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Abstract: Evaluation of the effect of embodied carbon reduction using an optimized design section for
a ground beam, use of supplementary cementitious materials, and replacement of normal aggregate
with light weight aggregate on the mechanical properties of low-carbon concrete was carried out. A
creep coefficient of 0.019 was estimated for a 365-day period on a change in section from 1 to 0.6 m2

on a proposed trapezoidal section for ground beam, which showed a negligible difference when
compared to the normal rectangular section owing to a reduction in embodied carbon due to the
associated reduction in concrete volume and reinforcement. Training of 81 low-carbon concrete data
sets in MATLAB using artificial neural network for 100% cement replacement with ground granular
base slag indicates good performance with a mean square error of 0.856. From the study, it was
observed that the extent of carbonation depth in concrete evidenced the measure of compressive
strength formation based on the specific surface area of the binder and the water absorption rate of
the aggregate, while enhancing the flexural strength of the low-carbon concrete required a cement-to-
supplementary-cementitious-material ratio of 0.8.

Keywords: light weight aggregate; recycled aggregate; long-term deformation; cross-sectional area;
concrete binder; artificial neutral network

1. Introduction

Concrete is considered the most used building material on Earth after water, mainly
because it is cost effective, constructable, durable, available, and attractive. It is a vital
ingredient used to attain the United Nations Sustainable Development Goals in addressing
affordable housing shortages, and it constitutes a major recipe for building infrastructure
that affects 17 Sustainable Development Goals (SDG), including 121 of the 169 targets [1].
There have been increased cases of natural disasters such as earthquakes, for instance,
which require a high resilient building made of concrete to minimize the impact of damage.

Cement is responsible for the compressive strength of concrete and is produced
through a process that requires the heating of limestone and clay at a high temperature of
about 1400 ◦C, which is associated with a high dissipation of carbon dioxide. Due to the
mineralogy of the limestone as a primary material that is used in the production of cement,
the product contains clinker, which is a high-carbon carrier in cement. It follows then that
the carbon footprint of concrete, owing to the use of cement, constitutes immensely to the
embodied carbon supply chain, with the cement industry being the second largest emitter
of carbon dioxide (CO2) [2]. Embodied carbon, which is the amount of carbon dioxide
emitted to produce 1 kg of material, is one of the performance metrics to measure the
environmental impact of a material. Quantitative sustainability assessment of concrete
involves striking a balance and trade-offs based on performance, environmental impact,
and cost.
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Reducing the dosage of cement in concrete requires the use of alternative binders with
pozzolanic and cementitious properties capable of with a near-zero effect on embodied
carbon. Available alternative binders of waste materials include the use of calcined clay,
ground granulated base slag (GGBS), pulverized fly ash (PFA), post-consumer glass and
natural pozzolans.

In addition to the cement in concrete, aggregate contributes more than 60% by mass to
the total weight of concrete and impacts the carbon footprint through the self-weight of the
concrete structure and eventual increase in the amount of the required reinforcement [2].
Similarly, volume reduction of concrete through section optimization in reinforced concrete
design is also a measure to reducing concrete-embodied carbon. The reduction of the
carbon footprint of concrete through the replacement of the binder with supplementary
cementitious material (SCM), use of recycled or light-weight aggregate (LWA) material, and
the reduction in volume of concrete through an optimized section in design result in the
production of a low-carbon concrete (LCC). It has been observed that while the LCC can
mitigate the sustainability requirement, it requires an optimal mechanical performance in
terms of compressive strength, flexural strength and improvement in creep and shrinkage
as compared to the normal-weight concrete (NWC). Therefore, investigating the mechanical
properties of LCC will directly impact on the choice of the materials and concrete mix
proportion for an optimal structural performance.

This paper presents an evaluation of the most recent and related works analysing the
mechanical properties of low-carbon concrete and investigating the possibility of complete
replacement of cement with other sustainable pozzolanic materials for the concrete struc-
tural performance. The mechanical properties of concern in this study will include the
concrete compressive strength, tensile strength, as well as creep and shrinkage. The use of a
machine learning tool such as artificial neutral network (ANN) to investigate the structural
performance of concrete at a complete cement replacement with GGBS is also considered in
this paper.

2. Literature Review

The approach to reducing embodied carbon has either been finding the possibility of
reducing cement content in concrete or complete replacement with sustainable pozzolanic
materials. The results reported from the literature have not been without limitations in
tensile strength, compressive strength, workability, and other properties that influence the
structural behaviour of concrete. The preference for cement has mainly been for its high
compressive strength with good mechanical behaviour to resist various degrees of loads
and its acceptability for performance over the years. However, this acceptability has been
tested on environmental impact, technical performance, and durability [3] and is found
to be lacking in environmental sustainability due to the carbon emission factor. Concrete
structural strength compared to its carbon emission using material volume reduction has
been studied [4], with an evaluation on whether the replacement of cement as a concrete
binder is realistic and the possibility for a reduction of concrete volume as a strategy to
reducing embodied carbon in the construction industry.

Cement as a material component of concrete is a major carbon carrier which is recorded
to account for about 3% of global annual carbon emission [5]. The use of limestone fillers,
furnace slag, fly ash, and natural pozzolans as clinker are new developments in the cement
production process, which portends a low impact in terms of carbon emission. As this
available new development in cement production gains significant acceptance using new
technologies, concrete mix design requires accuracy so that the high-carbon-intensive
component of the mix can be reduced. This has been made possible with the use of waste
solvent and biofuel, use of water-reducing admixtures and blending of supplementary
cementitious material (SCM) in the production of Portland cement [6]. Similar improvement
includes the partial replacement of clinker during cement production. The production of
clinker involves the combination of about 80% of limestone and 20% of clay using blended
additives and heated at about 1450 ◦C, which contributes to about 0.706 ton of CO2 emission
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during cement production. Studies have shown that the production of raw materials for the
construction industry contributes to 93% of the total emissions, with 78% from concrete [7].

Crack formations in concrete are physical signs of its failure in terms of durability
in response to its mechanical and structural performance. In describing the behaviour of
concrete, design codes use the extent of exposure for concrete class in terms of the degree
of its severity to describes its durability as a measure of expected performance throughout
the design life of the structure. Studies carried out by [8] on the depth of carbonation for
the lightweight aggregate concrete were found to be negligibly small.

The mix proportion of concrete materials as well as the materials used influence the
durability of concrete. The durability of concrete is also likened to its deterioration state,
hence the use of concrete additive to improve the internal pores of concrete to reducing
the rate of water absorption to an optimal level as well as for crack control [9]. About
9% of water freezing in concrete is due to expansion of its pores, with concrete resistance
to freezing likened to its permeability, degree of saturation, amount of water, and rate of
freezing. The pressures developed in the concrete due to freezing include hydraulic and
osmotic pressures which can form micro-cracks and will eventually lead to failure [10].

It is generally assumed that light-weight aggregate is not suitable for reinforced
concrete work; however, it is proven that most light-weight aggregate can produce high
strength depending on the type of binder, type of curing and type of aggregate used. Light-
weight concrete has displayed significant advantages over normal-weight concrete. For
example, the reduction in the structure’s dead load consequently has a positive impact
on the size of the foundation as well as the number of required reinforcements. This
reduction in self weight has also make it very suitable for the construction of a large clear
span structure. It has also been observed that there is an increased buoyancy when the
lightweight concrete is submerged due to the reduction in density to an equivalent of
55% of dense concrete [11]. This makes it more susceptible for floating docks and offshore
production platforms. Light-weight aggregate concrete offers a path for sustainable concrete
as envisaged in the Environmental Product Declaration.

Environmental Product Declarations (EPDs) outline concrete mix design impact on
the environment using global warming potentials (GWP) as an important metric of mea-
surement of embodied carbon due to the global demand for concrete. The concern with
low-carbon concrete due to weather and environmental variability includes early strength
development, long-term performance, sustainability, and durability. To ascertain the im-
provement in reporting identifiable compliance of EPD, GWP is measured in kgCO2/m3

specific to a particular mix design in compliance with (BS) EN 15804:2012+A2:2019 [12] and
to attain compliance with ultimate and serviceability limit state requirement.

The use of suitable SCM modifies the concrete matrix and its pore structure, which
makes the LCC composites harden with high performances [13,14].

2.1. Compressive Strength

Concrete compressive strength measures the ability of the concrete to withstand
applied load within the limit of tolerances as anticipated in the design. This depends on
the concrete materials, mix proportion, curing condition, and age. The need for concrete
that can minimize environmental burdens and meet the compressive strength requirements
has aroused the interest of many. Studies have shown that cement cohesion occurs at the
level of the nanoscale, which gives credence to the development of concrete strength with
age for finer particle binders [15]; however, the prediction of its mechanical properties
using physics-based models is challenging. Following the environmental challenges of
cement and lack of definitive prediction model for its mechanical properties, researchers
have resorted to making fair comparisons between extant and generated concrete mix in
terms of the effect on the environment and optimal structural performance. There is also
the tendency of the lightweight concrete to be less abrasive, which means that there will be
a reduction in formwork during construction. Also observed is its better fire resistance and
better insulating capabilities [16]. To achieve the desired concrete strength, the use of cement



Sustainability 2022, 14, 16765 4 of 29

and other pozzolanic materials in concrete formation for optimal compressive strength is
attributed to the formation of a crystalline calcium silicate hydrate (C-S-H) [16,17]. The
design and construction of low-carbon concrete using light-weight aggregate requires a
new concrete formulation with reduced environmental impact and reduced embodied
carbon without compromising strength. Concrete is usually identified by its density to
characterize its stiffness which eventually define the compressive strength. The normal-
weight concrete (NWC) is expressed in terms of density as a concrete of density ranging
from 2240 to 2500 kg/m3, whereas the lightweight concrete (LWC) ranges in density from
500 to 2000 kg/m3. The properties of the LWC are determined by the aggregate materials
that are naturally occurring or recycled. Examples of light-weight aggregate include
expanded clay (LECA), expanded glass, volcanic pumice, and lytag.

LWC is affected by its high porous nature, which is greater than that of the normal
aggregate because of the difference in porosity between the two; however, the rate of heat
of hydration for early-age strength development for normal concrete is higher compared to
the lightweight aggregate [18]. Due to the low density and porosity of the matrix of the
LWC, there is significant reduction in strength at an early age [19]; however, there is potency
in using recycled lightweight concrete aggregates (RLCA) as a constituent material for the
LWC mix through an indication to increase the modulus of elasticity, compressive strength,
and other mechanical properties of the LWC. The influence of aggregate size on the LWC is
reported to significantly improve concrete performance as well as its behaviour. A study on
a finite element modelling program of concrete on different aggregates with different sizing
was conducted by Kurpińska and Ferenc [20] for LWC. Concrete compressive strength of
39.5–101 MPa was also achieved using expanded clay and fine expanded glass aggregate
for different micro-fillers, including ground quartz sand and silica fume [21]. Regarding
the properties of recycled aggregate, the mechanical properties of Lytag concrete were
compared with the recycled aggregate mix of rubber mix at different replacement levels
for sand. It was demonstrated that the compressive strength of the Lytag sample was
found to be higher than rubber-sand-mixed concrete but exhibited low flexural bending
resistance [22]. Normal-weight concrete (NWC) using coarse granite and sand was also
compared with light-weight aggregate concrete (LWC) using lytag and sand in the study
by Al-Allaf et al. [23]. A similar study by [24] on LWC using GGBS shows a decline in early
strength which was mitigated with inclusion of metakaolin while a water to cementitious
material ratio of 0.5 attains optimal compressive strength. The comparative mechanical
properties for NWC and LWC are as presented in Table 1. It can be observed that it takes
192 kg of water to attain a compressive strength of 40 MPa for NWC, while it takes 216 kg
of water for the LWC.

Table 1. Concrete Mechanical Properties.

Concrete
Type Cement, kg Water, kg Sand, kg

Coarse
Aggregate,
kg

Average
Concrete
Density, Kg/m3

Average
Concrete
Strength MPa

% Compressive
Strength
Increase

NWC 400 192 667 1184 2345 41.6 1.5
LWC 480 216 485 715 1796 40.1

In characterizing the compressive strength of concrete, one of the properties of concern
in the concrete is the modulus of elasticity. The modulus of elasticity of concrete is referred
to as the ratio of concrete compressive stress to corresponding strain both for tensile and
compressive stresses within the elastic limit of the material. This can also be deduced
from the stress–strain curve as the static modulus of elasticity taken as the slope of the
secant [25].

From the result of mechanical properties of concrete according to [23], and as shown in
Table 1, a 22.81% increase in the modulus of elasticity between the LWC and NWC resulted
in about a 1.5% increase in compressive strength. The elastic property of a material is its
ability to return to its original shape after deformation; hence, it can be argued that concrete
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is not an elastic material because after failure, which is shown at concrete compressive
testing, the original form is irrecoverable. This means then that the modulus of elasticity
is a constant of non-linearity used as an approximation to describe concrete behaviour.
This gives credence to the use of a rectangular parabolic curve in the determination of the
concrete stress block as a parameter to deriving the design equation.

The modulus of elasticity has also been shown to depend on the aggregate properties
as well as on the cement paste. While a higher size of aggregate may increase the porosity
of the concrete, a finer coarse aggregate is likely to make the concrete denser, thereby
increasing the modulus of elasticity. The modulus of elasticity of concrete is influenced
by the concrete aggregate sizing which defines the concrete stiffness. At a lower age, the
modulus of elasticity for GGBS and PFA was like that of NWC [25].

This means then that for low-carbon concrete (LCC) to be achieved, the aggregate
sizing and the concrete strength must be considered. Several codes of practice take into
consideration the density of concrete as a determination for the modulus of elasticity, for
example, ACI 318 [26] provides the relation for the modulus of elasticity Ec as

Ec = 0.043wc1.5
√

f c x 10−3. GPa

where wc is the unit weight of concrete which varies between 1440 and 2560 kg/m3 and f c
is the compressive strength of concrete.

Similarly, Eurocode 2 [27] provides the modulus of elasticity as

Ec = 1.7wc2
(

f c)1/3
)

x 10−6 GPa

Studies have shown that LCC is preferably made of light-weight aggregate with a
low density compared to NWC. Regarding concrete curing, steam curing of concrete is
proven to accelerate the hydration reactions of Portland cement at atmospheric pressure.
This improves the compressive strength, and the modulus of elasticity reduces concrete
permeability in comparison with when the curing is performed under ambient conditions.
Increasing the modulus of elasticity of LWC requires a reduction in the coarse aggregate
sizing and the use of secondary cementitious materials with high pozzolanic activity [28,29].

2.2. Effect of Cross-Sectional Area

The analogy of finer coarse aggregate sizing for a higher modulus of elasticity can be
explained from the mechanics of particle size interaction in the aggregate. The moment of
inertia I of a rigid body in this case of aggregate is the property obtained by summing the
product of the particle mass (expressed as area A) and the square of its distance y from a
given axis (

∫
y2dA). This is related to the moment of resistance M expressed as M = σZ,

where σ is the stress on the body and Z is the section modulus expressed as Z = I
y .

It follows that if y is higher than a certain value, z will be smaller; hence, the moment
of resistance will be small relative to the stress on the body. Similarly, a smaller y versus a
certain value will increase z, which will invariably increase M. An increase in the moment
of resistance M improves the concrete strength when under load and often depends on the
cross-sectional area A of the structure.

Considering the analysis of stress on a ground beam, the stress distribution pattern in
soil on application of the load using the Boussinesq theory is seen to be trapezoidal, project-
ing at 45◦ from the top of the ground at the soil structure interface to the foundation [30].
With this stress pattern, the use of a trapezoidal section for the ground beam rather than the
conventional rectangular section will result in concrete savings of 17.3 m3 when comparing
the section of same base width and height. Evaluating the creep coefficient with the control
on the concrete cross-sectional area and age of concrete at loading, using parameters such
as concrete characteristic strength (fck) of 40 MPa, concrete cross-sectional area (Ac = 1 m2),
part of the cross-section perimeter exposed to drying (U = 2), age of concrete at loading
(to = 28 days), ambient temperature (T = 20 ◦C), relative humidity of ambient environment
(RH = 70%), cement type (N), and age of concrete at the end of curing (t0 = 365 days) from
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the provision of Eurocode 2 [27], the variation of creep coefficient is shown in Tables 2–4
and Figure 1. It was observed that the creep coefficient at the cross-sectional area of 0.6 m2

is 1.429 at 28 days of concrete loading, while at 365 days of concrete loading, it is 0.872.

Table 2. Creep coefficient variation with cross-sectional area.

Concrete Loading at 365 days

Cross-sectional Area (m2) Creep Coefficient Shrinkage

1 0.842 29.98
0.8 0.855 29.98
0.6 0.872 29.98
0.4 0.9 30.78
0.2 0.958 34.8

Table 3. Creep coefficient variation with cross-sectional area.

Concrete Loading at 56 days

Cross-sectional Area (m2) Creep Coefficient SHRINKAGE

1 1.209 29.98
0.8 1.227 29.98
0.6 1.252 29.98
0.4 1.293 30.78
0.2 1.375 34.8

Table 4. Creep coefficient variation with cross-sectional area.

Concrete Loading at 28 days

Cross-sectional Area (m2) Creep Coefficient Shrinkage

1 1.38 29.29
0.8 1.4 29.98
0.6 1.429 29.98
0.4 1.471 30.78
0.2 1.57 34.8

Sustainability 2022, 14, x FOR PEER REVIEW 7 of 32 
 

 
Figure 1. Creep coefficient with variation in cross-sectional area. 

The relationship of the mechanical properties of LWC has been studied by Young 
Sang Cho, Jeom Han Kim and Sung Uk Hong, [31] using ultrasonic pulse velocity (UPV). 
It was shown that the aggregate type in a mixture predicts the behaviour of the elastic 
modulus. The use of ultrasonic pulse velocity (UPV) as a non-destructive method was 
used by Hedjazi [32] to analyse the compressive strength of LWC. An expanded glass 
granule aggregate known as poraver was used in the study. 

It has also been demonstrated that light-weight aggregate can replace normal-weight 
aggregate to achieve smaller bulk densities while UPV has been used as an alternative 
method for evaluation of compressive strength of LWC. Similarly, concrete workability is 
measured using the slump test as a measure of consistency, according to the European 
and British Standard. The slump class as described in [27] is useful in reducing the time 
for concrete placement from the point of production. In order words, low workability 
increases the cost of construction due to additional manpower that will be needed. In 
characterizing the strength of concrete, the usefulness of certain parameters predicts that 
the trend of behaviour in combination with the extent of confinement shows significant 
success. For instance, a greater static modulus of elasticity provides higher structural 
stiffness, which reduces mid-span deflection, especially for beams. 

A study on the properties of blended low-calcium fly ash geopolymer concrete cured 
in ambient condition was conducted by Nath and Sarker [33]. The produced geopolymer 
concrete was produced using low-calcium fly ash with a small percentage of additives 
such as ground granulated blast furnace slag (GGBFS) and ordinary Portland cement 
(OPC). The mixed composition is shown in Table 5, and the compressive strength 
obtained is shown in Figure 2. 

From the evaluation of the result, the condition for Na2SiO3/NaOH of 2.5 satisfies the 
optimum compressive strength for concrete using an alkaline solution. It appears that a 
further increase in GGBS would match with the control mix OPC2 since an addition of 20 
kg/m3 of GGBS to A40 S10 results in a maximum strength of 43.2 MPa. The impact of 
calcium hydroxide to attain the optimum strength is minimal compared to GGBS. It is 
obvious from the results that the use of an alkaline solution and GGBS significantly impact 
the compressive strength of concrete, and the use of additional water for concrete with an 
alkaline solution is, adversely, not necessary, as it tends to neutralize the hydration 
process. A comparative study of the different concrete mix constituent materials 
according to [33], and as presented in Table 5 shows that a high mechanical response for 
45% of cement and 55% fly ash resulted to a compressive strength of 40 MPa and a flexural 
strength of 12.8 MPa respectively. 

0.7
0.8
0.9

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

0 0.2 0.4 0.6 0.8 1 1.2

Cr
ee

p 
co

ef
fic

iie
nt

Cross-sectional area,m2

Concrete loading at 365 days
Concrete loading at 56 days
Concrete loading at 28 days

Figure 1. Creep coefficient with variation in cross-sectional area.

Similarly, the creep coefficient at the cross-sectional area of 1 m2 is 1.38 at 28 days of
concrete loading, while at 365 days for the same concrete loading, it is 0.842. For the 0.6 m2,
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there is a creep growth of 0.557 between 28 and 365 days for the same concrete loading,
while for 1 m2, it is 0.538. The difference in creep coefficient of 0.019 can be compensated
through the reduction in concrete volume in terms of reduced embodied carbon, gain in
material cost and overall impact on the environment.

The relationship of the mechanical properties of LWC has been studied by Young
Sang Cho, Jeom Han Kim and Sung Uk Hong, [31] using ultrasonic pulse velocity (UPV).
It was shown that the aggregate type in a mixture predicts the behaviour of the elastic
modulus. The use of ultrasonic pulse velocity (UPV) as a non-destructive method was used
by Hedjazi [32] to analyse the compressive strength of LWC. An expanded glass granule
aggregate known as poraver was used in the study.

It has also been demonstrated that light-weight aggregate can replace normal-weight
aggregate to achieve smaller bulk densities while UPV has been used as an alternative
method for evaluation of compressive strength of LWC. Similarly, concrete workability is
measured using the slump test as a measure of consistency, according to the European and
British Standard. The slump class as described in [27] is useful in reducing the time for
concrete placement from the point of production. In order words, low workability increases
the cost of construction due to additional manpower that will be needed. In characterizing
the strength of concrete, the usefulness of certain parameters predicts that the trend of
behaviour in combination with the extent of confinement shows significant success. For
instance, a greater static modulus of elasticity provides higher structural stiffness, which
reduces mid-span deflection, especially for beams.

A study on the properties of blended low-calcium fly ash geopolymer concrete cured
in ambient condition was conducted by Nath and Sarker [33]. The produced geopolymer
concrete was produced using low-calcium fly ash with a small percentage of additives such
as ground granulated blast furnace slag (GGBFS) and ordinary Portland cement (OPC). The
mixed composition is shown in Table 5, and the compressive strength obtained is shown in
Figure 2.

Table 5. Concrete mix composition for geopolymer concrete.

Mix Label Coarse/Fine
Aggregate Fly ash GGBS Cement Na2SiO3/NaOH

A40 S00 1.86 400 0 2.50
A40 S10 1.86 360 40 2.50
A40 S15 1.86 340 60 2.50
A35 S00 1.86 400 0 2.5
A35 S10 1.86 360 40 2.5
A40 P06 1.86 376 24 2.50
A40 P08 1.86 368 3.92 b 32 2.50
A35 P06 1.86 376 24 2.5
A40 C02 1.86 392 8 a 2.50
A40 C03 1.86 388 12 a 2.50
A35 C02 1.86 392 8 a 2.5

OPC1 0.87 387.9
OPC2 1.86 428.3

a CH, calcium hydroxide. b Superplasticizer.

From the evaluation of the result, the condition for Na2SiO3/NaOH of 2.5 satisfies
the optimum compressive strength for concrete using an alkaline solution. It appears that
a further increase in GGBS would match with the control mix OPC2 since an addition of
20 kg/m3 of GGBS to A40 S10 results in a maximum strength of 43.2 MPa. The impact
of calcium hydroxide to attain the optimum strength is minimal compared to GGBS. It is
obvious from the results that the use of an alkaline solution and GGBS significantly impact
the compressive strength of concrete, and the use of additional water for concrete with an
alkaline solution is, adversely, not necessary, as it tends to neutralize the hydration process.
A comparative study of the different concrete mix constituent materials according to [33],
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and as presented in Table 5 shows that a high mechanical response for 45% of cement
and 55% fly ash resulted to a compressive strength of 40 MPa and a flexural strength of
12.8 MPa respectively.

Sustainability 2022, 14, x FOR PEER REVIEW 8 of 32 
 

      Table 5. Concrete mix composition for geopolymer concrete  

Mix Label Coarse/Fine 
aggregate  

Fly ash GGBS Cement Na2SiO3/NaOH 

A40 S00 1.86 400 0  2.50 
A40 S10 1.86 360 40  2.50 
A40 S15 1.86 340 60  2.50 
A35 S00 1.86 400 0  2.5 
A35 S10 1.86 360 40  2.5 
A40 P06 1.86 376  24 2.50 
A40 P08 1.86 368 3.92 b 32 2.50 
A35 P06 1.86 376  24 2.5 
A40 C02 1.86 392 8 a  2.50 
A40 C03 1.86 388 12 a  2.50 
A35 C02 1.86 392 8 a  2.5 

OPC1 0.87   387.9  

OPC2 1.86   428.3  
a CH, calcium hydroxide. b Superplasticizer. 

 
Figure 2. Compressive strength of geopolymer concrete. 

To study the effect of silica fume and GGBS on recycled aggregate concrete (RAC), 
Mouna, Batikha and Suryanto [34] carried out an experimental program using some 
locally manufactured recycled aggregate. The results indicate a reduction in the 
mechanical performance in comparison with the control mix owing to the porosity of the 
recycled aggregate (RCA) due to a pre-existing history of cracks during the crushing 
process. The contact zone structure in concrete that exists between cement and aggregate 
is responsible for the formation of a collapse mechanism when it is placed under load. 
Destruction in normal concrete takes place in the contact zone, i.e., the cement 
matrix/aggregate is known as the weakest link in the structure of the concrete, as the LWC 
does not follow the three-stage crack development (I—formation of stable features, II—
stable crack propagation, III—unstable crack propagation) that is common in normal 
concrete. In normal concrete, stage I propagates into II at compressive stresses amounting 
to 30–40% of concrete strength, usually within the elastic zone, while stage II moves to 
stage III at stresses of about 70–90% of strength. 

The cementitious activity of a material is determined by its chemical composition and 
material fineness, which eventually affect its reactivity. Table 6 and Table 7 show that 

A40 S00

A40 S10

A40 S15

A35 S00

A35 S10

A40 P06

A40 P08

A35 P06

A40 C02

A40 C03

A35 C02

OPC1

OPC2

0

10

20

30

40

50

60

0 2 4 6 8 10 12 14

Co
m

pr
es

si
ve

 s
tr

en
gt

h,
 M

Pa

Concrete mix 

Figure 2. Compressive strength of geopolymer concrete.

To study the effect of silica fume and GGBS on recycled aggregate concrete (RAC),
Mouna, Batikha and Suryanto [34] carried out an experimental program using some locally
manufactured recycled aggregate. The results indicate a reduction in the mechanical
performance in comparison with the control mix owing to the porosity of the recycled
aggregate (RCA) due to a pre-existing history of cracks during the crushing process. The
contact zone structure in concrete that exists between cement and aggregate is responsible
for the formation of a collapse mechanism when it is placed under load. Destruction in
normal concrete takes place in the contact zone, i.e., the cement matrix/aggregate is known
as the weakest link in the structure of the concrete, as the LWC does not follow the three-
stage crack development (I—formation of stable features, II—stable crack propagation,
III—unstable crack propagation) that is common in normal concrete. In normal concrete,
stage I propagates into II at compressive stresses amounting to 30–40% of concrete strength,
usually within the elastic zone, while stage II moves to stage III at stresses of about 70–90%
of strength.

The cementitious activity of a material is determined by its chemical composition and
material fineness, which eventually affect its reactivity. Tables 6 and 7 show that silica
fume does not contain sufficient cementitious materials compared to GGBS; however, it
possesses high pozzolanic activities. Regarding their reactivity, the fineness of a material
contributes immensely to its reactivity. GGBS has a fineness of about 450 m2/kg compared
to Portland cement of 350 m2/kg, but that of silica fume is 15,000–30,000 m2/kg. The
mechanical properties of concrete can be enhanced using silica fume, which has a high
specific area that is sufficient in reducing the carbonation and enhancing good hydration
when used in combination with a binder.

2.3. Flexural Strength

A fundamental measure of concrete performance is based on the assessment of certain
parameters that significantly affect the behaviour of the concrete. One such parameter is the
flexural strength of the concrete, which is a measure of the flexural resistance to bending. A
requirement for structural lightweight aggregates conforming to the requirements of ASTM
C 330 set the tensile splitting strength of 290 psi (2.0 MPa) as the minimum for lightweight
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concrete, while the flexural strength is about 10 to 15 percent of the compressive strength
with consideration of the concrete mixture using ASTM C78 [40].

Table 6. Typical ranges of chemical compositions for the major oxides present in UK cementitious
materials [35].

CEM1 % GGBS % Silica Fume %

CaO 60–70 35–45 <1
SiO2 20–22 33–40 35–50
Al2O3 4–7 8–16 <1
MgO 1–3 7–15 <4

Table 7. Chemical and physical properties of binders [36–39].

Property Portland
Cement

Siliceous Fly
Ash GGBS Silica Fume

SiO2 21.9 52 35 85–97
Al2O3 6.9 23 12
Fe2O3 3 11 1
CaO 63 5 40 <1
MgO 2.5
SO3 1.7
Specific surface (m2/kg) 370 420 15,000–30,000
Specific gravity 3.15 2.38 2.94 2.22

2.4. Flexural Strength

A fundamental measure of concrete performance is based on the assessment of certain
parameters that significantly affect the behaviour of the concrete. One such parameter is the
flexural strength of the concrete, which is a measure of the flexural resistance to bending. A
requirement for structural lightweight aggregates conforming to the requirements of ASTM
C 330 set the tensile splitting strength of 290 psi (2.0 MPa) as the minimum for lightweight
concrete, while the flexural strength is about 10 to 15 percent of the compressive strength
with consideration of the concrete mixture using ASTM C78 [40].

Well-compacted concrete specimens with mineral admixtures (such as silica fume and
fly ash) with a high binder content are not permeable and will release water very slowly.
This is observed from the physical examination of splitting tensile test specimens containing
dry specimens, which will cause defects in flexure from crack propagation. The use of FA
at high volume in concrete helps in improving the mechanical properties of the concrete
by lowering drying shrinkage with a good influence on workability and durability. It is
also observed that the problem of alkali reaction in concrete which leads to concrete poor
performance is reduced with the use of FA, but there is a delay in the hydration process,
which causes a reduction of strength at an early age [41]. Similarly, it was observed from
the study by [34] that the use of silica fume in concrete causes a reaction with calcium
hydroxide, which is very active in the cement hydration process. This is used to improve
the mechanical behaviour of concrete, which leads to early strength formation. Regarding
the use of SCM, there have been reports of cases of low deformation capacity and crack
formation associated with low-carbon concrete under service loads. Improvement of poor
deformation is reduced using a blend of glass fibre to enhance the cracking and tensile
strength of the composite low-carbon concrete and the aggregate should be classified in
conformity to requirement of BS EN 13055 [42].

To increase the fracture toughness of LWC arising from increasing the crack prop-
agation and from reducing the defects in flexural resistance, the use of fibres and nano
materials is beneficial on the ductility of the concrete specimen. The improvement of the
mechanical properties of the concrete with the use of geopolymer materials and carbon
nanomaterials, such as carbon nanotubes (CNTs), carbon nanofibres (CNFs), and graphite



Sustainability 2022, 14, 16765 10 of 29

nanoplatelets (GNPs) as investigated by [43], is proven to be effective in concrete strength
improvement. The use of fibre in the mix for LWC with the mono-plastic fibres shows
significant increases in flexural strength compared to NWC. A study conducted on the
use of fibre shows that flexure strength increases by 19.5%, 37%, 33.9% and 34.2% at 7,
28, 60, 90 days, respectively, compared to NWC. The addition of fibre in the LWC was
shown to have arrested the propagation of cracks; however, a decrease in the modulus of
elasticity was recorded by about 11.7% and 5.1% at 28 and 90 days, respectively, compared
with NWC [44]. The prediction of crack control by a multi-phase model using pumice
as the LWA and reinforced with hooked steel fibre increases the flexural strength of the
concrete specimen [45]. The use of fibre on recycled aggregate concrete sometimes de-
creases workability, but improvement in mechanical properties was achieved with the
crack bridging action of steel fibres [46]. Expanded shale aggregates were sintered in an
experimental work in comparison to steel fibre. On continuous application of the load, it
was shown that the toughness of the fibre increases significantly at peak load [47]. The
use of lightweight clay aggregates with hooked steel fibres between 0 and 1.15% was used
to increase the fracture energy of LWC. When the Steel fibre content was increased from
10 to 90 kg/m3 (0.13–1.15 vol%), the characteristic length increased 3.6, 4.4, 5.0, 7.5, and
11.0 times in comparison with the fibre-free specimens. Similarly, concrete mixes with steel
fibre contents of 20–90 kg/m3 (0.26–1.15 vol%) increased by 1.4, 1.5, 1.6, 2.1 times for the
SF10 samples, and an increase in ductility was reported [48].

Evaluation of the tensile strength of LWC that undergoes drying shows a correlation
with the shear strength of the concrete structure. The moisture loss during drying increases
at a slow rate into the concrete, which brings about the development of tensile stresses
at the exterior faces that invariably balances the compressive stresses developed. The
flexural resistance is often represented as the fracture energy formed per unit area of
crack developed.

The mechanical properties of recycled aggregate concrete were studied by Chin-
zorigt et al. [49] to investigate concrete strength development using 30% to 100% aggregate
replacement. It was observed as shown in Figure 3 that the compressive strength reduces
with an increase in RCA replacement, while specific creep of the specimen with 100% RCA
increased by 38% when compared to the normal concrete.

In lightweight aggregate concrete, the first load-induced cracking appears and propa-
gates directly at stresses of 85–90% of the compressive strength [50].

For normal concrete, the stress–strain curve at the elastic region occurs at about 45%
of the ultimate compressive strength of the concrete, which is indicative of relatively
low elastic energy stored in the system. From analysis, an ideal stress–strain relation for
concrete exhibits a nonlinear relation, as the strain due to an applied load is nonrecoverable.
However, for a sintered aggregate such as RCA, studies by Zhang and GjØrv [51] have
shown that the straight line in the stress–strain curve within the elastic region extends up to
90% of the compressive strength, which implies a high elastic energy stored in the concrete
that is responsible for the rapid crack propagation and collapse of the concrete.

Regarding the use of GGBS and silica fume as a combined binder in a concrete mix, the
result from the study conducted by Mouna, Batikha and Suryanto [34] and result shown in
Figure 4 indicates that the compressive strength at 50% replacement of cement with GGBS
and 10% replacement for silica fume show a reduction in strength in comparison to other
mixes. One influencing factor for the low strength of M3, as shown in Figure 4, is the density
of 2294 kg/m3, while M1 with the highest strength with a density of 2480 kg/m3, attained
a remarkable compressive strength of 67 MPa. The water-to-cement ratio of 0.3 for M3 was
not enough for the complete hydration reaction of GGBS and silica fume composition. This
means that to attain higher strength for RAC, a low water-to-cement (w/c) is required,
while the same value of w/c is not enough for the complete hydration of the GGBS and
silica fume combination in the mix to attain same strength. The behaviour of GGBS and
silica fume can be likened to its physical and chemical composition.
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Figure 3. Strength comparison of concrete mix. NAC, natural coarse aggregate concrete; RAC-
30, recycled aggregate concrete at 30% replacement; RAC-50, recycled aggregate concrete at 50%
replacement; RAC-100, recycled aggregate concrete at 100% replacement; CRAC-30, carbonated
recycled aggregate at 30% replacement; CRAC-50, carbonated recycled aggregate at 50% replacement;
CRAC-100, carbonated recycled aggregate at 100% replacement.
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M2 = 100%OPC + 100%RCA + 0%GGBS + 0%SF. M3 = 40%OPC + 100%RCA + 50%GGBS + 10%SF.

An experimental program was conducted using sintered fly ash (artificial aggregate
known as Certyd) as a LWA on two concrete mixes of different compositions at densities of
1810 and 1820 kg/m3 for LC50/55 according to Eurocode 2 [27] for light-weight concrete by
Szydłowski and Łabuzek [52]. The result obtained shows a very low creep and shrinkage
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with a high compressive and flexural strength, as shown in Figure 5. The control used
is water, with a difference in the two mixtures, mainly the water content and the W/C
ratio. The C-1 mixture consists of 164 L of water per cubic meter, and C-2 consists of 209 L
according to [52] and as shown in Figure 5. The water content and W/C ratio (0.41 and 0.51)
show an average compressive strength after 28 days at 56.9 MPa for C-1 and at 58.4 MPa
for C-2. This is an indication that for LWC, enough water is needed for full hydration.
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Figure 5. Strength comparison of concrete mix.

From Table 8, the use of different kinds of fibres and their effects on mechanical
properties such as compressive strength, flexural strength, toughness, and bending are
significant on light-weight concrete. The use of fibre in concrete reduces the extent of crack
propagation as well as improves the flexural properties [53–55]. Polypropylene shows a
maximum elongation compared to carbon and steel fibre, which makes its suitable for
flexure. This implies that when compressive strength is desirable, the use of steel fibre will
be appropriate considering the density of 7.8 g/cm2; polypropylene will be appropriate for
tension or flexural strength resistance.

Table 8. Properties of three types of fibre [55].

Properties CF * SF ** PF ***

Length (mm) 5 25 15
Diameter (mm) 7 500 100
Density (g/cm2) 1.6 7.8 0.9
Modules (GPa) 240 200 8

Elongation at break (%) 1.4 3.2 8.1
Tensile strength (MPa) 2500 1500 800

* Carbon fibre, ** Steel fibre, *** Polypropolene fibre.

Fly ash is a product of industrial waste from coal-firing power stations, which contains
mainly ferric oxide (Fe2O3), aluminium oxide (Al2O3), silicon dioxide (SiO2), and calcium
oxide (CaO), as shown in Table 9. It has been shown to contribute to reducing embodied
carbon in concrete when used as a SCM material. It can form a denser concrete matrix,
which makes it a good pozzolan due to the presence of SiO2 and Al2O3; however, the result
from [54] shows a decrease in flexural strength observed with an increase in fly ash.



Sustainability 2022, 14, 16765 13 of 29

Table 9. Review of mechanical responses of low-carbon concrete.

Reference Concrete Mix (%) Compressive
Strength (MPa)

Flexural Strength
(MPa)

[56] CM30-PFA40-SF5-LS15 37
CM30-PFA40-SF5-LS25 34
CM30-PFA60-SF5-LS5 30

Zhu et al. [57] CM20-PFA80 40 4.3
Şahmaran et al. [58] CM31-PFA69 39 7.8

CM20-PFA80 37 8.6
[59] CM45-PFA55 40 9.1

Siad et al. [60]
CM28-PFA62-LS10 38 8.2
CM28-PFA55-LS20 36 8.1

Halvaei et al. [61] CM45-PFA55 40 12.8
[62] CM20-PFA65-PI5 36

CM, Portland cement; PFA, Pulverised Fly ash; LS, limestone; SF, silica fume.

A mix design developed by Alma’aitah and Ghaissi [56] using a range of ternary
and quaternary blended concrete mix using fly ash, limestone, silica fume and ordinary
Portland cement at 70% to 80% cement replacements resulted in 31% and 25% carbon
footprint and embodied energy, respectively. This is in comparison to the control mix of
45% Port land cement and 55% fly ash, where an increase in limestone from 5% to 15%
shows compressive strength increase from 30 to 37 MPa but with a decrease to 34 MPa in
LS of 25%. This can be explained from the mechanical composition of their constituent
materials, as shown in Table 9 for which the microstructural merits over the concrete
mix consist of the formation of an amorphous alumino-silicate gel, which is reported to
have good mechanical properties. The inclusion of fly ash with 82.55% of SiO2, AL2O
and Fe2O3 introduces the formation of more calcium silicate hydrate gel (CSH), which
modifies the flexural capacity of the concrete. An increase in flexural strength depends
mostly on the cement-to-fly-ash ratio rather than percentage addition of [55]. From the
analysis of Tables 9 and 10, when the concrete composition is PC45FA55, the cement-to-fly-
ash ratio is 0.81, with a flexural strength of 12.5 MPa. However, for Zhu et al. [57], with a
cement-to-fly-ash ratio of 0.25, the percentage of fly ash is 80%, and the flexural strength is
4.3 MPa.

Table 10. Chemical composition of PC, FA, SF and LS [35].

Chemical Composition % CM PFA SF

CL- % 0.05 0.01 0.3
SO3 % 3.34 0.65 2
CaO % 64.72 4.63 1
SiO2, AL2O,
Fe2O3

% 27.34 82.55

Na2O % 0.23 2.52
MgO % 1.09 1.85
PO4 % 0.39

CM, Portland cement; PFA, Pulverised Fly ash; LS, limestone; SF, silica fume.

The aggregate is generally stronger than the matrix for the normal-weight concrete
and cracks typically in the matrix or along the matrix–aggregate interface when concrete
is subjected to a tensile stress. Crack propagation may be arrested by aggregate particles,
which will be shown in the form of meandering and branching of cracks that may cause a
gradual weakening of the concrete. However, for the light-weight concrete, the cracks are
propagated through the aggregate due to its light density and may result in a collapse of
the concrete.

Concrete collapses are mitigated using fibre reinforcement as this tends to enhance
early strength of concrete [63]. A study of reinforced concrete plastic was conducted by [64].
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Reinforced steel fibres of weight 35 kg were added to the concrete mix using GGBS at 50%
cement replacement to investigate the effect of fibre on the concrete plastic and strength
properties. A higher water demand was noted in the mix compared to the control mix,
which was attributed to the higher fineness of the GGBS. Higher early aged strength was
also observed compared to the control mix, with a 20% increase in flexural strength at
56 days. The effect of drying shrinkage in concrete keeps the applied stress within a
tolerable limit to avoid a fall back. There was a significant decline in shrinkage compared to
the control with a 50% reduction at 28 days and 43% at 56 days, with about a 20% reduction
in embodied carbon. Similar results were observed in the debonded concrete overlays and
in the use of SCM materials for soil stabilization [65–68].

2.5. Creep and Shrinkage of LCC

Creep deformation is formed because of the viscoelastic behaviour of concrete when
placed under load and commences after the origination of elastic deformation. Creep
and shrinkage are phenomena that describe the long-term deformation in concrete to
characterize its behaviour under permanent load. Creep is the time-dependent deformation
of concrete under a particular load. The increase in length or size of the material under
load can affect the serviceability of the structure, as there can be reduction in safety margin
against collapse due to long-term growth of the deformation. The accentuation of creep is
seen after the application of load with an increase in deformation, but it reduces as the age
increases with a tendency to attain stability within one year. The aggregate in a hydrated
concrete matrix with cementitious binder initiates propagation of creep [69,70].

When an initial load is applied on a concrete structure, there is an initial modulus of
elasticity generated within the concrete, and as the load continues, there will be gradual
reduction in the concrete strength as well as in the initial modulus of elasticity. Continuous
deformation in concrete is observed in the concrete due to the applied load until the applied
stress is equal to a certain value of the concrete characteristic strength, for which stability is
attained. The strain obtained at that point of stability is the ultimate creep strain which is
found to be greater than the elastic or initial strain. The ratio of the ultimate creep strain to
the elastic strain is the creep coefficient
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is a function of the content of cement volume for the paste in concrete [72]. 

. This can be expressed as

Sustainability 2022, 14, x FOR PEER REVIEW 15 of 32 
 

Others %    1.75 
Loss on Ignition % 3.4 5.18 4 43.6 

Concrete collapses are mitigated using fibre reinforcement as this tends to enhance 
early strength of concrete [63]. A study of reinforced concrete plastic was conducted by 
[64]. Reinforced steel fibres of weight 35 kg were added to the concrete mix using GGBS 
at 50% cement replacement to investigate the effect of fibre on the concrete plastic and 
strength properties. A higher water demand was noted in the mix compared to the control 
mix, which was attributed to the higher fineness of the GGBS. Higher early aged strength 
was also observed compared to the control mix, with a 20% increase in flexural strength 
at 56 days. The effect of drying shrinkage in concrete keeps the applied stress within a 
tolerable limit to avoid a fall back. There was a significant decline in shrinkage compared 
to the control with a 50% reduction at 28 days and 43% at 56 days, with about a 20% re-
duction in embodied carbon. Similar results were observed in the debonded concrete 
overlays and in the use of SCM materials for soil stabilization [65–68]. 

2.4. Creep and Shrinkage of LCC 
Creep deformation is formed because of the viscoelastic behaviour of concrete when 

placed under load and commences after the origination of elastic deformation. Creep and 
shrinkage are phenomena that describe the long-term deformation in concrete to charac-
terize its behaviour under permanent load. Creep is the time-dependent deformation of 
concrete under a particular load. The increase in length or size of the material under load 
can affect the serviceability of the structure, as there can be reduction in safety margin 
against collapse due to long-term growth of the deformation. The accentuation of creep is 
seen after the application of load with an increase in deformation, but it reduces as the age 
increases with a tendency to attain stability within one year. The aggregate in a hydrated 
concrete matrix with cementitious binder initiates propagation of creep [69,70]. 

When an initial load is applied on a concrete structure, there is an initial modulus of 
elasticity generated within the concrete, and as the load continues, there will be gradual 
reduction in the concrete strength as well as in the initial modulus of elasticity. Continu-
ous deformation in concrete is observed in the concrete due to the applied load until the 
applied stress is equal to a certain value of the concrete characteristic strength, for which 
stability is attained. The strain obtained at that point of stability is the ultimate creep strain 
which is found to be greater than the elastic or initial strain. The ratio of the ultimate creep 
strain to the elastic strain is the creep coefficient ꝕ. This can be expressed as ꝕ = ɛɛ , where 
ɛu is the ultimate creep strain at time t, and ɛ is the elastic strain or the initial strain. The 
final modulus of elasticity is then determined as a function of the creep coefficient that 
describes the behaviour of the concrete as a long-term deformation effect. The increase in 
relative humidity (RH) improves the hydration process and consequently results in a de-
crease in the creep strain and an increase in the compressive strength of the concrete. 
It can be expressed as 𝐸𝑓𝑖𝑛𝑎𝑙 =

ꝕ
, where 𝐸𝑓𝑖𝑛𝑎𝑙 is the final modulus of elasticity, 

and 𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the initial modulus of elasticity. 
The factors that influence the extent of creep strain in the concrete includes water-to-

cement ratio, cement-paste-to-aggregate ratio, ambient temperature, and air entrainment 
(air pocket within concrete). There is likely to be more error in the determination of creep 
and shrinkage properties of the material than that of a structural analysis. Creep analysis 
is useful for the prediction of life expectancy before service, modelling the behaviour of 
the material at constant load with very high temperature, and to model strain-limited 
long-term applications [71]. The creep behaviour in LWAC is reported to continue at later 
days compared to the NWC. As the cement content in concrete increases, there is a com-
plimentary increase in creep for the NWC with the same water content and load; however, 
compressive creep increases with a reduction of cement content. The latter is true, as creep 
is a function of the content of cement volume for the paste in concrete [72]. 
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long-term applications [71]. The creep behaviour in LWAC is reported to continue at later 
days compared to the NWC. As the cement content in concrete increases, there is a com-
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compressive creep increases with a reduction of cement content. The latter is true, as creep 
is a function of the content of cement volume for the paste in concrete [72]. 
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is the elastic strain or the initial strain. The final
modulus of elasticity is then determined as a function of the creep coefficient that describes
the behaviour of the concrete as a long-term deformation effect. The increase in relative
humidity (RH) improves the hydration process and consequently results in a decrease in
the creep strain and an increase in the compressive strength of the concrete.

It can be expressed as E f inal = Einitial
1+
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The factors that influence the extent of creep strain in the concrete includes water-to-

cement ratio, cement-paste-to-aggregate ratio, ambient temperature, and air entrainment
(air pocket within concrete). There is likely to be more error in the determination of creep
and shrinkage properties of the material than that of a structural analysis. Creep analysis
is useful for the prediction of life expectancy before service, modelling the behaviour of
the material at constant load with very high temperature, and to model strain-limited
long-term applications [71]. The creep behaviour in LWAC is reported to continue at
later days compared to the NWC. As the cement content in concrete increases, there is
a complimentary increase in creep for the NWC with the same water content and load;
however, compressive creep increases with a reduction of cement content. The latter is true,
as creep is a function of the content of cement volume for the paste in concrete [72].

The effect of relative humidity on the geopolymer concrete was shown to improve
the creep and shrinkage by varying the curing regimen of the specimen at elevated tem-
peratures of 40 ◦C. The geopolymer binder is made of 85.2% calcium fly ash and only
14.8% GGBFS (ground granulated blast furnace slag). Creep strains at 3 days were reduced
to about 70% and were relatively near zero at 80 ◦C compared to the control mix of the
normal-weight concrete [73]. From the oxide composition of GGBS, high-performance
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fly ash and fly ash, the geopolymer mixture has higher SiO2, CaO and Fe2O3, which is
sufficient to enhance heat of hydration through the production of alumino-silicate gel at a
temperature of about 40 ◦C. The concrete strength development for long-term creep and
shrinkage behaviour of recycled aggregate concrete (RAC) was studied using recycled
coarse aggregate (RA) to replace natural coarse aggregate (NA) by 30%, 50%, and 100%. It
was observed that while the shrinkage of RAC with 50% RA is like that of NAC, RA of 100%
increases over that of NAC to 13% after 180 days, and the specific creep of RAC with 100%
RA increased by 38% over that of natural aggregate concrete [49]. The creep coefficient of
the different mix is shown in Figure 6, which indicates that the creep coefficient for RAC is
at 50% replacement, like that of 100% replacement, while CRAC-50 performed similar to
that of the control NAC.
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Figure 6. Creep coefficient for RAC.

The material composition of concrete, in terms of the aggregate, contributes to the
outcome of creep even in consideration of factors necessary to improve its performance.
Replacing secondary aggregate with some clay particles in concrete even for different
extreme environment conditions at 100% humidity and air dying shows very low impact for
creep. A sample mix for high-strength concrete (HSC) and an admixture of montmorillonite
clay mineral nanoparticles (MNP) at about 1% were used in the study. The creep coefficient
of the MNP specimen reaches 3.6 and 4.3 for the air dried and moist conditions, respectively,
while that of HSC reaches 2.8 to 4.1 for similar specimens [74].

Creep and shrinkage are higher for LWC compared to NWC, which is a consideration
in the structural design. Studies has shown that creep for LWC containing lytag increases
with an increase in the water-to-cement ratio such that within one year a stress–strength
ratio from 0.3 to 0.5 owing to an increase in water-to-cement ratio from 0.54 to 1.02, respec-
tively [75,76]. In assessing the extent of the load-bearing capacity of a concrete structure,
creep analysis predicts the limit of failure with an expected strain associated with the
loading. This shows that creep increases with the age in loading when using a LWA such
as lytag, as shown in Figure 7. Evaluation of the long-term dependent properties and
durability of low-carbon concrete was carried by Robalo et al. [77] using fly ash and lime-
stone as a partial replacement up to 70%. The influence of these parameters on the LCC
properties such as shrinkage and creep, carbonation, and water absorption by capillarity
and by immersion were investigated. The result indicates that concrete compactness is a
major dependent variable that improve the long-term deformation of low-carbon concrete.
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Figure 7. Creep strain associated with age in loading for Lytag concrete.

For the lightweight concrete, creep strain varies between 1 and 1.5 to that of NWC,
while test results have shown that the use of higher strength concrete reduces this variation.

Shrinkage is the loss of capillary water from the hardened cement mixture, which
usually leads to crack formation and contraction of the concrete. It is usually accompanied
with the formation of cracks that weakens the concrete by allowing the passage of harmful
agent to the concrete [78].

Drying shrinkage is the change that the concrete volume suffers because of moisture
movement changes from ambient temperature or from properties of the material. This
arises from the fact that a greater percentage of the water used in concrete does not take part
in the hydration process; hence, at the end of concrete curing, there is relatively low relative
humidity, for which the gradient between the humidity differential, the surrounding
environment, and the concrete propels the movement of the trapped moisture in the
concrete to migrate, and the resulting effect is volume change. It is very likely that if the
ambient temperature is high, there will be a low gradient accompanied with a low drying
rate (low shrinkage). Factors that affect the concrete shrinkage include the water-to-cement
ratio, cement content, aggregate concentration and stiffness, and environmental condition,
which all significantly contribute to shrinkage in concrete. Studies from [79] show that
with increasing aggregate replacement of 100% RCA, there is an increase in shrinkage to
about 50%.

From the mix composition of [75], and the analysis of the result presented in Table 11,
it can be deduced that concrete strengths of 60 N/mm2 is obtained using Lytag and sand
by using a lower cement content for lightweight concretes to achieve a given compressive
strength. The creep coefficients obtained as shown in Figure 8 are comparable with the
range of values obtained for concretes made with various dense aggregates. From the
concrete mix ratio in Table 11 and with the argument of cement being the major contributor
to carbon in concrete, it can be inferred that the mix with the lowest cement content is
low-carbon concrete (CR 30-1). A study of the creep coefficient in Figure 8 shows that
the LCC (CR30-1) exhibits a high creep in comparison with CR 60-1. This agrees with
available literature on creep and shrinkage tests on light-weight aggregate concrete, such
that light-weight concrete shows lower creep at higher strength [80–83].
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Table 11. Mix composition for lytag sand concrete.

Specimen 28 Day Strength
(N/mm2)

Cement
Content (kg/m3)

Cement: Sand:
Lytag Ratio by

Weight

Total
Water–Cement

Ratio

CR 30-1 32 255 1:2.78:2.80 1.02
CR 45-1 44.5 335 1:1.93:2.13 0.78
CR 60-1 58 485 1:1.06:1.47 0.54
CR 30-2 29.5 255 1:2.78:2.80 1.02
CR 45-2 43 335 1:1.93:2.13 0.78
CR 60-2 59 485 1:1.06:1.47 0.54
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Figure 8. Creep coefficient for lytag sand concrete.

3. Data Analysis Using Artificial Neutral Network (ANN)

The use of ANN requires the availability of a large repository of data to train and fit
a data set in such a way that prediction can be visualized to give real-time interpretation.
The training algorithm of the ANN used is the Lavenberg–Marquardt (LM) network due to
its demand for less time during epoch. Following the extent of correlation that GGBS, silica
fume and cement exhibit on compressive strength with their relative frequency shown in
Figure 9, it will be necessary to establish a predictive model with any available data and
ascertain their impact on the compressive strength.

The variables were fitted to a frequency histogram and are presented in Figure 10 to
illustrate the extent of their distribution.

Data Set Modelling

The data set was constructed from data [84–90]. Gandomi et al. [91] recommended
a minimum input ratio of three, and for a more reliable model, five. Using a database of
81 for compressive strength, considering three input variables in this work, the database
input ratio is 28. From the reviews carried out in this work and input and compressive
strength distribution, the influence of the input on compressive strength was established to
be influential.

To generate training data, 81 concrete mix data sets were selected based on GGBS, silica
fume and cement selected as the input parameters. The data were trained using an artificial
neutral network (ANN), and the prediction of the concrete compressive strength indicated
good learning of the data set. About 50% of the data set was used as the training set to
enable the model to learn from the data set, while 30% was used to validate the prediction.
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The validation set was used to optimize the internal structures and the hyper-parameters
of the network. The parameters of the network are the weight of the connection between
the neurons and the value of the bias. The number of neurons as a hyper-parameter in the
hidden layer varied during the training to attain optimal performance. The test set was
used to show how well the model can predict an unknown data set at a proportion of 20%
of the data set.
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It is intended to establish whether the complete replacement of cement with GGBS will
result in a compressive strength capable of effective structural performance as a novelty
of the investigation. The tested data set from the ANN model was utilized as the target
output while increasing the GGBS content of the input variables by the total weight of the
cement. This implies that the cement attains a 100% replacement with GGBS, and silica
fume still maintains its original content. The retrained data set is shown in Table 12.

The training validation and testing of the single layer model using three input variables,
twelve neurons in the hidden layer, and one output parameter (ANN model) are shown
in Figure 10 The relationships of the input parameters with compressive strength are
displayed in Figures 11–14 showing how the direction and magnitude are estimated by
computing the derivative of the loss function with respect to the weight while the training
stops at a maximum control parameter of 0.1.
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Table 12. ANN tested data set for 100% cement replacement.

GGBS, kg/m3 Silica Fume, kg/m3 Cement, kg/m3 Compressive Strength, MPa

100 0 0 30.2494
92.5 7.5 0 64.6554
100 0 0 78.9898
100 0 0 65.6742

95 5 0 56.2174
92.5 7.5 0 62.7031

95 5 0 39.9774
92.5 7.5 0 65.7213
457 0 0 64.1134
457 0 0 72.2078
457 0 0 118.1169
457 0 0 44.4101

535.49 12.27 0 65.7213
518.74 24.54 0 63.1434
501.98 36.8 0 177.5375
529.24 12.27 0 58.2713
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While GGBS and cement indicate a similar impact on concrete compressive strength,
silica fume shows a noisy relationship indicative of a nonlinear relationship with com-
pressive strength. As the epoch increases during the training of the model, there was a
decrease in the mean squared error (MSE) resulting in an MSE of 87.64 at the fifth epoch,
as shown in Figures 14 and 15. The predicted output from the post training as shown in
Table 13 indicates that the regression fits the data points with a correlation coefficient (C)
of 0.9184, 0.7910 and 0.8570 for training, validation, and testing, respectively, which is an
indication of how well the model performs. This shows that as the epoch increases, the
model better learns.
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The result from the ANN model as represented in Figure 16 clearly shows the effec-
tiveness of the model to learn and predict the compressive strength of concrete using the
three variables. The utilization of the tested data at an R2 value of 0.8495 for the appraisal
of the viability of a complete replacement of cement with GGBS portends the roadmap of
possibility in concrete decarbonization. Using Figure 17, an optimum number of neurons
was selected which enhances the model performance.
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Figure 16. Post-training regression analysis of ANN (3-7-1).
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4. Complete Replacement of Cement with GGBS

Following the complete replacement of cement with GGBS using the tested data set, a
new regimen of training was initiated. There was a reduction in the data sample due to the
percentage composition of the tested data sample from the first training at 20% of the data
set. The performance at 100% cement replacement is displayed in Figures 18–20, which
occur at a best performance of 130.39 MSE for 21 epochs. The mean squared error (MSE)
represents the average of the squared differences between the predicted output and the
true output. This was used to ascertain whether the prediction was too high or too low to
show the correctness of the prediction.

MSE (ytrue, ypred) =
1

n sample
Σ
(

ytrue − ypredicted
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The results obtained show that the complete replacement of cement with GGBS is a
possibility that will enhance the design and construction of a sustainable concrete using
GGBS and silica fume with an overall R2 of 0.85.
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5. Results and Discussion

The application of three scenarios was evaluated regarding their impact on the me-
chanical characteries of low-carbon concrete using compressive strength, flexural strength,
creep, and shrinkage. The first scenario evaluated is the structural section optimization for
the ground beam. It was observed that there is a negligible impact of creep at a coefficient of
0.019 after 365 days on the ground beam if a rectangular section of uniform cross-sectional
area is changed to a trapezoidal section while maintaining the total depth of the section.
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While the reduction in concrete volume enhances a reduction in embodied carbon, the
new section presents an ideal path for effective stress distribution to the soil. There is a
remarkable increase in water absorption for the LWC compared to the NWC. This can be
attributed to a variation in pores in both concretes, evident by the extent of the depth of
carbonation formed. For some concrete with a high depth of carbonation, the formation of
calcium hydroxide (CaOH) due to the first hydration is likely to undergo leaching along the
path of voids in the paste which will decrease and limit the binder water demand. This can
be observed in the form of bleeding during casting and can be quenched with the use of a
superplasticizer. However, for the LWC, since cement is often replaced with SCM materials
of finer particles of a higher specific surface area, the potential for the formation of the high
depth of carbonation is low; hence, an increase in water absorption due to low leaching
of CaOH will eventually demand more water for effective hydration. This further shows
that the depth of carbonation is dependent on the specific surface area of the binder. Silica
fume as a nano material with a specific surface area of 15,000-30,000 kg/m2 shows evidence
of the influence of high specific surface area of concrete binder to enhance its mechanical
properties compared to cement of specific surface area of 370 kg/m2

It is evident from the analysis that LWC of low cement content using lytag suffers
a high creep compared to others of high cement content. The density of LWC reduces
with time due to the high-water absorption of light-weight aggregate, which is likened to
its porosity. This reduction in density continues until an equilibrium density is attained
with the ambient temperature; hence, the design of a lightweight aggregate concrete is
based on the use of oven-dried density. It is recommended by [76] that lytag requires
pre-soaking for 24 hrs prior to mixing to improve the water demand of the aggregate
and to eventually reduce creep and shrinkage. The mechanical property of a concrete
structure is influenced by load, geometry, material properties and the ratio of the mixed
constituent materials. For low-carbon concrete, the reduction in the self-weight on the
structure is attained by the choice of a light-weight aggregate concrete and the use of
sustainable SCM. The performance of lytag outweighed most light-weight aggregates that
were considered. However, analysis of the stress–strain relation for lytag sand concrete
indicates that maximum stress was not developed until 30% of the strain was attained,
contrary to the normal concrete, where 20% of the strain attained maximum stress. It
was also observed that the deformation of the lytag concrete was 1.0 to 1.5 times the
deformation of the normal concrete at about 500 days [93]. Using ANN to simulate the
possibility of complete replacement of cement with GGBS shows a significant result with
an overall fitting R2 of 0.856. This implies a 10% chance of failure for which inclusion of
the concrete additive such as silica fume can mitigate. It was further shown that while the
creep coefficient determines the long-term concrete strength, the LCC shows a reduction in
creep coefficient for concrete with a high compactness of about 0.9 requires a maximum
cement dosage of 175 kg/m3..

6. Future Direction and Limitation of the Study

It is clear from the study that there are uncertainties regarding other influences on the
mechanical properties of LCC with the variation of certain concrete parameters. A large
data set of low-carbon concrete constituents was scarce and limited for training in ANN,
hence the use of 81 available data sets used in the prediction analysis. It is necessary to
further investigate the following, as they are not covered in this study:

1. The effect of alkaline solution in low-carbon concrete on the formation of depth
of carbonation.

2. Improvement in the mechanical properties of low-carbon concrete due to the age of
pre-soaking of lightweight aggregate.

3. The effect of water in a geopolymer concrete using light-weight aggregate.

7. Conclusions

From the results of the study, the following conclusions can be reached:
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1. The flexural strength of a low-carbon concrete increases as the cement to SCM ratio
reaches 0.8.

2. In optimizing SCM in LCC, the specific surface of the alternative should be considered
as a dependent parameter.

3. For concrete stress less than one-third of the characteristic strength, the ultimate creep
strain is found to be proportional to the elastic strain.

4. Embodied carbon in the ground beam can be reduced using the trapezoidal section as
a conservative cross-sectional area without compromising the structural integrity of
the structure.

5. The complete replacement of cement with GGBS shows a good result with an MSE
of 0.856.

6. A sodium silicate to sodium hydroxide ratio of 2.5 is optimal to attain a good alkaline
solution in a concrete mix.

7. The complete replacement of cement with GGBS is possible when used in combination
with silica fume without compromising the compressive strength of the concrete.
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86. Liu, Y.; Zhou, X.; Lv, C.; Yang, Y.; Liu, T. Use of Silica Fume and GGBS to Improve Frost Resistance of ECC with High-Volume Fly

Ash. Adv. Civ. Eng. 2018, 2018, 7987589. [CrossRef]
87. Premkumar, R.; Hariharan, P.; Rajesh, S. Effect of silica fume and recycled concrete aggregate on the mechanical properties of

GGBS based geopolymer concrete. Mater. Today Proc. 2022, 60, 211–215. [CrossRef]
88. Vollpracht, A.; Soutsos, M.; Kanavaris, F. Strength development of GGBS and fly ash concretes and applicability of fib model

code’s maturity function—A critical review. Constr. Build. Mater. 2018, 162, 830–846. [CrossRef]
89. Candelaria, M.D.E.; Kee, S.-H.; Lee, K.-S. Prediction of Compressive Strength of Partially Saturated Concrete Using Machine

Learning Methods. Materials 2022, 15, 1662. [CrossRef]
90. Yehia, S.; Farrag, S.; Helal, K.; Shahinaz, S. Effects of Fly Ash, Silica Fume, and Ground Granulated Blast Slag on Properties of Self

Compacting High Strength Lightweight Concrete. GSTF J. Eng. Technol. (JET) 2015, 3, 1–9. [CrossRef]
91. Gandomi, A.H.; Roke, D.A. Assessment of artificial neural network and genetic programming as predictive tools. Adv. Eng. Softw.

2015, 88, 63–72. [CrossRef]
92. Driscoll, T.A. Learning Matlab; Society for Industrial and Applied Mathematics: Philadelphia, PA, USA, 2009.
93. Swamy, R.; Lambert, G. The microstructure of Lytag aggregate. Int. J. Cem. Compos. Light. Concr. 1981, 3, 273–282. [CrossRef]

http://doi.org/10.3390/ma13163583
http://doi.org/10.1016/S1644-9665(12)60093-4
http://doi.org/10.1080/10298436.2010.488731
http://doi.org/10.12989/cac.2017.19.2.203
http://doi.org/10.1016/j.conbuildmat.2018.02.017
http://doi.org/10.1016/j.fuel.2009.10.003
http://doi.org/10.1007/s12046-017-0667-z
http://doi.org/10.1155/2018/7987589
http://doi.org/10.1016/j.matpr.2021.12.442
http://doi.org/10.1016/j.conbuildmat.2017.12.054
http://doi.org/10.3390/ma15051662
http://doi.org/10.5176/2251-3701_3.3.138
http://doi.org/10.1016/j.advengsoft.2015.05.007
http://doi.org/10.1016/0262-5075(81)90038-5

	Introduction 
	Literature Review 
	Compressive Strength 
	Effect of Cross-Sectional Area 
	Flexural Strength 
	Flexural Strength 
	Creep and Shrinkage of LCC 

	Data Analysis Using Artificial Neutral Network (ANN) 
	Complete Replacement of Cement with GGBS 
	Results and Discussion 
	Future Direction and Limitation of the Study 
	Conclusions 
	References

