% and 60% of GGBS (C40-1 and C40-3). After selecting two mixtures, two types of cryogenic
test methods were conducted under one-cycle cryogenic condition (Test A) and 50-cycles cryogenic
condition (Test B). As a result, in Test A, the compressive strength and elastic modulus of the C40-2
and C40-4 mixtures tended to be decreased over time, because of the volume expansion of ice crystals
contained in the capillary pores. In Test B, the mechanical properties of the C40-4 mixture were better
than those of the C40-2 mixture, in terms of the reduction rate of compressive strength and elastic
modulus. In the view of the heat of hydration, the semi-adiabatic test was conducted. In the results,
the C40-4 mixture was better to control the thermal cracks. Thus, the C40-4 mixture would be more
suitable for cryogenic concrete and this procedure could be helpful to decide the mixture of cryogenic
concrete. In the future, the long-term performance of cryogenic concrete needs to be investigated.

Keywords: cryogenic condition; GGBS; compressive strength; thermal conductivity; semi-adiabatic test

1. Introduction

LNG (Liquefied Natural Gas) has been regarded as the most realistic alternative
to reduce global warming from petroleum energy because it emits very little sulfurous
acid gas (SO2) recognized as a major cause of environmental problems. LNG demand is
expected to be determined by the climate change response activities of each country around
the world. Most of all, Asia is the world’s largest importing region of LNG and accounts
for two-thirds of global consumption [1–4].

Natural gas is cooled to about −163 ◦C to convert the gaseous gas to a liquid state for
storage. Therefore, many kinds of research have been conducted to minimize heat loss and
ensure safety against gas leakage [5–7].

LNG storage tanks can be largely divided into above-ground, in-ground and under-
ground depending on the installation location. According to the type of inner tank, it can be
roughly classified into a 9%-nickel steel tank and membrane tank. Based on the definition
of NFPA 59 A (2001), BS EN 1473 (1996) and BS 7777 (1993), a 9%-Ni steel tank is classified
into single, double and fully containment LNG storage tanks. The full containment LNG
storage tank with relatively high safety is a double tank structure in which the inner tank
and the outer tank can independently store LNG at cryogenic temperatures [8].

Materials 2021, 14, 2129. https://doi.org/10.3390/ma14092129 https://www.mdpi.com/journal/materials
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The inner tank stores cryogenic LNG under normal operating conditions and the outer
tank is located between 1 m and 2 m from the inner tank and functions as a dike as well as
has a function to support the outer roof. The tank has a prestressed concrete outer container
with a flexible inner container and insulation supported by an outer tank wall. Prestressed
concrete (PC) structures are suitable for storing LNG and their design incorporates special
loads and a special performance at cryogenic temperatures [4,8–10].

Nevertheless, the inner and outer storage tanks of LNG involve several potential
risks. Sudden failure of LNG storage tank is not acceptable, since the escaped liquid would
vaporize, mix with air and form an explosive cloud. The explosions or fires resulting from
such an event could lead to an unacceptable loss of life and damage to the plant and envi-
ronment. To reduce the potential risks and safety issues of a concrete storage tank, design
guidance is given in BS 7777, NFPA 95A and BS EN 1473 [10,11]. Moreover, Jeon et al. (2003)
studied the liquid tightness design associated with the cryogenic temperature under the
emergency condition of LNG leakage [6]. After then, Jean et al. (2004) focused on the major
factors deciding the shape of the large LNG tank [12]. Hoyle (2013) in Chevron presented
the modular design of the precast concrete outer wall, instead of the in-situ concrete wall
for the full containment storage tank. It concluded that this modular concept could replace
the 9%-nickel steel with concrete and reduced the material cost and construction time [13].
Based on the composite concrete cryogenic tank (C3T) of Chevron, Jeon et al. (2014) and
Jo et al. (2015) also studied the precast concrete module with outer liners to shorten the con-
struction period [14,15]. Even though the concrete module could make construction time
to be saved, the connection between concrete panels and countermeasures of emergency
leakage should be supported with sufficient researches.

Generally, impermeable insulations such as PUF (Poly Urethane Foam) have been
located between the inner tank and outer concrete wall to prevent direct contact as demon-
strated in Figure 1. Recently, to remove the impermeable insulation, cryogenic rebars as
reinforcement at the inner surface of the concrete wall were partially used. Yoon (2012) sug-
gested the application of cryogenic rebar to LNG storage outer tank [16]. Cryogenic steel
rebar is used to prevent the brittle failure of concrete outer wall when the leakage of LNG
occurs. Cryogenic steel rebar is a specially-designed concrete reinforcing steel for cryogenic
applications and is suitable for use in storage tanks with temperatures down to −170 ◦C
in accordance with EN 14620-3:2006. In fact, cryogenic rebar has been manufactured by
Commercial Metals Company (CMC) in USA and ArcelorMittal in Luxembourg City.

Figure 1. Full containment LNG storage tank.

Concrete used as the outer shell can be directly exposed to the LNG leakage and the
inner surface of outer concrete can be cooled lower than −165 ◦C of cryogenic temper-
ature. The concrete used to contain the liquefied natural gas must withstand sub-arctic
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temperatures as low as −165 ◦C and is called “cryogenic concrete”. However, concrete
behavior at cryogenic conditions has been not elucidated. Kogbara et al. (2013) reviewed
the concrete properties under cryogenic temperatures such as permeability, coefficient of
thermal expansion (CTE), tensile strength, bonding strength, compressive strength and so
on [17]. Kogbara et al. (2014) investigated the damaged microstructure of concrete due to
cryogenic temperature including the effect of aggregate type and introduced the design
method of a damage-resistance cryogenic concrete. To demonstrate the damage effects
before and after freezing, acoustic emission (AE) and X-ray computed tomography (XRCT)
methods were employed. The results indicated that microcracking resistance of concrete
after the cryogenic condition was very related to the type of coarse aggregate [18]. Dahmari
et al. (2007) mentioned the basic cause of concrete failure under cyclic freezing resulted
from the transition to ice from free water in the pores and lead to the reduction in strength
and structural damage [19]. Especially, Kwak et al. (2008) studied to measure the change
in mechanical properties of concrete exposed to a specific temperature range from −20 to
−60 ◦C [7]. To reveal the fracture properties at temperatures ranging from 20 to −170 ◦C,
Rocco et al. (2001) conducted three-point bending tests on notched beams and determined
the fracture parameters with the cohesive crack model, in terms of tensile strength, fracture
energy, softening curve (stress vs. crack opening), characteristic length and modulus of
elasticity [20]. Recently, for developing outer concrete, Kim et al. (2018) investigated the
flexural and cracking behavior of ultra-high-performance fiber-reinforced concrete (UH-
PFRC) before and after exposure to cryogenic temperatures through four-point bending
tests. The test results indicated that UHPFRC had higher resistance to microcrack formation
and better flexural performance rather than normal concrete [21]. Moreover, Mazur et al.
(2019) also carried out laboratory tests to reveal the negative effect under low temperature
and suggest the improved ways of mix design with respect to decease in w/c ratio, type of
cement and aggregate and use of aeration admixture [22].

As shown in Figure 1, concrete outer wall in LNG tank is generally designed as mass
concrete with 1 m thick and more and most of LNG tanks are located in coastal area. Thus,
this concrete outer wall can be easily exposed to chloride-rich environment. To enhance the
concrete durability in corrosive environment, high-volume of GGBS (Ground Granulated
Blast-furnace Slag) should be added. Based on ACI 233 and some references, basically, more
than 50% of GGBS replacement in concrete mixture has an influence on the improvement
of the durability and the reduction of the heat of hydration in mass concrete [23–27].
Rashad et al. (2017) and Rachel et al. (2019) investigated the mechanical and durability
properties of the high-volume GGBS mixture with metakaolin and flyash. Even though
the replacement of GGBS increased, test results of RCPT (Rapid Chloride Permeability
Test), sorptivity and water permeability were lower than those of conventional concrete
mixture [25,26]. Recently, Lee et al. (2020) evaluated the optimal CaO content range to
secure the durability performance. As a result, the optimal CaO content was within range
of about 55% and the replacement ratio of GGBS was about 50% [27]. Therefore, high-
volume of GGBS replacement would be necessary to improve the durability performance
of concrete outer tank installed on the coastal area.

Despite the progress of many types of research about the properties of cryogenic
concrete, there are some limitations of the researches using the composition of high-volume
GGBS binder in mix design. In addition, sufficient research results about the practical
procedure of cryogenic tests have not been provided significantly with focus on the concrete
properties. Therefore, the purpose of this study is to suggest the optimum mix design with
a high volume of GGBS replacement and the procedure of the cryogenic test to consider
mechanical and thermal properties, and durability performance based on the review of
ACI 376 [28].

Above all, ACI 376 was reviewed to define the investigation items about mechanical
and durability properties under cryogenic environment. Then, all raw materials used in
mix design were tested to compare the test results with requirements in ASTM and BS
codes. Particularly in this study, high-volume of GGBS and air entrainer admixture were
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used to the control of heat of hydration and durability for the increase of freeze-thawing
resistance in accordance with emergency condition of LNG leakage. Two types of cryogenic
conditions were employed, and various specimens were tested to measure the mechanical,
thermal and durability properties. Finally, with mock-up specimens, productivity and
semi-adiabatic tests were carried out.

2. Experimental Plan

2.1. Materials and Mix Design

All materials used in concrete followed the related standards in Table 1. Cement was
combined with Ground Granulated Blast-furnace Slag (GGBS) in conformity to ASTM C
595 [29]. Table 2 shows the requirements for cement from ASTM C 150 and all test results
satisfied with the requirements are provided by the supplier [30].

Table 1. Concrete Materials and Standards [30–35].

Materials Related Standard

Cements ASTM C 150

Mineral Admixtures (GGBS) ASTM C 989

Water ASTM C 94

Fine Aggregate ASTM C 33

Coarse Aggregate ASTM C 33

Chemical Admixture (HWRA) ASTM C 494

Air Entraining Admixture ASTM C 260

Table 2. Properties, requirements and test results for cement according to ASTM C 150 [30].

Cement—Type I Properties Requirements Test Result

Magnesium oxide (MgO) Max. 6.0% 1.22%

Sulfur trioxide (SO3) Max. 3.0% 1.67%

Loss on ignition Max. 3.0% 1.09%

Insoluble residue Max. 0.75% 0.19%

Equivalent alkalies (Na2O + 0.658K2O) Max. 0.6% 0.52%

Fineness (Air Permeability) Min. 260 m2/kg 315.7 m2/kg

3 days Compressive strength Min. 12 MPa 23.2 MPa

7 days Compressive strength Min. 19 MPa 36.7 MPa

Time of setting—initial Not less than 45 min 135 min

Time of setting—final Not more than 375 min 170 min

Compressive strength—28 days Min. 28 MPa 46.4 MPa

In order to achieve the strength and durability of the concrete, the replacement of
GGBS as a mineral admixture is necessary. GGBS decreases a permeability of concrete and
improves chemical resistance such as chlorides and sulfates. It also reduces the heat of
hydration related to Delayed Ettringite Formation (DEF). The slag constituent shall not
exceed 70% of the mass of total cementitious material in the concrete mix. Table 3 shows the
requirements for GGBS from ASTM C 989 and all test results satisfy the requirements [31].
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Table 3. Properties, requirements, and test results for GGBS according to ASTM C 989.

Properties Requirements Test Results

Amount retained when wet screened
on a 45-μm (No. 325) sieve Max. 20% 8.7%

Fineness by air permeability No limit 546.7 m2/kg

Air content of slag mortar Max. 12% 6.5%

Activity Index—Grade 100—7 day Min. 75% 93.2%

Activity Index—Grade 100—28 day Min. 95% 109.1%

Sulfide sulfur (S) Max. 2.5% 0.024%

Sulfate (SO3) N/A 0.97

Magnesium Oxide (MgO) N/A 7.51

Acid soluble chloride ion content N/A 0.01

Unwashed original sand contains many fine particles less than the sieve number 200
(0.075 mm) which induce more water and admixture consumption and then weaken the
strength and durability of concrete. Sand as fine aggregate was washed at the washing
plant before supplied for the test. The grading and the requirement of fine aggregates
are shown in Figure 2 and Table 4, respectively. Coarse aggregates were washed gravels
or crushed stones in accordance with Table 5. Coarse aggregates were combined with
two types of single size, 20 mm and 10 mm and supplied from local providers. In Table 5,
all test results for coarse aggregate were compared with the requirements.

In order to improve workability, strength and setting time, a high range and retarding
super-plasticizer as a chemical admixture was used, complying with ASTM C 494. Air
entrainer admixture shall comply with ASTM C 260. Micro-air 100 as an air entrainer
admixture was used for improving a freeze-thaw resistance under a cryogenic environment.
Mixing water was used without oil, acid, alkaline and organic matters or deleterious
substances, complying with ASTM C 94 as shown in Table 6.

 
Figure 2. Grading of fine aggregate.
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Table 4. Properties, requirements and test results for fine aggregates [36–42].

Properties Requirements Test Results Related Standard

Clay lumps and friable particles Max. 1.0% 0.5% ASTM C 142

Coal and lignite Max. 0.25% 0.2% ASTM C 123

Material finer than 75-um Max. 3.0% 2.7% AASHTO T 11

Organic Impurities Lighter than that of
reference standard Color Solution ASTM C 40

Specific gravity on saturated surface-dry basis Min. 2.6 g/cm3 2.613 ASTM C 128

Water soluble chloride ion content Max. 0.01% 0.0096% BS 812:Part 117

Acid soluble sulphate content as SO3 Max. 0.3% 0.0553% BS 812:Part 118

Table 5. Properties, requirements and test results for coarse aggregates [36,43–48].

Properties Requirements
Test Results

20 mm
Test Results

10 mm
Related Standard

Clay lumps and friable particles Max. 1.0% Nil Nil ASTM C 142

Specific gravity on saturated surface-dry
basis—calcareous Min 2.65 g/cm3 2.688 2.680 ASTM C 127

Water absorption Max. 1.0% 0.5% 0.6% AASHTO T 85

Los Angeles loss Max. 30% 21.2% 21.8% AASHTO T 96

Acid soluble chloride ion content Max. 0.01% 0.0085% 0.0081% AASHTO T 260

Acid soluble sulphate content as SO3 Max. 0.4% 0.0115% 0.0168% BS 812:Part 118

Soundness using Sodium sulphate Max. 12% 2.4% 2.5% ASTM C 88

Alkali reactivity Max. 0.04% Innocuous Innocuous ASTM C 1293

Table 6. Properties, requirements and test results for mixing water.

Properties Requirements Test Results

PH Value 6.0–8.0 7.0

Residue Content 6.0–7.6% 6.8%

2.2. Mix Design for Cryogenic Concrete

The specified compressive strength of cryogenic concrete was 40 MPa and target
compressive strength was 50 MPa which was determined by adding 10 MPa to the specified
compressive strength due to variations in materials, operations and testing. The maximum
size of aggregate was 20 mm. The target slump and slump flow were 220 ± 25 mm and
620 ± 75 mm, respectively. The water/binder ratio was selected with 0.28, and total
cementitious content was varied between 475 kg/m3 to 495 kg/m3. Water content was
started from 128 to 133 kg/m3 for cryogenic concrete. For water reduction, two types of
high-range water-reducing chemical admixtures were applied: Daracem 208 (GCP applied
technologies, Cambridge, MA, USA) as naphthalene type and Baxel PC 650 (Baxel, Sharq,
Kuwait) as polycarboxylate type. Air content of 4 ± 1.5% was also achieved using a
proper air-entraining admixture. Mix proportions are listed as shown in Table 7. Concrete
materials were mixed by following ASTM C 192.
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Table 7. Trial mix proportions of cryogenic concrete.

No. W/B
(%)

Unit Weight (kg/m3) Admixture (Liter)

Water
Binder Coarse Agg. Fine Agg.

Type I Type II AE
Total OPC GGBS 20 mm 10 mm Sand

C40-1 28 131 490
245 245

690 480 580 9.0–11.0 - 0.25–1.5(50%) (50%)

C40-2 28 133 495
175 320

680 470 580 9.0–11.0 - 0.25–1.5(35%) (65%)

C40-3 28 128 475
190 285

690 480 610 - 6.0–7.0 0.25–1.5(40%) (60%)

C40-4 28 128 475
166 309

690 480 610 - 6.0–7.0 0.25–1.5(35%) (65%)

Type I: Naphthalene type (Daracem 208), Type II: Polycarboxylate type (Baxel PC 650).

2.3. Preparation of SPECIMENS and Test Methods

For fresh concrete, air content and retention time of concrete slump were measured.
For hardened concrete, mechanical properties such as compressive strength and elastic
modulus were carried out. A total of 15 specimens were prepared in each mixture including
reserved samples as shown in Table 8.

Table 8. Test method and concrete specimens.

No.

Fresh Concrete Hardened Concrete
Reserved
Samples

Total
No.

SamplesAir Content (%)
Slump
(mm)

Compressive Strength (MPa)

1 d 3 d 7 d 28 d

C40-1

4 ± 1.5

Initial
30 min.
60 min.
90 min.
120 min

3 3 3 3 3 15

C40-2 3 3 3 3 3 15

C40-3 3 3 3 3 3 15

C40-5 3 3 3 3 3 15

For one-time cryogenic test (Test A method), a total of 38 specimens were prepared as
referred to Table 9. Test A method consisted of five specified tests: compressive and tensile
strength, elastic modulus, thermal expansion coefficient and thermal conductivity. Each
test was conducted under four different temperature conditions. For freeze-thaw cyclic test
(Test B method), a total of 12 specimens were cast as referred to Table 10. Test B method
was conducted to investigate the compressive strength and elastic modulus after 50-times
freeze-thaw cycles.

2.4. Cryogenic Test Methods

According to ACI 376, cryogenic concrete should be assessed the material properties
as follows: compressive strength, elastic modulus, poisson’s ratio, thermal conductivity
and durability such as resistance to cycles of freezing and thawing [28]. With taking all
properties into consideration, cryogenic tests were performed according to the procedure
and criteria of one cycle of cryogenic temperature condition up to −196 ◦C (Test A method)
and cyclic temperature condition between 5–−20 ◦C (Test B method).
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Table 9. Test method and concrete specimens under cryogenic condition.

Test A Method—One-Time
Cryogenic Cycle

Curing
(Day)

Temperature Conditions

Ambient
(0 min)

−50 ◦C
(15 min)

−120 ◦C
(30 min)

−196 ◦C
(60 min)

Compressive strength 28 3 3 3 3

Tensile strength 28 3 - - 3

Elastic modulus 28 3 3 3 3

Thermal expansion coefficient 28 2 - - 2

Thermal conductivity 28 2 - - 2

Total - 13 6 6 13

Table 10. Test method and concrete specimens after 50 freeze-thaw cycles.

Test B Method—50-Times Freeze/Thaw Cycles
Temperature Conditions

Curing (Day) Ambient 5–−20 ◦C

Compressive strength after cycling 28 3 3

Elastic modulus after cycling 28 3 3

Total 6 6

2.4.1. Test A Method: One Cycle of Cryogenic Temperature Condition Up to −196 ◦C

The test specimens were subject to a single cycle at very low temperature and subse-
quently tested. The test results were compared with the concrete characteristic strength
(40 MPa). The description and specimens of the test were specified as shown in Table 9.
Test specimens were directly immersed into liquid nitrogen for 15, 30 and 60 min. at
−196 ◦C and put out from the insulated storage. The cooled specimens were stored at the
curing room (23 ◦C and RH 95%) where the temperature and moisture could be constantly
controlled for 48 h. Reference specimens were kept in the curing room at the same time.
After 2 days, the mechanical properties of cryogenic concrete were measured in terms
of compressive strength, elastic modulus, poisson ratio, splitting tensile strength, length
change for thermal expansion coefficient and thermal conductivity. For measuring the
temperature automatically, two thermocouples were installed inside a spare specimen and
one sensor was set up outside the spare specimen. The installed locations of thermocouples
from the surface of a concrete sample were 25 mm and 75 mm, respectively. The tempera-
ture was recorded with a data logger and the temperatures of 15 min, 30 min and 60 min
were corresponded to test specimens exposed to the cryogenic condition. The temperature
recording was finished before immersing all test specimens into liquid nitrogen. As shown
in Figure 3, the cryogenic tests were carried out as follows: compressive strength, tensile
strength, elastic modulus, moisture content, length change and thermal conductivity.
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(a) Preparation of liquid nitrogen 

 
(b) Preparation of specimen 

 
(c) Immersed into liquid nitrogen 

 
(d) Contained for 15/30/60 min. 

 
(e) Pilot specimen 

 
(f) Curing in chamber 

 
(g) Compressive strength test 

 
(h) Elastic modulus, Poisson ratio 

 
(i) Splitting tensile strength 

 
(j) Thermal conductivity (GHP) 

 
(k) Specimens of thermal conductivity 

 
(l) Length change ratio 

Figure 3. Test A method under cryogenic condition.

2.4.2. Test B Method: Cyclic Temperature Condition between 5–−20 ◦C

In Figure 4, test specimens were subject to 50 cycles between 5–−20 ◦C and subse-
quently tested and test results were compared with the concrete characteristic strength
(40 MPa). After finishing freezing and thawing, all samples were maintained in the curing
chamber and crushed at the same time as the cooled specimen. The temperature change
rate might not be greater than 10 ◦C per hour. The freeze-thaw cycling test was carried out
according to the ASTM C 666. The cooling and heating procedure of the cycle met condi-
tions defined in ASTM C 666. The temperature of specimens was monitored throughout
the test used by the thermocouples. The cycled specimens were taken out from the chamber
and cycled and un-cycled specimens were crushed at the same time. After finishing the
compressive strength tests, the moisture content was determined with the crushed debris
dried in an oven for 24 h.
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(a) (b) 

 
(c) 

Figure 4. Test B method under cryogenic condition: (a) freezing-thawing equipment, (b) test set-up with specimens and
(c) freeze-thaw cycles.

3. Test Results and Discussions

3.1. Selection of Optimum Mix Design with Slump and Compressive Strength

During 120 min after casting, slump tests with admixture Daracem 208 were performed
every 30 min, and the testing value of cryogenic concrete was described in Figure 5. The
initial slump of the C40-1 mixture exceeded the allowable tolerance, but the other slumps
were in the range of it. On the other hand, the slump value of the C40-2 mixture was
satisfied during the retention time of 120 min.

The chemical admixture of C40-3 and C40-4 was used with a polycarboxylate type
(Baxel PC 650). The values of slump flow for 120 min were demonstrated in Figure 6. Based
on the results, the initial slump flow of the C40-4 mixture with 65% GGBS was satisfied
with the tolerance, but the C40-3 mixture with 60% GGBS was not. After 120 min, both of
them were in the range of slump flow, 595 mm and 570 mm, respectively. These values
were contained within the target range of 620 ± 75 mm. The tolerance of slump flow was
within ±75 mm and the C40-4 mixture was more suitable rather than C40-3 one, in terms
of retention time and workability.

All test samples were cast in accordance with ASTM C 172 and several times of
compressive strength tests were conducted for 28 days [49]. The target compressive
strength was determined to be more than 50 MPa, including a 10 MPa margin. As shown
in Figure 7, the target strengths of all mix designs were sufficiently developed at the age
of 7 days. All specimens at the age of 28 days already satisfied the compressive strength
of more than 60 MPa. For describing in detail, the binder content of C40-1 and C40-2
was greater than that of C40-3 and C40-4 by 15 kg/m3, but the compressive strength of
C40-1 and C40-2 was lower than that of C40-3 and C40-4. Therefore, with respect to the
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workability of fresh concrete, C40-2 and C40-4 were better than C40-1 and C40-3. In view
of the development of compressive strength, C40-2 and C40-4 were superior to C40-1 and
C40-3. In the next step for cryogenic tests, C40-2 and C40-4 mixture were chosen.

  
(a) (b) 

Figure 5. Slump test (a) C40-1 (GGBS 50%, Daracem 208) (b) C40-2 (GGBS 65%, Daracem 208).

  
(a) (b) 

Figure 6. Slump flow test (a) C40-3 (GGBS 60%, Baxel PC 650) (b) C40-4 (GGBS 65%, Baxel PC 650).

Figure 7. Compressive Strength of concrete mix design over time.

3.2. Mechanical, Thermal and Durability Properties under Cryogenic Condition
3.2.1. Mechanical and Thermal Properties after Exposed to a Cryogenic Condition

To figure out the characteristics of the concrete exposed to the cryogenic condition,
firstly, two thermocouples in the specimen were installed as shown in Figure 8a. Then, the
concrete specimen was put into liquid nitrogen to measure the temperature variation over
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time. As the result, the initial temperature was started from 22 ± 2 ◦C and after 45 min, the
temperature was dropped down up to −190 ± 2 ◦C as shown in Figure 8b. The measured
temperature variation was regarded as the temperature of the other specimens without
thermo-couples. That is, after 15 min, the temperature of the concrete surface went down
up to −100 ◦C. If the specimen was immersed in the liquid nitrogen storage for 15 min, it
would be equally considered to be exposed to −100 ◦C.

 
(a) (b) 

Figure 8. Thermocouple installation and temperature variation: (a) sample size and sensor location and (b) temperature
variation over time.

In Table 11, the compressive strength and elastic modulus of concrete specimens under
cryogenic temperature tended to be decreased over time. When the specimen was frozen
under very low temperature, the expansion of ice crystal made some cracks in the capillary
pores. Because the compression was loaded to concrete specimens after melting the ice
crystal under ambient temperature, compressive strength of the specimens decreased.
However, this trend was not the same as mentioned in ACI 376. That is, many studies had
shown that compressive strength and elastic modulus increased as the temperature went
down [28,50–53]. As the temperature decreased, the moisture contained in the capillary
pores was changed into ice, and the internal structure of the concrete become tight and
dense, resulting in an effect of increasing strength. The compressive strength of concrete
exposure to cryogenic temperature rose up to about three times compared with ambient
temperature. That is, the increment rate in compressive strength of concrete increased
as the moisture content increased and the temperature decreased. In particular, below
−120 ◦C, the deviation of compressive strength increased and the increment rate decreased.
This was because the volume of ice crystals rapidly reduced around −120 ◦C or below [52].

Table 11. Test results of compressive strength, elastic modulus, poisson ratio and absorption.

Test Item
Immersed Time

(min.)
Compressive Strength

(MPa)
Elastic Modulus

(GPa)
Poisson

Ratio
Absorption (%)

C40-2

0 min. (ambient) 61.8 36.1 0.1483 3.57

15 min. 52.8 35.1 0.1440 3.50

30 min. 53.9 34.2 0.1437 2.28

60 min. 53.9 33.9 0.1440 2.40

C40-4

0 min. (ambient) 62.17 39.8 0.1517 2.93

15 min. 60.0 35.8 0.1437 2.17

30 min. 57.9 35.7 0.1430 2.23

60 min. 57.5 35.4 0.1437 2.21
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In Table 11, the reason for the decline of mechanical properties was the expansion of
volume. Freezing moisture expanded its volume by about 10%. The expanded volume of ice
in the capillary pores caused pressure increase and the excess of the tensile strength of the
pore walls impacted on the occurrence of cracks of concrete microstructure. Additionally,
the degree of water saturation had a significant effect on the frost resistance of the concrete
mix. As shown in Figure 9, the compressive strength and elastic modulus declined over
time. That is, in the case of compressive strength, the strength reduction of the C40-2
mixture was about 15% in Figure 9a, but in the case of elastic modulus, 10% of reduction of
the C40-4 mixture was observed in Figure 9b. This is because freezing moisture in concrete
pores induced the cracks in the pore walls and this cracking resulted in the reduction of
mechanical properties [50].

 
(a) (b) 

Figure 9. Normalized mechanical properties exposed to cryogenic temperature: (a) normalized compressive strength over
temperature and (b) normalized elastic modulus over temperature.

For calculating the coefficient of temperature expansion (CTE), the length change of
concrete specimens was measured as shown in Table 12. The CTE of cryogenic concrete
was derived as shown in Equation (1) and the CTE of C40-2 and C40-4 was −1.503 and
−1.605 × 10−6/◦C, respectively.

C =
(Rh − Rl)

G·ΔT
(1)

where, C = coefficient of linear thermal expansion of the concrete (10−6/◦C), Rh = length
reading at higher temperature (mm), Rl = length reading at lower temperature (mm),
G = gage length between inserts (mm) and ΔT = difference in temperature of specimen
between the two length readings (◦C).

Table 12. Test results of length change and splitting tensile strength.

Test Item Immersed Time (min.) Length Change (mm) Splitting Tensile Strength (MPa)

C40-2
0 min. (Ambient) 0.0015 4.30

60 min. −0.063 3.44

C40-4
0 min. (Ambient) 0.0002 4.43

60 min. −0.0690 3.21

For the measure of the thermal conductivity, GHP (Guarded Hot Plate) 456 Titan
manufactured by NETZSCH in Selb, Germany was used in Figure 10 and was employed
with standardized guarded hot plate technique according to ASTM C 177 [54]. The temper-
ature range of the equipment was −160–(+250) ◦C and the range of thermal conductivity
was 0.003 to 2 W/(m·K). The two samples of each mix design were prepared and the
size of it was a square with 300 mm sides and with 90 mm thick due to the measurement
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limit of equipment. GHP (Guarded Hot Plate) was based on the absolute measurement
method without calibration and correction. The thermal conductivity value resulted in the
stationary state and was derived from Equation (2) as follows:

λ =

.
Q × d

2A × ΔT
(2)

Figure 10. GHP (Guarded Hot Plate) 456 Titan and set-up of the sample, thermal sensors and plate.

In Equation (1),
.

Q is precisely measured total power input into the hot plate, d is
average sample thickness, A is measurement area and ΔT is mean temperature difference
along the sample.

In ACI 376, the moisture content in concrete have an effect on the thermal conductivity.
As temperature goes down, the thermal conductivity rises up linearly. In detail, the thermal
conductivity of partially saturated normal-weight concrete increases from approximately
3.2 W/(m·K) at 25 ◦C to 4.71 W/(m·K) at −155 ◦C [28]. Table 13 demonstrated the thermal
conductivity of concrete exposed to ambient and cryogenic temperature.

Table 13. Test results of thermal conductivity.

Test Item Temperature (◦C)
Thermal Conductivity (W/m·K)

300 mm × 300 mm × 90 mm

C40-2
20 ◦C 1.512

−160 ◦C 0.643

C40-4
20 ◦C 1.485

−160 ◦C 0.723

As a result, the thermal conductivity of C40-2 and C40-4 at ambient temperature
(20 ◦C) was about 1.5 W/(m·K) and that of C40-2 and C40-4 at very low temperature
(−160 ◦C) was 0.643 and 0.723, respectively. This result was opposite to what ACI 376
mentioned. The factors affecting the thermal conductivity were the ratio of aggregate
volume, water-cement ratio, moisture content and curing period. That is, as the volume
fraction of aggregate and moisture content increased as well as water-cement ratio and
curing period deceased, the thermal conductivity tended to be increased [55]. On the
contrary, the test error could be decreased with the thicker specimen. For verifying this
tendency, additional thermal conductivity tests were carried out with thinner sample as
shown in Figure 11. As the sample thickness was decreased up to 50 mm, the thermal
conductivity was down up to 50% or more.
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Figure 11. Effect of sample thickness on thermal conductivity.

3.2.2. Mechanical Properties after Exposed to Cyclic Low Temperature

The test B indicated that the cyclic temperature was repeated for 50 cycles in the range
of 5 ◦C to −20 ◦C, in accordance with ASTM C 666. After exposed to the freeze-thaw
conditions, the compressive strength and elastic modulus tests were carried out with
two types of mix designs, C40-2 and C40-4. In Table 14, as the freeze-thaw cycles increased,
the compressive strength and elastic modulus decreased because the volume expansion of
ice crystal in the pores induced the microcracks under a low temperature [7,20]. Thus, the
mechanical properties of the C40-4 mixture were better than those of the C40-2 mixture, in
terms of the reduction rate of compressive strength and elastic modulus. The reduction
rate of normalized mechanical properties was shown in Figure 12. In detail, the strength
reduction was about 10%, and in the case of elastic modulus, the reduction was about
5% less.

Table 14. Test results of compressive strength, elastic modulus, poisson ratio and absorption.

Test Item
Freezing Thawing

(Cycle)
Compressive

Strength (MPa)
Elastic Modulus

(GPa)
Poisson

Ratio
Absorption (%)

C40-2
0 59.2 38.1 0.147 2.94

50 53.3 36.5 0.142 3.42

C40-4
0 66.0 42.2 0.156 2.69

50 60.7 41.5 0.150 3.01

  
(a) (b) 

Figure 12. Normalized mechanical properties exposed to cyclic low temperature: (a) normalized compressive strength over
F-T cycles and (b) normalized elastic modulus over F-T cycles.
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3.3. Mock-Up Test for Semi-Adiabatic Temperature Monitoring
3.3.1. Preparation of Mock-Up Specimen

A mock-up test was performed to verify the heat of hydration of mass concrete.
The two numbers of mock-up specimens were casted with the best optimum mixes for
cryogenic concrete such as C40-2 and C40-4. Detailed sizes of Specimens were shown
in Figure 13. The size of mock-up specimen was 2.0 m by 2.0 m by 1.5 m and the side
surface of it was surrounded with insulation board of 200 mm thick. Concrete placing
work and casting specimen had been taken for 30 min after produced. The vibrating works
were carefully applied for good consolidation of poured concrete during concrete placing
as shown in Figure 14. Temperature of fresh concrete was measured in accordance with
AASHTO T 309 [56]. The initial and 30 min temperatures of concrete were controlled
less than 32 ◦C because it was produced in summer season. Table 15 indicated that the
slump (flow) and air content of both C40-2 and C40-4 mixtures were satisfied on the target
requirement. A wooden form and polystyrene insulation were removed in 21 days after
concrete placement. The top surface of concrete had cured with the moisture curing method
such as wet blankets and plastic films.

3.3.2. Semi-Adiabatic Temperature Monitoring

All temperature sensors were installed and mock-up test was pretested before concrete
pouring. A total of five temperature sensors (if required, two more spare sensors at the
surface and center of specimens) were installed and positioned in concrete specimen at
various depths and locations as shown in Figure 15. Temperatures of concrete specimen
were measured every 30 min for the first 48 h and then every 1–2 h for 21 days. Ambient
temperature was also recorded.

 

 
 (a) Overview of mock-up specimen 

  
(b) Top view (c) Side view 

Figure 13. Dimension of Mock-up specimen.
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(a) Placing concrete (b) Vibrating concrete 

Figure 14. Placing and vibrating of concrete.

Table 15. Test result of fresh concrete produced from batch plant.

Test Item
Temperature (◦C)

Slump (Flow)
(mm)

Air Content (%) Density (kg/m3)

Initial 30 Min. Initial 30 Min. Initial 30 Min. Initial 30 Min.

C40-2 26.0 27.1 240 220 5.5 5.2 2303 2369

C40-4 28.9 29.2 650 620 4.5 4.0 2386 2393

 
(a) Overview 

  
(b) Top view (c) Side view 

Figure 15. Locations of temperature sensors.
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The maximum temperature was captured in the center of the mock-up specimen and
the temperature difference was measured in the center and surface of mock-up specimen.
The maximum temperature of the hardened mass concrete usually occurred between 1
to 3 days after placement and then gradually decreased. According to ACI 308-16, ACI
207.1R and CS 163, in the case of blended cement, the maximum temperature should be
controlled in the range of 70 ◦C and 85 ◦C, and the temperature difference should not
exceed 19 ◦C [57–59]. Table 16 and Figures 16 and 17 show the measured temperature
data. For C40-2 with Daracem 208 (naphthalene), the maximum temperature of the center
location was 70.85 ◦C and the temperature difference between center and side surface was
21.85 ◦C. For C40-4 with Baxel PC 650, the maximum temperature of the center location
was 70.8 ◦C and the temperature difference between center and side surface was 16.95 ◦C.
The maximum temperatures of C40-2 and C40-4 were controlled by less than 75 ◦C, but the
temperature difference of C40-2 did not satisfy the requirement with the exceed of 19 ◦C.
Moreover, the binder amount of the C40-2 and C40-4 mixtures was applied with 495 kg/m3

and 475 kg/m3, respectively. That meant that the amount of binder for the C40-2 mixture
was 20 kg/m3 more than that of C40-4. With regard to the heat of hydration, C40-4 mixture
was better to control the thermal cracks. Thus, the mix design of C40-4 (GGBS 65% with
Baxel PC650) was more suitable for cryogenic concrete, in terms of workability, mechanical
and thermal properties under cryogenic conditions and heat of hydration.

Table 16. Results of measured temperature data (replacement of GGBS 65%).

No. Admixture
Temp. Max. at Center (◦C) Temp. Difference

(◦C)Surface Center

C40-2 Daracem 208 49.00 70.85 21.85

C40-4 Baxel PC 650 53.85 70.80 16.95

Figure 16. Cryogenic concrete with 65% GGBS and naphthalene type admixture.
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Figure 17. Cryogenic concrete with 65% GGBS and Polycarboxylate type admixture.

4. Conclusions

The purpose of this study is to suggest the optimum mix design with a high volume
of GGBS replacement and the procedure of the cryogenic test to consider mechanical and
thermal properties, and durability performance.

Above all, many research efforts including ACI 376 were reviewed to define the inves-
tigation items about mechanical and durability properties under cryogenic environment.
Following this, all raw materials were tested to compare the test results with requirements.
Particularly in this study, to the control of heat of hydration, the high-volume of GGBS
replacement was adopted. For the improvement of freeze-thaw resistance, air entrainer
admixture was used. With respect to the emergency condition such as LNG leakage,
two types of cryogenic test methods were employed under one-cycle cryogenic condition
(Test A) and 50-cycles cryogenic condition (Test B). Next, a mock-up test was conducted to
find out the productivity and semi-adiabatic properties. The test results were summarized
as below:

(1) With raw materials satisfied the requirements, four mix designs were suggested. To
decide the optimum mix design, the slump and retention time of fresh concrete were
investigated and the compressive strength of hardened specimens was measured. In
this process, with respect to the workability of fresh concrete, C40-2 (GGBS 65% with
Daracem 208) and C40-4 (GGBS 65% with Baxel PC650) were better than C40-1 (GGBS
50% with Daracem 208) and C40-3 (GGBS 60% with Baxel PC650). In view of the
development of compressive strength, C40-2 and C40-4 were superior to C40-1 and
C40-3. In the next step for cryogenic tests, the C40-2 and C40-4 mixture were selected.

(2) After one cycle of cryogenic temperature, the compressive strength and elastic mod-
ulus of the C40-2 and C40-4 mixtures tended to be decreased over time, because of
the volume expansion of ice crystals contained in the capillary pores. In addition,
the degree of water saturation had a significant effect on the frost resistance of the
concrete mix.

(3) After exposed to the 50-times freeze-thaw cycles, the compressive strength and elastic
modulus tests were carried out the mechanical properties of the C40-4 mixture (GGBS
65% with Baxel PC650) were better than those of the C40-2 mixture (GGBS 65% with
Daracem 208), in terms of the reduction rate of compressive strength and elastic
modulus. In detail, the strength reduction rate was about 10%, and in the case of
elastic modulus, the reduction was about 5% less.

(4) The maximum temperatures of C40-2 and C40-4 were controlled by less than 75 ◦C,
but the temperature difference of C40-2 did not satisfy the requirement with the
exceed of 19 ◦C. Moreover, the binder amount of the C40-2 and C40-4 mixtures was
applied with 495 kg/m3 and 475 kg/m3, respectively. That meant that the amount of
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binder for the C40-2 mixture was 20 kg/m3 more than that of C40-4. With regard to
the heat of hydration, the C40-4 mixture was better to control the thermal cracks.

Thus, the mix design of C40-4 (GGBS 65% with Baxel PC650) was more suitable for
cryogenic concrete, in terms of workability, mechanical and thermal properties under
cryogenic conditions and heat of hydration. This test procedure would be helpful to
select the better cryogenic mix design and to define the trend of mechanical, thermal
and durability properties and test methods. In the future, the long-term performance of
cryogenic concrete needs to be investigated.
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Abstract: The Portland cement industry is presently deemed to account for around 7.4% of the carbon
dioxide emitted annually worldwide. Clinker production is being reduced worldwide in response to
the need to drastically lower greenhouse gas emissions. The trend began in the nineteen seventies
with the advent of mineral additions to replace clinker. Blast furnace slag and fly ash, industrial
by-products that were being stockpiled in waste heaps at the time, have not commonly been included
in cements. Supply of these additions is no longer guaranteed, however, due to restrained activity in
the source industries for the same reasons as in clinker production. The search is consequently on for
other additions that may lower pollutant gas emissions without altering cement performance. In
this study, bentonite, a very common clay, was used as such an addition directly, with no need for
precalcination, a still novel approach that has been scantly explored to date for reinforced structural
concrete with structural applications. The results of the mechanical strength and chemical resistance
(to sulfates, carbonation and chlorides) tests conducted are promising. The carbonation findings
proved to be of particular interest, for that is the area where cement with mineral additions tends to
be least effective. In the bentonite-bearing material analysed here, however, carbonation resistance
was found to be as low as or lower than that observed in plain Portland cement.

Keywords: cement; bentonite; durability; clays

1. Introduction

The inordinate rise in the presence of greenhouse gases in the atmosphere is creating
a pressing need to lower CO2 emissions by, among other methods, reducing the proportion
of clinker in cement [1–3]. The Portland cement industry is presently deemed to account for
around 7.4% of the close to 2.9 Gt of carbon dioxide emitted annually worldwide (value for
2016) [4]. In light of such facts, the industry is assessing the measures that could be taken to
ensure zero emissions by 2050. Under review are the processes involved in clinker, cement
and concrete production, construction procedures and cement-based material carbonation
during and after service life [5]. As the mitigation technologies presently in place are
believed to be insufficient to hit the net zero carbon target by 2050, innovative measures
are called for, including carbon dioxide capture, utilization and storage (CCUS) [6] and
flameless mineral calcination systems. One new proposal for the latter, the tube-in-tube
helical method, features use in concentrated solar power plants [7].

In the past, clinker content has been replaced with industrial waste such as fly ash,
slag or silica fume with no adverse effect on concrete mechanical performance or durabil-
ity [8]. With the abatement of the likewise carbon-intensive source industries, however,
the availability of those substitute mineral additions is beginning to wane. Although the
contribution of coal power plant-fueled energy to total consumption declined in Spain
from 20.2% in 1990 to 9.8% in 2017 thanks to the growing use of alternative energies [9],
coal continued to supply 38.5% of world demand in 2018. Concerns about greenhouse
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gas emissions cloud the future of coal, however, for it is pivotal to the debate on energy
and climate policy. A number of countries, committed to net-zero greenhouse gas (GHG)
emission targets by 2050, have established an end date for coal power generation. In others,
however, coal plays a key role in the supply of affordable energy [10]. That notwithstand-
ing, coal’s share in the global power mix is expected to decline by 10% by 2050, with a
concomitant downturn in the stock of fly ash. Hence, it is imperative to seek replacements
for clinker in nature to broaden the spectrum of alternative materials. The study described
hereunder explored the use of non-precalcined bentonite, a widely available clay, as one
such alternative.

As an anionic clay present in nature, bentonite can be obtained at low cost. It is also
highly water absorbent and thixotropic (gel-like when vibrated). It was first discovered in
1988 in the United States and more specifically at Fort Benton, Wyoming [11], after which
it is named. Its composition consists primarily of magnesium silicate, montmorillonite
and aluminium hydrate, the third in the form of colloid-sized crystallites. Each individual
montmorillonite crystal, in turn, comprises an octahedral layer of aluminium sandwiched
between two tetrahedral layers of silicon. It carries a negative charge associated with
isomorphic substitutions, such as Al3+ for Mg2+, in the crystallite network, which is offset
by exchangeable alkaline metal cations [11].

Clay use as a mineral addition in cement is nothing new, although in most cases
subject to precalcination [12]. A number of studies [13–15] have recently reported promis-
ing results around its application to replace more conventionally used additions such
as fly ash or slag. Few studies on its non-precalcined use have been found in the liter-
ature, however, for that approach has consistently posed rheological problems [16–26].
That would explain why many building codes limit the presence of clay materials in
aggregates and the much more common use of these materials in foundations and soil
stabilisation than for structural applications [27–29]. Nonetheless, today’s admixtures
afford fresh concrete properties impossible to attain in the past, and modern laboratory
techniques now in place can substantially shorten the time needed to design an optimal
mix [30–33]. Non-precalcined bentonite has seldom been used to date in lieu of more
conventional mineral additions [16–26]. This study was therefore designed to study the
hydration mechanisms involved [19,24,26], fresh concrete properties such as flowability
and bleeding [18,25], bentonite reactivity [19] and concrete water permeability [17,20,22]
and compressive strength [16,25]. Durability was studied in terms of the replacement’s
effect on concrete resistance to freeze–thaw cycles and acid or sulfate attack [23]. Ben-
tonite was reported to have a beneficial impact on preventing reinforcement corrosion [20]
and carbonation resistance [21], although only one paper on each subject was located in
the literature.

A review of the literature on the long-term performance of bentonite showed that it
has exhibited excellent durability in underground works, where it has been used profusely
as permanent formwork in concrete foundations often built long ago [27–29]. Addition-
ally, whilst bentonite plays a non-calculated load-bearing role in such cases, none of the
studies published report any long-term incompatibility between the two materials. It is
likewise used in conjunction with concrete to generate impermeable slurry walls in highly
radioactive waste storage facilities (designed to last for thousands of years) [34–36], where
the caverns holding the radioactive waste are shotcreted and the encapsulated waste itself
lies on a bed of bentonite. The use of such systems has given rise to research on how the al-
kaline nature of concrete may affect the long-term stability of bentonite clays. Such studies
have verified the interaction between cement alkalinity and bentonite phases [34–37] or,
equivalently, phase reactivity with clinker hydrated phases. From the standpoint of the
role of clay as a clinker replacement, the findings have been initially promising thanks to
the slow reactivity afforded by the high alkalinity of the pore solution, which dissolves the
silicoaluminates in the bentonite. In terms of radioactive waste, such a result would be
detrimental, however, if it affected the stability of the shotcrete/bentonite interface, given
the many thousands of years they are intended to be in contact.
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Standardised active additions such as fly ash, natural pozzolans, slag and silica fume,
in turn, are known to effectively inhibit chloride and sulfate ingress [38,39], enhancing
durability, although their presence in concrete impacts carbonation resistance adversely [13,16].
That is significant, for any decline in carbonate resistance is a primary long-term concern
because it favours reinforcement corrosion [40–42] and the associated economic loss. The
importance of seeking additions that either favour or at least are not detrimental to concrete
durability cannot, therefore, be overstated.

Eluding the extra cost and additional handling involved in precalcining clays at
temperatures of up to 1000 ◦C would carry obvious advantages. The present study con-
sequently aims to explore the physical-mechanical properties and durability of concrete
prepared with a non-precalcined bentonite as a substitute for clinker at different (wt/wt)
replacement ratios.

This study sought to determine how replacing up to 30% clinker with non-precalcined
bentonite may affect mortar mechanical properties and how carbonation depth and chloride
and sulfate diffusion may be impacted by the presence of 10% of the clay with different
types of binders bearing mineral additions. The findings are highly promising, particularly
as regards carbonation, the weak point observed in other mineral additions. In the tests
conducted, carbonation resistance either remained essentially unchanged or improved
in the mortar prepared with the blended cement relative to the reference material. Plain
Portland cement or cement bearing standardised additions was used throughout [43].

2. Materials and Methods

2.1. Materials

All the cements listed in Table 1 were used in the carbonation tests, whereas cement
CEM I 52.5 R-SR 3 served as the basis for the mechanical strength and sulfate and chloride
diffusion trials.

Table 1. Chemical composition of the cements used in the tests.

Cement SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O LOI IR Cl−

CEM I 42.5 R 20.24 3.99 2.92 62.88 1.41 3.47 0.08 0.86 2.78 0.10 0.02
CEM I 52.5R–SR 3 21.73 3.67 4.31 66.12 1.32 3.00 0.49 0.57 1.12 0.19 0.01
CEM II/A-P 42.5 R 29.09 5.29 2.98 51.60 1.78 2.82 0.39 0.53 2.94 - 0.06
CEM II/A-P 42.5 R 28.17 6.20 3.13 52.41 1.32 3.11 0.38 0.67 2.34 – 0.05
CEM II/A-S 42.5 N 23.24 5.74 2.46 61.82 2.29 2.83 0.46 0.59 - - 0.05
CEM II/A- V 42.5 R 23.00 6.30 3.50 58.00 1.42 3.22 0.49 0.80 2.30 2.10 0.06
CEM III/A 42.5 N 24.55 6.42 2.14 57.14 3.00 2.80 0.40 0.50 0.91 0.21 0.05

CEM IV/A (V) 42.5 R-SR 27.14 5.25 3.20 53.10 1.58 2.82 0.37 0.49 2.70 - 0.06
IV/A(P) 42.5 R/MR 28.36 4.72 3.17 52.81 2.16 2.59 0.33 0.51 2.43 - 0.04

BL II/B-LL 42.5 R 18.70 3.83 2.64 61.70 1.29 2.97 0.06 0.81 10.86 0.33 0.02

A commercial bentonite (Mapeproof Seal), distributed by Mapei for purposes other
than those studied here, was used to ensure consistent composition and particle size distribu-
tion throughout. According to the vendor’s specifications sheet, the material contained over
95 wt % montmorillonite.

The particle size distribution and volume density curves were found by analysing
bentonite powder on a Mastersizer 3000 laser diffractometer diffractor (Malvern Panalytical,
Madrid, Spain) (Figure 1). Ninety per cent of the particles were <86 μm, whilst most lay
within the 10 to 15 μm range (see the volume density curve). Such greater fineness than
observed for the cement was initially deemed suitable, although optimisable. Addition
fineness plays a significant role in the strength and rheology of composite cements, for the
distribution curves for those materials complement the curve for the cement itself. This
parameter must consequently be analyzed in depth in future research [43,44].
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Figure 1. Particle size distribution and volume density plots for bentonite.

Another factor of particular interest in bentonite materials, which lies outside the
scope of the present study, is water demand, affected not only by fineness but also by its
sodium content [8].

In all the pastes and mortars prepared, bentonite replaced the corresponding binder
content, and the water cement ratio was calculated as cement plus bentonite: w/cm.

2.2. Specimen Types

Different types of specimens were prepared, depending on the test.

- For mechanical strength and carbonation resistance testing, 10 × 10 × 60 mm cement
paste specimens bearing 10%, 20% or 30% bentonite additions were prepared at a
water/cement ratio of 0.5. They were cured in a climatic chamber at 90% relative
humidity, first in the moulds for 24 h and after removal for 28 d prior to testing.

- For chloride diffusions, the 70 cubic mm cement mortar specimens used were prepared
with a water/cement ratio of 0.5. They were cured in a climatic chamber at 90% relative
humidity, first in the moulds for 24 h and after removal for 28 d prior to application of
an electric current to test for chloride diffusion.

2.3. Test Methods
2.3.1. X-ray Diffraction

The mineralogical composition of the cement paste ground and sieved to 45 μm [40]
was determined on a Bruker AXS DB Advance X-ray diffractor (Bruker, Madrid, Spain)
configured without a monochromator, fitted with a 3 kW (Cu Kα1.2) copper anode X-
ray source and a wolfram cathode. A 30 mA current was applied to the X-ray tube at a
voltage of 40 kV. A 0.5 mm fixed divergence slit was used. The instrument was also fitted
with a 2.5 rad primary Soller slit and a Lynx-eye X-ray super-speed detector diffractor
(Hamamatsu, Hamamatsu, Spain) with a 3 mm anti-scatter slit, a 2.50 rad secondary Soller
slit and a 0.5% Ni-K beta filter. The specific reflection peak used was 2θ = 35◦.

2.3.2. Twenty-Eight Day Flexural and Compressive Strength

Testing for flexural strength [42] consisted in bending the prismatic specimens by
applying a force perpendicular to their longitudinal axis, on a Netsch test frame specifically
designed for small specimens.

The test was deemed valid only when the specimen failed across the middle.
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The two halves of the specimens resulting from the flexural test were subsequently
used for compression testing.

Compressive strength was found by exposing the specimens to two axial forces with
equal modulus and orientation but coursing in opposite and convergent directions, on an
Ibertest Autotest 200/10-SW test frame [45].

2.3.3. Carbonation in Natural Environments

The cements tested and their chemical compositions are given in Table 2. The 10 × 10 ×
60 mm specimens were exposed to natural carbonation at the atmospheric CO2 pressure
prevailing in the city of Madrid, in an indoor laboratory environment and two outdoor
environments, one sheltered and the other unsheltered from rainfall, i.e., environments
with varying relative humidity and temperatures (Figure 2).

Table 2. Composition (%) of the cements used in the tests.

Cement K V L/LL S P Addition

CEM I 42.5 R 95 5
CEM I 52.5R–SR 3 95 5
CEM II/A-P 42.5 R 83 11 6
CEM II/A-P 42.5 R 80 16 4
CEM II/A-S 42.5 N 83 12 5
CEM II/A-V 42.5 R 80 15 5
CEM III/A 42.5 N 59 39 2

CEM IV/A (V) 42.5 R-SR 74 23 3
IV/A(P) 42.5 R/MR 87 13 0

BL II/B-LL 42.5 R 74 26 0

   

(a) (b) (c) 

Figure 2. Exposure to natural carbonation: environments: (a) indoor (laboratory) environment, (b) outdoor unsheltered
environment and (c) outdoor sheltered environment.

Carbonation depth as found with phenolphthalein, an acid-base indicator, was re-
corded for the 3-month and 6-month specimens, depicted in the three environments in
Figure 2.

2.3.4. Sulfate Resistance: The Koch–Steinegger Method

Cement paste resistance to sulfate ions was tested on 10 × 10 × 60 mm specimens
further to the Koch–Steinegger method, based on comparing flexural strength in such
specimens soaked for 56 d in an aggressive solution (here, sodium sulfate at a concentration
of 4.4 g/L) to the strength of analogous specimens soaked in water, likewise for 56 d
(Figure 3). All the specimens had been cured in a humidity chamber for 28 d prior to testing.

45



Materials 2021, 14, 1300

 
Figure 3. Koch–Steinegger exposure to sulfate attack.

2.3.5. Accelerated Chloride Ingress

The accelerated chloride diffusion test described in Spanish standard UNE 83992-2
EX [36] was conducted on 70 cubic mm mortar specimens, each bearing an embedded steel
bar. Performance by the samples with 10% bentonite was compared to the results observed
for reference CEM I 42.5SR specimens of the same dimensions.

The test consisted in connecting specimens made with different types of mortar to
an electrical current that accelerated chloride ion diffusion (migration) across the matrix
toward the bar (see setup in Figure 4). The steel was assumed to begin to corrode when
surface contact with the chlorides was electrochemically detected. That initial corrosion
time and the amount of chloride on the bar surface were the parameters used to calculate
the diffusion coefficient.

  

Figure 4. Accelerated corrosion test setup.

3. Results

3.1. Flexural and Comprenssive Strength

Additions should not alter, except to improve, mix mechanical performance. As
Figure 5a shows, replacing 10% or 20% of cement CEM I 52.5R–SR 3 with bentonite raised
28 d flexural strength relative to the reference cement except at a replacement ratio of 30%.
Adding 30% bentonite yielded lower compressive strength than in the reference and in the
materials with 10% or 20% replacement.

While unaffected by bentonite at a replacement ratio of 10% (Figure 5b), compressive
strength declined at ratios of 20% or 30%. Those findings informed the decision to use only
the 10% bentonite in all the subsequent tests as the most conservative option.
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(a) (b) 

Figure 5. (a) Flexural and (b) compressive strength in cement pastes prepared with the reference and blended cements at
replacement ratios of 10%, 20% or 30%.

3.2. X-ray Diffraction-Based Characterisation

The possible reactivity and stability of bentonite-bearing cement paste were also
explored. The diffractograms for 28 d pastes bearing 10%, 20% and 30% bentonite are
reproduced in Figure 6, whilst the relative content (counts, in per cent) of the various
phases is graphed in Figure 7.

 

Figure 6. XRD patterns for unadditioned CEM I 52.5R–SR 3 and the same cement with 10%, 20% or
30% bentonite.

 

Figure 7. Crystalline phases identified on the XRD patterns for the reference and bentonite-bearing
mixes: counts (%).
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The reflections attributable to bentonite (montmorillonite and quartz) rose in intensity
between 10% and 20% replacement, although no such rise was visible between 20% and
30% [44].

Portlandite content was similar to the reference in the former two mixes, but declined
significantly at 30% replacement. According to [34], that decline might be explained by the
formation of a calcium zeolite in the interaction between bentonite and the pore solution
in the hydrated cement; confirmation of such a premise lies outside the scope of the
present study.

Inasmuch as the carbonate phases would have been generated by carbonation occur-
ring during the test, for the time being the rise in intensity with bentonite content need not
be attributed to that higher proportion of the clay.

As ettringite content, in turn, followed neither an upward nor a downward pattern,
its presence would be due to the cement and therefore may be deemed unaffected by
the addition.

3.3. Sulfate Attack

The results for this test are deemed acceptable when the strength of the blended
cement is greater than 70% of the value recorded for the control soaked in distilled water.
Further to the flexural and compressive strengths of the reference specimen soaked in
water and the specimens bearing 10% bentonite graphed in Figure 8, strength was higher
in both the reference and in the specimen bearing the bentonite presence when soaked in
the sulfate solution than when soaked in water. That rise in strength was attributed to the
higher degree of hydration resulting from the difference in specimen ages: 56 d rather than
28 d. The values observed for the reference paste and the paste prepared with the blended
cement were very similar. On the grounds of those data, the presence of bentonite may be
deemed to have had no effect on cement resistance to sulfate attack.

  

(a) (b) 

Figure 8. (a) Flexural and (b) compressive strength in reference specimens and specimens bearing 10% bentonite soaked in
distilled water (W) or in sulfate (S).

3.4. Chloride Resistance Test

This test aimed to determine the effects of the bentonite addition on chloride transport
in the mortar matrix and the chloride ion threshold at which the reinforcing steel began
to corrode. Figure 9 shows corrosion potential and corrosion rate from time 0 until an
abrupt change in tendency in the respective curves denoted the onset of reinforcement
depassivation.
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(a) (b) 

Figure 9. (a) Corrosion potential (0 to 100 h) and (b) corrosion rate (0 to 120 h), illustrating the abrupt change in tendency
that denotes the onset of reinforcement depassivation.

The chloride diffusion coefficients calculated from the penetration depth of the colori-
metric front depicted in Figure 10 are listed in Table 3. Much smaller values were observed
for the mortar bearing 10% bentonite. Rather than penetration depth per se (the red line
in Figure 10), the decline reflects differences in test times, for depassivation occurred in
the reference earlier than in the bentonite-bearing material. In other words, it took much
longer to reach the penetration shown in the figures in the bentonite-bearing than in the
reference specimens, denoting higher electrical resistivity in the former.

Figure 10. Chloride penetration front upon finalization of the experiment with the detection of the
onset of corrosion.
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Table 3. Chloride non-steady-state non steady-state diffusion coefficient (Dns) in reference (OPC)
specimens and samples bearing 10% bentonite (Be10).

Sample
Test Time

(h)
Maximum

Penetration (mm)
Mean Penetration

(mm)
Dns Diffusion

Coefficient (cm2/s)

OPC-1 110 34.04–33.03 33.535 17 × 10−12

OPC-2 110 33.94–33.14 33.54 15 × 10−12

Be10-1 90 34.12–34.06 21.015 4.75·× 10−12

Be10-2 90 33.92–33.89 33.91 4.6·× 10−12

Further to the chloride content data given in Table 4, surface concentration was higher,
whilst the chloride threshold was, inversely, lower, in the presence of bentonite. This allows
one to confirm that it is the transport phase expressed in the diffusion coefficient which
controls the better behaviour of the mortar with bentonite.

Table 4. Concentration of chlorides in the surface of the specimen at the end of the experiment and
in the surface of the steel bar.

Bar in Reference Bar in Be10

Chloride Surface concentration 1.10 1.64
Chloride threshold (% mass mortar) 0.35 0.13

3.5. Natural Carbonation

The cumulative rainfall recorded in Madrid in the 6 months the specimens were ex-
posed to outdoor conditions was 160 L/m2, whilst the mean temperature was on the order
of 30 ◦C. The photographs in Table 5 depict the phenolphthalein staining in the specimens
from which carbonation depth was deduced. Generally speaking, the shallowest depths
were observed in the laboratory, intermediate penetration under outdoor sheltered condi-
tions and the deepest in the specimens exposed to rainfall. That order of environmental
aggressiveness is diametrically opposed to earlier reports. According to those data, pene-
tration was deepest in specimens exposed to indoor environments or sheltered outdoor
conditions, whilst carbonation was least intense in those exposed to rainfall, due to their
higher or nearly optimal moisture content. The present findings were deemed accurate,
however, for they were qualitatively identical in the 3-month and 6-month specimens. In
this study, the specimens exposed for 6 months were also tested during the summer under
high-temperature, low relative humidity conditions. In other seasons, with higher RH and
more rain, the order may have differed. That is scantly relevant, however, for inasmuch
as carbonation was intense in all the samples, the findings sufficed for the aim pursued,
namely to compare the behaviour in the various cements.

Figure 11 plots the 3-month carbonation depths in the specimens bearing 10% ben-
tonite against the respective references, and Figure 12 plots the same parameters in the
6-month samples. After 3 months, carbonation was less intense in a larger number of 10%
bentonite than in reference specimens. The gap was smaller after 6 months, although in
some cases carbonation was more intense in the blended cement than in the reference
specimens.
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Figure 11. Three-month carbonation depth in reference OPC vs. 10% bentonite-bearing Be10.

Figure 12. Six-month carbonation depth in reference OPC vs. 10% bentonite-bearing Be10.

As a rule, the flexural strengths (Figures 13–16) were fairly similar in the reference
and blended samples. The compressive strength values were even closer in the two types
of mortars. Inasmuch as the experiment was designed for purposes of comparison, the
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inference drawn from these findings is that replacing 10% bentonite in the cement mix had
no material effect on mortar behaviour.

Figure 13. Three-month flexural strength: OPC vs. Be10.

Figure 14. Three-month compressive strength: OPC vs. Be10.
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Figure 15. Six-month flexural strength: OPC vs. Be10.

Figure 16. Six-month compressive strength: OPC vs. Be10.

4. Discussion

Rising to the challenge posed by the need to reduce the cement industry’s carbon
footprint may involve either large-scale technological change based on research into new
manufacturing methods or adopting a more direct and technologically simple approach
consisting in lowering the proportion of clinker in cements without altering their essential
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properties [1–3]. Replacing clinker with non-CO2-emitting materials is the most immediate
alternative open to the industry.

By-products such as blast furnace slag, that are in themselves cementitious, have long
been deployed to reduce clinker content [1], as have acid materials (pozzolans and more
recently fly ash and silica fume) that react with the calcium hydroxide released in cement
hydration. The use of natural pozzolans began to decline in the wake of their depletion in
some natural reserves or because of the adverse impact of quarrying on the environment.
In contrast, as an industrial by-product, fly ash was much less costly, for it did not have to
be mined and the enormous stockpiles of coal industry waste had to be pared down. At
around the same time, the nineteen seventies oil crisis raised the price of the fuel used to
manufacture clinker. That combination of factors led to a general trend to add minerals to
the clinker, which, depending on the commercial and legislative conditions prevailing in
any given country, were either milled directly with the clinker or added at concrete plants.

As noted in the introduction, the evidence of climate change and the gradual reduction
of the stock of such by-products have driven a return to former paradigms, including the
use of additions other than slag or fly ash, such as precalcined clays [12]. Even with the
investment involved in precalcination, clay has become competitive due to the rising cost
of emissions [14]. Indisputably, however, the initial cost would be even more competitive if
cement performance could be ensured with no need for precalcination.

Such precalcination entails, among other consequences, the loss of the bound water in
the constituent minerals present in clay [8–12], which is recovered during hydration. Such
thermal dehydration affects clay reactivity, i.e., cement hydration kinetics, but should not
in principle impact component stability, for the hydrated compounds at issue are the same
as they would be if the clay were used without precalcination. That is one of the many
matters in connection with the use of non-pre-dehydrated natural clays, bentonite among
them, in need of more thorough research.

In light of its vast diversity and fairly widespread geographic availability, clay is just
one more local raw material [17,20] deployed in cement manufacture. The very same clays
used in clinker kilns might, in certain proportions, constitute compatible additions to lower
milling-related CO2 emissions (since milling clay is less energy-intensive than grinding
clinker). That reasoning informed the initiative to undertake exploratory research along
those lines, part of the results of which are described hereunder.

Surprisingly, very few studies [16–26] on the subject were found in the literature
other than reports of the widespread joint use of cement and bentonite in underground
works [28,29], such as the nuclear waste storage [34–38], soil stabilisation or impermeable
slurry wall construction [27].

To be compatible with cement and usable in concrete, additions must meet a series of
short- and long-term requisites, summarised below.

- They must be inert or at least not induce expansion or degenerative reactions.
- They must improve or at least not alter concrete volume stability (in terms of shrinkage

and creep especially).
- They must improve or at least not alter mechanical performance.
- They must lengthen or at least not shorten concrete or steel durability.

This study addresses some but not all of those factors. The findings are deemed
sufficiently promising to be made public, acknowledging, however, that the use of non-
precalcined clays will call for considerable research, in light of their enormous variety.

The following paragraphs discuss the more or less basic features of the use of non-
precalcined clays analysed here, i.e., the effect on mechanical strength, the nature of the
hydration products forming and the impact of bentonites on resistance to sulfates, chloride
ingress and carbonation.

Be it said from the outset in connection with flexural and compressive strength that
bentonite thixotropy necessitates adjusting admixtures and a constant w/cm ratio to ensure
suitable mix workability [31,32]. Such thixotropy, which has not been studied in depth,
may be either a drawback or an advantage in terms of workability, depending on the
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intended application of the concrete (such as precasting or additive manufacturing, also
known as 3D printing) at issue [43]. In this study, carboxylate admixtures [31,32] were the
simplest choice to avoid mixing problems.

One of the most prominent findings of this research was the rise in flexural strength
with the proportion of bentonite. In the absence of supplementary testing, no reasons for
such a rise can be ventured at this time. Although compressive strength was observed
to decline as the replacement ratio rose, that development was readily attributable to the
concomitantly lower clinker content.

The XRD findings for the hydrated pastes revealed that at the ages studied the cement
barely reacted with bentonite. Further to reports on underground structures, for the nuclear
industry in particular, high cement alkalinity induces the formation of a certain proportion
of calcium silicate hydrates and calcium zeolites [35,36]. At ambient temperatures, however,
that reaction is apparently slow enough to deem bentonite a nearly inert substance.

Although the results of the Koch–Steinegger sulfate resistance tests might be dismissed
for their failure to represent actual conditions, they are nonetheless indicative of relatively
short-term anomalous and expansive reactions. Longer-term tests using different solutions
would be required to confirm the present initially promising results in this regard.

The lower diffusion coefficient measured for chloride ingress, in turn, was attributable
to the timing differences between the tests conducted with the reference and with ben-
tonite [46]. As the clay retards chloride penetration significantly [20], its use as an addition
would be beneficial, although further research is called for to determine the reasons for this
behaviour. One possibility might be the reduction of porosity (parameter not measured
here), whereas any reaction between bentonite and chlorides would be all but ruled out in
light of the negative charge in the clay’s interlayers, which would accommodate cations
but not anions.

The effect of bentonite on carbonation depth must be assessed in the realisation that
its action supplemented the action of other additions present in the cement. In other words,
at least two mineral additions were in place in the tests conducted here, accounting in
some cases for a substantial fraction of the total. In the two blended CEM I cements used,
carbonation was the same or even lower than when no bentonite was present. Of the
other cements, the ones bearing natural pozzolans appeared to perform better than those
carrying fly ash or slag. In neither case did the use of bentonite induce clearly poorer
performance than already observed in those cements. However, such behaviour cannot be
attributed to a reaction between the clay and carbon dioxide, for as noted above, bentonite
cannot accommodate anions in its interlayers [47–49].

This feature, the reduction or at least non-alteration of carbonation depth, is deemed
to be the most relevant finding of this study. For the opposite, lower carbonate resistance
is one of the shortcomings identified in mineral additions in general. Bentonite could
consequently be used to advantage instead of the 5% of inert matter or the up to 10% of
limestone routinely added to clinker. It may improve one or several properties of the end
product. Confirmation of the foregoing will nonetheless call for much more testing, in
particular to detect possible adverse effects on shrinkage or creep.

In the context of the pursuit of a circular economy and climate change mitigation, the
cement industry is undertaking new strategies to reach a net zero emissions target by 2050.
One such strategy, the production and use of blended cements with a high pozzolanic
material content, makes the need to find new additions the more pressing [5]. Bentonite is a
well-known clay consisting mostly of montmorillonite, an aluminium phyllosilicate mineral
whose microscopic (~1 μm in diameter) plate-shaped particles afford the clay a large surface
area. Precalcined clay has been standardised (European standard EN 197-1:2011 [50]) under
the category ‘natural calcined pozzolana (Q)’, defined as thermally treated clays, shales,
sedimentary rocks or materials of volcanic origin. Inasmuch as bentonite is a clay that
requires no thermal activation, it might well be classified under the designatory letter ‘Q’.
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5. Conclusions

This article describes exploratory experimentation on some of the properties of pastes
and mortars made with different proportions of bentonite. The conclusions that may be
drawn from the findings include the following.

1. Replacing up to 20% cement with bentonite enhances flexural, and up to 10%, com-
pressive strength.

2. At 10%, the addition induces no change in cement crystalline hydration products or in the
components of bentonite itself (>95% montmorillonite further to supplier specifications).

3. Replacing 10% of the cement with bentonite:

a. In a sulfate solution for 56 d raises cement paste mechanical strength relative
to the same materials stored in distilled water, attributed to greater age in the
absence of expansive reactions;

b. Lowers the chloride diffusion coefficient significantly;
c. Reduces or maintains the carbonation depth observed in the reference material,

deemed to be a very promising development.

New and innovative measures must be taken by the cement industry worldwide
to minimise its impact on climate change. One effective approach to reaching carbon
neutrality consists in using new constituents to manufacture Portland cement. Insofar as
bentonite, while a clay material, calls for no thermal activation, the present authors suggest
that it be classified under the European standard EN 197-1:2011 [50] heading ‘natural
calcined pozzolana (Q)’.
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Abstract: High-performance self-consolidating concrete is one of the most promising developments
in the construction industry. Nowadays, concrete designers and ready-mix companies are seeking op-
timum concrete in terms of environmental impact, cost, mechanical performance, as well as fresh-state
properties. This can be achieved by considering the mentioned parameters simultaneously; typically,
by integrating conventional concrete systems with different types of high-performance waste mineral
admixtures (i.e., micro-silica and fly ash) and ultra-high range plasticizers. In this study, fresh-state
properties (slump, flow, restricted flow), hardened-state properties (density, water absorption by im-
mersion, compressive strength, splitting tensile strength, flexural strength, stress-strain relationship,
modulus of elasticity, oven heating test, fire-resistance, and freeze-thaw cycles), and cost of high-
performance self-consolidating concrete (HPSCC) prepared with waste mineral admixtures, were
examined and compared with three different reference mixes, including normal strength-vibrated
concrete (NSVC), high-strength self-compacted concrete (HSSCC), and high-performance highly-
viscous concrete (HPVC). Then, a multi parameter analytical approach was considered to identify
the optimum concrete mix in terms of cost, workability, strength, and durability.

Keywords: high performance concrete (HPC); self-consolidating concrete (SCC); flowability; durability;
freeze-thaw cycle; fire resistance

1. Introduction

Self-consolidating concrete (SCC), also referred to as self-compacted concrete, is an
innovative construction material with favorable rheological behavior that does not require
vibration for placing and compaction. It can flow under its weight, filling in formworks,
and achieving full compaction, even in the presence of complex-shaped concrete members
with highly congested reinforcement [1–4]. Based on these properties, SCC may contribute
to a significant improvement of the quality of concrete structures and opens up new fields
for the application of concrete. The designation “self-compacting” is based on the fresh
concrete properties of this material, which covers the mixture’s degree of homogeneity,
deformability, and viscosity. The yield point defines the force required to make the concrete
flow. The speed of flow of SCC is associated with its plastic viscosity which describes the
resistance of SCC to flow under external stresses [5–7]. SCC has become a preferred option
for many projects that should satisfy strict fresh stage properties and quality assurance.
To ensure stable and robust fresh stage properties, typically, a significant amount of fine
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materials has been incorporated into the mixture. In relative to traditional concrete, dif-
ferent durability characteristics can be expected for SCC because it can be produced with
various mix compositions and the absence of vibration [8–10]. Due to the relatively short
history of SCC in practical applications, there is a significant lack of information about long
term performance in real structures. Such a concrete should have a relatively low yield
value to ensure high flowability, a moderate viscosity to avoid segregation and bleeding,
and must maintain its homogeneity during transportation, placing, and curing [11–13].

High-performance concrete (HPC) is engineered to meet specific needs of a project,
including mechanical, durability, or constructability properties. The demand for HPC has
been continuously increasing due to its superior mechanical and durability properties [14,15].
When considering the cost of concrete production, HPC is even better than ultra-high perfor-
mance concrete (UHPC), since heat-curing restricts the applications of the latter and makes
it mainly suitable for precast elements, not for ready-mix concrete [16,17]. The development
of HPC started in the 1980s, and thereafter the global demand for its consumption has
significantly increased over the recent years. HPC can be designed to have high workability
and mechanical properties as well as improved durability [18,19]. It has been primarily
used in bridges and tall buildings. In general, durability is the most important parameter
to increase the service life of any concrete structure [20–22]. Most commonly durability of
concrete is affected by sulfate or chloride attack, carbonation, high temperature, and freezing
and thawing damage [23,24]. Scanning electron microscopic studies [25,26] show that the
pore structure in powder type SCC, including the total pore volume, pore size distribution,
and critical pore diameter, is very similar to HPC. Over the past decades, advancements
in concrete technology has led to the development of a new generation of concrete (e.g.,
HPSCC) with significantly better properties in terms of strength, durability features, and
rheology of fresh concrete mixtures. In comparison to ordinary concretes, the designing
process of HPSCC mix is determined by the increased cement content, superplasticizers,
and an additive of reactive materials, i.e., silica fume. HPSCC is thus characterized by
its ability to fill a form with congested steel rebars and self-leveling without mechanical
compaction and it yields exceptionally high strength and durability [27,28].

Abundant research can be found in the literature on the properties of SCC. Most
of the previous works have tested the fresh SCC mixes for common workability tests
in order to prove self-consolidation of the concrete. The investigated properties were
flowability, deformability and passing-ability, through slump-cone flow, J-Ring, V-funnel,
and L-box tests [11,28,29]. The rheological properties of SCC such as yield stress and
plastic viscosity [30,31] have also been investigated. Some researchers focused on the mix
design and mix proportions [1,8,11]. The influence of mineral admixtures (i.e., silica fume,
fly ash, metakaolin, ground granulated blast furnace slag, ladle slag) [32–35] and chemical
admixtures (i.e., superplasticizers and viscosity modifying admixtures) [3,9,12] have also
been studied on the performance of SCC. Some studies investigated the hydration rate and
microstructure of SCC [1,13,17,36]. Researchers have also studied the properties of SCC
an HPC with the addition of glass fibers, steel fibers and carbon nanotubes [6,18,37–40].
The stability tests results of SCC, i.e., shrinkage, cracking resistance, and creep are also
available in literature [7,15,41,42].

A study reported that the elastic modulus, creep and shrinkage of SCC did not differ
significantly from the corresponding properties of normal strength concrete (NSC) [43].
Some of the durability tests, including chloride penetration, water permeability and ab-
sorption, gas permeability, carbonation, electrical resistivity, sulfate attack, acid attack, frost
resistance, and scaling, have been investigated [17,19,23,44] and more especially the fire re-
sistance, cooling methods, weight loss, and residual mechanical properties of SCC [5,45–47].
Only few studies were found in the literature that investigated HPSCC [2,9,48,49] and
its optimization [50–52]; these studies had focused on mechanical properties with either
porosity, workability, water penetration, rheological properties, exposure to elevated tem-
perature, or one durability test; but frost or scaling resistance of SCC have rarely been
investigated in the literature.
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Regarding the novelty of this work, it can be clearly seen in the literature that the
HPSCC has been investigated in the past two decades, but its practical application is
still limited. This is due to the fact that its consolidated technical performance of HP-
SCC (e.g., mechanical strength, durability, and cost) is not fully understood, and there
are often insufficient statements concerning its exact overall behavior. Existing research
provides information only about the improvements in the properties of HPSCC mixes
through the variation in the composition or addition of materials, but it does not inform
what will happen to other parameters such as its consolidated economic and engineering
performance. In the view of this understanding, this research was designed to present a
comprehensive study regarding HPSCC’s overall properties and comparing with three
common reference concrete types, i.e., normal strength-vibrated concrete (NSVC), high-
strength self-compacted concrete (HSSCC), and high-performance highly-viscous concrete
(HPVC). The individual comparisons are based on the strength, workability and durability
through 14 different types of tests. A new analytical approach has been proposed for a
multi-parameter comparison between different types of concrete.

2. Material and Methods

2.1. Material Properties

The materials used for the concrete mixes were cement, silica fume, fly ash, fine
and coarse aggregates, water, and superplasticizer. The cement was ordinary Portland
cement type CEM-I 42.5R (, the micro-silica was MS90, which consisted of very fine SiO2
particles (up to 93.1%). The fly ash was type F, primarily consisting of silica, alumina,
iron, and calcium oxides. The chemical and the physical properties of binders are shown
in Table 1. The fine aggregate was normal fluvial sand, comprising the average passing
percentages shown in Table 2. Fluvial gravel with a nominal maximum particle size of
12.5 mm was used in concrete mixes, and the average grading of 3 samples is shown in
Table 2. High-performance superplasticizer concrete admixture Sika Viscocrete–5930 was
used for obtaining workable or flowable mix made with a low water to cement ratio. The
product was a third-generation superplasticizer with a density of 1.095 kg/L. Regarding the
manufactures, cement, aggregates, microsilica, fly ash and superplasticizer were provided
by Mass-Kurdistan company (Erbil, Iraq), Kalak quarry Hawler company (Erbil, Iraq),
Jordan DCP company (Amman, Jordan), Jordan DCP company (Amman, Jordan), and Sika
company (Istanbul, Turkey), respectively.

Table 1. Chemical compositions and physical properties of cement, micro-silica, and fly ash.

Characteristics and
Main Oxides

Cement ASTM C150 Micro-Silica
ASTM
C1240

Fly Ash
ASTMC

618

CaO (%) 63.12 0.34 1.43 -
SiO2 (%) 23.84 93.11 ≥85.0 57.32

[∑ (SiO2 + Al2O3 +
Fe2O3) = 88.9 > 70]

Al2O3 (%) 4.32 0.62 - 19.88
Fe2O3 (%) 3.36 1.28 - 11.67
MgO (%) 1.38 ≤6.0 1.04 - 1.36 -
SO3 (%) 1.89 ≤3.0 0.34 - 0.79 ≤5.0

Na2O (%) - 0.28 - -
H2O (%) - 1.08 ≤3.0 0.24 ≤3.0

Insoluble residue (%) 0.74 ≤1.5 - -
LOI (%) 1.63 ≤3.0 0.83 ≤6.0 2.28 ≤6.0

Initial setting time (min) 140 ≥45 - - - -
Final setting time (min) 245 ≤375 - - - -
Compressive strength in

3 days (MPa) 34.1 ≥12.0 - - - -

Compressive strength in
7 days (MPa) 42.7 ≥19.0 - - - -

Specific gravity 3.15 2.64 - 2.32 -
Fineness (m2/kg) 316.2 ≥160 21,700 ≥15,000 - -
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Table 2. Grading of coarse and fine aggregates.

Material/Sieve
Size (mm)

Coarse
Aggregate (%)

ASTM C33-G7
Limits (%)

Fine Aggregate
(%)

ASTM C33
Limits (%)

19 100 100
12.5 94 90–100
9.5 58 40–70 100 100

4.75 1 0–15 98 95–100
2.36 0 0–5 84 80–100
1.18 64 50–85
0.6 38 25–60
0.3 16 5–30

0.15 4 0–10
0.075 0 0–3

Fineness
Modulus 3 2.3–3.1

2.2. Mix Types and Mix Proportions

Design and selection of the concrete components is the most important step, which
subsequently indicates the class and properties of the concrete. The intended concrete
class was HPSCC, while three additional reference mixes were selected from 16 trial
mixes. The reference mixes were HSSCC, HPVC, and NSVC. The considered four main
optimization principles for better concrete production and mix design were workability,
strength, cost, and durability. Table 3 can explain that 3 mixes were of the same proportions
between cement, sand, and gravel, while NSVC is a conventional normal strength mix.
The parameter that changed the HPSCC to self-consolidating concrete was the increased
ratio of water, when compared to HPVC, since the binder-to-aggregate ratio was 0.24 for
both mixes. Furthermore, the only difference that made HPSCC as high-performance
concrete is the admixture type, when compared to HSSCC, as both mixes had the water to
binder ratio w/b of 0.35.

Table 3. Mix proportions and compositions for the concrete mixes.

Mix
Cement Concrete Composition Concrete Granular Structure Variation in the Comparison Parameters

kg/m3 C S G MS FA SP S/G B/A W/B Ad/C Workability Strength Cost Durability

NSVC
(Reference) 316 316 848 1137 - - 3.16 0.782 0.16 0.60 0.00 VC Low Low Low

HPSCC 433 433 909 1039 35 - 4.33 0.875 0.24 0.35 0.08 SCC High Normal High
HSSCC 396 396 831 950 - 158 3.96 0.875 0.31 0.35 0.40 SCC High Normal Normal

HPVC 457 457 960 1096 55 - 4.57 0.875 0.24 0.23 0.12 VC Extra-
high High High

Note: C: Cement; S: Sand; G: Gravel; MS: Micro-silica; FA: Fly ash; SP: Superplasticizer; B/A: Binder-to-aggregate ratio; W/B: Water-to-
binder ratio; Ad/C: Admixture-to-cement ratio.

2.3. Testing Fresh Concrete Properties

SCC is characterized by special fresh concrete properties. Many new tests have
been developed to measure the SCC’s flowability, viscosity, filling ability, passing ability,
resistance to segregation, self-leveling, and stability of the mixture. In this project, the
conventional slump test, slump flow test, and J-Ring test were performed. The slump test
is acceptable to determine the workability of non-flowable concretes having a slump of
15–230 mm when the cone is raised. When concrete is non-plastic or it is not adequately
cohesive, the slump test is no more reasonable. The slump test was performed according to
ASTM C143 for NSVC and HPVC mixes (see Figure 1).
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Figure 1. Fresh properties tests (a) slump test for vibrated concrete mixes, (b) slump flow test for self-consolidating concrete
(SCC) mixes, (c) a SCC without segregation, and (d) restricted slump flow test.

HPVC had low water to binder ratio and more superplasticizer amount, therefore,
the mix was very sticky, and needed additional effort for mixing, pouring, and casting.
The slump flow test was performed for HPSCC and HSSCC, according to ASTM C1611 [53],
to assess the flow rate in the absence of obstructions. During testing the accurate T500 (the
time required for the slump flow patty to reach a 500 mm diameter) was recorded and when
the concrete flow is stopped, the diameter of the spread at right angles is then measured
and the mean is the slump flow (Figure 1). The restricted flow test was also performed
according to ASTM C1621 for SCC classes. The J-Ring test represents the reinforcement
inside the molds that restricts the flow of the concrete.

2.4. Testing Physical Properties of Hardened Concrete

Hardened density and absorption tests were performed for the four concrete mixes.
The density of concrete was measured for different shapes and sizes and at different ages,
in which the dimensions were measured to the accuracy of 0.01 mm, and the weights to
1 g. In the water absorption test, the concrete cubes were oven-dried at 60 ◦C for 48 h and
the weights were recorded as oven-dry weights. After the cubes were submerged in water
for 48 h, the surfaces were dried to represent saturated surface dry concrete.

2.5. Testing of Mechanical Properties

Strength tests are the most common for evaluation of different concrete classes; most
of them were related to compressive strength by international standards. It is necessary to
test as many as possible mechanical properties for special concrete classes, like HPC and
SCC. To study the influence of shape and size of the specimens on compressive strength of
different strength classes, 100 mm cubes and Ø100 mm cylinders were tested (Figure 2a).
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Figure 2. Mechanical properties tests (a) various size and shape specimens for compressive strength, (b) cylinders in
splitting tensile strength test, (c) flexural strength test of concrete specimens, and (d) testing modulus of elasticity for
Ø150 mm cylinders.

The age of concrete was also considered, and the tests were performed at 1, 3, 7, 28, 56,
90, and 180 days. Splitting tensile strength was carried out on Ø100 mm cylinders, in which
three cylinders were tested for each mix (Figure 2b). Another most common test for
evaluating concrete’s tensile strength is the modulus of rupture. For this test, three prisms
of 75 mm × 75 mm × 350 mm were prepared for each of the mixes and tested with 300 mm
clear-span and third-point loading (Figure 2c). The compressive stress-strain relationship of
concrete is the most basic constitutive relationship and is necessary for the understanding
of structural response of concrete. The compressive stress-strain relationship was tested
using Ø150 mm cylinders, that two cylinders for each of the mixes were tested (Figure 2d).
Modulus of elasticity was calculated from the compressive stress-strain relationships.

2.6. Durability Tests of the Concrete Mixes

Heat resistance, direct exposure to the fire, freezing and thawing resistance, and
scaling resistance were the tests carried out to assess the durability of the concrete mixes in
extreme environments. The resistance of concrete to high temperature is one of the main
characteristics of HPC mixes. The age of the concrete cubes of each mix at the time of
testing was 36 days, and the maximum temperature of the oven shown in Figure 3 was
1200 ◦C. During exposure to high temperatures, the degree of strength-loss is dependent
on the maximum temperature reached, heating/cooling rate, and the exposure duration.
The heating rate was 200 ◦C/h up to 600 ◦C, 50 ◦C/h until 700 ◦C and whereas, the cooling
rate was 25 ◦C/h. The specimens remained for 7.6 h at a temperature of +600 ◦C, and 2 h
in +700 ◦C.
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Figure 3. Heating of specimens. (a,b) Heat resistance test for concrete 100 mm cubes. (c,d) Exposure
to direct fire flame test for concrete cubes.

A fire-attack is mostly considered as an accidental action, instead of a degradation
process. For understanding the differences between direct fire resistance and oven heating,
additional sets of cubes were subjected to direct fire (Figure 3). The test was performed
for NSVC and HPSCC, and the average heating rate was 500 ◦C/0.5 h while the cooling
rate was 95 ◦C/h. The specimens were exposed to direct fire for 1.70 h at a temperature
of +400 ◦C and 0.75 h in +500 ◦C, with the maximum temperature reached, was 520 ◦C.
The fire-temperature was regularly measured by a laser thermometer.

In this study, the freeze-thaw test was performed following the same procedure and
temperature limitations in ASTM C666 [54], but only for 50 cycles, using 100 mm cubes,
as shown in Figure 4a,b. The cubes were submerged in NaCl solution with a concentration
of 40 g/L and then tested for loss in weight and strength at 225 days’ age so that the
possibility of interference of chemical reactions in the microstructure of concrete can be
eliminated. The scaling test is used to determine the scaling-resistance of a horizontal
concrete-surface exposed to 50 freeze-thaw cycles in the presence of de-icing chemicals. It is
intended to evaluate the concrete’s surface resistance qualitatively by visual examination
as per ASTM C672 [55]. The prepared specimens for the tests were shown in Figure 4c,d of
which, an aluminum frame was fixed to concrete specimens by a highly adhesive epoxy.
Pans had an inside square dimension of 220 mm, and 25 mm was provided as a dike for
the 6 mm depth of the solution.

2.7. Economic Assessment of the Concrete Mixes

Apart from the technical performance parameters, the cost is also an important factor
to optimize the concrete mixes. In this study, the cost of concrete mixes was calculated
without VAT (taxes). The data for economic assessment considerably vary between regions.
This is because local conditions highly affect the cost of labor, and the market costs for
recovered materials, as well as the transportation scenarios. In this study, the most probable
case scenario for the city center (Erbil, capital of Kurdistan region in Iraq) was considered
to estimate the cost of the concrete mixes. The distance between the concrete plant and
the raw materials, namely cement and aggregates was 184 km and 110 km, respectively.
Besides, the other raw materials are imported from Turkey.
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Figure 4. Freeze-thaw testing setup. (a,b) Freeze-thaw test for concrete cubes. (c,d) Scaling test for
concrete specimens with aluminum frame.

3. Results and Discussions

3.1. Slump Test

The settlement time of NSVC was different from that of HPVC since the latter had
contained the superplasticizer; it outspread at a slower rate until 8 s after the lifting of the
cone, while NSVC was stable within 3 s. The slump test results were shown in Table 4.
Both results were considered acceptable for good workability during casting of concrete,
while here the weak point of the slump test can appear when the HPVC was behaving
acceptable for the slump test, but the mixture was very stiff that could not perfectly fill the
mold without extra vibration.

Table 4. Slump test result of normal strength-vibrated concrete (NSVC) and high-performance highly-viscous concrete
(HPVC) mixes, a flow test result of high-performance self-consolidating concrete (HPSCC) and high-strength self-compacted
concrete (HSSCC), and restricted flow test result for HPSCC and HSSCC.

Slump test results

Mix NSVC HPVC

Slump (mm) 190 155
Stabilization time (s) 3 8

Average base diameter (mm) 405 345

Slump flow test results

Mix HPSCC HSSCC

Segregation Index (SI) 0 0
Average flow diameter (mm) 810 750

T500 (s) 2.6 3.8

Restricted flow test results

Mix HPSCC HSSCC

Flow diameter (mm) 760 740
T500 (s) 3.6 4.1

ΔH (inside & outside)
Avg. (mm) 3.7 4.5

Accepted limit (mm) 0–10 0–10
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3.2. Flow Test

The slump flow test results were shown in Table 4. The flowing of both concrete types
was such that neither bleeding nor segregation had occurred. The flow diameter of micro
silica concrete (HPSCC) was 810 mm with T500 of 2.62 s, while the flow diameter of fly ash
concrete (HSSCC) was 750 mm, which was lower by 8%, but the T500 was 3.8 s and was
higher by 44%. The results also proved that the micro-silica helped in achieving a better
flowability (in addition to the higher strength) because the fly ash particles were relatively
larger compared to microparticles of the silica. Research showed that the additional
grinding of fly ash did not cause workability loss of SCC and the plastic viscosity has
increased [31,56].

The flow of 740–900 mm is used as a conformity limit for highly congested struc-
tures, and the conformity criteria of 2–5 s is used for the T500 when the improvement
of segregation-resistance is necessary. T500 of less than 2 s is applied for very congested
structures, better surface finishing, and risk of bleeding or segregation. From a practical
point of view, increasing the initial flow head can also increase the flow energy necessary to
transport coarse aggregate [1,56]. The ability of SCC mixtures to resist segregation was de-
termined based on the assigned segregation index (SI). If there is no obvious accumulation
of coarse aggregate particles and no free water flowing around the concrete’s perimeter,
the mixture is assumed to have full segregation resistance (SI = 0). If the mixture exhibited
an apparent accumulation of coarse aggregate or a small amount of water flowing, the mix-
ture is unlikely to segregate (SI = 1). In case of obvious accumulation of coarse aggregate
or free water, the SCC is likely to segregate (SI = 2). Finally, a large amount of accumulated
coarse aggregate or a large amount of free water flowing indicates that the concrete will
segregate, and the mixture must be rejected [25].

3.3. Restricted Flow Test

Results of the J-Ring test were shown in Table 4, noting that the restricted flow can
decrease the flow diameter and T500, while the rate of restriction in the micro-silica concrete
(HPSCC) was more than that of the fly ash containing concrete (HSSCC) compared to
unrestricted flow. The difference in height inside and outside the ring was clearly showing
a better flowability of the HPSCC, since the thickness of the concrete along the diameter of
flow was almost homogeneous, neither bleeding nor segregation were observed. Restriction
of concrete flow was causing the reduction in flow diameter by 6.2% and 1.3%, respectively
for HPSCC and HSSCC, but the HSSCC mix had exhibited a little variation inside and
outside the ring, not reaching the limit of segregation. The difference between the T500
values measured using the J-Ring test and the slump flow test should not be more than
2–4 s according to ASTM C1621 [57].

3.4. Density of the Hardened Concrete

Concrete density is an important property that is used in the design of concrete-
structures through calculating the self-weight of the members. Table 5 shows the concrete
density for the four concrete mixes considering the age of concrete. It can be observed
that concrete densities were decreased with time. This phenomenon can be justified by
continuous chemical reactions inside the concrete structure. The ratio of weight loss was
between 0.5 to 2.5% when comparing 28-day densities with that of 6 months. It can also be
noted that the two SCC mixes had less standard deviation (SD) than that of vibrated con-
crete mixes. When considering the shape and thickness of the concrete, neither systematic
relation nor clear differences could be found between tile shaped specimens and the cubes,
when comparing the 28-day densities in Table 5.
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Table 5. Density of 100 mm cubes and tile shaped specimens, and absorption test results. Abbreviations: High-performance
self-consolidating concrete (HPSCC), high-strength self-compacted concrete (HSSCC), normal strength-vibrated concrete
(NSVC), and high-performance highly-viscous concrete (HPVC).

Mix

Density of Cubic Specimens (kg/m3) Density of Tile Shaped
Specimens at 28 Days (kg/m3)

Tile Specimens
Difference with
the Cubes (%)

Absorption (%),
at 28 Days

28 Days 180 Days Wt. Loss
(%)Avg. SD Avg. SD Avg. SD

HPSCC 2475 13.5 2437 10.2 1.52 2507 8.4 +1.29 0.97
HSSCC 2393 11.9 2381 10.6 0.50 2417 8.0 +1.00 2.09
NSVC 2417 19.3 2357 17.3 2.48 2459 15.6 +1.74 2.32
HPVC 2534 16.9 2483 15.8 2.00 2526 12.5 −0.32 0.57

3.5. Water Absorption by Immersion

Results of the water absorption test are shown in Table 5, and each value in the table
was representing the average of 4 tests. The results show that the water absorption of
the NSVC was the largest due to the high void ratio, larger particle sizes, and less binder
content compared to other mixes. Very low water absorption was observed in the HPVC
mix due to the high binder content and improved packing of the particles as a result. Water
absorption of the NSVC was 11% higher than that of the HSSCC; it was 2.4 and 4.1 times
higher than that of HPSCC and HPVC, respectively. Similar results of about 2% water
absorption were obtained in the previous study [28], while for higher fly ash replacements
of 70 and 90%, the absorption was increased to 3.5 and 4.7%, respectively. Research showed
that for an HPC with a water–binder ratio of 0.40 at 28 days, the water permeability was
about 9 times higher than an HPC with a water–binder ratio of 0.23 [17].

3.6. Compressive Strength

The compressive strength results shown in Table 6 are average values of three 100 mm
cubes. The rate of gaining strength is different between concrete types; the ratio of gaining
strength at earlier ages (1 day) was 8% for NSVC, but it was 21% and 25% respectively for
HPSCC and HPVC. At 28 days NSVC gained two-thirds of its 90 days’ strength while the
ratio was 72%, 79%, and 85% respectively for HSSCC, HPSCC, and HPVC type mixes.

Table 6. Compressive strength of 100 mm cubes at 7 ages, and Ø100 mm cylinders.

Mix

Compressive Strength (MPa) of 100 mm Cubic Specimens (fcu) in (t) Days (Gained
Strength in Percent Relative to 90 Days’ Strength)

Compressive Strength
(MPa) of Ø100 mm

Cylinders (fcy) at 90 Days

fcy/fcu
at 90 Days

1 Day 3 Days 7 Days 28 Days 56 Days 90 Days 180 Days

HPSCC 20.9 (21) 38.6 (39) 58.1 (58) 79.4 (79) 94.4 (94) 100.2
(100)

104.4
(104) 90.3 0.901

HSSCC 8.4 (10) 31.3 (38) 46.0 (55) 59.9 (72) 74.8 (90) 82.9 (100) 86.2 (104) 71.3 0.860
NSVC 4.5 (08) 11.8 (22) 17.5 (33) 34.6 (65) 46.2 (86) 53.6 (100) 55.3 (103) 42.6 0.794

HPVC 30.2 (25) 48.9 (40) 67.8 (56) 103.5 (85) 116.2 (95) 121.9
(100)

126.7
(104) 117.5 0.964

No considerable differences were observed at 180-days. The water/binder ratio has a
great influence on the compressive strength of SCC and VC, whereas, the subject is still
controversial and the authors got different conclusions. Some studies on the mechanical
behavior of SCC showed that for the same w/b ratio, SCC has generally lower mechanical
strengths than traditional vibrated concrete [2]. However, other studies stated: Compared
with the majority of the published test results the tendency becomes obvious that at the
same w/c ratio, higher compressive strengths were reached for SCC [12]. Three cylinders
with Ø100 mm had also been tested for each of the mixes, to study the influence of the
shape of the specimen on compressive strength of concrete mixes. Results showed that
the higher compressive strength mixes were less affected by specimen shape since the
cube to cylinder factor for NSVC mix was 0.79, but it was 0.90 and 0.96 for HPSCC and
HPVC mixes, respectively. The shape of specimens and loading direction during tests,
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were the two factors that controlling (fcy/fcu) ratio. Other authors have reported that
the compressive strength ratio of cylinders to cubes is 0.80–0.85 for VC, but it is 0.90–1.00
for SCC [7]. Silica fume is the most commonly used admixture for the production of
HPSCC. It has been reported that adding 10% silica fume to the mixtures can increase
the compressive strength by 30–100%, 6–57%, or 5–24%, by different authors [15,29,43].
The ratio of the fly ash used for HSSCC was negatively affecting the compressive strength
of the mix, since, it is determined that the optimum fly ash content is 25–35%. In essence,
fly ashes with 10% do have positive influence on overall quality of SCC, which increases
the workability, frost durability and an acceptable level of strength. Further increase in
FA% led to reducing of the CaO content, which led to a lower level of hydration [10,25,33].

3.7. Splitting Tensile Strength

The average results of three 100 mm × 200 mm cylinders that tested for splitting
tensile strength are shown in Table 7. The tensile strength of HPSCC was 1.53 times that for
NSVC, while HSSCC had a tensile strength of only 14% higher than NSVC, remembering
that its compressive strength was 67% higher. When comparing the ratio of tensile strength
divided by the square root of compressive strength, NSVC had a value of 0.62, but a higher
value of 0.65 was recorded for HPSCC mix, 0.66 for HPVC, and again HSSCC was lower
and it was only 0.55. Piekarczyk recorded a ratio of 0.61 for an NSC and 0.65 for an SCC [1].
Others stated that the relationship between tensile and compressive strength of SCC is
similar to that of VC [2]. Research showed that the average direct tensile strength of the
SCC was found to be 3.5 MPa, whilst the average splitting tensile strength was found to be
3.8 MPa, which is only 8.6% higher [58].

Table 7. Splitting tensile strength of Ø100 mm specimens, Flexural strength of 75 mm × 75 mm × 350 mm concrete prisms,
and Modulus of Elasticity of Ø150 mm specimens.

Mix

Compressive
Strength

Splitting Tensile Strength Flexural Strength Modulus of Elasticity

f cy (MPa) f t (MPa)
f ct/f cy

(%)
f t/

√
f cy

f r

(MPa)
f t

(MPa)
f r/f t f r/

√
f cy

SP1
(MPa)

SP2
(MPa)

E
(MPa)

E/
√

f ’c

HPSCC 90.3 6.21 6.88 0.654 7.15 6.21 1.151 0.752 43.24 42.10 42.7 4.49
HSSCC 71.3 4.60 6.45 0.545 4.82 4.60 1.047 0.571 32.91 32.65 32.8 3.88
NSVC 42.6 4.05 9.51 0.621 4.45 4.05 1.098 0.682 27.94 27.78 27.9 4.27
HPVC 117.5 7.19 6.12 0.663 8.41 7.19 1.169 0.776 45.31 46.00 45.7 4.22

3.8. Flexural Strength

The average test results of three 75 mm × 75 mm × 350 mm prisms at age of 90 days
were presented in Table 7. HPSCC developed a flexural strength 15% lower than that of
HPVC, while it was about 50% higher than both HSSCC and NSVC. The ratio was 0.75
in the case of HPSCC; it was 0.68 for an NSVC and 0.78 for an HPVC. When comparing
the results of splitting tensile strength and the flexural strength, it can be noted that the
concrete prisms with the higher strength behaved better against tensile stresses than the
splitting cylinders.

3.9. Stress-Strain Relationships

The response of the concrete against stresses is different for the four mixes; when
the strength of the concrete is higher, the strains were smaller for the same load level.
Stress-strain relationships for the concrete mixes were shown in Figure 5. Two cylinders
were tested up to 70–90% of the failure load for each of the mixes. The results are showing
that the higher strength concrete mixes, especially for HPSCC and HPVC mixes were going
in a straight path up to 80% of the load, whereas the case is not similar for NSVC, as it
was starting deviation from linearity in the earlier stage of about 40% of the applied load.
In 30 MPa stress level, and when comparing other mixes with HPSCC, the strain was
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higher by 26% and 100% for HSSCC and NSVC respectively, while the strain was less in
HPVC by 12%.

Figure 5. Stress-strain relationships for the four concrete mixes.

3.10. Modulus of Elasticity

Determination of modulus of elasticity was based on the 40% of ultimate load and
0.000050 strain level. The obtained results were arranged in Table 7. When comparing
the values in the table, it can be noted that the elastic modulus is not only the function
of the compressive strength, since the composition of the mixtures plays a great role.
The elastic moduli of the HPVC and HPSCC were close in value despite their different
compressive strengths. The ratio of E/

√
f ′c was 4.49 and 4.27 for HPSCC and NSVC mixes

respectively. The recorded ratio by [6] was 4.20 and 4.33 for an SCC and NSC, respectively.
As it is known, the modulus of elasticity depends on the proportion of Young’s modulus of
the individual components and their ratio by volume; thus, the modulus of elasticity of
concrete increases with a high content of aggregates of high rigidity, whereas it decreases
with increasing hardened paste content, and increasing porosity [7]. On the other side,
packing of the particles and optimization of the mix composition leads to a higher elastic
modulus, even with fewer or no coarse particles as in the case of UHPC [16]. Research
showed that the modulus of elasticity of SCC seems to be very similar to that of VC, with
an important but similar scatter present on the results for both types of concrete [59]; other
authors concluded that the reduction in the elastic modulus of SCC compared to VC is 5%
for SCC with high compressive strength (100 MPa) and up to 40% for those with the lowest
strength (20 MPa) [2]. Meanwhile, the modulus of elasticity of SCC specimens with SF is
increased with SF content increase [25], while it sensitively decreases with an increase in
the FA replacement ratio [33].

3.11. Oven Heating Test

Concrete is a composite material that derives properties from its multiphase and
multi-scale ingredients. These ingredients are thermally inconsistent and during fire condi-
tions, start to dissociate, leading to degradation in its strength and durability. Although,
the behavior of HPSCC subjected to fire has not been extensively studied and thus remains
largely unknown [60]. The heating of concrete may be advantageous or causing a reduction
in strength. Research showed that concrete specimens exposed to 300 ◦C might have an
increased compressive strength by 18–22%, especially in earlier ages [2,16]. This increase
refers mainly to the acceleration of the hydration process at an increased temperature.
The limit at which transfers the heating of specimens changes from a useful to destructive
factor depends on many parameters; however, in general, temperatures higher than 400 ◦C
are regarded as destructive. In this study, the temperature of the oven was 700 ◦C, to pre-
vent the explosion of the specimens. Results the Table 8 show that the loss of compressive
strength was 79%, 63%, 52%, and 49%, respectively for NSVC, HSSCC, HPSCC, and HPVC.
Thus, when a NSC exposed to +700 ◦C for 2 h it can resist only one fifth of its designed
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load, but HPC can still resist half of the load. The results of residual compressive strength
were within the range of the database presented graphically in [47] which includes limits of
codes and researchers’ data. After initial heating to 400 ◦C in [5], the compressive strength
decreased by 41–48% for an HSC containing 12.5% of silica fume. At 600 ◦C and 800 ◦C,
the loss in strength was up to 44% and 79%, respectively. The strength loss at 400 ◦C was
up to 18% whereas, at 600 ◦C and 800 ◦C, the strength loss was around 44% and 76%,
respectively [19].

Table 8. Resistance of specimens exposed to high temperature, and specimens exposed to direct fire.

Mix

The Resistance of Specimens Exposed to High Temperature
The Resistance of Specimens Exposed to

Direct Fire

Weight (g) Compressive Strength (MPa) Compressive Strength (MPa)

Dry in
60 ◦C

Heated
to 700 ◦C

Weight
Loss (%)

Control
Cubes

Heated
Cubes

Residual
Strength

(%)

Strength loss
(%) by Heating

(700 ◦C)

Control
Cubes

Cubes
Exposed
to Fire

(500 ◦C)

Residual
Strength

(%)

Strength
Loss (%)

HPSCC 2462 2317 5.89 93.2 44.9 48.2 51.8 93.2 73.2 78.5 21.5
HSSCC 2401 2238 6.79 68.2 25.4 37.3 62.7 - - - -
NSVC 2403 2222 7.53 44.0 9.4 21.4 78.6 44.0 29.0 65.8 34.2
HPVC 2516 2379 5.45 105.4 53.9 51.1 48.9 - - - -

When concrete is exposed to a gradually increased temperature, the heat was trans-
ferred from the outer face of the concrete to its core, this process requiring less time for NSC
and more time for HPC. The weak point of HSC classes is in that the heat was restricted by
the dense microstructure, which leads to an explosion and spalling of concrete corners due
to pore pressure, but the root cause of the failure was the cracking of concrete due to thermal
tensile stresses, and the specimens with higher tensile strength can resist more pore pressure
and spalling stresses. The relatively loose microstructure of NSC leads to absorption of
heat to the concrete core and disintegrating its structure mainly due to the pore pressure
build-up and the development of thermal stresses. Gravel particles can easily pull out and
the burned paste is similar to dust, crushable with fingers, as shown in Figure 6, while in
the case of HPC, the core of the cube is safer and the bond is still strong. The weight loss
of 5–8% is recorded in this study, which is similar to that found by other authors. A mass
loss of 4–6% was observed in [46] for 9 different mixes subjected to 1000 ◦C and last in the
furnace for 90 min, and the mass loss of 2–9% has been reported in [19].

Figure 6. The cleaned core of broken cubes heated to 700 ◦C.

3.12. Fire Resistance Test

Subjecting of concrete specimens directly to the fire is different from oven heating,
regarding the distribution of the heat around concrete faces. Fire test results on +500 ◦C for
45 min were shown in Table 8. The loss of compressive strength for NSVC was 34% and it
was 22% for HPSCC. Reduction in the strength of the cubes under fire was less than one-
half when compared to the heating of the cubes in the oven; however, the main reason for
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these smaller reductions was the lower level of heating. Generally, the temperature which
makes an NSC have a poor strength is in the range of 600 ◦C. The strength degradation
is primarily ascribed to decomposition of hydration products, such as, calcium silicate
hydrates, calcium hydroxide, and carbonates. Le et al. reported that HPC loses up to
50% of its ambient temperature strength at 600 ◦C [46]. The pore pressure development
in HPC samples is much faster than in SCC samples. The moisture content, the dense
microstructure, and the tensile strength are the main influencing factors that determine the
spalling of HPSCC. Research showed that the critical pore diameter of SCC is bigger than
HPC; therefore, SCC will have larger damage once exposed to fire. When exposed to the
fire of 200 ◦C for 18 min, the highest pore pressure at 10 mm depth of HPC was 2.52 MPa;
while in SCC it was 1.27 MPa [46].

3.13. Freezing and Thawing Cycles

The test results of the freeze-thaw cycles were evaluated through the mass loss of concrete
and the residual compressive strength, as presented in Table 9. HPCs showed negligible
mass loss of 0.02%, while NSVC exhibited a drastic loss of 83%. HPSCC had lost 9.7% in the
compressive strength, whereas, NSVC was almost damaged by losing 86% in compressive
strength. HSSCC had lost 6% of its weight and 37% of its strength (the mass loss of this type
of specimen was primarily in the top surface, which had less relative density).

Table 9. Loss in mass and compressive strength for 100 mm concrete cubes due to freeze-thaw cycles, Mass losses of concrete
specimens the scaling test, and Wearing of the concrete surface due to freeze-thaw cycles.

Mix HPSCC HSSCC NSVC HPVC

Loss in mass and
compressive strength for
100 mm concrete cubes

due to freeze-thaw cycles

Mass loss (%) after

10 cycles 0 5.19 5.43 0

25 cycles 0.02 5.67 22.94 0

50 cycles 0.02 6.13 82.64 0.02

Compressive strength
(MPa)

Control cubes 109.8 90 56.1 130.2

After 50
cycles 99.1 56.9 8.1 120.8

Residual
strength (%) 90.3 63.2 14.4 92.8

Mass losses of concrete
specimens at the scaling
test, and wearing of the
concrete surface due to

freeze-thaw cycles

Initial mass (kg) 0 cycles 12.591 12.048 11.621 13.026

Mass loss (%) after

10 cycles 0 0.62 1.87 0

25 cycles 0.01 0.87 6.83 0

50 cycles 0.02 1.14 15.81 0.01

50 cycles weight loss
kg/m3 0.387 27.18 372.6 0.286

kg/m2 0.0194 1.359 18.631 0.014

Scaling depth of exposed surface (mm) 0.010 ≈ 0 0.570 ≈ 1 7.905 ≈ 8 0.005 ≈ 0

The changes in concrete surface and the corresponding number of freeze-thaw cycles
were shown in Figure 7. Deterioration processes typically begin when; aggressive fluids
penetrate through capillary pore structure to the reaction sites where they trigger chemical
or physical deterioration mechanisms [61]. When the test was running, in the first 10 cycles,
the NSVC corners were subjected to the internal tensile stress. Later when the frozen salty
water was causing volumetric internal pressure on the concrete surface, gravel particles
started appearing and then got pulled out. If the pores are critically saturated, water will
begin to flow to make room for the increased ice volume. The concrete will rupture if
the hydraulic pressure exceeds its tensile strength. The cumulative effect of successive
freeze-thaw cycles is the disruption of paste and aggregate eventually causing deterioration
of the concrete. HPCs were resisting pore pressure due to their high tensile strength. In this
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test, loss in dimensions or lose of the concrete cover seems to be logically more acceptable
when considering large structural members. The thickness loss was 25–30 mm in NSVC,
2–3 mm for HSSCC and the rest of the cubes almost had no thickness loss as in Figure 7.
Similar deteriorations of NSVC and HSSCC concrete cubes have been observed in [30].

Figure 7. Freeze-thaw specimens after 25 and 50 cycles for NSVC and HSSCC and 50 cycles for HPSCC and HPVC.

Water absorption is a key parameter in the investigation of the durability of concrete.
Because of its low w/b ratio of 0.20–0.45, it is widely believed that HPSCC should be highly
resistant to both scaling and physical breakup due to freezing and thawing. Research
showed that non-air-entrained HPC with w/b 0.22–0.31 could be extremely resistant
to freeze-thaw damage and it was suggested that air-entrainment and supplementary
cementitious materials are not needed. Among six mixtures tested; only the silica fume
concrete with w/b 0.22 was frost resistant [8]. The weight change is an indication of the
deterioration of the concrete specimen. Weight change of 0.3–5.3% recorded in [35] and
2.0–56.5% is recorded by [30] for 13 SCC mixes.

3.14. Scaling Test

The concrete specimens were exposed to 50 cycles of freezing and thawing. NSVC
lose weight of 372.6 kg/m3 and the aggregate particles appeared in early stages on the
entire surface of the concrete; in HSSCC, initially, the first layer of concrete surface wore at
earlier stages, but later, the degradation of the concrete surface was almost stopped or it
was wearing very slowly so that the total weight loss after 50 cycles reached 27.2 kg/m3;
both HPSCC and HPVC mixes were durable, showed no scaling, and a negligible loss of
weight by having 0.387 and 0.286 kg/m3 respectively, as shown in Table 9. Mass loss of
0–0.5 kg/m3 after 50 cycles is recommended for HPC. Rating of specimens was performed
as in ASTM C672 [55]. Scale rating of 0–1 after 50 cycles is recommended for HPC. The
rating results for important checkpoints were shown in Table 10. The test is qualitative, and
the rating was decided with a visual examination based on the surface of two specimens.
For HSSCC, For HPCs, the top thin paste layer or was resisting the wearing and was not
removed until the end of the test; only several small dark spots appeared as shown in
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Figure 8. Rating of the concrete surface can be evaluated by loss of concrete mass and
visibility of gravel particles, whereas the interesting parameter in a practical point of view
is the thickness of the deteriorated concrete, therefore it is better to determine the loss in
thickness of the concrete which exposed to freezing and thawing cycles. Table 9 is also
showing the concrete depth lost by the action of thermal stresses.

Table 10. Rating of concrete specimens in scaling test ASTM C672.

Mix

Rating/No. of Cycles for the
Tested Specimens Ranking-Surface Conditions According to ASTM C672

0 5 10 15 25 50

NSVC 0 1 2 3 4 5 (0) No scaling; (1) Very slight scaling (3 mm depth, max, no coarse aggregate visible);
(2) Slight to moderate scaling; (3) Moderate scaling (some coarse aggregate visible);
(4) Moderate to severe scaling; (5) Severe scaling (coarse aggregate visible over the

entire surface)

HPVC 0 0 0 0 0 0
HSSCC 0 1 2 2 2 3
HPSCC 0 0 0 0 0 0

Figure 8. Scaling resistance test of concrete surface exposed to de-icing salts after 50 cycles.

When comparing the scaling test results and the results of freezing and thawing
test cubes, NSVC had lost 15.8% of its weight in the scaling test, but the loss was 82.6%
in concrete cubes. This difference can be justified by the that the cubes were entirely
submerged in water and attacked all sides, but the scaling pans were exposed to freeze-
thaw cycles only at the top surface. Gagne et al. tested 27 mixes using silica fume with w/b
of 0.23, 0.26, and 0.30, and a wide range of air–void systems. All specimens performed
exceptionally well in salt scaling, confirming the durability of HPC. Also in [8] the weight
loss of 0.1–4.5 kg/m2 is obtained after 40 cycles of scaling, for 3 concrete types with an air
content of 2, 4, and 6% and w/c ratio of 0.25–0.50.
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4. Hexagonal Model for Cost–Strength–Workability–Durability Relationship

An increased upfront cost must be expected for HPSCC, especially for better per-
formance, enhanced quality control, along with better-quality formwork to withstand
higher pressures. On the other hand, the incorporation of industry by-products increased
productivity, reduced labor, and energy consumption, and fewer post-construction repairs
can balance the final cost. The HPSCC is much more economical in certain applications
on a basis of the original cost, and also in a point of view the durable upkeep, and more
ecological than the usual concrete. Moreover, the lifespan of HPSCC is estimated at two or
three times than on a usual concrete. The major obstacles that prevent a wider implementa-
tion of HPSCC in construction are its high cost (+25 to 50%), and the lack of knowledge of
the properties. In Table 11 the major parameters (strength, workability, durability, and cost)
are been considered simultaneously on a scale of 0–10. The strength and durability results
were converted based on the highest value obtained among the four concrete types.

Table 11. Comparison scales and rating for the four concrete mixes.

Mix

Strength, 90 Days Durability, 90 Days Workability,
(mm)

Cost ($) MPAS
(MPa) (%)

Compressive
Strength

Tensile
Strength

Oven
Residual
Strength

Residual
Strength in
F/T Cycles

Slump or
Slump Flow

Cost-
Effectiveness

Average
Out of

10

Hexagon
Area

Relative
Area

HPSCC 100.2 6.21 48.2 90.3 810 135 - - -
S.N. 8 9 9 10 10 6 8.7 196.6 1

HSSCC 82.9 4.6 37.3 63.2 750 125 - - -
S.N. 7 6 7 7 10 6 6.1 132.1 0.67

NSVC 53.6 4.05 21.4 14.4 190 80 - - -
S.N. 4 6 4 2 6 10 5.3 69.3 0.35

HPVC 121.9 7.19 51.1 92.8 155 140 - - -
S.N. 10 10 10 10 4 6 8.3 173.2 0.88

S.N. standardized number.

For comparing the workability results, SCCs were considered as perfectly workable,
while the vibrated concretes can achieve 6 points for a 200 mm slump. Decreasing the
slump has to decrease in the scale by one point for each additional 25 mm. The cost is
negatively influencing the concrete selection; therefore, the lowest price was divided by the
cost of other concrete types and multiplied by 10. The shown values of the concrete cost
are based on the local prices for the preparation of 1 m3 of concrete. The average results of
multi-parameter assessment scale (MPAS) are showing that the HPSCC is the best option
(MPAS = 196.6) in selecting a mix among the tested classes (Figure 9).

Figure 9. Hexagonal model for multi-parameter comparison of different concrete classes (W—workability
measures; FT—tensile strength; FC—compressive strength; C—economic considerations; RH—residual
strength after heating to +700 ◦C; RF—residual strength after 50 cycles of freezing and thawing).
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5. Conclusions

The current study focuses on the assessment of HPSCC through an experimental
program including 14 major performance tests that have mostly been used individually
in the previous studies, and concluding improvement of some concrete properties, while
some properties questionably remained if they were improved or worsened. A comparative
and comprehensive study on the HPSCC can guarantee and answer that, what will happen
to other properties. It was intended to apply the hexagonal model to some experimental
studies in the literature, while the multi-parameter experiments (workability, cost, strength,
and durability) can hardly or never be found. Therefore, it is of great interest to inves-
tigate such a type of comprehensive experiments. Based on the results and discussion,
the following conclusions can be drawn:

i. HPSCC exhibited excellent workability and flowability compared to NSVC and HPVC
mixes that need vibration or compaction effort, hence, HPSCC is eco-friendly and
beneficial for the environment by using sustainable materials like micro-silica and fly
ash.

ii. The density of the HPSCC was almost in the range of normal concretes, whereas the
absorption of HPSCC was less than one half of both HSSCC and NSVC.

iii. HPSCC was an early strength-gaining concrete by obtaining 20.9 MPa of compressive
strength in one day, and 100.2 MPa at 90 days, which is higher than that of NSVC
and HSSCC by 86.9% and 20.9%, respectively. The tensile strength of HPSCC from
both splitting tensile strength and flexural resistance was much higher than the two
mentioned mixes. Thus, due to its strength HPSCC can be useful in decreasing
structural section sizes, and thereby the amount of concrete and cement used in
construction projects.

iv. HPSCC showed an elastic modulus of 42.7 GPa and had better resistance to the com-
pressive strains and deformation, compared to those of NSVC and HSSCC. The rela-
tionship of the stress-strain curves was linear for HPSCC up to 80% of the ultimate
load, while the curve for NSVC was starting deviation from linearity in an earlier
stage of about 40% of the applied load.

v. When exposed to fire flame or high temperature of 700 ◦C for 2 h, HPSCC behaved as
a durable concrete, and had a residual strength of 48.2%, while the residual strength
of NSVC and HSSCC were 21.4% and 37.3%, respectively. So, during fire accidents,
HPSCC can survive more, and the probability of demolishing after the fire and new
construction is much less.

vi. Freeze-thaw 50 cycles were causing degradation in the compressive strength of HP-
SCC by only 9.7%, while the strength loss of NSVC and HSSCC was 85.6% and
36.8% respectively. In the scaling test, the average thickness losses for HPSCC were
almost negligible, while the thickness loss of NSVC and HSSCC was 8 mm and 1 mm,
respectively.

vii. The proposed hexagonal comparison model can successfully predict the most benefi-
cial concrete mixes, considering workability, strength, cost, and durability.

Even though this study considered the main parameters of concrete such as technical
properties and cost, further studies are still required on this path since the optimization
(final outputs) was made based on 1 m3 of concrete. Therefore, further studies on the
mentioned parameters must be done by considering the real structural application such as
beam and column.
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Abstract: For the efficient and durable design of concrete, the role of fiber-reinforcements with
mineral admixtures needs to be properly investigated considering various factors such as contents of
fibers and potential supplementary cementitious material. Interactive effects of fibers and mineral
admixtures are also needed to be appropriately studied. In this paper, properties of concrete were
investigated with individual and combined incorporation of steel fiber (SF) and micro-silica (MS).
SF was used at six different levels i.e., low fiber volume (0.05% and 0.1%), medium fiber volume
(0.25% and 0.5%) and high fiber volume (1% and 2%). Each volume fraction of SF was investigated
with 0%, 5% and 10% MS as by volume of binder. All concrete mixtures were assessed based on
the results of important mechanical and permeability tests. The results revealed that varying fiber
dosage showed mixed effects on the compressive (compressive strength and elastic modulus) and
permeability (water absorption and chloride ion penetration) properties of concrete. Generally, low to
medium volume fractions of fibers were useful in advancing the compressive strength and elastic
modulus of concrete, whereas high fiber fractions showed detrimental effects on compressive strength
and permeability resistance. The addition of MS with SF is not only beneficial to boost the strength
properties, but it also improves the interaction between fibers and binder matrix. MS minimizes the
negative effects of high fiber doses on the properties of concrete.

Keywords: mechanical properties; fiber-reinforced concrete; permeability; durability; tensile strength;
micro-silica/silica fume; steel fiber
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1. Introduction

Plain cement concrete (PCC) is the most versatile construction material owing to its multiple
benefits i.e., high compressive strength, cost-efficient, in-situ formability, thermal and electrical
insulation, imperviousness, etc. Ingredients and mix design of PCC can be changed to obtain different
types of concrete that suit different structural loadings and environments. To further raise the
importance of conventional concrete, several performance-related issues need to be resolved. PCC
generally performs weakly under tensile loadings. Its splitting tensile strength (STS) is very low
compared to its compressive strength (CS). According to Ali and Qureshi [1,2] and Koushkbaghi et
al. [3] PCC has a STS/CS ratio of about 7–9.5%. Zain et al. [4] showed that the STS/CS ratio decreases
as the strength class of concrete is upgraded, therefore, high strength PCCs are more vulnerable to
brittle failure than normal strength PCCs. PCC has low energy absorption capacity (or toughness)
under both tensile and compressive loadings [5,6]. It undergoes a sudden failure after carrying the
load beyond its peak capacity and it has very low residual strength (almost negligible compared to
fiber-reinforced concrete) [7]. Mechanical performance of PCC undergoes significant degradation
with time when subjected to environmental stresses (freeze-thaw) [8] and weathering actions of water
and acid attack [9]. Due to the inherent weakness of PCC under tensile loadings, large structural
dimensions cannot be avoided unless it is reinforced with some high strength material i.e., steel rebars,
glass fiber-reinforced polymers (GFRP) bars, carbon fiber-reinforced polymer (CFRP) bars, etc.

Nowadays, fibers are being used as a discrete 3-dimensional reinforcement to overcome the
deficiency of PCC in tensile strength. With the addition of proper fiber-type in concrete, initiation and
proliferation cracks under both tensile and compressive loads can be controlled or delayed. Many
types of reinforcements are available commercially that own their application-specific characteristics
e.g., carbon fiber, steel fiber (SF), glass fiber, polypropylene fiber [10] organic fibers [11], carbon
nano-tubes [12,13] etc. Tensile reinforcements disperse throughout the PCC matrix, bridge the
microcracking [12,13]. Considering the mechanical performance of concrete, SF is by far more superior
fiber compared to other industrial fibers [10]. SF has a very high tensile strength of over 1200 MPa and
an elastic modulus of about 200 GPa. The literature confirms its vitality as a superior reinforcement
material that ensures satisfying tensile, compressive, flexural and shear strength properties [14–17].
By improving the strength per unit quantity of material, SF-reinforced concrete (SFRC) shows lower
economic and environmental impact compared to PCC [14].

There are several issues relevant to the underutilization of SF in fiber-reinforced concrete that
must be addressed. According to Lee et al. [18], the primary reason for the failure of SF-Reinforced
Concrete (SFRC) is the failure linked to the interface between fiber and binder matrix of the concrete.
Two different types of failures are linked to SFRCs when the underutilized fiber is separated from the
binder matrix [19]. The first type of failure occurs at the interface between the fiber and binder matrix,
whereas another type of failure occurs in the adhering binder matrix. Both of these failures lead to
under-utilization of matrix and full tensile strength potential of fibers, and consequently leading to
cracking of concrete. Therefore, bond strength between fibers and binder matrix plays a significant
role in defining the tensile capacity of fibrous composites.

The effect of SF on the properties of the fibrous composite also depends on the dosage of fiber.
There is a consensus among researchers that the tensile and bending capacity of concrete improves
the increasing fiber dosage (0 to 2% by volume fraction) [3,9,20–23], but the literature has shown the
mixed effects of varying SF dosage on the compressive behavior of concrete. Some studies [23,24]
report that SF induces porosity into concrete therefore, compressive strength and elastic modulus
of concrete undergoes degradation with the rising fiber volume. Whereas, there are studies [3,9,21]
which have shown positive effects of SF on compressive behavior of concrete. The improvements in
compressive strength were attributed to the increased stiffness and confinement of concrete [3,9,21].
However, a consensus is found among findings of the researchers that SF is beneficial to compression
toughness of concrete [5,23,25,26].
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There are some issues related to application of SFRC that are vital to be understood and resolved.
The reasons behind the mixed effects (positive, negative or inconsiderable) of SF dose on compressive
strength of concrete are still needed to be understood for the effective use of fibers under compression
loadings. Moreover, poor bond strength between fiber and binder matrix reduces the utilization of full
potential of SF. It is essential to investigate the influence of such materials (i.e., MS) on SFRC that help
in strengthening binder matrix and improve the dispersion of fibers [2,10]. This study is designed to
evaluate the effects of varying SF dosage on the properties of a high strength concrete. To investigate
the role of bond strength at interfacial zone between fiber and matrix, the effect of SF dosage was also
explored with and without micro-silica (MS). SF was used at six different levels i.e., low fiber volume
(Vf = 0.05% and 0.1%), medium fiber volume (Vf = 0.25% and 0.5%) and high fiber volume (Vf = 1%
and 2%). Each dose of SF was investigated with 0%, 5% and 10% MS as by volume of binder. MS is an
excellent consumer of portlandite CH (in pozzolanic reaction, that strengthens the binder matrix and
improves the bond strength of fibers [27]. Concrete mixtures were assessed based on the results of
basic mechanical and permeability tests. The results of this study provide a useful information on the
selection of SF dose for the optimum mechanical and durability performance. Moreover, experimental
results favor the use of MS to maximize the utilization of SF under compressive and tensile forces.

2. Materials and Methods

2.1. Materials

Conventional and supplementary materials used for the production of concrete mixtures are
explained in this section. Type I general purpose cement (Bestway 53 Grade, Haripur, Pakistan) was
used as the main binder as per specifications of ASTM C150 [28]. Micro-silica (also known as silica
fume obtained from Jaza Minerals, Karachi, Pakistan) containing 90–94% silica was used as a partial
cement substitute. Properties of cement and micro-silica can be assessed from the study of Ali et al. [2].
Siliceous sand from the Lawrancepur quarry (Attock, Pakistan) was used as fine aggregate. Dolomite
sandstone of Kirana-hills of Sargodha was used as the coarse aggregate. The maximum aggregate size
of coarse and fine aggregate is 12.5 mm and 4.75 mm. The distribution of different particle sizes in
both coarse and fine aggregates is shown in Figure 1. Characteristics of aggregates are given in Table 1.

  
(a) (b) 

Figure 1. Gradation of (a) Siliceous sand/fine aggregate and (b) crushed dolomite
limestone/coarse aggregate.
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Table 1. Characteristics of aggregates.

Aggregate Type Material
Dry Rodded

Density
Water

Absorption (%)
10% Fine

Value (kN)
Specific
Gravity

Maximum
Aggregate Size

Fine aggregate Siliceous sand 1615 0.97 - 2.67 4.75
Coarse Aggregate Dolomite-sandstone 1519 0.65 148 2.68 12.5

Hooked steel fiber (SF) was studied as a discrete reinforcement in concrete. It has tensile strength
of 750 MPa and a density of 7750 kg/m3. It was sourced from Dramix© (Zwevegem, Belgium). SF has
a length of 30 mm and a diameter of 0.38 mm. Its overview is shown in Figure 2. To control the loss of
workability with a rising dose of SF, Viscorete 3110 (Sika Chemicals, Lahore, Pakistan) was used as an
ultra-high range plasticizer. Tap water free from organic/inorganic impurities was used during the
mixing and for curing as well.

Figure 2. Overview of SF.

2.2. Design of Concrete Mixtures

A total of 21 concrete mixes were studied in this research. Six different doses (Vf = 0.05, 0.1, 0.25,
0.5, 1 and 2%) of SF were used to produce fiber-reinforced concretes. SF volumes were selected to
observe the effects of a wide range of fiber doses on the properties of concrete. Fibers were used as by
volume fraction of concrete (i.e., 1% Vf of SF = 78 kg of SF). Each fiber dosage is investigated with 0%,
5% and 10% micro-silica (MS). MS serves as the matrix-strengthening agent by producing calcium
silicate hydrate gels from the free portlandite-CH a by-product from the hydration of cement. Plain
concretes were also produced with and without MS and served as reference mixes. Composition and
mix proportioning of all concrete mixtures are provided in Table 2.

Mixing of all concretes was done in a mechanical mixer having adjustable rotation speed. In
the first stage, aggregates and binder were dry mixed for 3 min at speed of 40 rpm. In the second
stage, half of the mixer and water reducer were added to the mix and blending continued for 3 min at
speed of 40 rpm. In the third stage, the remaining water was added to the mix, and mixing was done
a high speed of 80 rpm for 2 min. In the last stage, SF was added to the concrete mix, and blending
continued for the next 4 min at 80 rpm. After mixing, a slump test was performed to check the desired
workability of mixes (i.e., slump between 80 and 110 mm). Mixer continued to run at a slower speed of
20 rpm until the casting of specimens was completed.
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Table 2. Design of concrete mixes.

Mix
No.

Mix ID
MS
(%)

SF (%)
Cement
(kg/m3)

MS
(kg/m3)

Siliceous
Sand

(kg/m3)

Crushed
Limestone

(kg/m3)

SF
(kg/m3)

Water
(kg/m3)

HWR
(kg/m3)

1 MS0/SF0
(Control)

0

0.00 478 0 657 1077 0 185 2

2 MS0/SF0.05 0.05 478 0 656 1076 4 185 2
3 MS0/SF0.1 0.10 478 0 656 1076 8 185 2
4 MS0/SF0.25 0.25 478 0 654 1074 20 185 2
5 MS0/SF0.5 0.50 478 0 651 1071 39 185 3
6 MS0/SF1 1.00 478 0 644 1064 78 185 3
7 MS0/SF2 2.00 478 0 631 1051 156 185 3
8 MS5/SF0

5

0.00 454 18 657 1077 0 185 2
9 MS5/SF0.05 0.05 454 18 656 1076 4 185 2

10 MS5/SF0.1 0.10 454 18 656 1076 8 185 2
11 MS5/SF0.25 0.25 454 18 654 1074 20 185 2
12 MS5/SF0.5 0.50 454 18 651 1071 39 185 3
13 MS5/SF1 1.00 454 18 644 1064 78 185 3
14 MS5/SF2 2.00 454 18 631 1051 156 185 3
15 MS10/SF0

10

0.00 430 36 657 1077 0 185 2
16 MS10/SF0.05 0.05 430 36 656 1076 4 185 2
17 MS10/SF0.1 0.10 430 36 656 1076 8 185 2
18 MS10/SF0.25 0.25 430 36 654 1074 20 185 2
19 MS10/SF0.5 0.50 430 36 651 1071 39 185 3
20 MS10/SF1 1.00 430 36 644 1064 78 185 3
21 MS10/SF2 2.00 430 36 631 1051 156 185 3

MS: Micro-Silica; SF: Steel Fiber; HWR: High-range Water Reducer.

2.3. Sample Preparation and Testing Techniques

All specimens were cast in standard steel molds and protected with a waterproof membrane for
24 h setting immediately after casting. After setting, specimens were cured in tap water for 28-days
at room temperature conditions. All mixes were tested for three important mechanical parameters
i.e., compressive strength (CS), modulus of elasticity (MOE), and splitting tensile strength (STS). For CS,
100 ϕ mm × 200 mm cylindrical specimens were tested as per ASTM C39 [29]. To determine CS,
specimens were tested under compressive-hydraulic press at the rate of 0.3 MPa/s. The static MOE of
each mix was determined according to ASTM C469 [30]. MOE test was conducted on the specimens of
150 ϕ mm × 300 mm at the stress-rate of 0.15 MPa/s. The strain data (deformation characteristics) was
recorded using compressometer-extensometer. To evaluate STS, 100 ϕ mm × 200 mm specimens were
tested following ASTM C496 [31]. The splitting-load was applied at the stress rate of 0.015 MPa/s on
the specimen to determine STS. All mechanical tests were performed in a controls compression testing
machine with a loading capacity of 3000 kN. To understand the effects of varying SF and MS contents
on the durability of concrete, two permeability-related durability indicators were evaluated i.e., water
absorption and chloride ion penetration. To test for water absorption (WA) capacity, 100 ϕ mm × 50 mm
concrete disc specimen of each mix was tested following ASTM C642 [32]. To determine chloride ion
penetration (CIP) resistance of each mix, an immersion technique was adopted as explained by the
authors [2]. For the CIP test, a 100 mm × 100 mm cylindrical specimen was first cured in normal water
for 28 days. Then the specimen was immersed in a 10% NaCl solution for 56 days. After conditioning
in chloride solution, the specimen was split, and the failed surface of the specimen was sprayed with
0.1 N AgNO3 solution to observe the depth of CIP. The further detailed procedure for CIP testing can
be assessed from studies [2,33]. All the results presented in this research are the mean values of the
three results of each concrete mixture. The schedule of casting and testing is shown in Table 3.
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Table 3. Overview of mechanical and permeability testing methods and schedule.

Property Standard Followed Size of Specimen Age of Testing

Compressive Strength (MPa) ASTM C39 100 ϕ mm × 200 mm cylinder 28 days
Modulus of Elasticity (MPa) ASTM C469 150 ϕ mm × 300 mm cylinder 28 days

Splitting Tensile Strength (MPa) ASTM C496 100 ϕ mm × 200 mm cylinder 28 days
Water Absorption (%) ASTM C642 100 ϕ mm × 50 mm disc 28 days

Chloride Ion Penetration (mm) Ali et al. [2] 100 ϕ mm × 100 mm cylinder 28 days curing + 56 days of
condition in NaCl solution

3. Results and Discussion

3.1. Compressive Strength (CS)

Figure 3 shows the effect of varying SF dose on the CS of concrete. Figure 3b shows the net age
change in CS with the varying SF dose. These results show a mixed effect of SF on CS at different
doses. CS goes on increasing when the SF dose changed from 0 to 0.25%. Further increasing SF
beyond 0.25%, CS starts reducing, and at 2% SF, CS of fibrous concrete is lesser than that of the plain
concrete. Three different causes contribute to CS property due to the inclusion of fibers. The first cause
is related to the confinement effect of fibers that increases the stiffness of concrete and it is known to
positively affect the CS [10,34,35]. The second phenomenon is related to the entrainment of additional
ITZs in concrete that has a detrimental effect on the CS. The introduction of a high number of ITZs
contributes to porosity and permeable channels into the concrete and ITZs act as a weak link in the
fibrous composite. The third phenomenon pertains to the resistance of cracking to the propagation of
micro and macro-cracks; thus, it is known to improve the compressive stiffness of concrete. The first
and third phenomenon prevails at 0.1–0.25% dose of SF, therefore, CS shows improvement due to fiber
addition, whereas, at high fiber doses, a high number of ITZs introduction facilitate crack propagation
and it adds to the total porosity of concrete.

 

(a) (b) 

Figure 3. Compressive strength (CS) results (a) Variation of CS with SF dosage (b) Net change in CS
with varying SF dosage.

Figure 4 shows the effect of MS on CS results of high strength concrete at different doses of SF.
Figure 4b shows the effect of varying SF dose on CS at the levels of 0%, 5% and 10% MS. MS shows
a positive effect on compressive strength concrete due to its ability to produce calcium silicate hydrate
gels in pozzolanic reactive with free portlandite. The strengthening of the binder leads to improvement
in the bond strength of fibers and matrix, that is why a clear difference (Figure 4b) between “net
change” of SF mixes with and without MS. For example, at 0.25% SF the net changes in CS at 0%,
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5% and 10% MS are 5.4%, 7.03% and 10.37%, respectively. MS also minimizes the negative effect
of high fiber volumes (i.e., 2% SF) on CS. This can be credited to the strengthening of the bond at
ITZ, which enhances the utilization of fibers in compression. It is confirmed from the results that the
combined incorporation of 10%MS and 0.5%SF can increase the CS by more than 20%. It is verified
by the literature that MS addition does not only contribute to the bond strength of fibers but it also
improves the dispersion of fibers [27,36,37]. Therefore, it can be said that SF and MS have synergistic
effects on the properties of concrete.

  
(a) (b) 

Figure 4. Compressive strength results (a) effect of MS on CS with varying SF dosage (b) effect of MS
on the net change in CS with varying SF dosage.

3.2. Modulus of Elasticity (MOE)

Figure 5 shows the effect of SF on the MOE of concrete. MOE linearly increases when the SF
dose changes from 0 to 0.5%. Figure 5b shows the effect of SF dose on the net change in MOE.
The improvements in MOE at 0.05–0.5% can be ascribed to increment in the confinement of specimen
under compression that helps in the utilization of the full potential of the concrete matrix. Beyond
0.5%SF, MOE starts degrading similar to CS. This shows that for given high-strength concrete the
optimum dose of SF for optimum MOE is 0.5%. As already explained, high fiber doses can increase
the number of ITZs in concrete which leads to the reduction in compression stiffness of concrete.
A slight increase in porosity of concrete due to fibers (higher than 0.5%) can also damage the MOE
considerably [38]. This finding is in line with the study of Xie et al. [24]. It was observed that
during compression testing, mixes with high fiber doses showed more ductile failure before collapsing
completely unlike the mixes with smaller doses. A linear increase in energy absorption capacity
was observed with the rise in SF dose. Ou et al. [39] reported that the main role of SF is prominent
in compression toughness of concrete (post-peak load behavior) because, before peak load in the
determination of MOE, fibers are not activated.

In Figure 6, the effect of MS content is shown on the MOE of concrete. Figure 6b shows the
net change in MOE due to varying dose of SF at 0, 5 and 10% replacement levels of MS. A clear
improvement is noticed in the MOE of concrete due to MS addition. This is credited to (1) the improved
packing density of binder particles and (2) the pozzolanic reaction that consumes free lime. MOE
concrete with 10% MS is 11% higher than that of the plain concrete without MS. Figure 6b shows
that MS enhances the utilization of fibers. Moreover, MS minimizes the negative effect of high SF
volume on MOE. The combined incorporation of MS and SF shows synergistic behavior. For example,
0.5%SF and 10% MS individually leads to improvement of 3.4% and 7%, respectively. But simultaneous
incorporation of both MS and SF improves the MOE by 14.8%. This is true for all mixes made with
both MS and SF.
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(a) (b) 

Figure 5. Modulus of elasticity (MOE) results (a) Variation of MOE with SF dosage (b) Net change in
MOE with varying SF dosage.

 
 

(a) (b) 

Figure 6. Modulus of elasticity (MOE) results (a) effect of MS on MOE with varying SF dosage (b) effect
of MS on the net change in MOE with varying SF dosage.

From the results of CS and MOE, it is quite clear that both of these mechanical properties show
a similar response to varying SF and MS contents. Therefore, both parameters can predict each with
great accuracy. Since MOE is difficult to determine in the laboratory; therefore, it is predicted usually
from CS. The relationship between MOE and half power of CS is shown in Figure 7. This relationship
(Equation (1)) is drawn without considering the impact of SF or MS content:

MOE = 7007
√

CS− 18500 (1)

where MOE =modulus of elasticity (MPa); CS = compressive strength (MPa).
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Figure 7. Relationship between MOE and CS1/2.

3.3. Splitting Tensile Strength (STS)

STS in an estimate of true tensile strength of concrete. Due to the complexity of measuring the true
tensile strength under the direct tension test, STS provides a simpler measurement of the tensile strength
of cementitious materials. Figure 8 shows the effect of varying SF content on STS. Unlike results of CS
and MOE, STS does not show a mixed response to increasing the dose of SF. This is because, under
tensile load, fibers become active way before the failure at peak load; therefore, stretching action on
concrete is resisted by both concrete matrix and fibers. Figure 8 shows that the net change in STS due to
SF addition is very huge compared to that observed in the results of MOE and CS. STS achieves more
than 3 times positive gain compared to CS and MOE at each dose of SF. This confirms that fibers are
more useful in tensile stiffness than they are in the compressive stiffness of concrete.

  
(a) (b) 

Figure 8. Splitting-tensile strength (STS) results (a) Variation of STS with SF dosage (b) Net change in
STS with varying SF dosage.

91



Materials 2020, 13, 5739

MS addition provides a little advancement in the tensile strength, see Figure 9. Since MS
strengthens the binder matrix, some small improvements can be anticipated in the STS. The filling
effect of MS particles cannot contribute to STS, only the pozzolanic reaction between portlandite and
silica strengthens the concrete matrix against tensile stresses [40]. A clear view of the synergistic
effect of MS and SF on the STS can be seen in Figure 9. MS addition improves the net gain due to
fibers by more than 30%. Densification of the matrix leads to an efficient transfer of tensile stresses
to fiber-filaments; thus, MS addition improves the utilization of fibers. The results show that using
MS along with SF can help in yielding 20% more STS than that could be achieved without MS. These
results have important implications for fiber-reinforced concrete/composites. Since fibers are very
expensive materials, their full utilization is very necessary to design cost and performance efficient
structures. Therefore, MS and other high-performance mineral admixtures can help in enhancing the
utilization of fibers.

 

(a) (b) 

Figure 9. Splitting-tensile strength (STS) results (a) effect of MS on STS with varying SF dosage (b)
effect of MS on the net change in STS with varying SF dosage.

For plain concrete, STS can be fairly correlated with CS or MOE. But for fibrous concrete STS
cannot be correlated with CS or MOE, see Figure 10. As, activation of fibers during compression mostly
starts near or after the peak load loads; therefore, fibers do not contribute a great deal towards the
advancement of CS or MOE. Whereas, under tension, fibers activate way before peak load; therefore,
concretes show a huge STS change with fiber addition. Under tension, fibers do not only contribute
to the peak strength of concrete, but they are also useful in the post-peak load resistance. CS, MOE,
and STS of each mix are correlated in Figure 10, without considering the role of SF dose. This surface
plot shows a general trend that each mechanical parameter is directly proportional to each other but
with a huge scatter (R2 < 0.6).

3.4. Water Absorption (WA)

WA capacity of concrete represents its water-permeable volume of voids. High WA generally
indicates high porosity. The effect of SF on the WA capacity of each mix is shown in Figure 11.
WA undergoes mixed changes with the rising dose of SF. Small fractions of SF cause minor reductions
in the WA capacity of concrete, whereas, at high doses, SF, WA absorption of fibrous concrete is
slightly higher than that of the plain concrete. Both positive [21,41] and negative [42] effects of SF
on WA has been reported in the literature. No study in the literature has examined the permeability
characteristics of SF-reinforced concretes considering a wide range of fiber dosage. Fibers can control
micro-cracking during the evolution of cementitious compounds in concrete. These can restrict the

92



Materials 2020, 13, 5739

plastic and temperature shrinkage cracking which ultimately improves the permeability resistance of
concrete. At the same time, fiber addition increases the number of ITZs in concrete. Poor bond at ITZs
favor permeability, hence it increases of WA capacity. Apparently, at low fiber volumes, controlled
shrinkage leads to reduction in WA capacity and the role of ITZs is not very dominant at low fiber
volumes. But as the fiber volume increases, the number of weak ITZs favor permeability and increase
the WA. The minimum WA is observed at 0.1% SF, whereas maximum WA is noticed at 2% SF.

Figure 10. Correlation between mechanical properties (MOE, STS and CS).

 
(a) (b) 

Figure 11. Water-absorption (WA) results (a) Variation of WA with SF dosage (b) Net change in WA
with varying SF dosage.

Figure 12 shows the effect of MS on WA capacity of concrete. MS brings down the WA capacity of
concrete significantly. As extremely fine particles of MS fill the gaps left between cement particles,
the overall density of matrix undergoes improvement. MS can reduce the pore-size at the ITZ
between fiber and matrix. MS can nullify the negative effect of SF on WA. These results implicate an
important role of MS in fibrous concretes. Since, fibers at medium to high volumes (0.5–2%), increase
the permeability which may favor the corrosion of SF. Corrosion of SF will significantly lower the
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performance of fibrous concrete over time. Therefore, the conjunctive use of fibers and MS can increase
the durability life of fibrous concrete composites.

  
(a) (b) 

Figure 12. Water-absorption (WA) results (a) effect of MS on WA with varying SF dosage (b) effect of
MS on the net change in WA with varying SF dosage.

3.5. Chloride Ion Penetration (CIP)

Figure 13 shows the effect of SF content on the CIP of concrete. CIP results also experience
changes similar to WA with the variation of SF content. CIP undergoes reduction when fiber dose
changes from 0 to 0.1%. Since there is no involvement of forced electrical transfer of chloride ions in the
immersion technique high conductivity of SF does not play any role in determining the CIP resistance
of concrete. CIP resistance improvement at low fiber volumes can be ascribed to a reduction in the WA
capacity of concrete. On the other hand, reduction in CIP resistance at high fiber volumes (1% and
2%) can be blamed to an increase in porosity or absorption capacity of the matrix. At 2%SF, CIP of
concrete is about 18% higher than that of the plain concrete. Since chloride-induced corrosion is usually
experienced in most concrete structures, low chloride permeability resistance of fibrous concretes
(especially with a high volume of fibers) can create durability issues which must be considered while
designing a concrete mix.

 
 

(a) (b) 

Figure 13. Chloride-ion penetration (CIP) results (a) Variation of CIP with SF dosage (b) Net change in
CIP with varying SF dosage.
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Figure 14 shows the effect of MS content on the CIP. The addition of 5%MS and 10%MS brings
down the CIP by 23% and 33%, respectively w.r.t plain concrete (without MS). The behavior of WA and
CIP with the addition of MS is very similar because MS substantially reduces the volume of permeable
voids [2]. As fibrous concretes struggle with the issue of low CIP resistance at high fiber doses, MS can
be a befitting addition to enhance the imperviousness of concrete. With 5 or 10% MS, high fiber volume
concretes show lower CIP than control concrete (see Figure 14a).

 

(a) (b) 

Figure 14. Chloride-ion penetration (CIP) results (a) effect of MS on CIP with varying SF dosage (b)
effect of MS on the net change in CIP with varying SF dosage.

By constricting the microchannels across the ITZs at fibers, MS can efficiently minimize the
degrading effect of fibers on CIP. Almost all engineering properties of concrete depend on the growth
and density of microstructure i.e., strength and permeability characteristics. CS, CIP, and WA are
correlated with each other in Figure 15. The surface plot shows a general trend that CS is inversely
related to both WA and CIP. All data points in Figure 15, congregate near-surface plot which means CS,
CIP and WA are strongly correlated (R2 > 0.8) and models developed to predict these parameters from
each other can be formulated for design purposes.
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Figure 15. Correlation between CS, CIP and WA.

4. Conclusions

This study evaluates the influence of a wide range of SF doses on the basic engineering
characteristics of high strength concrete. It also explores the modifications of SF-reinforced concrete
properties with micro-silica (MS). Following important conclusions can be taken from this research:

(1) Fibers have mixed effects on compressive strength (CS). The positive effect of SF on CS is observed
only at small doses. A high-volume dose of SF negatively affects CS. MS improves the utilization
of SF in advancing the CS of concrete.

(2) Similar to CS results, modulus of elasticity (MOE) also shows mixed behavior with varying fiber
dose. Low volumes (0.05–0.5%) of SF are beneficial to MOE, whereas high volumes (1–2%) are
detrimental to MOE. MS shows synergistic effects with SF on MOE. SF doses of 0.5% produce
optimum MOE and CS. The addition of MS is highly useful compared to SF addition if the
increment in CS or MOE is desired.

(3) Splitting-tensile strength (STS) increases up to 36% with the rising dose of SF (0 to 2%). There is no
significant achievement in STS when SF doses increased beyond 1%. STS experience more gain than
CS and MOE at all doses of SF. MS improves the net gain in STS due to SF addition. The combined
addition of 10%MS and 1%SF produces concrete with 60% more STS than plain concrete.

(4) Considering the combined behavior of CS, MOE, and STS, 1%SF can be taken as the optimum
dose for high strength concrete.

(5) At low to medium fiber doses (0.05–0.25%), the WA of concrete was slightly lower than that of
the plain concrete. Whereas high fiber doses (0.5–1%) are determinantal to the imperviousness of
concrete. The positive effect of low fiber volumes is very negligible compared to that of the MS.
MS can play a key role in downing the WA capacity of high fiber volume concretes.

(6) Similar to WA, chloride-ion penetration (CIP) experiences a small reduction of 0.05–0.25% SF.
The detrimental effect of high fiber dose can be minimized by MS addition. With the help of
10%MS, 2%SF concrete shows a significant 25% lower CIP compared to plain concrete.
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5. Future Research

Effect of micro-silica on the interfacial zones of fibers should be studied using scanning electron
microscopy. Moreover, combined effect of MS and SF on different strength classes of concrete should
also be investigated and compared. Effect of different MS contents on the freeze-thaw and corrosion
resistance of SFRC can also be studied.
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Nomenclature

CIP Chloride Ion Penetration
CS Compressive Strength
MOE Modulus of Elasticity
MS Micro-Silica
SF Steel Fiber
STS Splitting Tensile Strength
WA Water Absorption
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Abstract: The objective of this study was to develop a new drywall wood-based particleboard as an
alternative to gypsum board. Various development iterations have led to the use of wood particles,
steatite powder and Portland cement. The resulting outcome shows that screw withdrawal resistance
was improved by 37% and bending properties by 69% compared to gypsum board of a similar density
(0.68–0.70). The raw surface of the boards is of good quality and comparable to the paper-faced
surface of gypsum board. Furthermore, the reaction to fire was evaluated through bench-scale test
with a cone calorimeter. The investigated particleboard did not reveal visual signs of combustion
after 20 min when exposed to a radiant heat of 50 kW/m2, while burning of the overlay paper of
gypsum board occurred at about 57 s, suggesting that wood-cement-steatite powder particleboard
could be classified as a quasi non-combustible material.

Keywords: steatite; wood particles; Portland cement; fire performance

1. Introduction

Steatite (also known as soapstone or soap rock) is a type of metamorphic rock. It is primarily
composed of mineral talc, rich in magnesium. Its main component is hydrated magnesium
silicate:Mg3Si4O10(OH)2. As it is relatively soft because of its high talc content, it has been used as
carving material for thousands of years. This stone is soft, dense, heat-resistant and has a high specific
heat capacity [1]. Steatite can be pressed into complex shapes before heating. It is also used in the paint
industry, particularly in marine paints and protective coatings for ceramics due to its high electrical
resistivity [2]. Due to its electrical characteristics, steatite is mostly used in electrotechnics. In the
world market, steatite with more than 92% brightness, less than 1.5% CaCO3 and less than 1% Fe2O3 is
preferred for exports [3].

Many studies have been carried out to evaluate the performance and applications of wood-cement
composites because of their low cost and important contribution in mitigating the housing problem
in developing countries [4]. Indeed, many studies have shown that wood-cement boards, could be
used for ceilings or walls covering [5,6]. The most important advantages of wood–cement boards are
their high resistance to insect, fungi, decay, acoustic waves and fire [6,7]. In fact, the sugars present in
wood can inhibit cement setting. Therefore, the main problem in wood-cement board design is the
compatibility between wood and cement [6]. The effect of wood on cement setting depends on several
factors, among which harvesting season and wood species have the higher impacts [8]. Several special
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cement-based mortar containing additions of fine powder such as steatite [9], glass [10] and wood
ash [11] have emerged.

The replacement of cement with steatite powder (SP) decreases setting time of cement and
increases mortar cube compressive strength, but the consistency of the binding material increases [2].
The replacement of cement with SP was reported to result in improvements of the mortar microstructure,
up to maximum replacement rates of the order of 20% by weight [12].

Gypsum boards (GB) are widely used in North America building construction for interior
partitioning. Gypsum boards consist of calcium sulphate in the form of dihydrate crystals with overlay
paper on both sides. The board core is a non-combustible material. It contains nearly 21% chemically
combined water which is slowly released as steam when submitted to high levels of heat. Because
steam does not exceed 100 ◦C at normal atmospheric pressure, it effectively retards the transfer of
heat and the spread of fire [13,14]. Even after complete calcination, when all the water has been
released from its core, GB continue to serve as heat-insulating barriers. When installed in combination
with other materials such as walls and ceiling assemblies, GB serve to protect building elements
from fire effectively for prescribed durations. While GB fails the flaming criteria for determining the
non-combustibility of materials due to the paper overlay [15], it is typically an accepted material for
non-combustible construction in most building codes due to its good fire performance. However,
the paper overlay plays a vital role in the mechanical resistance of GB [16]. Besides, it appears that
construction wastes from this material are a problem [17], which is aggravated by its extensive use.
Economic pressures and environmental concerns are some of the driving forces of today’s industrial
development. Hence, many research projects are being conducted for increasing the utilization of waste
materials in order to decrease threats to the environment and to streamline existing waste disposal
and recycling methods by making them more affordable [17]. On the market, several alternatives to
gypsum have been used such as plastic panels, plywood, fiberboard and veneer plaster.

The aim of the present study was to evaluate the mechanical, physical and thermal properties
and reaction to fire of wood-cement particleboards incorporating SP as a supplementary cementing
material, intended as an eco-responsible alternative to the GB. In this study, two in three of the raw
materials used for particleboard production, wood particles and SP, are secondary low-cost products
from lumber production and mineral extraction of steatite.

2. Materials and Methods

2.1. Material

The primary binder used was Portland cement type 10 (GU, General Use), an ordinary CSA
(Canadian Standards Association).

The SP selected for this research project was provided by Polycore Inc, Quebec, Canada.
The wood-cement mixtures were prepared with air-dried wood particles obtained from white

spruce (Picea glauca) trees harvested at the Petawawa Research Forest in Mattawa (ON), Canada.
The wood chips were refined with a Pallmann PSKM8-400 ring refiner (Ludwig Pallmann K.G,
Zweibrücken, Germany). Then, the wood particles were screened using nine sieve sizes: 1.19, 1.40,
1.70, 2.38, 2.80, 3.35, 4.00, 4.46 and 5.00 mm.

The regular GB used in the study for comparison purposes were 12.7 mm [1/2 in] in thickness.
They are commercialized by Georgia Pacific under the trade name ToughRock®. They were typical
regular drywall boards used for interior partitioning in building construction.

2.2. Material Characterisation

2.2.1. Wood Particles

Figure 1 shows the wood particles size distribution by mass. According to the results, all of the
particles are smaller than 5 mm in size and the highest volume fraction (37%) is the particles with a
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diameter of 1.7 mm. In the study of Vu et al. [11], the size of the wood particles was less than 3 mm
and the highest volume fraction was 1.7 mm. Wood particles size reaches a maximum of 5 mm for the
purpose of increasing the mechanical strength of the particleboard.
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Figure 1. Wood particles size distribution.

2.2.2. Steatite Powder

Chemical Composition

Table 1 shows the results of the chemical analysis of SP. The combined content of aluminum
oxide (Al2O3 = 0.7%), iron oxide (Fe2O3 = 6.32%), and silicon dioxide (SiO2 = 38.3%) reaches 45.32%,
while the minimum value required for the material to qualify as a pozzolan is 70%. The relative
mass loss during combustion observed at 950 ◦C was 20.4%, which is considerably more than the
maximum requirement for pozzolans set at 12%. The alkali content recorded (%Na2O + 0.658 ×
%K2O) was less than 0.23%, which is lower than the maximum alkali content of 1.5% required for
pozzolans [18]. Therefore, SP does not qualify as a pozzolan. The specific gravity of SP was found to
be 2.91. This is lower than the specific gravity of Portland cement (3.15), but larger than for mineral
aggregates typically used in cementitious materials (limestone, granite, quartzite).

Table 1. Composition and properties of steatite powder.

Chemical Composition (%) Property Value

SiO2 38.3 Density 2.91 g/cm3

Al2O3 0.70 Blaine fineness 6505 cm2/g
Fe2O3 6.32 pH 9.4
MgO 33.9
CaO 0.77

Na2O 0.22
K2O <0.01
TiO2 0.02
MnO 0.09
P2O5 <0.01
Cr2O3 0.34
V2O5 <0.01
ZrO2 <0.02
ZnO <0.01
PAF 20.4
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Particle Size Analysis

The most commonly used metrics when describing particles size distributions are D-Values (D10,
D50 and D90) which are the intercepts for 10, 50 and 90% of the cumulative mass [19]. According
to the results shown in Figure 2, D10, D50, and D90 values of the SP were 3.9 μm, 18.5 μm and
52.3 μm, respectively. The D90 value of the SP was smaller than the corresponding values (114.1 μm)
recorded for wood ash in the study of Vu et al. [11]. Moreover, the tested material contained 14% of
ultrafine particles (φ < 5 μm). Therefore, SP is suitable for use as a filler to reduce the porosity in
the particleboard.

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%

0 0 1 10 100 1000

C
um

ul
at

iv
e 

m
as

s 
fr

ac
tio

n 
(%

)
M

as
s 

Fr
ac

tio
n 

(%
)

Fraction (μm)

Cumulative mass
Mass

0.1 

Figure 2. Particle size analysis of SP.

Material Preparation

The wood-cement steatite powder (WCSP) mixtures tested in this project were all prepared with the
same ratio by weight of wood-binder and SP-binder, where the binder phase is the sum of cement and
SP. The wood-binder ratio and SP-binder ratio selected were 0.35 and 0.15 (Table 3—P3). After mixing
the materials in the mortar mixer, each particleboard was cast using the same 450 × 330 × 14 mm3

wooden mold. The wet mixture was poured into the mold, the surface was then levelled offwith a wood
screed, and in the end a wooden lid was secured on top of the mold with C-clamps. The particleboard
thickness was reduced to 13 mm due to the pressure of the lid. The particleboards were unmoulded at
the age of 3 days and stored in a conditioning chamber at 23 ◦C and 60% R.H. The various test specimens
were sawn from the particleboard using a 5 mm thick saw blade at the age of 28 days (Figure 3).
Particleboards nos. 1, 2, 3, 6, 7 and 8 were tested for bending modulus of rupture (MOR) and modulus
of elasticity (MOE), and screw-withdrawal later. Thermal properties and water absorption tests were
carried out on particleboards nos. 4 and 5. The reaction to fire was determined on particleboards nos.
9 and 10.

Due to the settling of the SP at the bottom of the panels, this face of the WSCP which was in contact
with the mold had a less porous, denser microstructure than at the top. This face is the smoothest
and is called front face. The top face of the panel in the mold which is the roughest is referred to as
back face throughout this paper (Figure 4) and should be used against the structure when mounting a
wall. In Section 2, the front face will be used for reaction to fire testing and nail pull resistance testing,
while the three-point bending test is applied on both faces of the WCSPs.
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Figure 3. Sketch of samples cutting for WCSP (all measurements in mm).

Front Face 

(smooth surface) 
Back Face 

(rough surface) 

Figure 4. Edges and faces of a wood–cement steatite powder particleboard cut with a saw.

2.3. Test Methods

In this study, the mechanical properties of the investigated particleboards and GB were determined
in accordance with ASTM D1037-12 Standard test methods for evaluating the properties of wood-based
fiber and particle panel materials [20]. Beside, the nail pull resistance test were determined in accordance
with ASTM C473-17 Standard test methods for physical testing of gypsum panel products [21]. In both
method, MOR and MOE, screw withdrawal resistance and nail pull resistance were determined using
an MTS QTest-5 Universal Test Frame (MTS systems corporation, Eden Prairie, MN, USA) featuring
the Elite Modular Control System. All experiments on WCSP test specimens were conducted at the age
of 28 days. As shown in Figure 4, the molded WCSP samples have the shape of a panel. Therefore,
the determination of density was based on the weight and the average dimensions of the samples.

Water absorption was determined in accordance with ASTM D1037-12. The reaction to fire
was tested following the ISO 5660 [22] using a cone calorimeter (Fire testing technology Limited,
West Sussex, UK). Thermal capacity, specific heat and thermal conductivity were determined with
a FOX 314 Heat Flow Meter (TA instruments-LaserComp Inc., Wakefield, MA, USA) following the
ASTM C518 [23]. The sample was placed between the two plates of the heat flow meter at a controlled
temperature. The flux meter was attached on each side of sample. The temperature and heat flux could
therefore be measured at the board surface. The bottom face of WSCP (in the mold) is the exposed
face in the test. The bottom face was exposed directly to the heat flux and spark igniter. The four
parameters (two temperatures and two heat fluxes) can then be used to calculate heat capacity and
thermal conductivity of the sample.

Finally, solid samples were observed under a Scanning Electron Microscope in order to analyse its
microstructure by the JEOL JSM-840A (JEOL USA Inc, Peabody, MA, USA) equipped with an energy
dispersive X-ray analysis system (EDS). The specimens were placed on double-sides adhesive tape and
coated with a thin alloy of Au-Pd. The operating conditions were set at 15 kV.

105



Materials 2020, 13, 4813

2.4. Preliminary Work

A preliminary test program was conducted to evaluate the effect of SP when used in partial
replacement of cement in a mixture of wood particles and cement. Seven mixtures were investigated,
the variable being the fraction of cement replaced by SP. The mixing sequence used with a mortar
mixer (HOBART A-120, Hobart Canada Inc, Don Mills, ON, Canada) is presented in Table 2.

Table 2. Mixing Sequence.

Step
Mixer Rotor Speed

(rpm)
Cumulative Time

(s)

Addition of cement and wood ashes 140 0
Addition of water 140 60

Addition of wood particles 140 120
285 180

End of mixing 0 270

Unsurprisingly, the presence of steatite was found to increase the amount of water necessary to
produce mixtures with adequate workability. The quantity of water required was estimated according
to ASTM C1437 [24] to make sure that all mixture have the same workability value as P1 (Table 3).
Assessing the workability and bending strength of mixtures with different percentages of SP was
intended to determine the maximum amount of SP that could be used in the mixture without affecting
negatively the mechanical properties of the particleboard in comparison with those of the reference
wood-cement particleboard and GB. Only cement and wood particles were selected to prepare the
control mixture (P1), while six other mixtures were prepared by incorporating SP at replacement rates
of 10, 15, 20, 30, 40 and 50% respectively (P2 to P7).

Table 3. Mass ratio of steatite powder, cement and water used for the seven mixtures considered.

Mass Ratio P1 P2 P3 P4 P5 P6 P7

Steatite powder/Cement 0.00 0.10 0.15 0.20 0.30 0.40 0.50
Wood/(Steatite powder + cement) 0.35 0.35 0.35 0.35 0.35 0.35 0.35
Water/(Steatite powder + cement) 1.00 1.15 1.24 1.32 1.45 1.56 1.65

Preliminary mechanical results have shown that the replacement of cement by SP in WCSP has a
significant impact. The three-point bending test results at 3, 7, 14 and 28 days of moist curing show
that the bending strength of the sample particleboards increases with the curing time as expected
for Portland cement-based systems, although it does not increase much beyond the age of 14 days.
A density change test revealed that the weight of all particleboards was stable after 14 days of curing.
The study of Vu et al. [8] has also shown that the difference of bending resistance between the
particleboard cement-wood-wood ash at 7 and 28 days of curing time, was not significant (4.2% max.).
In the freshly consolidated particleboard, the heavier SP particles tend to settle in the bottom, yielding
non-uniform characteristics across the thickness of the board. This segregation results in non-isotropic
particleboards with different bending MOR depending on which side is subjected to tension stress
during the test. These preliminary results have shown that particleboards with 15% of the cement
replaced by SP (P3) is optimum, with the best mechanical properties obtained among the six tested
mixtures. Indeed, the study of P. Kumar et al. [12] shown that the replacement of SP should be
maintained below 20%.
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3. Results

3.1. Change in Density

The variation of particleboard density was determined by the recording of weight of all
particleboard at the begin and at the end of the curing period in the wood mold (from 0 to 3 days).
A reduction of weight of about 5% during that period occurred due to water evaporation through the
mold. After removal from the mold, the particleboard mass typically reached a plateau at about 6 days,
meaning that most of the free water in the mortar had evaporated in the conditioning chamber at
23 ◦C and 60% R.H by then. At 14 days, the particleboards had a specific gravity ranging between 0.68
and 0.70.

3.2. Scanning Electron Microscopy

According to the results shown in Figure 5, both materials show a low porosity and pore sizes
smaller than 10 μm. Based on SEM examination, the difference of microstructure of a mixture of
neat cement-wood and a mixture containing 15% of SP in replacement of cement is not significant.
Both materials show a uniform and dense microstructure.

 
(a) (b) 

Figure 5. Scanning electron microscope images of cement-wood particles (a) and cement +15%
replacement of powder steatite+wood particles (b).

3.3. Bending Properties

Figure 6 presents the evaluation of bending properties obtained for WCSP and GB. Three replicates
per products were tested. The average values of elastic modulus and bending strength for each tested
specimen are shown in Table 4.

Table 4. Bending strength of WCSP and GB (s = standard deviation) accordance with ASTM D1037-12.

Property GB WCSP

Specific gravity 0.7 (s = 0.02) 0.68 (s = 0.2)

Sample parallel to paper fiber direction MOR (MPa) 5.4 (s = 0.08)
MOE (GPa) 1.9 (s = 0.03)

Sample perpendicular to paper fiber direction MOR (MPa) 1.6 (s = 0.08)
MOE (GPa) 1.3 (s = 0.04)

Load on front face
MOR (MPa) 2.7 (s = 0.2)
MOE (GPa) 1.7 (s = 0.24)

Load on back face
MOR (MPa) 5.1 (s = 0.12)
MOE (GPa) 2.1 (s = 0.09)

As mentioned previously, 28 days after casting, the particleboards were tested in static bending
using in each case six specimens. Separate test series were carried out with the front or back face
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subjected to bending test. Typical load-deflection curves obtained for these different test configurations
are displayed in Figure 6. WCSP were tested with the load being applied on the front or on the back
face of the samples. As explained before, due to the settling of the SP, the mortar at the front face
of the WCSP has a less porous, denser microstructure than at the back face. Therefore, the bending
strength when the load is applied on the front face of the sample is lower than on the back face of the
WCSP. The WCSP with the load on the back face exhibited a bending strength of 5.1 MPa, which is over
1.9 times more than it is on the front face. The analysis of the stress–displacement curves indicates that
there are three material behavior stages in the course of the test that corresponds to the mechanical
behavior in the constituent composite materials (wood-cement-steatite). Each experimental curve
included a linear period at the beginning of the test and a non-linear period later. The linear period
represents the elastic behavior of the material. The tangent elastoplastic modulus decreases in the
second period, which corresponds to a non-linear plastic behavior, the third period corresponds to the
last part of the curve when the WCSP began to fracture. The MOE of WCSP is about 1.7 GPa with the
load applied on the front face and about 2.1 GPa with the load applied on the back face.
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Figure 6. Characteristic stress–displacement curve for a three-point bending test of WCSP and GB in
accordance with ASTM D1037-12.

For the GB, separate bending tests were conducted with the samples oriented perpendicular
and along the direction of the overlay paper fibers (Figure 6). The respective stress–displacement
curves in bending were entirely different. In the overlay paper fiber direction, the GB exhibit a fragile
behavior, while it is more ductile in the perpendicular direction. This is due to the different tensile
properties of the overlay paper in the two orthogonal directions. Therefore, for samples oriented
perpendicular to the paper fiber direction, the paper failed at the beginning of the test and did not have
a significant effect on the bending test. For samples oriented in the paper fiber direction, the overlay
paper had a significant contribution to the mechanical properties and played the role of a reinforcement.
Table 4 shows that the MOR in the overlay paper fiber direction is 5.4 MPa, which is 3.4 times higher
than in the perpendicular direction. It is approximately equal to the MOR of WCSP in the case of a
load applied on the back face and two times higher than in the case of a load applied on the front
face. In fact, the mechanical quality of the GB depends significantly on the gypsum core properties.
Therefore, the whole GB failed as the reinforcement failed. That is why the behavior is fragile (Figure 6).
This mechanical comportment of GB was also noticed in the study of P. Tittelein et al. [6]. The GB
bending MOE in the overlay paper fiber direction is 1.9 GPa, which is 1.5 times higher than it is in the
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perpendicular direction, 1.1 times lower than the bending MOE of WCSP in the case of loading on the
back face and 1.1 times higher than it is in the case of loading on the front face. The results reveal that
the MOR and MOE of WCSP in the case of loading on the front face are lower than in the GB overlay
paper fiber direction and higher than across the GB overlay paper direction. However, the WCSP
still could replace GB when adjusting the distance of the studs in the wall composition. A good
bending strength of WCSP in the case of loading on the back face is an advantage for transportation
and installation.

3.4. Screw Withdrawal and Nail Pull Test

The results of the screw withdrawal and nail pull resistance tests are shown in Table 5. According
to these results, WCSP has better resistance to screw and nail withdrawal than GB. The recorded screw
withdrawal resistance and nail pull resistance of WCSP are respectively 37 and 11% higher than the
corresponding values recorded for the GB. The resistance values of GB show less variation, as it is a
more homogeneous material than WCSP.

Table 5. Screw withdrawal and nail pull resistance of WCSP and GB (s = standard deviation).

PROPERTY GB WCSP

Screw withdrawal resistance test (N) ASTM C473-15 374 (s = 8) 415 (s = 20)
Nails pull resistance (N) ASTM 1037-12 328 (s = 7) 450 (s = 38)

3.5. Water Absorption

The water absorption test results are shown in Table 6. While the data show that water absorption
of WCSP is just slightly lower than that of GB, the difference with respect to swelling is considerable.
In fact, WCSP shows virtually no swelling, whereas for almost the same water uptake, GB undergoes a
5% expansion. In the case of WCSP, most of the free water in the mortar had evaporated about 6 days
after removal from the mold based on the samples weight. Therefore, the cement was not fully cured
leading to shrinkage in water. In addition, the negative value may be caused by the erosion of the
specimen due to the flow of water during the test.

Table 6. Moisture absorption characteristics of WSCP and GB according to ASTM D1037-12.

Property GB WCSP

Water absorption (%) 54 51
Thickness swelling (%) 5 −1

3.6. Thermal Properties

Table 7 shows the results obtained for thermal capacity, specific heat, and thermal conductivity
of WCSP and GB using the test method described in Section 2.2. It is worth noting that WCSP has a
thermal conductivity almost three times lower than that of GB. This low thermal conductivity results
from the high porosity of the WCSP compared to GB. The thermal capacity and specific heat of WCSP
is 1.4 times higher than that of GB. This indicates that WCSP’s ability to store thermal energy is
higher than for GB. This is an important characteristic for building applications, namely those where
fire-resistance rated components are required.

Table 7. Thermal properties of WCSP and GB according to ASTM C1784-13.

Property GB WCSP

Thermal capacity (kJ/kg·K) 970 1338
Specific heat (kJ/m3·K) 679 910

Thermal conductivity (W/m·K) 0.32 0.12
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3.7. Reaction to Fire

The thermal properties and results of the cone calorimeter tests are presented in Table 8 and
Figure 7.

Table 8. Results of the test calorimeter cone for WCSP and GB in accordance with ASTM E1354-17
(from start of test +15 min).

Property/Characteristic GB WCSP

Average ignition time (s) 57 none
Average peak rate of heat release (kW/m2) for 15 min 109.87 15.03

Average time to peak rate of heat release (s) 65 423
Average total smoke production (m2) for 15 min 0.19 0.28

Average total heat release (MJ/m2) for 15 min 5.89 7.88

The WCSP with a SP replacement rate of 15% was tested for comparison with GB. Test results in
Figure 7a indicate that the heat release rate (HRR) of GB increases very quickly and reaches a maximum
at about 65 s, due to burning of the overlay paper occurring at about 57 s (Table 8). The WCSP
showed very low HRR throughout the 20 min duration. The peak of heat release is not obvious as no
combustion took place (Table 8). The HRR of WCSP varied from −2 to 16 kW/m2 and also varied from
−4 to 12 kW/m2 in the case of GB after the ignition. Such variations are related to the accuracy of the
cone calorimeter for materials exhibiting low combustibility characteristics, such as a THR less than
15 MJ/m2.

The National Building Code of Canada (NBCC) states that a material can be used in
non-combustible construction provided that, when tested in accordance with CAN/ULC-S135 [25] at a
heat flux of 50 kW/m2, the total heat release is no more than 3 MJ/m2 and the total smoke extinction
area is no more than 1.0 m2.

Figure 7b shows that WCSP behaves similarly to GB with respect to mass loss. Indeed,
the remaining mass of GB after 15 min is 81% while the WCSP is 78%. The average total smoke
production for 15 min recorded for both materials are less than 1 m2 (Table 8). Their average total
heat release (THR) exceed in each case 3 MJ/m2 (Figure 7 and Table 8). While CAN/ULC-S135 slightly
differs from ISO 5660, the results suggest that WCSP would most likely fail these requirements due to
its average THR exceeding 3 MJ/m2. Given the low value threshold of 3 MJ/m2, very few products
consisting in whole or in part of combustible materials will pass this test [26]. It is unclear from the
NBCC as to how this threshold value was determined.

In Japan, based on the performance during a cone calorimeter test when subjected to an
irradiance level of 50 kW/m2, the reaction to fire of interior finishing materials are classified as
being non-combustible, quasi-non-combustible or fire retardant [27]. Neither WCSP nor GB actually
meet the Japanese criteria of a non-combustible material: THR ≤ 8 MJ/m2 and peak rate of heat release
≤200 kW/m2 after 20 min of exposure. It is noted that the Japanese THR threshold of 8 MJ/m2 is much
less severe than the Canadian value of 3 MJ/m2. They would however both meet the criteria for a
quasi-non-combustible material: THR ≤ 8 MJ/m2 and peak rate of heat release ≤200 kW/m2 after 10 min
of exposure.

Flame-spread, which is used to describe the surface burning characteristics of building materials,
is one of the most commonly tested fire performance characteristics for limiting fire growth in the early
stage of fire development. The results generated in this study show that the surface of WCSP is still
not burnt after 20 min. The surface color barely changed and neither fractures nor burnt surface could
be observed in Figure 7d). The side face of the specimen became dark due to direct contact with the
metallic specimen holder and the aluminum wrap, while the surface of the GB burned completely
(Figure 7e). The side face of the sample shows that the GB burned and became dark (Figure 7f) across
the thickness, while the 3 mm surface layer of the WCSP almost did not change color (Figure 7g) and
did not burn. However, the wood particles on the inside and back face of the WCSP became dark
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due to the high temperature and large porosity (Figure 7g,h). It may explain why the HRR of WCSP
(−2 to 16 kW/m2) was slightly higher than that of GB (−4 to 12 kW/m2) after the end of ignition of GB
(Figure 7a).

Figure 7. Cone calorimeter measurements: (a) Heat release rate (HRR). (b) Relative mass. (c) Total heat
release (THR). (d) Front face of WCSP before (left) and after (right) testing. (e) Front face of GB before
(left) and after (right) testing. (f) Side face of gypsum specimen before and after testing. (g) Side face of
WCSP before (left) and after (right) testing. (h) Back face (left) before and after testing (right) of WCSP.

4. Conclusions

Due to the settling of steatite powder, the formed surface (bottom face) of a wood-cement steatite
powder (WCSP) board was of good quality even without paper overlay. It compares favorably to the
surface of paper-faced gypsum boards. Besides, the ASTM D 1037-12 screw withdrawal resistance
and ASTM C473-15 nail pull resistance of wood-cement-steatite powder boards were found to be 37%
and 11% higher, respectively. When the load was applied on the front face, their bending strength
is 69% higher. These panels also exhibit better water-resistance and better reaction to fire than those
of gypsum boards. Indeed, with regards to reaction to fire, no ignition was observed for the WSCP,
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and the remaining mass of both type of boards after 15 min from start of the test was similar. The test
results obtained in the present study actually show that wood-cement-steatite powder boards could
be classified as a quasi-non-combustible material. While the replacement of cement with steatite
powder at a rate of 15% improved the mechanical and thermal properties of the panel, it could also
contribute to reduce CO2 emissions caused by cement production. Two-thirds of the raw materials
used for wood-cement-steatite powder board production are low cost secondary products from mineral
extraction of steatite and lumber production. The above results show that replacing gypsum boards by
such an engineered material may be a worthy choice for buildings of the future.

Author Contributions: Conceptualization V.-A.V., A.C., B.B., P.B. and C.D.; Formal analysis V.-A.V., A.C., B.B.,
P.B. and C.D.; Funding acquisition A.C. and P.B.; Investigation V.-A.V., A.C., B.B. and P.B.; Methodology V.-A.V.,
A.C., B.B., P.B. and C.D.; Project administration A.C. and P.B.; Resources A.C., B.B., P.B. and C.D.; Supervision A.C.
and B.B.; Validation V.-A.V., A.C., B.B. and C.D.; Writing—original draft V.-A.V.; Writing—review & editing A.C.,
B.B., P.B. and C.D. All authors have read and agreed to the published version of the manuscript.

Funding: This work is part of the research program of the Natural Sciences and Engineering Research Council of
Canada (NSERC) Industrial Research Chair on Eco-Construction in Wood (CIRCERB) through programs IRC
(IRCPJ 461745-12) and CRD (RDCPJ 445200-12).

Acknowledgments: The authors are also grateful to the industrial partners of the NSERC Industrial Chair on
Eco-Responsible Wood Construction (CIRCERB).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hobart, M.K. Soapstone What is Soapstone? How does it Form? How is it Used? Geoscience New and
Information. Available online: https://geology.com/rocks/soapstone.shtml (accessed on 30 April 2020).

2. Sudalaimani, K.; Shanmugasundaram, M. Influence of Ultrafine Natural Steatite Powder on Setting Time
and Strength Development of Cement. Adv. Mater. Sci. Eng. 2014, 2014, 532746. [CrossRef]

3. Anonymous. Talc, Soapstone and Steatite in Indian Minerals Yearbook; Government of India, Ministry of Mines,
Indian Bureau of Mines: Nagpur, India, 2013.

4. Ramirez-Coretti, A.; Eckelman, C.; Wolfe, R. Inorganic-bonded composite wood panel systems for low-cost
housing: A Central American perspective. Forest Prod. J. 1998, 48, 62–68.

5. Berger, F.; Gauvin, F.; Brouwers, H.J.H. The recycling potential of wood waste into wood-wool/cement
composite. Constr. Build. Mater. 2020, 260, 119786. [CrossRef]

6. Tittelein, P.; Cloutier, A.; Bissonnette, B. Design of a low-density wood–cement particleboard for interior wall
finish. Cem. Concr. Compos. 2012, 34, 218–222. [CrossRef]
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Abstract: Calcined clays are the only potential materials available in large quantities to meet the
requirements of eco-efficient cement-based materials by reducing the clinker content in blended
cements or reducing the cement content in concrete. More than 200 recent research papers on the
idea of replacing Portland cement with large amounts of calcined clay are presented and discussed
in detail. First, the fundamental information about the properties and structure of clay minerals is
described. Then, the process of activation and hydration of clays is discussed, including the methods
of pozzolanic activity assessment. Additionally, various testing methods of clays from different
worldwide deposits are presented. The application of calcined clay in cement and concrete technology
is then introduced. A separate chapter is devoted to lime calcined clay cement. Then an influence of
calcined clay on durability of concrete is summarized. Finally, conclusions are formulated.

Keywords: calcined clay; binder; supplementary cementitious materials; cement-based materials

1. Introduction

Sustainable development, understood as progress that meet the needs of the present without
compromising the ability of future generations to meet their needs, is now the basic idea behind the
current paradigm of technological progress. The greatest threat to the achievement of the objectives
of sustainable development is the excessive emission of greenhouse gases, including, above all,
carbon dioxide, which results in global warming with many serious negative consequences for future
development and its prospects.

The building industry makes a significant contribution to increasing the carbon dioxide content in
the atmosphere, with cement production accounting for 5% of global carbon dioxide emissions [1]
being its largest source. This is due, on the one hand, to the high energy intensity of the Portland
clinker production process. The production of one ton of clinker requires the supply of 3.1–3.8 GJ of
heat, whereas in the older generation wet method kilns the demand may reach even 6 GJ/t [1]. On the
other hand, during cement production, carbon dioxide is emitted from raw materials, mainly limestone.
The amount of this emission is about 0.53 kg/kg of clinker [1].

The possibilities of reducing the energy intensity of cement production are limited, although
it is already possible to reduce heat consumption to 2.9 GJ/t of clinker. The use of alternative fuels
further reduces carbon dioxide emissions from fossil fuels. However, the use of limestone in clinker
production cannot be eliminated or reduced. Therefore, solutions to further reduce CO2 emissions to
the atmosphere by the cement and concrete industry are the production of blended cements that reduce
the amount of clinker and the use of supplementary cementitious materials (SCM), mainly pozzolans,
in the concrete technology. A pozzolan, according to ASTM C125, is “a siliceous and aluminous
material which, in itself, possesses little or no cementitious value but which will, in finely divided
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form in the presence of moisture, react chemically with calcium hydroxide at ordinary temperature to
form compounds possessing cementitious properties” [2].

The most commonly used SCM so far is fly ash from coal power plants. However, this additive,
which is used in the production of both cement and concrete, is slowly losing its primary importance
due to the progressive decommissioning of coal and lignite power plants. As a result, the supply of fly
ash will be significantly reduced in the near future. Another cement additive used to reduce clinker
content is a granulated blast furnace slag. However, it has no potential to replace fly ash, not least
because its global supply is far below potential demand. Additionally, it is only available in countries
where the steel industry exists. However, even where it is available, its share in blended cements
production is not large. In India, for example, Portland slag cement accounts for only about 8% of total
cement production, while ordinary Portland cement accounts for 24% of production, and Portland
pozzolana cement accounts for 65%, where the main addition is fly ash [3,4].

The decreasing supply of fly ash from the power industry is encouraging the search for new
sources of pozzolan additives for cement and concrete production. One of the directions of this search
is ashes obtained from biomass combustion, [5]. Another is the use of natural and artificial pozzolana.
The former include, among others, volcanic tuffs already known in ancient times or zeolites. The best
known representative of the second group is the metakaolin formed by the calcination of kaolinite
from clays with its significant content.

Metakaolin was shown to be the best clay raw material for SCMs production, but in its pure form
it is only found in a limited number of deposits, so its availability is not sufficient to meet the needs of
the building materials industry. It is also in the focus of interest of other industries [6,7]. For this reason,
there has been interest in the possibility of producing SCMs from other locally available natural clays
containing, in addition to kaolinite, other minerals which have the potential to develop pozzolanic
activity upon appropriate activation. Research conducted in this direction led to the separation of
a new group of pozzolanic materials—calcined clay.

Clay is a widely spread material in the world, cheap and easily accessible [8]. At the same time,
it is a material with a great diversity in terms of mineralogical composition, hence numerous literature
items devoted to the analysis of the possibility of using clays from specific deposits for the production
of SCM in the calcination process [9–11].

In general, the literature on the activation of clay minerals and their use in civil engineering is
very rich and covers a wide range of issues. It would be very difficult to discuss this vast area of
research in one review article, so certain assumptions on the scope of this review were made First of all,
it focuses on calcined clays used as SCM in binders, where cement is the dominant component, and in
the cement-based concrete. Outside the scope of interest remain cement-free binders based on calcined
clays, which are the basis of geopolymers, as well as other alkaline-activated binders (including clay
minerals). Issues that do not fall within the assumed topics of the article are mentioned where it was
indicated for various reasons.

The paper is divided into eight thematic sections. The first section describes a fundamental
knowledge about clay minerals and publications on clays from various deposits in the world. In the
next section the topic of clay minerals activation with emphasis on calcination process and research of
hydration mechanisms and pozzolanic activity with factors influencing them are presented. A separate
section is devoted to the role of calcined clays in concrete technology (as SCM) and in blended cements
production. Due to the wealth of literature devoted to lime calcined clay cement (LC3), a separate
section is also devoted to it. The next chapter discusses the results of research on the impact of calcined
clays on concrete durability. Numerous publications on calcined clay, which cannot be clearly classified
as one of the above thematic areas, have been placed in a separate section devoted to suitable aspects
of the application of these materials. The summary presents the conclusion of the literature review

116



Materials 2020, 13, 4734

2. Characteristic of Clay Minerals

Clay minerals, that are the subject of this review, belong to two main groups, which are often
referred to in the literature as 1:1 and 2:1 minerals. These two terms result from their structure,
which consists of repetitive tetrahedral (T) and octahedral (O) layers [12]. The T layer consists of
corner-contacting tetrahedral Si4+, Al3+, and Fe3+ cations, while the O layer consists of edge-contacting
octahedral Al3+, Fe3+, Mg2+, and Fe2+ cations, which are arranged alternately in cis and trans
configurations (see Figures 1 and 2).

Figure 1. The tetrahedral sheet. T, tetrahedral cations; Oxa, apical oxygen atoms; Oxb, basal oxygen
atoms. a and b refer to unit cell parameters. Reprinted from Brigatti, M.F.; Galán, E.; Theng, B.K.G.
Structure and Mineralogy of Clay Minerals. In Handbook of Clay Science; Bergaya, F., Lagaly, G., Eds.;
Elsevier Ltd: Amsterdam, The Netherlands, 2013; pp. 21–81. License number 4912071405833.

Figure 2. The octahedral sheet. O-trans, trans-oriented octahedra; O-cis, cis-oriented octahedra; Oxa,
apical oxygen atoms; Oxo, OH, F, Cl octahedral anion. a and b refer to unit cell parameters. Reprinted
from Brigatti, M.F.; Galán, E.; Theng, B.K.G. Structure and Mineralogy of Clay Minerals. In Handbook of
Clay Science; Bergaya, F., Lagaly, G., Eds.; Elsevier Ltd.: Amsterdam, The Netherlands, 2013; pp. 21–81.
License number 4912071405833.

At the contact of T and O layers there is a layer of oxygen atoms (so-called apical oxygen).
Additionally, the O layer contains oxygen atoms (non-apical oxygen) forming OH− groups and other
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anions (F−, Cl−), which are located in the corners of octahedrons, but are not shared with the T
layer [12].

The division of minerals into 1:1 (TO) or 2:1 (TOT) groups results from the repetitive arrangement
of layers of the one or the other type (see Figure 3). This division is far from covering the rich diversity
of clay minerals, at least because 2:1 minerals may additionally contain anhydrous interlayer cations,
hydrated interlayer cations or octahedral interlayer sheet. In addition, clays also contain complex
minerals in which TO and TOT layers co-exist and can be distributed regularly or randomly.

Figure 3. Models of 1:1 and in 2:1 layer structures. Oxb, basal oxygen atoms; T, tetrahedral cations;
O, octahedral cations; Oxa, apical oxygen atoms; Oxo, octahedral anions (OH, F, Cl). Reprinted from
Brigatti, M.F.; Galán, E.; Theng, B.K.G. Structure and Mineralogy of Clay Minerals. In Handbook of
Clay Science; Bergaya, F., Lagaly, G., Eds.; Elsevier Ltd.: Asmetdam, The Netherlands, 2013; pp. 21–81.
License number 4912071405833.

Minerals 1:1 include two groups: the kaolin group and the serpentine group. The first
group includes: kaolinite, dickite, nicrite, halloysite, hisingerite. To the second group belong,
among others, lizardite, antigorite, chrysotile, caryopilite, pyrosmalite, polygonal serpentines and
polyhedral serpentines.

Minerals 2:1 form a large group of which the following should be mentioned: pyrophyllite and
talc both of ideally layered structure; mica, more than 200 variants [13], of which muscovite and illites
will be discussed further on; and smectites, of which montmorillonite is discussed further on. The 2:1
structure also has vermiculite, chrorites and, finally, minerals with mixed layer structure, such as
illite-smectite [14,15], chlorite-smectite [16] or illitic-chlorite. The calcination of the former is devoted,
among others, in the publication of Garg and Skibsted [15].

A more detailed discussion of the properties and structure of clay minerals is beyond the scope of
this review. In the following section, the minerals which are part of calcined clays and which determine
their properties are discussed in more detail. The discussion is focused on their properties, which are
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important in the activation process and determine their properties as pozzolan materials. The article
describes also factors influencing the optimization of activation process.

The most important clay minerals, which are subject to temperature activation and, therefore,
are discussed in more detail in this paper, are kaolinite and montmorillonite, which also occurs in
the form of variants called Ca-montmorillonite and Na-montmorillonite [17–19]. Additionally, illite,
being a poorly crystallised mica, and muscovite belonging to the same family, can be subjected to
the calcination process, although both show low pozzolan activity even after heat treatment (illite,
however, slightly higher than muscovite). Nevertheless, both are also included in this review of clay
minerals. Relatively little attention is paid to sepiolite, halloysite and mixed-layer minerals in the
research on pozzolan activity, therefore, due to a small number of publications, these minerals are
discussed more briefly in this paper.

Kaolinite and the product of its calcination, i.e., metakaolinite, are the most thoroughly tested of
the clay minerals that are part of the clays subjected to calcination in order to use them as SCMs due
to their pozzolanic activity. Part of this literature can be found in [20,21]. Other minerals are much
less popular so far, so Garg and Skibsted’s publications on montmorillonite are worth mentioning
here [22,23]. Garg and Skibsted [22] presented the result of investigation on the activity of calcined
pure montmorillonite due to the changes in the structure under the heating. The authors traced the
changes in the structure of montmorillonite heated up to 1100 ◦C using the NMR technique. The results
indicate that montmorillonite exhibits pozzolanic activity both in the raw state as well as heated up to
any temperature value it was subjected to in the mentioned studies, although above 800 ◦C a clear
decrease in this activity is visible.

It is not only montmorillonite that exhibits pozzolanic activity in its raw state. Among such
minerals we can also include illite, kaolinite and muscovite [24–26]. However, it is montmorillonite
that is most active in the raw state. The least active of them is muscovite due to a small proportion of
amorphous phase, which is additionally accompanied by very high water content [27]. Nevertheless,
it is commonly accepted that the most active mineral of the pozzolanic is metakaolinite. The study
of He et al. [17] revealed that Ca-montmorillonite may show even higher pozzolanic activity after
calcination. It is associated with a high content of amorphous silica. Additionally, in [28] two types of
bentonite (containing mainly montmorillonite) were tested and obtained better results than most of the
five kaolinites, although it should be added that such results were obtained only in lime consumption
and electric conductivity tests.

To the group of kaolinites, i.e., minerals 1:1 belongs halloysite—a lesser known close “cousin”
of kaolinite. Both these minerals have identical chemical structure with the only one difference that
halloysite may contain two additional water molecules in the interlayer space. Halloysite is, therefore,
sometimes referred to as hydrated kaolinite. This small difference has significant consequences for the
structure of this mineral, which forms different forms such as tubes, spheres and laths [12,29]. Water
in the interlayer space can be easily removed by thermal treatment and such dehydrated halloysite
is sometimes referred to as metahalloysite. The results of a study on the pozzolanic activity of clays
rich in halloysite are presented in papers of Tironi et al. [30,31]. Obtained results confirmed the high
pozzolanic activity of calcined clays containing halloysite, confirming their usefulness as a raw material
for SCM production.

Muscovite is also included among the clay minerals that show pozzolanic activity after appropriate
heat treatment, although in this case the results are ambiguous. Ambroise [24], by examining the
possibility of activation at 750 ◦C of, among others, muscovite and phlogopite, obtained results
indicating low effectiveness of this form of treatment. Samples of calcined muscovite blended with
calcium hydroxide after seven days of curing in the moulds disintegrated after placing them in water,
where they were to undergo further curing. On the other hand, [8] showed that muscovite increases the
hydration heat of the cement and its effect varies depending on the temperature of thermal treatment
(the raw material was tested, as well as heated at various temperatures from 500–950 ◦C). Additionally,
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in [27] the calcined muscovite pozzolanic activity at 800 ◦C was shown, although it was relatively low
compared to calcined illite and kaolinite.

Another clay mineral which has been studied due to its potentially pozzolanic properties is
sepiolite [17,32]. It is a 2:1 group mineral with an unusual structure due to discontinuity of TOT
layers [12]. Studies have shown that without heat treatment sepiolite is not a material that is active as
a pozzolan. Its additional disadvantage, from a technological point of view, is high water demand.
The use of sepiolite in raw form as a partial substitute for cement led to a significant decrease in the
strength of the mortar used to assess the hydraulic properties of potentially pozzolanic materials.
On the other hand, calcination carried out at the temperature of 830 ◦C allows to obtain a material
with distinct, although relatively low pozzolanic activity and significantly reduced water demand [32].
The low pozzolanic activity of sepiolite may result from low Al content (about 1%), which, together
with Si, is responsible for pozzolanic activity of clay minerals.

Illit is one of the minerals which show practically no pozzolanic properties in their raw
state. Heat treatment carried out at high temperatures (930–950 ◦C) both pure mineral with small
admixtures [33] as well as clays with a dominant share of illite [34] leads to a material with moderate
pozzolanic activity. The dehydroxylation process itself, occurring at a lower temperature, does not
lead to activation of the illite and formation of a material with a positive value of hydraulic index
whereas, at the temperature that causes the destruction of its structure, a partial recrystallization of
the resulting amorphous phase takes place at the same time, which reduces the potential pozzolanic
activity of this mineral.

Mixed-layer minerals, which are characterised by the presence of different types of layers, are very
common in clays. According to Weaver [35], it is estimated that out of 6000 tested samples of clay
minerals from all over the USA as much as 70% of them contain different varieties of mixed-layer
minerals. Such widespread minerals could not be omitted in studies on pozzolanic activity of clays,
although the number of publications on this topic is small. He et al. [14], investigated the pozzolanic
activity of synthetic clay consisting of layers of mica and smectite, used as a catalyst [36]. The share of
illite (i.e., mica) in relation to montmorillonite (smectite) according to various studies of this material
is in the range from 3:1 to 2:1. His studies showed that this mineral, after calcination at 960 ◦C,
showed good pozzolanic properties, achieving in the test mortar strength of 113% in relation to mortar
consisting only of OPC.

The study of natural mixed-layer mineral of similar composition (illite/smectite in the ratio 70/30)
was conducted by Garg and Skibsted [15]. In this case, the optimal calcination temperature was 900 ◦C
and its exceeding led to crystallization of a part of amorphous phase and decrease of pozzolanic activity.
Apart from a slightly different mutual ratio of mica and smectite, the mineral studied by Garg and
Skibsted did not contain NH4+ ions, which may partially explain the discrepancy in the value of the
optimal calcination temperature in relation to the findings of He et al.

Lemma et al. [16] study of mixed-layer clay consisting mainly of illite (45%) and chlorite (14%)
containing also non-clay minerals, such as quartz (30%) and feldspar (10%), revealed high optimal
calcination temperature of the material. The highest value of strength activity index (SAI) of this clay
was observed after calcination at 1100 ◦C. More detailed analysis of the obtained results indicated that
an increase in the pozzolanic activity at this temperature, in relation to that observed at 900 ◦C after
total dehydroxylation of the illite, was caused by the transition of feldspar from a crystalline to an
amorphous form. Although this mineral is not typical for clay rocks, its occurrence in the composition
of clay intended for calcination may be a premise for carrying out this process at a higher temperature.

3. Activation and Hydration of Clays

3.1. Activation Process and Its Conditionalities

Raw clays usually have a moderate or low pozzolanic activity. To increase it, they need to
be activated. As a result of activation, clay minerals undergo processes of dehydroxylation and
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amorphisation and the accompanying change in coordination of Al ions. Those processes lead to,
among other things, greater solubility of Al and Si ions and their greater reactivity, which is a basic
condition for the demonstration of pozzolanic activity by clay minerals [37]. The activation process
can be carried out mechanically (by grinding) [38–40] or thermally by heating to a temperature high
enough to destroy the structure of the clay minerals, but low enough to avoid recrystallization and
the formation of chemically inert phases. Some publications indicate that kaolinitic clays should be
ground before they undergo calcination [41,42], i.e., their activation should have both mechanical and
thermal component. Processes occurring during thermal or mechanical activation can also be induced
chemically to some extent [37,43]. Sanchez et al. [44] studied the effects of thermal activation of kaolin
supported by an activator in the form of 1% ZnO admixture. The efficacy of the activation process of
acid treatment of clay before its calcination was also studied [45]. Due to the subject matter of this
article, only thermal activation, i.e., calcination, will be described in more detail.

The effectiveness of the thermal activation process, and consequently pozzolanic activity of the
obtained material, depends on many factors. These include: calcination temperature, particle size and
shape, time and others [24]. The most attention is paid to the analysis of the temperature influence.
According to Fernández et al. [18], the exposure of clay to too low or too high a temperature can
significantly affect the activation process. In the former case, due to incomplete dehydroxylation,
in the latter case, due to the melting of minerals and their subsequent recrystallization leading to the
formation of phases which do not react with the cement hydration products and do not exhibit any
pozzolanic activity.

The process of dehydroxylation, i.e., tearing off OH− groups [17], leads to serious damage in the
crystal structure of clay minerals. As a result, among other things, it leads to increased exposure of Al
ions on the surface of the mineral grains and increased solubility [18]. This effect is more pronounced
in the case of kaolinite than in the case of group 2:1 minerals, which is reflected in the differentiation of
pozzolanic activity of clay minerals. The structure of the minerals also affects the dehydroxylation
temperature, which occurs in a wide range from 350 ◦C to 900 ◦C, and for its full effect in most cases
the mineral must be heated to temperatures between 600 and 800 ◦C [46,47]. At temperatures below
600 ◦C, this reaction takes place only with kaolinite [48,49]. Montmorillonites undergo this process at
temperatures between 550–850 ◦C. Illite is dehydroxylated in the temperature range 600–900 ◦C [18].
Neißer-Deiters et al. [8] have studied the influence of temperature on the properties of calcined mica
consisting of muscovite with a small admixture of phengite. The investigated material was subjected
to calcination at different temperatures ranging from 500 ◦C to 950 ◦C. As the raw muscovite already
exhibits pozzolanic properties, the aim of the study was to determine whether and how the calcination
influences its pozzolanic activity and water demand. The results indicate that the calcination process,
regardless of the temperature, leads to slight changes in the above-mentioned parameters.

Another variable of importance in the thermal activation process is time. Its impact has been
studied by Chakchouk et al. [50]. They determined the optimal parameters of mortar with the use
of calcined clay. For this purpose a model with three variables was developed. In addition to the
calcination time, the temperature of the calcination and the exchange rate of cement to calcined clay in
the subsequently tested blended binder were also taken into account. In 23 individual experiments,
the time varied from 1.32 h to 4.68 h. In most cases, it was 3 h. They showed, that a longer calcination
time was beneficial in increasing the strength of the tested mortar if the temperature was lower than
700 ◦C, and above this temperature the effect was the opposite.

The duration of the thermal activation process is usually counted in hours or minutes when using
fluidized bed reactors [51]. This type of calcination is referred to as soak-calcination. This process is
most commonly used and most of the publications are devoted to it, however, in these publications the
time is sometimes given for the whole process, sometimes it is only the time of keeping the material at
the highest temperature, and sometimes it is not specified at all. This makes it difficult an attempt to
summarise and make clear recommendations. Especially since this time also depends on the degree of
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material fragmentation, its pre-treatment (e.g., drying to constant mass) or the type of device in which
the activation is carried out (rotary kiln or fluidized bed reactor).

However, regardless of whether the process of soak-calcination takes several minutes or several
hours, the activation process known as flash-calcination, which lasts from fractions of a second to several
seconds, can be clearly distinguished from it [51–55]. The shortening of the process results from a very
large fineness of the processed material and from the high temperature in the calciner reaching 1100 ◦C.
The combination of high pulverization and high temperature causes the clay subjected to calcination to
be heated very quickly in its entire mass. The rise of temperature reaches 0.5–1.5 × 104 ◦C/s [52,54].
Such a rapid temperature increasing leads to a material with slightly different characteristics from clay
obtained from the soak-calcination process. In such clays in particular, the dehydroxylation process
is sometimes not complete. Moreover, due to the rapid process, the obtained material has a lower
density and higher porosity. This usually also translates into increased reactivity [51,53,54]. Most of
the research on flash-calcination concerns clays with high kaolinite content, therefore, the work of
Rasmussen et al. [53] is worth mentioning. They carried out a study using clays with a composition
dominated by minerals from the 2:1 group. They concluded that, also in the case of this type of clays,
flash-calcination can lead to the production of clays with a high-level of pozzolanic activity, and the
advantage as compared to soak-calcination procedure in this case lies in the lower risk of melting and
recrystallization of minerals, such as feldspar or spinel [53].

It is not only time, temperature or particle size that determine the success of the calcination
process. Bich et al. [56] studied the conditions of the dehydroxylation process depending on the
degree of ordering of the mineral structure. They used three clays with high kaolinite content and
different degree of order of this mineral defined by values of P0 coefficient (it is defined further in the
article). They showed, that in case of kaolinite with disordered structure (P0 = 0.68), that it was enough
to heat the material at 650 ◦C for 45 min for full dehydroxylation whereas, in the case of kaolinite
with well-ordered structure (P0 = 1.4), such time allowed dehydroxylation of 71–95% of kaolinite.
The relationship between kaolinite dehydroxylation degree and lime consumption from CaO saturated
solution after 28 days was also shown. Although the level of linear regression adjustment (R2 = 0.73)
indicates that the kaolinite dehydroxylation level is an important but not the only factor shaping the
calcined clay pozzolan activity even if it contains more than 75% of kaolinite.

The calcination process, due to its complexity resulting from a number of parameters regulating
it, as well as from various possible variants of its execution, has also gained mathematical models
describing it. Teklay et al. [54,57] developed two mathematical models of the calcination process.
The first one [57], with reference to the material itself, models the calcined mineral in the form of
spherical particles with specific physical parameters, which are affected by temperature, as a result of
which some changes in its properties occur. This model is independent of the form of the process (flash-
or soak-calcination). The other model [54] is an attempt to mathematically describe the flash-calcination
process itself, allowing to determine its key parameters in relation to specific input data referring to the
material subjected to heat treatment.

Among publications devoted to the activation of clays and clay minerals, there are also those
concerning the conduct of this process with the use of additional substrates aimed at changing certain
characteristics of the finished material. The primary purpose of such additives or admixtures is
to increase pozzolanic activity [58]. As an example of research on the influence of admixtures on
calcined clay, Taylor-Lange et al. [59,60] can be mentioned. The admixture in this case was zinc
oxide, which was added to clays containing kaolinite, montmorillonite and illite both before and after
calcination. The results were promising only in case of the clays containing kaolinite. The presence of
calcined clay significantly reduced the delaying effect of zinc oxide on the cement hydration process.

The increase in kaolinite pozzolanic activity was also obtained by Ghorbel and Samet [61],
who added iron nitrate solution to clay rich in this mineral. As a result of calcination of such
additionally enriched clay, hematite and goethite were formed. The authors came to the conclusion
that the presence of the former increases the kaolinite pozzolanic activity as long as it does not exceed
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2.7%. The presence of iron ions in clay subjected to calcination also has its less favourable effects. They
are responsible for its reddish hue, which is visible in cements blended with use of such clay. The
reddish shades of cement are sometimes improperly interpreted as a sign of poor quality of the material,
hence the idea to study the calcination process in a reducing atmosphere [62]. In this process, ground
petroleum coke was also added to the raw ground clay. As a result of such calcination, a product was
obtained whose red colouring was much less intense. The durability of the obtained effect remains an
issue to be investigated.

3.2. Activation of Various Clays and Clay Minerals

It is assumed that the largest pozzolanic activity characterizes kaolinite, which also has the
lowest activation temperature range. According to He et al. [17], calcination of this mineral can be
successfully carried out even at 450 ◦C, although full completion of the dehydroxylation process
requires a temperature of about 650 ◦C [63]. The high pozzolanic activity of calcined kaolinite results
from the high content of hydroxyl groups and their location, which favours the exposure of Al groups
on the surface of material grains after the dehydroxylation process [18]. Illite and montmorillonite
also lose hydroxyl groups under the influence of temperature, but Al atoms remain in the structure of
these minerals in places more difficult to access for cement hydration products, which may react with
them [18]. As a result, their pozzolanic activity is lower than that of calcined kaolinite [24].

Metakaolinite, which is a product of kaolinite calcination, is a transition phase during the thermal
transformation of kaolinite into mullite, which is an inactive pozzolanic mineral. Sperinck et al. [63]
presents the process of kaolinite calcination modelled using the molecular dynamics (MD) simulations.
The simulations were based on “heating” the simulated structure of the mineral to 1000 K, removing
10% of the initial number of hydroxyl groups and then quickly “cooling” it to 300 K in order to analyse
the obtained results. The next steps of the simulation were carried out until all OH− groups were
removed. As a result of the simulation, a disordered mineral structure was obtained, in which the silicon
layers showed little disorder, while the aluminium layers were significantly disordered and about 20%
of the Al ions gained 5-fold coordination. It is less stable than the original six-fold coordination and
four-fold coordination, which was adopted by most Al ions after calcination. This results in greater
solubility and, as a consequence, also pozzolanic activity. Interestingly, the Al ions only moved within
their own layer, as they were held back from further migration by a less affected silicon layer.

Minerals of the 2:1 group are characterised by a fairly wide range of temperatures at which
dehydroxylation occurs. As far as illite is concerned, the temperature required for this process is
650 ◦C, but further heating is possible (up to 930 ◦C), which leads to an increase in its pozzolanic
activity, probably due to the progressive amorphisation of the structure. According to He et al. [17],
Ca-montmorillonite and Na-montmorillonite undergo total dehydroxylation at temperatures of 730 ◦C
and 740 ◦C, respectively. In the case of both these minerals, the pozzolanic activity increases also after
heating at higher temperature, but not exceeding 930 ◦C. Differences in decarboxylation temperature
between individual minerals of group 2:1, and even for the same mineral, were explained by Drits et al.
in [64]. They indicated the role of cis-vacant (cv) and trans-vacant (tv) modified layers in determining
this temperature. Both these variants of layers differ in the distance between the nearest hydroxyl
groups. In tv 2:1 layers the bond length is 2.45 Å ± 0.05 Å, whereas in cv 2:1 layers it is considerably
longer and is 2.85–2.88 Å. Hydrogen, which in the process of dehydroxylation passes from one group
OH− to another creating a water molecule, needs a little more energy in the latter case. This explains
well the difference in temperature required for full hydroxylation between the 2:1 group minerals.

Studies on the process of montmorillonite calcination, using the NMR technique, were conducted
by Garg and Skibsted [23]. They showed that up to the temperature of 200 ◦C the dehydration of
the mineral takes place, then up to the temperature of 500 ◦C no significant changes occur and then
between 500 ◦C and 600 ◦C the dehydroxylation process begins. This process lasts until the material
reaches a temperature of 900 ◦C and is connected with the progressive amorphisation of the mineral
structure. Starting from the temperature of 1000 ◦C, another process of changing the structure of
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the heated material begins, resulting in its recrystallization as a result of the final destruction of the
original layered mineral structure. In addition to NMR studies, Gard and Skibsted [23] also studied
the mineral’s pozzolanic activity by preparing mortars containing Portland cement and calcined clay
at a ratio of 70:30 and analysing the products of hydration at specific intervals up to 1 year. The results
indicated that 800 ◦C was the upper limit of the optimal calcination temperature range. The lower limit
of this range was 750 ◦C. Interestingly, montmorillonite heated to a temperature above 850 ◦C showed
significantly lower pozzolanic activity than in the raw state. The presented results are consistent with
the results of Al and Si solubility tests carried out by the same authors [23]. Samples of calcined clay at
two temperatures: 800 ◦C and 900 ◦C were subjected to 24-h treatment with 0.1 M NaOH. The solubility
of Si and Al, which is a good indicator of pozzolanic activity, was about 4 times lower for clay activated
at the higher of the given temperatures.

The less frequently occurring clay minerals, and thus slightly less popular among researchers,
include pyrophylite, whose dehydroxylation processes and effects of thermal treatment are presented in
papers [65,66]. Additionally, halloysite is not the subject of numerous publications [30,31], even though
it is a clay mineral showing high pozzolanic activity after calcination. Moreover, it is interesting due
to its differentiated structure. Its structure can form tubes or spheres, and these differences manifest
themselves to a large extent in the pozzolanic activity of the calcined mineral. Halloysite in the
spheroidal form is mainly active in the initial period due to more easily available reactive alumina.
In the tubular form alumina cations are not so easy available, therefore, this form exhibits delayed
activity [30].

Among the publications devoted to the study of clay activation, paper [67] should be mentioned,
which covers the subject of activation of pure clays, among others kaolinite, illite, etc. Activation of
clays containing smectites (bentonites) and kaolinite was studied by the authors of papers [68–70].
The analysis of activation process of clays containing illite and smectites (montmorillonite) in comparison
to those containing kaolinite is included in [71]. Heat treatment of clays containing about 40% kaolinite
as well as about 40% illite and montmorillonite is described in [49].

3.3. Tests of Eligibility of Clays for Activation Procedure

Since deposits of pure clays containing only one type of clay mineral are not rich enough to meet
the growing demand of the construction industry for calcined clays as supplementary cementitious
materials, it is important to assess the clays from existing deposits in terms of the possibility of using
their resources as raw materials for the production of SCMs. The pozzolanic activity of clay is not
a simple sum of the activity of its individual constituent minerals. The co-occurrence of some of them
may give a synergy effect, but in other configurations the potential of any of the components may not
be fully exploited. Hence the need to develop a methodology for the assessment of specific deposits
arises in terms of their suitability for activation.

Diaz et al. [72] presented an idea for a method of initial assessment of clay based on its chemical
composition. This method is primarily intended for the assessment of clays containing minerals from
the kaolinite group, but its application is also possible for clays containing 2:1 minerals. In order to
assess the suitability of clays from a particular deposit using this method, first of all their chemical
composition should be determined, with the Al2O3 content, which should be more than 18%, then the
ratio of Al2O3 to SiO2 content, which should be higher than 0.3 and, finally, the loss on ignition,
which should not be less than 7%. Due to the deleterious effects of calcite and pyrite, the authors
have added two additional conditions: CaO < 3% and SO3 < 3%. The authors are of the opinion that
first of all, the exploitation should be carried out with the use of aluminium deposits containing over
40% of kaolinite. However, in order to take into account the pozzolanic activity of 2:1 group clays,
they proposed a parameter defined as kaolinite equivalent calculated according to Equation (1):

%KEQ = {[m(350 ◦C) −m(850 ◦C)]/[m(200 ◦C) × 0.1396]} × 100, (1)
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in which m(x) is the mass of the mineral after heat treatment at a given temperature x.
A promising tool for a preliminary assessment of potential clay minerals’ pozzolanic activity may

be cation exchange capacity, but not yet at this stage, as the author himself admits in his paper [73].
The development of an effective and simple methodology for the assessment of clay deposits for the
cost-effectiveness of their exploitation as raw materials for SCMs production still remains an issue to
be resolved.

3.4. Methods of Assessment of Pozzolanic Activity

The pozzolan reaction occurs between Al2O3-2SiO2 and Ca(OH)2, which in the case of concrete
comes from the hydration of cement. The presence of water is also necessary for this reaction, as the
reaction products are hydrates. As a result of the pozzolan reaction, CSH gel (CaO·SiO2·H2O) and
hydrated calcium aluminates (e.g., C4AH13, C2AH8, C3AH6) are produced, as well as hydrated
calcium aluminosilicates of the hydrogehlenite type C2ASH and hydrogarnets (C3AS3-C3AH6).
Carboaluminates (e.g., calcium hemicarboaluminate hydroxide C4ACH11 which more detailed formula
is C3A·0.5CaCO3·0.5Ca(OH)2·10.5H2O) may also be formed in the presence of carbon dioxide or
limestone filler [47,74–77].

There are many different methods of determining pozzolanic activity. They are described
among others in [28,58,78,79]. According to [78] they can be divided into direct and indirect ones.
Direct methods include methods based on the analysis of Ca(OH)2 content and products of its reaction
and changes in the content of these compounds over time. These are methods using XRD, TGA and
DTA techniques, as well as methods based on solution titration, i.e., the Fratini test and its simplification,
also referred to as the saturated lime (SL) [78] test or lime consumption (LC) test [28]. Among the
indirect methods, the authors [78] include those that allow the determination of the pozzolanic
activity of the material on the basis of the study of the characteristic which is affected by this activity.
These features can be, e.g., the compressive strength of mortar specimens, the electrical conductivity of
a saturated solution of Ca(OH)2 in which the tested material is placed [80–83], or the determination of
the amount of heat released in calorimetric tests [84,85].

A wide review of methods of testing the pozzolanic activity is presented in paper of Tkaczewska [79].
The methods described therein were divided into chemical and physical. Although some of them come
from currently withdrawn standards, it is worth quoting them here to show the richness and diversity
of approaches to this topic, which even with this review will not be exhausted.

One of the methods is the measurement of portlandite consumption by SCM using thermal
analysis methods, i.e., TGA in combination with DTA [86]. In this method, the measure of pozzolanicity
is the amount of calcium hydroxide bound by the tested material. It is defined as the difference between
the initial Ca(OH)2 mass and the remaining unbound mass. The latter is determined in a thermal test
from the loss in mass of the sample in the temperature range 490–510 ◦C, which corresponds to the
decomposition of portlandite. This method has several weaknesses which must be taken into account
when using it. First of all, the temperature of calcium hydroxide decomposition may vary depending
on the alkali content or even grain size [87]. Another factor is the possibility of loss of portlandite in
the sample due to carbonation and mass loss of other hydration products in the temperature range
corresponding to calcium hydroxide. These problems were identified by Kim and Olek [88] and they
proposed an appropriate test procedure.

TGA/DTA testing requires expensive equipment, so it is not a method that can be used in many
laboratories that are less well equipped. To address such situations, Mendoza and Tobón [89] have
carried out a comparative study of the results of weight loss measurement of calcium hydroxide mixture
with potentially pozzolanic material using a moisture analyser. They succeeded in demonstrating that if
a sufficiently high sample heating temperature in the moisture analyser is ensured (in the quoted article
it was 230 ◦C), the mass loss at this temperature obtained using both methods is characterised by a high
correlation (R2 = 0.971), while the mass loss in the moisture analyser is slightly higher. With appropriate
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assumptions, it is possible to test the pozzolanic activity of the materials by determining the amount of
water lost by the hydration products, which increases with the progress of the pozzolanic reaction.

Fratini is identified with at least two different methods to test the activity of pozzolan. The first
one [90–92] consists in the determination of the amount of calcium ions bound by the tested material
mixed with cement. A sample of the ground test material is placed in a Ca(OH)2 suspension at 40 ◦C
for eight days [93]. During this time, the sample is shaken from time to time. The suspension is then
filtrated and the total alkalinity of the filtrate is determined by titration with 0.1 mol HCl solution.
The next step is to neutralise the filtrate with ammonia and to determine the amount of CaO in it by
complexometric method. The concentration of OH− ions (total alkalinity) and Ca2+ ions determined in
the test is compared with the calcium hydroxide solubility isotherm curve. The location of the result
below the curve means that the material is active pozzolan, the greater its activity, the greater the
distance of the result beneath the curve.

The second Fratini method is the strength method. It consists in testing the strength of two series
of mortar samples prepared with the use of cement and the tested material in the amount of 30–50% of
the hot water. One series of samples is stored for seven days in water at a temperature of 20 ◦C, and the
other only three days, after which it is transferred to water at 50 ◦C for another four days. The difference
in strength of both series of samples proves pozzolanic activity of the tested material [94].

The method according to the PN-EN 450-1:2012 standard [95] is based on a similar methodology
as the Fratini strength method. It is designed to test the activity of fly ashes, however, it can also be
applied to other materials showing the pozzolanic activity. It is based on the determination of the
pozzolanic activity index (IAP), defined as the ratio, expressed as a percentage, of the compressive
strength of a mortar with a fixed proportion of binder, water and sand of a specific grain size made in
two versions. In the first version, 25% of cement is replaced by fly ash (or other pozzolanic material),
while in the second version, 100% cement is used. The standard requires that it is Portland cement
CEM I 42.5R. Pozzolanic activity index is calculated on the basis of the strength test after 28 and 90 days.
After 28 days it should reach ≥75% and after 90 days it should be ≥85% for the test material to be
considered as active pozzolan. The method of measuring the pozzolanic activity index gives results
that closely correlate with the determination of lime concentration in saturated solution with the test
material [78,80,81,96]. This method is often referred to in the literature as SAI (strength activity index)
and varies, depending on the standard on which it is based, in the composition of the tested mortar
(the amount of cement exchanged for the tested material, e.g., 20% [97] or 30% [98] instead of 25%) and
the required minimum SAI value (e.g., it is 80% after 28 days [98] or 75% after seven and 28 days [97]).

Apart from testing the strength of mortars containing cement, there are also methods based on
testing the strength of mortars prepared from slaked lime and the tested material. One such method
is contained in the Serbian standard SRPS B.C1.018:2015 [99]. A mixture of slaked lime, pozzolana,
sand and water with a mass ratio of 1:2:9:1.8 is prepared for testing. From this mixture samples
of 40 × 40 × 160 mm are formed, which are stored for 24 h in temperature 20 ± 2 ◦C with a relative
humidity of 90%. Then they are placed in thermostat chamber at temperature 55 ± 2 ◦C for five days.
Before testing, specimens are stored again 24 h in temperature 20 ± 2 ◦C and relative humidity of at
least 90%. Compression and flexural strength of the specimens is the basis for the division into three
classes of pozzolanic activity. The requirements for each class are as follows: class I—bending strength
≥ 4.0 MPa, compressive strength ≥ 15.0 MPa; class II—bending strength ≥ 3.0 MPa, compressive
strength ≥ 10.0 MPa; class III—bending strength ≥ 2.0 MPa, compressive strength ≥ 5.0 MPa.

The method based on the study of the influence of pozzolanic material on the strength of cement
mortar is also Graff’s method [79]. In this method three series of mortars differing in binder are
prepared. In the first series it is Portland cement and in the second series it is a mixture of Portland
cement and the tested material, with the content of the latter in the samples: 15, 30, 50, 70 and 90%.
The third series is prepared just like the second series, but replacing the test material in the binder with
quartz sand in the same proportions. After seven, 28 and 90 days from the preparation the sample
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is subjected to strength tests according to PN-EN 196-1:2006 [100] and the pozzolanity number is
calculated according to Equation (2):

P = (a − c)/(b − c), (2)

in which one: P is the pozzolanity number, a is the compressive strength after 28 days of the second
series of samples, b is the compressive strength after 28 days of the first series of samples and c is the
compressive strength after 28 days of the third series of specimens.

The method contained in the withdrawn Russian standard GOST 6269-54 [101] is similar to the
first of the Fratini methods described above. According to it, the measure of pozzolanic activity is the
total amount of calcium hydroxide bound by pozzolana during 30 days. A sample of the investigated
pozzolana (2 g) is placed in a container with 100 mL of saturated calcium hydroxide solution, which is
sealed and occasionally shaken vigorously. After two days, 50 mL of the solution is taken and is
titrated with HCl in the presence of methyl orange. Then 50 mL of saturated calcium hydroxide
solution is poured into the cylinder. This procedure is repeated every two days and the whole test
takes 30 days. A modification of this method is using barium hydroxide instead of calcium hydroxide
and determining its loss in time [79]. Barium hydroxide dissolves better in water but simultaneously
carbonates faster [102].

Chemical methods include the method contained in the withdrawn ASTM C379-65T [103].
It assumes the determination of the pozzolanic activity of the material on the basis of the determination
of the amounts of soluble SiO2 and Al2O3 in it. The test material should be placed for 1.5 h in a 1-molar
solution of sodium hydroxide at 80 ◦C. The total content of dissolved SiO2 and Al2O3 above 20%
indicates that the material shows pozzolanic activity. The same standard also includes a method based
on testing the strength of the lime - pozzolanic mortar. Samples of such mortar should be stored for
seven days at 65 ◦C in a humid atmosphere, then cooled to 23 ◦C and kept at this temperature for
another 21 days, also in a humid atmosphere. The material exhibits adequate pozzolanic activity if the
samples reach compressive strength ≥4.1 MPa. ASTM C379-65T was withdrawn in 1966 and replaced
by ASTM C593-95 [104], which only contains the latter method.

Chapelle test consists in boiling the pozzolana sample in Ca(OH)2 solution for 16 h and then
determining the calcium hydroxide content in the filtrate [105]. A measure of the pozzolanic activity of
the material is the difference in Ca(OH)2 content in the initial solution and in the filtrate. Nino et al. [106]
have modified this method for their research. They used 300 mL of saturated calcium hydroxide
solution at 20 ◦C, when the solubility of this compound in water is 1.65 g/L. They placed 0.5 g of kaolin,
almost as much as Ca(OH)2 in the solution. After heating the solution to 100 ◦C, part of the calcium
hydroxide was precipitated, but during the test, as part of Ca(OH)2 reacted with kaolin, the precipitate
dissolved, keeping the solution saturated. The test was extended to 24 h and the solution was mixed at
150 rpm.

Another chemical method is the Feret–Florentin method, about which Feret mentioned in [107]
and which he credited to Florentin [108]. The ground sample of test material is shaken for 10 min in
100 mL of HCl (30%) and then the amounts of SiO2, Al2O3 and Fe2O3 that have entered the solution
are determined. Then a further aliquot of the test material is mixed 1:1 with Ca(OH)2 adding enough
water to give the prepared mixture a plastic consistency. The prepared mixture is stored for three days
in a humid atmosphere and then it is placed in water at 15 ◦C. After one, four and 26 weeks from
the preparation of the mixture, part of the mixture is taken, dried, ground and the SiO2, Al2O3 and
Fe2O3 content is determined in the same way as in the case of the test sample itself (shaking in 30%
HCl). Pozzolan activity is measured by the increase in the amount of leached oxides in a sample of test
material with Ca(OH)2 compared to a reference sample containing the test material itself.

Feret himself is the author of the method in which pozzolanic activity is tested firstly by treating
the material with a 30% solution of HCl and then with a 25% solution of NaOH. The measure of
pozzolanicity is the amount of material tested, expressed as a percentage, which has migrated to the
solution. In order to consider that the material has a high pozzolanic activity, at least 60% of its mass
should be dissolved. The simplification of the Feret method is the Jarrige and Decreux method [109].
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It consists in treating the tested material with HCl for five and 30 min. The measure of pozzolanic
activity is an increase in the amount of dissolved material with an increase in the leaching time. Material
characterized by good pozzolanic activity should have a difference in solubility of more than 10%.

The Guillaume method [110] consists in comparing the content of insoluble parts of two blended
cements, one of which contains 20% by weight of the tested material and the other 20% by weight of
quartz sand. Both cements are treated with HCl and the amount of insoluble residue is then determined.
In the next step the cements samples are heated at 1000 ◦C for 1 h, after which they are treated with HCl
as previously unheated samples. The pozzolan activity is determined by the increase in solubility of the
cements after heating. If active SiO2 is present in the test material, it reacts with calcium oxide or alite
to form HCl-soluble calcium silicates. Cement with added quartz sand does not change significantly
its solubility in HCl.

The method proposed by Battaglino and Schipp [111] is based on two criteria: the determination of
specific surface area of hardened cement paste prepared with the addition of 30% of tested material and
the determination of free Ca(OH)2 content. The tests are carried out after different hardening periods.
A sample of the paste should be ground and then the 30–60μm fraction should be separated. The specific
surface area is determined by the BET method and the free Ca(OH)2 content by the ethylacetylacetate
method (Franke method) [112]. A material with good pozzolanic activity is considered as one which
reacts quite slowly with calcium hydroxide and leads to a large specific surface area.

Another suggestion for the test of pozzolanic activity is the R3 method (rapid, relevant and reliable).
A detailed description of it and the underlying research can be found in [113,114]. This method has
two variants. The first one is based on a heat release test in an isothermal calorimeter, in which the
mixture is placed. It consists of the material tested, calcium hydroxide (additionally calcium carbonate
in the case of testing mixtures of LC3) and potassium hydroxide as well as potassium sulphate both
added in such quantities that the reaction environment has a similar composition to a pore liquid in
concrete. Detailed compositions of the mixtures are given in the above mentioned publications. At the
method development stage the prepared mixture was tested in a calorimeter at 20 ◦C and 40 ◦C for
seven days. Since the amount of heat released at the higher of these temperatures after 1 day is equal to
the amount released at the lower one after six days, further analyses were based on the results obtained
after one day at 40 ◦C. The second variant of this method starts with the preparation of a mixture with
the same composition as the first variant. This mixture is placed in a sealed container and treated at
40 ◦C for one day. The sample is then dried at 110 ◦C until its mass change per day becomes less than
0.5%. The sample so dried is exposed to a temperature of 400 ◦C for two hours and then cooled to
110 ◦C. The sample is weighed before and after heating at 400 ◦C and the quantity of water bound in
the hydration products is determined from Equation (3):

Wb = (ms −mc)/ms [%], (3)

In Equation (3) Wb is the quantity of water bound by the hydration products, ms is the mass of the
sample after drying to a constant mass but before exposure to 400 ◦C and mc is the mass of the sample
after heating and then cooling to 110 ◦C. According to [113], the results obtained show a high correlation
with the results of the strength tests and the Chapelle test. A quick test of pozzolanic activity based on
the conductivity test was proposed by Luxán et al. [115], developing an idea presented by Raasek and
Bhaskar [116]. The idea of this method is to test the conductivity of a saturated solution of Ca(OH)2

kept at a constant temperature of 40 ± 1 ◦C, in which a sample of the tested material, dried earlier at
105 ± 5 ◦C, is placed. Pozzolan activity is measured by the difference of the compensated conductivity
of the solution at the start of the test and after 120 s. According to the classification proposal of [115],
a material is considered as non-pozzolanic if the difference in compensated conductivity is less than
0.4 mS/cm, and if it is greater than 1.2 mS/cm, the material is considered as having good pozzolanicity.
Between these two results there are materials which show variable pozzolanicity. In its original form
this test was not resistant to interference from soluble salts increasing the conductivity of the solution.
Payá et al. [80] proposed several modifications to this test, such as extending its time, carrying it
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out at different temperatures or using unsaturated calcium hydroxide solution. The most important
amendment to the test methodology was the proposal to additionally measure the conductivity of
distilled water, in which the material sample was placed. Both curves obtained in this way (conductivity
of calcium hydroxide solution and distilled water) should be subtracted from each other and analysed.

Each method has its strengths and weaknesses, so it is best to use more than one method to obtain
as complete a picture as possible of pozzolanic activity of the tested material. Danatello et al. [78]
comparing the saturated lime method, Fratini test and SAI concluded that the first method is the
most questionable. It did not show any correlation with two other methods, between which a high
correlation was found. Therefore, they recommend using the Fratini test together with SAI, and also
one of the direct methods. There is also a number of voices that suggest only direct methods should be
used in the determination of pozzolanic activity [117].

4. The Results of Investigations of Clays from Various Worldwide Deposits

Maier et al. [10] examined 11 clays from various deposits in Germany. The calcination temperature
of each clay was determined from the DTG results by adding 100 ◦C to the main peak temperature of
the dehydroxylation process. The mineralogical composition of the raw materials and the proportion
of amorphous phase after the calcination process were determined. Reactivity was investigated using
R3 calorimetry according to [114] (described in the previous section) and solubility of Al and Si ions.
The results showed a high agreement between the results of the last two tests. The authors also came
to a conclusion that in order to properly determine the suitability of clay as a raw material for SCM
production it is not enough to know the chemical composition, especially in case of clays with low
kaolinite content. In those cases other minerals play an important role, therefore, it is necessary to
determine the complete mineralogical composition. The R3 calorimetric test can also be useful in the
evaluation of this type of clays.

Tironi et al. [11,118] have studied five kaolinitic clays from various deposits located in Argentina
with kaolinite content between 16% and 94%. These clays were tested by X-ray diffraction (XRD) and
Fourier transformed infrared spectrometers (FTIR) before activation. These tests determined the phase
composition of the clays and the order or disorder of the kaolinite they contain. The latter determination
was performed in accordance with the methodology proposed by Bich [56], which consists in calculating
the P0 coefficient, which is the quotient of the intensity bands at 3620 cm−1 and 3700 cm−1 obtained in
the FTIR test. If P0 > 1, then according to [56], kaolin has well-organised structure and P0 < 1 indicates
disordered structure. In the case of three clays with intermediate kaolinite content the structure of
this mineral was disordered. The clays were heated to 700 ◦C where they stayed for 5 min (and the
whole heating process took 1 h). An XRD study after calcination showed that the time and temperature
were sufficient to transform the kaolinite into metakaolinite. After calcination, pozzolanic activity
was also determined by the Fratini test and the electrical conductivity test (previously described).
The compressive strength of mortars in which 30% of cement was replaced with ground calcined clay
was also tested. On the basis of the results of the latter test, a model was proposed in which the strength
of the mortars (after seven, 28 and 90 days), in which 30% OPC was replaced with ground calcined clay,
depends on the content of kaolinite in the clay, on the specific surface defined by the Blaine method and
on the inverse of the P0 coefficient. The authors proved that the results obtained from the application
of the proposed model are highly consistent with the test results. Thus, they showed that the calcined
clays’ pozzolanic activity depends not only on kaolinite content but also on the degree of order of its
structure and specific surface of the clays after calcination and grinding.

Huenger et al. [119] selected three clays from Lower Lusatia deposits and tested their pozzolanic
activity after burning. Among the selected clays, one was characterized by a high content of quartz
(about 60%) co-occurring with smaller amounts of kaolinite and illite, the second one consisted mostly of
kaolinite (about 60%) and quartz and a small amount of illite, and in the third one more than half of the
composition consisted of quartz, and the other clay minerals mentioned earlier were present in smaller,
similar amounts. Each clay was calcined separately, as well as their mixtures. Three temperatures of
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heat treatment were applied: 600 ◦C, 650 ◦C and 700 ◦C. The study of mineralogical composition of
the calcined clays showed a slight decrease in the illite content and a significant decrease in kaolinite
content accompanied by a proportional increase in the amorphous phase. The studies of pozzolanic
activity allowed to formulate a conclusion that the mixture of kaolinite-rich clay with quartz-rich clay
in the proportion 60:40 allowed to obtain a material with satisfactory parameters.

Beuntner and Thienel [120,121] presented the results of research on clays with clay content of
about 70% (with a predominance of illite) from deposits located in southern Germany. In [120] the
authors compared the material obtained by calcination of clay with kaolinite content of 25% in two
technological processes. One was carried out on a laboratory scale and the other on an industrial scale.
The comparison of research results showed that calcination in industrial conditions allowed to obtain
material with slightly lower pozzolanic activity, but still at a satisfactory level. It was also shown
that the mineralogical composition of clay subjected to heat treatment varies according to grading.
Whereas [121] was devoted to the study of selected technological, mechanical and durability properties
of concrete prepared from nine different types of cement with different exchange rate of the cement
with calcined clay, which was used as a Type II addition. Mixtures of clay with cement in most cases
showed slower development of strength in the initial period. However, later on, the strength increase
accelerated and in the case of mixes with 20–25% clay, the strength exceeded the values obtained for
concrete with sole cement. Moreover, it was found that the replacement of cement parts with calcined
clay reduces consistency, bleeding and shrinkage.

Papers [122–124] are devoted to research on the possibility of using kaolinite waste fraction from
Amazonian deposits for the production of calcined clays, which were an intermediate product for
further zeolite production. The research was carried out on waste fractions of kaolin from deposits of
the Brazilian Amazon calcined at various temperatures in the range 550–800 ◦C for 2 h. Results of the
tests showed that the wastes were composed primarily of coarse-grained kaolinite, which can be an
excellent starting material for pozzolana and zeolite production.

Akasha [125] presented the results of research on the use of clay obtained from five locations in
Libya and calcined as a partial substitute for cement. The studied clays contained from 30% to 90%
of kaolinite and, besides that, mainly quartz (and in one case additionally a small amount of illite).
The clays were calcined at 800 ◦C for two hours. Subsequently blended cements were prepared in
which the share of calcined clays was 10%, 15% and 20%. The obtained results do not show a clear
correlation between pozzolanic activity and kaolinite content in the raw material. In comparison with
the control mortar, in which pure cement was used, only the mortar containing calcined clay containing
initially 30% kaolinite (the least) and 70% quartz showed higher strength at all test dates and at all
exchange rates.

Chakchouk et al. [126] have selected six clays from five Tunisian deposits located in different
parts of the country. Samples of clays have been tested for basic properties such as plastic limit,
liquid limit and plasticity index. Blue methylene test and calcimetry were also carried out on them.
The chemical composition and qualitative mineralogical composition with XRD was determined.
The chemical composition was used to verify the criterion of pozzolan activity according to two
standards: ASTM C618 [97] and an unspecified Indian standard. The results showed that with the
exception of one of the clays, which did not meet the Indian standard of CaO < 10%, the others
should be a good material for the production of pozzolanic active materials. These five clays were
subjected to calcination at 600 ◦C, 700 ◦C or 800 ◦C, and then their pozzolan activity was determined
by examining the compressive strength of clay mixed with calcium hydroxide in two proportions
CC:CH = 1 and CC:CH = 3. The highest strength was obtained in case of two clays with the highest
content of kaolinite and at three times the mass prevalence of calcined clay to calcium hydroxide.
Their optimal calcination temperatures are 700 ◦C and 800 ◦C. In the case of two of the remaining clays,
the measured pozzolanic activity was moderate and the optimal temperature (among the applied
ones) was 800 ◦C. The fifth of the examined clays showed weak pozzolanic activity, which the authors
attribute to high quartz content.
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The reported results of the research indicate that it is necessary and advisable to develop a research
protocol which could be used as a standard for examining clays from unexplored local deposits. The
diversity of clays from different deposits in the same country indicates the need to take into account the
specific mineral composition of a particular clay in developing and optimising its calcination technology.

5. Calcined Clay in Cement and Concrete Technology

The issue of calcined clays as SCM cannot be considered in isolation from the technological
determinants related to the use of this active pozzolanic material in the production of blended cements
and concrete. In [41] Samet et al. applied the response surface methodology (RSM) [127,128] to
determine the value of: calcination temperature, specific surface of calcined clay and its share in the
blended cement to obtain optimal parameters of the blended cement. Normal consistency, setting
time, stability of expansion, mechanical properties and the specific surface of the calcined clay were
taken into account. The presented methodology is universal and can be used to determine the optimal
composition of cement blends with different types of calcined clay.

The issue of optimization of the composition of cement blends with calcined clays was also
considered by Pierkes et al. [129]. Due to a large number of variable parameters, they planned their
research using the DOE (design of experiments) with statistic tool MINITAB®. Four types of Portland
clinker and three types of clays (illitic, kaolinitic and chloritic) were used in the research. The clay
was added to the clinker in amounts of 20% and 40%. Additionally, the anhydrite was added in
a different amount (2% or 4%). The research included compressive strength after two, seven and 28
days and studies of hydration products after 3 h and two days. The authors came to the conclusion
that there is space to improve the strength parameters of calcined clay cements by selecting both the
appropriate chemical and mineralogical composition of the raw materials and adjusting the amount of
sulphates accordingly.

Siddique and Klaus [130] have reviewed widely the literature on the influence of metakaolin on
the properties of mortars and concrete. The analysis included fresh properties, properties of hardened
materials and durability properties of concrete. They stated, that the use of metakaolin had a positive
impact on both early age and long-term strength properties of cement paste, mortar cement and
concrete. It also reduced water absorption of concrete by capillary suction (i.e., its sorptivity [131]),
as well as other parameters that may reduce the durability of the material (e.g., permeability) due
to the refinement of pore structure. Moreover, mortars and concrete performed with metakaolin
replacing cement in the amount of 10% and 15% showed very good chemical resistance, including
sulphate corrosion.

Paiva et al. [132] have studied properties of fresh and hardened concrete prepared with metakaolin
with the pre-set workability. The influence of metakaolin particles dispersion achieved with water and
polycarboxylic acid based HRWRA on concrete structure was researched and discussed. The results
clearly favoured the use of HRWRA to control the workability of mixture with such fine additions
as metakaolin. The use of water alone had resulted in increased porosity and the formation of
agglomerates of calcined kaolin, which has had a negative impact on the strength parameters of the
hardened material.

Research on the compatibility of superplasticisers with cement mixes containing metakaolin and
limestone was undertaken by Zaribaf et al. [133]. They used cement type IL according to ASTM
C595 [134], containing limestone and commercially available metakaolin. Four admixtures each with
different chemical base were used as superplasticisers. The results, which were discussed, included
flowability measured by the minislump size, compressive strength, hydration heat measured in
isothermal calorimeter and setting time. On the basis of the results obtained, the authors came to the
conclusion that admixtures based on polycarboxylate ether (PCE) and polymelamine sulfonate (PMS)
were the most compatible.

An extended analysis of the efficiency of superplasticizers depending on the mineralogical
composition of calcined clay and the type of cement (OPC or PLC) was conducted by Sposito et al. [135].
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Apart from the two types of cement mentioned above, they used four types of calcined clay in their
research, one of which was a typical clay with different mineralogical composition, one was commercially
available metakaolin and the other two contained in its raw form more than 90% of one of the minerals:
illite or muscovite. Quartz powder was also used to evaluate its impact on the rheology. Three different
admixtures were used as superplasticisers. The tests were carried out on both clay and cement mixes
as well as on clinker-free suspensions. The results and their analysis allowed the conclusion that zeta
potential, total surface area and water demand were reliable predictors of superplasticizer demand with
the exception of mixtures with calcined muscovite. However, the latter reservation should be alleviated
in the case of clays with different mineralogical composition, in which muscovite content is a medium.
The share of quartz powder in the tested systems for the variety significantly improved workability.

Nied et al. [136] investigated the synergistic effect of the use of metakaolin and limestone on the
mechanical properties and phase assemblage of the blends composed in this way. For this purpose they
prepared 12 blends with a fixed OPC content of 60% and a variable content (10%, 20%, 30% and 40%)
of metakaolin of two qualities, limestone (10–40%) and quartz instead of limestone (20%) in reference
blends. The authors concluded that part of metakaolin in binary blends with OPC could be replaced
with limestone, which positively affects both workability and 28-day compression strength, with the
exchange ratio depending on the quality of metakaolin. Moreover, it was observed that the addition of
limestone stabilises ettringite, refines pore structure and alters the hydration of OPC/metakaolin blend
at early age.

Beuntner et al. [137] presented the results of a study on the possibility of using calcined clay in
high-performance concrete. It is worth emphasizing that they used not only metakaolin, but also mixed
layer clays, which on the one hand occur in much larger quantities in world clay deposits, but on the
other hand are treated as “poorer sisters” of kaolinite. The results of the research, which included,
among other things, compressive strength, modulus of elasticity and porosity, showed that calcined
clays, including those obtained from raw mixed layer ones, can successfully replace silica fume in
HPC, although this may require doses of superplasticisers larger than those currently recommended
by their manufacturers.

The use of calcined clays as binder components can be combined with the simultaneous use of
other types of pozzolan. Mechti et al. [138] presented results of a study in which finely ground sand
was used as an additional component which, in spite of its crystalline structure, showed the pozzolan
activity. The aim of the study was to determine the optimal proportions of cement blend components
and, as additional parameters, fineness of ground sand as well as temperature of calcination of clay.
The plan of the experiment included 28 mixtures characterised by different values of the optimised
parameters. The analysis of the results showed that the optimum composition under the assumed
assumptions was the one containing 80% of cement, 15% of sand with fineness lower than 40 μm and
5% of clay calcined at temperature 750 ◦C.

Two different pozzolana (calcined clay and fly ash) in cement mixes were also used by Ng and
Østnor [139]. This combination had its justification in the different characteristics of both pozzolana
materials. Fly ash is a material which very slowly increases the strength of cement-based composites,
while calcined clays, especially when used with limestone, are significantly faster in the process of
pozzolan reaction. In the presented studies, 20% of OPC was exchanged for fly ash, clay or mixtures of
these two pozzolana in different proportions. The results showed that the simultaneous application of
fly ash and calcined clay improved the workability of the mixture, which is usually impaired when
using only calcined clays as a substitute for cement. It has also been shown that the combination
of these two pozzolanic materials allows strength values to be achieved after 28 days at the level of
mixtures using only OPC.

Workability and hydration of blended cements with calcined illitic clay have been studied by
Marchetti et al. [140]. They used two types of ground, calcined illitic clays and OPC, the content of
which was reduced in favour of each clay by 15%, 25% and 35% by weight. Cement mixtures were
tested for their packing density (according to [141]), heat release, flow, compressive strength and some
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additional parameters related to the hydration course. The obtained results allowed to state that with
the increase of the share of calcined illitic clay in the mixture, its workability decreased. As far as heat
release is concerned, the clay caused a decrease in the amount of heat generated during the first 48 h,
but at the same time it did not cause any significant delay in the hydration process.

Machner et al. [142] have studied the possibility of using dolomite to replace limestone as a third
component in mixtures with OPC and metakaolin. The test mixtures were composed of Portland clinker,
dolomite, limestone, metakaolin and gypsum. A total of six blends were prepared, which together
with the cement gave seven different series. In all mixtures the ratio of OPC to metakaolin was constant
at 6:1 and the addition of limestone or dolomite was 5%, 10% or 20%. The results showed that if the
90-day strength was taken as a determinant, there was no significant difference between limestone and
dolomite. The latter mineral, however, showed less reactivity, which was particularly evident at low
curing temperature.

As it can be seen that the addition of calcined clay reduces the early strength of cement composites
due to lower reactivity of pozzolana. Paper [143] presents the results of research on the possibility
of acceleration of cement strength development in the initial period by using CSH seeds. The clay
obtained from a deposit in southern Germany, which after calcination was mixed with OPC in the
proportion 20:80, was used in the study. Thus, the prepared cement, corresponding to type CEM
II-A/Q, was enriched with 1%, 2% and 3% of CSH seeds admixture. In another series 5%, 10% and 20%
of the cement mass was replaced with the microlimestone. There were performed calorimetric tests,
TGA and SEM investigations as well as flow and compressive strength tests on mortars. The results
allowed to recommend the addition of 3% of CSH seeds admixture or 10% microlimestone to optimize
the early strength development of cement with 20% addition of calcined clay.

There is a consensus among researchers that the replacement of part of cement with metakaolin
(up to 15%) reduces drying shrinkage of concrete compared to material without metakaolin or with
silica fume [144–146]. However, as far as autogenous shrinkage is concerned, the results are divergent.
Gleize et al. [147] investigated the influence of metakaolin on the autogenous shrinkage of cement
paste. They used CEM I 52.5 cement, which was replaced by metakaolin at 0%, 5%, 10%, 15% and
20% rates. Mixtures were prepared with two water to binder ratios: 0.5 and 0.3. In the latter case
a superplasticizer was used. The results allowed to formulate a conclusion that long-term autogenous
shrinkage decreased with increasing proportion of metakaolin in the binder. The majority of this effect
was caused by the pozzolanic activity of the applied metakaolin, and not by the effect of dilution of the
cement with the addition.

A review of the studies on the use of calcined clays in cement and concrete technology shows an
overwhelming predominance of articles devoted to various aspects of application of metakaolin. It is
the best-researched calcined clay mineral, although even in its case the results obtained are far from
being generalised. Although kaolin is a grateful object both for testing and for subsequent use after
calcination, due to its limited availability, more extensive research into the properties and application
of clays with different mineralogical compositions is necessary.

In addition, many of the work presented is based on results obtained using pastes or mortars
cement. Concrete testing results are in a clear minority. This is probably due to the need to produce
larger amounts of calcined clay with homogeneous parameters, which can be difficult in laboratory
conditions. Nevertheless, this is an important direction of research that deserves more attention.

6. Lime Calcined Clay Cement (LC3)

The cement consisting of Portland clinker, calcined clay (preferably rich in kaolinite), calcium
carbonate and gypsum is described in literature as LC3 [148]. It is a solution for a demand for cement
that is more environmentally friendly, the production of which takes place with lower CO2 emissions to
the atmosphere, and which at the same time is not inferior to ordinary Portland cement with a clinker
content of at least 90%. The abundance of raw clays and limestone is also an important factor in the
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development of LC3 production, in contrast to the shrinking resources of good quality fly ash or even
their unavailability in some countries.

The most common composition for the LC3 is 50% of ground Portland clinker, 30% of ground
calcined clay, 15% of ground limestone and 5% of ground gypsum. Such a mixture is sometimes
referred to in the literature as LC3-50. Other proportions of components are also possible [149], but it is
known that cement prepared according to the above composition, according to the research [113,150],
reaches mechanical parameters corresponding to OPC already after seven days of hydration, provided
that the clay contains at least 40% kaolin.

An important aspect of LC3 production is its cost and profitability. Papers [151,152] present the
results of economic analysis of production of this type of ternary blend in India. The authors concluded
that the production of LC3 is economically viable if the following conditions are met: the cost of fly ash
will be high, the quality of fly ash will be low, the acquisition of fly ash will require longer transport
than the acquisition of clay and the quality of the extracted clay will reduce the amount of clinker
in cement. Most of these conditions are already met, for example, in countries which do not have
sources of good quality fly ash. Given the restrictions on the use of fossil fuels in energy production,
these conditions may soon be met automatically.

Apart from the economic aspect, the durability and performance of concrete with LC3 is no less
important. Several publications have been devoted to this issue. In papers [153,154] the authors
assessed the pore structure in concrete made of three types of cement: OPC, Portland pozzolana cement
with 30% of Class F fly ash and LC3. The results of the study showed a much finer pore structure
in concrete with LC3, which was proved in the mercury intrusion porosimetry study. Additionally,
the conductivity of the concrete obtained in this way turned out to be lower, which allows one to
assume that it will have higher resistance to the penetration of harmful ions into its structure. In short,
its durability can be predicted to be significantly higher than that of other concrete series compared in
the work.

Khan et al. [155] discussed carbonation of LC3. The study covered investigation of concrete with
cement, in which 15%, 30% and 45% of the mass was replaced by a mixture of calcined clay (containing
about 50% metakaolin and 50% quartz) and limestone in a ratio of 2:1. For comparison, two series of
concrete with OPC were used. One of them had the same aggregate, water and binder ratio as the LC3

concrete series, and the other modified proportions and quantities. The results indicate that concrete
with LC3 and 15% cement exchange rate showed higher carbonation resistance than concrete with
OPC. At 30% a slight advantage was gained by concrete with OPC, and at a 45% cement exchange
rate to a mixture of calcined clay and limestone, concrete with LC3 showed a high carbonation rate.
The same authors [156] presented the results of the same concretes according to their fresh properties,
strength, porosity and drying shrinkage. They showed that the concrete with LC3 was characterized by
worse workability. As far as strength was concerned, the highest was reached by concrete with a 15%
exchange rate of cement, which also had the lowest porosity. As far as drying shrinkage is concerned,
all series of LC3 concrete were lower than OPC concrete.

An interesting approach to the issue of carbonation is presented in paper of Joseph et al. [157].
The authors have been tempted to create the protocol of testing the durability of LC3 (although not only)
with respect to carbonation. This protocol included the determination of indicators of the carbonation
process, such as diffusivity of CO2, hydration and carbonation products, total possible carbonation,
and pH change due to the carbonation and rate of carbonation. The paper also contains a suggestion to
determine the above mentioned elements and the possibility to apply the presented approach to other
issues concerning concrete durability.

Nguyen and Castel [158] evaluated the resistance of concrete with LC3 to chloride diffusion.
Three series of concrete were made for research purposes. One contained only general purpose cement
corresponding to Type I cement according to ASTM C150/C150M [159]. In the remaining two 15% and
20% of the cement was replaced by a mixture of calcined clay and limestone in the ratio 2:1. The results
indicate that the use of LC3 in concrete significantly increased its resistance to chloride diffusion.
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The continuation of the research on chloride diffusion resistance Nguyen et al. presented in [160],
where they compared concrete made with OPC with concrete containing calcined clay obtained in two
technological processes: flash calcination and calcination in rotary kiln. Due to differences in activity
of both types of calcined clay, the authors decided to apply different proportions of general purpose
cement (as per Australian Standard AS 3972 [161]) to calcined clay (20% for flash calcined clay and
44% for clay calcined in rotary kiln). This variation was due to the intention to obtain the appropriate
compressive strength of the hardened concrete (>45 MPa). The results indicated four times higher
chloride diffusion resistance of concrete with LC3. The difference between the results of concrete made
with different types of calcined clay turned out to be insignificant, which led the authors to conclude
that it is crucial in this case to properly select the proportion of cement exchanged for calcined clay to
meet the requirements of specific strength of concrete exposed to chloride ingressives.

A different approach to chloride diffusion research was applied by Yang et al. [162]; they discussed
the results of simulations of this phenomenon in LC3 concrete and concrete with fly ash compared to it.
The authors conducted extensive simulations taking into account many elements affecting the course of
chloride diffusion in hardened concrete. The results showed that both concretes had comparable service
life even though the LC3 concrete contained less clinker. The conclusions also indicated important
parameters that should be introduced to the simulation in order for the results to be reliable.

Nguyen and Castel [163] presented the results of research on corrosion of reinforcing steel in
concrete made using LC3. This issue is important because of the lower alkalinity of this type of
concrete due to the lower amount of portlandite, which is consumed by calcined clay in the pozzolanic
reaction. The research, carried out over 500 days, allowed the conclusion to be drawn that performance
of reinforced concrete prepared with LC3 was comparable to that for concrete with OPC in the
propagation phase.

Rengaraju et al. [164] also investigated corrosion of steel in concrete with LC3. They presented
the results of corrosion testing of steel in three concrete mixes prepared with the use of: OPC,
a blend of 70% OPC with 30% of fly ash and a blend of 50% OPC with a 50% mixture of limestone
and calcined clay. In their previous work [165] they carried out tests according to AASHTO T 358
standard [166], which showed that concrete with LC3 showed very high resistivity, which is a good
predictor of resistance to chloride ion penetration and, consequently, to corrosion of reinforcing steel.
As a continuation of the tests, corrosion tests of steel in concrete were carried out using the method
included in ASTM G109 [167] and the impressed current corrosion test method. In the conclusions,
apart from the statement that LC3 cement composites showed higher resistance to chloride ingress and
better protection of steel against corrosion, the authors also claimed that the corrosion products of steel
in concrete with LC3 were less expansive and thus less destructive to concrete.

The study of corrosion of reinforcement in concrete made with LC3 was also conducted by Pillai et
al. [168]. They determined such concrete parameters as chloride diffusion coefficient, ageing coefficient
and chloride threshold for seven mixtures containing OPC and blends of OPC with pulverised fuel
ash (PFA) or with calcined clay and limestone (i.e., LC3). Using these parameters they determined
the service life of the two construction elements. The results showed that a construction made of
LC3 or blended cement with PFA will had a significantly longer service life with a much smaller
carbon footprint.

The issue of carbon footprint is focusing our attention on the eco-efficiency of LC3. In [169] the
authors have undertaken the assessment of the sustainability of LC3 using two methods: life cycle
analysis and eco-efficiency. The first method was used to assess the environmental impact of LC3

production compared to OPC and Portland pozzolana cement (with 20% zeolite content). The second
method assessed how the use of LC3 in the construction of a model residential building will increase
its eco-efficiency. The calculations led to the conclusion that the use of LC3 may lead to a reduction of
cement production costs by 4–40% and CO2 emissions by 15–30%.

No less important are the technological aspects related to LC3 production. The authors of
paper [170] undertook the assessment of suitability of four clays from deposits located in Cuba for LC3
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production. The results turned out to be promising as they indicated that all examined clays had the
potential to be used in ternary blend cement production. Additionally, the authors showed that the
pozzolan activity was directly proportional to kaolinite equivalent (KEQ), and that the specific surface
area of the obtained cements depended mainly on the calcination temperature of the clays and their
mineralogical composition.

Nair et al. [171] presented the results of rheological properties test of cement paste and mortar
prepared using LC3 in comparison with OPC and Portland-fly ash cement (containing 30% Class F
fly ash). The effectiveness of five superplasticising admixtures based on polycarboxylic ethers (PCE)
differing in chemical composition and one admixture based on sulphonated naphthalene formaldehyde
(SNF) were also compared. The studies carried out have led to the conclusion that larger quantities
of superplasticisers were required for blends with LC3, with PCE providing a lower viscosity than
SNF and the latter additive had to be dosed in larger quantities to not allow to reduce the w/b ratio
below 0.4.

Li, X. and Scrivener, K.L [172] devoted their paper to the comparison of three methods of
determination of reacted metakaolin in LC3. The authors compared: mass balance [173], thermodynamic
modelling with Gibbs Free Energy Minimization Software [174] and the Partial or not Known Crystalline
Structure method (PONKCS) [175]. Of the methods analysed, the mass balance approach yielded the
most reliable results, although the use of GEMS software was, on the other hand, less time-consuming
and required less labour-intensive input. The PONKCS method proved to be reliable in the case of
LC3-50 mixtures containing clays with metakaolin content above 60%.

Papers [176,177] present the results of two approaches to the pilot production of LC3 in India.
The composition of blends in both cases was almost the same: 50% Portland clinker, 30% or 31%
calcined clay, 15% crushed limestone and 4% or 5% gypsum. In the first approach [176] several
problems of technological nature emerged, such as too little fineness of the cement due to the use of
ground limestone and calcination of only part of the used clay. This resulted in a large scattering of
results and lower strength values of LC3 concretes. In the second approach [177], the authors did not
report any technological complications concluding that it is possible to produce good quality LC3 even
without the need to change technologies in existing cement plants.

The influence of the degree of fineness of LC3 components on its selected physical and mechanical
parameters was examined and presented in [178]. It was assumed that each of the three binder
components (Portland cement—55%, calcined clay—30% and limestone—15%) can be ground to two
degrees: coarse and fine. In addition, in part of the series, clay or limestone was replaced by finely
ground quartz. The results indicate that the greatest influence on the strength parameters of concrete
with LC3 had the degree of clinker fineness, and a slightly lesser calcined clay fineness. Limestone
fineness was important only in the initial period of concrete strength development (up to three days).

Examples of practical application of LC3 were presented by Maity et al. in [179]. Four different
LC3 blends with two types of clay and two types of limestone and, for comparison, Portland Pozzolan
Cement were used to produce concrete and various structural elements. All these products have
undergone quality control and have been incorporated into the construction of residential buildings.
The obtained results showed that the mechanical parameters of LC3 concrete can be even higher than
those of PPC concrete. The resulting buildings are tangible proof that LC3 had moved from the concept
and research phase to the first practical application tests.

Dhandapani and Santhanam [180] analysed the impact of the mutual ratio of limestone and
calcined clay on the binding and strength development of LC3 and blends in which the calcined clay
was replaced by Class F fly ash. Binary blends without added limestone were used as a reference.
The research showed a clear influence of limestone on the setting of the concrete and much less on
the further development of its strength. In addition, concrete using calcined clay achieved a very
significantly higher strength after seven and 28 days of hardening.

Ferreiro et al. [181] analysed the influence of the clay calcination temperature in the flash calcination
process and the fineness of raw clay on the workability and strength performance of LC3. They used
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two types of clay, which were calcined in two different installations (gas suspension calciner and flash
calciner) and at two different temperatures. The clays used consisted mainly of minerals of group 2:1,
which was an additional value of the work, as most of the research on LC3 was based mainly on clays
containing kaolin. The results obtained allowed to conclude that both the calcination temperature and
the degree of fragmentation of the material subjected to this process had a significant impact on the
workability of fresh LC3 mortars and their strength development.

The influence of the method of constituent grinding on rheology and early strength of LC3 tested
on mortars was examined by Perez et al. [182]. The constituent were ground both separately and jointly.
Clinker, limestone and calcined clay ground separately were divided into three fractions, from which
LC3 was then composed using different combinations of the degree of grinding of the components.
In the case of components ground jointly the grinding time varied (25, 45 and 65 min). As far as the
latter case is concerned, the results indicate that the longer the grinding time, the higher the strength of
the LC3 later reached, while the change of mini slump radius over 45 min of grinding time was no
longer significant. In the case of separated milling, the degree of grinding of the clinker was crucial
and the degree of grinding of limestone was of secondary importance. The influence of the degree of
milling calcined clay was not studied by the authors.

The suitability of LC3 as a material for 3D printing process has been investigated by Chen et
al. [183]. They prepared four mixtures containing different proportions of two calcined clay with
lower (49%) and higher (90%) metakaolinite content, and then conducted extrudability and earlier
strength tests on them. The results showed that as the amount of metakaolinite in LC3 blend increased,
its extrudability decreased but at the same time the early strength increased. Therefore, it is crucial
to find the optimal content of metakaolinite in LC3 used for blends in 3D printing. A referral to the
same topic is in [184], in which the authors analyse the influence of viscosity modifying admixture on
extrudability of LC3 based materials.

Avet and Scrivener [185,186] focused on the issue of hydration of LC3 depending on the content
of calcined kaolinite in the blend. The research was carried out on LC3-50 blends with different
metakaolinite content. The results showed that with calcined kaolinite above 65% hydration of clinker
was slowed down after three days due to refinement of the pore structure. However, despite this,
the strength was still increasing, which is connected with further reaction of metakaolinite and increase
of the C-A-S-H amount.

Zunino and Scrivener [187] dealt with reactivity and mechanical performance of three mixtures
containing Portland cement, Portland cement-limestone blend and LC3. The distinction of this
publication is that the prepared mixtures were cured at a lowered temperature of 10 ◦C. The same
mixtures cured at 20 ◦C were used as a reference. The research included determination of compressive
strength after 1, 7 and 28 days, isothermal calorimetry as well as XRD phase assemblage assessment
and MIP pore refinement assessment. They found that LC3 cured at lower temperature achieved
significantly higher compressive strength than the same cement paste cured at higher temperature.
The authors claim that this was an effect of, among others, a slightly different course of hydration of
this cement.

In the summary of this chapter, it would be appropriate to repeat the concluding statements
of the previous section which indicate the need to extend the interest in clays which may be active
after calcination and which do not contain kaolinite or contain small amounts of kaolinite. Another
interesting aspect that comes to mind after reading the above article on the practical application of LC3
is the possibility to test the suitability of this type of binder as a base for concrete for road construction.

7. Influence of Calcined Clay on the Durability of Concrete

Durability issues are important for each of the cement-based materials used nowadays. A studies
related to the durability of cement-based composites prepared with calcined clays are presented in
this chapter.

137



Materials 2020, 13, 4734

Trümer and Ludwig [188] put forward the thesis that one of the obstacles to the wider use of
calcined clays in cement and concrete technology is the lack of information on the long-time behaviour
of the concrete. They used clays of various mineralogical composition, which they subjected to the
process of thermal activation and used in concrete mixtures as a substitute for 30% of the cement.
The investigated concretes focused on the resistance to sulphate attack, alkali-silica reaction, chloride
ingress as well as freezing-thawing resistance and carbonation. They revealed that calcined clays in
concrete showed significantly lower pozzolanic activity than in other cement systems, which had
a direct impact on the durability of concrete. As far as resistance to chloride ingress is concerned,
all clays have passed the test. At the other extreme is freeze-thaw resistance, where only concrete with
metakaolin showed satisfactory performance. Carbonation of concrete with calcined clay, due to the
reduction of Ca(OH)2 consumed in the pozzolanic reaction, progressed faster than in concrete with
OPC. The confirmation of pozzolanic activity should not be synonymous with the recognition that the
tested clay is suitable for the production of cement or concrete, because depending on its composition
and quality its influence on durability parameters may be diametrically different.

Slightly more optimistic conclusions about the durability of concrete with cement blended with
calcined clay were formulated by Pierkes et al. [189]. They prepared a series of concretes using
cements with 20% (CEM II/A-Q) and 40% (CEM IV/A-Q) of various calcined clays and determined
their durability parameters, i.e., resistance to carbonation, chloride migration, freezing-thawing and
frost-deicing salts. The first three tests were carried out on non-air-entrained concrete and the fourth
on air-entrained concrete. The results indicated that concrete with the addition of calcined clays was
able to achieve comparable values of durability parameters as concrete with the addition of other
pozzolanic additives, such as fly ash or silica fume.

Shah et al. [190] prepared a short literature review on the durability of concrete with low
clinker content, which is replaced by various mineral additives: fly ash, calcined clay, limestone
and slag. This review covered chloride migration/penetration, carbonation, sulphate attack and
alkali-silica reaction. The authors concluded that significant chloride resistance can be achieved by
using a combination of mineral additives and, after that, the resistance was higher than blended
cements. The influence of mineral additions on carbonation was summarised by the statement that
above a certain level of exchange rate resistance of cement with mineral additions this resistance
started to decrease. Calcined clays were found to cause the faster front of carbonation in the material.
ASR (alkali-silica reaction) could be mitigated by SCMs, of which metakaolin is directly named. When it
comes to resistance to sulphate attack, the authors are of the opinion that a combination of calcined
clay and limestone appears to deteriorate in a sulphate environment.

Castillo Lara et al. [191] have conducted tests of physical-mechanical and durability properties
on micro-concrete. From this work only the part concerning the tests of durability, which in this case
were water absorption and sorptivity, was discussed. The tests were carried out on a cement system
defined as micro-concrete, whose characteristic feature was a maximum aggregate grain size of 5 mm,
i.e., more than for mortars and less than for ordinary concrete. Two kinds of calcined clay obtained
from raw clay soil were used as a substitute for 30% cement. The results showed a decrease in both
water absorption and sorptivity of the micro-concrete tested after using a cement blend with calcined
clay compared to the material with OPC only.

The issue of carbonation of binders with metakaolin has been investigated by Bucher et al. [192].
The authors have carried out the research using the cements of type CEM I, CEM II/A-LL and CEM
II/A-V as a reference. The depth of carbonation was determined on concrete specimens made with
cements without additives and with partial replacement of cement with metakaolin. The results
confirmed that the use of calcined clay accelerated the carbonation of concrete except when the
component of cement blend was limestone (i.e., in the case of CEM II/A-L cement). Concrete with
this blend containing 15% of metakaolin showed higher resistance to carbonation than concrete with
Portland cement itself.
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Studies [193,194] were devoted to resistance of cement mortars, containing, e.g., calcined clays,
to chloride ingress. The first one discusses the results of tests carried out on mortar specimens prepared
using ten different binders. These binders were composed by replacing 35% of the cement with
pozzolanic active materials, including calcined clay. The research concerned concretes subjected to
an artificial marine environment for 270 days. The use of alternative binders allowed the obtaining
of a material with adequate resistance to chloride ingress while reducing CO2 emissions by 15%.
In the other paper the authors investigated, among others, the resistance to chloride ingress of mortar
prepared from cement with 35% content of calcined clay. In one of the mortar series, water was
replaced with 0.5 M Na2SO4 solution, which served as a chemical activator and precursor of ettringite
formation. The results of strength and resistance to chloride ingress revealed that the use of such
a chemical activator positively affected both parameters.

Calcined clay is a pozzolanic material which makes it possible to reduce the negative effects of
alkali-silica reaction, which has been demonstrated in a number of studies [188,195,196]. This is one of
the methods of preventing ASR, besides the use of low-reactivity aggregate [197]. Paper [195] presents
results of tests of mortars made with high alkali Portland limestone cement, in which 0%–30% of
cement binder was replaced with calcined clay. Cement used in the research was characterized by 4.32%
Na2Oeq. As the amount of calcined clay in cement increased, the expansion of mortar bars decreased.
The lowest expansion value was achieved by mortar with 25% content. The authors attributed this
to the formation of more CaSi2O5 and the associated reduction of sodium silicate, which is the main
product of the ASR reaction responsible for the damage caused by it. In [196] the authors presented
the results of research on effectiveness of calcined clays in ASR mitigation. Mortars containing highly
reactive aggregate and four different types of calcined clays (replacing cement in the amount of 5%,
10%, 15% and 20%) were used in the research. The research showed that the chemical and mineral
composition of the clay was crucial for the effectiveness of ASR mitigation. Trümer and Ludwig [188]
tested the resistance of concrete with cement mixed with calcined clay to both ASR and sulphate attack.
Three calcined clays containing as basic minerals, respectively, kaolinite, illite and montmorillonite
after mixing with CEM I cement in a ratio of 30:70 significantly reduced the expansion of mortars and
increased their resistance to sulphate attack.

Studies [198–200] were devoted to research on the resistance of cement composites to sulphate
attack. Aramburo et al. [198] tested cement with a high content of calcined clay to show that it
was possible to produce CEM IV/A-SR and CEM IV/B-SR type cements, which complied with the
requirements of the current European standard UNE EN 197-1:2011 [201]. The specificity of this study
was the very high degree of cement exchange for calcined clay, which was 40%, 50%, 60% and 70%.
Apart from calcined clay, two different Portland cements were used in cement mixes, one with high
C3A content and the other with high C3S content. The research showed the required increase in
resistance to sulphate cements with calcined clay was accompanied by a decrease in compressive
strength. Al-Akhras [199] presented the results of a wide range of research, in which the influence of the
exchange of 5%, 10% and 15% of cement to metakaolin on the durability of concrete to sulphate attack
was analysed. Apart from various degrees of cement exchange to calcined kaolin, the w/c ratio, initial
moist curing period, curing type and air content were also variable parameters. The results allowed to
formulate a conclusion that 10% and 15% of the exchange of cement to metakaolin allowed to achieve
excellent durability to sulphate attack. Concrete with a lower w/c ratio achieved better durability
performances, the time of moist curing proved to be insignificant, autoclaving increased the resistance
to moist curing ratio as well as offer a higher air content in concrete. Shi et al. [200] presented the
results of a study on the influence of 35% of cement exchange on calcined clay (metakaolin or calcined
montmorillonite) or calcined clay and limestone in different proportions on sulphate resistance of
mortars. White Portland cement and ordinary Portland cement were used as base cements. The results
showed that all mixtures in which the ratio of calcined clay to the sum of calcined clay and limestone
was greater than 0.5 showed excellent resistance to sulphate attack.
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Quite a large group of papers on durability are focused on cement systems with calcined kaolin.
Saillio et al. [202], as well as Yazıcı [203], have analysed various aspects of the durability of concrete and
mortars produced with metakaolin addition. Tafraoui et al. [204] gave a brief literature review on the
durability of ultra-high performance concrete containing metakaolin. Badogiannis and Tsivilis [205]
dedicated their article to the study of the effect of Greek low kaolinite on the durability of concrete,
and Shekarchi et al. [206] examined the transport properties (i.e., water penetration, gas permeability,
water absorption, electrical resistivity and chloride ingress) of metakaolin-blended cement.

Shi et al. [207] analysed the results of a durability study of Portland cement blends containing, apart
from cement, the following additives: pure limestone, pure metakaolin, metakaolin and limestone in
3:1 mass proportion, metakaolin and silica fume, and the three additions simultaneously. The obtained
results allowed to state that mortar with pure limestone showed the worst durability parameters in all
tests. Mortar with pure cement had the highest resistance to carbonation, but it did not perform well in
resistance tests to sulphate attack and chloride ingress, and mortar with pure metakaolinite obtained
exactly the opposite resistance parameters.

The issues of concrete durability with calcined clay have also been addressed in two review
articles on calcined clays [47] and SCMs in general [58].

A review of studies on the durability of concrete with calcined clay makes it clear that the subject
is by no means exhausted. There are relatively few studies on frost resistance and resistance to surface
scaling. These issues are important for countries where, during the colder seasons, the temperature
can repeatedly pass through zero, while relatively fewer articles come from these countries. When
studying these durability properties, it also seems appropriate to determine the compatibility of binders
containing calcined clay with air-entraining agents.

Due to the confirmed effectiveness of the addition of calcined clay in limiting the alkali-silica
reaction, it is worth considering the simultaneous use of these co-binders with waste glass, either
as an aggregate in concrete or as an additional material exhibiting pozzolanic activity. The use of
waste glass has so far been limited by concerns about the durability of concrete. Among the studies
on the durability aspects of concrete with calcined clays, it is also difficult to find those concerning
air permeability. It can be assumed that in this aspect of concrete with the addition of calcined clay
will be superior to concrete based on traditional cements, but there is a great deal of room for research
between the conjecture and hard evidence.

8. Conclusions

This review paper presents the idea of the replacement of Portland cement by addition of calcined
clays. Such application of this kind of pozzolanic materials, as clinker/cement replacement or as
supplementary cementitious materials, can be an ecological and economically justified way to meet
the global need to reduce CO2 emissions in concrete technology. Although clay is a material with
a very diverse mineralogical composition, its low price, availability and, above all, its distribution in
the world make it a valuable supplementary cementitious material in concrete technology.

Several studies have shown that the thermal treatment is necessary to activate the clay’s minerals
or to increase their pozzolanic activity. To determine the conditions of success of the calcination process,
the effects of time, temperature and particle size were investigated.

It was shown that mixing various clays in appropriate proportions with cement allowed to obtain
a concrete with satisfactory mechanical parameters, much better than the reference one without calcined
clay. It was described that the use of calcined clay increased both early age and long-term mechanical
properties of cement paste, mortar and concrete. Moreover, it was found that the replacement of cement
content by calcined clay influenced the reduction of the bleeding and shrinkage. The simultaneous use
of calcined clays as binder components with other types of pozzolan was also shown.

Research on various aspects of a new binder type—lime calcined clay cement, LC3—was thoroughly
described. Its composition (Portland clinker, calcined clay, calcium carbonate and gypsum) and as
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well as fresh mix properties and concrete resistance against aggressive liquid and gaseous media
were presented.

It is confirmed that cement systems containing calcined clay, also with the addition of limestone,
showed better durability and increased resistance to most of the aggressive actions to which concrete
was exposed. The exception was carbonation, but satisfactory results have also been achieved in
this area.

Most of the discussed papers were carried out on mortar or cement paste, and clearly less on
concrete. It seems that the application of calcined clay as a supplementary cementitious material
in concrete technology requires more research, as not all the findings performed on a smaller scale
(i.e., on mortars and cement paste) can be directly transferred to the parameters and performance
of concrete.

Future research aimed at improving the long-term durability of cement-based composites
containing calcined clays is needed. It is suggested to optimize the composition of calcined clay
cements by selecting the appropriate chemical and mineral components of raw materials to obtain the
required mechanical parameters. Additionally, more research should be carried out on the practical
application in the cement and concrete production of calcined clays of group 2:1. While there is a great
deal of basic research on clays and minerals themselves, application research in this field is dominated
by clays containing mainly kaolinite.
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197. Jóźwiak-Niedźwiedzka, D.; Jaskulski, R.; Glinicki, M.A. Application of Image Analysis to Identify Quartz
Grains in Heavy Aggregates Susceptible to ASR in Radiation Shielding Concrete. Materials 2016, 9, 224.
[CrossRef]

198. Aramburo, C.H.; Pedrajas, C.; Talero, R. Portland Cements with High Content of Calcined Clay: Mechanical
Strength Behaviour and Sulfate Durability. Materials 2020, 13, 4206. [CrossRef]

199. Al-Akhras, N.M. Durability of metakaolin concrete to sulfate attack. Cem. Concr. Res. 2006, 36, 1727–1734.
[CrossRef]

200. Shi, Z.; Ferreiro, S.; Lothenbach, B.; Geiker, M.R.; Kunther, W.; Kaufmann, J.; Herfort, D.; Skibsted, J. Sulfate
resistance of calcined clay–Limestone–Portland cements. Cem. Concr. Res. 2019, 116, 238–251. [CrossRef]

201. EN 197-1. Cement-Part 1: Composition, Specifications and Conformity Criteria for Common Cements; European
Committee for Standardization: Brussels, Belgium, 2002; pp. 1–25.

202. Saillio, M.; Baroghel-Bouny, V.; Pradelle, S. Various Durability Aspects of Calcined Kaolin-Blended Portland
Cement Pastes and Concretes. In Calcined Clays for Sustainable Concrete; RILEM Bookseries; Springer:
Dordrecht, The Netherland, 2015; pp. 491–499. ISBN 9789401799393.
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Abstract: In this study, to reduce the use of cement and sand, porous feldspar with excellent economic
efficiency was used as a substitute in the heat storage concrete layer. When porous feldspar and four
other silicate minerals were used as substitute materials for sand in cement mortar, the specimen with
the porous feldspar exhibited approximately 16–63% higher compressive strength, thereby exhibiting
a higher reactivity with cement compared to the other minerals. To compensate for the reduction
in strength owing to the decreased cement content, mechanical and chemical activation methods
were employed. When the specific surface area of porous feldspar was increased, the unit weight
was reduced by approximately 30% and the compressive strength was increased by up to 90%.
In addition, the results of the thermal diffusion test confirmed that thermal diffusion increased owing
to a reduction in the unit weight; the heat storage characteristics improved owing to the better porosity
of feldspar. When chemical activation was performed after reducing the cement content by 5% and
replacing the sand with porous feldspar, the compressive strength was found to be approximately
twice that of an ordinary cement mortar. In a large-scale model experiment, the heat storage layer
containing the porous feldspar exhibited better heat conduction and heat storage characteristics than
the heat storage layer composed of ordinary cement mortar. Additionally, energy savings of 57%
were observed.

Keywords: porous feldspar; activation; compressive strength; substitute material; energy saving
concrete

1. Introduction

One of the characteristics of South Korea’s housing culture is that hot water is circulated through the
piping underneath the floor. Fossil fuels, such as LNG (liquefied natural gas), LPG (liquefied petroleum
gas), and coal, are mainly used as the heat sources for the hot water supply, and cement is mostly used as
a flooring material. Cement, which is based on carbonate minerals, has continuously generated debates
about human health risks, such as sick house syndrome and atopy, owing to heavy metal release and high
pH [1]. In South Korea, the energy target management system and the emissions trading scheme were
introduced based on the 21st United Nations Framework Convention on Climate Change, and efforts are
being made to reduce greenhouse gas emissions [2]. Therefore, a method for reducing the use of cement,
which emits 700 kg of carbon dioxide per ton, is required [3]. In construction, fly ash, which is the
residue of the thermal power generation process, is used as a substitute for cement. The mixture of fly
ash and cement has been used as roadbed and fill material [4–8]. When substitute materials are mixed
with cement, compressive strength characteristics vary depending on the mixing ratio. To prevent the
reduction in strength owing to the decreased cement content, studies have been conducted on activation
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methods for increasing the reactivity of substitute materials. Furthermore, studies on eco-friendly
materials and the reduction in the use of cement have been conducted of late [9–13].

With the development of nanotechnology, porous materials, for which cavities represent more
than 30% of the total volume, have recently been developed. Representative porous materials include
active carbon and zeolite, and studies on their use as construction materials have been reported [14–16].
However, active carbon increases environmental hazards, such as fine dust, owing to logging and
heating. In the case of zeolite, only mordenite and clonoptilolite are functional among the entire zeolite
mineral groups, but their reserves in South Korea are small [17].

Feldspar, a representative aluminosilicate mineral, is a commonly found mineral as it accounts
for 60% of Earth’s crust. It is used for the manufacture of glass in addition to various potteries and
ceramics, and is also used for non-functional purposes, such as land reclamation [18,19]. In South
Korea, feldspar is mainly extracted from granite and quartz bedrock, and its reserves are abundant;
thus, it is available at low cost.

For feldspar, the mineral composition and surface structure are changed by the weathering
process. Cavities are observed on the surface of weathered feldspar porphyry, showing a porous
structure. Especially, in feldspar phenocrysts, tens of thousands to hundreds of thousands of cavities
are observed. The formation of cavities is related to the specific surface area and the cation exchange
capacity [20]. Therefore, feldspar with a porous structure is expected to improve the physical and
chemical characteristics, such as adhesion to cement, heat transfer, and preservation capabilities.

In the floor structure of a typical Korean house, cushioning or insulation materials (more than
20 mm) and lightweight foamed concrete (more than 40 mm) are placed on the concrete slab and
then hot water pipes are installed, as shown in Figure 1. The heat storage layer (more than 40 mm)
composed of sand and cement is then constructed on the top [21]. In this study, a certain proportion of
cement was replaced with porous feldspar in the heat storage layer to increase the thermal efficiency of
floor heating. Thermal, mechanical, and chemical methods were used for the activation of natural
feldspar, and changes in the density, strength, and surface structure were observed. For the utilization
of porous feldspar as a flooring material, it was mixed with cement and the strength characteristics
were evaluated according to the mixing ratio. In addition, the thermal conductivity and heat storage
characteristics were monitored through the test construction to evaluate porous feldspar as a substitute
for cement.

Figure 1. Construction standard of the bottom layer in Korea.

2. Materials and Methods

2.1. Materials

Table 1 shows the mineral and chemical compositions of the porous feldspar used in this study.
X-ray fluorescence (XRF) analysis was conducted with samples from three areas in South Korea.
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The analysis results showed that the content of two components, i.e., SiO2 and Al2O3, accounted for
more than 80%. Figure 2 shows the scanning electron microscope (SEM, VEGA3 SBH, TESCAN,
Brno, Czech Republic) image of weathered feldspar. It can be observed that irregular cavities are
present on the surface and they are connected to each other. When the pore distribution of porous
feldspar was measured, a high specific surface area of 334.5 m2/g was obtained. The measurement
was performed using TriStar TM as an analyzer (TriStarTM II 3020, Micromeritics, GA, USA) and the
Brunauer–Emmett–Teller (BET) method. It has been reported that materials with porous structures
have excellent physical and chemical characteristics owing to the high specific surface area and the
cation exchange capacity. Therefore, it was judged that the pore characteristics of the feldspar used in
this study satisfied the above characteristics. As for the materials used in the experiment, rocks with
developed feldspar phenocrysts were collected from the granite and diorite rocks in the Chung-ju area,
and were used in their powder form.

Table 1. Characteristics of experimental materials (porous feldspar).

I. Mineral Composition of Feldspar Porphyry

Albite (NaAlSi3O8) Quartz (SiO2) Orthoclase (KAlSi3O8) Chlorite

(%)

38.8 26.5 22.7 8.3

II. Chemical Composition of Feldspar

Location
SiO2 Al2O3 K2O Na2O CaO Fe2O MgO TiO2 LOI Other

(%)

Chung-ju 69.59 13.07 2.7 4.53 2.56 2.49 1.61 0.49 2.46 0.50
Muan 67.10 15.26 5.02 3.84 1.88 3.34 0.73 0.40 1.59 0.84

Namwon 68.95 14.59 4.63 3.39 1.29 3.03 0.67 0.37 2.71 0.37

 

Figure 2. SEM image of weathered feldspar.

2.2. Experimental Conditions

To examine the reactivity of porous feldspar with cement, the uniaxial compressive strength
according to the mixing ratio was measured first and the results were compared with the compressive
strengths of other substitute materials. Furthermore, when cement is replaced with porous feldspar,
a reduction in strength is expected. To compensate for the reduction, mechanical activation for reducing
the particle size of materials and chemical activation for improving chemical reactions by mixing a
solidifying agent were employed. In addition, mixing tests were conducted to evaluate the applicability
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of porous feldspar to the heat storage layer by replacing cement and sand. The purpose and method of
each test are as follows.

2.2.1. Characteristics of Strength

The purpose of this test was to investigate the strength characteristics according to the weight
ratio of porous feldspar powder. The mixing ratio of cement and porous feldspar was varied, and three
specimens were fabricated for each mixing ratio in accordance with KS L ISO 679 [22]. The specimens
were cured at room temperature (20–24 ◦C) and humidity (50–60%) for 7 days. The average compressive
strength of the three specimens was used as the compressive strength under each condition (EXP-R1 to
EXP-R10). Table 2 shows the reactivity test of cement and feldspar.

Table 2. Test conditions for reactivity of cement and feldspar.

Mixed Ratio (Cement: Feldspar) Feldspar Size Curing Time W/C Ratio

EXP-R1 EXP-R2 EXP-R3 EXP-R4 EXP-R5 EXP-R6 EXP-R7 EXP-R8 EXP-R9 EXP-R10
20–500 μm 7 day 0.5

10:0 9:1 8:2 7:3 6:4 5:5 4:6 3:7 2:8 1:9

Industrial minerals that can be widely utilized as construction materials are clay minerals
generated from weathered silicate minerals [23]. Among silicate minerals, silica fume, metakaolin, illite,
and dolomite, which are representative pozzolanic materials containing a large amount of silica and
alumina and are highly reactive with cement, were selected as substitutes for cement. When cement was
replaced with porous feldspar, the compressive strength was compared with those of these materials
(EXP-RM to EXP-RF). Five specimens were fabricated under each condition in accordance with KS L
ISO 679, and the average compressive strength was used. After the fabricated specimens were cured at
room temperature for three days, the uniaxial compressive strength was measured. Table 3 shows the
mixing ratios of the materials under the above experimental conditions.

Table 3. Test conditions for reactivity of cement and silicate minerals.

Mixed Ratio
(Cement: Clay Mineral)

Metakaolin Silica Fume Ilite Dolomite Feldspar Curing Time (Day) W/C Ratio

7:3 EXP-RM EXP-RS EXP-RL EXP-RD EXP-RF 3 0.5

2.2.2. Method of Activation and Experimental

To compensate for the strength reduction when porous feldspar was used as a substitute for
cement, mechanical and chemical activation methods were used. The particle size of the material
causes changes in the physical characteristics, such as the unit weight and compressive strength.
The unit weight of a material can change its thermal diffusion and heat storage characteristics. In this
study, the unit weight of materials for each particle size was measured in accordance with ASTM C 128
(KS F 2504) for mechanical activation [24,25]. In this instance, all the tests were conducted five times to
improve objectivity. The compressive strength test was then conducted on mortar, in which porous
feldspar with various particle sizes was substituted for sand. The specimens used in the experiment
were fabricated and the compressive strength test was conducted in accordance with KS L ISO 679.
Section 1 in Table 4 shows the test conditions for mechanical activation.
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Table 4. Test conditions for activation methods (mechanical and chemical activation).

I. Mechanical Activation

Test Methods Feldspar Size (μm) Mixed Ratio (PC:FS) * Curing Time (day) W/C Ratio

Unit weight test 20 38 48 80 100 500 0:10 - -

Compressive strength test 30 50 80 100 150 200 70:30 3 0.5

II. Chemical Activation Curing time (day) W/C Ratio

Test No. EXP-A1 EXP-A2 EXP-A3 Feldspar size (μm)

28 0.5Mixed ratio
(PC:FS:S) * 100:0:0 100:0:0.130:70:0.1 80

* PC: Portland cement (%), FS: Feldspar (%), S: Solidifying agent of 0. 1% by weight of cement (%).

When feldspar was used as a material to replace cement, a chemical activation method involving
mixing a solidifying agent was used for preserving strength. A developed liquid-type inorganic
product was used as a solidifying agent in the test. Section 2 in Table 4 shows the test conditions for
chemical activation. The fabrication of specimens and the compressive strength test were conducted
in accordance with KS L ISO 679, and changes in the surface structure were observed using SEM
imaging (EXP-A1 to EXP-A3). The particle size of the feldspar used for specimen fabrication was
80 μm, which was selected based on the strength change results obtained via mechanical activation.

2.2.3. Strength Test of Feldspar and Mortar

This test was conducted to investigate the strength characteristics when cement and sand were
replaced with porous feldspar. Specimens in which the ratio of ordinary cement to sand was 1:3
(EXP-FM1) and other specimens in which sand was replaced with feldspar smaller than 1 mm and
feldspar powder smaller than 40 μm (EXP-FM2) were fabricated in a cubic form (side length: 50 mm).
Three specimens were fabricated under each condition. After they were cured in water for 3–28 days,
the compressive strength was measured in accordance with the ASTM C109/C109M (KS L 5105)
method [26,27]. Table 5 shows the material mix and experimental conditions.

Table 5. Test condition of substitute materials with feldspar.

Test Method

Mixed Ratio Curing Time (Day) W/C Ratio

EXP-FM1
(PC:AG) *

EXP-FM2
(PC:AGF:PS:S) * 3, 7, 14, 28 0.5

Compressive strength test 25:75 20:40:4%:0.1

* PC: Portland cement (%), AG: sand (%), AGF: Feldspar ≤ 1000 μm (%), PF: Feldspar ≤ 40 μm (%),
S: Solidifying agent of 0.1% by weight of cement (%).

2.2.4. Thermal Diffusion and Heat Storage Test

In the thermal diffusion and heat storage test, a temperature sensor was embedded at the center
of 50 × 50 × 50 mm specimens, which were then subjected to water curing for 28 days [28]. The mixing
proportions of the specimens were the same as those in EXP-FM1 and EXP-FM2, as shown in Table 5.
The fabricated specimens were installed on top of a 400 × 400 mm hot plate, as shown in Figure 3.
Their temperatures were measured every minute using a data logger. The test was conducted under
two conditions. First, the temperature of the hot plate was set to 100 °C after installing the two
specimens on top of the hot plate. Subsequently, the specimens were separated from the hot plate after
a 60 min heating period. They were then cooled at room temperature (22–24 ◦C) to investigate their
thermal diffusion effects and heat storage characteristics. In the second method, the thermal diffusion
characteristics were investigated by repeating the heating and cooling periods to simulate conditions
similar to those of the actual floor heating. Heating and cooling periods were repeated for 300 min at
30 min intervals.

Floor heating circulates water heated to a high temperature through a pipe embedded in the heat
storage concrete. In this instance, hot water is repeatedly supplied according to the set temperature.
The second method is similar to this process.
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Figure 3. Thermal diffusion and heat storage test device.

2.3. Pilot Test

To evaluate the thermal conductivity, heat storage characteristics, and energy efficiency of porous
feldspar, a large-scale single-story experimental building composed of temporary structures was
installed. The outer wall of the experimental building was insulated to reduce the influence of the
external temperature. Inside this experimental building, two temporary houses each of dimensions
3000 (L) × 4000 (W) × 3000 (H) mm were constructed. Figure 4 shows the design drawings of the
heat storage experiment. Based on the floor layer construction standard in Figure 1, a heat storage
layer composed of typical concrete mortar (PT-1) was constructed in a temporary house and a heat
storage layer in which sand was replaced with feldspar (PT-2) was installed in the other temporary
house. EXP-FM1 and EXP-FM2 were applied as the concrete mixing ratios of the heat storage layers.
In addition, the temporary houses were separated from the ground by 50 cm to minimize the influence
of the ground temperature. Construction and measurement for the two conditions were simultaneously
performed to minimize the influence of external environmental factors. After installing a 2 kW electric
boiler in each temporary house for hot water supply, a watt-hour meter was installed to determine the
power consumption according to the experimental conditions. The temperature of the heat storage layer
was measured using an infrared thermal-imaging camera (FLIR A615, temperature range: 20–150 ◦C,
measurement error: 1 ◦C) (FLIR Systems Srl, Milan, Italy). Temperature sensors were installed at
intervals of 80 cm in the heat storage layer to measure the temperature change and power consumption
owing to the boiler operation. The measured data were transmitted to the Internet via a wireless router
and stored in a cloud service to apply a remote measurement method [29]. The power consumption
during the boiler operation was calculated from the images obtained by the CCTVs installed in the
watt-hour meters [30].

(Unit : mm)

Figure 4. Design drawings of heat storage experiment.
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3. Results and Discussion

3.1. Response Characteristics

In the development of substitute materials for cement, the cement replacement rate is generally
determined by the uniaxial compressive strength. The strength decreases if the mixing proportions of
substitute materials are excessive, and the cement content increases if they are too low. In other words,
appropriate mixing of cement and substitute materials is important because increasing the cement
content is beneficial for strength but not for the environment.

Figure 5 shows the uniaxial compressive strength according to the mixing ratio of cement and
porous feldspar powder. The compressive strength of the specimen with only cement was 11.43 MPa,
and the compressive strength decreased as the cement content decreased. The compressive strength
linearly decreased for EXP-R10 to EXP-R4 in which the cement content was reduced to 40%, and it
rapidly changed for EXP-R3 to EXP-R1 in which the cement content was less than 30%. This indicates
that the proper mixing proportion of porous feldspar powder is less than 70% for a modest reduction
in strength.

Figure 5. Compressive strength according to the ratio of cement and porous feldspar.

Figure 6 shows the uniaxial compressive strength according to the silicate mineral type.
When feldspar powder was used, the strength was approximately 16–63% higher compared with that
when other silicate minerals were used, indicating that porous feldspar can be used as a substitute
for cement. As for the characteristics of aluminosilicate minerals, SiO2 and Al2O3 are representative
pozzolanic components. It appears that porous feldspar increased the strength through the reaction
with Ca(OH2) in the cement hydration process because approximately 80% of its content is accounted
for by these two components.

Figure 6. Compressive strength according to the type of silicate minerals.
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3.2. Mechanical Activation

Figure 7 shows the unit weight and compressive strength according to the particle size of porous
feldspar. The unit weight decreased as the particle size of the feldspar decreased. The unit weight for
the particle size of 20 μm was 1.06 g/cm3, which was approximately 31% lower than that for 500 μm.
As for the compressive strength according to the particle size, the lowest strength was observed for
the largest particle size of 200 μm. As the particle size decreased, the strength slowly increased up
to approximately 90%, confirming that the physical characteristics were improved by reducing the
particle size through mechanical activation.

 
Figure 7. Relationship between the unit weight and compressive strength of feldspar according to the
particle size.

3.3. Chemical Activation

Figure 8 shows the compressive strength according to the mixing condition of porous feldspar.
The compressive strength of EXP-A2 in which 100% cement was mixed with solidifying agent
corresponding to 0.1% of the cement weight ranged from 15 to 19 MPa, showing that the compressive
strength was improved by approximately 33% compared with that of EXP-A1 in which only 100%
cement was used. The compressive strength of EXP-A3 in which 70% of the cement weight was
replaced with porous feldspar and solidifying agent corresponding to 0.1% of the cement weight
added ranged from 15 to 18 MPa, which was approximately 30% higher than that of EXP-A1 in which
only cement was used. Figure 9 shows the surface structures of the specimens analyzed using SEM.
For EXP-A3 in which cement was replaced with porous feldspar, reaction products of the chemical
reactions of the inorganic solidifying agent and porous feldspar were observed. Table 6 shows the
results of analyzing (SEM-EDS, TESCAN VEGA3 SBH) the chemical compositions of the specimens
used in the tests. Na and Cl, which are the major components of the solidifying agent, were detected
in EXP-A2 and EXP-A3, in which the solidifying agent and porous feldspar were added. In EXP-A3,
the Si and Al contents were 29.6% and 7.2%, respectively, values two to three times higher than those
of the other samples. They appear to have increased the strength through the reaction with Ca(OH)2

generated from the cement hydration process.

158



Materials 2020, 13, 4204

Figure 8. Compressive strength of cement and feldspar mixture.

  
(a) EXP-A1  (b) EXP-A2 

 
(c) EXP-A3 

Figure 9. SEM image of specimens. (a) EXP-A1, (b) EXP-A2, and (c) EXP-A3.
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Table 6. SEM-EDS elemental composition of specimens (EXP-A1, EXP-A2, EXP-A3).

Sample No.
Component Si Al Ca Na Cl Mg K S Fe

(%)

EXP-A1 14.1 2.9 73.8 N.D * N.D * 1.9 1.2 3.5 2.6
EXP-A2 11.2 3.1 73.6 0.8 0.9 1.7 3.2 2.7 2.8
EXP-A3 29.6 7.2 43.9 1.6 1.3 3.1 4.7 2.5 6.1

* N.D: Non-detection.

3.4. Evaluation of Substitute Materials

The compressive strength test was conducted to evaluate the applicability of porous feldspar to
the heat storage layer in the heating floor layer. For a relative comparison, a specimen was fabricated in
the same manner by mixing cement mortar and sand in a ratio of 1:3. The mixing proportion of porous
feldspar less than 70% was proposed in Section 3.1, and the inorganic solidifying agent corresponding
to 0.1% of the cement weight was added based on the experiment results in Section 3.3 to prevent the
rapid reduction in strength and to increase the addition of porous feldspar.

Figure 10 shows the results of the compressive strength test. As for the strength characteristics
according to the curing time, the strength showed a tendency to increase over time for both materials.
Especially, for EXP-FM2 with porous feldspar, the compressive strength at 3 days was 10.53 MPa
even though the cement content was reduced by 5%. This result indicates that the strength was
improved by approximately 43% compared with that of EXP-FM1. The compressive strengths of
EXP-FM1 and EXP-FM2 at seven days were 7.3 and 14.94 MPa, respectively, showing that the strength
of EXP-FM2 was two times higher. Both compressive strengths satisfied the quality criterion of South
Korea (strength at seven days: 7 MPa) [31]. The compressive strengths of EXP-FM1 and EXP-FM2 at
28 days were 14.14 and 18.97 MPa, respectively, confirming that the strength of EXP-FM2 with porous
feldspar was approximately 35% higher than that of EXP-FM1 even though its strength increment
slightly decreased.

Figure 10. Compressive strength for different mixing ratios and curing times.

3.5. Characteristics of Thermal Diffusion and Heat Storage

Figure 11 shows the temperature changes in the EXP-FM1 and EXP-FM2 specimens when they
were heated on the heating plate for 60 min and then cooled at room temperature (22–24 ◦C) for
150 min. The maximum temperature of the EXP-FM2 specimen, which replaced the sand with
porous feldspar, was 66.4 ◦C. This was 7 ◦C higher than the maximum temperature (59.4 ◦C) of
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EXP-FM1, a comparison target, confirming the high thermal diffusivity of the specimen containing the
porous feldspar. In contrast, when cooled at room temperature after heating for 60 min, EXP-FM2
exhibited a sharp decrease in temperature at the beginning of the cooling period and maintained
an approximately 1.3 ◦C higher temperature than EXP-FM1. This could be because the heat loss
in EXP-FM2, which exhibited relatively higher temperatures, was more, owing to the equilibrium
between the temperature inside the specimen and the outside temperature during the cooling period
at room temperature.

Figure 11. Result of heat storage (heating for 60 min).

Figure 12 shows the results of the test in which the heating and cooling periods were repeated at
30 min intervals. The maximum temperatures during the heating period were approximately 59 ◦C for
EXP-FM1 and 65 ◦C for EXP-FM2, resulting in a difference of approximately 6 ◦C. Contrarily, the minimum
temperatures during the cooling period were approximately 45 ◦C for EXP- FM1 and 48 ◦C for EXP-FM2,
resulting in a difference of approximately 3 ◦C. As the test was repeated, the maximum and minimum
temperatures exhibited similar values.

In the cooling process, EXP-FM2 had higher temperatures than EXP-FM1 unlike the results shown
in Figure 11. This is because a method similar to the actual heating process was selected in the cooling
process without separating the specimens from the heating plate. A point to be noted from these
results is whether the created mortar, in which the sand was replaced with porous feldspar and the
cement content was decreased, is suitable as a heat storage layer in flooring material. In Section 3.4,
it was confirmed that the specimen containing the porous feldspar satisfied the strength criterion
for the heat storage layer. In addition, the results of the thermal diffusion and the heat storage test
confirmed that EXP-FM2, which replaced the sand with porous feldspar, had faster thermal diffusion
and better heat storage characteristics than EXP-FM1, a comparison target. In general, low density of
concrete causes high thermal diffusivity but leads to a low specific heat capacity. In this test, however,
EXP-FM2, which had a lower density, was superior to EXP-FM1 in terms of both heat transfer and
heat storage. It appears that the heat storage effect was high owing to the porosity characteristics of
feldspar, a substitute material for sand.
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Figure 12. Characteristics of heat diffusion and storage (repeated heating).

3.6. Pilot Test

3.6.1. Characteristics of Thermal Conductivity and Heat Storage

Figure 13 shows the temperature distribution of the heat storage layer measured using
the thermal-imaging camera during the heating time after hot water was supplied to the floor.
The temperature of the supplied hot water was 55 ◦C. At 10 min after the boiler operation, the heat
storage layer mixed with porous feldspar (PT-2) exhibited a temperature approximately 2 ◦C higher
than that of the heat storage layer composed of ordinary concrete (PT-1). The temperature difference
increased to approximately 3 ◦C at 2 h after the boiler operation, indicating that PT-2 had better heat
transfer than that of PT-1. Figure 14 shows the temperature variation during the cooling period after
the boiler operation was stopped. PT-1 exhibited a fast cooling speed and no thermal image could
be obtained after 90 min. The average temperature was 21 ◦C after 120 min and 18 ◦C after 180 min,
which was identical to the temperature before the boiler operation. In contrast, PT-2 with porous feldspar
exhibited temperatures approximately 2 ◦C higher than those of PT-1. The temperature remained at
over 23 ◦C even after 180 min of cooling, confirming the excellent heat storage characteristics.

These results can be divided into the influence of the material properties of the heat storage
layer and that of the bottom storage layer structure (Figure 1). First, in terms of material properties,
the concrete containing the porous feldspar (PT-2) was favorable for thermal diffusion because its
density was lower than that of PT-1, as shown in the thermal diffusion and heat storage test in
Section 3.5. In contrast, PT-1 exhibited slow thermal diffusion because the density of its heat storage
layer was higher compared to that of PT-2. Owing to the high thermal resistance, more heat flow
occurred in the bottom direction (lightweight foamed concrete + slab), thereby causing relatively low
thermal diffusion to the heat storage layer.
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Figure 13. Temperature change of heat storage layer (heating cycles).
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Figure 14. Temperature change of heat storage layer (cooling cycles).
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3.6.2. Energy Efficiency

Figure 15 shows the heat storage layer temperature and power consumption during the experiment
period under the two conditions. PT-2 exhibited a higher temperature increase rate than that of PT-1
until 100 min after heating, and the increase rate decreased after 30 ◦C. PT-1 showed a temperature
increase rate similar to that of PT-2 until 20 ◦C, but its temperature increase rate became lower than
that of PT-2. During 180 min of heating, the maximum temperature was 34.4 ◦C for PT-2 and 31.6 ◦C
for PT-1, showing that the value for PT-2, which used porous feldspar, was 2.7 ◦C higher. When the
target temperature of the heat storage layer was set to 25 ◦C, the boiler operation was stopped after
approximately 40 min and the power consumption was 1.84 kWh for PT-2. For PT-1, the boiler
operation was stopped after approximately 70 min and the power consumption was 3.22 kWh. In other
words, the boiler was operated 30 min longer for PT-1 than for PT-2, and PT-1 required the additional
power of 1.38 kWh, confirming that PT-2 could save approximately 57% power. If the boiler restart
temperature is set to 20 ◦C after the cooling process, it is expected that the boiler will restart after
380 min for PT-2 and after 310 min for PT-1; thus, PT-2 will delay the boiler operation by approximately
70 min. Through the experiment, the rapid temperature increase effect in the heating process owing to
the high thermal conductivity caused by the specific surface area characteristics of porous feldspar and
the energy-saving effect in the cooling process owing to the delay effect caused by the heat storage
characteristics of porous feldspar could be confirmed.

 
Figure 15. Change of temperature and electric consumption.

4. Conclusions

In this study, feldspar, which is found in South Korea in large quantities and has a porous structure
owing to weathering, was used as a substitute for sand in cement. When sand was replaced with
porous feldspar and four other silicate minerals in the cement mortar, the specimen that used the
porous feldspar exhibited approximately 16–63% higher compressive strength, thereby confirming a
higher reactivity with cement than other minerals.

When the particle size was reduced via mechanical activation to increase the specific surface area
of porous feldspar, the unit weight decreased by approximately 30%, but the uniaxial compressive
strength increased by up to 90%, confirming that the physical characteristics were improved.

A solidifying agent was mixed in to compensate for the strength reduction caused by the addition
of porous feldspar. When 70% of the sand weight was replaced with porous feldspar and the solidifying
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agent was mixed in, the compressive strength was improved by approximately 30% compared with
when only cement was used.

When chemical activation (2:8) was performed after reducing the cement content by 5% and
replacing the sand with porous feldspar, the compressive strength at 3 days improved by approximately
43% compared to that of the specimen in which cement and sand were mixed in a ratio of 1:3.
The compressive strength at 7 days was approximately two times higher.

As for the thermal diffusion, the mortar in which the sand was replaced with the porous feldspar
exhibited approximately 6–7 ◦C higher temperatures than that of the standard concrete in the heating
process. In addition, it maintained approximately 1–3 ◦C higher temperatures in the cooling process.
This was because the mechanical activation increased the thermal diffusion by reducing the density of
the porous feldspar mortar and the heat storage effect of the feldspar was relatively better owing to
its porosity.

In a large-scale model experiment, porous feldspar exhibited excellent thermal diffusion and heat
storage characteristics in the heat storage layer as well as an approximately 57% energy saving effect,
thereby confirming its high applicability as a heat storage layer material.

The use of porous feldspar as a substitute material for aggregate can reduce the cement content,
thereby decreasing the CO2 emissions. In addition, porous feldspar is an economical option owing to
its easy availability and inexpensive characteristics.
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Abstract: A sustainable solution for the global construction industry can be partial substitution of
Ordinary Portland Cement (OPC) by use of supplementary cementitious materials (SCMs) sourced
from industrial end-of-life (EOL) products that contain calcareous, siliceous and aluminous materials.
Candidate EOL materials include fly ash (FA), silica fume (SF), natural pozzolanic materials like
sugarcane bagasse ash (SBA), palm oil fuel ash (POFA), rice husk ash (RHA), mine tailings, marble dust,
construction and demolition debris (CDD). Studies have revealed these materials to be cementitious
and/or pozzolanic in nature. Their use as SCMs would decrease the amount of cement used in the
production of concrete, decreasing carbon emissions associated with cement production. In addition
to cement substitution, EOL products as SCMs have also served as coarse and also fine aggregates in
the production of eco-friendly concretes.

Keywords: construction debris; cement; recycling; circular economy; eco-friendly concretes; fly ash
(FA); silica fume (SF); palm oil fuel ash (POFA); rice husk ash (RHA); sewage sludge ash (SSA) and
sugarcane bagasse ash (SBA); mine tailings; marble dust; construction and demolition debris (CDD)

1. Introduction

In the face of rapidly expanding urbanization, environmental sustainability represents a serious
challenge for the construction industry, whose consumption of concrete requires a significant quantity
of natural reserves worldwide and necessitates the development of alternative materials and sources.
The fabrication of concrete consumes around 27 billion tonnes of feedstock, representing 4 tonnes of
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concrete for each person every year. By 2050, concrete production will be four times higher than in
1990. Aggregates and binder (i.e., cement) represent around 60%–80% and 10%–15% of the total weight
of concrete, respectively [1]. Along with processing of substantial amount of aggregates and around
2.8 billion tonnes of cement products per year, concrete generates approximately 5%–7% of the global
total carbon dioxide emissions. By 2025, around 3.5 billion tonnes of carbon dioxide is foreseen to be
released to the atmosphere during cement production. One solution for more sustainable production
can be harvesting locally available end-of-life (EOL) and/or recyclable materials [1,2].

Global quarry practices to obtain coarse aggregates have substantially modified the ecological
equilibrium. Figure 1 shows the amount, in tonnes of aggregates produced per capita in 39 countries.
For the sustainable future of our planet, it is essential to find substitutes for virgin materials to harvest
for producing binder and aggregates necessitated by the construction industry. Meanwhile, a lot
of EOL materials are disposed of in open fields as landfill. One example of this kind of waste is
construction and demolition debris with enormous potential for recycling as a profitable recycled
concrete aggregate (RA) [2,3].

Figure 1. Aggregates production, in tonnes per capita, in 39 countries [3].

RA can be found in almost all developed and developing countries as a result of the demolition of
older buildings and structures. Moreover, in war-afflicted regions in other parts of the world, a large
number of buildings have been destroyed by bomb attacks. Such buildings have become impractical
and are of no-value, but offer significant potential as material sources for reconstruction projects.
Currently, a significant volume of RA is being disposed of as zero-value debris. Therefore, RA can
play an important role in sustainable development. RA has recently become an important domain
in construction as substitutes for natural aggregate raw materials. Several studies [2,4–9] claimed
that the incorporation of RA in concrete production would alter the hardened properties. Several
studies demonstrated that 100% substitution of aggregates with RA in concrete is unacceptable, due to
a significant decrease in the hardened strength varying from 15 to 25% [2].

In addition, concrete has been produced with traditional supplementary cementitious materials
(SCMs) that possess a high pozzolanic activity [10], such as fly ash (FA) [11–14], silica fume (SF) [15–17]
and ground granulated blast slag (GGBS) [2,18–21] that yielded notable improvement in strength and
durability. Numerous industrial solid by-products containing calcareous siliceous, and aluminous
materials (fly ash, ultrafine fly ash, silica fume, etc.), along with some natural pozzolanic materials [22]
(volcanic tuffs, diatomaceous earth, sugarcane bagasse ash, palm oil fuel ash, rice husk ash, mine
tailings, etc.) can be used as SCMs, because they possess cementitious and/or pozzolanic properties [23].
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The abundance of these classes of materials and their broad diversity in chemical and physical
composition compel the development of a common strategy for their application in concrete production
industry (see Figure 2) [24,25].

 

Figure 2. Most common industrial by-products used as substitutes [26].

Although traditional SCMs have been attractive due to their superior long-term durability [27],
sustainable SCMs can also be developed to decrease the quantity of cement required for concrete production
with lower ecological impact. One example is the incorporation of industrial EOL by-products into
conventional cement. Concrete containing up to 30% of cement substituted by SCMs has been regarded
as environmentally-friendly concrete [2,10,28]. In recent years, the use of SCMs and/or natural pozzolans
has increased in the concrete industry, due to their superior long-term performance. Consequently, there
is a strong interest in activating large amounts EOL materials to replace traditional SCMs as different
sustainable resources that are otherwise deemed as of-zero-value [2,10].

2. Supplementary Cementitious Materials (SCMs)

SCMs play a pivotal role in concrete performance across many civilizations. They encompass a
wide spectrum of alumino-silicious materials, including natural or processed pozzolans and industrial
by-products, like GGBS, FA/UFFA and SF [29]. In spite of broad variations in properties across the
various types of SCMs, they share in common the capacity to react chemically in concrete and form
cementitious binders replacing those obtained by OPC hydration [30]. The key feature of SCMs is their
pozzolanicity, i.e., their capability to react with calcium hydroxide (portlandite, CH) aqueous solutions
to form calcium silicate hydrate (C–S–H) [31].

In the right proportion, SCMs can improve the fresh and hardened properties of concrete, especially
the long-term durability. The use of SCMs in concrete composition is an ancient technique [32–34],
as evidenced by the widespread use of natural pozzolans, like volcanic ash, in Greek and Roman
civilizations. The testament to their efficacy is the persistence of an important number of constructions
built using pozzolanic materials that are still standing today [30].

The most frequently employed SCMs in the cement industry are discussed below: fly ash (FA)
and/or ultrafine fly ash (UFFA) [35], silica fume (SF) [36,37] and natural pozzolanic materials like rice
husk ash (RHA) [38–40], sugarcane bagasse ash (SBA) [41–43], sewage sludge ash (SSA) [44,45], palm
oil fuel ash (POFA) [46–49], mine tailings [50–53], marble dust [54–58], construction and demolition
debris (CDD) [59–61].

2.1. Silica Fume (SF)

Silica fume (SF) used to be EOL products harvested from industrial processes. However, lately
the demand for the silica fume for high-performance concrete has increased so strongly that there are
now foundries dedicated to producing SF for ultra -high-performance concrete. SF may be in the form
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micro-silica, condensed silica fume or volatilized silica [26]. It is a fine powder produced in silicon
foundries, where it is ultimately condensed from the vapour phase upon cooling [10]. As a consequence, SF
is composed almost entirely of very small round particles of amorphous SiO2, whose fineness contributes
to a relatively high pozzolanic activity [62]. The size distribution of regular SF particles is on the order
of 0.1 μm, where the majority of the particles—more than 95%—should be smaller than 1 μm. They
are about 100 times smaller than cement particles, with a specific surface of SF is around 20,000 m2/kg,
therefore their specific surface is 10 to 20 times larger than that of other pozzolanic materials. Considering
its characteristics, SF is a very reactive pozzolanic material [63]. The use of SF can notably increase
mechanical properties of concrete due to effective filling and pozzolanic properties [64].

SF’s most important effect on concrete is on the short- and long-term strength and long-term
durability [26]. SF is claimed to be capable of increasing the bonding between cement paste and
aggregates at the interfacial transition zone (ITZ). With a small particle size, SF not only improves
the packing in the ITZ but also uses the localized CH in the ITZ during pozzolanic reaction, in
combination with additional C–S–H. The net effect is creating better adhesion between the cement
paste and aggregate. The high surface area of SF also provides a large reaction surface for enhancing
the hydration process, resulting in improved density [26]. SF’s influence on the improved density, or
reduced macro porosity, also stems from its fluidized bed effect. The perfectly round fine particles of
SF facilitate denser packing in concrete. Improved flow properties of concrete in the fresh state reduce
bleeding and segregation, leading to superior performance of fresh and hardened concrete. Additional
pozzolanic activity helps fill the excess water volume during further hydration [26,65].

A study by Seong Soo Kim et al. [66] demonstrated the improvement in compressive strength
due to SF incorporation. Three types of coarse aggregates (basalt, quartzite and granite) were used to
produce different concrete samples. The main binder used was OPC (according to ASTM C150), while
SF was used to substitute 10 wt. % of cement. Figure 3, from this study, demonstrates the increase
in compressive strength increased for all coarse aggregates types (i.e., basalt, quartzite and granite),
when SF was added (see Figure 3).

 
Figure 3. Compressive strength test results (the specimens made with only cement as binder were noted
with the acronyms CG, CQ and CB for concrete with granite, with quartz and with basalt aggregates,
respectively). Those containing silica fume were called SFG, SFQ and SFB, accordingly [66].
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Tensile performance was investigated in another study, in which 3 different series of concrete
samples (see Table 1) with 0 wt.%, 12 wt.% and 16 wt.% SF as a cement substitute were produced and
tested [67]. The results indicated that SF added to concrete yielded superior mechanical properties
under dynamic tensile loading. Moreover, the dynamic tensile strength of samples rose with the
silica fume (SF) amount, as well as with strain rate. In addition, the strain rate sensitivity of concrete
augmented with SF appeared to have increased in comparison to concrete without SF (see Figure 4) [67].

Table 1. The proportion of concrete constituents with different SF levels by weight [67].

Mass of Concrete Constituents (kg/m3)

Series Water Cement SF Fine Aggregate Aggregate

I 210.00 389.00 – 614 1141
II 210.00 340.80 48.20 614 1141
III 210.00 326.28 62.72 614 1141

 
Figure 4. Dynamic tensile strength under different impact velocities and silica fume levels [67].

SF additions to concrete improve several other physical and chemical properties besides the
mechanical strength: lower adverse environmental impact, decreased permeability, increased corrosion
protection for steel bars and improved resistance against the sulphate and chemicals attacks [68,69].

2.2. Fly Ash (FA)

Fly ash (FA) is a by-product generated from coal-fired power plants. It is a fine, volatile powder
emitted from chimneys alongside flue gases [10]. There are three distinct types of FA, including Class
N, Class F and Class C, produced by burning black coal or brown coal, respectively. Class C and
Class F are used in production of building materials, like lightweight aggregate, concrete, bricks, etc.
(see Tables 2–4) [26,70]. There have been numerous studies, in which fly ash to be used as SCM in
concrete have been analysed and classified according to types and characteristics. The American
Society for Testing and Materials (ASTM) produced the initial report on standards for applying FA
more than 40 years ago, ASTM C 618 [26].
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Table 2. Type of fly ash as per American Society for Testing and Materials [26,70].

Type CaO Amount, [%] Properties

class C ≥10 cementitious, pozzolanic, hydraulic
class F ≤10 Pozzolanic
class N is not commonly used in construction because of the existence of clay and shale

Coal-fired power plants produce significant solid wastes that contained FA. About 700 million tons
of FA every year throughout the world can be used in cement and/or concrete production, thanks to its
pozzolanic activity. Replacing with FA in cement or concrete results in gross energy requirement (GER),
carbon dioxide emissions (Global Warming Potential: GWP) and natural resource consumption [71,72].
Despite these advantages, the development of optimal composition of concrete with a high volume
fraction of fly ash (HVFA) remains a challenge, due to the broad variation in chemical composition
(lime, sulphates, alkalis and organics), fineness and mineralogy of fly-ash [71].

Table 3. Type of fly ash as per S 3812-1981.

Type SiO2+Al2O3+Fe2O3 Fraction, [%]

Grade I ≥70
Grade II ≥50

Table 4. Type of fly ash based on boiler operations.

Type Short Name Forming Temperature

Low temperature fly ash LT ≤900 ◦C
High temperature fly ash HT ≤1000 ◦C

In recent years, the integration of fly ash as a partial substitute of cement in concrete is a common
procedure. The amount of FA to substitute the cement for regular applications is restricted to 15%–35%
(depending on the type of FA) by mass of the total amount of cementitious material. However, even at
these levels, the use of FA has overcome some critical issues focused on sustainable construction. FA’s
pozzolanic activity is related to the presence of amorphous SiO2 and Al2O3 in its composition [73].
An active FA reacts with Ca(OH)2 during the cement hydration process and forms supplementary
C–S–H and calcium aluminate hydrate (C–A–H) [73,74]. These hydration products allow formation of
a denser matrix, resulting in better strength and superior durability (see Figure 5) [73,74].

 
Figure 5. Reaction of fly ash (FA) in cement [70].

Ashish Kumer Saha [75] studied the use of Class F fly ash as a partial substitute of binder in
concrete. A set of five samples was cast—a control sample without FA and 4 samples consist of 10, 20, 30
and 40% of FA as a substitute for cement. The water-to-cement ratio and the volume of superplasticizer
were maintained constant for all 5 samples. The compressive strength (see Figure 6) of the FA mixtures
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showed lower early compressive strength than the ones of the control samples. The positive influence
of FA additions could be observed at the longer hydration times, i.e., longer than 28 days of hydration.
The small sized FA particles with high surface area and high percentage of amorphous silica phase
provided the pozzolanic activity, leading to enhanced strength for longer periods of hydration. In
addition, the spherical shape of FA particles improves the fresh state properties by increasing the
workability of the concrete mix.

 

Figure 6. Compressive strength development [75].

Bingqian Yan et al. [76] studied the changes of mechanical properties of cement mortar with an
admixture of FA and lime. As brine water is used in the preparation of filling slurry of Sanshandao
Gold Mine, the chloride ions in the slurry have a great negative effect on the strength of the backfill.
Figure 7 shows that the uniaxial compressive strength of the cement mortar sample with an amount
of FA of 5% is 0.2 MPa better than the one without FA. When the amount continued to increase, the
uniaxial compressive strength of cement mortar declined with increasing FA content. Analysis revealed
that the activity of FA under the excitation of lime and brine water was restricted and large amounts
of FA use presented a negative effect on the strength development and on cementing properties of
binder [76].

 

Figure 7. The compressive strength of the specimen and the quantity FA content [76].
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FA is in the form of spherical particles composed of many phases—amorphous and also crystalline
compounds, mostly silicon, calcium, aluminium and iron oxides. The versatility of fly ash for
production of different types of cements is attributed to its physical features, chemical properties and
phase composition [77–79].

2.3. Other Pozzolanic Ashes

Rice Husk Ash (RHA). An agricultural by-product that is suitable for cement replacement
in rice-growing regions is Rice Husk Ash (RHA) [38]. The cementitious characteristics of RHA
unappreciated before the 1970s [26]. RHA is the combustion residue from rice husks, which are the
stiff outer layer that accumulates during de-husking of paddy rice. Every tonne of paddy rice can yield
around 200 kg of husk, which produces about 40 kg of ash after combustion. It is known that rice plants
consume H4SiO4 from underground water that exists in saturated zones beneath the earth surface.
H4SiO4 at this point is polymerized and leads to development of amorphous silica in the husks [80].
During combustion of the organic compounds, CO2 is produced along with the silica remaining in
the ash leftovers. The researchers have demonstrated that the principal chemical composition of rice
husk ash consists of biomass-driven silicon dioxide (SiO2). Table 5 summarizes its typical chemical
composition and some of its properties. As a result that the nature of silica in rice husk ash is sensitive
to processing conditions (see Table 5), the ash obtained through open-field burning or uncontrolled
combustion in furnaces generally includes a high percentage of crystalline silica minerals, like tridymite
or cristobalite, with inferior reactivity. The highest amount of amorphous silica is obtained when RHA
is burnt at temperatures ranging from 500 to 700 ◦C [81]. The superior reactivity of RHA is due to its
large amount of amorphous silica, which has high surface area due to the porous architecture of the
host material. RHA can be used as a substitute in Portland cement (acceptable up to 15%), thanks to its
pozzolanic activity. Fine RHA can increase the compressive strength of cement paste and can lead to
preparation of mortars with low porosity [26,39].

Table 5. Typical chemical and physical properties of Rice Husk Ash (RHA) [82].

Chemical Composition *, [%]

SiO2 Al2O3 Fe2O3 CaO MgO K2O

93.4 0.05 0.06 0.31 0.35 1.4

Physical Properties

Fineness—median particle size (μm) 8.6
Specific gravity 2.05

Pozzolanic activity index (%) 99
Water absorption (%) 104

* Minor Constituents Not Given.

As a cement substitute, the application of RHA in concrete production has advantages and
disadvantages [39]. Improved compressive strength of concrete is one of the essential advantages of
using RHA as substitute. Recent studies have highlighted important benefits of replacing cement with
RHA in small percentages [26]. In the context of durability, the use of RHA as a substitute in concrete
production can lead to notable improved water permeability resistance, Cl− penetration and sulphate
deterioration [83].

Weiting Xu et al. [83] compared the pozzolanic impact of SF and ground RHA as SCMs on the
properties of composite cement pastes and concretes. The authors evaluated mechanical property,
workability, durability and microstructure. In the composite cement pastes, the binder (OPC) was
substituted with SF and finely ground RHA (named FRHA) at 5%, 10%, 15%, 20%, 25% and 30%,
respectively by mass. They reported that the optimal substitution percentage of SF and RHA were 10%
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by weight of cement in pastes and concretes. Compressive strength for this composition was evaluated
(see Figure 8) [83].

 
* Note: CRHA: RHA with 5 min grinding; and FRHA: RHA with 30 min grinding. 

Figure 8. Compressive strength of studied pastes [83].

It can be observed that the sample with coarse rice husk ash (CRHA) had the lowest compressive
strength at all curing ages, which could be because of the bigger particle size and small surface area of
coarse RHA particles. Tests results showed that addition of FRHA to the paste led to an increased
compressive strength compared to the control concrete, as a result of the growing specific surface area
and pozzolanic activity of RHA. In addition, the morphological dissimilarity may also be implicated
by the differences in compressive strength between the concrete specimens (see Figures 9 and 10) [83].

 
Figure 9. SEM images of concrete containing SF [83]. (a) Global Image—100 μm (b) Detailed image 5 μm.
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5μm

Figure 10. SEM images of concrete containing SF [83]. (a) Global Image—100 μm (b) Detailed image
5 μm. In view of the empirical results [83], it appeared that FRHA exhibits similar pozzolanic and
rheological activity to SF and can lead to notable improvement in the properties of a cementitious system.

Sugarcane bagasse ash (SBA) is a by-product of producing juice from sugar cane by crushing
the stalks of the plants (see Table 6). The addition of SBA in concrete production can decrease the
hydration temperature up to 33%, when 30% of OPC is substituted by SBA [42]. Furthermore, water
permeability considerably decreases when compared to control concrete samples. With the aim of
superior compressive strength, OPC was substituted in the range from 15% to 30%. It was also claimed
that SBA aids the reduction of ASR expansion in concrete, by binding alkalis [26]. Table 6 lists the
properties of SBA.

Table 6. Usual chemical and physical properties of sugarcane bagasse ash (SBA) [82].

Chemical Composition *, [%]

SiO2 Al2O3 Fe2O3 CaO MgO K2O

65.3 6.9 3.7 4.0 1.1 2.0

Physical Properties

Fineness—median particle size (μm) 5.1
Specific gravity 1.8

Blaine fineness (m2/kg) 900

* Minor constituents not given.

Use of SBA as limited cement substitute reduces hydration heat, compared to that of the control
reference. The decrease of semi-adiabatic temperature rise (◦C) is proportional to the percentage of
SBA replaced (see Figure 11). Therefore, SBA may be used to control the temperature in mass concrete
pouring [82].
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* a number at the end indicates the percentage of sugarcane bagasse ash 

Figure 11. Semi-adiabatic temperature rise (◦C) in concrete containing SBA as substitute [82].
SBA incorporation improved concrete durability. A composite concrete with additions of different

amounts of SBA was studied in the context of chloride attack (see Figure 12), as well as gas and water
permeability [41,82].

 
Figure 12. Effect of SBA on the chloride conductivity index of concrete [82].

Wastes of different sources have been investigated for their possibility in re-use, to reduce their
environmental impact, in landfill volume and decomposition by-products [84]. Sewage sludge ash
(SSA) is an urban waste that may be used as fertilizer, as well as a cement substitute [26,85–87]. SSA
was not only considered as SCM in blended cements but also in a large scale of building materials like
pave-stones, tiles, bricks, light aggregates production. The impact of SSA in mortar was a decrease in
the compressive strength, when SSA was applied as partial cement substitute. Therefore, use of SSA
as an SCM was shown to be limited, in the construction domain. The cement community does not
include SSA in the group of pozzolanic materials [88].

Palm oil fuel ash (POFA) is an important cash-crop in tropical countries, especially in Malaysia
and Indonesia [82]. For every 100 t of fresh fruit bunches handled, there will be about 20 t of nut
shells, 7 t of fibres and 25 t of empty bunches released from the mills. POFA can be used in concrete
either as aggregates, SCM or as filler material [89,90]. Comparable to RHA and SBA, the amorphous
SiO2 (around 76%) content of POFA offers relatively high pozzolanic activity, when used as binder
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in concrete production. Even though a few performance parameters of concrete (especially setting
time and strength) are negatively influenced by POFA, several studies claimed that palm oil fuel ash
may be appropriate in different applications [91,92]. It may be an important resource in developing
countries, although more studies are certainly needed, to support the use of POFA in structural
applications [82,93,94].

Mine tailings. The amount of mine tailings has grown excessively with an ever increasing demand
for metal and mineral resources [95]. Mining wastes are produced during mineral extraction by the
mining industry and is at present one of the largest waste flows worldwide [25,95,96]. Mine tailings are
finely ground in the time of mineral processing and separation of minerals of interest [96]. A significant
part of milling processes and separation procedure uses water as the transport medium. Therefore,
tailings obtained by mining enterprises usually consist of small particle slurries with high water
content, flow ability and poor mechanical stability [95]. Mine tailings are deposited in dammed ponds
along with industrial wastewater or as thickened pastes in piles close to the extraction sites [96]. At
present, their principal use is as backfill in mined-out underground areas or as deposits in tailing ponds.
As such, they pose potential long-term risks as environmental pollution. However, use of tailings
is not only relevant to environmental conservation, but can also benefit the mining industry. These
solid wastes contain compounds with potential pozzolanic properties and can decrease the amount of
cement used to produce concrete, reducing simultaneously the ecological impact of the cement and
mining industries. An additional benefit of mine tailings is that they are already finely ground. Most
of the other SCMs require mechanical grinding, as a pre-treatment for use, to improve their reactivity.
However, mine tailings already come with favourable physical and chemical properties as particle
dimensions, crystal structures and even surface properties [96].

Therefore, depositories of tailings have lately gained global attention [95]. However, despite the
potential of mine tailings as substitutes in the production of cementitious materials, there is a striking
lack of studies regarding this topic in the cement and concrete literature.

Marble dust. Marble is a finely crystallized metamorphic rock originating from the low-intensity
metamorphism of calcareous and dolomitic rocks. Calcium carbonate (CaCO3) can form up to 99%
of the total amount of this carbonated rock. Additional phases may also include SiO2, MgO, Fe2O3,
Al2O3 and Na2O and, in minor ratio, MnO, K2O, P2O5, F, Cu, S, Pb and Zn [97]. For a long time, marble
has been a significant building material. For instance, annual production of marble in Turkey accounts
for 7 Mt and represents 40% of the global storage; Turkey has an annual total production of block
marble of ca. 1,500,000 m3, generating approximately 375,000 m3 of marble powder [98]. Throughout
the shaping, sawing and polishing operations, around 20%–25% of processed marble is converted
into powder or lumps. As a result, dumps of marble dust have become an important environmental
issue worldwide [99]. Marble powder (MP) has successfully been demonstrated as a viable SCM in
self-compacting concrete (SCC). The research proved that marble powder used as mineral substitute
of cement can enhance some properties of fresh concrete and/or hardened concrete [100]. In the
cement-related literature, there are just a few research studies related to the application of marble
powder in concrete or mortar production. Thus, more detailed studies are needed in order to define
the properties of concretes or mortars with marble powder. The use of marble powder in ternary
cementitious blends demands further caution to remove or reduce its adverse effects on the fresh
properties of self-compacting concrete and/or mortar [98].

Construction and demolition debris (CDD) constitute one of the massive flows of solid waste
generated from municipal and commercial activities of modern society [101]. Usually, CDD are in
the shape of brick bats, mortars, aggregates, concrete, glass, ceramic tiles, metals and even plastics.
They must be mechanically sorted according to size and quality level. They are then crushed down to
desired size [102]. It is essential to study the life cycle of construction materials to develop a global
understanding of sustainable building construction and the feasible use of CDD as SCMs for OPC
substitution. The life cycle of some construction materials, such as concrete, has been analysed to
evaluate their environmental consequences. While substantial effort has been applied to LCA-based
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sustainability assessment of construction materials and buildings, the specialty literature needs more
detailed studies regarding the LCA of recycled construction materials, ones that take into account both
process and supply chain-related outcomes as a whole [103]. The sheer mass and heterogeneity of
CDD materials and absence of data classification across non-standardized tracking systems have led to
new challenges [101]. In addition, the lack of knowledge about the possible savings and implications
correlated with recycling of this kind of construction materials from the life cycle outlook still limits
their use [103].

3. Life Cycle Assessment (LCA)

A life-cycle assessment (LCA) is a method for assessing all the potential environmental impacts of
a product, process, or activity over its entire life cycle [104]. Several LCA studies have focused on the
sustainability of concrete [105,106]. It is important to integrate recycled EOL products at the beginning
of concrete’s life cycle, and re-valorise it at the end of concrete’s life cycle in another production process
or even maybe, for the concrete production industry (see Figure 13) [107–110].

 

Figure 13. Cradle-to-gate life cycle assessment (LCA): studied system boundaries of the concretes
(plain line—included processes; dashed line—non-included processes) [111].
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Sustainability through re-use of accessible economic and social resources is a way to attain
equilibrium with the environment, while ensuring long-term development and endurance [26].
A beneficial difference for the environment could result from substituting cement and sand with
by-products or EOL products from intersectoral industrial activities. By this way, we may be able to
reduce the adverse environmental impacts stemming from cement (74%–93%) and sand (0.3%–2%)
consumption in the total LCA of EOL material-based concretes. The minimum contribution of sand to
the entire environmental assessment of concrete makes this issue important to concrete design [111–113].

With regard to the LCA of concrete, 4 aspects should be considered: (1) design,
(2) production/execution, (3) usage and (4) end-of-life disposal. Structural concrete has life expectancy
differentiated by application, such as in pillars, beams and walls. While the durability over time for
foundation or load-bearing structural elements is 50–300 years, the corresponding lifetime for cover
walls is only 20–50 years [111]. Therefore, sufficient data is not presently available for the EOL stage of
structural concrete and its disposal conditions [111,114–116].

The necessity for further LCA studies on the treatment and re-use of construction waste is clear.
Instead of being released into the environment, it can be re-valorised in the life cycle of new designs of
concrete. Use of waste like fly ash, blast furnace slag and other mineral admixtures as a binder for the
production of concrete is becoming common in the construction industry. Replacing the principal factor
responsible for the negative environmental effects of concrete is the key to generating an ecologically
beneficial life cycle for concrete [107,117,118].

With regards to economic impact, regenerating alternative EOL materials for binder components
in concrete would decrease the cost of construction without sacrificing performance. Other costs can
also be considered, such as those concerning the source and transport of the alternative SCM materials,
controlled combustion process and also savings as a result of diversion, such as disposal management.
Consequently, the environmental advantages will reduce the enormous demand for Portland cement
per unit volume of concrete, in addition to a concurrent and meaningful reduction in Greenhouse Gas
(GHG) emissions [108,119,120].

4. Conclusions

Concrete represents one of the most widely used construction materials worldwide by volume.
Portland cement production is highly energy intensive, and emits significant amounts of CO2 through
the calcination process, which contributes substantial adverse impact on global warming. Efforts are
needed to design and develop more ecologically friendly concrete with improved performance in
strength and durability.

SCMs are frequently applied in concrete mixtures as a substitute for clinker in cement or cement
in concrete. This approach yields concrete with reduced cost, decreased environmental impact, higher
long-term strength and better long-term durability. Presently the two most common SCMs are silica
fume and fly ash. As a by-product of the silicon and ferrosilicon alloy fabrication, SF contains more
than 90% SiO2 and is present as spheres with average diameters about 100 times smaller than cement
particles. The large specific surface of SF, ca. 20,000 m2/kg, is 10 to 20 times greater than that of other
pozzolanic materials, imbuing it with high pozzolanic activity and fluidization properties.

FA has also been widely used in concrete mix design, due to its growing availability and substantial
environmental complications appeared by release of fly ash. Physical characteristics of FA can differ on
the nature of coal, rank, mineral matter chemistry and mineralogy, furnace design, furnace operation
and method of particulate control, while chemical characteristics are relatively insensitive those factors.
FA has been used in the manufacturing of bricks, concrete and cement-composites like columns, beams,
slabs, columns, sheets, pipes, wall panels, etc. Typically, about 25% of FA is used as a substitute for
cement to achieve effective final products. FA increases durability, workability, density and workability
of concrete, while simultaneously decreasing water demand, porosity and permeability of concrete.

In the present, the use of industrial EOL materials in concrete has been demonstrated. However,
it is clear that more research is needed to assess the feasibility of long-term performance, develop more
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ecologically sound production, in addition to quality assessment of these materials. When ashes of
high quality can be regularly obtained with reduced financial and most importantly environmental
costs, their use in the engineering domain will become more widespread. Technical and economic
performances of alternative SCM is evident, proving that along with the studying of the material’s
mechanical and physico-chemical properties, the review of its life cycle is as well important and will
mention whether it will be environmentally feasible to apply the SCM admixture at the total scale of
the life cycle of concrete.
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Abstract: Ground granulated blast furnace slag (GGBFS) conventionally has been incorporated
with ordinary Portland cement (OPC) owing to reduce the environmental load and enhance the
engineering performance. Concrete with GGBFS shows different strength development of normal
concrete, but sensitive, to exterior condition. Thus, a precise strength evaluation technique based on
a quantitative model like full maturity model is required. Many studies have been performed on
strength development of the concrete using equivalent age which is based on the apparent activation
energy. In this process, it considers the effect of time and temperature simultaneously. However,
the previous models on the apparent activation energy of concrete with mineral admixtures have
limitation, and they have not considered the effect of temperature on strength development. In this
paper, the apparent activation energy with GGBFS replacement ratio was calculated through several
experiments and used to predict the compressive strength of GGBFS concrete. Concrete and mortar
specimens with 0.6 water/binder ratio, and 0 to 60% GGBFS replacement were prepared. The apparent
activation energy (Ea) was experimentally derived considering three different curing temperatures.
Thermodynamic reactivity of GGBFS mixed concrete at different curing temperature was applied to
evaluate the compressive strength model, and the experimental results were in good agreement with
the model. The results show that when GGBFS replacement ratio was increased, there was a delay in
compressive strength.

Keywords: compressive strength; concrete; ground granulated blast furnace slag; apparent activation
energy; equivalent age

1. Introduction

Ground granulated blast furnace slag (GGBFS) is widely used in various engineering applications
to replace the ordinary Portland cement (OPC) [1–3]. However, GGBFS is sensitive to curing conditions
and exhibit slow strength development [4–8]. In order to predict the strength behavior in the concrete
with GGBFS, much research have been performed based on cement hydration phenomena [9]. Moreover,
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it is necessary to estimate the mechanical properties of GGBFS concrete, such as compressive strength,
splitting tensile strength, elastic modulus, creep, shrinkage, etc. Among the mechanical properties
used in the design, compressive strength is the most important. There are different models for strength
development, but among them, the maturity model is the best model. This model is based on the age
concept. It has been widely used to evaluate the compressive strength of the concrete on the assumption
of linear relationship with temperature [10–12] or a nonlinear relationship with the chemical reaction
rate of the cement [13]. By considering curing temperature range and the accuracy of the prediction
result, the equivalent age model is widely used for the interpretation of strength development, which
incorporates the chemical reaction rate of the cement [13]. In the chemical reaction rate model, it is
considered that apparent activation energy (Ea) is a key parameter with the curing temperature on the
hydration reaction [14–20]. The Ea is indirectly proportional to compressive strength, as suggested in
ASTM C 1074-11 [21]. The application of Ea in the equivalent age model for normal concrete and the
related strength prediction model is reasonably agreed with the test results. However, the concrete with
GGBFS exhibits several differences compared to normal concrete in regards to the strength development
attributed to a reduction of compressive strength in early age, caused by retardation of the setting.
When the GGBFS comes into contact with concrete pore solution, the impermeable acid film surrounds
the particles on the surface is destroyed; therefore, the chemical reaction in concrete would start.
The delay in initial compressive strength of concrete with GGBFS is owing to insufficient alkalinity of
cement paste [4–6,22,23]. In addition, Escalante et al. [4,5] studied the hydration of Portland cement
with GGBFS under curing conditions. The hydration reaction was measured for six months at 10 ◦C,
30 ◦C and 50 ◦C curing temperature of cement pastes with 30%, 50% GGBFS replacement in 0.5 and
0.35 W/C ratio. The highest hydration reaction rate was found with 30% GGBFS at 50 ◦C in 0.5 W/C,
while the lowest was shown by 50% GGBFS replacement at 10 ◦C in 0.35 W/C. Thus, a prediction of
concrete compressive strength development with GGBFS by using a full maturity model by evaluating
Ea is required. The present study is aimed to predict the compressive strength development of the
concrete with GGBFS by calculating the Ea.

2. Prediction of the Compressive Strength Based on Maturity Theory

2.1. Maturity

Maturity is a function that quantitatively expresses the effect of curing temperature and time
on strength development of the concrete. Therefore, the maturity theory by considering curing
temperature and time function can be defined as:

M =

∫ t

0
H(T)dt, (1)

where M and h(T) is maturity and maturity function, respectively. T denotes curing temperature over
the age of t.

The maturity function is expressed in linear Equation (2) considering temperature and the age [10],
whereas, the equivalent age can be calculated by Arrhenius chemical reaction rate (Equation (3)) [12,13,24].

t∑
0

Ms =
∑

(T − T0)Δt, (2)

where Ms is maturity at age t. T is the average temperature (◦C) of the concrete during the time interval,
and T0 is reference temperature (−10 ◦C) [11].
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kT = A · exp
Ea
R·T , (3)

where kT is the reaction rate constant, A is proportionality constant, Ea is apparent activation
energy (kJ/mol), R is gas constant (8.314 J/mol·K), and T is the absolute temperature (Kelvin). Thus,
the equivalent age (te) can be calculated by the following equation:

te =

t∫
0

H(T)dt

H(Tr)
, (4)

where H(T) is maturity function at different curing temperature (t), whereas, H(Tr) represents the
maturity function at fixed curing temperature, i.e., 20 ◦C (293 K). The equivalent age means curing
time at standard temperature (20 ◦C). By considering Ea, te can be derived as:

te =
∫ t

0
exp

Ea
R ·( 1

Tr − 1
T )dt, (5)

where T is the average curing temperature of the concrete during a time interval and Tr is the absolute
or fixed temperature, i.e., 20 ◦C (293 K).

The strength development analysis using maturity was carried out by considering curing
temperature and duration. Other researchers have suggested a hyperbolic regression model
(Equation (6)) which gives more accurate predictions compared to an exponential function [24–27].
In addition, the following model was implemented by introducing a third variable to explain the
dormant period during the hydration process of cement.

S =
SukT(te − t0)

1 + kT(te − t0)
. (6)

S is predicted compressive strength, whereas, Su represents the obtained experimental compressive
strength at 28 days of curing. kT is the reaction rate constant at curing temperature (T). te and t0 represent
the equivalent age and the age when compressive development starts (final setting time), respectively.

2.2. Reaction Rate Constant(kT) and Apparent Activation Energy (Ea)

The cement reacts with water at an early age resulting hydration reaction. Due to the hydration
of cement paste in concrete, it develops strength. The hydration rate is governed by the reaction
rate constant of the point when the cement paste and water react [24,28]. The hydration degree
of Portland cement can be derived by the weight ratio of reaction products. The weight ratio of
reaction products can be determined by non-hydrated cement using an electron microscope or X-ray
diffraction analysis [29–32]. Also, the degree of hydration can be measured by the amount of water,
as well as heat generation, and the compressive strength in an indirect way. The most common
indirect hydration measurement method used in Portland cement is the micro-hydration method using
conduction calorimeter. It measures the amount of hydration heat generated at the beginning when
hydration of cement starts with time and represents the ratio of calorific value of final hydration per
weight of cement [33]. This method accurately shows the degree of hydration at the beginning of
cement hydration, but cannot change the degree of hydration, due to change in curing process [27].
The reaction rate constant is the indicator of the initial gradient for the degree of hydration. There are
many factors which affect the reaction rate constant. However, it is difficult to quantitatively predict
the effect of temperature on the reaction rate constant. Therefore, the reaction rate constant can be
represented by the function of curing temperature if other conditions are identical. It is known that the
reaction rate constant is influenced by the types of cement, curing temperature, W/C (%), admixture,
and humidity conditions etc. [9,34–37]. Thus, activation energy (Ea) can help to calculate the reaction
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rate constant where minimum energy is required to occur the reaction. It has been reported that Ea can
vary owing to the nature of Portland cement, which has different hydration reaction patterns with the
setting process, curing period, and cementitious components [38]. Some researchers have reported that
Ea is approximately 33.5 to 47.0 kJ/mol at early-age, and approximately 10 to 30 kJ/mol at long-term
age [39–49]. Freisleben-Hansen and Pederson (FHP) [13] proposed an equation (Equation (7)) to
estimate Ea of OPC concrete as a function of curing temperature.

Ea = 33.5 + 1.47(20− Ta)kJ/mol(Ta < 20 ◦C), (7a)

Ea = 33.5kJ/mol(Ta ≥ 20 ◦C), (7b)

where Ea is apparent activation energy by Freisleben-Hansen and Pedersen with temperature parameter,
Ta is the average curing temperature of concrete during a time interval.

However, Carino pointed out that Ea can be determined by the composition, powder level, type,
amount, and admixture of the cement [25,26], and other researchers argue that the Ea is changed by
W/C ratio.

The hydration reaction of Portland cement can be formulated with Ea. Therefore, ASTM C
1074 [21] has suggested the method to determine the Ea. The procedure for determining the Ea and the
compressive strength prediction procedure, according to ASTM C 1074 is shown in Figure 1.
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Figure 1. Calculation of Ea and estimation of compressive strength of concrete according to ASTM
C 1074.

The final setting time of the mortar cured at three different temperatures is measured.
The compressive strength of mortar is measured at 2, 4, 8, 16, 32 and 64 times as the final setting time.
By plotting the reciprocal of the age(x-axis) versus the compressive strength (y-axis), the y-intercept of
the linear regression line can be obtained from the regression analysis. Ea can be calculated by plotting
the reciprocal of the curing temperature(x-axis) versus the reciprocal of lnkT (y-axis) and dividing the
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gradient of the linear regression line obtained from the regression analysis. The equivalent age can be
calculated by Ea of GGBFS concrete from Equation (5), and the compressive strength development is
analyzed by the calculated equivalent age and kT from Equation (6).

3. Experimental Program

3.1. Experimental Variables

Experimental variables were GGBFS replacement ratio and curing temperature at 0.60 water/binder
(W/B) ratio. Details of these ratios are shown in Table 1.

Table 1. The experimental variables.

Experimental Level Items

W/B 0.60
Replacement ratio of BFS (%) 0, 10, 30, 50

Curing temperature (◦C) 5, 20, 35
Fresh mortar setting time (initial and final)

Hardened mortar compressive strength
(2, 4, 8, 16, 32, 64 times of final setting time)

Hardened concrete compressive strength (3, 7, 14, 28 days)

3.2. Materials

Cement and GGBFS

The cement used in the present study was ordinary Portland cement Type I containing 3.14 g/cm3

specific gravity. Blaine specific surface area of cement was 3230 cm2/g. GGBFS was used according to
ASTM C 989 [50] with 2.84 g/cm3 specific gravity. Blaine specific surface area of cement was 4260 cm2/g.
The chemical analysis of these materials are given in Table 2. The chemical composition OPC and
GGBFS were carried out by X-ray fluorescence (XRF) instrument.

Table 2. Chemical analysis of materials. GGBFS, ground granulated blast furnace slag.

Component Portland Cement % GGBFS %

SiO2 21.07 35.35
Al2O3 5.00 14
Fe2O3 2.92 0.36
CaO 62.40 41.91
MgO 2.07 7.74
SO3 2.34 0.1
K2O 0.59 –

Na2O 0.26 –
LOI 1.19 0.31

Insoluble 0.41 0.21
Cl 0.05 0.02

Free Lime 1.70 –
Total (%) 100 100

3.3. Mixture Proportions

The concrete mixture proportion is presented in Table 3. Four types of specimens with different
GGBFS replacement ratio were prepared. The mortar was prepared by removing less than 5 mm coarse
particle as shown the mixture proportion in Table 3 using 600 Am sieve according to ASTM C33 [51] to
maintain the quality of the concrete. Different amounts of superplasticizer were used to equalize the
workability of GGBFS and OPC concrete. When we have added the high amount of superplasticizer
in GGBFS, the workability was reduced (results are not shown). Therefore, it is required to maintain
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workability. Hence, we have chosen a different amount of superplasticizer. We have taken the high
amount of superplasticizer in OPC (without GGBFS) to mix the concrete properly owing to delay the
setting time whereas, in case of GGBFS replacement, specimens were mixed properly even at a low
amount of superplasticizer.

Table 3. Concrete mixture proportions.

W/B GGBFS (%) S/a (%)
Mix Composition (kg/m3)

W * GGBFS C * S * G * SP *

0.60

0

46 217.2

0 362 798 912 1.156
10 36.2 325.8 794 910 0.976
30 108.6 253.4 792 908 0.659
50 181 181 790 906 0.481

* W =water, C = cement, S = sand, G = coarse aggregates, and SP = Superplasticizer.

3.4. Prepared Specimens

Firstly, 0.1 m3 of concrete mix was prepared for each batch. Cement, GGBFS, fine aggregate
and coarse aggregate were mixed in a screw type mixer for 1 min and 30 s. Thereafter, water and
superplasticizer were added, and the mixture was mixed for 3 min and 30 s. In order to obtain the
mortar, the fresh concrete was passed through a 5 mm sieve, and cast into a mold (200 mm × 100 mm)
for penetration resistance test according to ASTM C403 [52], whereas, compressive strength of a
mold (50 mm × 50 mm × 50 mm) according to ASTM C109 [53]. All specimens were cured at 5 ± 2 ◦C,
20 ± 2 ◦C, 35 ± 2 ◦C and 60% (±2.5%) relative humidity. The curing condition was selected according
to ASTM C39 [54].

3.5. Test Methods

3.5.1. Penetration Resistance Test for Determining Setting Time

In order to measure the mortar setting time, the penetration resistance of the mortar was measured
using a standard needle at a regular time interval according to ASTM C 403 [52]. From the plot of
penetration resistance versus elapsed time, the initial and final setting times were determined. For
mortar with 50% GGBFS content, the setting time could not be measured under curing conditions
of 5 ± 1.5 ◦ C. Therefore, the time when the compressive strength of the mortar reaches 4 MPa was
considered as the final setting time by the alternative method proposed in ASTM C 1074 [21].

3.5.2. Compressive Strength Test of Mortar and Concrete

The compressive strength of mortar was measured by 30 t class universal testing machine, and the
average value was used by measuring the compressive strength in a triplicate set of specimens at 2, 4, 8,
16, 32 and 64 times for the final setting time [21]. In addition, the compressive strength of the concrete
was measured 200 t class universal testing machine to measure the compressive strength in a triplicate
set of specimens at ages 3, 7, 14, and 28 days, and the average value was considered as a result.

4. Results and Discussion

4.1. Setting Time of Mortars

The initial and final setting time of mortar with GGBFS was measured by a penetration resistance
test. Figure 2 shows the effect of GGBFS and temperature on the setting time of mortar. As expected,
mortars of the same GGBFS replacement ratio show a decrease in setting time at higher curing
temperatures. In addition, compared with OPC mortar, as the GGBFS replacement ratio increases,
the setting time increases at the same curing temperature. In case of mortar with 50% of GGBFS
compared to OPC mortar at the curing temperature of 5 ◦C, the final setting time was delayed by 15.7 h.
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When mortar with 50% GGBFS was cured at 5◦ C and 35 ◦C, the final setting time was delayed by 16.9 h.
The largest difference in the final setting time was 23.7 h between 50% GGBFS at 5 ◦C and OPC at 35 ◦C.
It is considered that impermeable film has formed when GGBFS particle reacts with water. Due to the
formation of the impermeable film results in the delay of hydration reaction, which restraining the
penetration of water and ion [44–47]. Thus, this result suggests that the setting quickly occur owing to
the fast reaction of hydration caused in early age at high temperature. Therefore, the setting time is
affected by both curing temperature and GGBFS replacement ratio.

Figure 2. Setting time of mortar, according to curing temperature and replacement ratio of GGBFS.

4.2. Compressive Strength of Mortars

The compressive strength of mortar with GGBFS replacement ratio at each curing temperature
is shown in Figure 3. The compressive strength of mortar at an early age is found to be lowest with
increasing GGBFS replacement ratio. However, with an increase in curing temperature, the compressive
strength is increased. It is reported by Karim et al. that supplementary cementitious materials (SCM)
in cement significantly modify the hydration kinetics and gives better performance at higher curing
temperature [55]. However, the long term strength of blended cement mortar depends on curing
temperature. Moreover, SCM can recover the strength once it cured in high temperature at longer
duration. The early strength of higher GGBFS replacement mortar is lower, but it can be improved
when it would cure at elevated temperature attributed to the quick cement hydration reaction. At 5 ◦C
curing temperature, the compressive strength of 50% GGBFS mortar exceeded the compressive strength
compared to 30% GGBFS after 39 days (Figure 3a). In addition, at 20 ◦C (Figure 3b) and 35 ◦C
(Figure 3c) curing temperature, the compressive strength of 50% GGBFS mortar exceeded compare to
OPC after 28 and 22 days, respectively. As the GGBFS replacement ratio increases, the crossover effect
of compressive strength is delayed compared to OPC. However, the crossover effect of compressive
strength decreases as the curing temperature increases. Therefore, depending on the replacement ratio
of GGBFS, the hydration and degree of hydration of mortar are very sensitive to temperature.
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Figure 3. Compressive strength of mortar, according to curing temperature and replacement ratio of
GGBFS (a) 5 ◦C, (b) 20 ◦C, (c) 35 ◦C.

4.3. Calculation of Reaction Rate Constant (kT) and Apparent Activation Energy (Ea)

The relationship between age and compressive strength was analyzed, and kT was obtained
according to the GGBFS replacement ratio. Figure 4 shows the reciprocal of compressive strength versus
reciprocal age. By dividing the y-intercept of the linear regression line by the slope, we can derive the kT
that takes the curing temperature and the replacement ratio as variables. Figure 5 shows kT according
to the GGBFS replacement ratio at each curing temperature. As the curing temperature increased,
the kT increased in the form of an exponential function and showed a high correlation between 0.87 and
0.99. In addition, the lower the GGBFS replacement ratio at the same curing temperature, the higher the
kT. The kT of 50% GGBFS mortar is decreased by 75% and 70% at 5 ◦C and 35 ◦C curing temperature,
respectively compared to OPC. In addition, the reaction rate constant of OPC and 50% GGBFS mortar
is decreased by 76% and 81% at 5 ◦C compared to 35 ◦C curing temperature, respectively. Therefore,
the curing temperature and GGBFS replacement ratio have a complex effect on the kT.
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Figure 4. Regression analysis results for calculating kT (a) 0%, (b) 10%, (c) 30%, (d) 50%.

Figure 5. The effect of temperature on the rate constant with GGBFS replacement ratio.

By taking the natural logarithm of the calculated kT and plotting the reciprocal of the curing
temperature (K), we can represent the Arrhenius plot, as shown in Figure 6. The gradient of the linear
regression line of each GGBFS replacement ratio represents Ea/R, and the y-intercept represents the
value of ln(A). As the GGBFS replacement rate increases, the gradients of the linear regression line
decreases to a negative value.

Figure 7 shows the Ea results of GGBFS replacement ratio. As the GGBFS replacement ratio
increases, the Ea increases linearly, which considered as the result of an increase in the minimum
energy for the chemical reaction of cement, GGBFS and water. For OPC mortar, Ea is estimated to
be 33.475 kJ/mol, which is very similar to the proposed value of Freisleben-Hansen and Pederson,
i.e., 33.5 kJ/mol [13]. Wirkin et al. have found that superplasticizer has a little role on the hydration
kinetics of cement and the difference in Ea, with or without the superplasticizer, is insignificant, i.e.,
3 kJ/mol [44]. In the present study, the Ea value of 10%, 30% and 50% GGBFS is found to be 37.325 kJ/mol,
41.958 kJ/mol and 45.541 kJ/mol, respectively.
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Figure 6. Arrhenius plot of ASTM C 1074 for calculating Ea.

Figure 7. Apparent activation energy according to the GGBFS replacement ratio.

4.4. Prediction of Compressive Strength of Concrete with GGBFS

4.4.1. Compressive Strength of Concretes

This study measured the compressive strength of concrete with GGBFS at the age of 3, 7, 14, and
28 days and used the average of compressive strength of three specimens as a result. The results
of compressive strength with varying curing temperature and GGBFS replacement ratio are shown
in Figure 8. At higher curing temperatures, the compressive strength increased, and as the GGBFS
replacement ratio increased, the compressive strength decreased. In addition, the difference in
compressive strength with the change of curing temperature is the largest at three days of age. As the
GGBFS replacement ratio increased, the difference in compressive strength, due to curing temperature
increased. Especially, 28 days of age, the difference in compressive strength of OPC concrete at curing
temperature of 5 ◦C and 35 ◦C was about 2.6 MPa, and the difference in compressive strength of
50% GGBFS is about 7.9 MPa. At curing temperatures of 5 ◦C, the compressive strengths of OPC,
10%, 30% and 50% GGBGS at three days were 12.1 MPa, 8.6 MPa, 4.3 MPa and 2.4 MPa, respectively.
By increasing the GGBFS replacement ratio at low curing temperature causes delayed development of
compressive strength in early age. Therefore, GGBFS concretes have different compressive strengths
than OPC concrete. Thus, accurate prediction is necessary.
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Figure 8. Compressive strength of concrete with curing temperature and GGBFS replacement ratio
(a) 0%, (b) 10%, (c) 30%, (d) 50%.

4.4.2. Prediction of Compressive Strength of Concrete with GGBFS

The maturity model applied in this study is the equivalent age model, as shown in Equation (5), and
the equivalent age was derived using calculated Ea. The compressive strength prediction, according
to the equivalent age by GGBFS replacement ratio, is shown in Figure 9. From this figure, it is
found that the compressive strength at an early age is delayed as GGBFS replacement ratio increased.
The compressive strength development prediction curve approximately overestimates the compressive
strength, but similarly simulates the delayed expression of initial compressive strength, due to the
increase of GGBFS replacement ratio. Figure 10 compares the predicted compressive strength with the
measured compressive strength. The compressive strength is predicted similarly in all compressive
strength regions. Thus, very high correlation (R2 = 0.91) is obtained. This proves that the compressive
strength of concrete can be predicted in all strength at various curing temperatures and GGBFS
replacement ratio.

Figure 9. Prediction of compressive strength in concrete using GGBFS based on equivalent age.
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Figure 10. Comparison between predicted compressive strength and Measurement compressive strength.

5. Conclusions

From the above results and discussion, it is found that curing temperature and GGBFS replacement
ratio have a significant effect on the development of concrete compressive strength. The addition of
GGBFS also reduces the compressive strength of early age. As a result, the apparent activation energy
and the compressive strength of concrete are affected by the GGBFS replacement ratio and curing
temperature. Therefore, the existing compressive strength prediction model, i.e., Carino for OPC is not
suitable for GGBFS concrete. The Ea of the proposed OPC, 10%, 30% and 50% of GGBFS are found to
be 33.475 kJ/mol, 37.325 kJ/mol, 41.958 kJ/mol and 45.541 kJ/mol, respectively. Therefore, the equivalent
age using Ea and a high level of accuracy (R2 = 0.91) is obtained.
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Abstract: The process of recycling concrete rubble is accompanied by the formation of a large amount
of fine fraction, which cannot be reused as aggregate. The results of research on the possibility of using
recycled cement mortar (RCM), obtained during concrete recycling, as a cementitious supplementary
material, are presented. The experimental research was carried out on the basis of two variables
determining the recycling process: X1—temperature (range of variation 288–712 ◦C) and X2—time
(range of variation 30–90 min) of thermal treatment of concrete rubble. The experiment included
10 series of new composites made with RCMs subjected to different variants of thermal treatment,
and two additional control series. The best treatment parameters were determined based on the
assessment of selected physical and mechanical properties of the new cement composites, as well
as the analysis of characteristics and microstructure of RCM. The test results showed that proper
thermal treatment of concrete rubble makes it possible to obtain a high-quality fine fraction, which
has the properties of an active addition and can be used as a partial replacement for cement in mortars
and concretes.

Keywords: recycled cementitious supplementary material; comprehensive concrete recycling;
recycled fine fraction; rehydration reactivity

1. Introduction

Recycling is currently one of the main ways of managing concrete rubble. The huge consumption
of concrete in the world and the fact that its manufacturing consumes a large amount of non-renewable
natural resources and other materials, e.g., aggregates (80% of concrete mass), Portland cement (10%),
supplementary cementitious materials (3%) water (7%), and its production is responsible for 5% of
anthropogenic worldwide CO2 emissions, encourage a responsible approach to searching for methods
and possibilities of its effective recycling [1]. The global aggregate production is currently estimated at
40 billion tons, which is leading to depletion of natural resources and high energy consumption and
has negative impact on the environment [2].

The use of recycled aggregates (RA) from construction and demolition waste (CDW) in
manufacturing concrete and mortar is a viable way to reduce the unsustainable level of consumption
of natural aggregates worldwide and avoid landfilling CDW [3,4].

Research on the recycling of concrete is mainly devoted to finding the most effective way to
obtain recycled aggregates of the best quality, which usually means removing the impurities from
the surface of the natural aggregate grains. The recycled aggregate’s quality is closely related to the
adhered cement paste properties, since the bond between the natural aggregates and the cement paste
is usually weak in the interfacial transition zone [5–8]. It is widely accepted that the presence of cement
paste in recycling concrete aggregate causes its worse physical, mechanical and chemical properties
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compared to natural aggregates. During the process of crushing concrete, even 30–60% of its mass
is a fine fraction (<4 mm) containing mainly cement mortar [9]. In order to improve the quality of
coarse recycled aggregate, many refining methods (gravity concentration method, heating and rubbing
method, mechanical grinding, etc.) have been developed for separating mortar from the surface of
its grains [10]. As a result of these treatments, 35% of high-quality coarse aggregate and a total of
65% of the fine fraction containing mainly cement mortar are obtained [11]. An alternative method of
treating recycling aggregates was proposed by Tam et al. [12]. They have studied three pre-soaking
treatment methods—ReMortarHCl, ReMortarH2SO4 and ReMortarH3PO4—aiming at reducing the
old cement mortar attached onto the RA. Experimental results show that the water absorption of
the pre-treated RA has been significantly reduced with improvement of mechanical properties of the
recycled aggregate concrete. A similar approach to construction waste recycling was presented by
Robayo-Salazar et al. [13]. The results obtained in their investigation demonstrate the viability of
reusing red clay brick waste, concrete waste and glass waste to produce alkali-activated cements that
can be used to fabricate blocks, pavers and tiles. The alkaline activators used were solutions of either
NaOH or NaOH and water glass.

According to other test results [14,15], the mortar content in recycled aggregates may be as high
as 41% of the volume of the concrete rubble. Many studies indicate that this material cannot be used
as a fine aggregate, as it significantly worsens the properties of concretes prepared with its use [16].
Therefore, other methods of using it in cement composites should be sought, and such attempts have
been made by researchers for several years.

Gastaldi et al. [17] and Schoon et al. [15] used up to 30% of fine recycled material (grain diameter
<63 μm) mainly for the production of Portland clinker, obtaining favorable results in terms of C2S
content in the clinker. Considering the significant amount of non-hydrated cement in the fine fraction
of recycled concrete, Bordy et al. [18] presented the results of studies of composite in which part of
the cement was replaced with finely ground (to diameter below 80 μm) powder made by crushing
and milling of cement paste made in laboratory conditions. It was observed that there was about 24%
of active clinker in the cement paste that could be rehydrated. Zhao et al. [16] observed the effect of
water saturation of fine fraction from recycled aggregates, used as a partial cement replacement, on the
properties of fresh mortar and mechanical properties of hardened new material and the microstructure
of interfacial transition zone. Test results showed that mortars made of recycled dry fine aggregate
were characterized by higher compressive strength than mortars with saturated aggregate due to the
reduced interfacial transition zone.

Some researchers [19,20] studied the rehydration reactivity of fine fraction from recycled concrete
after its heating at different temperatures. The results confirm that cement paste heated at a sufficiently
high temperature is dehydrated. Particularly as a result of portlandite decomposition, reactive lime
is formed. As a result of re-contact with water, it regains the ability to rehydrate. Ahmari et al. [21]
proposed the production of a new geopolymeric binder from ground waste concrete powder mixed
with fly ash, which can then be used with recycled concrete aggregates to produce new concrete.
Tests carried out by some researchers [22,23] have proved that recycled mortar contains non-hydrated
cement, calcium hydroxide (CH) and dicalcium silicate (C2S), which are capable of hydration and
creation of rehydration products. Some research has shown, however, that the mortar remaining on
the surface of the recycled aggregates stored outside for a longer time does not show any rehydration
reactivity [24]. Nevertheless, a study carried out by Vegas et al. [25] of the mix proportions and
characteristics of mortars made with recycled concrete aggregate showed that up to 25% recycled
aggregate can be used in cement-based masonry mortars with no significant decline in performance
and no new admixtures or higher cement content required. Braga et al. [26] have analyzed the behavior
of cement mortars using fine recycled fractions as a substitute for natural sand. In this study, 15% of the
required natural sand was replaced by recycled aggregate. An increase in compressive strength with a
simultaneous decrease in modulus of elasticity and an increase in water absorbability in comparison to
traditional cement mortars were observed.
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Considering the need to manage whole concrete rubble, the authors have developed a method for
comprehensive recycling of concrete. The method allows obtaining high-quality secondary aggregate
and a fine fraction that can be used as a partial cement replacement. Research on the effect of recycled
aggregate on new concrete properties has been described in [8].

The aim of the now presented research work was to determine the effect of thermal and mechanical
treatment of concrete rubble on the properties of the fine fraction and to assess the possibilities of using
waste cement mortar as cementitious supplementary material. For this purpose, two variables have
been analyzed: calcination temperature and time of thermal treatment of concrete rubble. The objects
of the study were the composites in which part of the Portland cement had been replaced with recycled
cement mortar (RCM) after thermal treatment. The RCM applicability as a reactive supplementary
cementitious material was assessed based on such composite properties as compressive strength,
flexural strength and water absorbability. X-ray diffractometry (XRD), differential thermal analysis
(DTA), thermogravimetry analysis (TG) and scanning electron microscopy were used to characterize
the microstructure of RCM and also to explain its rehydration reactivity. The conducted research
partially resulted in issuance of a patent (PAT 229887 [27]).

2. Technology of Recycled Cement Mortar (RCM) Production

2.1. The Initial Concrete Rubble

The recycled cement mortar (RCM) was obtained from 2-year-old laboratory cube specimens
100 × 100 × 100 mm due to the recycling process according to PAT 229887 [28]. The composition of the
initial concrete mix is presented in Table 1. The concrete was classified as C30/37 strength class.

Table 1. The composition of the initial concrete mix on 1 m3.

Component Content

Cement CEM I 42.5 R, kg 360
Sand 0–2 mm, kg 641

Gravel 2–16 mm, kg 1170
Plasticizer, dm3 3.2

Water, dm3 144

2.2. The Recycling Process of Concrete (Thermo-Mechanical Treatment According to PAT.229887)

The initial crushing of previously disintegrated concrete specimens (100 × 100 × 100 mm) was
carried out in a jaw crusher. The concrete was crushed to the grain size d ≤ 40 mm. In the next step, the
concrete rubble was calcined in a ceramic laboratory furnace. Calcination of the recycled aggregate is
necessary in order to dehydrate the cement paste. Dehydration of the cement paste reduces adhesion
of the hardened mortar to the aggregate grains and eventually makes it easier to remove it from the
surface of the aggregate. After thermal treatment and cooling, the recycled material was mechanically
processed in a Los Angeles machine (Merazet, Poland). The grinding time was 15 min. This allowed
for the final separation of the recycled cement mortar (RCM) from the surface of coarse aggregate
grains. In the last step, the recycled material (fine and coarse fraction) was sieved in order to separate
recycled cement mortar (<4 mm) from coarse aggregate (>4 mm). The recycled coarse aggregate and
recycled cement mortar after the full process of recycling are shown in Figures 1 and 2. The coarse
aggregate (>4 mm) obtained in recycling process can be used in new concrete as a substitute of natural
aggregate. The test results of properties of concrete with recycled aggregate were presented in [8].
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Figure 1. Recycled coarse aggregate obtained after thermal and mechanical treatment.

 

Figure 2. Recycled cement mortar (fine fraction) obtained after thermal and mechanical treatment,
used to tests.

3. Materials and Methods

3.1. Materials

Portland cement CEM I 42.5 R, meeting the requirements of the EN 197-1:2011 [28] standard, was
used for manufacturing cement composites. The natural aggregate sand with a maximum size of
2 mm was used. The procedure of obtaining RCM was described in Section 2.2 and in [23]. For further
studies, only the fraction <250 μm of RCM was used as 25% cement replacement. RCM sieve analysis
was performed in accordance with EN 933-1:2012 [29], and the grading curve of RCM is presented
in Figure 3. As shown in Figure 3, after the recycling process, approximately 20% of the fraction
classified as fine aggregate (<4000 μm) according to EN 206:2016 [30] is the dust fraction (<63 μm).
For further studies, the fraction <250 μm was used, which was about 50% of the whole material.
In future applications, an additional grinding of RCM is recommended immediately after the recycling
process to increase the proportion of the finest particles.
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Figure 3. Grading curve of RCM after recycling process.

3.2. The Cement Composites with RCM

The mix compositions of composites with RCM used as a partial cement substitute are shown in
Table 2. The compositions were designed as standard cement mortar according to EN 196-1:2016 [31].
In the series 1–10, 25% of the mass of Portland cement was replaced by RCM after thermal and mechanical
treatment (RCM calcination temperature and time of treatment were based on the assumptions of the
experimental plan, which is described in detail in Section 4). Series 12 had an analogous composition,
but the RCM used was not subjected to calcination. Series 11 was made as a standard cement mortar:
it did not contain RCM.

Table 2. The composition of cement composites.

Component Unit
Cement Composites

Series 1–10; 12 Series 11

Cement CEM I 42.5 R g 337.5 450
Water mL 225 225

Sand 0–2 mm g 1350 1350
Recycled Cement Mortar g 112.5 -

3.3. Methods

3.3.1. Physical and Mechanical Properties Test Methods

Specimens of composites (40 × 40 × 160 mm) were prepared in accordance with EN 196-1:2016 [31].
After 28 days of curing, the compressive strength and flexural strength tests were carried out [31].
The water absorbability test was performed by determining the percentage increase in the weight
of the specimens saturated with water in relation to the weight of the specimen in the dry state.
The consistency measurement of fresh cement composite mixtures was made by the flow table method
according to EN 1015-3:1999 [32]. The strength activity index (SAI) of the RCM was determined
according to EN 450-1:2012 [33]. The heat of hydration of RCM was tested using a semi-adiabatic
method based on the standard EN 196-9:2010 [34].

3.3.2. Analysis of RCM Properties and Microstructure

In order to determine the effect of the thermal and mechanical treatment on the phase composition
of the RCM, X-ray diffraction analysis was conducted using a D8 Discover A25 instrument (Bruker)
with CuKα radiation. All diffraction patterns were obtained by scanning the goniometer from 10 to
70 (2θ) at the rate of 0.05 min−1.

The differential thermal analysis and thermogravimetric analysis were carried out using a model
STA 409 PG analyzer (Netzsch, Selb, Germany) under a nitrogen atmosphere. The specimens were
heated at rate of 10 ◦C/min to the temperature 1100 ◦C. The content of RCM components was calculated
using DTA/TG DTG curves based on the instructions [35,36].
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The morphology of RCM and cement composites with RCM was investigated using a Tescan
high-resolution scanning microscope (Aztek Automated, Oxford Instruments, UK) equipped with
an X-ray microanalysis system based on the method of X-ray spectrometry with energy dissipation
(EDS) and a high-resolution microscope (Quanta 250 FEG, FEI, ThermoFisher Scientific, USA), digitally
controlled and equipped with an electron gun with thermal field emission (the Schottky emitter).
The shapes of fine particles were classified according to EN ISO 3252:2002 [37].

4. Design of the Experiment

Selection of Variables and Development of the Experimental Plan

For better understanding the relations among the factors determining the characteristics of RCM as
a partial substitute for cement, an experiment was performed based on two variables: X1—temperature
of concrete rubble calcination, X2—time of thermal treatment. The range of variation and the levels of
analyzed factors are shown in detail in Table 3.

Table 3. Variables in the plan of experiment.

X1 Temperature of concrete rubble treatment, ◦C 288 350 500 650 712

X2 Thermal treatment time, min 30 40 60 80 90

The calcination temperatures at which the effects of phase changes can be expected were selected.
At temperatures up to 350 ◦C, dehydration of C–S–H silicates, hydrated aluminates and aluminum
calcium sulphates occurs along with gypsum decomposition. However, up to 650 ◦C, portlandite
breaks down into CaO and H2O. The temperature 500 ◦C is the center of the plan, and the other
extreme like 288 ◦C and 712 ◦C are the star points and result from the construction of the adopted
rotational plan.

Statistical analysis was carried out in accordance with the rotatable central composite design with
a double repetition of the experiment at a central point. The design of the experiment (DoE) enables
to check repeatability of results, to find which input factors and their interactions can influence the
output properties significantly, to calculate regression equation and to check its adequacy with the test
results. The following output properties were selected for analysis: compressive strength, flexural
strength and water absorbability of composites with RCM.

On the basis of the above-mentioned variables, the experimental plan including 10 test series and
2 additional control series was established. Table 4 shows the detailed experimental plan with the real
and normalized values of the variables.

Table 4. The rotatable central composite design of experiment.

Series
Real Values Normalized Values

X1, ◦C X2, min x1 x2

1 350 40 −1 −1
2 350 80 −1 1
3 650 40 1 −1
4 650 80 1 1
5 288 60 −1.414 0
6 712 60 1.414 0
7 500 30 0 −1.414
8 500 90 0 1.414
9 500 60 0 0

10 500 60 0 0
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Apart from the series described in Table 4, additional series were also tested for comparison 11
and 12. For the first control series 11, the cement composite included only cement as a binder, while
the other control series 12 was made with RCM without thermal treatment.

Combinations of real values of the examined factors X1 and X2 were established on the basis
of the assumptions of the design of experiment [38]. The dimensionless normalized values—x1 and
x2—related to them were used to develop the functions describing the influence of the analyzed factors
on the resulting quantities.

The test results were statistically analyzed in order to determine an approximating function
describing the influence of the tested variables on the selected properties of the composites with RCM.
The analyses included analysis of variance, calculation of regression coefficients and assessment of
the regression coefficients’ significance. The function describing the changes in the physical and
mechanical properties of cement composites adopted the form of a second-degree polynomial (1):

y = b0 + b1x1 + b2x2 + b3x1x2 + b4x1
2 + b5x2

2 (1)

where: y—dependent variable, explained; x1, x2—independent variables; bi—coefficients; b0—free
term in expression. Calculations were performed according to [38] using software Statistica Version 13
(StatSoft, Poland).

5. Test Results and Discussion

5.1. Characteristics of Recycled Cement Mortar (RCM)

5.1.1. Heat of Hydration

In order to assess the rehydration reactivity of RCM, calorimetric tests were performed, and the
results are presented in Figure 4. Two types of RCM were analyzed: calcined at the temperature 650 ◦C
for 60 min and non-calcined material (without thermal treatment). CEM I 42.5 R was used as a standard
for comparison. The specific density of RCM equal to 2.66 g/cm3 was slightly lower than cement CEM
I 42.5 R density, which was 3.05 g/cm3.

Figure 4. Changes in the amount of heat accumulated of tested materials.

Based on the analysis of data in Figure 4, it can be concluded that the thermal treatment of
RCM has a significant impact on its rehydration reactivity properties and applicability as an active
supplementary material. Non-calcined RCM showed no change in the value of heat released over a
48-h measurement period, and the maximum recorded value of heat accumulated was 40 J/g. The RCM
calcined at the temperature 650 ◦C showed the best rehydration reactivity, the amount of accumulated
heat increased successively during the test, and after a 48-h measurement period it reached the level of
125 J/g. In relation to the value of accumulated heat obtained for CEM I 42.5 R, it was a decrease of
35%, while compared to non-calcined RCM, an increase of almost 70% was observed.
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5.1.2. Strength Activity Index (SAI)

The RCM’s ability to function as an active addition was assessed on the basis of its pozzolanic
properties. The SAI index was calculated according EN 450-1:2012 [33] as mentioned in Section 3.3.1.
The SAI of the tested material should be≥0.75 after 28 days of maturation. Figure 5 presents the strength
activity index (SAI) test results for composites with 25% addition of RCM as a cement supplement
(compositions according to Table 2) after 28 days of curing for different calcination temperatures and
the same time of calcination, which was 60 min. The results were compared to control mortar made of
Portland cement (series 11, Table 2).

Figure 5. Compressive strength of the composites with and without RCM after 28 days of curing with
the strength activity index (SAI).

As seen in Figure 5 the highest compressive strength was obtained for the composite containing
25% of the addition in the form of the RCM calcined at the temperature 650 ◦C for 60 min (SAI
reached the highest level, SAI = 1.07). The increase in SAI value for these samples compared to the
non-calcined RCM (series 12, SAI = 0.59) was 79%, and it was 66% compared to RCM calcined in
350 ◦C (SAI = 0.67). The composites with RCM calcined at temperature 500 ◦C also confirmed the
requirements of standards [34], (SAI = 0.80), but the compressive strength reached 25 and 20% lower
than the strength of the composites calcined at 650 ◦C and the control series, respectively.

5.1.3. X-ray Diffractometry

In order to determine the effect of thermal treatment on the phase composition of RCM, the X-ray
diffractometry test was performed. The X-ray patterns for non-calcined RCM and thermally treated
specimen are shown in Figures 6 and 7, respectively.

Figure 6. XRD pattern for RCM without thermo-mechanical treatment (Q—quartz, P—portlandite,
C—calcium silicate hydrate, S—belite, K—calcite, E—ettringite).
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Figure 7. XRD pattern for RCM after thermo-mechanical treatment at temperature 650 ◦C (Q—quartz,
P—portlandite, S—belite, K—calcite, O—calcium oxide).

The main crystalline phases found in RCM without thermo-mechanical treatment (Figure 6) are
C–S–H gel, belite (C2S), portlandite (CH), ettringite, and calcite (CaCO3). The XRD pattern of the RCM
after thermo-mechanical treatment indicates that some diffraction peaks of the preheated samples
gradually disappear, such as ettringite and C–S–H gel. When the heating temperature is raised to
650 ◦C, it is mainly composed of belite (C2S), CaO, partial CH and non-crystalline dehydrated phases.

As expected, in case of material not subjected to the calcination process (Figure 6) the peaks
associated with the presence of portlandite were quite intensive and frequent. In case of RCM after
thermal treatment, only a single peak was observed. This indicated a properly selected treatment
temperature, allowing for almost complete Ca(OH)2 decomposition. The small peaks from portlandite in
the specimen subjected to calcination (Figure 7) can be explained by high hygroscopicity of disintegrated
RCM. The finely ground and calcined RCM contains active CaO, which may react with moisture
contained in the air. This phenomenon could not be avoided during sample preparation for XRD, hence
the presence of a secondary portlandite in phase composition. Moreover, the calcined sample revealed
higher and more frequent peaks, indicating the presence of Portland clinker components (belite),
which are responsible for reactivity with water and for the hydration process. This could explain the
applicability of calcined RCM as a pozzolanic additive and active filler [35,36]. The above-mentioned
components of RCM facilitate further hydration and reaction with new cement paste, which cause
the improvement of physical properties of cement composites. This is confirmed by the observations
of other authors, who have noticed the content of non-hydrated cement, calcium hydroxide (CH),
and dicalcium silicate (C2S) in RCM, which are capable of hydration and creation of rehydration
products [19,20,22].

5.1.4. Thermogravimetry (TG) and Differential Thermal Analysis (DTA)

In order to determine the effect of thermal treatment on the content of calcium hydroxide and
calcium carbonate in RCM, the samples were subjected to thermogravimetry and differential thermal
analysis. In Figures 8 and 9, the weight losses of material when heated to 1100 ◦C are presented for
non-calcined and calcined RCM (at a temperature of 650 ◦C), respectively.
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Figure 8. Thermal changes of RCM without thermal and mechanical treatment.

Figure 9. Thermal changes of RCM after thermal and mechanical treatment at temperature 650 ◦C.

Table 5 presents the content of bound water, portlandite and calcite in RCM specimens calculated
on the basis of plots in Figures 8 and 9 and according to [35,36].

Table 5. Content of selected components of RCM.

Type of RCM

Components of the RCM, % of Mass

Bound Water
Ca(OH)2 CaCO3

HI HCH Σ

Non-calcined 6.81 3.27 10.08 13.44 10.44
Calcined - 0.24 0.24 0 25.79

The quite high content of calcium carbonates in both tested specimens is noteworthy. It results
from the applied heating temperature equal to 650 ◦C, which does not cause the decomposition of
CaCO3. This phenomenon occurs at a temperature above 750 ◦C, as indicated by peaks associated with
mass losses in Figures 8 and 9. The higher CaCO3 content in calcined RCM can be explained by the
presence of aggregate in the tested specimen. In the RCM specimen after heat treatment, however, there
was no peak of portlandite, which confirmed a sufficiently well-selected RCM treatment temperature
(Figure 9). Earlier heating of concrete rubble resulted in the disintegration of calcium hydroxide into
calcium oxide and water, as evidenced by its lack in the tested RCM specimen in comparison with the
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untreated specimen. In the presence of water, free calcium oxide has the ability to undergo rehydration,
as evidenced by the test results obtained.

5.1.5. SEM Images Analysis

Micrographs of RCM are shown in Figures 10–14. The shape of RCM particles (Figures 10 and 11)
was defined as irregular polyhedral [37], and they were very similar to cement grains. On the surface
of the RCM particles, crystalline inclusions have also been observed, which may probably be the
remains of hydrates from the primary hardening process, e.g., parts of non-hydrated cement, free
calcium, as well as calcium silicates, as indicated by the results of the phase composition test presented
in Section 5.1.3.

 

Figure 10. SEM micrograph of RCM particles, mag. 2000×.

 

Figure 11. SEM micrograph of RCM particles, mag. 10,000×.

Micrographs of the microstructure of cement composites with RCM are presented in Figures 12
and 13. Observations of the microstructure of cement composites (Figures 12 and 13) confirmed that
RCM can be perfectly embedded in the cement matrix, forming a compact microstructure. The compact
C-S-H phase can be observed in Figures 12 and 13. The compact microstructure may result from
strong bonding of high-quality recycling mortar containing C-S-H phases to the components of new
paste, as well as the developed surface of the recycled fraction due to applied thermal and mechanical
treatment [20].
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As it has been noted, the rough surface of the aggregate (in this case also RCM particles) deteriorates
the portlandite orientation [39]. The arrangement of portlandite plates (CH) and the C-S-H phase
surrounding them are presented in Figure 14.

 

Figure 12. SEM micrograph of cement composite with RCM addition, 1—C-S-H gel (mag.10,000×).

 

Figure 13. SEM micrograph of cement composite with RCM, 1—C-S-H gel (mag. 16,000×).

 

Figure 14. SEM micrograph of microstructure of composite with RCM after thermal and mechanical
treatment, 1—portlandite, 2—C-S-H gel (mag. 8000×).

The orientation of portlandite crystals is additionally disturbed by the presence of Ca(OH)2,
which, being the nuclei of crystallization of this phase, causes the growth of calcium hydroxide crystals
in various directions, improving mortar strength properties [39].
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5.2. Properties of Fresh Mixtures

Selected test results of the consistency of cement composite mixtures measured according to [28]
are presented in Table 6.

Table 6. The flow diameter of cement composites mixes.

Type of Mixture Flow Diameter, mm

Standard cement mortar (series 11) 170
Cement composite with RCM (series 4) 150

The fresh mortar with RCM obtained as a result of the thermal and mechanical treatment (650 ◦C,
60 min) of concrete rubble was characterized by slightly limited flow diameter in comparison to control
mortar. The RCM, due to the developed specific surface (about 3000 cm2/g), was also characterized by
high water demand. Despite this, it was not necessary to increase the amount of water in the recipe in
order to thoroughly mix the ingredients and achieve the required workability.

5.3. Properties of Hardened Cement Composites

5.3.1. Compressive Strength

The average compressive strength results obtained for the test series in comparison to the control
samples (series 11) and (series 12) are given in Figure 15.

Figure 15. The compressive strength of composites after 28 days.

The changes in cement composite compressive strength depending on the calcination temperature
of rubble (x1) and treatment time (x2) are presented in Figure 16. The function describing the dependence
of the compressive strength on the tested variables for composites with RCM is expressed in the
following equation:

fcm,28 = 36.16 + 5.48x1 + 0.82x2 + 2.24x2
1 + 1.18x2

2 R2 = 0.83 (2)
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Figure 16. The changes in compressive strength of cement composites (MPa), depending on x1 and x2.

The obtained compressive strength test results indicate that the increase in calcination temperature
from 288 to 712 ◦C caused the increase in compressive strength of about 32%. The highest strength
values, exceeding those obtained for the control series, were recorded for composites with RCM
calcined at temperature 650 ◦C (series 3 and 4, Figure 16). The compressive strength for these series
exceeded the results obtained for the control series 11 by 4 and 7%, respectively. However, in case of
using the RCM calcined at lower temperatures (up to 350 ◦C), as well as in the presence of non-calcined
addition, the compressive strength results of the composite did not exceed 35 and 30 MPa, respectively.
Thus, only a sufficiently high temperature of rubble processing allows to obtain RCM that causes a
favorable effect on the compressive strength of cement composites.

5.3.2. Flexural Strength

The average flexural strength results obtained for the test series in comparison to the control
samples (series 11) and (series 12) are given in Figure 17.

Figure 17. The flexural strength of composites with RCM.

The changes in flexural strength depending on the calcination temperature of rubble (x1) and
treatment time (x2) are presented in Figure 18. The function describing the dependence of the flexural
strength on the tested variables for composites with RCM is expressed in the following equation:
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f f m,28 = 6.76 + 0.75x1 + 0.18x2 + 0.24x2
1 + 0.24x2

2 R2 = 0.78 (3)

Figure 18. The changes in flexural strength of cement composites (MPa), depending on x1 and x2.

The analysis of test results showed that the most favorable results of flexural strength of cement
composites containing RCM were obtained in cases of using the recycled material after calcination at
temperature higher than 650 ◦C (series 3, 4, 6), and the results were similar to those obtained in the
control series. The use of RCM from rubble after thermal treatment at lower temperatures (<650 ◦C)
had no significant effect on flexural strength compared to the composite with non-calcined RCM.

5.3.3. Water Absorbability

The average results of water absorbability test were given in Figure 19.

Figure 19. The water absorbability of composites with RCM.
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The changes in cement composite water absorbability depending on the calcination temperature
of rubble (x1) and thermal treatment time (x2) are presented in Figure 20. The function describing the
dependence of water absorbability on the tested variables for composites with RCM is expressed in the
following equation:

WA = 9.49− 0.18x1 + 0.13x2 − 0.2x2
1 − 0.16x2

2 R2 = 0.68 (4)

Figure 20. The water absorbability (%) changes of cement composites depending on x1 and x2.

Based on the test results, it can be concluded that a decrease in the absorbability of the cement
composite occurs with the increase in RCM calcination temperature. In case of using RCM calcined
at a temperature 650 ◦C or higher, water absorbability comparable to the absorbability of the control
mortar was achieved. However, extended calcination time had a relatively negative influence on this
property. It should be noted that the observed changes in water absorbability were relatively small and
ranged from 8.7 to 9.6%. This is probably due to the fact that the RCM has a developed specific surface
area similar to the cement used. The lowest water absorbability was recorded from the composite with
RCM calcined at temperature 712 ◦C (series 6, Figure 20), which is also related to the test results of
other parameters such as compressive strength or flexural strength.

6. Conclusions

Cementitious supplementary material used in cement composites was obtained as a result of
thermal and mechanical treatment of concrete rubble as part of comprehensive recycling of reinforced
concrete structures.

The statistical analysis of test results of compressive strength, flexural strength and water
absorbability of mortars with RCM made it possible to determine the optimal conditions for production
of cementitious supplementary material. It was found that the calcination temperature of concrete
rubble had the most significant effect on the analyzed parameters of cement composites. The effect of
calcination time was statistically less significant. The regression equations can be useful for estimation
of the physical properties of composites with RCM considering the conditions of thermal treatment of
concrete rubble.

The calcination of concrete rubble at a temperature of about 650 ◦C caused partial dehydration of
cement hydration products, mainly the disintegration of portlandite (Ca(OH)2) into CaO and H2O.
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This treatment partially removed the hydration reactivity of old cement mortar, which resulted in
improved physical properties of cement composites with RCM.

The results of extensive microstructural analysis, including X-ray diffractometry (XRD), differential
thermal analysis (DTA), thermogravimetry analysis (TG) and scanning electron microscopy, confirmed
the presence of non-hydrated cement, calcium hydroxide (CH), calcium oxide (CaO) and dicalcium
silicate (C2S) in RCM, which are capable of hydration and creation of rehydration products.
The influence of RCM treatment temperature on its rehydration reactivity properties was assessed
based on the analysis of heat of hydration.

The proposed highly ecological solution for the management of waste generated in the concrete
recycling process supports the idea of sustainable development by limiting the consumption of natural
resources and reducing CO2 emissions generated during the cement production process. The test
results showed that appropriate treatment of concrete rubble allows to obtain high-quality fine fraction
which may be successfully used as a cement substitute or as pozzolanic additive for cement composites.
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Abstract: Ultra-High Performance Fibre-Reinforced Cementitious Composites (UHP-FRCC) show
excellent mechanical performances in terms of strength, ductility, and durability. Therefore, these
cementitious materials have been successfully used for repairing, strengthening, and seismic
retrofitting of old structures. However, UHP-FRCCs are not always environmental friendly products,
especially in terms of the initial cost, due to the large quantity of cement that is contained in the
mixture. Different rates of fly ash substitute herein part of the cement, and the new UHP-FRCCs are
used to retrofit concrete columns to overcome this problem. To simulate the mechanical response
of these columns, cylindrical specimens, which are made of normal concrete and reinforced with
different UHP-FRCC jackets, are tested in uniaxial compression. Relationships between the size of the
jacket, the percentage of cement replaced by fly ash, and the strength of the columns are measured
and analyzed by means of the eco-mechanical approach. As a result, a replacement of approximately
50% of cement with fly ash, and a suitable thickness of the UHP-FRCC jacket, might ensure the lowest
environmental impact without compromising the mechanical performances.

Keywords: high volume fly ash (HVFA); steel reinforcing fiber; jacketing; carbon footprint;
substitution strategy; environmental impact

1. Introduction

In the last decades, Ultra-High Performance Fiber-Reinforced Cementitious Composites
(UHP-FRCC) have been developed to meet the requests of the construction industry [1–3]. UHP-FRCCs
can enhance the resistance of buildings and infrastructures due to the ultra-high strength, high ductility,
durability, and energy absorption capacity, when compared with normal strength concrete or traditional
FRCC. In fact, UHP-FRCCs show a compressive strength that was larger than 150 MPa, combined
with high tensile and flexural strengths. Such performances are achieved with a low water/binder
ratio, high content of cementitious materials, and by incorporating a copious amount of fibers (steel,
polymeric, glass, etc.) [4–7].

One of the most well-known and relevant applications of UHP-FRCC is the retrofitting of existing
structures, especially the jacketing of concrete columns and beams, due to these mechanical properties.
The aim is to harden those parts of the existing structures that are exposed to high environmental
and mechanical actions, especially in the most highly stressed cross-sections and in the structural
joints [8–10].

Materials 2019, 12, 4010; doi:10.3390/ma12234010 www.mdpi.com/journal/materials223
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However, this high-performance material has, in parallel, high environmental impact, because
of the high content of cement in the mixture [3,5,6,11,12]. Indeed, it is unanimously accepted that
the compressive strength of concrete is in direct proportion with the power 2 of the cement content
and, consequently, this strength is proportional to the power 2 of the CO2 emission per cubic meter
of concrete. Therefore, the “material substitution strategy” that Habert and Roussel introduced [11]
is generally adopted. As the name suggests, it consists of a partial replacement of cement with
supplementary cementitious materials, in order to reduce the environmental impact. Specifically,
different amounts of cement are substituted by fly ash, a waste by-product that is derived from coal
burning. When the mass of fly ash is higher than 50% of the total cementitious materials, the concrete
system takes the name of High Volume Fly Ash (HVFA) [13]. It must be remarked that the substitution
of cement with fly ash might not always be beneficial. HVFA significantly reduces the environmental
impact, but it also leads to a decrease of concrete strength, especially in the UHP-FRCC [14,15].

Some researches, regarding the high strength concrete and UHP-FRC using high quantity of
admixtures from by-products, were performed in the last years [16–18]. On the other hand, most
of these studies only focused on the development of the cement-based material, without focusing
on the structural applications. Accordingly, a new experimental campaign has been carried out
on normal-strength concrete cylinders that were reinforced with UHP-FRCC jackets, with the aim
of simulating the confinement effect in columns. Different jackets are tailored to investigate the
relationship between the thickness of the reinforcing layer and the mechanical performances of the
reinforced column. In some of them, different percentages of fly ash substitute the cement for achieving
the best mechanical and ecological performances [19]. A design procedure is also proposed to select
the best solution by defining the optimal replacement rate of cement with fly ash.

2. Experimental Investigation: Materials and Methods

Figure 1 illustrates the cylindrical sample subjected to uniaxial compression. It consists of a
normal-strength concrete core, with a radius r0 = 50 mm and a height H = 200 mm, confined by a
UHP-FRCC jacket of H1 = 178 mm and different thickness (ti = 25, 37.5, 50, and 75 mm). As no standard
exists to test the confinement effects, the minimum thickness of 25 mm was determined due to the
limitation of the casting procedures of the UHP-FRCC layer into a narrow gap.

Figure 1. Geometrical properties of the specimens.

According to the mix proportion that is shown in Table 1, the concrete cores have been made with
High Early Strength Portland Cement (HESP; Density: 3.14 g/cm3, Specific surface area: 4490 cm2/g
Ignition loss: 1.08%), the combination of land sand and crushed sand as fine aggregates (S), crushed
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stone as coarse aggregates (G), tap water (W), and superplasticizer (SP1; Polycarboxylate-based,
Density: 1.03 g/cm3).

Table 1. Concrete mixture used to cast the cores.

HESP
(kg/m3)

S
(kg/m3)

G
(kg/m3)

W
(kg/m3)

SP1

(kg/m3)

300.3 836 900.3 171.7 1.7

The UHP-FRCCs used herein are made by the following materials [3,13,14]:

• Low Heat Portland Cement (LHC; Density: 3.24 g/cm3, Specific surface area: 3640 cm2/g, C2S:
57%, C3A: 3%, MgO: 0.6%, SO3: 2.78%, Ignition loss: 0.72%)

• Undensified Silica Fume (SF; Density: 2.20 g/cm3, Bulk density: 0.20–0.35 g/cm3, Coarse particles
>45 μm: less than 1.5, SiO2: more than 90%, Ignition loss: less than 3.0%)

• Fly Ash (FA; Density: 2.31 g/cm3, Specific surface area: 4050 cm2/g, Coarse particles >45 μm: 5%,
SiO2: 54.8%, Ignition loss: 1.2%)

• Silica sand (Ss; Density: 2.60 g/cm3, Average particle size: 0.212 mm, SiO2: 98.49%, Al2O3: 0.49%)
• Wollastonite mineral fibers (Wo; CaSiO3, Density: 2.60 g/cm3, Length: 50–2000 μm, Aspect ratio:

3–20, SiO2: 49.71%, CaO: 45.87%, Ignition loss: 1.94%)
• Specific superplasticizer (SP2; Polycarboxylate-based, Density: 1.05 g/cm3, Solid part: 30%)
• De-foaming Agent (DA; Density: 1.05 g/cm3)
• Steel micro-fibers (OL—1% in volume), with a length of 6 mm (see Figure 2a)
• Steel macro-fibers (HDR—1.5% in volume), with a length of 30 mm (see Figure 2b)

(a) (b) 

Figure 2. Steel Micro-fibers OL (a) and steel Macro-Fibers HDR (b) used to reinforce the Ultra-High
Performance Fibre-Reinforced Cementitious Composites (UHP-FRCC) layers.

Following the material substitution strategy, four mixtures have been tailored for the UHP-FRCC
jackets, modifying only the percentage of cement and fly ash. Table 2 shows the mix proportion of
the four series of UHP-FRCC (FA0, FA20, FA50, and FA70), with, respectively, 0%, 20%, 50%, and
70% of cement replaced by fly ash. In this Table, the components of each series are reported as a
percentage with respect to the weight of the binder, whereas Table 3 shows the mix proportion of
UHP-FRCC jackets in kg/m3. In each series, the water-binder ratio is constant and equal to 0.16, because
it guarantees a good balance between the flowability properties and the strength of the hardened
concrete, according to the authors’ previous study [3]. Note that SP2 contains 30% of the solid part,
which is taken into account to calculate the water-binder ratio. The flow table tests were performed
in accordance with the Japanese Standard JIS R 5201 [20], which complies with ASTM C 1437 [21].

225



Materials 2019, 12, 4010

In particular, for FA0, FA20, FA50, and FA70, a diameter of 190 mm, 260 mm, 290 mm, and 250 mm,
was, respectively, measured in the tests. Having these consistencies, all of the UHP-FRCs were cast
and compacted in the jacket mould without any segregation.

Ten days after casting the concrete cores (which simulate herein an existing column), the UHP-FRCC
jackets are cast around using paper cylinders with a height of 178 mm as a disposable formwork, as the
proposed jacket has to be applied to existing structures.

Table 2. Mix proportion of the UHP-FRCC (in weight %) referred to the binder (B).

Series
Binder (B)

Ss/B Wo/B W/B SP2/B DA/B
LH C/B FA/B SF/B

FA0 82 18 35 13 14.5 2.2 0.02
FA20 65.6 16.4 18 35 13 14.3 2.6 0.02
FA50 41 41 18 35 13 14.3 2.6 0.02
FA70 24.6 57.4 18 35 13 14.3 2.6 0.02

Table 3. Mix proportion of UHP-FRCC jackets in kg/m3.

Series
LHC

(kg/m3)
FA

(kg/m3)
SF

(kg/m3)
Ss

(kg/m3)
Wo

(kg/m3)
W

(kg/m3)
SP2

(kg/m3)
DA

(kg/m3)

FA0 1217.52 267.26 519.67 193.02 214.70 32.67 0.30
FA20 939.24 234.81 257.72 501.12 186.13 204.74 37.23 0.29
FA50 558.33 558.33 245.12 476.63 177.03 194.74 35.41 0.27
FA70 324.43 757.00 237.39 461.59 171.45 188.59 34.29 0.26

Subsequently, the paper formworks were removed two days later and the specimens were
subjected to steam curing for the following 48 h. In this way, the hydration process of the binder was
accelerated, especially in the UHP-FRCC jackets containing large amounts of fly ash. As depicted in
Figure 3, the temperature was slowly increased at a rate of 15 ◦C per hour up to 90 ◦C to avoid any
crack generation produced by the thermal gradient. Uniaxial compression tests are performed after
28 days from the concrete core casting. A universal testing machine (UTM) with a maximum capacity
of 1000 kN is used to apply the compressive load by moving the displacement of the stroke (of the
loading cell) at a constant velocity of less than 0.3 mm/min. external strain gauges and embedded
strain gauges were used to measure the strain during the tests.

Figure 3. The preparation of the specimens.

Four strain gauges are applied on the jacket’s surface: two in the vertical direction and two in the
horizontal direction. The vertical gauges measure the strain along the longitudinal axis, while those
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horizontally oriented gauges measure the swelling of the specimen. Embedded strain gauges were
installed inside in the middle of the moulds before casting the concrete cores to record the vertical
strain of the concrete core during the compression test.

As shown in Table 4, for some of the thickness of the jacket, three samples are tested for each
mixture. In addition, for each series, one concrete core with no reinforcement is tested to estimate the
mechanical properties without UHP-FRCC jackets.

Table 4. List of specimens tested in uniaxial compression.

Series
Thickness of the UHP-FRCC Jacket

25 (mm) 37.5 (mm) 50 (mm) 75 (mm)

FA0 3 specimens 3 specimens
FA20 3 specimens 3 specimens 3 specimens 3 specimens
FA50 3 specimens 3 specimens
FA70 3 specimens 3 specimens 3 specimens

3. Results

3.1. Mechanical Performances

Table 5 shows the mechanical properties of the UHP-FRCC used in the jackets. The compressive
strength and the elastic modulus both do not change with age because of the acceleration of hydration
due to the steam curing. Table 5 summarizes the results of the uniaxial compression tests on the
jacketed specimens. In this table, the average values of the maximum load (Pmax)—and of the
compressive strength (σmax) as well, the Young Modulus (Ecm) and the Poisson’s Ratio (ν) of the
composite specimens are reported. Ecm and ν were both calculated at one-third of the maximum load,
according to the Japanese Standard JIS A 1149 [22], which complies with ISO 6784 [23]. In Table 6,
the strength is also normalized with respect to the strength of the unconfined concrete cylinders (i.e.,
fc_CORE). Ecm increased with the thickness of the jacket due to the confined effect. In the same manner,
ν decreased as the jacket thickness increased. The tests on the specimen that is shown in Figure 1 were
performed until the failure, which is generally produced by the formation of a large tensile crack in the
UHP-FRCC jacket (see the right edge photo of Figure 3). During the first stage of loading, the jacked
was uncracked and a linear relationship between the stress (calculated by dividing the load by the
cross-sectional area of the core concrete) and the strain can be observed (see Figure 4). When the first
crack appeared in the jacket, the slope of this relationship drastically reduces in all of the specimens.
This is due to the fact that multiple fine cracks, having a width lower than 0.1 mm, formed in the jacket.
Despite the growing number of cracks, the stress continuously increased up to peak, where the tensile
strains localised in a single crack of the jacket and the failure occurred.

Table 5. The compressive strength and Young’s modulus of UHP-FRCC used in the jackets.

Series Age Compressive Strength (MPa) Young’ Modulus (GPa)

FA0
1 week 193.8 46.34
4 weeks 197.93 45.90

FA20
1 week 193.31 43.39
4 weeks 179.65 43.38

FA50
1 week 146.97 36.20
4 weeks 154.55 37.66

FA70
1 week 121.50 33.40
4 weeks 121.98 34.12
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Table 6. The average values of the parameters measured in the uniaxial compression tests.

Series Jacket (mm) Pmax (kN) σmax (MPa) σ/fc_CORE Ecm (MPa) ν

FA0
25 481.47 61.30 1.32 37.90 0.120
50 595.93 75.88 1.63 40.40 0.104

FA20

25 463.86 59.06 1.27 37.48 0.179
37.5 499.80 63.64 1.37 38.30 0.157
50 515.27 65.61 1.41 38.67 0.125
75 663.53 84.48 1.82 41.70 0.121

FA50
25 415.40 52.89 1.14 36.25 0.195
50 541.00 68.88 1.48 39.23 0.162

FA70
25 396.07 50.43 1.08 35.74 0.216

37.5 418.40 53.27 1.15 36.66 0.168
50 516.60 65.78 1.41 38.70 0.123

Unconfined cylinders 356.37 46.52 1

Figure 4. Stress-strain curves of the jacketed cylinders: (a) behaviour of different UHP-FRCC jackets
having a constant of thickness ti = 25 mm; (b) behaviour of the same UHP-FRCC jacket (FA20) having
different thickness.

The composition of the UHP-FRCC binder considerably influences the mechanical performance
of the column. In particular, the effect of the substitution strategy on the mechanical properties is
evident in Figure 4a, which reports the stress-strain curves of the concrete cylinders that were confined
with a jacket of 25 mm, but with 0%, 20%, 50%, and 70% of cement being replaced by fly ash. The
results that were obtained in the case of the FA20 mixture (σmax = 59.06 MPa) are close to those that
were achieved from the FA0 mixture (σmax = 61.30 MPa). This is the same tendency of the results of
UHP-FRCC material itself, as shown in Table 5. In other words, the replacement of 20% in weight of
cement content is paid with a loss of 4% of the maximum compressive strength. When considering the
cylinder confined with a jacked of FA0 and ti = 25 mm as a reference, the decrement of the compressive
strength is about 14% and 18% when 50% and 70% of cement is replaced by fly ash, respectively.

On the other hand, Figure 4b reports the average stress-strain curves of the cylinders that were
reinforced with the same type of jacket (FA20), but of different thickness (i.e., 25, 50, 37.5, and 70 mm).
In this case, the strength increases with the thickness of the reinforcing UHP-FRCC layer.
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For each UHP-FRCC series, Figure 5a shows the relationship between the thickness of the jacket
and the strength of the reinforced cylinders. In all of the cases, the following linear relationship can be
used to predict the compressive strength:

σmax = s·ti + fc_CORE (1)

where s = slope of the linear relationship. The coefficient s can be separately computed for each series,
as shown in Figure 5b, and the values can be plotted as a function of the replacement rate of cement
with fly ash (see Figure 6). The slope gradually reduces as the percentage of substitution of cement
increases (Csub). Thus, the following linear correlation can be introduced:

s = −0.004·Csub + 0.584 (2)

where s is measured in MPa/mm.

Figure 5. Compressive strength vs. thickness of jacket in the four ultra high performance fiber
reinforced concrete (UHP-FRC) series investigated herein: (a) results from the tests; and, (b) the trend
lines of the experimental data.

Figure 6. Formula for predicting the slope of the linear approximation of Equation (1).
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3.2. Ecological Performances

The parameter considered evaluating the ecological performances is the amount of CO2 related to
the production of 1 m3 of UHP-FRCC. The amount of CO2 emitted per unit volume of each mixture is
calculated in accordance with the inventory analysis [24] while using the values that were provided by
the Japan Concrete Institute (JCI) [25], which listed the main materials used in cementitious composites
and the relative carbon footprint. Such values are reported in Table 7 in terms of kg of CO2 released in
the atmosphere for the production of one-ton of material.

Table 7. CO2 emissions of UHP-FRCC components [25].

Components kg of CO2/t

LHC 769
FA 29

Sand 4.9
Water 34.8

SP 150
Fibers 1320

Figure 7 compares the environmental impacts of the various jackets, which were obtained by
multiplying the values reported in Table 7 and the mass of materials used to cast the four series of
UHP-FRCC. For the sake of completeness, Figure 7 also shows the values of some specimens that has
not been tested. In this Figure, when the amount of cement replaced with fly ash is quite high (>50%),
the environmental impact is considerably reduced with respect to FA0 (it is halved for FA70). Moreover,
it can be noticed that a reduced environmental impact is attained by decreasing the thickness of the
jacket and, in parallel, by increasing the percentage of fly ash in the mixture. Here, the CO2 emission
due to the steam curing is not taken into account, because all of the series were subjected to the same
procedures and, subsequently, a comparative analysis among all of the specimens is performed.

Figure 7. The ecological performances of the UHP-FRCC jackets used to reinforce concrete cores.

3.3. Eco-Mechanical Analysis and Design Procedure

By means of the approach that was proposed by Fantilli and Chiaia [19], ecological and mechanical
analyses can be combined to define the best material. Compressive strength (σmax) is considered as the
functional unit, herein called the mechanical index (MI), whereas the ecological impact is evaluated
through the carbon footprint (ecological index—EI). The reference values MIinf (i.e., the minimum
mechanical performance) and EIsup (i.e., the maximum impact) are those of the concrete cylinder
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reinforced with the UHP-FRCC jacket without the substitution of cement with fly ash (i.e., FA0) and
with a thickness ti = 25 mm.

Figure 8 shows the non-dimensional chart that was used to perform the comparative analysis
among the concrete specimens reinforced with the UHP-FRCC layer. In this diagram, the ratios
MI/MIinf and EIsup/EI are the abscissa and the ordinate, respectively. In other words, the following
formula are used to define the non-dimensional axes in Figure 8:

MI
MIinf

=
σmax

σmax o f FA0 with ti = 25 mm
(3)

EIsup

EI
=

kg CO2 o f FA0 with ti = 25 mm
kg CO2

(4)

Most of the experimental results fall in Zone 2, where the mechanical performances are increased
at the expense of an environmental impact higher than that of FA0 with ti = 25 mm (for which MI/MIinf

= EIsup/EI = 1).

Figure 8. Eco-Mechanical analysis of the UHP-FRCC jackets [19].

However, a group of experimental values falls within Zone 4, which shows ecological performances
greater than those shown by the reference specimen, but lower mechanical performances. Although
none of the test results fall within Zone 3, where the ecological and mechanical performances are
both improved, an area of the possible best solutions can be defined in Figure 8. More precisely, the
UHP-FRCC jackets with a thickness between 37.5–50 mm and made with FA70 series, and those of
the FA50 series with thickness being included in the range 25–50 mm (see the dashed lines), might
perform better than the reference cylinders (i.e., part of the dashed lines falls within Zone 3). The same
is also valid for some thickness (within the range 25~37.5 mm) of the series FA20, as evidenced by the
dashed line that is reported in Figure 8.

Nevertheless, Equations (1) and (2) can be used to relate the compressive stress, the thickness of
the jacket, and the type of fiber-reinforced concrete to design the exact UHP-FRCC layer. In particular,
the design procedure that is shown in Figure 9 can be introduced with the aim of increasing the strength
of the UHP-FRCC jacketing system, and reducing the CO2 emissions as well.
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Figure 9. The design procedure used to optimize the UHP-FRCC jacket of the concrete columns.

As a result, Figure 10 shows the curves that relate the CO2 emissions with the percentage of
cement replaced by fly ash for three values of the compressive strength σmax (i.e., 55, 65, and 75 MPa).
For each load carrying capacity, four thicknesses of the jackets have been obtained referring to the
mixtures FA0, FA20, FA50, and FA70.

Figure 10. The ecological impact of UHP-FRCC jackets made with different mixtures (having
different σmax).

232



Materials 2019, 12, 4010

If σmax ≤ 55 MPa is required, the CO2 emission does not change with the thickness or the
percentage of cement replacement with fly ash. Conversely, as the required strength increases, the
corresponding CO2 emission has a minimum in correspondence of a specific thickness. For instance,
the optimal replacement of cement with fly ash to achieve a compressive stress of 75 MPa is 50%
and the corresponding thickness is 67 mm. In the three curves that are shown in Figure 10, the best
substation rate is at 50%, as obtained by Fantilli et al. [26] in the reinforced concrete beam. Indeed, for
lower substitution rates, thickness reduces, but the CO2 emissions are higher.

When the substitution strategy is forced to higher percentages, the same mechanical performances
can only be obtained through solutions with a high environmental impact, as the thickness of the
jacket increases. In other words, the UHP-FRCC jacket with a low fly ash content shows mechanical
performances that are not compensated by the environmental impact. In the same way, the jacketing
system is so thick to produce a large environmental impact for large substitutions of cement.

4. Conclusions

According to the results of the tests previously described, the following conclusions are drawn:

• A linear relationship between the thickness of the jacket and the compressive strength of concrete
columns has been found. By means of this relationship, the thickness of the UHP-FRCC jacket
might be adjusted to achieve the desired mechanical performances.

• The strength of the confined column linearly decreases as the substitution of cement with fly ash
increased in the UHP-FRCC jacket.

• Through the eco-mechanical analysis, it is possible to demonstrate that the partial replacement
of cement with fly ash, combined with a suitable thickness of the jacket, might simultaneously
guarantee the best mechanical and ecological performances.

• A design procedure has been introduced to optimise the UHP-FRCC jacketing system and reduce
the environmental impact as well. Particularly, for a given strength of the column, the impact of
the UHP-FRCC jacket has a minimum in correspondence of a substitution rate of cement with fly
ash that is close to 50%.
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Abstract: This paper presents a study of parameters affecting the fibre pull out capacity and
strain-hardening behaviour of fibre-reinforced alkali-activated cement composite (AAC). Fly ash
is a common aluminosilicate source in AAC and was used in this study to create fly ash based
AAC. Based on a numerical study using Taguchi’s design of experiment (DOE) approach, the effect
of parameters on the fibre pull out capacity was identified. The fibre pull out force between the
AAC matrix and the fibre depends greatly on the fibre diameter and embedded length. The fibre
pull out test was conducted on alkali-activated cement with a capacity in a range of 0.8 to 1.0 MPa.
The strain-hardening behaviour of alkali-activated cement was determined based on its compressive
and flexural strengths. While achieving the strain-hardening behaviour of the AAC composite,
the compressive strength decreases, and fine materials in the composite contribute to decreasing in
the flexural strength and strain capacity. The composite critical energy release rate in AAC matrix
was determined to be approximately 0.01 kJ/m2 based on a nanoindentation approach. The results
of the flexural performance indicate that the critical energy release rate of alkali-activated cement
matrix should be less than 0.01 kJ/m2 to achieve the strain-hardening behaviour.

Keywords: fibre reinforced; alkali-activated; strain hardening

1. Introduction

Alkali-activated cement (AAC) is a potential cementitious system to be introduced as an
alternative cement [1,2]. AAC-based concrete exhibits a variety of advantageous properties and
characteristics, such as high strength, low shrinkage, fast setting time, good acid and fire resistance,
and low thermal conductivity. A highly concentrated alkali hydroxide solution or silicate solution that
reacts with solid aluminosilicate produces synthetic alkali aluminosilicate materials [2]. These materials
are classified as polymers because their structures are large molecules formed by number of group of
smaller molecule [3]. The form of one such polymer is the product of the reaction of an alkali solution
and source materials, such as fly ash—which is rich in aluminosilicate and includes organic minerals,
such as kaolinite and inorganic material [4].

Cementitious materials, such as mortar and concrete, generally show brittle behaviour.
Historically, traditional reinforcement in concrete was in the form of continuous reinforcing bars,
which should be in an appropriate location to resist the imposed tensile and shear stresses. In a fibre
reinforced cementitious composite, fibres are discontinuous and are randomly distributed throughout
the cementitious matrix. They tend to be more closely located than conventional reinforcing bars,
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and are therefore better at controlling cracking. High performance fibre reinforced cementitious
composite (HPFRCC) is a type of material that exhibits a pseudo strain-hardening characteristic under
uniaxial tensile stress in fibre reinforced cementitious composites. The “high performance” refers to the
quality a fibre reinforced cementitious composite based on the shape of its stress–strain curve in fibre
orientations [5]. HPFRCC can be generally classified by composite mechanics, energy, and numerical
approaches. One way to define the condition to accomplish strain hardening behaviour is that
post-cracking strength of the composite is higher than its cracking strength. It is, therefore, necessary to
understand some important parameters which are related to the shape of the stress–strain relationship
of HPFRCC [6]. Several research works [7–10] reported strain-hardening behaviour of cementitious
materials; however, the performance of fibre reinforced AAC composite is still an enigma. Fly ash is a
common aluminosilicate source in AAC; therefore, in this research, an investigation was carried out on
the affects of fibre contents in alkali-activated fly ash cement (AAFA) composites. The experimental
works were to determine fibre interfacial strength in AAFA matrices, and the numerical analysis
approach using Taguchi’s DOE method was to determine the effect of the parameters on AAFA matrix.
Furthermore, the compressive strength development and the strain-hardening behaviour of AAFA
composites were studied to examine the structural performance under compression and flexure.

2. Materials and Methods

Class F (low calcium) fly ash available locally in Australia was used to prepare AAFA matrices.
The summary of chemical compositions of fly ash is presented in Table 1. The specimens were cast in
25 mm cubic moulds for the compressive strength test, which was modified based on ASTM C109,
and in prismatic specimens of 160 × 40 × 40 mm for a 3-point flexural performance test according to
ASTM C78 as shown in Figure 1. The monofilament polyvinyl alcohol (PVA) fibre was used in this
research; its diameter and length are 38 μm and 8 mm, respectively. PVA fibre has high chemical bond
strength due to the hydrophilic nature and highly alkali resistant characteristic. The tensile strength
and elastic modulus of PVA fibre were reported as 1600 MPa and 40 GPa, respectively.

Figure 1. Configuration of flexural performance .

The specimens were cured for 24 h at 60 ◦C which is a common curing temperature for
AAC [3,11,12]. After that, the specimens were placed in a curing room at 23 ◦C ± 3 until testing.
The compressive strength test was conducted at 7, 14, and 28 days of curing age while the flexural
test was conducted on day 28 of curing. Each test was repeated on six samples. The selected mixing
proportion is the process of choosing suitable fibre volume fraction of AAFA mixtures, as shown in
Table 2; there were two main groups, with and without silica fume, and with varying fibre volume
fraction in AAFA mixtures. The liquid to solid ratio and the content of superplasticiser were 0.5 and
0.02%, respectively.

236



Materials 2019, 12, 4015

Table 1. Chemical composition of low calcium fly ash (wt. %).

SiO2 Al2O3 CaO Fe2O3 K2O

65.9 24.0 1.59 2.87 1.44

Table 2. Mix proportion.

Group Index Fly Ash Silica Fume PVA Fiber *

A

F1 1 - -
F2 1 - 0.5%
F3 1 - 1.0%
F4 1 - 2.0%

B

FS1 1 0.2% -
FS2 1 0.2% 0.5%
FS3 1 0.2% 1.0%
FS4 1 0.2% 2.0%

* by volume fraction.

It is important to note that interface’s properties between fibre and matrix significantly influence
the performance of a composite. The interfacial properties are also important in the fracture mechanism
and the fracture toughness of the composite. The failure process in a composite material when a crack
propagates is complex and involves matrix cracking. The bonding strength between fibre and matrix
is to be considered as a source of energy dissipation of HPFRCC. The single fibre pull out test is the
most common method to understanding the interfacial strength. Generally, the fibre pull out has three
stages during debonding [13–15], as shown in Figure 2. Each stage of a single fibre pull out test can be
expressed by:

• The first stage, S0: the fibre and matrix is bonded until reaching the maximum interfacial bond
strength τmax;

• The second stage, S0 − S1: a crack propagation could occur along the interface between the fibre
and matrix which leads to complete debonding;

• The third stage, S1 − Sre f : fibre is pulled out from the matrix and starts to slip;
• Thus, the maximum pull out force is the most important parameter of HPFRCC, which can

present maximum interfacial bond strength.

Figure 2. Idealised interface law in three stages of single fibre pull out (adopted after [16]).

A numerical study for the behaviour of single fibre pull out was carried using commercial
finite element (FE) software package ANSYS [17]. A 2-D axisymmetric model was employed for
the simulation of the single fibre pull out process. In the developed model, a PVA fibre with a
radius R f was embedded at the centre of the cylindrical matrix, and Ld was the total embedded
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length of the fibre. The bottom of the model was constrained in both radial and axial directions.
The interfacial properties were modelled using the bilinear cohesive zone model (CZM) in mode II,
which was established by fracture mechanic models, such as the interface traction and separation.
The relationship between normal critical energy Gcn and tangential critical energy Gct can be expressed
by the maximum normal contact stress σmax, the maximum tangential contact stress τmax, the complete
normal displacement δn, and the complete tangential displacement δt [17]. Figure 3 presents the model
of the FE single fibre pull out test with the fibre and matrix model which were meshed with 122,406 six
node quadrilateral elements. The model was analysed using a non-linear geometrical method with
convergent displacement control. To confirm the validity of the FE analysis of the single fibre pull
out, an analytical fibre pull out test was conducted. An interfacial friction law for the slip mechanism
between the fibre and the matrix has been investigated by several authors [16,18,19]. For an analytical
fibre pull out, a proposed model by Zhan et al. [16], which was based on the interfacial law that could
capture the major mechanism involved in various situations, was used to obtain the fibre pull out force.
The results of the analytical and the FE analyses of the single fibre pull out model were overall in good
agreement, with around 2% difference, as illustrated in Figure 4. Thus, the FE simulation can be used
for investigating the interfacial behaviour between the fibre and the AAFA matrix.

Figure 3. Configuration of single fibre pull out simulation without an inclined angle.

Figure 4. Validation of finite element (FE) model with the analytical model by Zhan et al. [16].
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Taguchi’s DOE approach with eight parameters and three levels of test variables were selected in
accordance to the literature [16,18,20–23], as shown in Table 3. The standard L27 (313) orthogonal array
was used in accordance to these parameters, and the detail of L27 orthogonal array is shown in Table 4.

Table 3. Variation parameters and levels.

Parameter Level 1 Level 2 Level 3

Elastic modulus of matrix, Em (GPa) 20 25 30
Diameter of matrix, dm (mm) 5 10 15
Poisson’s ratio of matrix νm 0.2 0.22 0.25
Elastic modulus of fibre Ef (GPa) 40 120 210
Diameter of fibre, d f (mm) 0.038 0.5 1
Fibre embedded length, Ld (mm) 4 10 12
Maximum tangential traction, τmax

t (MPa) 0.5 1 1.5
Complete tangential displacement, δt (mm) 0.1 0.25 0.4

Table 4. Standard L27 orthogonal array.

No. Em dm νm E f d f Ld τmax
t δmax

1 1 1 1 1 1 1 1 1
2 1 1 1 1 2 2 2 2
3 1 1 1 1 3 3 3 3
4 1 2 2 2 1 1 1 2
5 1 2 2 2 2 2 2 3
6 1 2 2 2 3 3 3 1
7 1 3 3 3 1 1 1 3
8 1 3 3 3 2 2 2 1
9 1 3 3 3 3 3 3 2

10 2 1 2 3 1 2 3 1
11 2 1 2 3 2 3 1 2
12 2 1 2 3 3 1 2 3
13 2 2 2 3 1 1 3 2
14 2 2 3 1 2 3 1 3
15 2 2 3 1 3 1 2 1
16 2 3 1 2 1 2 3 3
17 2 3 1 2 1 2 3 3
18 2 3 1 2 3 1 2 2
19 3 1 3 2 1 3 2 1
20 3 1 3 2 1 3 3 2
21 3 1 3 2 3 2 1 3
22 3 2 1 3 1 3 2 2
23 3 2 1 3 2 1 3 3
24 3 2 1 3 3 2 1 1
25 3 3 2 1 1 3 2 3
26 3 3 2 1 2 1 3 1
27 3 3 2 1 3 2 1 2

3. Results and Discussion

3.1. Single Fibre Pull Out

Based on the Taguchi’s DOE approach, a statistical signal to noise (S/N) ratio analysis was
performed to determine the effect of these parameters on the maximum fibre pull out force Pmax,
as illustrated in Table 5 and Figure 5. The S/N ratio shows that the diameter of the fibre has the most
effect on the fibre pull out force. The elastic modulus of the fibre and the matrix has a minor effect on
the pull out force. A further analysis of the single fibre pull out behaviour was done using analysis of
variance (ANOVA) and the results indicate that the contribution of the fibre diameter on pull out force
is 44.69% of the total contribution factors. The overall results are presented in Table 6. It can be observed
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that increasing the elastic modulus of the matrix, the diameter of the fibre, the tangential traction, and
the embedded length of the fibre results in increasing the pull out force. The contributions of the elastic
modulus of the matrix, the tangential traction and the embedded length of the fibre on the pull out
force are 14.48%, 8.92%, and 9.47%, respectively. At the same time, increasing the Poisson’s ratio results
in decreasing in the pull out force but the contribution is minor. The contributions of the diameter of
the fibre, Poison’s ratio, the elastic modulus of matrix, and complete tangential displacement on the
pull out force are fairly similar at about 2.5%.

Table 5. Numerical studies of single fibre pull out with Taguchi’s DOE.

No. Pmax (N) No. Pmax (N) No. Pmax (N)

1 0.23 10 1.27 19 1.43
2 15.51 11 9.42 20 9.41
3 56.09 12 15.71 21 12.57
4 0.24 13 1.09 22 1.67
5 15.67 14 9.41 23 9.41
6 55.95 15 15.59 24 12.56
7 0.24 16 1.36 25 1.51
8 15.61 17 9.40 26 9.19
9 14.61 18 15.69 27 12.56

Figure 5. Signal to noise ratio of single fibre pull out.

Table 6. Analysis of Variance of fibre pull out force.

Source DF a SS b MS c Contribution %

Em 2 737.6 368.8 14.48
dm 2 127.2 63.6 2.50
νm 2 129.3 64.7 2.54
Ef 2 124.0 61.9 2.43
d f 2 2276.5 1138.3 44.69
Ld 2 454.4 227.2 8.92

τmax
t 2 482.5 241.2 9.47

δmax 2 126.7 63.4 2.49

Error 10 653.8 63.6 12.48
a degree of freedom; b sum of squares; c mean of squares.

240



Materials 2019, 12, 4015

The failure process in a composite material when a crack propagates is complex and involves
matrix cracking. The bonding strength between fibre and matrix is to be considered as a source of
energy dissipation. Thus, a single fibre pull out test of PVA fibre conducted with AAFA paste matrix
(l/s = 0.6) was also conducted with OPC paste matrix (w/c = 0.3) to compare the interfacial bonding
strength between AAFA and OPC matrices. The embedded length (Ld) of the fibre was around 4 mm
which is half of the total length of the fibre, and the diameter of fibre (d f ) was 38 μm. Assuming
uniform bonding, the maximum interfacial bonding stre. The results of the single fibre pull out test of
AAFA and OPC matrices show that the pull out force is similar. A comparison of the maximum pull out
force between the numerical and experimental results are presented in Table 7. The input parameters
such as elastic modulus and Poisson’s ratio of the FE model were adopted from the authors’ previous
work [24]. The comparison of the maximum pull out force between the numerical and experimental
results are in good agreement, thus, validating the numerical analysis of the single fibre pull out with
Taguchi’s DOE.

Table 7. Maximum pull out force in the finite element and the experimental results.

Matrix FEM Experimental Ratio

OPC 0.482 0.480 1.001
AAFA 0.530 0.530 1.000

3.2. Compressive Strength

Figure 6 shows the average compressive strength development from 7 to 28 days of curing
age in each composite. It can be seen that the compressive strength of AAFA composite generally
decreases with increasing fibre volume fraction ratio. Also, it was observed that the compressive
strength development was not significantly increased by the fibre volume fraction ratio in F2 mixture,
which exhibited a high rate of compressive strength development between 7 to 14 days of curing ages.
The test results indicate that the compressive strength development is not significantly affected by the
fibre volume fraction ratio.

The behaviour and the ultimate compressive failure mode of AAFA composites are shown in
Figure 7. It is known that PVA fibre matrix can exhibit ductile behaviour after reaching its compressive
strength because of the transverse confinement effect of the PVA fibre, while normal AAFA mixtures
without PVA fibre (F1 and FS1 mixtures) present a significant decrease in stress after reaching their
ultimate compressive strength. However, OPC composites (w/c = 0.4) have more ductile behaviour
after reaching their ultimate compressive strength than that of AAFA composites, as shown in Figure 7.
It can also be seen that the post-peak behaviour depends on the fibre content; those mixes with the
same fibre content show similar post-peak behaviour. It can be seen that the compressive strain is not
significantly affected by the fibre volume fraction ratio. Further, the compressive strain corresponding
to the compressive strength is not meaningfully affected. However, the compressive strength generally
decreases with increasing fibre volume fraction ratio and the content of the added silica fume in AAFA
composites led to lower compressive strength. In a previous research study [24], it was observed that
silica fume in AAFA matrix contributed to a significant decrease in the compressive strength due to a
decrease in the cohesion of the reaction products.

3.3. Flexural Performance

The flexural behaviour of composites will exhibit deflection-hardening, or softening behaviour
after, first, cracking. The first cracking point of the composite is defined as limit of proportionality
(LOP), and the maximum equivalent flexural strength point of the composite is defined as modulus
of rupture (MOR) [25]. The flexural behaviours of AAFA composites are shown in Figures 8 and 9.
The flexural performance of F1 mixture shows a typical form of deflection-softening behaviour;
F2 mixture shows quasi-deflection-softening behaviour; and F4 mixture shows deflection-hardening
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behaviour. However, for F3 mixture, some of the specimens had complex behaviours, which were
deflection-hardening and quasi-deflection-softening behaviours. The maximum loading capacity of F4
mixture was observed to be about 74% greater than that of other mixtures, and the deflection capacity of
F4 mixtures was also observed to be greater than that of F1, F2, and F3 mixtures. Similarly, the flexural
performance of FS1, FS2, and FS3 mixtures showed typical deflection-softening behaviours, while F4
mixture presented deflection-hardening behaviour. The maximum loading and deflection capacity of
F4 mixture were found to be around 65% and 85% greater than the maximum loading and the deflection
capacities, respectively, of other mixtures. As the volume fraction ratio of fibre in the AAFA composite
increased from 0% to 2.0%, the effects of the fibre volume fraction ratio on the deflection capacities of
different mixtures of AAFA composites were plotted in Figure 10. There results show an increasing
trend of the deflection capacity at LOP as the linear relationship, and an increasing trend of the
deflection capacity at MOR, as the exponential relationship. The improvement of deflection at MOR in
Group A was observed to have much higher deflection capacity than that of Group B. Li et al. [6,22,26]
reported that adding fine aggregates in OPC composite could improve the pseudo-strain hardening
behaviour. In AAFA composite, however, adding fine aggregates (SF) in this case does not improve
the flexural deflection and strength capacity. The flexural behaviour of AAFA composite with SF as
added fine aggregates shows a decrease in the flexural strength and no improvement in the flexural
deflection and strain capacity.

Figure 6. Compressive strength developments of Group A (top) and Group B (bottom).
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Figure 7. Compressive stress–strain curves of Group A (top) and Group B (bottom).
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Figure 8. Flexural behaviour of Group A.

Figure 9. Flexural behaviour of Group B.
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Figure 10. Effect of fibre volume fraction on deflection at limit of proportionality (LOP) (top) and
modulus of rupture (MOR) (bottom).

According to the literature [5,27,28], the tensile and compressive behaviour of a composite material
strongly influence the flexural performance. Also, the strain-hardening behaviour in tension leads to a
deflection-hardening behaviour when the flexural behaviour of the composites is strongly associated
with its tensile characteristic [29]. Thus, the results of the flexural performance obtained in this research
could be related with the tensile behaviour of AAFA composites. Based on the theoretical discussions by
several researchers [5–7,9,22,26,30], the critical energy release rate Gc and the interfacial bond strength
τ of the composites are important parameters to be considered in a design of the composite’s matrix to
achieve the strain-hardening behaviour of the composite. In addition, the matrix properties, such as
elastic modulus and fracture toughness, which are linked to the composite’s critical energy release rate
Gc, are affected by several parameters [7,22]. Using nanoindentation data, the composite critical energy
release rate Gc of AAFA matrix was found to be 0.010 kJ/m2. Based on the fracture toughness and the
elastic modulus of AAFA matrix [24], the interfacial bond strength of AAFA composite was plotted
against the critical fibre volume fraction ratio and the corresponding strain-hardening behaviour
with the snubbing coefficient f , which is in term of the inclining angle between fibre and matrix,
as illustrated in Figure 11. It can be seen that with 2.0% of the fibre volume fraction ratio in the AAFA
composites, F4 and FS4 mixtures are in the region of strain-hardening, whereas, with less than 0.5%
of the fibre volume fraction ratio, F2 and FS2 are not in the region of strain-hardening. It can also be
noticed that with 1.0% of the fibre volume fraction ratio, F3 and FS3 mixtures are partly in the region
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of strain-hardening with other parts falling in the region of strain-hardening. This is consistent with F3
mixture, which shows a combination of strain-hardening and quasi-strain-hardening behaviour.

Figure 11. Critical volume fraction against interfacial bond strength.

4. Conclusions

The experimental and theoretical studies of parameters affecting the fibre pull out capacity and the
strain-hardening behaviour of AAFA composites have been presented. Based on the results obtained
in this research, the following conclusion can be drawn:

• The interfacial bond strength between the fibre and the AAFA matrix was determined to be in
a range of 0.8 to 1.0 MPa. A numerical analysis coupled with a statistical analysis tool shows
that an increase in the fibre diameter and embedded length would increase the interfacial bond
strength.

• The strain corresponding to the compressive strength is not significantly affected by the fibre
volume fraction ratio. However, while achieving the strain-hardening behaviour of the AAFA
composites, the compressive strength decreased. In addition, using silica fume as a fine material
in AAFA composite is not suitable as it decreases the flexural strength and strain capacity of
the composite.

• The critical energy release rate Gc of AAFA matrix determined from the indentation fracture
toughness was approximately 0.01 kJ/m2. The results of the flexural behaviour showed the
relationship between the strain-hardening behaviour of AAFA composite and the indentation Gc.

• For a mix design of AAFA matrix, it is recommended that Gc should be less than 0.01 kJ/m2.
It is theoretically impossible to achieve the strain-hardening behaviour when Gc is more than
0.015 kJ/m2.
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Abstract: This paper presents the experimental results on the behavior of fly ash geopolymer concrete
incorporating bamboo ash on the desired temperature (200 ◦C to 800 ◦C). Different amounts of
bamboo ash were investigated and fly ash geopolymer concrete was considered as the control sample.
The geopolymer was synthesized with sodium hydroxide and sodium silicate solutions. Ultrasonic
pulse velocity, weight loss, and residual compressive strength were determined, and all samples
were tested with two different cooling approaches i.e., an air-cooling (AC) and water-cooling (WC)
regime. Results from these tests show that with the addition of 5% bamboo ash in fly ash, geopolymer
exhibited a 5 MPa (53%) and 5.65 MPa (66%) improvement in residual strength, as well as 940 m/s
(76%) and 727 m/s (53%) greater ultrasonic pulse velocity in AC and WC, respectively, at 800 ◦C when
compared with control samples. Thus, bamboo ash can be one of the alternatives to geopolymer
concrete when it faces exposure to high temperatures.

Keywords: fly ash; bamboo ash; supplementary materials; geopolymer concrete; elevated temperature

1. Introduction

Production of Portland cement consumes energy and releases a massive volume of carbon dioxide
(CO2) into the atmosphere but is still considered as a conventional binder owing to its excellent
performance in most civil engineering applications [1]. In addition, in some instances, the production of
the concrete with Portland cement is less durable in an aggressive environment and at high temperature
conditions [2]. However, it was observed that the geopolymer has become a problem solver to all
these issues [3]. High demand for conventional concrete, which is known as environmentally friendly
concrete, can also solve landfill problems by leading to recycling and reusing waste material. These
problems can be eliminated by utilizing the industrial waste products in construction purposes. Using
waste products as a cementitious material in geopolymer concrete would also maximize its recycling
potential throughout the industrial sector.

Geopolymer is an inorganic composite which is produced by synthesizing pozzolanic materials
under highly alkaline hydroxide and/or alkaline silicate [4]. Apart from that, the geopolymer concrete
has superb resistance to chemical attack and exhibits great ability against aggressive environments
with a high amount of CO2, high content of sulfate, and acid resistance [5]. A previous study by Wallah
and Rangan [6] concluded that geopolymer concrete revealed small changes in the length and few
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increases in mass after one-year of exposure to sulfate solution. Bakharev [7] has studied the properties
of concrete in different concentrations of sulfate solution with different type of activators and found
that the properties of the concrete depended on the quality of materials and activators.

Geopolymer concrete can be used in various kinds of applications including as a fire resistant,
sealants, concretes, ceramics, etc. It was reported that geopolymer concrete can withstand high
temperature exposure [8,9]. Therefore, geopolymer concrete may possess a superior fire resistance
compared to conventional concrete i.e., Ordinary Portland Cement (OPC).

Interest in using fly ash as a sustainable material in geopolymer concrete has increased since
2000 [10]. Hardjito and Rangan [11] have investigated the effects of alkaline parameters, water content,
and curing conditions in their research. In Malaysia, some researchers focused on geopolymer concrete
as well [12,13]. As a result, geopolymers have become prominent among researchers due to its
environmentally friendly and high performance characteristics.

Agriculture waste is a serious environmental problem in many countries. This waste is being
mainly produced from gardens and rice fields. The majority of previous research involving agriculture
waste involved Palm Oil Fuel Ash (POFA) [14–16] and Rice Husk Ash (RHA) [17–19] as binders. Navid
Ranjbar et al., [20] have conducted an experiment regarding the performance of POFA and fly ash
(FA) based geopolymer mortar exposed to elevated temperatures. It was concluded by them that all
FA/POFA based geopolymers gained strength when exposed to temperatures up to 500 ◦C. However,
by increasing FA content in samples, they produced higher compressive strength at 300 ◦C, while on
the other hand increasing POFA content delays attaining maximum strength. They have also suggested
that when the temperature was increased above 500 ◦C, all samples lost their strength. Besides this,
a study was conducted which focused on the effect of pretreatment of FA and POFA on mechanical
properties after the geopolymerization process [21]. It was shown that when FA is heated up to 800 ◦C,
sintering of the particles was observed which led to a deformation and reactivation, thus leading to a
reduction in the setting time and increased early compressive strength.

Interest in bamboo for construction has grown continuously as the focus shifts towards reducing
the environment impact and embodied energy of the built environment. For developing countries,
bamboo is considered as an ideal crop for rural development. Bamboo production and utilization are
considered relevant to many in the UN for sustainable development goals. Naturally, the bamboo is
found in cylindrical pole or culm. Bamboo is also part of the grass family. There are over 1200 species
of bamboo all over the world, with structural species varying by locations. The different species can
be categorized into three types of root systems: sympodial (clumping), monopodial (running), and
amphipodial (clumping and running). According to the Food and Agriculture Organization of the
United Nations (UNFAO), a total of 72% of land area in Malaysia is filled with forests. Bamboo is an
easy plant to grow. Tropical rainforest areas found in Malaysia provide ideal growing conditions for
the bamboo plant. The production of bamboo charcoal has increased and its applications especially in
healthcare, cooking, water purification, and gardening have grown significantly [22]. Consequently,
bamboo ash is the waste from the production of bamboo charcoal. Although rich in silica, the poor
performance of bamboo ash is owing to the presence of silicate material. Due to the absence of alumina,
it is attractive in combination with other materials which are rich in alumina i.e., fly ash. Commonly
found in Malaysia and Indonesia, bamboo plant has been used as a fire protection material [23,24].
Bamboo is fire resistant even at higher temperatures, thus, it can be used in the construction industry.

There is lack of research on the use of bamboo ash in the construction industry. Therefore,
in present study, we have experimentally investigated the properties and performance of fly ash
geopolymer concrete incorporating with bamboo ash under elevated temperature. In addition, there is
no previous study that has used bamboo ash as a construction material. This investigation includes the
effect of physical appearances, compressive strength, weight loss, and ultrasonic pulse velocity loss
after the desired exposure.
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2. Experimentation

2.1. Materials

2.1.1. Binder

In this study, fly ash (FA) as low calcium fly ash (class F) and bamboo ash was used. The chemical
composition and particle size analysis for both materials will be discussed in the results and
discussion section.

Fly ash was obtained from Tanjung Bin, Johor, Malaysia. The bamboo ash (BA) was obtained
from Lanchang, Pahang, Malaysia. First, collected bamboo ash was dried in the oven for 24 hours at
110 ◦C (± 5 ◦C) to ensure that there was no moisture available. Then, the bamboo ash was ground in
an abrasion test machine for 6 hours to improve the fineness of the ash. Then, the bamboo ash was
sieved through a 45 μm sieve in order to remove bigger size of ash particle and impurities. Only the
fine bamboo ash passing through the sieve were collected following the standard size of Portland
cement used in the mixing. The specific gravity of FA and BA was 2.20 and 2.05, respectively.

2.1.2. Aggregates

The standards used to determine the properties of aggregates are ASTM C127 [25], ASTM
C128-15 [26], ASTM C29 [27], and BS EN 933-1:2012 [28]. ASTM C127 was used to determine the
specific gravity and water absorption of coarse aggregate. ASTM C128 was used to obtain specific
gravity and water absorption of fine aggregate. Apart from that, ASTM C29 was conducted to
acquire the bulk density of both aggregates and BS EN 933-1:2012 [28] was used to check the grading
requirement of the aggregates.

In this research, crushed granite with nominal size of 10 mm was used as a coarse aggregate.
The specific gravity, water absorption, and bulk density of the coarse aggregate was 2.7, 0.5%, and
1551 kg/m3, respectively. River sand was used in fine aggregates and obtained from a local source
in Johor, Malaysia. Specific gravity, water absorption, and bulk density of the fine aggregate was
2.6, 0.7%, and 1650 kg/m3, respectively. To ensure the aggregates did not absorb alkaline solution
during the mixing process, saturated surface dry (SSD) conditions for both aggregates were conducted.
For this purpose, both coarse and fine aggregates were soaked separately with clean tap water. Then,
the aggregates were placed on a plastic sheet until the surface became dry.

2.1.3. Alkaline Solution

Alkali Sodium based activator purchased from QReCTM, Auckland, New Zealand was used in
this research. The alkaline solution was prepared by mixing 10 M sodium hydroxide (NaOH) with
sodium silicate (Na2SiO3). The activator to binder ratio was different starting from 0.40, 0.45, and 0.5.
Optimization of the activator to binder ratio was carried on the basis of workability results.

2.1.4. Superplasticizer

In this research, Master Glenium ACE 8589 (Master®Builders Solutions, Kuala Lumpur, Malaysia)
was used as a superplasticizer (SP). SP is a chemical admixture that was added to the concrete during
the mixing process. It is also known as a water reducer. SP provides exceptionally good early strength
development and maintains flowability for a considerable period of time. Behzad and Jay have studied
the effect of different SPs on the workability and strength of fly ash based geopolymer and they have
found that SP is effective in improving the properties of concrete, which are directly dependant on the
type of activator and the SP [29].

2.2. Mix Proportions

The preliminary mix design was optimized based on several factors. In this study, the mass ratio
of binder to aggregates and coarse to fine aggregates was set to be 1. The mass ratio for coarse to fine
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aggregates and sodium silicate to sodium hydroxide was set to be 1 and 2.5, respectively, along with
3% superplasticizer. Huseien et al. [30], have found that this ratio for binder to aggregates provided
optimum results of flowability, compressive strength, and bending stress. Besides, increased binder
content led to reducing the workability, strength of samples, and reduced initial and final setting times
of the geopolymer.

Table 1 shows the mix proportion used in this research. The mixing phase was an important part
in the production of geopolymer concrete. The mixing process and curing was carried out at 25 ± 2 ◦C.
This proportion is generally being used for ultra-high performance fiber reinforced concrete [31–35].
Huseien et al. have considered 1100 kg/m3 binder content in alkali activated mortar for durability
properties [36] and they found that this composition has increased the durability performance of mortar.
In present study, this proposed mix proportion was not acceptable, but we have tried to consume the
maximum waste utilized in the construction industry. Therefore, we have followed the Huseien et al.
mortar proportion for the present study [36]. During mixing of the proposed proportion, it was very
hard to mix the geopolymer concrete properly however, when using 3% SP it was easy to mix.

2.3. Flow Table Test

The determination for the workability of the geopolymer mortar was conducted in accordance
with ASTM C1437 [37]. The standard conical frustum with a 100 mm diameter was used. Table 2
shows the workability criteria.

Table 1. Mixed proportion of fly ash geopolymer concrete incorporated with bamboo ash.

No.
Fly Ash
(kg/m3)

Bamboo
Ash (kg/m3)

NaOH
(kg/m3)

Na2SiO3

(kg/m3)
Activator/Binder

Water
(kg/m3)

1. 1215 – 138.86 347.14

0.40

63.18
2. 1154 61(5%) 138.60 347.14 63.18
3. 1093 122(10%) 138.60 347.14 63.18
4. 1033 182(15%) 138.60 347.14 63.18
5. 972 243(20%) 138.86 347.14 63.18
6. 729 486(40%) 138.86 347.14 63.18
7. 486 729(60%) 138.86 347.14 63.18
8. 243 972(80%) 138.86 347.14 63.18
9. – 1215(100%) 138.86 347.14 63.18

Table 2. Workability criteria for geopolymer mortar.

No Flow Diameter Workability

1 Above 250 mm Very High
2 180 mm to 250 mm High
3 150 mm to 180 mm Moderate
4 150 mm to 120 mm Stiff
5 Below 120 mm Very Stiff

2.4. Compressive Strength Test

The compressive strength test measurement was carried out on a 100cm × 100cm × 100cm concrete
sample. This test was conducted according to ASTM C109-16 standard [38].

2.5. Testing Procedures

2.5.1. X-ray Fluorescence (XRF)

The chemical compositions of bamboo ash and fly ash were acquired by XRF test (Rigaku NEX
CG, Tokyo, Japan). 100 grams of both fly ash and bamboo ash was sealed safely in a plastic bag before
being tested.
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2.5.2. X-ray Diffraction (XRD)

X-ray Diffraction (XRD: Rigaku Smartlab Diffractometer) of fly ash, bamboo ash, 100% fly ash
and 5% bamboo ash + 95% fly ash geopolymer concrete after 7 days of curing were carried out from
2θ = 5–85◦ using Cu radiation (λ = 1.54182 Å) at 25 kV.

2.5.3. Particle Size Analysis (PSA)

Particle size analysis (PSA) was conducted to investigate the size distribution of the binder.
This analysis was performed by laser scattering technique (Mastersizer 3000). This test was carried
out using the wetting method where the particles were dispersed using distilled water to avoid an
agglomerated condition.

2.5.4. Scanning Electron Microscopy (SEM)

The surface morphology of both materials (bamboo ash and fly ash) as well as 100% fly ash and
5% bamboo ash+95% fly ash geopolymer concrete after 7 days of curing were conducted by scanning
electron microscopy (SEM, Jeol, Tokyo, Japan) operated at 15 kV.

2.5.5. Ultrasonic Pulse Velocity (UPV) Test

The UPV value of concrete samples was determined according to BS EN 12504-4:2004 [39] after
exposure to high temperature.

2.5.6. Fire Endurance Test

The fire endurance test was carried out in accordance with ASTM E119-12a [40] using automatic
electrical furnace (Figure 1) with 100 mm × 100 mm × 100 mm concrete. All samples were cured
for 28 days at 25 ± 2 ◦C before being subjected to high temperature. An electrically-heated furnace
designed for a maximum 1200 ◦C was used. All samples were heated for the duration of 1 hour at
200 ◦C, 400 ◦C, 600 ◦C and 800 ◦C as targeted temperature. Two different cooling approaches were
tested which were air cooling (AC) and water cooling (WC) regimes with curing conditions at 25 ◦C
and 60% relative humidity. Different cooling regimes for normal cement composite had a significant
influence on the mechanical properties of the concrete after exposure [41,42]. Before the test were
conducted, all samples were weighed to determine their initial density and initial ultrasonic pulse
velocity (UPV) value. After acquiring the temperature level, a further experiment was then carried out
to determine the UPV loss, weight loss, physical appearances, and residual compressive strength.

Figure 1. Overview of an automatic electrical furnace.
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3. Results and Discussion

3.1. Characterization of the Binder

3.1.1. X-ray Fluorescence (XRF)

The chemical composition of bamboo ash and fly ash were determined using XRF. Based on
the results shown in Table 3, the main oxides composition of bamboo ash is silica, potassium oxide,
calcium oxide, and sulfur trioxide containing 35.2%, 33.1%, 13.5%, and 8.3%, respectively. For fly
ash, most of the compounds are silica and alumina. Furthermore, silica/alumina ratio for bamboo
ash is unidentified while fly ash is around 2.0. Silica and alumina are very important for geopolymer
synthesis. A nil percentage of alumina in bamboo ash is too unrealistic for geopolymerization to
occur. The presence of high amount of calcium oxide in bamboo ash reduces the setting time of fly
ash containing geopolymer concrete. The fly ash used in the present study was considered as Class F,
revealing that the summation of silica, alumina and iron oxide is more than 88%.

Table 3. Chemical composition (%) of BA and FA.

Chemical Compounds BA FA

Silica (SiO2) 35.2 55.92
Alumina (Al2O3) – 28.8

Calcium oxide (CaO) 13.5 5.16
Potassium oxide (K2O) 33.1 0.94

Sulfur trioxide (SO3) 8.3 –
Iron oxide (Fe2O3) 1.0 3.67

Manganese oxide (MnO) 3.1 –
Phosphorus pentaoxide (P2O5) – 0.69

Titanium oxide (TiO2) – 2.04
Magnesium oxide (MgO) – 1.48

Loss of Ignition (LOI) 5.8 1.3

3.1.2. X-ray Diffraction (XRD)

XRD of both binder materials is shown in Figure 2. Fly ash shows the presence of quartz (SiO2,
JCPDS = 88-2487) and mullite (3Al2O3.2SiO2, JCPDS = 06-0259) in the XRD pattern (Figure 2a), while
bamboo ash diffraction patterns show the presence of quartz (JCPDS = 88-2487), potassium oxide (K2O,
JCPDS = 26-1327), rosenhahnite i.e., calcium hydroxide silicate (Ca3Si3O8(OH)2, JCPDS = 83-1242),
and sulfur trioxide (SO3, JCPDS = 76-0760) (Figure 2b). Potassium oxide, rosenhahnite, and sulfur
trioxide are found only in bamboo ash. This result corroborates with XRF data (Table 3). A sharp peak
at 28.28◦ indicates a mainly crystalline structure consisting of quartz, as well as potassium oxide and
rosenhahnite in bamboo ash.

(a) (b) 

θ ° θ °

Figure 2. X-ray Diffraction (XRD) of (a) fly ash and (b) bamboo ash.
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3.1.3. Particle Size Analysis

The particle size distribution of fly ash and bamboo ash was characterized by their D50 values as
shown in Figure 3. The particle of bamboo ash is in micro size where the biggest size is determined at
163 μm with a median size of 14.5 μm. Also, the biggest size of particles in fly ash is revealed to be
66.9 μm with a median size of 15 μm. It is revealed that 83% of the bamboo ash particles are smaller
than 45 μm, while almost 96% of fly ash particles have a size less than 45 μm. The specific area is found
to be 510.4 and 658.4 m2/kg for bamboo ash and fly ash particles, respectively.
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Figure 3. Particle size analysis of fly ash and bamboo ash.

3.1.4. Scanning Electron Microscopy (SEM) Analysis

Figure 4 shows the surface and shape morphology of the fly ash as well as the bamboo ash used
in this study. Most of the fly ash particles have a glassy and spherical structure (Figure 4a), and are
also known as cenospheres [43]. This ash contains a series of spherical vitreous particles of different
sizes. Meanwhile, Figure 4b shows the SEM micrographs of bamboo ash, which depicted that bamboo
ash has a rectangular structure and different particle sizes. It also has a porous structure, as can be seen
from Figure 4b.

(a) (b) 

Figure 4. Scanning Electron Microscopy (SEM) micrographs of (a) Fly ash (b) Bamboo ash.
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3.2. Appropriate Mix Proportion

3.2.1. Workability

Table 4 represents the workability result of geopolymer concrete using different mix proportions.
The standard deviation of the different mix proportions is found to be 2–8 mm. It is depicted that the
slump value increases with the increase of the activator to binder ratio. The mix was very stiff and no
flow was observed when the activator to binder ratio was 0.40 for both types of sample. Based on
the visual observation, the mix was not homogenous and difficult to mix and compact. Apparently,
the bamboo ash absorbs more water during the mixing, thus reducing the workability of the mix.

Once the activator to binder ratio was reached at 0.45, the slump value increases compared to 0.40
for 100% FA (Csample) and 5% BA+ 95% FA (Asample). Based on the observations, the mix was quite
homogenous and the mixing process was easier compared to for the 0.40 ratio. The workable mix with
the highest flow value was obtained when the activator to binder ratio was 0.50 for both samples.

In conclusion, the small percentage i.e., 5% addition of bamboo ash at a 0.45 ratio, gave a much
smaller slump loss in Asample compared to Csample. However, with 0.40 and 0.50 ratios, the slump
loss is 10 mm for Asample. Thus, we decided to perform another experiment in a 0.45 activator to
binder ratio.

Table 4. Slump test result.

Sample
Activator
to Binder

Ratio

Slump Value (mm) Average
(mm)

Standard
Deviation

(mm)

Slump
Loss (mm)Sample 1 Sample 2 Sample 3

100% FA
(Csample)

0.40 140 142 138 140 2.00 0
0.45 202 187 190 193 7.94 0
0.50 225 220 215 220 5.00 0

5% BA+ 95%
FA (Asample)

0.40 139 126 125 130 7.81 10
0.45 185 183 187 185 2.00 8
0.50 219 203 208 210 8.19 10

3.2.2. Compressive Strength

Table 5 shows the compressive strength as well as the standard deviation of samples with curing
duration. This table shows the effect of bamboo ash to fly ash ratio (%) on the compressive strength
of geopolymer concrete at a 0.45 activator to binder ratio. The results show that the compressive
strength of geopolymer concrete is increased with the increasing of curing time. This is due to the
geopolymerization process between alumina and silica from the binder with the alkaline solution.
But our studies failed to get desired ultra-high performance fiber reinforced concrete compressive
strength [31–35]. However, as the percentage of bamboo ash increased, the compressive strength of
the geopolymer concrete was decreased. This was probably due to a lack of the amount of alumina
in bamboo ash, which reduced the geopolymerization product and contributed to the strength of
concrete [44]. For 7 days of curing, replacement with 5% bamboo ash shows higher compressive
strength at 18.94 MPa compared to 100% of fly ash i.e., 16.15 MPa. The increased early age compressive
strength of BA with FA is due to the hydrolysis which imposed to form crystalline phases and reduced
the porosity of the samples. Besides, it was also concluded that surface area of the mixture was
increased due to the addition of bamboo ash, since the specific gravity of BA (2.05) is less than FA (2.20).

The standard deviation in the compressive strength for different mix proportions was found to be
0.11 to 1.31 MPa. A very stable proportion was needed in order to obtain a very good concrete mix for
construction purposes. The addition of 5% bamboo ash was shown to be the most suitable mixture to
get a better performance in regards to early compressive strength compared to other mixtures.
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Table 5. Effect of curing period on compressive strength of the bamboo ash (BA) to fly ash (FA) ratio
(%) in the 0.45 activator to binder ratio.

Sample ID
Curing

Time (Days)

Compressive Strength (MPa) Average
(MPa)

Standard
Deviation

(MPa)Sample 1 Sample 2 Sample 3

100FA
7 16.31 16.19 15.96 16.15 0.18
14 32.48 33.76 33.93 33.39 0.79
28 42.81 42.53 41.06 42.13 0.94

5BA:95FA
7 18.67 19.1 19.05 18.94 0.24
14 31.01 30.34 32.14 31.16 0.91
28 42.56 41.03 39.96 41.18 1.31

10BA:90FA
7 15.87 16.03 16.21 16.04 0.17
14 24.52 25.1 24.86 24.83 0.29
28 39.44 40.12 39.68 39.75 0.34

15BA:85FA
7 13.1 14.05 13.85 13.67 0.50
14 22.66 23.81 23.06 23.18 0.58
28 32.28 33.14 33.56 32.99 0.65

20BA:80FA
7 11.01 12.56 12.14 11.90 0.80
14 21.41 22.35 21.03 21.60 0.68
28 34.8 35.24 34.78 34.94 0.26

40BA:60FA
7 7.5 6.96 8.5 7.65 0.78
14 6.86 8.96 7.48 7.77 1.08
28 9.21 10.04 9.86 9.70 0.44

60BA:40FA
7 2.35 2.37 2.5 2.41 0.08
14 5.12 5.74 6.01 5.62 0.46
28 7.03 7.56 8.05 7.55 0.51

80BA:20FA
7 0 0 0 0 0.00
14 1.06 1.24 1.33 1.21 0.14
28 2.44 2.22 2.29 2.32 0.11

100BA
7 0 0 0 0 0.00
14 0 0 0 0 0.00
28 0 0 0 0 0.00

To understand the formation of phases after 7 days of curing, XRD of Csample (100% FA) and
Asample (5% BA + 95% FA) was performed and results are shown in Figure 5. Quartz and mullite
were obtained in both samples. There is a possibility that bamboo ash in Asample was completely
mixed and dissolved in the matrix of fly ash attributed to the high dissolution rate of potassium oxide,
rosenhahnite ,and sulfur trioxide in high alkaline condition, as explained by other researchers [45],
during 7 days of curing. Thus, only quartz and mullite are found as present in 100% fly ash. This
result confirms that owing to the dissolution of oxides present in bamboo ash control, the crack formed
and filled out the porosity of geopolymer concrete (SEM results will be shown in Figure 6), leading to
higher compressive strength being observed for 5%BA + 95%FA (Table 5) after 7 days of curing. The
presence of quartz and mullite in Csample and Asample explained that SiO2 and Al2O3 are not fully
utilized for geopolymer formation. Bamboo ash and activator are the materials that are involved in
the synthesis of fly ash based geopolymer concrete. The pure geopolymer network actually consists
mainly of Si, Al, and O with alkali Na+ or K+. In this reaction, all minerals did not participate in the
geopolymerization process.
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θ (°)

Figure 5. XRD analysis for Csample (100% FA) and Asample (5% BA + 95% FA) after 7 days of curing.

Figure 6 shows the SEM results of 100% fly (Csample) and 5% bamboo ash + 95% fly ash (Asample)
after 7 days of curing at 0.45 activator to binder ratio. 100% FA (Csample) containing sample shows
macro and micro cracks in Figure 6a, however, 5% bamboo ash + 95% fly ash (Asample) does not show
any defect in Figure 6b which indicated that the potassium oxide, sulfur trioxide, and rosenhahnite has
dissolved and filled out the cracks/pores in the concrete. Thus, after 7 days, the 5% bamboo ash + 95%
fly ash sample shows higher compressive strength (Table 5). The bamboo ash has the property to hold
the paste together, thus controlling the cracks within the concrete owing to the reactive compositions
which contain potassium oxide and other oxides. Generally, previous researchers [46] agreed with
the addition of fiber into concrete, which increases the strength of the concrete structure. Moreover,
Csample exhibits cracks, pores, and defects, which decreases the positive properties of concrete.

θ 

 

Cracks 

(a) (b) 

Figure 6. SEM micrographs of (a) 100% fly ash (Csample) and (b) 5% bamboo ash + 95% fly ash
(Asample) after 7 days of curing.

3.3. Fire Endurance Test

3.3.1. Cooling Effect on the Physical Appearance of the Concrete

High temperature i.e., heat exposure is one of the most important parameters which affects
the surface characteristics, surface outlook, shape, and color of concrete. Although it does not give
significant information regarding the distortion suffered by the concrete, it will give an immediate
impression of the failure tendency of the concrete. Tables 6 and 7 represent a detailed picture
of the concrete after exposure to different temperature and cooling regimes for Csample and
Asample, respectively.

It can be observed from the entire cooling regime at 200 ◦C that the color of the sample was grey
for both Csample and Asample with a smooth and sharp edges. These characteristics are maintained
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up to 400 ◦C. At 600 ◦C, the light grey color is observed for air cooling (AC) with rough surface while
water cooling (WC) exhibits yellowish grey with cracks appeared in Csample whereas in Asample
there is no cracks. At 800 ◦C, the Csample develops heavy cracks throughout the surface in AC and
WC, whereas Asample shows lesser cracks compared to Csample in both AC and WC.

The change in the matrix structure is a consequence of the dehydration in the phases of the binder
during exposure to different temperatures. It is manifested as changes in porosity and color, as well as
physical defects such as the presence of cracks. It is matched with the results presented in Tables 6
and 7 for Csample and Asample, respectively, which show the physical appearance of the concrete
after exposure to high temperature. In general, the color changes experienced in both samples as a
result of heating may be linked to the chemical transformations taking place in the heated samples.

Table 6. Cooling type, color, and texture of Csample.

Parameters
Temperature (◦C)

200 400 600 800

Type of
cooling AC WC AC WC AC WC AC WC

Color Grey Grey Grey Grey Light
grey

Yellowish
grey Light grey Grey

Texture Smooth Smooth Smooth Smooth Rough Crack Fragmentation Fragmentation

Table 7. Cooling type, appearance, color, and texture of Asample.

Parameters
Temperature (◦C)

200 400 600 800

Type of
cooling AC WC AC WC AC WC AC WC

Color Grey Grey Grey Grey Light
grey

Light
grey Grey Grey

Texture Smooth Smooth Smooth Smooth Rough Rough Rough Fragmentation

3.3.2. Residual Compressive Strength

The residual compressive strength of Csample and Asample at different temperature and cooling
regimes is shown in Table 8. For both cooling types, the residual compressive strength increases at
200 ◦C and achieved a maximum strength for Csample and Asample. At 400 ◦C, the Csample has the
least strength loss of 41% and 43% for AC and WC, respectively. For 600 ◦C, the loss trend continues to
increase for both types of samples and achieved a maximum loss of compressive strength at 800 ◦C.
78% (AC) and 80% (WC) of strength loss gained by Csample which is the highest loss of compressive
strength, compared with Asample with 65% (A/C) and 66% (W/C) loss.

Table 8. Residual compressive strength of samples exposed at different temperature.

Temperature (◦C)

Residual Compressive Strength (MPa)

Csample (100% FA) Asample (95% FA + 5% BA)

AC WC AC WC

27 42.6 42.8 41.1 41.5
200 57.93 56.10 57.28 55.82
400 25.14 24.43 24.69 22.48
600 15.40 14.70 15.12 14.89
800 9.47 8.54 14.51 14.19

According to a previous researcher [40], geopolymer concrete strength was enhanced in heat
conditions. Changes in chemical structure and the dehydration of free and chemically-bound water
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was caused from the exposure to high temperature. As the temperature increases, the moisture particles
inside the samples tend to escape to the surface.

In this research, it was proved that fly ash geopolymer concrete (Asample and Csample) does
not complete a geopolymerization process until 28 days have passed. Within 200 ◦C exposure, both
type of samples gain an improvement in terms of strength and also the matrix structure. These are
associated with the reported changes in the value of compressive strength after exposure.

It is seen that the water molecule is expelled from the geopolymer concrete during the presence of
heat, which improves the strength of the concrete and also leads to the discontinuous nano-pores of
the matrix. It is possible that not all water molecules were expelled due to high temperature, especially
in a larger sample. Higher surface tensions in larger samples will dissipate moisture at slower rates
compared to in smaller samples.

Starting from 400 ◦C, 600 ◦C and 800 ◦C levels of heat exposure, the the compressive strength
decreased for both type of samples. But in the presence of bamboo ash, the residual compressive
strength of Asample tends to show a positive result at 800 ◦C where the strength is higher compared
to Csample.

This clearly shows that at 800 ◦C, the presence of bamboo ash contains potassium oxide, thus
producing a significant compressive strength compared to Csample. If alkali metal oxides content is
above a certain limit, it exhibits a high coefficient of thermal expansion. With the presence of bamboo
ash at high temperature, the tendency of the oxides lead to change its shape to have a higher area and
volume. Thus, more solid and packed molecules are formed and provide better structural components
for the geopolymer concrete.

3.3.3. Ultrasonic Pulse Velocity (UPV) Value after Exposure

The change in UPV value due to exposure to high temperature is depicted in Table 9. The UPV
values at the initial temperature (27 ◦C) were 3854 m/s (AC) and 3850 m/s (WC) for Csample, and
3810 m/s (AC) and 3802 m/s (WC) for Asample. UPV value increases at 200 ◦C yielded values of
4451 m/s (AC) and 4417 m/s (W/C) for Csample, and 4438 m/s (AC) and 4394 m/s (WC) for Asample,
which is the highest value among all studied temperature. At 400 ◦C, the trends changed, after which
the Csample experienced UPV losses of 13.3% (AC) and 14.0% (WC) compared to Asample, which
experienced 12.9% (AC) and 16.1% (WC) UPV losses. At 600 ◦C, the loss trends continued to increase
and achieved a maximum loss at 800 ◦C for both types of samples. 67.8% (AC) and 64.7% (WC) losses
was achieved by Csample, while 42.8% (WC) and 45.1% (AC) were achieved for Asample. The Asample
exhibited a smaller loss of UPV compared to Csample. Generally, the reduction of the velocity in the
concrete was due to the deformation of the microstructure in the geopolymer concrete. A rise in the
temperature increases the amount of air voids in the concrete samples. Thus, the transmission speed of
sound waves decreased with the increase in the traveling time of the ultrasonic pulse transmission.

Table 9. UPV value after exposure to different temperatures.

Temperature (◦C)

UPV (m/s)

Csample Asample

AC WC AC WC

27 3854 3850 3810 3802
200 4451 4417 4438 4394
400 3340 3314 3320 3191
600 2241 2210 2235 2140
800 1240 1360 2180 2087

The quality of the concrete can be classified based on Table 10 [47]. Based on Table 10 values,
good quality concrete can be produced at 200 ◦C. It was proven that the highest compressive strength
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corresponded with the highest UPV value. Apart from that, at 800 ◦C, Asample gained a higher UPV
value compared to Csample, which corresponded with the residual compressive strength results.

Table 10. Quality of concrete based on UPV.

UPV (m/s) Quality of Concrete

>4500 Excellent

3500–4500 Good

3000–3500 Doubtful

2000–3000 Poor

<2000 Very Poor

3.3.4. Weight Loss of Concrete

The effect of elevated temperature on the weight loss of geopolymer concrete for all curing
regimes is depicted in Table 11. The initial weight of the samples is expressed as the density of the
sample exposed to a 25 ◦C temperature. The weight loss of Csample and Asample increased as the
temperature increased. The weight loss increased significantly from 200 ◦C to 400 ◦C where the mass
loss observed was a result of moisture movement out of the geopolymer matrix. The reduction in
weight loss gradually decreased from 11.96% to 10.83% for AC to WC, respectively, in Csample at
600 ◦C. However, a greater loss is to be found at 800 ◦C with ranges of 12.3% (AC) and 10.79% (WC).
Apart from that, the weight loss for Asample was slightly higher compared to Csample at 800 ◦C,
having reached 12.62% (AC) and 11.28% (WC). The exposure to elevated temperature can lead to
changes in the stiffness and mechanical properties of geopolymer concrete. It was proved that high
temperature can affect the stiffness and mechanical properties of geopolymer concrete [48].

In addition, an increase in temperature and weight reduction lead to deterioration of the structural
integrity of geopolymer concrete. Asample yielded a higher weight loss compared to Csample.
Furthermore, weight loss was observed to be lower in WC compared to AC regime. This may be due
to water being absorbed during the application of water-cooling to make sure the temperature of the
concrete was under control.

Table 11. Weight loss of concrete samples.

Sample Temperature (%) Type of Cooling Weight Loss (%)

Csample

200
AC 2.41
WC 1.19

400
AC 8.9
WC 6.38

600
AC 11.96
WC 10.83

800
AC 12.3
WC 10.79

Asample

200
AC 2.89
WC 1.62

400
AC 9.1
WC 6.65

600
AC 12.09
WC 11.21

800
AC 12.62
WC 11.28

The experimental results indicated that Csample had a lower confidence level i.e., R2 = 0.8949
(Figure 7a) that lay outside of the recommendation range (0.90–1.00) whereas Asample (Figure 7b)
showed a strong relationship between these two parameters with a high confidence level i.e. 0.9939.
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From this result, it is illustrated that the experimental results show fitted well for Asample but not for
Csample. Thus, it can be concluded that the presence of 5% bamboo ash in 95% fly ash gives a better
confidence level compared to the control sample.
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Figure 7. Ultrasonic pulse velocity (UPV) value of (a) Csample and (b) Asample as a function of
weight loss.

4. Conclusions

Based on the experimental results and discussion, the following conclusions can be drawn:

1. SEM analysis shows a rectangular shape of bamboo ash and it is believed that it can hold the
paste together and help to provide resistance at high temperatures.

2. A 5% addition of bamboo ash in 95% fly ash provided better compressive strength after a short
period of time i.e., 7 days of curing, compared to the control sample.

3. A light grey color was observed for air cooling (AC) at 600 ◦C with a rough surface and cracks
that appeared in Csample during water cooling (WC), whereas there were no cracks in Asample.

4. Csample and Asample gained approximately 36% and 39% residual compressive strength at
200 ◦C of exposure, respectively, whereas losses of approximately 62% and 41% from 400 ◦C to
800 ◦C, respectively, were found after using the air cooling regime.

5. Asample exhibited the highest residual compressive strength at 800 ◦C of exposure compared to
Csample for the AC and WC regimes.
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6. UPV values for both types of samples increased tremendously at 200 ◦C of exposure, which was
concluded to be good in terms of concrete quality. The UPV values tended to decrease from
400 ◦C to 800 ◦C of concrete exposure. A greater loss was found at 800 ◦C of exposure and it led
to a change in the stiffness and mechanical properties of geopolymer concrete.

7. Asample shows a high confidence level and the best fitted value compared to Csample in UPV vs.
weight loss results, which reveals that the velocity of heat passing through the concrete is slower.
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Abstract: Alkali-activated concrete (AAC) is an alternative concrete typology whose innovative
feature, compared to ordinary concrete, is represented by the use of fly ash as a total replacement
of Portland cement. Fly ash combined with an alkaline solution and cured at high temperature
reacts to form a geopolymeric binder. The growing interest in using AACs for structural applications
comes from the need of reducing the global demand of Portland cement, whose production is
responsible for about 9% of global anthropogenic CO2 emissions. Some research studies carried
out in the last few years have proved the ability of AAC to replace ordinary Portland cement
concrete in different structural applications including the construction of beams and panels. On the
contrary, few experimental results concerning the structural effectiveness of fiber-reinforced AAC
are currently available. The present paper presents the results of an experimental program carried
out to investigate the flexural behavior of full-scale AAC beams reinforced with conventional steel
rebars, in combination with fibers uniformly spread within the concrete matrix. The experimental
study included two beams containing 25 kg/m3 (0.3% in volume) of high-strength steel fibers and
two beams reinforced with 3 kg/m3 (0.3% in volume) of synthetic fibers. A reference beam not
containing fibers was also tested. The discussion of the experimental results focuses on some aspects
significant for the structural behavior at ultimate limit states (ULS) and serviceability limit states (SLS).
The discussion includes considerations on the flexural capacity and ductility of the test specimens.
About the behavior at the SLS, the influence of fiber addition on the tension stiffening mechanism
is discussed, together with the evolution of post-cracking stiffness and of the mean crack spacing.
The latter is compared with the analytical predictions provided by different formulations developed
over the past 40 years and adopted by European standards.

Keywords: alkali-activated concrete; fly ash; geopolymer concrete; flexure; beams; fiber-reinforced
concrete; crack spacing; tension stiffening

1. Introduction

Alkali-activated concrete (AAC) has been studied over the past years as a “green” alternative
to ordinary Portland cement (OPC), whose production is energy intensive and responsible for about
8–9% of CO2 emissions worldwide [1]. Alkali-activated binders can be generated from different types
of aluminosilicate precursors, with differing availability, reactivity, cost, and value worldwide [2].
Because of the need for careful control of formulation, practical difficulties in application and supply
chain limitations, geopolymers are still far from a total replacement of OPC across its full range of
applications. However, alkali-activated binders may become sustainable and cost-effective construction
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materials, especially in the case that they are produced using locally-available raw materials [3].
The Australian experience in the field of geopolymers shows that the use of these binders may lead to
a potential reduction of 40–60% in greenhouse gas emission, while the financial costs can be even 7%
lower compared with OPC [2].

Currently, most literature regarding fly ash alkali-activated concrete focuses mainly on the study
of the material properties, whereas limited attention has been paid to the structural behavior of AAC
structures. The latter were first investigated by Hardjito et al. (2004) [4], Sumajouw et al. (2005) [5],
and Sumajouw & Rangan (2006) [6], who performed a series of flexural tests on reinforced AAC beams
and conventional reinforced concrete (RC) beams with different reinforcement ratios (0.64–2.69%).
Test results showed a similar behavior of ACC and RC beams in terms of capacity and ductility
evaluated for the same reinforcement ratio. A few years later, Dattereya et al. (2011) [7] compared
the flexural behavior of reinforced geopolymer and conventional RC beams with reinforcement ratios
ranging from 1.82 to 3.33%. According to their results, the normalized ultimate bending moments of
all the test beams were quite similar, whereas the normalized bending moment at first cracking of the
ACC specimens was generally lower (15–30%) than that observed for the RC beams.

Other studies have been devoted to investigating the ability of existing analytical models, which
were originally developed for RC elements made with OPC, to predict the behavior of AAC elements.
Yost et al. (2013) [8,9] carried out a series of tests on under-reinforced beams and then applied the
models reported by the ACI 318-08 [10] to predict the behavior of the samples at the service and
ultimate limit state. The authors concluded that the equations usually used to predict both the
elastic behavior and the flexural/shear strength of RC beams can also be applied to get a reasonable
estimation of AAC beam responses. Based on different experimental results reported by the literature,
Prachasaree et al. (2014) [11] proved the inadequacy of the rectangular stress-block parameters typically
used for OPC and proposed new stress-block design equations suitable for ash-based geopolymer
concrete. The latter provided a rather good prediction of the flexural response of a series of AAC
beams found in the literature.

It is well known that ordinary concrete exhibits brittle behavior because of its low uniaxial tensile
strength and mode-I fracture energy. The addition of fibers randomly spread within the concrete matrix
is a well acknowledged methodology to improve the tensile strength and toughness of concrete [12–15].
Experimental and numerical studies recently carried out by Mastali et al. [16] and Kheradmand et al. [17]
proved that short hybrid polymeric fibers can be successfully employed to improve the flexural
performance of geopolymeric mortar and concrete. As an additional benefit, fibers allow to better control
the effects of shrinkage [18], thermal gradients, and any factor determining volumetric instability of the
composite material.

The improvement of the tensile behavior of concrete due to the use of fibers can be exploited to
enhance the ultimate and the serviceability performance of different kinds of structures [19]. Several
research studies have proven the ability of fibers to partially or even totally replace conventional
steel reinforcement in structures characterized by a significantly high degree of redundancy, such as
slab-on-grade and elevated slabs [20]. Other authors have shown the possibility of partially replacing
either the flexural or the shear reinforcement in concrete beams [21].

The results of an experimental research performed on full-scale reinforced AAC beams subjected
to flexure are herein presented. This study aimed at evaluating the effectiveness of ACC as a structural
material in view of its use for the construction of typical pre-cast elements such as ducts, manholes,
beams, columns, and roof elements. The experimental program included ACC beams not containing
fibers and beams made with ACC reinforced either with steel (rigid) or polymeric (deformed) fibers.
The paper will describe and discuss the test results by referring to both the ultimate (ULS) and the
serviceability (SLS) loading conditions. Particular attention will be devoted to the analysis of the
tension stiffening effect, as well as to the prediction of crack spacing and width according to the
analytical models available from different European structural codes and pre-standards.
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2. Experimental Program

2.1. Properties of the Test Beams

A total of five beams were cast and tested in the laboratory of structural engineering of the
University of Brescia. As shown in Figure 1, the beams had an overall length of 4500 mm (L), a span
length of 4400 mm, and a cross-section of 200 mm (B) × 500 mm (h). Specimens were longitudinally
reinforced with two 16 mm diameter (2 Ø16 − As,long = 402 mm2) bottom deformed rebars, resulting
in a longitudinal steel ratio (ρl) of 0.43% (concrete clear cover = 26 mm). In the middle portion of
the element (in the flexural span between the two point loads), no stirrups and reinforcement bars
in compression were provided to promote a flexural collapse governed by concrete crushing. In the
remaining portions of the beam, two Ø12 mm bars were provided in the compression zone and closed
stirrups (Ø6 mm@75 mm) were placed to prevent shear failure. The main properties of the beams are
summarized in Table 1. As one may note, except for the specimen AAC that was cast without fiber
reinforcement, the beams SFRAAC-1 and SFRAAC-2 were reinforced with steel (rigid) fibers, whereas
the specimens PFRAAC-1 and PFRAAC-2 contained macro-synthetic (deformed) fibers.

Figure 1. Sample details for full-scale beams, dimensions in millimeters.

Table 1. Main properties of the test beams.

Specimen
Designation

B h L ρl Type of Fibers
Fiber

Content
Fiber Volume
Fraction (Vf)

[mm] [mm] [mm] [%] [-] [kg/m3] [%]

AAC

200 460 4500 0.44

No fibers - -

SFRAAC-1
Hooked-end steel 25 0.3

SFRAAC-2

PFRAAC-1 Synthetic
Macrofiber—Embossed

3 0.3
PFRAAC-2

After casting, beams and companion samples for material characterization were left in the wooden
molders for 2 days (rest period). At the end of the rest stage, all the specimens were demolded,
wrapped with a polyethylene sheet to prevent moisture loss and, finally, they were placed in a climate
chamber to undertake curing. During the curing process, the ambient temperature was increased up to
60 ◦C and then kept constant for 24 h. More details about the adopted curing method are described
in [22].

2.2. Materials

Steel fiber-reinforced alkali-activated concrete (SFRAAC) and polymeric fiber-reinforced
alkali-activated concrete (PFRAAC) were used to cast the specimens SFRAAC-1 and 2 and PFRAAC-1
and 2, respectively. A single control beam made with AAC was cast.

High-strength hook-ended steel fibers, with a length (Lf) of 30 mm and a diameter (df) of 0.35 mm
(aspect ratio Lf/df = 85.7), and synthetic embossed macro-fibers with a length of 54 mm and a diameter
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of 0.80 mm (aspect ratio Lf/df = 67.5), were added to the mixture in two different contents (25 and
3 kg/m3, respectively, for steel and synthetic fibers) corresponding to a volume fraction (Vf) of 0.3%.
The fiber tensile strength was 2200 MPa (minimum value according to the producer) and 585 MPa,
respectively, for steel and synthetic fibers.

The mixture used for casting the AAC beam consisted of coarse aggregate 4–10 mm (1141 kg/m3),
sand 0–4 mm (615 kg/m3), and class F fly ash (472 kg/m3) mixed with an alkaline solution composed of
8 M sodium hydroxide (48 kg/m3) and sodium silicate (119 kg/m3). The chemical composition of the
fly ash is reported in Table 2. The silica modulus (i.e., the SiO2 to Na2O ratio) that characterizes the
activator solution was found to be 1.99. Extra water (35 kg/m3) was added at the end of mixing just to
promote suitable workability. The resulting volumetric mass density (2430 kg/m3) of the hardened
material was comparable to that of ordinary concrete.

Table 2. Chemical composition of fly ash.

Al2O3 SiO2 * CaO Fe2O3 MgO K2O Na2O TiO2 SO3

(%) (%) (%) (%) (%) (%) (%) (%) (%)

28 56 2 5.5 0.2 ÷ 3 0.2 ÷ 2 0.1 ÷ 0.6 0.1 ÷ 1.7 0.2 ÷ 2

* 40% is composed by reactive silica, representative of pozzolanic potential of fly ash.

The same mixture adopted for the AAC beam was used to cast the SFRAAC and the PFRAAC
beams. In both cases, fibers were added to the mixture at two different times: Half of the total amount of
fibers was mixed together with the dry components (i.e., aggregates and fly ash), whereas the remaining
part was mixed after the addition of the liquid components (i.e., alkaline solution and extra water).
This procedure led to an improved material workability as it allowed an enhanced fiber distribution
and prevention of any fiber-balling phenomenon. The volumetric mass density of the hardened
material resulted 2455 kg/m3 and 2433 kg/m3 for the SFRAAC and PFRAAC beams, respectively.

The mixtures were all characterized by a liquid to fly ash ratio of 0.43, an alkaline solution to
fly ash ratio of 0.35, and by a sodium silicate to sodium hydroxide ratio equal to 2.5. The alkaline
solution (mixing of sodium silicate and sodium hydroxide) had the same composition and chemical
properties of that used in a previous work [23]. It has to be highlighted that extra water had the only
aim of improving the workability of the fresh material. This fact explains why water was added some
minutes later than the alkaline solution.

A series of tests were carried out to characterize the mechanical properties of the three materials
used in the present research investigation.

To determine the average cube compressive strength (Rcm) (see Table 3), uniaxial compression
tests were performed on cubes (side = 100 mm) according to EN 12390-3 [24]. Before being tested
after 28 days from casting and about 25 days from the end of the curing period, the cubic samples
were stored at room temperature of 15–25 ◦C and relative humidity of 45–60%. As also observed by
other authors [2,10,25], the results of the present experimental program [18] show that the compressive
strength of the adopted geopolymers stabilizes at the maximum value right after the end of the curing
phase, namely 4–5 days after casting. Therefore, the tests performed at 28 days certainly provided the
maximum strength of the materials.

Uniaxial compressive tests on cylinders (height = 200 mm; diameter = 100 mm) were carried
out under displacement control in order to determine the Young’s modulus and the compressive
stress–strain constitutive law of the materials. Table 3 reports the mean elastic modulus (Em),
determined according to EN 12390-13 [26], as well as the mean values of the cylindrical compressive
strength (fcm) and of the corresponding strain (εcm). All the cylinders were tested after 28 days from the
casting date. The results show that all the elastic moduli were lower than that (e.g., ~30 GPa) typically
exhibited by a traditional OPC-based concrete. As observed by others [2,6,21,27], such a difference can
be explained by considering that the C–S–H gel produced by the hydration process of OPC has a higher
elastic modulus compared to N–A–S–H gel resulting from the alkaline activation process [28,29]. It also
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has to be noted that the addition of fibers decreases the workability and introduces air in the matrix,
with a consequent possible further reduction of the modulus of elasticity. Conversely, the compressive
strain at peak strength (εcm) obtained from the tests on cylinders were about 40–70% higher than the
corresponding values reported by the Eurocode 2 [30] (clause 3.1) for OPC concrete with the same
mean compressive strengths of the materials tested herein.

Table 3. Mechanical properties of materials.

Property Unit Test Beams

AAC SFRAAC-1 SFRAAC-2 PFRAAC-1 PFRAAC-2

Em [GPa] 23.5 (4.0%) 18.2 (3.0%) 18.7 (1.0%) 18.1 (1.0%) 18.6 (2.0%)
εcm [‰] 3.1 (1.8%) 5.0 (6.0%) 3.4 (12.8%) 2.8 * 2.8 *
Rcm [MPa] 37.0 (4.1%) 45.0 (2.2%) 34.0 (8.5%) 40.0 (2.0%) 36.0 (3.3%)
fcm [MPa] 37.0 (1.0%) 27.0 (0.4%) 24.0 (2.9%) 24.0 (11.0%) 24.0 (11.0%)

Rcm/fcm [-] 1.0 1.7 1.4 1.7 1.5
fck [MPa] 34.5 25.5 20.9 22.8 22.7

fctm [MPa] 3.2 2.6 2.3 2.4 2.4
fL [MPa] 3.6 * 3.6 (0.6%) 3.9 (5.7%) 3.8 (15.7%) 3.6 (6.0%)

fR1 [MPa] 0.37 * 3.3 (31.5%) 3.3 (2.4%) 0.7 (4.0%) 0.9 (4.7%)
fR2 [MPa] - 3.2 (39.8%) 3.3 (2.0%) 0.7 (5.0%) 0.9 (3.5%)
fR3 [MPa] - 2.9 (43.2%) 3.0 (0.6%) 0.8 (4.2%) 1.0 (8.1%)
fR4 [MPa] - 2.6 (46.3%) 2.7 (3.3%) 0.8 (1.9%) 1.0 (8.3%)

Coefficient of variation in round brackets; fctm = 0.3·(fck)2/3 according Eurocode 2 (2005); fck = characteristic value of
the cylindrical compressive strength; * only one sample available for the test beam.

Figure 2 represents the flexural tensile stress vs. CMOD (crack mouth opening displacement)
curves of the notched beams (150 × 150 × 500 mm3) tested to characterize the tensile post-cracking
behavior of the materials. Tests were carried out according to EN 14651-5 [31], which requires the
evaluation of the limit of proportionality fL and the residual flexural tensile strengths fR,1, fR,2, fR,3, fR4,
corresponding, respectively, to CMOD values of 0.5, 1.5, 2.5, and 3.5 mm. As usually observed for OPC
concretes, the response of the AAC material not containing fibers was characterized by a significant
reduction of the tensile resistance after cracking (i.e., after the achievement of the peak strength)
due to the low mode-I fracture energy. Unlike AAC, the material containing steel fibers exhibited
a significantly higher post-cracking strength in correspondence of the CMOD values 0.5 mm and
2.5 mm, which are representative of the serviceability and ultimate conditions according fib Model
2010 (MC2010) [32]. Because of the lower tensile performance of the polymeric fibers, the PFRAAC
specimens experienced a brittle response, very similar to that observed for the AAC beams except for
high values of CMOD, corresponding to residual strengths characterizing ultimate conditions.

 
Figure 2. Flexural tensile stress–CMOD curves.
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Table 3 summarizes the results from material characterization tests carried out for each of the
full-scale test beams. This exhaustive characterization allows a better interpretation of the experimental
results described in Section 3.

The longitudinal deformed rebars (B450 C according to Eurocode 2 [29]) were mechanically
characterized by testing samples according EN 15630-1 [33]. The characterization tests provided
a yielding strength (fy) of 535 MPa, an ultimate strength (ftu) of 646 MPa, and an ultimate tensile strain
of about 13%.

2.3. Test Set-Up and Instrumentation

Figure 3a shows the loading set-up adopted to perform the flexural tests on the full-scale beams.
The specimen was supported by two steel rollers located at the two ends of the beam (Figure 3b).
A couple of steel rollers were also located on the top side of the specimen in order to support the
longitudinal spreader steel beam used to apply the two point loads (P/2) acting at a distance of 600 mm
from the middle of the beam. To prevent load concentration and possible local failure, each roller
was laid on a steel plate positioned on a 25-mm-thick neoprene sheet. The total vertical load (P) was
applied to the spreader beam by an electromechanical jack that allowed to perform the test under
displacement control.

 
 

(a) (b) 

Figure 3. View of the typical 4-point bending test set-up (a). Schematic of the instrumentation
(dimensions in millimeters) (b).

Figure 3b shows also the typical instrumentation set-up adopted to monitor the specimens. Six
linear variable differential transformers (LVDTs) were used to measure deflections at midspan (front
and back side) and at supports (front and back side). A total of nine potentiometric transducers were
adopted for measuring the horizontal deformations along the height of the cross-sections located
at midspan (front side), as well as under the two loading points (back side). In more detail, each
cross-section was instrumented by three potentiometers installed, respectively, at 40, 250, and 460 mm
from the top of the beam. A load cell was used to monitor the total load applied by the thrust jack.
Tests were carried out by monotonically increasing the vertical displacement up to failure. The screw
rate of the thrust jack was set at 0.75 mm/min in the initial stage, and then reduced to 0.5 mm/min after
rebar yielding.
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3. Experimental Results and Discussion

3.1. Behavior at Ultimate Limit State (ULS)

The total load–midspan deflection (δ) curves of the five test beams are depicted in Figure 4. Note
that the load reported in the diagram includes both the weight of the loading system and the self-weight
of the specimens.

 
Figure 4. Total load–midspan deflection (δ) curves.

All beams exhibited the same initial elastic stiffness and similar first cracking loads that preceded
the onset of the cracked stage. The kink point at the end of the second branch marks off the limit
between the cracked stage and the plastic stage. In the plastic stage (i.e., the third branch), the applied
load tended to slowly increase up to the maximum value.

As expected, the AAC element achieved the lowest maximum capacity (Pmax = 130 kN) slightly
before the final collapse. The latter occurred in the middle portion of the beam through concrete
crushing (Figure 5).

Figure 5. Crack patterns at failure.

The maximum capacity (Pmax) of the beams reinforced with steel and synthetic fibers (Table 4)
were, respectively, 8–12% and 8% higher than that reached by the AAC specimen. The low longitudinal
reinforcement ratio (ρl = 0.43%) made the contribution of fibers more significant in governing
the structural response of the beams. Because of their ability of enhancing concrete toughness in
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compression, fibers were able to avoid a sudden and brittle crushing of concrete. Moreover, compared to
the reference beam, all fiber-reinforced beams experienced a more ductile behavior after yielding, and
the final collapse was due to the tensile rupture of the longitudinal reinforcement. In fact, the improved
steel-to-AAC interfacial bond [34] prevents or delays the development of plastic deformations in the
yielded rebar. This phenomenon leads to a strain localization with a reduction of the portion of the bar
under yielding which, with increasing fiber effect, determines an early rebar collapse.

Table 4. Behavior at ultimate limit states (ULS): Main test results and resisting moment obtained from
the simplified cross-sectional model.

Specimen Pmax MR,max,exp x MR,max,anl Øu Øy μØ δu δy μδ

[kN] [kNm] [mm] [kNm] [1/km] [1/km] [-] [mm] [mm] [-]

AAC 130 104 36.1 95 80 12 6.67 92 20 4.65
SFRAAC-1 141 113 59.4 116 246 18 13.67 132 19 6.96
SFRAAC-2 146 117 59.4 116 139 16 8.69 93 17 5.49
PFRAAC-1 140 112 43.8 102 175 20 8.75 194 18 10.8
PFRAAC-2 140 112 43.8 102 174 26 6.69 173 19 9.1

Beams PFRAAC-1 and PFRAAC-2 presented a slight decrease of the load due to the progression
of a rather well controlled concrete crushing mechanism. The development of crushing particularly
affected the response of the specimen PFRAAC-1, which exhibited a 15% decrease of the bearing
capacity at a midspan deflection of about 120 mm (Figure 4). Figure 5 clearly shows that the significant
damage caused by crushing occurred in the central portion of the specimen PFRAAC-1. In spite
of concrete crushing, both PFRAAC beams continued to keep a significant load carrying capacity
until final rupture of the longitudinal reinforcement occurred. The SFRAAC beams experienced the
same failure mechanism, but the sharp reduction of resistance due to crushing was generally not
observed. In conclusion, both the SFRAAC and the PFRAAC specimens presented a flexural failure
mode characterized by the tensile rupture of longitudinal reinforcement.

The moment–curvature responses detected at different cross-sections, i.e., Section 1 (mid-span)
and Sections 2 and 3 (under the point loads), are potted in Figure 6. Only the curves related to the
beams AAC, SFRAAC-1, and PFRAAC-1 are reported, as representative of the typical behavior of each
mixture. Based on the classical Navier’s hypotheses, the curvature was calculated by the horizontal
deformations measured by the potentiometers installed on the beams.

The observed responses appeared very similar to those reported by other studies [35] for OPC
concrete beams with or without fiber reinforcement.

(a) 

Figure 6. Cont.
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(b) 

(c) 

Figure 6. Experimental moment–curvatures curves and pictures of collapse for beams AAC (a),
SFRAAC-1 (b), and PFRAAC-1 (c).

Moreover, the diagrams allow appreciating the strain localization (i.e., higher deformation) that
generally involved one of the three monitored sections in which the ultimate mechanism took place
(with significantly high values of local curvature, up to 240 km−1, in specimen SFRAAC-1). The strain
localization appeared to be more pronounced in the beams containing fibers, where it was promoted
by the higher post-cracking tensile strength of the material (Figure 2), which allowed the compression
chord to strongly delay its crushing with, conversely, a steady progressive material degradation in
compression. Once the strain localization occurred, the beams started to behave like two rigid blocks,
able to rotate about both the beam supports and the section subjected to the crack localization (a sort of
plastic hinge).

The small picture reported in Figure 6b shows the flexural collapse mode of the SFRAAC-1 beam,
which was not affected by significant damage of the top side of the cross-section. On the contrary,
the picture of Figure 6c illustrates a high level of strain both at the bottom (steel strain) and at the
top chord (concrete crushing). They both concurred in determining the collapse of the specimen
PFRAAC-1, which experienced rebar collapse in the end.

In order to predict the flexural resistance of the test beams, the simplified rectangular stress-block
model schematized in Figure 7 can be adopted. It is seen that for fiber-reinforced beams, the tensile
resistance of the material is considered by means of the rigid-plastic model reported by the MC2010
(clause 5.6.4) [33], which considers a constant residual tensile strength (fFtu) over the depth (h-x) of
the cross-section. Based on the previous assumptions, by also supposing that tensile reinforcement
is yielded (reasonable assumption considering the low reinforcement ratio selected), the resisting
moment (MR,max,anl) can be calculated as follows:
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MR,max,anl= f y·As·(d− 0.4·x)+ f Ftu·B·(h− x)·(0.5·h + 0.1·x) (1)

where fFtu = fR3/3 is the tensile strength of fiber-reinforced concrete; fR3k is the residual flexural strength
at a crack mouth opening displacement (CMOD) of 2.5 mm (see Table 3); h = 500 mm is the section
height; B = 200 mm is the section width; As = 400 mm2 is the total area of bottom longitudinal rebars;
fy = 535 MPa is the yielding strength of rebars; and d = 460 mm is the effective depth. From the
equilibrium of horizontal forces, the neutral axis depth (x) is obtained:

x =
fy·As+ f Ftu·B·h

B(0.8 · fcm+ f Ftu)
(2)

in which fcm is the cylindrical compressive strength of concrete, as reported in Table 3. The results
reported in Table 4 show that the resisting moment obtained from Equation (1) slightly underestimates
(−9%) the maximum experimental bending moment (MR,max,exp). On the contrary, the predicted
bending moments related to beams containing steel fibers were basically equal or slightly higher (+2%)
than the experimental ones. The analytical model confirmed the minor contribution provided by
fibers to the flexural resistance of the beams. However, the simplified cross-sectional model proved to
be able to well predict the resistance of all the AAC beams tested in this research study, in contrast to
what is stated in [11].

Figure 7. Simplified stress-block model for flexural strength calculation according MC2010 [33].

Table 4 also reports the ductility indexes evaluated as the ratio between the ultimate (Øu) and the
yielding (Øy) curvature (μØ = Øu/Øy), as well as the ratio between the ultimate (δu) and the yielding
(δy) midspan deflections (μδ = δu/δy). Irrespective of the ductility index considered, FRAAC beams
resulted to be more ductile than the reference specimen. When considering the ductility in terms
of curvature, the average ductility of the SFRAAC beams appears to be higher than that observed
for the specimen containing synthetic fibers. Contrariwise, whether the ductility is assessed by the
index, which better represents the overall response of the specimen instead of the behavior of the
single local cross-section, the ductility of the beams containing synthetic fibers results to be the highest.
In fact, once strain localization occurred, the lower post-cracking resistance of concrete reinforced with
synthetic fibers allowed to delay the rebar failure, thus promoting a higher ductility (+60%) than that
exhibited by the SFRAAC specimens.

It seems that, in flexural elements with low reinforcement ratios, synthetic deformed fibers are
able to postpone (compared to steel fibers) the strain localization at the rebar level; in addition, their
influence on the compression chord, even though less pronounced compared to steel fibers, allows
anyway a progressive and controlled decay of the compression chord resistance. The combination
of these two effects is beneficial in terms of overall structural ductility (i.e., ductility on terms of
displacement). However, this trend should be cautiously evaluated by testing different longitudinal
reinforcement ratios.
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3.2. Behavior at Serviceability Limit State (SLS)

The change of stiffness occurring between the first and the second branch of the curves, shown in
Figure 4, defines the onset of the cracking stage. All of the beams cracked at a load of about 45 kN,
which corresponded to a midspan deflection approximately equal to δcr = 1.7 mm. Considering that
the materials used in the present investigation had basically the same peak tensile flexural strength (fL)
(see Table 3), similar first cracking loads were expected.

Crack control is one of the main features that must be considered in designing concrete members
under service loading conditions. To estimate the mean crack width (w) in a concrete member,
the following general equation can be used:

w = Srm·(εsm−εcm) (3)

where εsm is the mean tensile strain in the reinforcement; εcm is the mean tensile strain in concrete
between cracks; and Srm is the mean crack spacing. A reasonable prediction of crack width necessarily
requires the estimation of the crack spacing parameter.

The results of the tests performed herein allowed to calculate the crack spacing as the mean distance
between cracks, namely the distance between the point loads (i.e., 1200 mm) divided by the number of
cracks detected in the constant bending moment region. Figure 8a reports the evolution of the mean
crack spacing observed in the pre-yielding stage against the deflection at midspan. The evolution of
the number of cracks detected during the execution of each bending test is represented in Figure 8b.

  
(a) (b) 

Figure 8. Mean crack spacing in the pre-yielding phase (a) and number of cracks (b) vs.
midspan deflection.

As usually observed in OPC concrete members, the mean crack spacing tended to decrease with
increasing vertical deflection and then stabilized at a minimum value (stabilizing cracking stage).
The crack spacing became almost constant at a deflection of about 8 mm, which corresponded to
a vertical load equal to 60% (p ≈ 80 kN) of the maximum capacity. The attainment of a constant crack
spacing represents the onset of the so-called stabilized cracking stage. The crack spacing detected in
the stabilized cracking stage for the fiber-reinforced beams was similar or slightly lower (−10%) than
that presented by the reference beam not containing fibers. On the contrary, for vertical deflections
ranging from first cracking (δcr = 1.7 mm) to 7.5 mm, the crack spacing of the reference beam resulted
to be the lowest, together with that presented by beam PFRAAC-1. This result appears to be in contrast
to what is reported by other authors [36,37], especially with regard to the specimens made with steel
fiber-reinforced concrete. Because of its higher post-cracking strength, fibers are usually able to reduce
the crack spacing even if provided in low (<0.5%) volume fractions. Further investigation needs to be
undertaken to better understand these experimental observations.

As the crack spacing decreased in the pre-yielding stage, the number of cracks (Figure 8b) increased
at a very high rate. After yielding, the formation of new cracks still took place, but at a slower rate
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compared to the pre-yielding stage. It is worth noting that the beams characterized by the lowest
number of cracks at failure were those containing steel fibers (Figure 8b). This fact can be explained by
considering the ability of steel fibers to localize the deformation in a single section, as already shown in
the paragraph related to the behavior at ultimate limit states.

To estimate the mean crack spacing for RC members, European structural codes have proposed different
relationships over the past years. The CEB-FIP Model Code 1978 [38] proposed the following equation:

Srm= 2·
(
c+

s
10

)
+k1·k2· ∅ρe f f

(4)

where:
c = concrete clear cover;
s = distance between longitudinal reinforcement bars;
k1 = coefficient regarding bond between bars and concrete (=0.4 for deformed bars);
k2 = coefficient regarding stress distribution in the cross-section (=0.125 for flexure);
Ø = longitudinal rebar diameter; and
ρeff = effective reinforcement ratio.

In 1990, the updated version of the same European code (CEB-FIP Model Code 1990 [39]) proposed
a simplified formulation depending only on the effective reinforcement ratio and the bar diameter,
as follows:

Srm =
2
3
· ∅

3.6·ρe f f
(5)

The first version of the Eurocode 2 published in 1991 [40] reported a modified version of the
CEB-FIP Model Code 1978’s [39] model:

Srm= 50 + 0.25·k1·k2· ∅ρe f f
(6)

in which k1 and k2 can be assumed equal to 0.8 (deformed bars) and 0.5 (members in flexure),
respectively. The Eurocode 2 released in 2003 [41] re-introduced the clear cover as a parameter affecting
the crack spacing:

Srm= 3.4c + 0.425·k1·k2· ∅ρe f f
(7)

Finally, the MC2010 [33] defined the crack spacing as a function of the transition length (ls,max)
according to the following relation:

Srm= 1.17·ls,max= k·c + 0.25· fctm

τbm
· ∅
ρe f f

(8)

where fctm is the mean tensile strength of concrete (Table 3) and τbm = 1.8 fctm is the mean value of bond
stress between concrete and rebars.

Regarding steel fiber-reinforced concrete elements, one of the earliest models for predicting the
crack spacing was proposed by the RILEM committee TC 162-TDF (2003) [42], which modified the
Eurocode 2 (1991)’s relation [41] for plain concrete as follows:

Srm =

(
50 + 0.25·k1·k2· ∅ρe f f

)
· 50
L f /d f

(9)

Note that in the previous equation, the effect of fibers was considered by the factor 50/(Lf/df) ≤ 1,
which includes the fiber aspect ratio Lf/df. Despite the fact that this formulation was initially meant
only for elements reinforced with steel fibers, it will be here applied also to the specimens containing
synthetic fibers.
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The latest model for predicting the crack spacing in fiber-reinforced concrete elements was
reported by the MC2010 (2013) [33]. The latter adjusted the formulation originally developed for RC
concrete as follows:

Srm= 1.17·ls,max= k·c + 0.25·
(

fctm− f Ftsm

)
τbm

· ∅
ρe f f

(10)

It is seen that the ability of fibers to reduce the crack spacing is considered by the term
fFtsm = 0.45 fR1m, which is related to the residual strength of concrete (fR1m) corresponding to a crack
width (CMOD) of 0.5 mm significant for serviceability loading conditions [33].

The diagrams of Figure 9 compare the experimental mean crack spacings, detected at different
loading levels (i.e., 60 kN, 85 kN, 115 kN, failure load), with the corresponding values predicted by
the models described above. From simple calculations, the tensile stress expected in the longitudinal
reinforcement at the minimum loading level (i.e., 60 kN) is about 260 MPa. The latter is generally
considered as the maximum value for the adopted reinforcing steel able to limit deflections and ensure
good crack control at SLS conditions. It is worth noting that 60 kN and 85 kN correspond, respectively,
to 40–46% and 60–65% of the maximum load attained by the test beams.

Regarding the AAC beam (Figure 9a), a good agreement between experimental and analytical data
was observed except for the Eurocode 2 (2003) [42], whose predictions overestimated the experimental
results both for low and high values of the applied load.

About the beams reinforced with steel fibers, both RILEM TC 162-TDF (2003) [42] and
MC2010 [33] provided crack spacings 30–60% lower than those detected in the stabilized cracking stage
(i.e., p ≥ 85 kN). When considering the specimens containing synthetic fibers, the prediction of RILEM
TC 162-TDF (2003) (Figure 9c) appeared to be very close to the experimental results. On the contrary,
the MC2010 (Figure 9b) tended to overestimate by about 20% the stabilized value of crack spacing.

 
(a) 

Figure 9. Cont.
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(b) 

 
(c) 

Figure 9. Comparison between predicted and experimental crack spacing. AAC beam (a). Predictions
according MC2010 [33] (b) and RILEM [42] (c) for the beams reinforced with fibers.

The effect of fibers on tension stiffening can be highlighted by comparing midspan deflection of
the fiber reinforced concrete beams (see Figure 4) with those exhibited by the reference beam (AAC) at
a certain loading level. Here, the comparison was carried out by considering three different loading
levels, i.e., 40 kN, 58 kN, and 90 kN, which corresponded, respectively, to 30%, 45%, and 70% of
the maximum capacity (Pmax = 130 kN) of the reference beam. The resulting relative variation of
midspan deflections will be here referred to as Δ0.30 (p = 40 kN), Δ0.45 (p = 58 kN), and Δ0.70 (p = 90 kN)
(Table 5). As shown in Table 5, both SFRAAC beams were characterized by a remarkable increment of
the flexural post-cracking stiffness that, in turn, led to a reduction of the maximum deflection ranging
from 16% to 40%. Compared to steel fibers, the synthetic fibers resulted to be less effective as the
deflection reduction was approximately equal to 7% for the beam PFRAAC-2, and 11–17% for the
specimen PFRAAC-1.

This enhanced post-cracking stiffness, related to low level of strains in the rebars (for the same
load levels), is a key factor determining a decrease of the crack widths in flexure, confirming several
findings in the literature [37].
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Table 5. Behavior at serviceability limit states (SLS): Relative variation of midspan deflection referred
to the beam AAC.

Specimen Δ0.30 Δ0.45 Δ0.70

[mm] [mm] [mm]

AAC - - -
SFRAAC-1 −0.32 (−16%) −1.84 (−35%) −3.14 (−26%)
SFRAAC-2 −0.36 (−17%) −2.11 (−40%) −3.12 (−26%)
PFRAAC-1 −0.34 (−17%) −0.67 (−13%) −1.64 (−11%)
PFRAAC-2 −0.03 (−1.2%) −0.37 (−7%) −0.80 (−7%)

4. Concluding Remarks

Experimental results on full-scale beams made of AAC under flexure were presented and discussed
in this paper, focusing on the structural response and fiber influence on the global and local behavior.

It was observed that the post-cracking response of FRAACs is the most influencing parameter for
the structural behavior of beams herein discussed. For this particular geometry and longitudinal steel
ratio, fibers promoted enhancements both at SLS and ULS conditions.

Based on the results herein presented and discussed, the main following conclusions can be drawn:

- For the studied element geometry and longitudinal reinforcement ratio (ρl = 0.44%), the presence
of fibers affected the structural failure mode by promoting a collapse due to rebar rupture;
on the contrary, the reference element without fibers (AAC) experienced a classical failure due to
concrete crushing.

- The post-cracking strength of fibers, at ULS, developed a strain localization with a reduction of
the portion of the bar under yielding. This determined an early rebar collapse, especially for
steel fibers, which are more rigid and tougher compared to synthetic fibers. This peculiarity
promoted a quite different local behavior well captured by the local moment–curvature diagrams
observed: The section where the collapse occurred experienced a greater curvature, resulting
in a corresponding larger local ductility, especially for FRC elements with higher post-cracking
strengths (steel fibers). Conversely, the lower post-cracking strength observed in polymeric fibers
tended to delay, in terms of midspan deformation, the final rebar collapse, resulting in a greater
overall ductility (in terms of displacement), also possible thanks to the fiber ability to effectively
promote a progressive decay of the concrete in compression.

- Elements reinforced with steel fibers developed the lowest number of cracks at ULS, due to the
strain localization, which might have caused a limited (not full) development of crack spacing.

- The crack stabilizing stage for elements reinforced with fibers took place at a higher load level
compared to non-fibrous elements; at the crack stabilizing stage, a good agreement between
analytical and experimental crack spacing values was observed.

- At SLS conditions, despite AAC beams experiencing a greater elastic modulus, fibers promoted
an enhancement of the post-cracking stiffness with a consequent reduction of the midspan
displacement and crack widths; a tension stiffening effect was seen to be more noticeable in
elements reinforced with steel fibers where post-cracking strengths were greater.
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Abstract: Major infrastructure projects require significant amount of natural materials, often followed
by the soft soil stabilization using hydraulic binders. This paper presents the results of a laboratory
study of alternative waste materials (fly ash and slag) that can be used for earthworks. Results
of high plasticity clay stabilization using fly ash from Serbian power plants are presented in the
first part. In the second part of the paper, engineering properties of ash and ash-slag mixtures are
discussed with the emphasis on the application in road subgrade and embankment construction.
Physical and mechanical properties were determined via following laboratory tests: Specific gravity,
grain size distribution, the moisture–density relationship (Proctor compaction test), unconfined
compressive strength (UCS), oedometer and swell tests, direct shear and the California bearing ratio
(CBR). The results indicate the positive effects of the clay stabilization using fly ash, in terms of
increasing strength and stiffness and reducing expansivity. Fly ashes and ash-slag mixtures have also
comparable mechanical properties with sands, which in combination with multiple other benefits
(lower energy consumption and CO2 emission, saving of natural materials and smaller waste landfill
areas), make them suitable fill materials for embankments, especially considering the necessity for
sustainable development.

Keywords: fly ash; slag; soil stabilization; embankment; cement; lime

1. Introduction

The modern world is facing the consequences of the technological development followed by a
huge environmental impact. This has stimulated recent scientific research in the field of identifying
pollutants and the possibility of reducing the harmful effects of pollution. One of the major pollutants
is fossil fuel, which produce huge amounts of CO2 in the combustion process. According to the
World Bank data for 2015 [1], the total share of fossil fuels in energy production in the world is 65.2%.
According to the same data in Serbia, this share is 73.1%, since the thermal power plants are the main
producers of electricity. There are six thermal power plants within the Electric Power Industry of
Serbia, which use lignite as the main fuel.

Thermal power plants have multiple harmful effects on the environment: They pollute air by
emitting CO2, SO2, N2O and fly ash; landfills of ash and slag occupy large areas of mainly agriculture
land; deposited ash can potentially pollute land and water due to the presence of microelements and
radionuclides. The harmful effects of flue gases can be reduced by gas desulphurization, installation of
efficient electro filters and application of methods for reducing the concentration of nitrogen oxides.
The amount of deposited ash and slag can be significantly reduced by use in the construction industry.

According to the ECOBA (European Coal Combustion Products Association) data for 2016 [2],
annual production of ash in the European Union (EU 15) was about 40 million tons, of which 64% was
fly ash. About 50% of the produced amount was used in the construction industry, 41.5% was used
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for land reclamation–restoration and only 6.7% was deposited. In the construction industry, it was
mostly used for the production of cement and concrete (about 25%), while much less (about 6% today
vs. 25% ten years ago) was used in the road construction. The data show that ash in developed EU
countries is successfully used as raw material in the industry. In Serbia, the situation is completely
different. About 7 million tons of ash is produced annually. A very small part of the ash is deposited in
silos, while most of the total produced amount is deposited with the slag at the landfills. The landfills
occupy an area of about 1600 ha, with about 300 million tons of ash and slag [3,4]. So far, only 3% of
ash has been used for the production of cement [4].

In Serbia, the first major research related to the possibility of using ash in road construction began
in the first decade of this century, with the aim of reducing the large amount of deposited ash. Since
then, four extensive studies have been done [5–8]. Based on the results of these studies, in 2015 the
Serbian Government has passed a regulation [9] on the use of ash from thermal power plants in Serbia,
thus creating a legal framework for the use of ash.

During the research [7,8], about 1000 laboratory tests of physical and mechanical properties of fly
ash, ash and slag, mixtures of ash and soil with or without hydraulic binders (cement and lime) were
done in the Laboratory for Soil Mechanics of the Faculty of Civil Engineering in Belgrade. Additionally,
chemical composition of fly ash was investigated. The main results and conclusions from these studies
are presented in this paper.

The aforementioned studies included a very important ecological aspect of the use of ash, bearing
in mind that ash contains harmful substances that can be a potential source of pollution of soil and
water. Ash can be disposed of as waste material if the content of artificial and natural radionuclides
is less than the values prescribed in the Rulebook on the Limits of Radioactive Contamination of
the Environment [10]. Ash and slag from the Serbian thermal power plants meet the prescribed
requirements [11]. Ash also contains trace elements that are hazardous to the environment, such as As,
B, Cr, Mo and Se [12]. These elements could contaminate the soil, water and marine ecosystems in case
of their leaching. The main factor in the control of leaching is the control of the mobility of the trace
elements. There are appropriate procedures that can reduce or eliminate the leaching of toxic trace
elements such as As, B, Cr, Sb and Se [11,12]. If it is proven that there is no risk of leaching, the use of
ash for embankments provides economic and environmental benefits.

In the first part of the paper, the results of high plasticity clay stabilization using fly ash from
Serbian power plants (with and without binders) were presented. In addition, the effects of ash
application as a soil stabilizer were compared with the effects of chemical additives for the same
purpose. In the second part, engineering properties of ash and ash-slag mixtures as embankment
material in road construction were investigated. The mechanical properties important for fulfillment of
the technical requirements for road subgrade were tested. The influence of common binders (activators)
was also investigated.

2. Literature Review

2.1. Ash Utilization for Soil Stabilization

The factors on which soil stabilization with ash depend on are: The type of ash and its characteristics,
characteristics of the soil to be stabilized, the percentage of fly ash, the time period between wetting of
the mixture and compaction and soil water content at the time of compaction.

According to ASTM C618 [13], fly ash types are class C and class F. This classification mainly
depends on the content of SiO2, Al2O3 and Fe2O3—minimum percentage of SiO2 + Al2O3 + Fe2O3 for
class F fly ash is 70%, and for class C is 50%. The percentage of sulfur trioxide (SO3) is max 5% for
both ash classes (fly ash with a sulfate content greater than 10% may cause soils to expand more than
desired [14]). According to EN 14227-4 [15], fly ash is classified into calcareous (type W, equivalent to
ASTM class C), and siliceous (type V, equivalent to ASTM class F).
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Class C fly ash is mainly produced from lignite or subbituminous coal. This coal has a higher
content of calcium carbonate, so class C fly ash is rich in calcium (more than 20% CaO), resulting in the
self-cementing characteristics. Studies concerning fly ash utilization for soil stabilization indicate that
class C fly ash is an effective and economical stabilizer for broad engineering applications [14,16–23].

Class F fly ash is mainly produced from burning anthracite or bituminous coal. This class of
fly ash has pozzolanic properties, but has no self-cementing characteristics due to its lower CaO
content (less than 10%). According to [24], class F fly ash should be used in soil stabilization with the
addition of cementitious agent (lime, lime kiln dust, cement and cement kiln dust). However, there
are researches indicating that this fly ash can effectively improve some engineering properties of soil
(unconfined compressive strength (UCS), California bearing ratio (CBR) and swell potential) without
activators [25–29].

According to [14,17,30], the optimal fly ash content for soil stabilization is in the range from 10% to
30%, depending on soil and ash type. Recent studies have shown that compaction properties and the
strength of the mixture decreases with the increase in compaction delay time, which is a consequence
of the loss of established cement bonds between particles and lower density [14,16]. According to the
same research, it is proposed to carry out compaction within two hours after mixing. Water content
of the soil during compaction has a major impact on density and strength of the mixture. According
to [14,16], the water content for achieving the maximum strength is typically the optimal water content
or up to 8% lower than the optimal.

The effects of applying fly ash for soil stabilization are the reduction in the plasticity and soil swell
potential and increasing the soil strength and CBR values. The size of fly ash particles is commonly
larger than the clay particles, thus the addition of fly ash changes the grain size distribution of the clay
and reduces the liquid limit. The chemical composition of ash and treated soil also affects the Atterberg
limits. Reduction of plasticity of the clay soil leads to a decrease in swell potential. Çoçka [17] as well
as Nalbantoglu and Gucbilmez [30] have found that plasticity and swelling potential decrease with the
increase in the content of class C fly ash. Ramadas et al. [26] have analyzed the characteristics of three
expansive soils with the addition of class F fly ash of 0–50%, which resulted in significant decrease in
liquid limit, swelling pressure and potential.

The increase in strength is the main reason for the use of fly ash for soil stabilization [24].
The California bearing ratio value is the primary parameter in the evaluation of suitability of fly ash
stabilized soil utilization in road construction [14,16,20,22,31]. Clays generally have low CBR, and that
makes them inappropriate for the use in base layers of pavements. Zia and Fox [32] have found
that CBR values of loess increased five times by the addition of 10% class C fly ash. By adding 20%
of self-cementing fly ash to fine-grained soil, White et al. [22] obtained CBR values that correspond
to well-compacted gravel (~75%). Acosta et al. [18] investigated different soil types with very low
CBR values (0–5%) and by the addition of 18% class C fly ash, achieved a significant increase in CBR
values (20–56%). Vukićević et al. [29] analyzed the effect of class F fly ash on the strength of expansive
clay. The highest increase in strength was obtained with the addition of 15% fly ash. The CBR value
increased almost three times.

Increase of fly ash stabilized soil strength is a time-dependent process. The study of White et al. [22]
on self-cementing fly ash showed a rapid increase in strength during the first 7 to 28 days, after which
the slow down trend was registered due to prolonged pozzolanic reactions.

2.2. Ash Utilization as a Material for Embankment

Ash has been used for many years in construction as fill material in road construction, embankment
construction and land reclamation [33]. Low compacted unit weight of fly ash makes it very suitable
material in embankment construction.

Class F fly ash is more often applied as the material for embankments and backfills, in comparison
with the class C fly ash [34], because of self-cementing characteristics of C class fly ash, which hardens
within 2–4 h after the addition of water [35].
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The important engineering properties of ash for its utilization in roads construction are:
The moisture–density relationship, shear strength and compressibility.

Fly ash has a lower compacted density compared to traditional materials, which leads to smaller
applied load and settlement of the subsoil. DiGioia et al. [36] have investigated the maximum dry
density and the optimum water content for Western Pennsylvania class F fly ash and Western USA
class C fly ash. Values of the maximum dry density varied from 11.9 to 18.7 kN/m3 and values of
the optimum water content from 13% to 32%. They concluded that the large variations were due to
different physical and chemical characteristics of the ashes, which in the turn depend on the source of
coal and the condition of coal combustion.

Shear strength tests on compacted ash specimens indicate that ash strength is mostly generated
by internal friction [37]. Class F fly ash has a friction angle usually in the range of 26◦ to 42◦ [38].
Kim et al. [37] conducted tests on a mixture of fly ash and bottom ash and obtained friction angles in
the range of 28–48◦, which is in the rank of the shear strength of dense sandy soil.

There is not much published data for the California bearing ratio of ash. According to [39],
CBR for class F fly ash ranges between 6.8% and 13.5% in the soaked conditions, and between 10.8%
and 15.4% in the unsoaked conditions. For natural soils, CBR values normally range between 3% and
15% (fine-grained soils), 10–40% (sand and sandy soils) and 20–80% for gravels and gravelly soils [40].

Generally, technical standards prescribe that embankment must have small compressibility to
reduce roadway settlements. The compressibility can be expressed through compression index Cc
and recompression index Cr or through compressibility (constrained) modulus Mv (Cm). Kaniraj
and Gayathri [41] carried out consolidation tests on the specimens of class F fly ash from the Dadri
thermal power plant (New Delhi, India). They found that the compression indices Cc of the specimens
were 0.041 or 0.084, depending on level of effective stress. The average recompression index Cr was
0.008. For the fly ash from the Rajghat thermal power plant (New Delhi), reported Cc and Cr were
0.072 and 0.017, respectively [42]. For the fly ashes from USA and Canada, McLaren and DiGioia [43]
found the mean value of 0.13 for Cc. Kim and Prezzi [44] determined the tangent constrained modulus
Cm at vertical stresses, from zero to 200 kPa, which is the range of stresses expected in highway
embankments. The fly ash used in the study was class F, from three power plants in Indiana (USA). The
obtained values were compared with the tangent constrained modulus available in the literature for
compacted sand at different densities (at relative compaction of 99% and 85%). Specifically, the values
of constrained moduli for the tested fly ashes (in the range of 10 MPa to 30 MPa at stress level 100–200
kPa) correspond to the lower end of the sand moduli range. This indicates that for the same compaction
levels, the fly ashes are slightly more compressible than sand.

3. Materials

3.1. Soil

Soil was sampled from the location Radljevo, municipality Ub, Serbia. Based on the modified
Unified Soil Classification System, the tested soil was high plasticity (CH) clay. Nevertheless, due to
demonstrated shortcomings of the Casagrande chart [45], as an alternative, the authors used a new
classification approach proposed in [46]. Moreno-Maroto and Alonso-Azcárate [46] classified clay
by PI/LL (Plasticity Index vs. Liquid Limit) ratio. The PI/LL ratio for the tested clay was 0.38, which
characterized the used material as moderately or slightly clayey soil. The maximum toughness, Tmax,
parameter that best represents plasticity [47], estimated by the Moreno-Maroto and Alonso-Azcárate [46]
equation was 5.54, which indicates a low influence of clay minerals. Basic physical properties of
CH clay are given in Table 1. The tested soil had a low to moderate swelling potential, with a swell
deformation of 2.2% [48], which makes it generally unusable for most engineering purposes.
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Table 1. Physical properties of the high plasticity (CH) clay.

Gs

Grain Size Distribution Atterberg Limits
Swell

%Clay
<0.002 mm

Silt
0.002–0.06 mm

Sand
0.06–2 mm

Gravel
2–60 mm

Fines
<0.075 mm

LL
%

PL
%

PI
%

2.67 22 72 6 - 96 51.0 31.5 19.5 2.2

Note: Testing methods are described in Section 4.

3.2. Ash and Slag

In the scope of this paper, the following waste materials from Serbian power plants were used:
(1) KOL FA—fly ash from electrostatic precipitators in thermal power plant “Kolubara”;
(2) KOS FA—fly ash from electrostatic precipitators in thermal power plants “Kostolac A” and

“Kostolac B”;
(3) KOS AB—ash and slag mixture from the landfills of thermal power plants “Kostolac A” and

“Kostolac B”;
(4) TENT A—ash and slag mixture from the landfill of thermal power plant “Nikola Tesla A”;
(5) TENT B—fly ash from the silos in thermal power plant “Nikola Tesla B”.
Basic physical properties of tested waste materials are given in Table 2.

Table 2. Physical properties of tested waste materials.

Material Gs

Grain Size Distribution (%)
Clay

<0.002 mm
Silt

0.002–0.06 mm
Sand

0.06–2.0 mm
Gravel

2–60 mm
Fines

<0.075 mm

KOL FA 2.13 0–2 60–65 35–38 - 67–72
KOS FA 2.22 - 75 25 - 80
KOS AB 2.41 2 10–22 77–89 - 14–27
TENT A 2.39 0–1 40–41 57–58 - 49–50
TENT B 2.26 2 14–31 65–82 2 22–40

Note: Testing methods are described in Section 4.

According to the standard ASTM C618 [13], the used materials belonged to class F. Chemical
composition of all waste materials within this paper is given in Table 3.

Table 3. Chemical composition of the used waste materials.

Material
Chemical Composition (%)

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 SO3 P2O5

KOL FA [7] 50.21 23.83 9.89 4.79 3.12 0.44 0.35 0.54 5.24 0.060
KOS FA [7] 56.38 17.57 10.39 7.46 2.13 0.57 0.38 0.52 0.95 0.025
KOS AB [6] 53.61 17.72 8.05 7.44 1.78 1.22 0.86 0.51 0.12 0.068
TENT A [6] 56.14 15.93 5.77 7.54 1.48 1.23 0.86 0.52 0.12 0.058
TENT B [6] 59.73 20.97 5.99 5.83 2.21 1.18 0.41 0.57 0.48 0.023

Note: Presented values may not entirely represent the tested material, since the chemical composition of the coal
used in the power plants can change over time.

3.3. Binders (Activators)

The influence of common hydraulic binders on soil stabilization (cement and hydrated lime) was
investigated in this paper. Specifically, Portland cement PC 20M (S-L) 42.5R “Beočin Profi” with the
mixed addition of granular slag and limestone from the manufacturer “Lafarge”(Beočin, Serbia) was
used. Important technical specifications for used cement are given in Table 4. On the other hand, in the
case of lime, hydrated lime from the “NEXE” (Jelen Do, Serbia) manufacturer was employed. Besides
binders, liquid additive PolybondTM from “Superroads Technologies” (Lausanne, Switzerland) was
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also used. PolybondTM is based on sulfuric acid and surfactant, which improves soil strength and
soil resistance to moisture infiltration and frost. The PolybondTM stabilization effect is based on its
ability to perform ionic water substitution on the soil particles’ surface using stabilizing molecules.
The main feature of the stabilizing molecules attached to the soil particles’ surface is to repel moisture,
thereby reducing the ability of clay particles to attract water [49]. Addition of PolybondTM increases
the ultimate compression strength of specimens after 28 days by 1.5–2 times compared to reference
specimens [49].

Table 4. Technical properties for cement PC 20M (S-L) 42.5R.

Consistency (%) Setting Time (min)
Compressive Strength

After 2 Days (MPa)
Compressive Strength

After 28 Day (MPa)

27–29 160–250 26–28 49.5–54.5

4. Testing Methods and Laboratory Program

4.1. Testing Methods

Physical and mechanical properties were determined via the following laboratory tests: Specific
gravity, grain size distribution, the moisture–density relationship (Proctor compaction test), unconfined
compressive strength (UCS), direct shear, consolidation, CBR and swell tests. Tests were performed in
accordance with Serbian (SRPS/EN) standards (see References 50–58). Additional details of laboratory
tests are as follows:

• Specific gravity was determined in accordance with [50].
• Grain size distribution was determined using the hydrometer method, in accordance with [51].
• Atterberg limits were determined using a motorized Casagrande liquid limit device (Controls,

Milan, Italy), in accordance with [52].
• The Proctor compaction test was done in accordance with [53]. Optimum moisture content (OMC)

and maximum dry density γd,max were determined using a compaction energy of 600 kJ/m3.
• Unconfined compression (UCS) tests were done using a controlled strain rate machine (Controls,

Milan, Italy), on the cylindrical specimens with a diameter of 38 mm and height of 76 mm. The tests
were done in accordance with SRPS U.B1.029:1996 [54]. The rate of vertical displacement was 0.5
mm/min.

• Direct shear tests were performed in drained conditions, using machines with a constant strain
rate and square shear box (60 mm × 60 mm × 30 mm), in accordance with [55]. Specimens were
initially saturated in a separate consolidation device (Controls, Milan, Italy) during 24 hours.
After saturation, specimens were consolidated with vertical loading of 100, 200 and 400 kPa and
then sheared with the constant velocity of 5–15 μ/min (CH clay stabilization) and of 20–40 μ/min
(fly ash and ash-slag mixtures).

• One-dimensional consolidation tests were done in accordance with [56], on cylindrical specimens
with diameter of 70 mm and height of 20 mm. The specimens were soaked for 24 hours prior to
compression. After soaking, the vertical load was applied step by step to achieve the maximum
vertical stress of 400 kPa, according to the following scheme: 25/50/100/200/400/200/100/50/25 kPa

• California bearing ratio (CBR) tests were done on fully soaked samples, in accordance with [57].
• Frost resistance tests were done in accordance with [58]. After 15 cycles of freezing and thawing,

the UCS reduction was measured. One cycle consisted of 16 hours freezing on temperature −10 ◦C
and 8 hours thawing on temperature +25 ◦C.

• Free swell tests were performed in the oedometer apparatus (Controls, Milan, Italy) on remolded
samples compacted at standard Proctor’s maximum dry density and optimum moisture content
and without any vertical surcharge load [48]. Upon completion of the swelling process, in order to
capture the swelling pressure, the vertical load was gradually applied until swelling deformation
was eliminated.
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4.2. Laboratory Testing Program

The laboratory testing program within this study consisted of two parts. In the first part, the high
plasticity clay stabilization using fly ash was investigated. In the second part, engineering properties of
ash and ash-slag mixtures as an embankment material in road construction were studied. The influence
of common binders (activators) was also investigated. The laboratory testing program is outlined in
flowcharts in Figures 1 and 2.

A total of 24 combinations (mixtures) of soil, waste material and binders (activators) were tested.
Untreated materials (without binders) were tested first, in order to determine initial physical (Tables 1
and 2) and mechanical properties (Tables 5 and 6), which were used later for comparison with treated
materials. For all physical and mechanical tests two specimens were used for the determination of
engineering properties, except for UCS where five specimens were tested.

 

Figure 1. Flowchart of the laboratory testing program—high plasticity clay stabilization.
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Figure 2. Flowchart of the laboratory testing program—ash and ash-slag mixtures.

Table 5. Mechanical properties of tested materials without binders.

Material

Compaction Compressibility Strength

Proctor Test (600 kJ/m3) Mv (kPa) Direct shear UCS

OMC (%)
γd,max

(kN/m3)

50–100
kPa

100–200
kPa

200–400
kPa

ϕ’
(◦)

c’
(kN/m2)

qu

(kN/m2)
CBR
(%)

CH clay 19.1 16.6 14300 10400 10800 25.5 26.0 231 4.5
KOL FA 49.8–55.0 8.0 17700 24900 31400 29.5 36.5 83 13
KOS FA 37.5–43.9 9.0–9.8 25800 39200 42900 31.0 28.5 87 57

Table 6. Mechanical properties of tested materials without binders.

Material

Compaction Compressibility Strength

Proctor Test (600 kJ/m3) Mv (kPa) Direct Shear UCS

OMC (%)
γd,max

(kN/m3)

50–100
kPa

100–200
kPa

200–400
kPa

ϕ’
(◦)

c’
(kN/m2)

qu

(kN/m2)
CBR
(%)

KOS FA 37.5–43.9 9.0–9.8 25800 39200 42900 31.0 28.5 87 57
KOS AB 48.1 9.1 10000 12600 22700 35.0 18.5 37 24
TENT A 48.5 8.9 14100 23300 34200 34.5 7.0 49 7
TENT B 33.7 10.4 19300 20700 26200 33.5 20.0 87 12

4.3. Specimen Preparation and Curing

In order to compare the results of different test mixtures, specimens for mechanical tests (UCS,
direct shear, CBR, consolidation and swell) were prepared by compaction under the same conditions.
First, premeasured amount of dried components (ash, slag, soil and binder) were mixed intensively to
create a homogeneous dry mixture. After that the water was added and, after mixing, compaction
was done immediately. Late compaction can reduce the effects of stabilization—during the hydration
process, fly ash cements particles in the mixture, and more compaction effort is required. The smaller
strength gain, and sometimes strength reduction after late compaction, is explained by the loss of
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hydration products, and by the loss of connections between the cemented particles [14,59]. According
to [14,60], it is recommended that the amount of added water should be about 80–110% of OMC. In this
study, the 100% of OMC was adopted for specimen preparation. After compaction, the specimens
were extruded from compaction molds.

Specimens without binders and specimens with cement were kept (cured) in a plastic wrap,
hermetically sealed, at laboratory temperature of 20 ◦C. Specimens with lime and PolybondTM were
not hermetically closed before testing. Specimens were cured in moist chamber at relative humidity
RH > 95% and laboratory temperature of 20 ◦C.

4.4. Optimal % of Fly Ash (Only for Soil Stabilization)

For the successful soil stabilization it is important to use the optimal fly ash content, in order to
create the conditions necessary for all chemical reactions and for changing the soil microstructure.

In order to determine the optimal content of fly ash, UCS tests were done on the specimens with
different fly ash–soil ratios (10%, 15%, 20% and 25%), one day after compaction. Due to the fact that
the increase of UCS was not significant (may be in the domain of scattering of the results), it was not
possible to select the optimal % of fly ash. Therefore, additional CBR tests were performed on the
specimens with the same fly ash–soil ratios. The highest CBR value was achieved for the mixture with
20% of fly ash, which was adopted as the optimal amount.

4.5. Used % of Binders

Used amount of cement was determined preserving the homogeneity of the mixture with minimum
cement consumption.

Used amount of lime was set from the condition that the pH value of mixture shall be 12.4,
securing the optimal conditions for the hydration process [61].

Test specimens with PolybondTM were prepared with the minimum recommended PolybondTM

content according to organization standard [62] and the manufacturers’ recommendations [49]. First
the PolybondTM solution with water was formed, which is then added into the dry material before
compaction. During preparation of the soil–fly ash mixtures, the previously determined optimal ash
percentage (20%) was used. Used amounts of binders are given in Figures 1 and 2.

5. Results and Discussion

5.1. Stabilization of High Plasticity (CH) Clay

The results of the CH clay stabilization using fly ash and binders are given in following subsections.
Engineering properties of stabilized mixtures were compared with the properties of untreated soil.
Mechanical properties of tested materials without binders are shown in Table 5.

For mixtures with lime, a significant increase in shear strength, compressibility parameters
(constrained modulus Mv) and CBR was obtained after one day and therefore no further testing was
performed after 28 days.

5.1.1. Unconfined Compressive Strength (UCS)

Increased soil strength is the main indicator of successful soil stabilization [14,16,18,23,31].
The results of UCS tests are presented in Figure 3. For mixtures with fly ash without a binder, the effects
of stabilization were negligible because of low UCS of used fly ashes. With the addition of lime or
cement, the pozzolanic reaction started and there was significant strength gain over time. Strength
gain was more pronounced with the addition of lime.

The addition of PolybondTM in the minimum recommended amount led to an increase of UCS
after one day, but results indicate that there was insensitivity of UCS to the elapsed time. Since the
PolybondTM stabilization mechanism is primarily based on the reduction of bound water, the observed
trend was expected.
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Figure 3. Unconfined compressive strength (UCS) of different mixtures with CH clay.

5.1.2. Shear Strength Parameters in Terms of Effective Stresses

Shear strength parameters affect the safety of any geotechnical structure. They are essential for
earth structures design, calculation of bearing capacity and earth pressures, stability analysis of natural
slopes, cuts and fills [63,64]. Effective shear strength parameters were determined using a direct shear
test and they are presented in Figure 4.
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Figure 4. Shear strength parameters of different mixtures with CH clay.

Obtained results show that the friction angle does not substantially change with the addition of fly
ash and PolybondTM. With the addition of cement, there was a mild increase of the friction angle, but a
significant increase was noted with the addition of lime after only one day. The cohesion significantly
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increased with time for all tested mixtures. For mixtures with fly ash without binders, a slow pozzolanic
reaction occurred due to the presence of reactive CaO. After the addition of cement or lime, a more
pronounced pozzolanic reaction occurred as well as the creation of cement joints. The effects of treating
CH clay with PolybondTM were particularly expressed in terms of soil cohesion—the increase of
cohesion was evident.

5.1.3. Compressibility Parameters

In order to calculate the consolidation settlement of soils, compressibility parameters are required.
The constrained modulus from a one-dimensional compression (oedometer) test is a commonly used
parameter to determine the settlement of a tested material. The vertical effective stress level 100–200 kPa
was selected to display the results. A similar trend was observed for other stress levels. Constrained
moduli were increased for all mixtures (Figure 5). Stabilization effects were greater with the addition
of cement or lime.
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Figure 5. Compressibility parameters of different mixtures with CH clay.

5.1.4. California Bearing Ratio (CBR)

The California bearing ratio (CBR) is a parameter that describes the strength of roads subgrade.
It is used for the determination of pavement thickness and its component layers [65,66]. Clays generally
have low CBR values (<5), which make them inappropriate for road subgrade construction. Obtained
results showed significant CBR gain. In the case of mixtures with fly ash and PolybondTM, there was a
mild, but important increase of strength, which made the tested soil usable for road construction. Test
results (Figure 6) were in line with [18,19,22,23,31]. It is obvious that used binders had a significant
influence on CBR gain.
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Figure 6. The California bearing ratio of different mixtures with CH clay.
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5.1.5. Swell Potential

The volumetric change of soil causes movements in structures and imposes additional loads to
structures [67,68]. According to [16], fly ash replaces some of the volume held by clay particles and
acts as a mechanical stabilizer.

By addition of fly ash, the swell potential of all tested mixtures was entirely eliminated, which
was somewhat expected considering the medium degree of expansivity of tested CH clay [48]. On the
other hand, the addition of PolybondTM, reduced the swelling deformation to about 1%.

5.2. Fly Ash and Ash-Slag Mixtures as a Material for Embankment

The engineering properties of ash and ash-slag mixture were discussed below. As in the case of
high plasticity clay, tests were performed on the samples with and without binders and the results
were compared. For all tested materials similar trends were observed and therefore test results for fly
ashes and ash-slag mixtures would be considered together. Mechanical properties of tested materials
without binders are given in Table 6.

5.2.1. Unconfined Compressive Strength (UCS)

The results of UCS tests are presented in Figure 7. Samples without a binder had very low
UCS (Table 6). The pozzolanic reaction started with the addition of binders and water and constant
strength gain over time could be observed. The substantial increase was recorded for fly ash samples.
The strength gain was more pronounced with lime addition.

 

122
358

175 229
47 40 29 49

266

695 611 606

33
293

146

573
347

990 1066

1579

487

2400

1772

2978

280

819
920

1190

0

500

1000

1500

2000

2500

3000

3500

TENT B+Cem 2% TENT B+Cem 4% TENT B+Lime 5% TENT B+Lime 7% KOS FA+Cem 2.5% KOS FA+Cem 5% KOS FA+Lime 4.8% KOS FA+Lime 6.8%

Unconfined Compressive Strength UCS [kPa]
FLY ASH

82
118

88 93
62

162

113
132

111

177
149

268

82

270
304

392

146

234
257

365

96

297

381

437

121

185 178

41

198

292

357

0

50

100

150

200

250

300

350

400

450

500

TENT A+Cem 2% TENT A+Cem 4% TENT A+Lime 5% TENT A+Lime 7% KOS AB+Cem 2% KOS AB+Cem 4% KOS AB+Lime 5% KOS AB+Lime 7%

Unconfined Compressive Strength UCS [kPa]
ASH-SLAG MIXTURES

Figure 7. UCS of waste materials with binders.

296



Materials 2019, 12, 3018

5.2.2. Effect of Frost

The frost resistance of fly ash and ash-slag mixtures treated with binders was tested by measuring
the UCS reduction. Samples aged 28 days were exposed to repeated freezing and thawing (15 cycles)
and the UCS was determined. The frost resistance index is represented by the relation between the
UCS of the sample after 15 freezing/thawing cycles and UCS of the reference sample (28 days old).
According to standard SRPS U.B1.050:1970 [58], the mixture is frost resistant if the index is greater
than 80%.

Results for ash-slag mixture TENT A with 7% of lime were missing because the samples were
damaged during testing. Tests were not performed for fly ash KOS FA. The results are shown in
Figure 7. The obtained frost resistance indices were within: 75–86% for TENT B, 69–83% for TENT A
and 43–82% for KOS AB. Absolute values of UCS after freezing/thawing cycles classify mixtures as stiff
to hard [64] and despite some lower indices values, the mixtures could be considered as frost resistant.
The low index value for KOS AB with 2% of cement might be due to damage of samples during testing.

5.2.3. Shear Strength Parameters in Terms of Effective Stresses

Considering fly ash and ash-slag mixtures as a fill material for embankments, the strength of
compacted material is of major importance to geotechnical engineers. High shear strength ensures
higher bearing capacity and slope stability. Shear strength parameters are given in Figures 8 and 9.
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Figure 9. Shear strength parameters of ash-slag samples with binders (some test results were omitted
because obtained values were too high).

Compared to the strength of the compacted sand (as traditional fill material) [37], all tested
mixtures without binders had high values of friction angle (ϕ’ = 31–35◦). According to USA Navy [69]
the friction angle for compacted sandy soils typically range from 31◦ to 45◦. Test results show an
increase of shearing resistance for all samples over time and with the increase of binder amount. Similar
results were obtained for both binders. Obtained friction angles after 28 days were within the range
39◦ to 45◦, which made tested materials generally comparable to the traditional compacted sandy soils.

Considering cohesion as an apparent shear strength parameter that captures the effects of
intermolecular forces, soil tension or cementation, class F fly ash and ash-slag mixtures exhibit no
cohesive characteristic in the saturated state [44]. In this case, cohesion is a consequence of the
approximation of the non-linear failure envelope with a linear one. The failure envelope obtained
from the strength test is a curved line for mostly granular materials, but solving the majority of soil
mechanics problems, it is sufficient to approximate the shear stresses as a linear function of the normal
stresses. The magnitude of cohesion is thus defined by the intersect segment on the shear stress
axis. After adding binders and with the addition of water, the pozzolanic reaction occurred as well
as the formation of bonds between the soil particles. The increase in cohesion was evident due to
the cementation process, but there was no clear trend over time and with an increase in the % of the
binder. For fly ash samples, the substantial increase over time had recorded for KOS FA and for TENT
B with cement addition, while with the addition of lime there was no further increase of cohesion
after 7 days. For ash-slag mixtures, there was a scattering of cohesion results, probably due to the
inhomogeneity of the samples and due to the method used for strength determination. In the direct
shear test, the orientation of the failure plane was predetermined as being near the middle of the
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sample height. Better results might be obtained in the triaxial device where the orientation of the
failure plane is governed by the soil structure.

For fly ash samples KOS FA with higher % of binders (5% cement and 6.8% lime), no further
testing was carried out after 28 days, because there was a significant increase in tested parameters for a
smaller binder amount. Some test results for ash-slag mixtures were omitted because the obtained
values were too high.

5.2.4. Compressibility Parameters

Compression of compacted fly ash or ash-slag mixture in wide embankments can be considered
as one dimensional [37]. Thus, constrained moduli from oedometer (one-dimensional consolidation)
tests were obtained and results are shown in Figure 10. According to Kim et al. [37] and Carrier [70]
relevant constrained moduli should be calculated for vertical stresses ranging from zero to 200 kPa,
a range of stress levels typically expected in highway embankments.
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Figure 10. Compressibility parameters of waste materials with binders.

Ash-slag samples without binders exhibited slightly greater compressibility than fly ash samples.
With the addition of binders constrained moduli of fly ash TENT B and ash-slag mixtures increased
with time and with the percent of the binder. For fly ash samples KOS FA the stabilization effects
were negligible.

Additionally, a comparison was made with sand compressibility given in [70]. Figure 11 shows
typical moduli values for sand compacted at relative compaction (RC) of 85% and 99% and moduli
(after 28 days) obtained from research as a function of vertical effective stresses. Constrained moduli are
shown for the midpoint of the stress interval for which they are calculated. For the same compaction
levels, fly ash samples TENT B with binders and ash-slag mixtures TENT A with lime are significantly
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less compressible than sand, while most of the other values of moduli lie near the upper limit of the
sand moduli range.
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Figure 11. Constrained moduli of waste materials and sands.

5.2.5. California Bearing Ratio (CBR)

CBR values of tested materials vary within wide limits, from 7% for ash-slag mixture TENT A to
57% for fly ash KOS FA. With the use of binders, for all tested samples, there is a clear trend of CBR
increase over time (Figure 12). Except for ash-slag mixture TENT A, there is no need for stabilization
of tested materials for road subgrade construction purposes [40].
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Figure 12. The California bearing ratio of waste materials with binders.

6. Conclusions

Thermal power plants have multiple negative effects on the environment: They pollute air with
harmful gases and fly ash; landfills of ash and slag occupy large areas of mainly agriculture land;
deposited ash can potentially pollute land and water due to the presence of trace elements and
radionuclides. The amount of deposited ash and slag can be significantly reduced by use in the
construction industry.

In order to assess the applicability of fly ash and ash-slag mixtures for subsoil stabilization and
embankments construction, the laboratory tests on different mixtures of soil, ash, slag and binders were
performed. The soil stabilization efficiency of a non-self-cementing class F fly ash without a binder
was tested, as well as the effects of adding a binder as the cementation agent. The characteristics of fly
ashes and ash-slag mixtures as the construction material were also investigated.

Considering the results of CH clay stabilization, fly ashes from power plants Kolubara and
Kostolac could be successfully used as an additive that improves all mechanical characteristics of the
soil required for the subsoil. Due to improved mechanical parameters, the stabilized soil has better
bearing capacity and low compressibility. The increase in CBR values and elimination of swell potential
make tested soil usable for road construction. With the addition of binders, all tested engineering
properties were significantly improved. The addition of lime yields more significant stabilization
results compared to cement.

Regarding the embankments and road subgrade design purposes, fly ash and ash-slag mixtures
from Serbian thermal power plants have comparable mechanical properties with sands. The use of
binder contributes to the substantial increase of shear strength parameters, compressibility modulus
and stiffness of tested materials. Achieved high shear strength of waste materials ensures higher
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bearing capacity and slope stability. Low compressibility also makes waste materials suitable for
embankment construction. The use of ashes and ash-slag mixtures as construction material provides
multiple benefits: Reduced amount of ash on landfills, preservation of natural resources, lower price of
embankment construction, lower energy consumption and CO2 emission.
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9. Uredba o Tehničkim i Drugim Zahtevima Za Pepeo, Kao Građevinski Materijal Namenjen Za Upotrebu u Izgradnji,
Rekonstrukciji, Sanaciji I Održavanju Infrastrukturnih Objekata Javne Namene; Official Gazette of RS, 56/2015:
Belgrade, Serbia, 2015. (In Serbian)

10. Pravilnik o Granicama Radioaktivne Kontaminacije Životne Sredine i o Načinu Sprovođenja Dekontaminacije; Official
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1 Cracow University of Technology, Faculty of Civil Engineering, Chair of Building Materials Engineering,
24 Warszawska St., 31-155 Cracow, Poland

2 Nantes University—IUT Institut Universitaire de Technologie, Research Institute in Civil and Mechanical
Engineering GeM—UMR CNRS Unité Mixte de Recherche du Centre National de la Recherche Scientifique
6183, 44600 Saint-Nazaire, France

* Correspondence: ihager@pk.edu.pl; Tel.: +48-12-628-23-67

Received: 5 August 2019; Accepted: 16 September 2019; Published: 18 September 2019

Abstract: The paper presents experimental investigations concerning the influence of the cement type
(CEMI 42.5 R Portland cement and CEMIII/A 42.5 N slag cement—with 53% granulated blast furnace
slag) on the mechanical and transport properties of heated concretes. The evolution of properties due
to high temperature exposure occurring during a fire was investigated. High temperature exposure
produces changes in the transport and mechanical properties of concrete, but the effect of cement
type has not been widely studied in the literature. In this paper, concretes were made with two
cement types: CEMI and CEMIII, using basalt (B) and riverbed aggregates (RB). The compressive and
tensile strength, as well as the static modulus of elasticity and Cembureau permeability, were tested
after high temperature exposure to 200, 400, 600, 800, and 1000 ◦C. The evaluation of damage to the
concrete and crack development due to high temperature effects was performed on the basis of the
change in the static modulus of elasticity. The test results clearly demonstrated that permeability
increases with damage, and it follows an exponential type formula for both types of cement.

Keywords: high temperature; damage; permeability; CEMI and CEMIII; mechanical properties

1. Introduction

Cements with granulated blast furnace slag are widely employed due to their lower carbon
footprint, as a strategy for sustainable development in the field of construction. The use of ground
granulated blast furnace slag (GGBFS), which presents an amorphous structure and shows pozzolan
characteristics, in concrete as an additive has a positive effect on the properties of fresh and hardening
concrete [1,2]. The use of GGBFS provides the important advantage of helping to avoid thermal cracks
in concrete due to the low hydration process [2]. In fact, as previous results have shown, the hydration
of GGBFS is slower than that of ordinary CEMI cement. Concrete with ground granulated blast furnace
slag has a later setting time and a lower stiffness [3].

When equal amounts of cement and water binder (w/b) are used, concretes with slag content
have a lower compressive strength at early ages and higher compressive strength at late ages than
Portland cement [2]. Furthermore, with a specific compressive strength, slag concrete has a better
mechanical performance in terms of tension than concrete made with Portland cement [2]. However,
the study by Shumuye et al. [4] showed that the compressive strength of the concrete decreased as the
slag content increased.

Environmental conditions and the temperature exposure during curing has a strong effect on
concrete mechanical properties [3,5]. When the material is subjected to heating at higher temperatures
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up to 1000 ◦C, like during a fire, thermal damage occurs due to dehydration of the cement paste and
the thermal mismatch of strains between the shrinking cement paste and expanding aggregates, which
induces cracking [6,7]. Moreover, during the phase of cooling down to the ambient temperature,
stresses induced by inversed thermal gradients result in the development of cracks within the cement
paste that will affect permeability, and also may compromise the durability of the material after a
fire [8,9]. The changes of concrete’s mechanical properties at high temperatureshave been widely
investigated [6–12], helping us to better understand the behavior of concrete structuresin a fire situation
and to determine parameters influencing its behavior. The evolution of concrete mechanical properties
in fire depends on the concrete composition: presence of mineral additions [4,13], w/c water cement
ratio [14,15], the nature and type of aggregates [10–12]. Moreover, the concrete heating conditions:
heating rate and maximum temperature of exposure play a major role in concrete strength evolution,
as well as the testing procedure: hot tested concrete or tested after temperature exposure and cooling
down to the ambient temperature [7,15]. Nevertheless, for material mechanical properties testing,
a slow heating rate is recommended in order to ensure limitation of the thermal gradient inside
the specimen. In the literature investigations the heating rates of 0.1–10 ◦C/min are employed.
Nevertheless, the heating rates recommended by RILEM International Union of Laboratories and
Experts in Construction Materials, Systems and Structures [16] depend on the specimen diameter and
are from 0.5 to 2.0 ◦C/min for accidental conditions (fires).

The existing knowledge regarding the behavior of high performance concrete in a fire was recently
reviewed by the RILEM Technical Committee HPB-227 [8], however, there are still no clear reports as
to whether the properties of concretes subjected to high temperatures change in a similar or a very
different way, depending on the cement type used.

According to Shumuye et al. [4], the addition of GGBFS seems to improve the resistance of concrete
to fire conditions. It was highlighted that, when the exposure to fire temperature increased from 200 to
400 ◦C, the compressive strength increased for concrete with slag (70% ordinary Portland cement OPC
and 30% slag cement, as well as 50/50 proportions). For the group of concretes with 30% OPC and 70%
slag cement, the opposite behavior was observed. The concrete mix containing GGBFS usually has a
lower thermal expansion coefficient than Portland cement. The 15% and 30% replacement of CEMI
by GGBFS gives coefficients of thermal expansion of 22.7 × 10−6/◦C and 17.2 × 10−6/◦C, respectively,
which is 99.2% and 75.5% of the value obtained for Portland cement paste [4]. However, a recent
study by Asamoto et al. [17] highlighted that the reduction in the elastic modulus and increase in
permeability of the concrete with GGBFS subjected to 65◦Cwere larger than those of concrete without
slag. Indeed, astonishingly, this can be attributed to a larger thermal expansion coefficient and larger
cement paste shrinkage with the slag, leading to the formation of microcracks around the aggregate.

Moreover, it can be concluded that the addition of aluminosilicate minerals like fly ash, ground
granulated blast furnace slag (GGBFS), and silica fume (SF) can affect concrete behavior at high
temperatures in a way that may produce spalling of heated concrete in material that is denser, and thus
less permeable [18–20]. Lower permeability leads to moisture clog occurrence and increase of vapor
pore pressures inside the heated concrete [20]. The moisture clog effect was explained and linked
with the permeability decrease observed in temperature from 100 to 200 ◦C but this effect is observed
when the permeability is tested at hot stage and not after cooling down when the residual values
of permeability are determined, like in present study. An important finding on gas pore pressure
development were provided by works of Kalifa et al. [19,20] and linked with the permeability.

Cases of fires that took place in engineering facilities (Gotthard tunnel, Chunnel tunnel, or Mont
Blanc tunnel, for example) have caused numerous fatalities, but also significant financial losses. During
these fires an important loss of concrete in tunnel linings was observed. The load-bearing capacity of
the structural elements was reduced due to the explosive spalling. The spalling may take different
forms, from small concrete pieces chipping, known as the popcorn effect, to explosive behavior when
larger pieces of concrete are separated from the concrete element with great energy [21–24]. In all
cases, concrete fire spalling leads to the exposure of steel reinforcement, which is sensitive to high

308



Materials 2019, 12, 3021

temperatures [24,25]. So far, it has been confirmed that the type and composition of concrete, including
the aggregate type, water cement ratio, pozzolanic mineral material, and moisture content of concrete,
affect its behavior in fire conditions [8,13,19]. Research aimed at understanding the causes of the
spalling phenomenon, as well as determination of material parameters affecting its intensity, has been
carried out by experiments [21,22,24] and numerical analysis [21,25,26]. Thus, concrete spalling is
one of the most interesting and complex phenomena occurring in concrete exposed to fire conditions.
The RILEM Technical Committee 256-SPF: Spalling of concrete due to fire: Testing and modelling has
been established, and is mainly dedicated to studying this specific behavior.

During heating, the permeability usually progressively increases [27–29], exceptwhenthe
permeability of concrete may decrease [30] due to the moisture clog effect. In this situation the
water vapor pressure increases in the material’s pore network, which may lead to spalling behavior.
It is believed that the interaction of high temperature, an increase in water vapor pressure in the
material pores, and the internal stress state is responsible for the occurrence of concrete spalling [19–26].
It seems that the key parameter governing the occurrence of spalling is its permeability. In denser
and less permeable concretes the risk of spalling is higher. Researchers have shown that in fire
conditions, concretes that are modified with the addition of mineral additives like silica fume and
calcareous filler are prone to spalling behavior. As the spalling behavior of concrete is mainly
governed by its permeability, researchers have been testing the influence of GGBFS addition on concrete
permeability. Recently, Karahan [27] showed an increase of concrete transport properties after exposure
to temperatures of 400 ◦C, accompanied by compressive strength reduction. Moreover, the conclusion
of the authors indicated an optimum GGBFS/cement blend from the point of view of material behavior
in a fire of 50–70% slag content as the cement replacement.

Hence, the results available do not reflect all the relevant aspects of this topic, and additional
investigation is required. The literature results cannot be compared to each other due to the fact
that the mixes differ. A research programme was therefore proposed which would allow for a clear
comparison of the influence of cement type on the mechanical and physical properties of concrete at
high temperatures. For this we performed various tests on identical concrete mixes, for which the only
changing factor was the cement. Therefore, the main goal of this work is to present the comparison
of the changes in mechanical and physical properties of concretes made with two different cement
types; CEMI and CEMIII. For all four concretes, the composition of cement paste, as well as the volume
of cement paste and mortar, remained the same. Thus, the study reflected solely the cement type
effect of Portland cement versus slag cement on the mechanical performances and permeability of
concretes made with two types of aggregates: crushed basalt (B) and riverbed gravel (RB). For all the
concretes tested, the amount of all components (cement paste and mortar volume) and aggregate type
and nature, as well as the particle size distribution, was identical, apart from the type of cement.

This research investigates the mechanical performances and permeability of concretes made
with different cements, to compare their reference mass transport capacities, strength, and stiffness
after high temperature exposure. The reference values of permeability enable one to assess their
potential for spalling in fire conditions, as denser and less permeable materials are prone to this
behavior. Furthermore, the evolution of permeability with heating temperature was investigated,
as well as the compressive strength and splitting tensile strength. Moreover, the stress strain curves
were determined, and the modulus of elasticity was determined. All residual mechanical performances
(fcT, ftT, ET) were evaluated after heating to temperature T (◦C), which corresponds to the post-fire
performance of concrete in situations where the assessment of material properties is required. In this
specific situation, the residual permeability of concrete is also an issue because it governs all aspects of
durability, and there may be a need for assessment when a decision must be made on the further use of
concrete elements after a fire.
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2. Materials, Specimen Preparation, Curing, and Heating

The concretes investigated in this research were manufactured with the following components:
Portland cement CEMI 42.5R and CEMIII/A 42.5 N containing 53% GGBFS, quartz sand 0/2mm, and one
of two types of coarse aggregate: (B)basalt or (RB) riverbed gravel.

Cements from Lafarge (Małogoszcz, Poland) were used for both the CEMI 42.5 R Portland cement
and CEMIII/A 42.5 N slag cement. The chemical characteristics of these cements are provided in
Table 1, the physical characteristics in Table 2, and the mechanical characteristics in Table 3.

Table 1. The chemical characteristics of CEM I and CEM III cements(oxide analysis, % by mass).

Component
CEMI
42.5 R

CEMIII/A
42.5 N

SiO2 18.6 30.0
Al2O3 5.3 6.2
Fe2O3 2.9 1.7
CaO 62.7 50.3
MgO 1.50 4.98
SO3 3.22 2.41

Na2O 0.19 0.37
K2O 0.96 0.70

eqNa2O 0.82 0.83
Cl− 0.060 0.016

Portland clinker content
GGBFS

Gypsum

96
0
4

45
53
2

Table 2. Physical characteristics of CEMI and CEMIII cements.

Parameter
CEMI
42.5 R

CEMIII/A
42.5 N

Specific area (Blaine method), m2/kg 340 465
True density, g/cm3 3.09 2.97

Setting time, minutes
-initial 199 221
-final 270 266

Table 3. Mechanical characteristics of CEM I and CEM III cements.

Parameters
CEMI
42.5 R

CEMIII/A
42.5 N

Compressive strength, MPa
-after 2 days 29.3 13.7

-after 28 days 55.1 50.7

Two types of aggregates were used in this research programme: gravel from Dunajec River
(Dwudniaki, Poland) and crushed basalt.

In Table 4, the concrete mixes are presented. The cement paste volume was 300 dm3/m3 and the
mortar volume was 550 dm3/m3. The concretes are denominated as B CEMI, B CEMIII, RB CEMI,
and RB CEMIII. Plasticizer (BASF BV 18 (Myślenice, Poland) and superplasticizer (BASF Glenium SKY
591 (Myślenice, Poland) were used and the water-cement ratio (w/c) of the concretes was equal to 0.3.
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Table 4. Mix composition of the test concretes.

Concrete 
Component 

Unit B CEMI B CEMIII RB CEMI RB CEMIII 

CEM I 42.5 R kg/m3 482  482  
CEM III/A 42.5 N kg/m3  482  482 

Water dm3/m3 145 
w/c ratio – 0.30 

Riverbed quartz sand 0–2 mm 
RB, riverbed 2–8 mm 
RB, riverbed 8–16 mm 

B, basalt 2–8 mm 
B, basalt 8–16 mm 

kg/m3 

662 
– 
– 

709 
648 

662 
– 
– 

709 
648 

663 
610 
558 
– 
– 

663 
610 
558 

– 
– 

Plasticizer BASF BV 18  
Superplasticizer BASF Glenium 

SKY 591 
% mc 

0.90 
 

2.20 

0.90 
 

2.35 

0.90 
 

2.20 

0.90 
 

2.35 
Cement paste content 

Mortar content 
Coarse aggregate content 

dm3/m3 
300 
550 
450 

Slump (consistency) mm 120–150 
Air content in concrete mix % vol. 1.7–2.0 

All concrete cubic and cylindrical specimens were cast in plastic molds and stored for 24 h.
After preliminary 24 h curing, the molds were covered with plastic lids for 7 days to prevent water
evaporation. Samples were stored in laboratory conditions at T = 20 ± 5 ◦C and relative humidity
HR = 50% ± 5%. Cylindrical specimens dedicated to permeability measurements were cut into discs
with a diameter of 150 mm and thickness of 50 mm at the age of 28 days. At 90 days, all specimens
for mechanical performance testing and permeability were heated in an electric furnace to T = 200,
400, 600, 800, and 1000 ◦C. As recommended by RILEM [16], a heating rate of 0.5 ◦C/min was applied.
A slow heating rate is applied for concrete mechanical behavior testing at high temperatures in order
to ensure limitation of the thermal gradient inside the specimen. When the target temperature was
reached it was maintained for three consecutive hours in order to obtain a homogenous temperature in
the whole cross section of the specimen. Afterwards, all specimens were cooled down inside of the
furnace chamber.

3. Testing Procedures

3.1. Concrete Permeability

The permeability test used nitrogen as a gas media and the Cembureau method was applied [31].
The testing set-up used is presented in detail in Figure 1.

Figure 1. Permeability Cembureau testing set-up of the sample chamber.
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In Equation (1), the permeability (k) was determined:

k =
2QPaηL

A
(
P2 − P2

a

) (m2
)
, (1)

where:

Q: the measured gas flow intensity Q = V/t (m3/s);
V: gas volume (m3)
t: time (s)
Pa: atmospheric pressure (1 bar = 105 Pa);
P: absolute pressure (Pa);
A: cross section area of the specimen (m2);
η: nitrogen viscosity; η = 17.15 (Pa·s);
L: thickness of the specimen (m).

The initial reference permeability of the concrete in the samples at 90 days old was determined
on the specimens that were not pre-dried, in order to represent the non-dried condition in the real
structure. Subsequently, the samples were heated to a temperature ranging from 200 to 1000 ◦C,
and after cooling the permeability was measured. Each measurement value represented the mean
value from three samples.

3.2. Mechanical Tests

The cubic specimens with side a = 150 mm were used for compressive strength determination,
with a diameter (d) of 100 mm and height (h) of 200 mm for the cylindrical samples for the splitting
tensile strength tests. Three samples were used to test unheated concrete and two were used to test
heated concrete. The modulus of elasticity was determined from the stress–strain (σ-ε) using one
cylindrical sample (d = 100 mm; h = 200 mm). All E values were expressed in GPa and calculated
from σ-ε curves as the stress to strain and strain ratio in the range of 10% to 40% of the ultimate
stresses. For all properties six temperature levels were studied: T = 20, 200, 400, 600, 800, and 1000 ◦C.
The compressive strength test procedures applied were presented in EN 12390-3 [32], and the splitting
Brazilian tests were done according to EN 12390-6 [33].

4. Test Results and Discussion

4.1. Initial Properties

For B CEMI, B CEMIII, RB CEMI, and RB CEMIII concretes, the initial physical properties of bulk
density ρo20◦C and permeability k, and the mechanical properties of compressive strength fc20◦C tensile
strength ft20◦C and modulus of elasticity E20◦C were determined after 90 days. The initial measurements,
obtained for non-heated concrete properties, are presented in Table 5 and marked with the symbol
20 ◦C.

Table 5. Initial properties and parameters of the test concretes.

Property Unit
B CEMI B CEMIII RB CEMI RB CEMIII

B Basalt Coarse Aggregate RB Riverbed Coarse Aggregate

Bulk density ρo20◦C kg/m3 2558.8 2533.2 2300.7 2315.6
Compressive strength fc20◦C MPa 84.9 96,2 77.0 87.4

Splitting tensile strength ft20◦C MPa 6.2 6.9 6.0 5.6
Modulus of elasticity E20◦C GPa 44.4 48.9 30.6 29.7

Permeability k20◦C m2 0.70 × 10−17 0.52 × 10−17 1.20 × 10−17 1.00 × 10−17
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4.2. Evolution of Bulk Density with Temperature

The progressive increase of the temperature resulted in free water evaporation and progressive
dehydration of the material. The C-S-H, as well as portlandite and calcium carbonate decomposition,
were progressive in higher temperatures. As a result, weight loss was observed and the progressive
density changes were recorded. The bulk density of B CEMI, B CEMIII, RB CEMI, and RB CEMIII
concretes decreased as a function of the temperature. The mean values of bulk density are presented in
Figure 2.

Figure 2. Bulk density of riverbed aggregates (RB) and basalt (B) concretes made with CEMI and
CEMIII concretes; mean value of three samples.

In Figure 2 the bulk densities of the test concretes are presented. The values are mainly related
to the type of aggregate: basalt or riverbed. The density of basalt CEMI concrete was 2558.8 kg/m3

and the B CEMIII 2533.2 kg/m3. The RB CEMI and RB CEMIII concrete were 2300.7 and 2315.6 kg/m3,
respectively. Apart from the initial values of density observed in the non-heated pristine concrete,
the changes of the density with the temperature were quite similar for both cement types.

4.3. Evolution of Compressive Strength and Splitting Tensile Strength with Temperature Exposure

Figure 3 depicts the average and individual values of compressive strength. From the figure it
can be concluded that the compressive strength of unheated concrete was higher for both CEMIII
concretes made with basalt and riverbed aggregates. This tendency is maintained at 200 ◦C. When the
temperature is higher than 400 ◦C, there are few differences in strength between B CEMI and B CEMIII,
as well as between RB CEMI and RB CEMIII concretes. They all presented almost the same strength of
60 MPa.

Figure 3. The compressive strength evolution CEMI and CEMIII concretes on basalt and
riverbed aggregate.
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In Figure 4, the average and individual values of ftT are presented. Heating resulted in a
progressive reduction in strength, nevertheless, the differences between CEMI and CEMIII concretes
over a whole range of temperatures may be considered insignificant, in the scope of measurement
error, or the scatter of results for this mechanical property.

Figure 4. The changes in the splitting tensile strength of heated CEMI and CEMIII concretes on basalt
and riverbed aggregate.

As has already been shown in previous research, an important aspect in the high temperature
behavior of concrete is the thermal stability of aggregates at high temperatures. This can be evaluated
by thermo-gravimetric and differential thermal analysis, which indicate the physical or chemical
transformation of aggregates. As has already been reported [10], basalt is thermally stable up to 1000 ◦C;
above this temperature melting is observed at 1050 ◦C and expansion and gas release both occur.

4.4. Relationship between Stress and Strain, and the Modulus of Elasticity Evaluation

The stress–strain relationships for the tested concretes are presented in Figure 5. Along with
the temperature increase, a change of concrete stiffness was observed, as represented by the slope
of the stress–strain curve. For the specimens heated to 600 ◦C and above, the stress–strain curve
presents nonlinear behavior in compression due to the presence of cracks, which are closing partially
when a compressive load is applied during the test. The similar stress–strain behavior of concrete in
compression was observed for hot tested and tested after cooling down [8,15], an important cracking
of samples was observed, especially for concretes with siliceous aggregates, heated without loading.
The cracking of unloaded concrete was confirmed by the thermal strain evolution observation during
heating [6].

The static modulus of elasticity values (ET) of heated B CEMI and B CEMIII, as well as RB CEMI
and RB CEMIII, are shown in Figure 6. The pristine non-heated concretes’ modulus of elasticity (E20◦C)
were 44.4 and 48.9 GPa, respectively, for B CEMI and B CEMIII. For riverbed aggregate RB CEMI
and RB CEMIII they were 30.6 and 29.7 GPa. These results show clearly that for concretes with the
same volume of cement paste, the modulus of elasticity is related to the nature of the aggregate and is
strongly related to concrete density. Higher values of ET were observed for both CEMIII concretes with
RB and B aggregates.

A quasi linear decrease in the ET value over the whole range of heating temperatures was observed.
The slope of ET decrease is most pronounced in the range of temperatures between 400 and 1000 ◦C
(Figure 5). This sharp decrease of stiffness was attributed to crack development due to a mismatch of
the strains between the cement paste and aggregates that is observed in this range of temperatures,
and an increase in thermal strains resulting from cracking [6,7].
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Figure 5. curves of heated concretes.

Figure 6. Modulus of elasticity change with the temperature of CEMI and CEMIII concretes.

From Figure 6 it can be concluded that the relative change of the modulus of elasticity is quasi
identical for the concretes tested, and does not depend on cement type. The differences between the
modulus of elasticity values of RB CEMI and RB CEMIII are not significant except for differences
occurring at 20 ◦C.

4.5. Heated Concrete Permeability Evolution

For RB CEMI and RB CEMIII, the initial reference permeability, measured on non-heated concrete
after exposure to 20 ◦C, reached values of 1.20 × 10−17 m2 and 1.00 × 10−17 m2, respectively. For B CEMI
and B CEMIII this permeability was 0.70 × 10−17 m2 and 0.52 × 10−17 m2. With the increase of heating

315



Materials 2019, 12, 3021

temperature residual permeability was increased. For the specimens heated to 1000 ◦C the permeability
could not be measured due to crack development, and the gas flows could not be stabilized, so the
permeability could not be measured with the Cembureau set-up. The results of the permeability
measurements are presented in Figure 7. For B CEMIII and RB CEMIII concretes generally, lower values
of permeability were observed. For the riverbed aggregate concrete RB CEMIII, permeability measured
after exposure to high temperatures at 200, 400, 600, and 800 ◦C was systematically slightly lower
than for RB CEMI. Basalt aggregate-based concretes provide lower permeability than riverbed ones.
Nevertheless, these differences could not be considered significant. For all the concretes heated up to
1000 ◦C, the permeability could not be measured with the Cembureau method due to the significant
damage to the concrete and crack development.

Figure 7. Effect of heating on the permeability of the test materials: RB CEMI and RB CEMIII, B CEMI
and CEMIII. The reference permeability at 20 ◦C and permeability after heating to 200, 400, 600,
and 800 ◦C.

4.6. Permeability vs. High Temperature Damage Factor

Previous studies [34,35] have indicated that the degradation of concrete at high temperatures,
arising from a coupled hygro-thermal, chemical (dehydration) and mechanical interaction, can be
modelled by means of the isotropic damage theory of Mazars [36]. Following Gawin et al. [9], the total
damage D may be described by a multiplicative format of mechanical and thermo-chemical damage
components, as shown in Equation (2):

D = 1− E(T)
E0(T0)

= 1− E(T)
E0(T)

E0(T)
E0(T0)

= 1− (1− d) × (1−V), (2)

where V corresponds to the thermo-chemical damage and d to the mechanical damage. The term

(1 – d) corresponds to E(T)
E0(T)

, and (1–V) to E0(T)
E0(T0)

. In the above equation E0(T0) is the initial value of the
static modulus of elasticity, E0(T) is the modulus for mechanically undamaged material expressed in a
function of heating temperature, and E(T) represents the static modulus of elasticity of mechanically
damaged heated concrete.

Following this approach, in Figure 8 the effect of temperature on the damage parameter for heated
concretes is presented. The damage factor was calculated on the basis of the change in the modulus of
elasticity with temperature (see Figure 6), leading to Equation (3), and this evaluates the deterioration
of the stiffness of the heated concrete samples by comparing them with the parameters found in
non-heated concrete:

DE = 1 − ET/E20 ◦C, (3)

where E20◦C is the static modulus of elasticity tested at 20 ◦C and ET is the value obtained for
heated concrete.

The damage factor follows a comparable increasing change for all tested materials and almost
reaches the value of 0.9, which means that 90% of the concrete has deteriorated. However, at 400 ◦C
the damage value becomes much higher for the basalt aggregate concretes in comparison with the
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riverbed aggregate ones. Overall, the damage values for the CEMIII concretes appear to be slightly
lower than for the CEMI concretes, especially for the basalt-based materials.

Figure 8. Damage factor (DE) as a function of temperature.

These changes may be qualitatively compared to the change of total damage with temperature of
a high performance concrete [9]. However, the damage values obtained and cited in this study are
higher (damage of 0.8 at 600 ◦C). The reason for this difference may be due to the heating conditions,
and notably the heating rate, which was four times higher in the study by Gawin et al. [9] than in our
procedure, and which may provide stronger thermal gradients and therefore greater degradation.

It has already been noted that the changes to the inner micro-structure and permeability of the
concrete may be characterized using this mechanistic approach, using damage evaluation to describe
the high temperature degradation and/or micro-cracking effects [9,26,37,38]. The results of such a
correlation are presented in Figure 9 for all the test materials. One may observe that all the data follow
a single master law, independent of cement type or aggregate type. The results follow an exponential
relationship, except for the permeability values obtained at 800 ◦C (Equation (4)):

k
k0

= exp[CDE·DE]. (4)

Figure 9. Juxtaposition of permeability (log scale) and damage to unheated concretes (20 ◦C) and
concretes heated to 200, 400, 600, and 800 ◦C.

In Equation (4) k is the permeability of the heated material, k0 the initial reference permeability,
DE the damage factor, and CDE is the material dependent parameter, here equal to 8, which confirms
the value obtained for another high performance concreteat elevated temperatures, but based only
on the CEMI cement [9]. The CDE value being equal to 8was obtainedfrom the regression curve with
the coefficient of determination R2 of 0.86 value. Therefore, the proposed regression curve is limited
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in the range of temperature from 20 to 600 ◦C.Three points that do not follow the trend in Figure 9
correspond to permeability values obtained at 800 ◦C. At this temperature, important cracking occurs
following the already mentioned nonlinear mechanical behavior.

5. Conclusions

This paper intended to present the study of the influence of the cement types CEMI and slag cement
CEMIII, in which the GGBFS amount reaches 54%, on the mechanical and physical performances of
heated concretes with riverbed (RB) and basalt (B) aggregates. Four concretes with the same volume of
cement paste and mortar were investigated. The only parameter differentiating RB and B concretes was
the cement type. Analysis of the experimental data obtained concerned the mechanical tests, stiffness,
and the permeability test results of the four concretes subjected to high temperature exposure (up to
1000 ◦C). The following main conclusions were drawn:

1. Type of cement influences compressive strength and permeability of 90 day concrete. Concretes
with CEMIII presented lower permeability and higher compressive strength for both basalt and
riverbed aggregate concretes;

2. High temperature exposure strongly influences the mechanical and physical properties of
concretes, and the damage to concrete increases with exposure temperature. A temperature
increase leads to the reduction of strength and modulus of elasticity. The splitting tensile strength
decrease is more pronounced than the compressive strength evolution.

3. Minor differences between the mechanical properties of heated CEMI and CEMIII concretes were
observed. The bulk density values, as well as the mechanical properties fcT, ftT and ET, were very
close or the differences were within the range of measurement error or the scatter of results of the
properties tested;

4. The nature of the aggregate has a dominant influence on the material physical density and
mechanical properties of the tested concretes. The compressive and tensile strengths depend on
the aggregate nature for temperature up to 400 ◦C; above this temperature level, similar values of
strength are observed;

5. The decrease in the mechanical properties is the result of progressive cement paste damage
due to dehydration and chemical changes in the cement paste. Moreover, crack development
due to the thermal mishmash of aggregate and cement paste results in nonlinear behavior of
heated concretes;

6. The course of changes of the relative value in the elastic modulus for all the concretes investigated
was very similar, except for the temperature of 400 ◦C. The riverbed aggregate concretes RB CEMI
and RB CEMIII hada lower damage parameter than that observed for basalt aggregate concretes
(B CEMI and B CEMIII) at this temperature. For 200, 600, 800, and 1000 ◦C, the damage levels
were similar;

7. Important changes of up to six orders of magnitude were observed in permeability values
following heating. However, the differences between the concretes could not be considered
as significant. Indeed, CEMIII concretes presented slightly lower values of permeability in
comparison with the CEMI ones in whole range of temperatures. On the other hand, basalt
aggregate-based concretes have slightly lower permeability than riverbed ones. Concretes with
CEMI: riverbed 1.2 × 10−17 vs. basalt 0.7 × 10−17; concretes with CEMIII: riverbed 0.99 × 10−17

vs. basalt CEMIII 0.53 × 10−17. That difference was be explained by lower permeability of basalt
aggregate itself. This relation was also observed for the temperatures of 200, 400, and 600 ◦C;

8. Analysis of the results allowed the formulation of the constitutive exponential law, presenting the
relationship between the permeability of concrete and damage, which is valid up to 600 ◦C.

9. It can be considered that heating induces damage, which may be represented by changes in the
initial modulus of elasticity, that depends to a small degree on the type of cement. In this range of
damage, the effects of aggregate type are also non-significant.
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18. Śliwiński, J.; Tracz, T.; Zdeb, T. Influence of selected parameters of cement concrete composition on its gas
permeability. In Recent Advances in Civil Engineering: Building Materials and Building Physics; Śliwiński, J.,
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Abstract: Fly ashes from coal combustion in circulating fluidized bed boilers in three power plants
were tested as a potential additive to cement binder in concrete. The phase composition and
microstructure of cement pastes containing fluidized bed fly ash was studied. The fractions of cement
substitution with fluidized bed fly ash were 20% and 30% by weight. X-ray diffraction (XRD) tests
and thermal analyses (derivative thermogravimetry (DTG), differential thermal analysis (DTA) and
thermogravimetry (TG)) were performed on ash specimens and on hardened cement paste specimens
matured in water for up to 400 days. Quantitative evaluation of the phase composition as a function
of fluidized bed fly ash content revealed significant changes in portlandite content and only moderate
changes in the content of ettringite.

Keywords: clean coal combustion; fluidized bed fly ash; microstructure; phase composition; portlandite;
unburned carbon

1. Introduction

Constantly evolving technologies of coal combustion, with the aim of improving energy efficiency,
include among others the more efficient fluidized bed combustion (FBC) systems. A well designed
boiler can combust coal with relatively high efficiency and an acceptable level of gas emissions.
FBC boilers operate at lower temperatures (800–900 ◦C) compared to conventional pulverized coal
combustion (1400–1700 ◦C) [1]. The diversity of work conditions of increasingly used fluidized bed
boilers makes it possible to use them to burn high-sulfur fuels [2]. The fuel flexibility is an important
characteristic of FBC boilers [3]. The best example is circulating fluidized bed combustion (CFBC),
which provides low emissions of SO2 and NOx to the atmosphere [3–5] while maintaining the efficiency
of coal combustion.

A systematic increase of coal combustion by-products from fluidized boilers has been observed in
numerous countries. One of the ways of managing CFBC by-products is to use them as an additive
to cement and concrete. Studies on the possibility of the use of CFBC fly ash as a cement or concrete
additive have been carried out for several years [1,6–12], but still there are no normative regulations
regarding the use of this kind of fly ash as a cement additive.

Some researchers have performed investigations on the material characteristics and mechanical
properties of CFBC fly ash in cement-based composites. It has been shown that CFBC fly ash is
characterized by high variability of chemical and phase composition [13]. The dominant CFBC particles
were coarse and had an irregular flaky shape characterized by a broad particle size range [12] which
resulted in high demand of water and admixture [14]. The high content of anhydrite in CFBC resulted in
excessive expansion in cement matrix composites due to abundant ettringite formations [15]. Moreover,
most of the CFBC fly ash had less pozzolanic activity than the conventional siliceous fly ash [7] and
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some of the CFBC fly ashes do not meet the standard requirements to be classified as either Class
C or Class F fly ash [11]. The main reason for limiting the use of CFBC fly ash in blended cements
is a high content of sulfates (mostly anhydrite), and free calcium oxide, whose presence contribute
to creation of secondary ettringite—negative from point of view of the durability of cement matrix
composites [16]. The overview of the effect of reactive mineral additives on the microstructure and
phase composition of the cement hydration products was presented in [17]. Rajczyk et al. [18] used
the DTA method to follow the hydration process of cement containing fluidized bed combustion
fly ash. Based on endothermic peaks attributed to the dehydration of phases formed on hydration,
the conditions leading to the formation of so-called delayed ettringite were found. Gazdiča et al. [1],
based on the progress of hydration of blended cements, proved that ettringite formed from anhydrite
contained in fluidized bed ash was one of the hydration products built during the formation of the
cement stone structure, thus ettringite was not the cause of negative volume changes.

However, despite these observations, it has also been shown that application of CFBC fly ash
simultaneously with siliceous fly ash or slag as a binder component makes it possible to obtain a
durable cement-based composite. Nguyen et al. [19] used CFBC fly ash as a sulfate activator which
significantly improved the mechanical properties of the modified high-volume fly ash cement pastes at
early ages. The accelerated hydration of C3S and more precipitated ettringite formation of hardened
pastes confirmed the important role of CFBC fly ash to enhance the mechanical properties of the
cement pastes. Hlaváček et al. [20] used CFBC fly ash in a ternary binder (plus siliceous fly ash and
calcium hydroxide) and they obtained a compressive strength of paste equal to 32 MPa after 28 days of
curing. The ternary hydraulic binder containing CFBC fly ash was also analyzed by Škvára et al. [21].
They stated that a ternary binder possessed strength values comparable to those of Portland cement.
Lin et al. [22] investigated the properties of controlled low strength material with circulating fluidized
bed combustion ash and recycled aggregates. They showed that CFBC hydrated ash resulted in a
higher compressive strength when compared with desulfurized slag, but had a lower compressive
strength than coal bottom ash. Chi [23] characterized the mortars with CFBC fly ash and ground
granulated blast-furnace slag and he found that this kind of fly ash had the potential to partially replace
the cementing materials, but the proportion of CFBC fly ash was recommended to be limited to a
maximum of 20% due to the decreasing of compressive strength and the increasing of initial setting
time of mortars. Dung et al. [24] analyzed the application of raw circulating fluidized bed combustion
fly ash and slag as eco-binders for a novel concrete without ordinary Portland cement. They found that
this new binder behaves similar to ordinary Portland cement. The pastes showed good workability,
proper setting times, and sufficient compressive and tensile strength, which were improved with the
decrease of water/binder (w/b) ratio and with the increase of hydration time. Chen et al. [25] tested
expansion properties of cement paste with circulating fluidized bed fly ash. They stated that the curing
method is of great importance. The expansion development in its early days was dominated by the
ettringite, and its quantity and morphology were seriously affected by the inadequateness of water.
The application of CFBC fly ash improved concrete durability. Jóźwiak-Niedźwiedzka [26] analyzed the
influence of CFBC fly ash on the chloride and scaling resistance of concrete. She showed that the cement
replacement by 15% and 30% CFBC fly ash provided higher chloride resistance, but only replacement
by 15% CFBC fly ash can be used to achieve concrete scaling durability. Kubissa et al. [27] showed that
use of 25 wt % fluidized fly ash as cement replacement improved concrete water permeability and
sorptivity, as well as chloride resistance. On the other hand, Czarnecki et al. [28] found that the depth
of concrete carbonation increased with increasing of the content of CFBC fly ash but at the same time
they obtained similar results for ordinary siliceous fly ash.

Juenger et al. [29] have recently presented a review paper on emerging supplementary cementitious
materials (SCM). They concluded that with the increase in demand for conventional SCM and the
simultaneous reduction in supply, there is a great need to find new sources of materials that provide
comparable or better properties to highly used fly ash and slag sources. So, the research into new sources
of SCMs (like fly ash from bed fluidized coal combustion that does not meet current specifications) and
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their impact on cement matrix properties has been increasing in recent years, and has great likelihood
to further increase as the demand for these materials grows.

Despite many publications on the possible application of the CFBC fly ash in concrete technology,
the problem of its proper use remains unresolved. An increasingly technical rigorous regime during the
combustion of coal in fluidized bed boilers has contributed to improving the stability of the composition
and reducing the amount of undesirable ingredients. Research on the new kinds of fly ash from
circulating fluidized bed combustion has considered their specific characteristics of phase composition
and paste microstructure. This paper aims to show some relationships between the differences in
mineral composition and origin of burning coal. The phase composition as well as microstructure of
cement pastes with various content of CFBC fly ash have been studied. A prolonged time of curing has
been applied to determined how the replacement of Portland cement by CFBC fly ash would change
the microstructure and phase composition of paste stored in high-humidity conditions.

2. Experimental Program

2.1. Materials and Methods

The fly ash used in the research came from the circulating fluidized bed combustion process in
three Polish power stations: Katowice (K), Siersza (S) and Turów (T). Ashes were formed from the
combustion of hard coal (K, S) and lignite (T). CFBC fly ash chemical analysis was carried out in
accordance with European standards and is presented in Table 1.

Table 1. Chemical composition of circulating fluidized bed combustion (CFBC) fly ash determined by
X-Ray Fluorescence Spectroscopy XRF method (wt %).

Component

CFBC Fly Ash

Hard Coal Burning Lignite Burning

S K T

LOI * 5.71 3.40 2.73
SiO2 38.80 47.18 36.47
CaO 9.80 5.84 15.95

CaOfree ** not tested 3.40 4.75
Fe2O3 9.59 6.80 4.40
Al2O3 23.26 25.62 28.4
MgO 2.28 0.15 1.65
Na2O 2.01 1.18 1.64
K2O 2.22 2.36 0.62
SO3 5.82 3.62 3.8
TiO2 not tested 1.08 3.84
Cl- 0.40 0.10 0.03

* Loss on ignition at 1000 ◦C; ** Glycol method according to PN-EN 451-1.

Comparing the chemical composition to the requirements of PN EN 450-1, an excess of SO3 caused
by anhydrite in the fly ash is shown. Ordinary Portland cement 32.5 R from “Małogoszcz” cement
plant was used. The composition and physical properties are given in Table 2. Binders of the above
ingredients were prepared by replacing 20% and 30% of the cement mass by fluidized fly ash K, S or
T. For example, T20 corresponds to 20% fly ash from Turów (lignite burning), and K30 corresponds
to 30% fly ash from Katowice (hard coal burning). The detailed composition of pastes is presented
in Table 3. The difference in density between fly ash and cement was neglected. The cement paste
with a constant water to binder ratio 0.5 was formed using prisms with dimensions 40 × 40 × 160 mm.
Storage of the molds took place for 48 hours in a chamber with a humidity of 95%; after this period of
time the specimens were kept in water and matured for 400 days at 20 ± 2 ◦C.
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Table 2. Chemical composition and physical properties of cement, determined by XRF method (wt %).

Component Cement CEM I 32.5 R

LOI 3.40
SiO2 21.40
CaO 65.06

CaOfree ** 1.00
Fe2O3 2.53
Al2O3 4.80
MgO 1.37

Na2Oeq 0.76
SO3 2.60
Cl- 0.07

Specific surface, cm2/g 3210
Density, g/cm3 3.09

** Glycol method according to PN-EN 451-1.

Table 3. Composition of pastes prepared with CEM I and CFBC (g).

Designation of Specimens Cement CFBC Water

CEM I 420 0 210
S20 336 84 210
T20 336 84 210
K20 336 84 210

S30 294 126 210
T30 294 126 210
K30 294 126 210

2.2. Test Methods

The CFBC fly ash was analyzed at macro and micro levels. For the analysis of mineral composition
X-ray (XRD) (TUR-M62/VEB TuR Dresden, Germany) and thermal analysis (DTA, TG and DTG) (SDTQ
600, TA Instruments, Artisan Technology Group, Champaign, USA) were used. Tests were carried out
with powder specimens which were also divided by fraction: above and below 0.045 mm, separated
by measuring the fineness of ash in accordance with PN-EN 451-2. The content of free lime CaOfree

was measured according to standard glycol method, PN-EN 451-1. After the chemical and physical
characterization of CFBC fly ash, the samples proceeded to the second part of the research aimed to
determine the phase composition of cement paste. The cement–fly ash binder was investigated by
thermal analysis and X-ray diffraction, as well as microscopic observation after 28, 200 and 400 days
of maturity.

Macroscopic analysis was performed with the naked eye. In order to identify differences in
behaviour and colour of specimens, they were tested by reaction with an aqueous solution of HCl (1:3)
and phenolphthalein (1% in ethanol), respectively. Determination of color specimens was carried out
by applying a sheet of colours recommended by PN-EN 12407.

The flexural strength testing was carried out after 28 days of maturity, on three 40 × 40 × 160 mm
beams for each paste composition according to the three-point bending test presented in the Standard
PN-EN 191-1, [30]. The test was carried out using the Lloyd Instruments testing machine, type EZ50
(Lloyd Instruments LTD, Hampshire, UK). Compressive strength of analyzed pastes was determined
on halves of beams broken during bending test (after 28 days of curing). The test was performed using
appropriate inserts, enabling measurements in accordance with PN-EN 196-1.

The microstructure of the powder and paste specimens was analyzed using scanning electron
microscope (SEM) LEO 1530 (Carl Zeiss Microscopy GmbH, Jena, Germany). The surface of specimen
observation in SEM was not less than 1.0 cm2 over the range of magnifications from 200× to 50,000×.
The specimens were coated with a layer of carbon with a thickness of about 10 nm using the device
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BalTec SCD 005, CEA 035 adapter (BAL-TEC GmbH, Schalksmühle, Germany). Thermal analysis
was performed at the following setup: heat rate 10 ◦C/min in platinum crucibles for the standard
sample of Al2O3 in the air atmosphere. X-ray diffraction analysis was performed using diffractometer
TUR-M62 (TUR-M62/VEB TuR Dresden, Germany), with the following conditions: CuKα radiation,
monochromator filter, 40 kVA voltage and 20 mA current of the X-ray lamp, BDS-7 meter, 0.05 s step,
5 s time constant.

3. Test Results and Discussion

Results of macroscopic analysis are presented in Table 4. The most important observations made
in a part of this study was the colour test variation from brownish-grey (5YR4/1) for CFBC fly ash from
Siersza to light olive-grey (5Y6) for CFBC fly ash from Turów. It is probably related to the amount
of unburned coal in the analyzed specimen and the type of burned material: Siersza (hard coal) and
Turów (lignite). The darker colour corresponds to the higher coal content, which is also visible on the
basis of LOI results in the analyzed fly ashes.

Table 4. Result of macroscopic analysis of the CFBC ashes: S, T and K.

Attribute
CFBC Fly Ash

S T K

>0.045 mm, Yield (%) 22.0 36.1 19.5

C
ol

or

Whole lot brownish-grey
5YR 4/1

light olive-grey
5Y 6

olive-grey
5Y4/1

Fraction > 0.045 mm light brownish-grey
5YR 6/1

light brownish-grey
5YR 6/1

brownish-grey
5

Fraction < 0.045 mm brownish-grey
5YR 4/1 not tested not tested

Reaction with HCl, for each of the fly ashes passed with the same intensity of the characteristic
light “effervescence”. So it should therefore be expected these specimens had similar content of CaOfree.
Higher fineness (36.1%) was exhibited by CFBC fly ash (T); it was several age points higher than the
other tested fly ashes (K and S).

Observations in the scanning electron microscope showed typical grains corresponding to fly ash
from fluidized bed combustion boilers. In Figure 1 a high surface development and irregular shape of
the fly ash particles is visible. The largest observed particle size reached 120 μm for T fly ash and 80 μm
for K and S fly ash. Also, relics of coal (often like char, which was verified by EDS analysis) are shown,
which are disadvantageous from the standpoint of application of these fly ashes in cement (Figure 2).
The non-hydroxylated clay minerals and combustion sorbent calcium carbonate have been found.

 
(a) 

 
(b) 

 
(c) 

Figure 1. Microstructure of CFBC ashes from different power stations: (a) T, lignite burning; (b) S, hard
coal burning; and (c) K, hard coal burning. Magnification 25,000×, scale bar = 1 μm.
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Figure 2. Microstructure of CFBC fly ash grain with visible unburned coal particle (a) and analysis in
microarea (b); magnification 20,000×, scale bar = 2 μm.

The results of flexural strength and compressive strength of tested pastes are shown in Table 5.
The results of flexural strength for all pastes with CFBC were in the range of 5.2–6.4 MPa and differences
were statistically negligible. The reference paste revealed a lower value of flexural strength (4.6 MPa).
A much higher (about 50%) 28-day compressive strength of pastes made with the 20% replacement
of cement by CFBC fly ash from hard coal burning (K and S) was observed compared to the CEM I
reference paste. Specimens with CFBC fly ash from lignite burning (T) achieved slightly lower values
of compressive strength compared to specimens with fly ash from hard coal burning. The increase
in CFBC fly ash content influenced the decrease of compressive strength of pastes. This tendency is
much more visible with increase of CFBC addition to 30%. The obtained results are consistent with the
literature data [31,32]. Šiler et al. [31] showed that the replacement of cement by 10, 20 and 40 wt %
of fluidized bed combustion fly ash influenced on the increase of compressive strength compared to
ordinary cement paste in the early age of hydration (up to 28 days). Hanisková et al. [32] analyzed
the influence of fly ash from fluidized bed combustion on mechanical properties of pastes. They
showed that the highest values for 28-day compressive strength were achieved by pastes with 30–40%
replacement of cement by CFBC fly ash, twice as much as the reference paste without fly ash.

Table 5. The results of compressive and flexural strength of pastes stored in water in 20 ± 2 ◦C after 28
days of curing (MPa).

Designation of Specimens Flexural Strength Comressive Strength

CEM I 4.6 ± 0.3 33.8 ± 0.6

S20 5.8 ± 0.2 47.8 ± 1.8
T20 5.2 ± 0.3 39.8 ± 2.2
K20 6.4 ± 0.4 53.3 ± 2.3

S30 5.9 ± 0.3 46.0 ± 1.4
T30 5.9 ± 0.7 35.9 ± 1.0
K30 5.9 ± 0.6 53.1 ± 2.0

The phase composition was evaluated using the thermal analysis method. The loss on ignition and
weight loss of analyzed specimens were associated with the relics of clay minerals (temperature up to
350 ◦C) as well as the oxidation of unburned coal residue, and they were used to determine the content
of Ca(OH)2 and CaCO3. The total loss on ignition was identified by heating fly ash to a temperature of
1000 ◦C. The results of thermal analysis are presented in Table 6. The obtained measurements show
that a total loss on ignition depends not only on the loss of the unburned coal relics, but also the
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distribution of carbonates, portlandite and disposal of residual clay mineral water. Therefore, the LOI
determined according to PN-EN 450-1 does not clearly reflect a precise content of unburned coal. This
phenomena is the most visible for CFBC fly ash from Turów power plant (lignite burning), where the
presence of the LOI (at 1000 ◦C) is mainly due to the calcium carbonate content (4.80%), and the relics
of unburned coal accounted for only a fraction of a percent in the tested ash (0.8%).

Table 6. Selected properties of CFBC fly ash separated for the fractions below and above 0.045 mm.

Specimen LOI *, wt %
Mass Loss at
<350 ◦C, wt %

Relics of Coal,
wt %

Portlandite,
wt %

Calcium Carbonate,
wt %

S

Fraction > 0.045 mm 1.7 0.45 0.8 not detected not detected
Fraction < 0.045 mm 5.8 0.74 4.4 not detected not detected

T

Fraction > 0.045 mm 3.7 0.79 0.8 not detected 4.80
Fraction < 0.045 mm 5.9 1.05 not detected 1.2 10.35

K

Fraction > 0.045 mm 3.4 0.89 1.8 not detected 1.60
Fraction < 0.045 mm 5.7 0.87 4.4 not detected 1.05

* Loss on ignition at 1000 ◦C.

The X-ray analysis performed on whole fraction of fly ash revealed the presence of crystalline
phases such as anhydrite II (CaSO4), portlandite (Ca(OH)2), quartz (SiO2) and small quantities of clay
minerals and calcium (CaO) and magnesium (MgO) oxide. A clear difference between the CFBC fly
ash from the hard coal (K and S) and lignite (T) combustion is visible. There is much more portlandite
(Ca(OH)2) and calcite (CaCO3) in the fly ash from the combustion of lignite (fly ash T) compared to
hard coal combustion. Diffraction patterns of the analyzed specimens are presented in Figure 3.

For the further study two CFBC fly ashes were selected: K and T as representatives of the waste
materials from the fluidized bed combustion of hard coal and lignite, respectively, with a low content
of SO3. The analysis of the phase composition of cement pastes with 20% and 30% replacement of the
cement mass by CFBC fly ash after 28, 200 and 400 days of maturation in water was conducted.

Based on the results of thermal analysis of cement paste, the chemical-bound water content in
hydration products (HI) was determined.

The volume of HI is considered as the loss of water at temperatures up to 400 ◦C, which is associated
with hydrated calcium silicates (C–S–H) and calcium aluminosulfate. Additionally, the presence of
calcium carbonate (CC) was detected in the hardened cement paste, and it was considered as the mass
loss at 800–1000 ◦C. XRD analysis of the above hydration products revealed that small amounts of
ettringite and calcium sulfates mainly in the form of gypsum were present. Diffraction patterns of the
cement paste specimens are shown in Figure 4. After the qualitative analysis in order to present the
quantitative changes occurring during the hydration process, the change index (WZ) was introduced,
which is used as standard procedure [33]. The above method was described in [12].
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(a) 

 
(b) 
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Figure 3. X-ray (XRD) patterns of CFBC fly ash from (a) S (hard coal); (b) K (hard coal); and (c) T (lignite).
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(a) CEM 

 
(b) CFBC T_20% 

 
(c) CFBC T_30% 

 
(d) CFBC K_20% 

 
(e) CFBC K_30% 

Figure 4. XRD patterns of cement pastes matured in water for 400 days. (a) Without any addition;
(b) with 20% CFBC fly ash T; (c) with 30% CFBC fly ash T; (d) with 20% CFBC fly ash K; (e) with 30%
CFBC fly ash K.

The XRD pattern revealed portlandite as a major phase in the reference cement paste specimen
analyzed after 400 days curing in water. The products of the cement hydration in the forms of
portlandite, gypsum and ettringite, and products of the carbonation of the hydrated cement in the
form of calcite were found in the specimens made with addition of the CFBC fly ash. The content of
calcite was increased with increasing fly ash content.

Value of change index WZ was defined as the ratio of selected characteristic of the tested cement
paste with CFBC fly ash to the same characteristic of the reference cement paste, expressed as a
percentage. As a reference, a cement paste without addition of CFBC fly ash matured in the same
period of time as specimens with addition of fly ash was chosen. The results of the comparison of
phase changes in the tested cement pastes are presented in Table 7. Due to the increased sulfate and
calcium ion content in the analyzed fly ashes, the most relevant in the examination of cement paste are
ettringite content and amount of calcium carbonate introduced. It was revealed that the increase of
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ettringite and calcium carbonate content in the hardened cement paste was related to the increase in
CFBC fly ash content.

Table 7. XRD estimated composition of hardened cement paste after 28, 200 and 400 days of curing
(CFBC T—paste with fly ash from lignite burning. CFBC K—paste with fly ash from hard coal burning.
20/30–percent content of fly ash addition).

Age, Days Composition Parameter Reference Paste
CEM *

WZ Index for Hardened Pastes Containing CFBC Fly Ash
in Relation to the Reference Paste (%)

T20 T30 K20 K30

28

Hydration products HI, % 17.8 = 100% 116.3 133.1 119.7 130.9
Portlandite CH, % 16.0 = 100% 66.9 41.3 41.3 33.1
Calcium carbonate CC, % 10.7 = 100% 100.0 91.6 112.1 103.7
Ettringite

∑
I, a.u. ** 326 = 100% 127.9 131.3 121.2 124.2

200

Hydration products HI, % 23.0 = 100% 111.7 104.3 110.0 104.3
Portlandite CH, % 15.2 = 100% 53.9 34.9 53.9 27.0
Calcium carbonate CC, % 13.6 = 100% 72.0 111.8 78.7 122.0
Ettringite

∑
I, a.u. ** 459 = 100% 97.8 104.1 102.8 112.9

400

Hydration products HI, % 18.0 = 100% 118.0 123.9 112.7 131.1
Portlandite CH, % 16.4 = 100% 65.2 39.6 37.8 17.1
Calcium carbonate CC, % 10.2 = 100% 89.2 119.6 147.1 133.3
Ettringite

∑
I, a.u. ** 380 = 100% 105.0 115.5 97.1 112.1

* The ordinary cement paste without fly ash addition after 28, 200 and 400 days is equal to 100%; ** Absolute
intensity ettringite planes of symmetry (d = 9.73 i d = 5.61) in conventional units.

It was noted that the specimens without the addition of CFBC fly ash (i.e., reference specimens)
had less than 15% and 13% ettringite content after 400 days of maturing than specimens with 30%
fly ash, T30 and K30. respectively. It was surprising that the largest difference in ettringite content
between reference specimens and those with addition of CFBC fly ash was visible for the first 28 days
of the maturation period. Ettringite decline in subsequent periods is probably associated with the
progress of hydration and transformation of ettringite in monosulfate or connected the SO4

2– ions to
the rising C–S–H phase with a low C/S ratio. Hydrated calcium silicates formed by the pozzolanic
reaction decrease the content of the portlandite in the cement paste. This is consistent with the results
regarding siliceous fly ash. It is known that the addition of the siliceous fly ash to Portland cement
generally reduces the amount of portlandite and this is often accompanied with an increase in the
amount of C–S–H with reduced Ca/Si ratio and AFm phases due to a higher content of Al2O3 in fly
ash. The AFm phase of Portland cement refers to a family of hydrated calcium aluminates based on
the hydrocalumite-like structure of 4CaO·Al2O3·13–19H2O, [34]. Also, the content of ettringite varies
depending on the reactivity of the siliceous fly ash used. Studies to characterize the microstructure
of concrete modified with addition of calcareous fly ash were performed by Glinicki et al. [35]. They
showed that the addition of calcareous fly ash reduced the content of portlandite in the matrix by
45–74%. Results of tests conducted by Tishmack et al. [36] showed that the products of cement
hydration incorporating calcareous fly ash included lower amounts of ettringite and higher content of
AFm phases, including mainly monosulfates.

Microphotographs of the reference specimens and cement paste with addition of CFBC fly ash after
28, 200 and 400 days of maturation are presented in Figures 5 and 6. It is visible as a fine-grained and
fine-porous microstructure in micro-areas occupied by C–S–H, verified by EDS analysis. The C–S–H
phase created a spongy mass of the conformation of small grains, generally forming single fibrils with
lengths less than 0.1 μm. Ettringite needles and micro-tubes with lengths of up to 2 μm occurred
in air-voids.

The addition of the CFBC fly ash, both from hard coal and lignite burning, caused an increase in
the content of ettringite, assessed on the basis of the X-ray diffraction analysis. After 28 days of curing
the ettringite content in the specimens with 30% T fly ash was 31% higher and with 30% K fly ash, 24%
higher than in reference specimens. The content of portlandite decreased with increasing CFBC fly ash
content. In specimens with 30% ash from hard coal K burning, an increase of the content of calcium
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carbonate over time is clearly visible. Similar observations regarding the microstructure of paste with
CFBC fly ash from hard coal burning were made by Lee and Kim [37], who investigated the hydration
reactivity of the CFBC fly ash. They concluded that the microstructure of pastes with CFBC fly ash
(the mixing ratio of CFBC fly ash to water was set at 1.0) after 1 day of hydration consisted mainly of
fibrous ettringite and various sizes of hexagonal-plate portlandite. After 91 days, the CFBC fly ash was
hydrated to a considerable degree, as the reaction ratio of the anhydrous gypsum was more than 80%.
The microstructure of CFBC fly ash pastes contained portlandite, ettringite, gypsum and C–S–H [37].

The phase composition of the hardened cement paste was not affected by prolonged exposure
in water and temperatures of 20 ± 2 ◦C. Irrespective of the content of CFBC fly ash in concrete,
the microstructure of the presented cement pastes is similar to the reference specimen. It can be
assumed that the efficiency of mineral additives, like fluidized bed combustion fly ash in cement paste,
can be similar to other non-standard fly ash (e.g., calcareous fly ash). It was found in [38] that the
addition of calcareous fly ash resulted in an improvement of concrete durability. A beneficial reduction
of chloride migration coefficient was observed, while the effect on the water and air permeability was
similar to its effect on the compressive strength of concrete.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5. Microphotographs of hardened cement paste microstructure without CFBC fly ash addition,
matured in water for 400 days. (a) Empty air void without crystalline hydration products; (b) C–S–H,
ettringite, relics of clinker; (c) C–S–H and cluster of elongated ettringite needles; (d) C–S–H, ettringite,
relics of clinker.
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(a) 
 

(b) 

 
(c) (d) 

Figure 6. Microphotographs of hardened cement paste with CFBC fly ash (K30), matured in water for
400 days. (a) Cement paste; (b) C–S–H and relics of clinker, microcracks; (c) carbonated hydration
products; (d) C–S–H and relics of clinker.

4. Conclusions

The performed investigation revealed the following conclusions:

• Macroscopic analysis revealed differences in colour of fluidized bed combustion fly ashes, which
was assumed to be correlated to carbon content. This method can be applied for preliminary
evaluation of CFBC fly ash suitability as concrete additive;

• The major components in the investigated CFBC fly ash consisted of the following (in descending
order of content): SiO2, Al2O3, CaO, Fe2O3 and SO3.

• The largest difference between analyzed fly ash was visible in CaO content, which was the result
of the type of fuel. The content of the CaO in CFBC fly ash from lignite burning was two to three
times higher than in fly ash from hard coal burning.

• A proper determination of the unburned carbon content in fluidized bed fly ash required separation
of CaCO3, portlandite and non-hydrated clay minerals content from the loss on ignition data.

• The addition of CFBC fly ash for replacement of cement by 20% or 30% by weight did not induce
significant changes in qualitative phase composition of hardened cement paste cured in water up
to 400 days in regard to curing for 28 days.

• The addition of the CFBC fly ash resulted in increasing content of C–S–H gel and crystalline
ettringite, which was indicated by the increase of water bound in hydration products and the
decrease of portlandite content.

• The crystalline ettringite content in hardened cement paste containing 30% CFBC fly ash from
lignite burning was higher by about 20% in comparison to cement paste without ash at 28 days
of curing.
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32. Hanisková, D.; Bartoníčková, E.; Koplík, J.; Opravil, T. The ash from fluidized bed combustion as a donor of
sulfates to the Portland clinker. Procedia Eng. 2016, 151, 394–401. [CrossRef]

33. Krzywobłocka-Laurów, R.; Siemaszko-Lotkowska, D. Determination of the phase composition of common
cements. Instr. Build. Res. Inst. 2006, 419.

34. Matschei, T.; Lothenbach, B.; Glasser, F.P. The AFm phase in Portland cement. Cem. Concr. Res. 2007,
37, 118–130. [CrossRef]

35. Glinicki, M.A.; Krzywobłocka-Laurów, R.; Ranachowski, Z.; Dąbrowski, M.; Wołowicz, J. Microstructure
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Abstract: The aim of this study was to consider the use of biomass wood ash as a partial replacement
for cement material in wood-cement particleboards. Wood-cement-ash particleboards (WCAP) were
made with 10%, 20%, 30%, 40%, and 50% of wood ash as a partial replacement for cement with
wood particles and tested for bending strength, stiffness, water absorption, and thermal properties.
Test results indicate that water demand increases as the ash content increases, and the mechanical
properties decrease slightly with an increase of the ash content until 30% of replacement. On the
other hand, the heat capacity increases with the wood ash content. The WCAP can contribute to
reducing the heat loss rate of building walls given their relatively low thermal conductivity compared
to gypsum boards. The replacement of cement to the extent of approximately 30% by weight was
found to give the optimum results.

Keywords: biomass; wood ash; fibrocement; strength; mortar

1. Introduction

Fiber cement panels have been on the market for a long time. Originally, asbestos was used
as the reinforcing material, but due to the health hazards involved, it was replaced by cellulose in
the 1980s. Nowadays, these panels are used as exterior siding, roof shingles, and tiles for exterior
applications. Wood-cement particleboard has several benefits, since it is resistant to termites, does not
rot, is impact resistant, and has fireproof properties. However, studies carried out on the compatibility
of wood with cement [1–3] show that not all species are equally suited for the manufacturing of
wood-cement particleboard. Softwood species actually show the greatest potential for this type of
application. The results of Tittelein et al. [4] show that it is possible to make low-density (specific
gravity of about 0.7) wood-cement particleboards with better bending properties than gypsum boards
and a screw-withdrawal resistance that is 1.7 times higher. Moreover, these panels can be cut with a
knife in a similar manner as gypsum boards. Therefore, the panel installation process is essentially the
same. Thanks to its high porosity, the thermal conductivity of wood-cement particleboards is about
three times lower than that of gypsum boards.

Environmental concerns and economic pressure are amongst the driving forces of today’s industrial
development. Therefore, several research projects are being conducted worldwide on the use of waste
materials to reduce threats to the environment and to streamline present waste disposal and recycling
methods by making them more affordable [5].

Manufacturing of ordinary Portland cement (OPC) ranks third in the world among the producers
of anthropogenic CO2, after transport and power generation. The emission of CO2 by the cement
industry represents 5%–7% of the total worldwide CO2 emissions from fuel combustion and industrial
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activities [6]. The use of additives and substitutes to OPC has been so far one of the most successful
solutions to decrease CO2 emission generated by cement production.

Wood ash (WA) is produced by the combustion of wood in domestic wood stoves or in industrial
power generation plants. At the end of the 80s, an estimated quantity of 45,000 tons of wood ash was
produced annually in the Province of Québec, Canada by the pulp and paper industry [7]. In 2006,
more than 300,000 tons of wood ash were produced per year, two-thirds coming from pulp and paper
plants and the remaining from cogeneration plants, sawmills, and other wood-related industries. WA
chemical characteristics differ with species of wood, but it mainly contains lime and silica [8]. Ash
production is likely to expand further with the increasing interest for bioenergy.

In 2007, 150,000 tons of residual ash were used as fertilizers in Quebec [9]. Most of the residual
ash (54%) was used in agriculture. The rest was used for the revegetation of degraded sites, soil mix
manufacturing, composting, and other uses. Half of the wood ash resource produced annually is still
landfilled [9]. When favorable conditions are met, the wood ash may have some pozzolanic potential
that can be taken advantage of in Portland cement-based systems.

Several studies have investigated the suitability of wood ash as a supplementary cementing
material in the production of ordinary and self-compacting concretes. Subramaniam [10] reported an
optimum dosage of wood ash of 15% in the replacement of cement (by weight) for the production of
concrete having a sufficiently high compressive strength for the casting of blocks. Abdulladi [11] found
an optimum replacement rate of 20% and showed that the water requirement increases as the wood ash
content increases. Chowdhury et al. [12] characterized the mechanical strength (compression, tensile,
and flexural) of concrete incorporating wood ash. The presence of essential pozzolanic compound (as
required by the ASTM C618-15 standard), the content in small size particles, and the large surface area
of the particles qualify the wood ash investigated in their study as a pozzolanic material.

The aim of the present study was to evaluate the physical, thermal, and mechanical properties of
wood-cement particleboards prepared using wood ash as a supplementary cementing material.

2. Materials and Methods

2.1. Materials

The main binder used was an ordinary CSA (Canadian Standards Association) type 10 (GU,
General Use) Portland cement.

The wood ash selected for investigation was supplied from the thermal energy production plant
of “La Cité Verte”, a residential development in Quebec, QC, Canada.

The wood-cement mixtures were prepared with air-dried wood chips obtained from white spruce
(Picea glauca (Moench), Voss, Norway) trees harvested at the Petawawa Research Forest in Mattawa
(ON), Canada. The wood chips were refined in a Pallmann PSKM8-400 ring refiner (Ludwig Pallmann
K.G, Zweibrücken, Germany). The particles supplied were screened, and those ranging between 1 and
3 mm in size were retained.

2.2. Wood-Cement Mixtures

The wood-cement particleboard mixtures were all prepared with a wood-to-binder ratio of 0.35
by weight, where the binder phase is the sum of cement and wood ash. A total of six mixtures were
investigated, the variables being essentially the fraction of cement replaced by wood ash. Assessing
mixtures with different percentages of wood ash was intended to determine the maximum amount of
wood ash that could be used without significantly affecting the properties of the material in comparison
with those of the reference wood-cement mixture. The corresponding mixtures are referred to as P0,
P1, P2, P3, P4, and P5, respectively. The control mixture (P0) was prepared with cement and wood
particles only, while mixtures P1, P2, P3, P4, and P5 were prepared by incorporating wood ash as a
partial replacement of cement at a rate of 10%, 20%, 30%, 40%, and 50%, respectively.
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The mixing sequence was observed to have a critical influence upon the material rheology, with
slight changes altering the fresh mixture behavior significantly. The mixing sequence retained after the
preliminary tests is presented in Table 1.

Table 1. Mixing sequence.

Step Mixer Rotor Speed (rpm) Cumulative Time (s)

1. Addition of cement and wood ash 140 0

2. Addition of water 140 60

3. Addition of wood particles 140 120

4. Change of speed 285 180

5. End of mixing 0 270

Directly after mixing, the workability of each mixture was determined using the slump test in
accordance with the ASTM C143/C143M-15a standard [13].

2.3. Preparation of Test Specimens

After mixing in a mortar mixer (HOBART A-120, Hobart Canada Inc, Don Mills, ON, Canada),
each wood-cement-ash-water mixture was cast into a 450 × 330 × 15 mm wooden mold. After pouring
the mixture, the mold was closed with a lid held in place by C-clamps. This set-up allowed to pour
material up to a thickness of 15 mm. The wet mixture was poured into the mold, the surface was
levelled off with a wood screed and the lid was finally secured in place. From the pressure of the
lid, the panel thickness was reduced to 14 mm. The hardened panels were stripped from the mold
at the age of 3 days and then stored in a conditioning chamber at 23 ◦C and 60% relative humidity.
The various test specimens were cut from the panels (3 panels per mixture) on the day of testing.

2.4. Test Methods

The panels were cured and tested to determine their mechanical performance after 3, 7, and
28 days of curing following the ASTM D 1037-12 standard [14]. The bending modulus of rupture
(MOR) and the modulus of elasticity (MOE) were determined at the same ages by MTS QTest-5
Universal Test Frames (MTS systems corporation, Eden Prairie, MN, USA) featuring The Elite Modular
Control System. Screw-withdrawal resistance, water absorption, and thickness swelling were also
tested following the ASTM D 1037-12 standard [14]. The thermal properties of the wood-cement
particleboards were measured by FOX 314 Heat Flow Meter (TA instruments-LaserComp Inc, Wakefield,
MA, USA) following the ASTM C518 [15] standard. The board was placed between two plates at a
regulated temperature and a flux meter was glued on each side of it so that temperature and heat
flux could be measured at the board surface, which can be submitted to temperature variations. Heat
capacity and thermal conductivity can be calculated from these four parameters (two temperatures
and two heat fluxes). The solubility of the WA was evaluated by the mass loss measured on 15 g of WA
placed in 100 mL of distilled water and stirred for one hour at 23 ◦C. The residue is then filtered under
vacuum and rinsed with distilled water. The residue of WA is placed in an oven overnight then the
loss of mass is measured. The soluble proportion corresponds to the average mass loss of tree samples.
Finally, solid samples were observed under a JEOL JSM-840A Scanning Electron Microscope (JEOL
USA Inc, Peabody, MA, USA) (SEM) equipped with an energy dispersive X-ray analysis system (EDS).
For SEM observations, the specimens were mounted intact on double-sided adhesive tape and coated
with a thin alloy of Au-Pd. Operating conditions were set at 15 kV.
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3. Results

3.1. Material Characterization

3.1.1. Wood Particles

Wood particle size distribution was evaluated using five sieve sizes: 1.19, 1.4, 1.7, 2.38, 2.8, and
3 mm. According to the results shown in Figure 1, 100% of the particles were less than 3 mm in size,
and particles with a diameter of 1.7 mm make for the highest mass fraction (57%).
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Figure 1. Particle size distribution of wood particles.

3.1.2. Wood Ash

Particle Size and Shape Analysis

Shape analysis by scanning electron microscopy observations revealed that the ash particles were
irregular in shape and spherical (Figure 2b). Wood ash is suitable for use as a filler/partial replacement
of cement in high-performance concrete due to an enhanced “ball bearing” effect given from the
spherical shape of WA. The “ball bearing” effect of wood ash creates a lubricating effect when concrete
is in its plastic state. According to the results shown in Figure 3, the D10, D50, and D90 values of the
WA were 2.5, 18.5, and 114.1 μm, respectively. Wood ash contains an amount of ultrafine particles of
18% (particle diameter φ < 5 μm).

  
(a) (b) 

Figure 2. Low magnification (a) and high magnification (b) scanning electron microscopy of wood
ash (WA).
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Figure 3. Particle size analysis of WA.

Chemical Composition

The results of the chemical analysis carried out on the investigated wood ash are shown in Table 2.
The combined content in iron oxide (Fe2O3 = 1.22%), aluminum oxide (Al2O3 = 2.25%), and silicium
dioxide (SiO2 = 7.80%) is found to be 11.27%, which is considerably less than the minimum amount
required to qualify a material as a pozzolan, established at 70% [16].

Table 2. Physical and chemical properties of wood ash.

Properties Value Chemical Composition (%)

Conventional parameters SiO2 7.80
Organic material (mg/kg) <10 Al2O3 2.25
pH 13 Fe2O3 1.22

MgO 7.47
Physical properties CaO 46.70
Density (kg/m3) 2970 Na2O 0.86
Specific surface (m2/kg) 261 K2O 9.61

TiO2 0.11
MnO 4.51
P2O5 2.34
Cr2O3 <0.01
V2O5 <0.01
ZrO2 <0.02
ZnO 0.04
Loss on ignition 14.20

The recorded loss on ignition at 950 ◦C was 14.2%, which exceeds the 12% maximum requirement
for pozzolans [16]. This means that the ash contains a significant amount of unburnt carbon, which
reduces its pozzolanic activity. The alkali content (%Na2O + 0.658 ×%K2O) was found to be 7.18%,
a value higher than the maximum alkali content of 1.5% required for pozzolana. The specific gravity of
wood ash was found to be 2.97, which is far less than the Portland cement density (3.15). WA contains
more than 99% (by weight) of inorganic material and yields a pore solution with a high pH.
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Solubility Test

Table 3 shows the percentage of the wood ash dissolved in water during the solubility test.
The solubility of WA is estimated to be 7% including lime and alkali hydroxides that are readily soluble in
water in laboratory conditions. This soluble component plays an important role in the hydration reaction.

Table 3. Solubility test of wood ash in water.

Wood Ash
(g)

Mass Loss
(g)

Material Dissolved
(%)

1 14.10 0.90 6.30

2 15.00 1.20 8.00

3 14.30 0.90 6.30

Average 6.90

3.2. Change in Density

The weight of all panels was recorded at the beginning and at the end of the curing period (3 days
in the mold) to determine changes in the panel-specific gravity. It decreased by about 5% during that
period, owing to the fact that the mold being used was not perfectly impervious. Some water was
probably absorbed by the mold itself, as it was made of plywood.

The panel mass reached a plateau about 6 days after removal from the mold, meaning that most of the
free water in the cement paste had evaporated in the conditioning chamber at 23 ◦C and 60% RH by then.

3.3. Workability

Table 4 shows the results obtained for the consistency test. The results reveal that the water
demand increased with the wood ash content. The wood ash introduced into the cement increased the
carbon content, thereby increasing the amount of water required to achieve satisfactory workability.

Table 4. Consistency test results.

Mass Ratio P0 P1 P2 P3 P4 P5

Wood ash/Cement 0.00 0.10 0.20 0.30 0.40 0.50

Wood/Binder 0.35 0.35 0.35 0.35 0.35 0.35

Water/Binder 1.00 1.04 1.08 1.12 1.16 1.20

3.4. Bending Properties of the Raw Wood-Cement Particleboard

As described previously, the panels were tested in bending at 3, 7, and 28 days after manufacturing.
Each test was performed on three specimens and the mean value is presented in Table 5.

Table 5. Average bending strength test results of wood-cement-ash particleboards (WCAP). Mean
values with the same superscript are not significantly different for p = 0.05; standard deviation is given
in parentheses.

P0 P1 P2 P3 P4 P5

3 days
MOR (MPa) 0.92(0.16) 0.85(0.04) 0.75(0.02) 0.68(0.07) 0.53(0.04) 0.35(0.08)

MOE (GPa) 1.04(0.21) 0.90(0.21) 0.84(0.24) 0.75(0.08) 0.58(0.07) 0.54(0.08)

7 days
MOR (MPa) 1.35(0.21) 1.28(0.24) 1.22(0.17) 1.15(0.17) 0.74(0.05) 0.43(0.05)

MOE (GPa) 1.12(0.14) 1.12(0.15) 1.05(0.13) 1.01(0.18) 0.87(0.03) 0.70(0.08)

28 days
MOR (MPa) 1.36(x)

(0.32) 1.30(x)
(0.33) 1.24(x)

(0.21) 1.20(x)
(0.16) 0.78(y)

(0.25) 0.47z)
(0.21)

MOE (GPa) 1.40(a)
(0.17) 1.39(a)

(0.12) 1.07(b)
(0.07) 1.12(b)

(0.12) 0.82(c)
(0.14) 0.50(d)

(0.24)
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Table 5 and Figure 4 show the bending behavior of the WCAP at different curing times. It shows
that the bending strength and stiffness values of the sample panels increase with the curing time.
They changed little after 7 days of curing, as generally observed for Portland cement-based materials.
The statistical analysis results showed that there is a significant difference among samples in terms
of bending strength and stiffness at all stages of curing (3 days of curing: p < 0.001, 7 days of curing:
p < 0.001, 28 days of curing: p < 0.05). The bending strength and stiffness of P4 and P5 were significantly
lower than for the other panels at all curing stages. Optimum bending strength observed in these tests
was obtained at 30% wood ash replacement (P3) after 28 days of moist curing.
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Figure 4. Evolution of the modulus of rupture in bending of WCAP as a function of the moist
curing duration.

3.5. Screw-Withdrawal Resistance

Figure 5 shows the screw-withdrawal resistance of WCAP as a function of the WA content. It shows
that the screw-withdrawal resistance decreases as the WA replacement rate increases. The results of the
statistical analysis show that the screw withdrawal-resistance is slightly affected up to a replacement
rate of 30% in wood ash. However, beyond that value, it decreases rapidly.
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Figure 5. Effect of wood ash replacement rate on the screw-withdrawal resistance of the WCAP (mean
values with the same superscript are not significantly different for p = 0.05; standard deviation is given
in parentheses).

3.6. Water Absorption

The water absorption test results are shown in Figure 6. The value of water absorption increases
with the percentage of WA replacement and time of immersion in water. Table 6 shows that the
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thickness swelling of WCAP in water is small (<2%). According to the results, the water absorption of
all boards incorporating wood ash is higher than that of the control sample after 28 days of curing.
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Figure 6. Water absorption and thickness swelling of WCAP recorded as a function of the WA content.

Table 6. Average water absorption and swelling of WCAP as a function of the WA content.

P0 P1 P2 P3 P4 P5

Water absorption (%)
2 h 36.5 39.0 43.4 48.0 60.3 76.9

24 h 38.8 42.7 47.5 52.0 61.6 76.1

Thickness swelling (%)
2 h 0.4 0.8 0.5 0.9 0.9 0.7

24 h 2.0 0.9 0.7 1.6 1.6 0.8

3.7. Thermal Properties

Table 7 shows the WCAP heat capacity and thermal conductivity test results. It is interesting
to note that the heat capacity increases with the wood ash content. It can contribute to reducing
the heat loss rate of building walls given its relatively low thermal conductivity when used as
interior partition. Wood ash level P3 yields a heat capacity 7% higher than that of the control panel.
Conversely, the thermal conductivity does not change importantly between 0% and 30% wood ash
replacement levels.

Table 7. Average thermal properties and density of WCAP as a function of the WA content.

P0 P1 P2 P3 P4 P5

Specific gravity 0.63 0.61 0.59 0.57 0.43 0.39

Thermal conductivity (W/m·K) 0.13 0.12 0.12 0.11 0.08 0.07

Heat capacity (J/g·K) 1304 1334 1368 1390 1424 1470

3.8. Microstructure of Mortars

According to the results shown in Figure 7, there are no clear differences in microstructure between
the two samples. They both exhibit a low porosity and pore sizes smaller than 10 μm. The occurrence
of spherical particles that have the shape of WA can be observed in Figure 7b as shown by the
white arrows.
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(a) (b) 

Figure 7. Scanning electron microscopy images of cement control (a) and cement + 30% WA (b).

4. Discussion

Although the investigated wood ash does not qualify as a pozzolan, it can be used in replacement
of cement up to significant amounts without affecting the physical and mechanical properties of the
wood-cement particleboards significantly. In previous studies, maximum wood ash proportions in the
order of 15%–20% were reported [10,11]. Compared to the control sample (P0), WCAP prepared with
30% of wood ash in replacement of cement (P3) showed moderate mechanical properties reductions of
10% for bending MOR and 21% for screw-withdrawal resistance. The pH value increases with the
hydration of the cement. A high alkaline solution promotes the reactivity of the silica present in the
WA, which enhances the pozzolanic activity at the initial stage. Increased pH levels favor the formation
of hydrous silica. This compound reacts with Ca2+ ions and produces insoluble compounds, which are
secondary cementitious products [10]. Moreover, WA can act as a filler in the mixtures.

The density of the samples is found to decrease as the WA replacement rate increases, due to the
slightly lower density of the ash and, most importantly, the increased amount of water (Tables 4 and 7).
As a result of the larger volume of capillary pores, the mechanical and physical properties including
density decline. Indeed, water absorption increased significantly from 30% of WA in replacement.
It can be explained by the lower amount of cement particles with increasing wood ash contents.
Therefore, the hydration reaction was reduced, and the water evaporated quickly in a porous medium
with high porosity due to the presence of the wood fibers.

A fraction of the ash of about 7% dissolves in water and contributes to the hydration process.
The large surface area associated to the ash particles could also be a factor, as it acts to some degree as
nucleation sites for cement hydration. Indeed, based upon SEM examination, no significant difference
in the microstructure of a mixture of neat cement and a mixture containing 30% of WA in replacement
was found, both exhibiting a dense and uniform microstructure.

The increase in the heat capacity of WCAP after replacement of cement by wood ash has shown
that it has the potential to reduce the heat losses of building walls, given the improved insulation
it provides. Indeed, WCAP has a low thermal conductivity, about three times lower than that of
gypsum boards (0.32 W/m·K) [4]. This low thermal conductivity is mainly due to the higher WCAP
porosity compared to that of gypsum because the thermal conductivity of empty voids is very low
(about 0.025 W/m·K).

5. Conclusions

This project studied the physical, thermal, and mechanical properties of wood-cement
particleboards incorporating wood ash. Wood ash was found to have an excellent potential for use as
partial replacement to Portland cement. Based on the results generated in this study, the optimum
replacement rate is about 30% by weight. At this replacement level, the engineering properties of
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WPCA were moderately reduced (bending MOR by 12%; bending MOE by 20%; screw-withdrawal
resistance by 21%) compared to a neat wood-cement control sample. Beyond 30% in replacement,
the mechanical and physical properties start to decrease at a significantly higher rate (bending MOR
by 43%, bending MOE by 41%, and screw-withdrawal resistance by 60% at a 40% replacement rate).
The use of wood ash improves the heat capacity of the WCAP by 11% compared to a neat wood-cement
control sample.

The work reported herein is quite promising in view of producing eco-friendly wood cement panels
with improved characteristics compared to those of standard gypsum boards. Future work should
include the fire-resistance and acoustic properties measurement of this material. The formulation and
the processing phases could also be further improved. Notably, the use of a paper surface layer should
be studied to enhance the mechanical properties of the panel.
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Piotr Woyciechowski 1, Paweł Woliński 2 and Grzegorz Adamczewski 1,*

1 Department of Building Materials Engineering, Warsaw University of Technology, 00-637 Warszawa, Poland
2 Faculty of Applied Sciences, Collegium Mazovia Innovative School, 08-110 Siedlce, Poland
* Correspondence: p.woyciechowski@il.pw.edu.pl; Tel.: +48-602-444-978

Received: 18 July 2019; Accepted: 19 August 2019; Published: 21 August 2019

Abstract: According to the European Standards (EN 450-1, EN 206), it is not permissible to use
calcareous fly ash as an additive to concrete. However, other standards (for example, the American
and Canadian ones) allow the use of high-calcium fly ash (type C) in concrete. As a result of brown
coal combustion, a large amount of this type of fly ash is produced, and considerations on their use in
concrete are in progress. Research into the influence of high-calcium fly ash on concrete durability is
fundamental for dealing with that issue. The aim of the present research was to develop a new model
of carbonation over time, also including calcareous fly ash content in the binder. The self-terminating
model of carbonation is new, and not developed by other authors. In the current research, the
former simplest model (a function of w/c ratio and time) is expanded with the calcareous fly ash
to cement ratio. The basis is a statistically planned experiment with a large scope of two material
variables (w/c ratio and fly ash to cement ratio). The main measured property is the carbonation
depth after exposure to 4% of CO2 concentration (according to CEN/TS 12390-12). The model of
carbonation obtained from this experiment is an output of the paper. Also, the idea of developing
similar models for concrete families as a tool for designing concrete cover thickness for reinforced
elements is described in the paper.

Keywords: concrete; durability; carbonation modeling; calcareous fly ash

1. Introduction

A common cause of damage to concrete structures with steel reinforcement is the corrosion of
steel resulting from insufficient protection. The protective abilities of concrete decrease due to the
effect of physical and chemical factors over time. An important factor is carbonation, which decreases
the concrete’s pH value. The approach of using the carbonation model elaborated in the research
(on the basis of the collected data) and statistic curve-fitting for the results obtained for the tested
concrete, enables us to design the concrete cover thickness for individual cases on the basis of the
actual protective abilities of the concrete used.

The development of universal carbonation models for various types of concrete can lead to the
creation of useful tools for designing durable structures in XC (carbonation threat) classes of exposure
according to Eurocode EC2.

The course of carbonation in typical atmospheric conditions depends primarily on the material
characteristics of the concrete, including the w/c ratio and the qualitative as well as quantitative
composition of the binder. Most of the test results confirm that the use of fly ash in appropriate
proportions not only impairs the protective properties of concrete against reinforcing steel [1,2], but
also increases the concrete tightness [3]. Especially when chlorides from seawater or deicing salts, etc.
cause a threat, the introduction of ash to cement or concrete can be very beneficial. However, in a
heavily contaminated environment with high concentrations of carbon dioxide and chlorides, fly ash
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used as a partial substitution for the cement can accelerate the corrosion process of the reinforcement.
For these reasons, the use of fly ash in concrete technology should be approached with great caution
and preceded by a series of tests confirming the correctness of the solution [1].

The resistance to carbonation of concretes containing fly ash depends on its microstructure. Fly
ash partially binds Ca(OH)2 due to the pozzolanic reaction. It leads to a decrease in the content of
Ca(OH)2 in concrete. Due to the carbonation depth being higher, the same amount of CO2 could
carbonate a larger volume of concrete, as Neville states [4] on the basis of Bier’s research [5]. Bier’s
study proves that the carbonation rate is higher when the quantity of Ca(OH)2 in the cement paste
is lower. In such a way, the fly ash presence in concrete may accelerate the rate of carbonation and
increase the carbonated zone in concrete. However, the reverse effect connected with the formation of a
denser, hardened paste with fly ash could also be observed. This leads to a reduction in the diffusivity
and rate of carbonation limitation. Therefore, it could be concluded that the influence of fly ash on
carbonation includes two contradictory effects:

• accelerating—connected with the shortage of Ca(OH)2 used for the pozzolanic reaction, which
effects a deeper diffusion of carbon dioxide due to the concentration gradient;

• inhibitory—connected with the denser microstructure of the paste thanks to the physical effect of
fine grains of ash and the chemical effect of the products of the pozzolanic reaction.

The subject of the research presented in this article is concretes made with fly ash, classified as
calcareous according to PN-EN 197-1 [6] and according to the USA [7] and Canadian [8] standards, due
to the high content of reactive lime, i.e., 15% by mass. The terms “calcareous fly ash” and “high-calcium
fly ash” are used interchangeably in the literature [9–11], while from a formal point of view this
nomenclature is regulated internationally by various standards, in which different criteria for ash
differentiation are applied (Table 1).

Table 1. Requirements for high-calcium (calcareous) fly ash according to different standards.

Requirements

ASTM
618

CAN/CSA A3000 PN EN 450-1 PN EN 197-1

Class C Class CI
Class
CH

Case 1 Case 2 Case 1 Case 2

total CaO content, % ≥10.0 8 ÷ 20 ≥20.0 - - - -
reactive CaO content, % - - - ≤10 ≤10 10 ÷ 15 >15

free CaO content, % - - - ≤1.5 >1.5 - -
volume stability, mm - - - - ≤10 ≤10 ≤10

reactive SiO2 content, % - - - - - ≥25 -
SiO2 + Al2O3 + Fe2O3

content, % ≥ 50.0 - - ≥70.0 ≥70.0 - -

SO3 content, % ≤5.0 ≤5.0 ≤5.0 ≤3.0 ≤3.0 ≤3.0 -

Activity index,
%

7 days ≥75.0 ≥68.0 ≥68.0 - - - -
28 days - - - ≥75.0 ≥75.0 - -
90 days - - - ≥85.0 ≥85.0 - -

Water demand, % ≤105.0 - - ≤95 ≤95 - -

There are different requirements, according to PN-EN 197-1 [6], for fly ash used as a main
component of ordinary cements and ash used as a type II additive for concrete according to PN-EN
206 [12]. A reactive CaO content above 10% by mass formally excludes their use as a substitute for
cements in concrete in EU countries, in the light of the requirements of PN-EN 450-1 [13]. Standard
regulations in the USA or Canada [7,8], however, do not limit the use of high-CaO fly ash. In EU
countries, the use of fly ash as a component of cement is not limited by the content of CaO. According
to PN-EN 197-1, two types of fly ash are distinguished in this respect, siliceous and calcareous, and the
limit of CaO is 10%.

In this article the term “calcareous fly ash” is used, defining it as fly ash for the production of
cement in accordance with PN-EN 197-1, but using it as a component of concrete, despite not meeting
the requirements of PN-EN 450.
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It is worth noting that the results of published research are difficult to compare directly due to the
different types of ash used, their content in relation to the cement mass, different concrete formulas
and curing conditions, and different methods of conducting the experiments. There is a lot of research
testing the influence of siliceous fly ash on concrete properties, among them carbonation: for example,
the studies published by Kurda at al. (2019) [14], Ghorbani at al. (2019) [15], Carevic (2019) [16], Hussain
at al. (2017) [17], Cai-feng Lu at al. (2018) [18], Branch at al. (2018) [19], Ying Chen at al. (2018) [20], and
many others. However, during the last few years there have been only a few publications concerning
the carbonation of concrete containing high-calcium fly ash as an additive [21–26].

The results of the published studies do not agree [21,22] as to which effect (accelerating or
inhibitory) is dominant in the case of the carbonation of concrete with calcareous ash [27]. It depends
on the interaction of compounds and external agents; however, one of the most important factors is
the curing regime. Proper curing of concrete is crucial for pozzolanic reactions and advantageous for
achieving the microstructure densifying effect. It was found that fly ash concrete that was not cured in
the first days after concreting could very rapidly carbonate—even a 20 mm depth of carbonation was
observed after a one-year exposure in the urban atmosphere [27].

First of all, the method of introducing ash into the concrete mix is important, i.e., whether the
additive is introduced as a substitute of part of the cement or as an increase in the amount of binder.
In the first case, the effect of the Ca(OH)2 deficit strongly influences the carbonation progress; in the
second case the role of the densifying effect is most important [28].

There are only a few publications on the research into carbonation of concretes with calcareous ash.
The high content of free lime in the ash suggests that the availability of Ca(OH)2 for the carbonation
reaction will be high at the beginning of the process. It is worth noting that the free lime in the ash
is highly reactive [23,24,29,30]. We would expect, then, a high initial rate of carbonation. On the
other hand, the intensity of the pozzolanic reaction will reduce the calcium hydroxide amount, while
at the same time filling pores with reaction products. Thus, a reduction of CO2 diffusion capacity
occurs, which inhibits the rate of carbonation. The research results presented in [7,31] indicate that
the replacement of a part of the cement with calcareous fly ash in an amount of 10–20% does not
significantly affect the course of electrochemical processes on the surface of reinforcing steel, without
deteriorating the protective properties of concrete against reinforcement. At the same time, there are
also published studies indicating an increase in the dynamics of the progress of carbonation of concrete
with calcareous fly ash, especially when it has a high content in relation to cement [26,30]. The research
work carried out by Wolinski et al. (2018) [30] also showed that the calcareous ash used as a substitute
for a part of the aggregate (corresponding to 20-50% of the cement mass) allowed them to obtain
concrete with a very low carbonation depth (less than 10 mm after 70 days in 4% CO2 concentration).
These studies indicated that, with a constant cement content and constant w/c ratio, there is an optimal
ash content, leading to the lowest susceptibility to carbonation. The dynamics of carbonation depth
development change when the ash content increases, in such a way that intensive progress is noticed
after the 56th day in 4% of CO2 if the ash content is high.

Research on the development of universal models of carbonation and different material and
technological variables has been conducted by many authors [3,32–44]. When searching for a model of
carbonation, one difficult issue is describing the intensity of the carbon dioxide flow in concrete. The
first Fick’s law, which is used to describe diffusion, assumes the constant microstructural characteristics
of concrete over the time. In this way, the following carbonation model could be developed, in the
form of a power function of carbonation depth over time:

x =

√
2Dϕext

a
× √t (1)

where: x—depth of carbonation; D—diffusion coefficient; ϕext—external concentration of CO2; t—time
of carbonation; a—coefficient determining the amount of CO2 bound in the way of carbonation
by unit volume of concrete in kg/m3, calculated according to the CEB Bulletin 238 [45] as: a =
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0.75·C·[CaO]·αH·(MCO2/MCaO) (C—content of cement in concrete, kg/m3; [CaO]—CaO content in the
cement composition; αH—degree of hydration of cement; MCO2, MCaO—molar masses).

In practice, the most widely used model is simplified. It relates to an average constant relative
humidity RH and carbon dioxide concentration in the environment and can be expressed in the form:

x = A× t1/2 + B (2)

where A is a constant depending on the diffusion coefficient, the ability of concrete to bind CO2

and CO2 concentration in the air, and B is an empirical factor accounting for the initiation period
of carbonation. This model is used by most researchers [3,31–44], but it treats the carbonation as a
process unlimited in concrete space and unlimited in time. The abovementioned models based on the
first Fick’s law assume that concrete in which diffusion takes place will not change its microstructure
over time. The assumption of a constant diffusion flux in Equation (1) in such a circumstances is not
valid. This significant simplification of the description of the carbonation process does not take into
account additional factors that lead to changes in diffusivity. The effect of the saturation of the pores
with carbonation products makes it impossible to describe the process using Fick’s law. Carbonation
decreases porosity, in particular capillary porosity, and reduces the permeability of the concrete.
This self-terminating nature of the phenomenon was mentioned by Bakker [46], Hergenröder [47],
Nilsson [48], and Fagerlund [49]. The idea was further developed by Czarnecki, Woyciechowski at
al. [50–55]. According to their findings, concrete carbonation can be described with a hyperbolic
function of its depth over time (reciprocal square root of time), which has an asymptotic value parallel
to the time axis. This asymptote is the limit of carbonation depth. The traditional and hyperbolic
models of carbonation are shown in Figure 1.

Figure 1. Traditional” power (1) and hyperbolic (2) models of carbonation phenomena.

The hyperbolic carbonation model is expressed in the general formula:

h = f (t− 0.5
)

(3)

All results published in the literature [50–55] are well fitted to the hyperbolic model expressed in
Equation (3), enriched with w/c ratio and early curing time factors:

h = a(w/c) + b(cp) + c(t−0.5
)

(4)

where: h—depth of carbonation, mm, w/c—water-cement ratio, cp—early curing with water period,
days, t—time of exposure, days, a, b, c—coefficients describing relevance of influence of w/c ratio, early
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curing and exposure time on depth of carbonation. It was stated that parameters (a, b, c) mainly depend
on the binder properties, the presence of mineral additives, and, especially, on the CO2 concentration.
This type of model was elaborated for many types of concrete, particularly with Portland, slag, and
siliceous fly ash cement. SEM analyses published in the literature [51,52,55] show a different density of
concrete in carbonated and non-carbonated zones for all the tested binder compositions. The hyperbolic
model allows us to calculate the maximum depth of carbonation (the limits of the hyperbolic model) and
compare it with the reinforcement cover thickness in the analyzed element. This allows us to predict
the risk of corrosion due to the carbonation and to calculate the time when the carbonation front will
reach the reinforcement surface. This moment could be interpreted as the time of corrosion initiation.

The aim of the research presented in this article was to develop a model of carbonation of concrete
with calcareous ash as a function of two basic variables in the composition of concrete: the water/cement
ratio and the ratio of mass content of fly ash to cement. The implementation of this objective required
the assumption of a preliminary general form of the model and then conducting an experiment in
accordance with the principles of statistical planning, enabling the determination of a model with high
conformity to the test results.

A model for predicting the long-term depth of carbonation in natural conditions on the basis of
short-term tests in accelerated conditions was developed in the paper for concrete containing calcareous
fly ash. The article also presents a simplified scheme of actions, enabling the use of a developed model
for determining the optimal thickness of the reinforcement cover in exposure to carbonation.

2. Materials and Methods

We studied concretes with CEM I 32,5 R cement, river sand 0/2 mm (fineness modulus: 2.96),
gravel aggregate 2/16 mm and fly ash, classified as calcareous according to PN-EN 197-1 [6], due to the
high content of reactive lime: higher than 15% by mass. The fly ash used in the research was obtained
from the combustion of brown coal in power plants. The grain size distribution was typical for this
type of fly ash, according to analyses published in [24] and [56].

Basic physical (Table 2, Figure 2) and chemical (Table 3) properties allow us to categorize the fly
ash as a component of cement according to PN-EN 197-1, for common cements.

Table 2. Basic properties of calcareous fly ash used in research.

Property Density, ρ g/cm3 Min Grain Size,
Dmin μm

Max Grain Size,
Dmax μm

Specific Area,
cm2/cm3

Result 2.27 0.2 174.6 8677

Figure 2. Calcareous fly ash grain size distribution (laser granulometry): (a): cumulative curve (b):
population curve.
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Table 3. Characteristics of the chemical composition of calcareous fly ash.

Lp. Composition Characteristic Mass Content, %

1. SiO2 47.06
2. Al2O3 18.40
3. Reactive CaO 15.20
4. SO3 1.94
5. CO2 0.58
6. Loss of ignition 3.60
7. Other compounds 15.70

The study of the activity index (Table 4) according to PN-EN 450-1 [11] indicates that it is an active
material. The literature [7,23,24] indicates that calcareous ashes are materials with both pozzolanic and
latent hydraulic properties, and the test result is the combined effect of both properties.

Table 4. Activity index (according to PN-EN 450-1) for calcareous fly ash, fc28, fc90—compressive
strength after 28 and 90 days; WA28, WA90—calculated as a compressive strength of reference mortar
and fly ash mortar ratio in %.

Lp. Type of Material fc28, MPa WA28, % fc90, MPa WA90, %

1 Reference mortar 41.4
83.0

49.5
85.9

2 Mortar with 25% of fly ash as cement
substitution 49.9 57.6

As variables in the basic research program, w/c ratio (from 0.35 to 0.55) and ash to cement mass
ratio (from 0.20 to 0.50) were assumed. The consistency was constant (12 ± 2 cm of slump) and
adjusted with the help of a superplasticizer. The experimental program was developed on the basis of
a two-factor, partial, quasi-uniform plan with a double repetition of the experiment at the central point
(Table 5). The values x1 and x2 are the coded values of variables characteristic of the abovementioned
experimental plan that lead to the best statistically representative answer with minimal testing [57].
The compositions of concrete mixtures, determined empirically to achieve the assumed consistency,
are presented in Table 6.

Table 5. Range of variables used in experiment.

Composition Symbol
Coded Variables Values Real Variables Values

x1 x2 x1’ (w/c) x2’ (p/c)

1 −1 −1 0.379 0.24
2 1 1 0.521 0.46
3 −1.414 0 0.35 0.35
4 1.414 0 0.55 0.35
5 0 −1.414 0.45 0.20
6 0 1.414 0.45 0.50
7 0 0 0.45 0.35
8 −1 1 0.379 0.46
9 1 −1 0.521 0.24
10 0 0 0.45 0.35
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Table 6. Concrete mix compositions (constant value of cement and fly ash to aggregate mass coefficient
= 0.24; constant consistence 12 ± 2 cm of slump), w/c—water/cement mass ratio, p/c—fly ash/cement
mass ratio.

Composition
Symbol

Components Content, kg/m3 Superplasticizer, %
of Cement MassCement Water Aggregate Fly Ash w/c p/c

1 361.2 137 1872 88.1 0.379 0.244 2.5
2 299.6 156 1817 136.6 0.521 0.456 1
3 338.6 118.5 1904 118,5 0.35 0.35 2.2
4 317.3 174.5 1784 111.0 0.55 0.35 0.1
5 363.3 163.5 1816 72.6 0.45 0.2 0.4
6 297.8 134 1861 148.8 0.45 0.5 1.8
7 327.3 147.3 1841 114.5 0.45 0.35 1.44
8 312.4 118.5 1895 142.5 0.379 0.456 2.55
9 343.8 179 1781 83.5 0.521 0.244 0.48
10 327.3 147.3 1841 114.5 0.45 0.35 1.44

Concrete specimens for all tests were demolded after one day and then cured for 27 days in water,
under laboratory conditions.

The progress of carbonation depth under accelerated conditions as well as the compressive
strength after 28, 56, and 90 days and the tensile splitting strength after 28 days (i.e., at the start of
accelerated carbonation exposure) were investigated. The compressive strength was determined on
cubic specimens of 150 mm per side according to PN-EN 12390-3 [58], with the mean values determined
from no fewer than five samples. The tensile strength for splitting was tested on cubic specimens of
150 mm per side according to PN-EN 12390-6 [59]. The depth of carbonation was tested according to
the draft CEN TC 12390-12 [60]: CO2 concentration = 4%, t = 20 ± 2, RH = 50–60%, front measurement
with phenolphthalein indicator, after exposure time of 14, 28, 56, 70, and 90 days. Beams 100 × 100 ×
500 mm were used for the tests, with the two opposite long side surfaces of the specimen exposed to
carbon dioxide. The remaining surfaces were covered with a paraffin coating just before placing the
samples in the carbonation chamber. Three samples were tested for each composition.

Scanning electron microscopy (SEM, TM3000, Hitachi, Japan) was used to characterize
the microstructure of the chosen compositions of carbonized and noncarbonized two-year-old
concrete specimens.

3. Results

The strength characteristics of the tested concrete (Table 7) indicate that concretes with the addition
of calcareous ash show an increase in strength between 28 and 90 days at 10–20% depending on the
w/c ratio and the content of ash in the binder. The presence of ash in the binder at a constant w/c ratio
caused a slight increase in the compressive and tensile strength. These results are in line with the
literature [9,23,24,61].

The main goal of the research was to analyze the progress of carbonation of concrete over time
and to attempt to mathematically describe this phenomenon in a practically useful way. The results
of the depth measurement of carbonation with the phenolphthalein test after subsequent exposure
periods in the carbonation chamber are summarized in Table 8. The given values were calculated as
arithmetic averages of 10 measurements on each of the three specimens of the series (five on each of
the two lateral surfaces of a single sample) [62].
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Table 7. Compressive and tensile strength results.

Mix Composition
Symbol and

Characteristics

Average Compressive Strength
(MPa)

Average Tensile Strength
(MPa)

Standard Deviation (MPa) Standard Deviation (MPa)
Concrete Age (days)

28 56 90 28

1 w/c = 0.379; p/c = 0.24 65.6 66.1 68.4 4.50
0.67 2.20 0.80 0.07

2 w/c = 0.521; p/c = 0.46 54.4 57.6 58.7 3.40
1.45 0.72 1.30 0.14

3 w/c = 0.35; p/c = 0.35 68.0 68.4 73.3 4.40
0.65 2.92 1.76 0.04

4 w/c = 0.55; p/c = 0.35 43.2 45.5 46.6 2.90
1.73 0.62 2.47 0.19

5 w/c = 0.45; p/c = 0.2 62.3 65.3 65.8 4.60
0.86 1.11 0.46 0.06

6 w/c = 0.45; p/c = 0.5 61.4 67.9 73.4 3.80
1.02 1.30 0.96 0.05

7 w/c = 0.45; p/c = 0.35 66.4 68.6 70.5 4.50
2.25 1.32 2.26 0.10

8 w/c = 0.379; p/c = 0.46 72.0 73.0 78.8 5.20
1.37 0.99 1.53 0.14

9 w/c = 0.521; p/c = 0.24 44.2 47.8 48.2 3.30
1.01 0.54 1.98 0.28

Table 8. Average values of measured depths of carbonation.

Exposure
Time, Days

Mix Composition Symbol

1 2 3 4 5 6 7 8 9

Average Depth of Carbonation (mm)

14 1.47 0.86 0.23 0.99 1.04 1.06 1.32 0.25 0.85
28 4.68 2.03 0.54 3.44 2.20 2.89 1.57 1.17 2.32
56 5.05 8.48 0.63 7.82 6.31 5.16 3.58 1.76 6.81
70 5.70 8.58 0.60 10.42 7.80 8.89 7.19 2.02 9.51
90 6.22 8.29 2.45 11.63 9.25 9.30 7.25 2.09 10.44

It has been observed that, in the case of a low cement ratio, the presence of unreacted calcareous
fly ash particles was more clearly observed (Figure 3 versus Figures 4 and 5 versus Figure 6). After
carbonation in concrete with a low w/c ratio (Figure 5), there are still many fly ash grains, which are not
involved in the carbonation process. In the case of w/c = 0.52 after carbonation, fewer fly ash particles
and portlandite crystals were visible due to the generally higher homogeneity of the microstructure.
These observations are correlated with the higher positive effect of fly ash addition on the resistance
of carbonation with a higher w/c ratio. It can be concluded that an optimal content of fly ash from
the point of view of carbonation resistance exists and is dependent on the w/c ratio of concrete. This
observation was discussed by Wolinski et al. (2015) [63].
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Figure 3. Noncarbonated concrete microstructure—mix symbol: 8, w/c = 0.38, p/c = 0.46.

Figure 4. Noncarbonated concrete microstructure—mix symbol: 2, w/c = 0.52, p/c = 0.46.
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Figure 5. Carbonated concrete microstructure—mix symbol: 8, w/c = 0.38, p/c = 0.46.

Figure 6. Carbonated concrete microstructure—mix symbol: 2 w/c = 0.52, p/c = 0.46.

4. Discussion

The results of carbonation depth were used to formulate a model expressing the depth of
carbonation ht (after a predetermined time t under assumed exposure conditions) as a function of the
water-cement ratio (w/c) and the mass proportion of ash and cement in the binder (p/c), as follows:

ht(w/c; p/c) = a + b(w/c) + c(p/c) + d(w/c)2 + e(w/c)(p/c) + f (p/c)2 (5)

Response surfaces, including the total range of w/c ratio values from 0.35 to 0.55 and p/c values
from 0.2 to 0.50 assumed in the tests, are presented in Figures 7–9, corresponding to selected exposure
times t, i.e., 56, 70, and 90 days, with the determination coefficient in all cases significantly exceeding
the value of 0.9.
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Figure 7. Depth of carbonation as a function of w/c and p/c, after exposure time t = 56 days, R2 = 0.93.

 

Figure 8. Depth of carbonation as a function of w/c and p/c, after exposure time t = 70 days, R2 = 0.92.
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Figure 9. Depth of carbonation as a function of w/c and p/c, after exposure time t = 90 days, R2 = 0.95.

For a complete set of results, a general concrete carbonation model with fly ash was developed,
taking into account both material variables (w/c ratio and p/c ratio) and the time of carbonation under
specific exposure conditions. The general form of the model was assumed to take into account the
finite nature of the carbonation process over time, consistent with the considerations presented in the
introduction to this article. Finally, the following general form of the model was adopted:

h(w/c;p/c;t) = a + b1 × (w/c) + b2 × (p/c) + b3/sqrt(t) (6)

where: h—depth of carbonation, mm; w/c—water-cement ratio; p/c—powder to cement ratio; a, b1, b2,
b3—material and technological coefficients, t—time of exposure, days.

The model does not take into account the essential technological factor, which is the time of early
curing of concrete, because all tests were carried out with reference to samples hardening for up to 28
days in water. The possible practical use of models of the proposed type requires taking into account
this factor in the form of an additional expression or limiting the validity of the equation to a specific
regime of concrete curing. The detailed form of the proposed model determined by the curve fitting
method, based on the experimental results, is as follows:

h(w/c; p/c; t) = 1.07 + 25.28 × (w/c) - 3.53 × (p/c) - 41.07/sqrt(t) (7)

and is characterized by the determination coefficient 0.85. This indicates the good fit of the adopted
model to the results of laboratory tests obtained under accelerated carbonation conditions in 4% CO2.
The presented detailed model can be applied only to concrete with the range of constant and changed
material and technological variables used in the research, but the method of its determination is an
example that can be repeated in the case of various material and technological assumptions.

For further verification of model fitting to the experimental results, values calculated from the
model and obtained from the experiments over 90 days of exposure in 4% of CO2 concentration were
compared, as in Table 9. The accuracy of the prediction is ± 15%, which is an acceptable value from an
engineering point of view.
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Table 9. Comparison of experimental and calculated values of depth of carbonation.

Mix Symbol
Average Depth of Carbonation after 90 Days in 4% of CO2

Calculated
from Model (7), mm

Measured
during Experiment, mm

Relative Difference, %
((c − b)/b) × 100%

(a) (b) (c) (d)
1 5.7 6.2 8
2 8.3 8.3 0
3 2.8 2.5 −14
4 9.9 11.6 15
5 7.9 9.3 15
6 8.0 9.3 14

7 and 10 (average) 7.9 8.8 10
8 2.4 2.1 −15
9 9.1 10.4 13

Predicting the course of carbonation in a real structure using the developed model requires
establishing an equation expressing the dependence of the progress of carbonation on the CO2

concentration in the research environment and in the exploitation environment. The dependence of
carbonation depth on CO2 concentration is described in many publications [37,40,64], with a form
similar to the following:

X1 = X2 × c1 × t1

c2 × t2
(8)

where: X1—depth of carbonation after exploitation in c1 concentration after t1 time of exploitation;
X2—depth of carbonation in accelerated conditions, t2—time of exposure in accelerated conditions;
c2—CO2 concentration in accelerated conditions; t1—expected service life of construction; c1—CO2

concentration in exploitation conditions. Please check that intended meaning has been retained
Thus, having the developed detailed model in the general form (Equation (6)), i.e., a form that

assumes the finite character of the carbonation process, we can calculate the limit of functions at t
reaching to infinity, i.e., the ordinate of the model asymptote denotes the maximum possible depth of
carbonation in the test conditions. In the analyzed case it means under accelerated conditions (CO2

concentrations equal to c2 = 4%). Assuming this value as X2 in Equation (8), and as t2 (the maximum
test time under accelerated carbonation conditions), i.e., 90 days, one can determine the predicted
carbonation depth after time t1 (e.g., assumed service life of 50 or 100 years) at a given concentration of
carbon dioxide c1 (e.g., atmospheric concentration—approximately 0.04%). In Table 10 a simulation
of the carbonation depth using the above dependence after 50 and 100 years of service life in the
atmosphere with a concentration of 0.04% carbon dioxide is shown.

Table 10. Calculated depths of carbonation (mm) after 50 and 100 years in a natural atmosphere.

w/c
p/c

0.2 0.24 0.35 0.46 0.5

50 years

0.35 19 20 18 17 16
0.379 20 20 19 18 18
0.45 24 24 23 22 22
0.521 27 27 26 26 25
0.55 29 29 28 27 27

100 years

0.35 37 39 35 34 33
0.379 40 39 38 37 36
0.45 48 47 45 44 43
0.521 54 54 53 51 50
0.55 58 57 56 54 53
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The values presented in Table 10 can be considered as the starting point for determining the
required reinforcement cover in a construction made of concrete with given w/c and p/c ratios. These
values should be increased by a safety factor, taking into account random factors and those related to
the curing of concrete. This is an alternative approach to the standard procedure for determining the
thickness of the reinforcement cover indicated by the EC2 standard [65], which is favorable due to the
optimal method of determining the minimum safe thickness due to durability, taking into account
the concrete material specification. The proposed procedure for determining the required cover is
presented in the form of the diagram (Figure 10) for the concrete family. As a concrete family, a set
of technologically similar concretes was defined, characterized by a constant type of cement, type
of ash, chemical admixture, initial care method, and the following variables: any type of aggregate
(except lightweight), any type of water (in accordance with PN-EN 1008 [66]), the specified range of
variability of w/c and p/c ratios, and dosage of the same admixture in the amount necessary to the
required consistency.

Figure 10. Proposed procedure for determining the thickness of the reinforcement cover with use of
the developed model of carbonation.

5. Conclusions

As a result of the research presented in this article, the following research objectives have been met:
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1. It was found that an increase in the content of calcium fly ash used as a partial cement substitute
(a fly ash to cement ratio between 0.2 and 0.5) in concrete at a constant w/c ratio caused a slight
increase in the compressive and tensile strength;

2. A carbonation range model was developed as a function of the w/c and calcareous fly ash to
cement ratio in the form of hti = f (w/c, p/c), after different exposure times ti, i.e., after 56, 70, and 90
days of exposure;

3. A model of the progress of carbonation in the form of h = f(1/sqrt(t)) has been formulated and
verified in relation to concretes with calcareous fly ash of various w/c and p/c ratios;

4. A general model for concrete carbonation with calcareous fly ash h = f(w/c; p/c; 1/(sqrt(t)) has been
developed, taking into account all the variables used in the research;

It was shown that the developed general model of carbonation for concrete with a wide range of
water/cement and ash to cement ratios and a constant set of components as well as fixed technological
procedures could be a useful tool for the experimental design of optimal cover thickness.
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63. Woliński, P.; Woyciechowski, P.; Adamczewski, G. Effect of calacreous fly ash on the carbonation progress in
concrete. Mater. Bud. 2015, 12, 24–25.

64. Wieczorek, G. Reinforcement Corrosion Initiated by Chlorides or Carbonation of Concrete Cover; Dolnośląskie
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Abstract: Using durable materials is a sustainable solution for extending the lifetime of constructions.
The use of crystalline admixtures makes cementitious materials more durable. They plug pores,
capillary tracts and microcracks, blocking the entrance of water due to the formation of crystals that
prevent the penetration of liquids. The literature has covered the performance of these admixtures
on concrete, but studies on mortars are still scarce. The aim of this study is to investigate the effect
of an aggressive environment (sulphuric acid solution—3 wt%) on mortars produced with different
percentages of a crystalline admixture (1%, 1.5% and 2% by weight of cement content). Physical and
mechanical properties were studied after immersing the mortars in a H2SO4 solution for 90 days. It
was found that, after a 90-day sulphuric acid exposure, mortars with the crystalline admixture showed
greater compressive strength than the control mortar, besides exhibiting lower mass loss. However,
the crystalline admixture did not produce any significant effect on the capillary water absorption
coefficient. In a nonaggressive environment, and in the short term, the crystalline admixture did not
have a significant effect on the compressive strength, the capillary water absorption coefficient or the
ultrasonic pulse velocity.

Keywords: crystalline admixture; chemical exposure; sulphuric acid attack; durability; Xypex

1. Introduction

Nowadays, cement-based materials are exposed to acids because of environmental pollution,
contact with some soils, ground waters, industrial waste-waters or sewers. These conditions can be
found in some foundations, sanitation networks, treatment plants, agricultural and farm facilities,
etc. [1–3]. Materials that are designed to work in aggressive chemical conditions must be durable
materials, that is, materials with the capacity to withstand, for its service life, the physical and chemical
conditions to which they are exposed [4]. Architects and engineers are vested with the responsibility
of designing and building constructions by optimising the existing but limited resources in nature.
Working with durable materials contributes to sustainability since they help to maintain the existing
resources and avoid causing harm to the environment.

Concrete is susceptible to acid attack because of its alkaline nature. Sulphuric acid is particularly
corrosive due to the sulphate ion in addition to the dissolution caused by the hydrogen ion causing the
deterioration of cement-based materials. The reaction of the sulphuric acid (H2SO4) with the chemical
compounds of cement hydration (calcium silicate hydrate, portlandite and calcium sulphoaluminate
hydrate) generates gypsum, amorphous hydrous silica and aluminum sulphate. [3]. These chemical
reactions, located in the regions close to the surface, provoke a profound degradation of the hydrated
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cement paste in terms of physical and mechanical aspects, such as compressive strength loss, mass
variation, cracking, softening and decohesion. This process leads to spalling and exposure of the
interior of the concrete structure [5,6].

To improve acid attack resistance in cement-based materials, the matrix must be dense, with low
permeability, and it is advisable to use in the production a sulphate-resistant cement, high alumina
cement, etc. [7–9]. Some authors state that effective strategies for manufacturing cementitious materials
that are durable when exposed to acid attacks involve the following: (i) controlling the materials
used during the manufacturing process; (ii) producing them with a low water/cement ratio; and
(iii) guaranteeing suitable curing conditions [10,11].

A very popular strategy used to produce durable cement-based material is adding admixtures and
additives [12–15]. Some studies utilise nanomaterials to reduce the porosity and water absorption of
cement-based materials [16,17], which leads to enhanced durability and improved performance when
these materials are exposed to acid attacks. Examples of such nanotechnologies are nano silica, nano
alumina, titanium oxide, carbon nanotubes and polycarboxylates [18–22]. Water-repellent materials are
also used to increase durability in acid attacks, since they reduce the affinity of capillary pore surfaces
to moisture [23,24]. Examples of hydrophobic compounds used as admixtures are powdered stearates,
oleates and products based on silanes and silicones [25–27]. When adequate recycling materials are
available, another strategy to enhance the concrete durability is the use of aggregates derived from
sanitary ceramics. Such concretes are characterised by low water absorption, higher mechanical
strength and higher water-resistance compared to conventional concrete. Moreover, they have more
resistance to chemically aggressive environments compared to conventional concretes [28–31].

Crystalline admixtures can also help increase the durability of cement-based materials, especially
when cementitious materials are in acid environments. According to various manufacturers of products
for crystalline waterproofings for concrete—Xypex, Kryton, Penetron, etc.—there are three ways of
applying the waterproofing systems: (i) a coating applied as a cementitious slurry to the surface of
existing concrete structures; (ii) an admixture added to the concrete at the time of batching; and (iii) a
dry-shake to the fresh concrete surface. In all cases, the protection system is a blend of Portland cement,
fine treated silica sand and undisclosed chemicals that are the intellectual property of the manufacturer.
The catalytic reaction of the chemicals in the admixture occurs as long as there is moisture in the
cement-based materials. These chemicals react with calcium hydroxide and other products resulting
from cement hydration. The reaction generates nonsoluble crystalline formations that fill the pores and
capillary tracks of cement-based materials. The crystalline structure becomes a permanent and integral
part of the concrete matrix. Thus, the concrete becomes permanently sealed against the penetration of
water or liquids from any direction [32].

The crystallisation process of these admixtures is not immediate, and the complete waterproofing
effect is not achieved until approximately 12 days after the concrete creation [33], as long as there is
enough moisture for chemical reactions to occur. Moreover, it is especially important to have a moist
curing environment to obtain better performance [34]. There are several studies that focused on testing
the waterproofing effect of these admixtures [33,35], as well as the impact of an aggressive medium on
concretes made with crystalline-based waterproofing products [36,37].

However, it is still a challenge to find high durability mortars manufactured with these types
of admixtures in aggressive environments. In this study, a crystalline protection product (applied as
an admixture) was used to make mortars with different percentages of admixture (1 wt%, 1.5 wt%
and 2 wt%). Their behaviour when they were exposed to an aggressive environment (sulphuric
acid solution—3 wt%) was evaluated. Physical (mass loss, ultrasonic pulse velocity and capillary
water absorption coefficient) and mechanical (compressive strength) properties were studied after the
mortars were immersed in an H2SO4 solution for 28 and 90 days. Moreover, the textural alterations
due to the acid attack were evaluated using microscopy.
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2. Materials and Methods

2.1. Materials

The cement used for the manufacture of the mortars was a high early strength type belonging
to the European cement class CEM I 52.5 R [38]. Limestone sand was used as a fine aggregate
(Di/di = 0/4). The particle-size distribution was calculated according to the procedure of UNE-EN
933-1 standard [39]. The distribution was obtained for three samples of sand and the mean values
were calculated (Figure 1a). Xypex Admix C-1000 NF (Xypex Chemical Corporation, Richmond,
BC, Canada) was added in three different concentrations (1 wt%, 1.5 wt% and 2 wt% of the
cement weight) depending on the kind of mortar. The specific surface areas of the cement and
crystalline admixture (Xypex Admix) used were 1.48 and 0.642 g/m2, respectively (determined by the
Brunauer–Emmett–Teller—BET—method), and their particle-size distributions are plotted in Figure 1b.
In total, four types of mortars were made: (i) control mortar (A mortar); (ii) mortar with 1 wt% of Xypex
(B Mortar); (iii) mortar with 1.5 wt% of Xypex (C Mortar); and (iv) mortar with 2% of Xypex (D Mortar).
The dosage used for all mortars was 1 part cement, 0.65 parts water and 3 parts limestone sand.

(a) (b) 

Figure 1. (a) Particle-size distribution of the limestone sand. (b) Particle-size distribution (done by
laser granulometry) of the cement (CEM I 52.5 R) and the admixture (Xypex Admix).

Chemical–Physical Characterisation

The crystallographic phases present in the composition of the cement and the admixture
(Xypex Admix C-1000 NF) were analysed with X-ray diffraction (XRD) using a Bruker D8-Advance
diffractometer (Bruker Española S.A., Madrid, Spain) with mirror Goebel, and a generator of X-ray
KRISTALLOFLEX K 760-80F (power: 3000W, voltage: 20–60 KV and current: 5–80 mA) equipped
with a X-ray tube with copper anode. The spectra were registered with angles from 4◦ to 60◦ at 0.05◦

stepping intervals in Ө-Ө mode, and the X-ray tube was utilised at 40 kV and 40 mA. The diffraction
patterns were evaluated with HighScore software (Malvern Panalytical, Madrid, Spain) and powder
diffraction database PDF4+. Moreover, the chemical compositions of the binder and the admixture
were analysed with X-ray fluorescence (XRF) using an X-ray sequential spectrometer PHILIPS MAGIX
PRO (Philips Ibérica, Madrid, Spain) equipped with a rhodium X-ray tube and beryllium window. The
spectrometer was controlled with the software package SuperQ (Malvern Panalytical, Madrid, Spain)
that also stored the measurements and results.

The XRF results (Table 1) show that both materials were mainly composed of CaO (cement: 55.4%;
Xypex: 59.8%) and SiO2 (cement: 14.9%; Xypex: 8.1%), containing moderate proportions of Al2O3, SO3

and Fe2O3 (percentages between 1.9% and 4.6%). Only the cement contained moderate proportions
of MgO (3.3%). The XRD spectra (Figure 2) revealed that both materials had common crystalline
compounds, such as alite (C3S), belite (C2S), tetracalcium aluminoferrite (C4AF) and calcite (CaCO3).
Gypsum was only detected in the cement, and portlandite and quartz were only detected in the Xypex
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admixture. The peak of portlandite in Xypex Admix may indicate that this admixture was partially
constituted by hydrated cement.

 

Figure 2. X-ray diffraction (XRD) spectra of cement type CEM I 52.5 R and Xypex Admix.

Table 1. X-ray fluorescence (XRF) characterisation of CEM I 52.5 R and Xypex Admix.

Oxides CEM I 52.5 R (%) Xypex Admix (%)

Na2O 0.23 1.20
MgO 3.29 0.82
Al2O3 3.36 1.98
SiO2 14.89 8.10
P2O5 0.14 0.06
SO3 4.62 2.09
Cl 0.11 0.03

K2O 1.06 0.44
CaO 55.36 59.77
TiO2 0.25 0.17
MnO 0.04 0.06
Fe2O3 3.06 2.08

SrO 0.12 0.06
Other elements <0.3 <0.20

2.2. Methods

2.2.1. Manufacturing and Curing Process of the Mortars and Acid Attack Simulation

The different tests were performed on normalised mortar specimens—4 × 4 × 16 cm. The Xypex
powder admixture was previously dry-mixed with the cement for 1 min with a laboratory mortar mixer.
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After that, the mortars were manufactured following the procedure of the standard UNE-EN 196-1 [40].
A total of 48 specimens were manufactured, 12 per each type of mortar (A, B, C and D). The specimens
were cured in a humidity chamber for 28 days at 95% ± 2% of relative humidity and 20 ± 2 ◦C to
complete the hardening process. After 28 days of curing, 24 of the specimens (representing half of the
total of 48, that is, 6 specimens for each type of mortar) were exposed to a sulphuric acid solution for
90 days, and the other 24 were immersed in water for the same amount of time for reference purposes.

There are no European standards to test the chemical resistance of cement-based materials.
However, Sokolowska et al. [41] studied the tests on cement-based materials according to ASTM
(American Society for Testing and Materials) standards and they concluded that there is a lack of clear
criteria for the evaluation of research results via ASTM methods. Due to the absence of standardised
tests, in this study, the sulphuric acid attack was performed by immersing the specimens into an H2SO4

solution (3% w/w) in hermetically closed containers. This procedure has been used in previous studies
to analyse the effect of acidic environments on cement-based materials [23,24]. A high concentration
of sulphuric acid was chosen in order to accelerate their effects on the mortars and obtain the same
degradation in less exposure time [12]. The performance of mortars against the acid attack was
evaluated taking into account common parameters used in the literature for this purpose, such as
mass variation and mechanical properties decrease [41]. The ultrasonic pulse velocity and the capillary
water absorption were also studied [24]. The volume of solution was approximately four times the
volume of the samples, as suggested by the ASTM C 1012-04 standard [42]. The H2SO4 solution was
replaced weekly for a new solution (3% w/w) so that the concentration of sulphuric acid had minimal
variation. After removing the specimens from the acid solution, they were brushed under a flow of
water in order to remove the superficial layer of adhered material. After that, the specimens were
introduced into a new solution. Once the acid exposure was finished, the specimens were dried at
105 ± 2 ◦C for 24 h, and then they were kept for 1 h at laboratory conditions before continuing with
the tests.

2.2.2. Scanning Electron Microscopy (SEM) Examination

The microstructural changes on the mortars, due to the action of the crystalline admixture and the
effect of the sulphuric acid attack, were examined with scanning electron microscopy (SEM, Hitachi
High-Technologies Canada, Inc., Toronto, ON, Canada) (Hitachi S3000N). Before the examination,
small fragments from the mortar surfaces were removed, then softly dried at 60 ◦C for 24 h and finally
metallised with Au–Pd (30 nm) in order to improve the image quality. The images were taken with the
following conditions: secondary electrons mode, ultrahigh vacuum, 15 kV of accelerating voltage and
variable working distance.

2.2.3. Physical and Mechanical Properties of the Mortars after the Sulphuric Acid Attack

The impact of a sulphuric acid attack on cementitious material can be studied by evaluating its
mass loss over the acid exposure time [43]. In this work, the mass loss was studied in seven stages
of the acid simulation. To do this, the samples were weighed at the following intervals: (i) after
completing their curing (i.e. at 28 days after their manufacture and 0 days of acid attack (t28(0))); (ii) at
7 days of acid exposure (t35(7)); (iii) at 14 days (t42(14)); (iv) at 21 days (t49(21)); (v) at 28 days (t56(28));
(vi) at 56 days (t84(56)); and (vii) at 90 days (t118(90)) of acid exposure. The percentages of mass loss of
the mortars were calculated taking into account the initial weights.

Compressive strength is a characteristic of the cement-based materials commonly used in the
literature for analysing their performance against a chemical attack [12,43,44]. The reference mortars
(that were kept in a nonaggressive environment) and the mortars exposed to the sulphuric acid attack
were tested at t56(28) and t118(90). The compressive strength tests were performed according to the
UNE-EN 196-1 standard [40]. The conventional mortar testing machine used had a load cell of 20 T
capacity and was operated at a speed of 2.4 kN/s until failure.
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Ultrasonic pulse velocity is a parameter that can be correlated with the elasticity modulus and
therefore provides information about the stiffness of the material [45]. The ultrasonic pulse velocity test
was performed according to the UNE-EN 12504-4 standard [46]. A total of four determinations were
made per sample and the mean value was adopted. The test consisted of measuring the propagation
time of the ultrasonic waves when crossing the longest dimension of the specimen (160 mm). Contact
transducers emitting ultrasonic pulses at 54 kHz were coupled to the end sides of the specimens
using a coupling agent. The wave speed was obtained from the propagation time and the length of
the sample.

The impact of the sulphuric acid attack on the mortars was also evaluated studying the capillary
water absorption of the specimens. The tests were conducted following the UNE-EN 1015-18
standard [47] for all the mortars (nonattacked and attacked) at t56(28) and t118(90). According to the
standard, the water absorption coefficient is the slope of the line that joins the points corresponding
to 10 and 90 min in the curve, representing the mass variation of water absorbed per unit area as a
function of the square root of time; that is, the coefficient was computed using the formula

C =
M2 − M1

A
(
t0.5
2 − t0.5

1
) (1)

where:

C is the capillary water absorption coefficient, kg/(m2·min0.5);
M1 is the specimen mass after the immersion for 10 min, kg;
M2 is the specimen mass after the immersion for 90 min, kg;
A is the surface of the specimen face immersed in the water, m2;
t2 = 90 min;
t1 = 10 min.

3. Results and Discussion

3.1. Compressive Strength

The results of the compressive strength tests showed that for a nonaggressive environment
(Figure 3a) at t56 (56 days from the manufacture of the mortars), the mortars with the highest
compressive strength were the C (54.3 MPa) and D (53.7 MPa) types compared with the compressive
strength of the A (42.2 MPa) and B (40.8 MPa) mortars. Besides the obvious advantages in the use of
the admixtures for mortars, there were drawbacks to take into account. One of those was the lowered
final compressive strength compared with nonmodified concretes and mortars using some types of
admixtures [48]. In the interval from t56 to t118, the only mortar that increased its compressive strength
was the reference mortar (A mortar, without crystalline admixture), from 42.2 to 42.8 MPa, whereas
in that same period, the three mortars with the crystalline admixture decreased their compressive
strength. Usually, admixtures with an accelerated setting effect can reduce the strength of the concrete
at later ages. In the high-strength mortars, a mechanism of deterioration of the hardened cement
paste phase at the microscopic scale seems to lead to reduced strength at long ages [49]. The C and D
mortars clearly had more compressive strength than the reference mortar at t56 (B mortar had 28.7%
more compressive strength than the A and C mortars (27.7%)), although at t118, this difference was
smaller (C mortar: 2%, D mortar: 2.3%) (Figure 3c). It was observed that the C and D mortars exhibited
similar compressive strength to the reference mortar at t118, which was in accordance with previous
research [33], where the crystalline admixture does not significantly affect the compressive strength of
the concretes studied. However, the compressive strength of the B mortar was lower than that of the
reference mortar, both at t56 and t118.
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(a) (b) 

(c) (d) 

Figure 3. (a) Compressive strength in a nonaggressive environment at t56 and t118. (b) Compressive
strength in an aggressive environment (sulphuric acid exposure) at t56(28) and t118(90). (c) Compressive
strength differences of the mortars with the crystalline admixture with respect to the reference mortar in
a nonaggressive environment. (d) Compressive strength differences of the mortars with the crystalline
admixture with respect to the reference mortar exposed to sulphuric acid.

The compressive strength of the mortars exposed to 28 days of acid attack (56 days after
manufacture) followed a pattern similar to that of mortars without acid attack (Figure 3b). The mortars
with the highest compressive strength were types C (48.9 MPa) and D (46.3 MPa), and the lowest were
types A (36.0 MPa) and B (36.9 MPa). The compressive strength at t56(28) decreased in the same way
for all mortar types (due to the acid attack), given as a reference the compressive strength without
acid attack, for each mortar with the same curing time (t56). The reduction in compressive strength
was a direct effect of the acid attack due to the microcracking caused by the formation of expansive
compounds [50,51]. As expected, the compressive strength of mortar type B slightly exceeded the
compressive strength of mortar A. When increasing the exposure time of the attack to 90 days (t118(90)),
the compressive strength of all mortars decreased due to the effects of the attack. In this case, mortars
with the admixture (B, C and D mortars) clearly had higher compressive strength compared with
the reference mortar (B mortar had 28% more strength than mortars A, C (15.8%) and D (28.8%))
(Figure 3d).

On the other hand, a behavioural change in the compressive strength of the mortars was observed
for 90 days of acid exposure. B mortar had the highest compressive strength, whereas for a 28-day
exposure, the one with the highest compressive strength was C mortar.

3.2. Mass Loss Due to the Sulphuric Acid Attack

The results of the mass loss test due to the sulphuric acid exposure (Figure 4a) showed that an
acid attack caused a mass loss in mortars so that, as the acid attack continued longer, the mass loss of
the mortars was higher. The compressive strength loss described above and the increment in mass loss
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when the exposure time increased were consistent with the results obtained in previous studies [43].
Moreover, a linear correlation (R2 = 0.7724) between the decrease in compressive strength and the mass
loss was found (Figure 4b). Progression of the acid attack front caused an increase in porosity and
permeability, leading to mass and strength loss [52]. Nevertheless, the mortars with the crystalline
admixture (B, C and D mortars) behaved clearly better than the mortars without this admixture
(A mortar) since they presented lower mass loss (B mortar: 10.5%; C mortar: 9.5 %; D mortar: 10.1%)
than the mortar without the admixture (A mortar: 15%).

(a) (b) 

Figure 4. (a) Mass loss due to the sulphuric acid attack. (b) Correlation between compressive strength
(MPa) and mass loss (%) after the acid attack.

As a result of the sulphuric acid attack, calcium sulphate (gypsum) was formed by the reaction
of the acid with the calcium hydroxide (chemical reaction 2) and calcium silicate hydrate (chemical
reaction 3) that were present in the hydrated Portland cement [3,5] and limestone sand (chemical
reaction 4) [45,53]. The gypsum coating could also be observed with the naked eye (Figure 5b). The
formation of gypsum after a sulphuric acid attack has been confirmed in the literature with XRD
studies [52,54]. The chemical reactions produced by the acid attack resulted in a profound degradation
of the hydrated cement paste, associated with a loss of compressive strength. When the concrete
surface in addition to the acid attack was exposed to flowing water, the products of the degradation
were carried away to a significant degree, causing a mass loss. Generally, an attack by free sulphuric
acid is more severe than any with a neutral sulphate solution [3]. As mentioned in Section 2.2.1, the
specimens were brushed and cleaned weekly to remove the gypsum formed on the specimen surface.
The mass loss shown in Figure 4a was mainly associated with the amount of gypsum removed from
the mortar surfaces during the brushing process. However, as the literature states [54], at the beginning
of an acid attack, there is an increase in mass, which can be explained by the generation of gypsum
in the pores and the cement–aggregate interface. This gypsum was difficult to remove even though
the surface of the samples was brushed; therefore, at the first stage of the attack, a mass increase
was found. To corroborate the existence of gypsum on the surface of the attacked mortars, an XRD
analysis was performed. The samples were taken from fragments obtained from the surface of the
specimens (4 × 4 × 16 cm) that had been broken in the compressive tests. The XRD analysis showed the
presence of bassanite (CaSO4·1/2H2O), which was the result of the thermal decomposition of gypsum,
and it happened at 110 ◦C (chemical reaction 5) [55]. Therefore, it was consistent to find bassanite
(hemihydrate phase of gypsum) after having exposed the specimens at 105 ± 2 ◦C continuously for
24 h. This result confirmed the previous existence of gypsum.

Ca(OH)2 + H2SO4 → CaSO4·2H2O (2)

xCaO·SiO2·aq + xH2SO4 + xH2O → xCaSO4·2H2O + SiO2·aq (3)

CaCO3 + H2SO4 + 2H2O → CaSO4·2H2O + CO2 + H2O (4)

CaSO4·2H2O → CaSO4·1/2H2O + 3/2H2O (5)
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(a) 

 
(b) 

Figure 5. (a) X-ray diffraction spectra of control mortar and D mortar (with crystalline admixture) after
90 days of sulphuric acid attack; (b) Specimens exposed to the acid attack after compressive strength
testing at t118(90), where the massive formation of gypsum in the surface of the specimen can be seen.

3.3. Ultrasonic Pulse Velocity

Figure 6 shows the results of the ultrasonic pulse velocity test. This test consisted of obtaining
the velocity (m/s) that the ultrasonic waves needed to cross the longest length of the specimen. The
test was performed for mortars maintained in nonaggressive conditions (Figure 6a) and the ultrasonic
velocity obtained was similar for all mortars in both t56 (from 4248 to 4340 m/s) and t118 (from 4198 to
4364 m/s). For mortars exposed to acid attack (Figure 6b), the ultrasonic velocity decreased for all
mortars with respect the velocity obtained for a nonaggressive environment for both t56(28) (from 4091
to 4206 m/s) and t118(90) (from 3525 to 3794 m/s). To obtain a measure of the effect of the acid attack on
the propagation velocity, the difference between ultrasonic pulse velocity at t118 for the mortars with
and without attack was calculated. The measurements were taken after 90 days of acid attack, which is
an action time long enough for the effects to manifest. It was found that the mortars with the admixture
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had less velocity decrease (B mortar: 13.0%, C mortar: 14.3% and D mortar: 11.9%) than the reference
mortar (16.0%). In addition, the longer the acid exposure time, the lower the ultrasonic pulse velocity.
The results demonstrate that the ultrasonic technique reflects the deterioration caused by sulphuric
acid attack, providing information about the internal condition and quality of the mortars [56,57]. This
is due to the large amount of cracks in specimens [58]. Indeed, in this work, two relationships between
the involved variables were found: (i) correlation between the decrease in ultrasonic pulse velocity
and the mass loss, and (ii) correlation between the ultrasonic pulse velocity and the compressive
strength (Figure 6c,d). Recent studies have demonstrated [59,60] that the variation of the ultrasonic
pulse velocity indicates a variation in Young’s modulus. Lower speed means lower Young’s modulus
and greater deterioration of mortars.

(a) (b) 

(c) (d) 
Figure 6. (a) Ultrasonic pulse velocity of mortars kept in a nonaggressive environment at t56 and t118.
(b) Ultrasonic pulse velocity of mortars exposed to a sulphuric acid solution for 28 and 90 days.
(c) Correlation between ultrasonic pulse velocity (m/s) and mass loss (%) after the acid attack.
(d) Correlation between ultrasonic pulse velocity (m/s) and compressive strength (MPa).

3.4. Capillary Water Absorption Coefficient

The results of the capillary water absorption test are shown in Figure 7. For nonaggressive
conditions and early ages (56 days from its manufacture), the absorption coefficient of the mortars
with the crystalline admixture was slightly lower (B mortar: 0.20; C mortar: 0.19; D mortar: 0.20) than
the absorption coefficient of the reference mortar (A mortar: 0.21). At t118, the absorption coefficients
for all the mortars reduced but without reaching the values obtained for a water-repellent mortar [25].
These results agree with other studies which found that concretes treated with crystalline materials had
slightly lower depth of pressure water penetration than the reference concrete in the short term [36,61]
and negligible effects in terms of water vapor permeability [33]. In a sulphuric acid exposure, all
mortars slightly reduced their capillary coefficients when compared to the values obtained for those
same times in a nonaggressive environment. This reduction could be due to the formation of a gypsum
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coating on the surface so that the gypsum crystals obstructed the capillary net, reducing the absorption
coefficient [24].

(a) (b) 
Figure 7. (a) Capillary water absorption coefficients of mortars kept in a nonaggressive environment at
t56 and t118. (b) Capillary water absorption coefficients of mortars exposed to a sulphuric acid solution
for 28 and 90 days.

3.5. Scanning Electron Microscopy

In the SEM images, crystalline structures were observed in the pores of the nonattacked
mortars containing the crystalline admixture (Figure 8a,b). These structures had very similar shapes
(needlelike crystal) to those that the admixture manufacturer assures are formed when the crystalline
chemical reacts with the calcium hydroxide and other by-products of cement hydration. These
crystalline formations are insoluble in water and fill and plug pores, capillaries and microcracks of the
cementitious materials [62]. In addition, in the mortar manufactured with the Xypex admixture, the
typical hexagonal shapes of the portlandite were observed (arrows in Figure 8d). Figure 8c,d shows
images of the mortar with the crystalline admixture after being exposed to the sulphuric acid solution
for 56 days (8 weeks). It is also possible to observe crystalline formations in the pore but with lower
density than for the case of the nonattacked C mortar. The decrease in crystal density may be due to
the acid attack that could be reducing the crystalline formations. In the SEM images corresponding to
the nonattacked control mortar (Figure 9a,b), the needlelike crystalline shapes described above did not
appear. After the acid attack, crystalline forms appeared in the control mortar (Figure 9c,d), which
were different from those observed in the mortar with the admixture, and they could correspond to
bassanite (hemihydrate phase of gypsum). The bassanite was the result of the effect of the sulphuric
acid on the products of cement hydration and was detected in the diffractogram (Figure 5a).

(a) 
 

(b) 

C mortar-No attack C mortar-No attack 

Figure 8. Cont.
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(c) 

 
(d) 

C mortar-Acid attack C mortar-Acid attack 

Figure 8. Scanning electron microscopy (SEM) images performed at 84 days (12 weeks) from the mortar
manufacture. Left (a,c): images at 500× magnification. Right (b,d): zoom at 1500× magnification on the
left image square. Top (a,b): mortar type C (with 1.5% of crystalline admixture) kept in a nonaggressive
environment. Bottom (c,d): mortar type C exposed to a sulphuric acid attack for 56 days (8 weeks).

 
(a) 

 
(b) 

 
(c) 

 
(d) 

A mortar-No attack 

A mortar-Acid attack A mortar-Acid attack 

A mortar-No attack 

Figure 9. SEM images performed at 84 days (12 weeks) from the mortar manufacture. Left (a,c): images
at 500× magnification. Right (b,d): zoom at 1500× magnification on the left image square. Top (a,b):
mortar type A (0% of crystalline admixture) kept in a nonaggressive environment. Bottom (c,d): mortar
type A exposed to a sulphuric acid attack for 56 days (8 weeks).
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4. Conclusions

This study analysed the effects of a sulphuric acid exposure on the physical and mechanical
properties of mortars manufactured with a crystalline admixture in the short term (up to 90 days).
The acid attack had significant consequences on the microstructure and the physical and mechanical
properties of mortars. According to the results obtained in this study, the following can be concluded:

1. In a nonaggressive environment, the use of crystalline admixtures did not produce significant
effects on the compressive strength of mortars. This is an expected result, since this type of
admixture is not designed to increase the compressive strength of cement-based materials
but their durability. After an acid attack, both the control mortar and the treated mortars
experienced a decrease in their compressive strength. The longer the sulphuric acid exposure, the
greater the compressive strength loss. However, mortars with the crystalline admixture showed
greater compressive strength than the control mortar after 90 days of sulphuric acid attack. The
compressive strength decrease, compared to the control mortar, was reduced between 16% and
28% depending on the amount of the admixture concentration.

2. Likewise, after a sulphuric acid attack, all the mortars (control and treated mortars) presented
mass loss, being greater at longer exposure time. However, the treated mortars had lower mass
loss after 90 days of sulphuric acid exposure. Their mass loss percentages were 9.5%–10.5% for
the treated mortars and 15% for the control mortar.

3. In a nonaggressive environment, the crystalline admixture did not produce significant effects on
the capillary water absorption coefficient of mortars, since it only produced a slight reduction
of their absorption coefficients. Therefore, it should not be concluded that it is a hydrophobic
material. After sulphuric acid exposure (90 days), all mortars reduced their absorption coefficients.
In this case, the use of the crystalline admixture did not have a positive effect on the mortars as
expected, since no significant differences were found between the control mortar and the treated
ones. The reduction of the water absorption can be due to the formation of a gypsum coating that
protects the surface of mortars. The coating of gypsum alters the superficial colour of mortars
and can be appreciated with the naked eye.

4. The exposure to sulphuric acid had the effect of decreasing the ultrasonic pulse velocity, which
implies a reduction of Young’s modulus of mortars and a probable loss of mechanical qualities.
The decrease in velocity was greater when the exposure time increased. After 90 days of acid
exposure, the mortars with the crystalline admixture showed a smaller decrease in the ultrasonic
pulse velocity (between 11.9% and 14.3%) than the untreated mortar (16%) and thus a lower
decrease of Young’s modulus.

5. SEM images corroborated the formation of insoluble crystalline products in the treated mortars.
These formations had needlelike shapes and were located into the mortars’ pores.

This study has verified that the incorporation of crystalline admixtures improves the durability
of mortars exposed to aggressive environments (sulphuric acid attack). Compared to normal
mortars, crystalline admixtures added to mortars increase compressive strength and reduce mass
loss. Consequently, a lower reduction of ultrasonic velocity is observed. Furthermore, incorporating
crystalline admixtures in the mixing of the cementitious materials does not have the drawbacks of
superficial treatments, such as the difficulty of adhesion with the substrate, the uneven thickness
layer or the cost of applying the coating. Although, in the short term, the use of durable materials
implies a higher initial cost without apparent benefit, in the long term, the decrease of maintenance
and rehabilitation actions as well as the increase in the construction’s lifecycle is more cost efficient
and, importantly, reduces the negative environmental impact.
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