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HIGHLIGHTS

« A particle packing model is used to design alkali activated slag-fly ash composites.
« The relation between porosity and ingredients of alkali activated binder is studied.

« Activator modulus of 1.4 presents the optimum strength in all cases.

« Lowering activator modulus and slag content is efficient to reduce drying shrinkage.
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This paper addresses the fresh behaviors, gel structure, strength, porosity and drying shrinkage of alkali
activated slag-fly ash composites designed by applying the modified Andreasen & Andersen model. The
results show a large variation of slump flows and setting times when using different slag/fly ash ratios
and activator moduli. The microstructure analyses by FTIR and TG show the gel structure remains stable
after 1 d of curing, and mixes with higher slag contents and lower activator moduli show slightly higher
bound water content. The main reaction product is a chain structured C-A-S-H type gel regardless of slag/
fly ash ratio and activator modulus, but a slightly higher main absorption band is shown in samples with
high fly ash contents. A 28-d compressive strength of about 90 N/mm? is achieved and a higher content of
slag leads to a higher strength and lower porosity in general. An optimum activator modulus of 1.4 in
terms of strength is shown, while an increase of activator modulus between 1.0 and 1.8 benefits the pore
structure refinement. Both slag content and activator modulus strongly affect the drying shrinkage, and
using a high amount of fly ash and low activator modulus can effectively reduce the drying shrinkage.
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1. Introduction

Alkali activated materials (AAM) have been extensively studied
in recent years due to their lower environmental impacts [1,2]
compared to ordinary Portland cement (OPC) and superior perfor-
mances such as mechanical properties [3], durability [4], thermal
resistance [5] and acid resistance [6]. This type of material is usu-
ally produced by mixing alkaline activator solutions with solid pre-
cursors. The most commonly used activators are sodium
hydroxide, carbonate, silicate or a mixture of those; while the solid
raw materials are usually amorphous Ca, Si and Al contained
powders such as slag, fly ash, metakaolin, silica fume, red mud
and natural pozzolans. Based on the chemical composition of the
raw materials, alkali activated materials can be classified into
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two types: calcium and silica enriched (Ca + Si) system and alumi-
nosilicates dominated (Si + Al) systems [7]. The typical precursor of
calcium enriched system is ground granulated blast furnace slag,
having a tobermorite-like C-A-S-H gel with a low Ca/Si ratio and
a high Al content as major reaction product [8]. The represented
materials of Si + Al systems are class F fly ash or metakaolin, having
three-dimensional N-A-S-H type gels as the major products [9].
Both systems exhibit distinct behaviors due to their differences
in reaction mechanism and gel characteristics.

Recently, growing interests have been paid to blended alkali
systems (Na,0-Ca0-Al,03-SiO, systems) that are prepared by mix-
ing high calcium contained raw materials with low calcium alumi-
nosilicates, since the blended binder system exhibits modified
properties regarding setting times, workability, shrinkage,
mechanical properties and durability compared to the individual
ones [10-13]. The structure of the reaction products in the blended
system is mainly depending on the activator type and dosage, raw
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materials composition and curing conditions. Micro-scale investi-
gations identified that the reaction products are generally stably
coexisting C-(A)-S-H and N-A-S-H type gels with high amounts of
cross-linking [14-16,69]; also the large amount of available cal-
cium and aluminate affect the original structure of N-A-S-H and
C-(A)-S-H gels, respectively [17-19]. The recent achievements in
understanding the blended alkali systems provide solid theoretical
support for the further researches; also those modified properties
demonstrate a promising future for the application of alkali acti-
vated materials.

On the other hand, it is commonly accepted that an optimal
packing of granular ingredients is the key for achieving excellent
mechanical strength and durable structures [20-22], and several
mix design methods have been proposed in cement based system
such as the Linear Packing Density Model, Solid Suspension Model
and Compressive Packing Model [23-25]. Among those design
methodologies, the modified Andreasen & Andersen particle pack-
ing model, which is based on the integral particle size distribution
approach of continuously graded mixes [26], shows conveniences
by considering fine particles into the design process. While pre-
sently, when designing the recipes of alkali activated blended mor-
tars and concretes, key manufacturing parameters from the aspects
of activator and raw material are the main concerns, while to the
authors’ knowledge limited attention has been paid to the packing
of the granular ingredients. It is possible that by giving additional
consideration to the particle packing in the mix design stage, the
binders in alkali activated system will be used in a more efficient
manner, while certain fresh and hardened properties may also
improve as a result.

Another important issue of alkali activated materials is the
shrinkage, since it is well linked to the cracking tendency and con-
sequently the durability related properties. The previous investiga-
tions revealed that the alkali activated high calcium system usually
exhibits a higher degree of drying shrinkage than the cement based
system [27,28], while the alkali low calcium systems can show a
lower value than OPC [29]. It was also concluded the activator type
and content, the physicochemical properties of the raw material
and curing conditions are the key factors that affect the shrinkage
behaviors [30,31]|. However, there still exists very limited study
about the relationships between key synthesizing factors and the
shrinkage in alkali activated blended systems. In overall, the objec-
tive of this study is to design the room temperature cured alkali
activated slag-fly ash blended mortars by applying the modified
Andreasen & Andersen particle packing model; while the effects
of key synthesizing factors on shrinkage and porosity are investi-
gated. In addition, the fresh behaviors, gel structure development
and compressive strength are also addressed and their relations
with shrinkage and porosity are discussed.

2. Experiment
2.1. Materials

The solid precursors used in this study were ground granulated blast furnace
slag (GGBS, provided by ENCI B.V., the Netherlands) and a commercial Class F fly
ash. Their major chemical compositions were analyzed by X-ray fluorescence and
are shown in Table 1. Besides, limestone powder was used as filler while a micro
sand (0-1 mm, provided by Graniet-Import Benelux B.V., the Netherlands) and a
normal sand (0-2 mm) were used as fine aggregates. The specific densities of solid
materials are presented in Table 2 while the detailed particle size distributions of all
solid materials are given in Fig. 1. Concerning the alkaline activators, a mixture of
sodium hydroxide (pellets, analytical level of 99 wt.%) and commercial sodium sil-
icate solution (27.69% SiO,, 8.39% Na,O and 63.92% H,0 by mass) was used, due to
the advantages in providing additional silicate and continuous alkali conditions of
this activator. The desired activator modulus (Ms, SiO»/Na,O molar ratio) was
achieved by adding the appropriate amount of sodium hydroxide into the sodium
silicate solution. Distilled water was added in order to reach the desired water/bin-
der ratio. The mixed activator solution was cooled down to room temperature for
24 h before further use.

Table 1

Major chemical composition of slag and fly ash.
Oxides (Wt.%) FA GGBS
Si0, 54.62 34.44
Al,03 24.42 13.31
Cao 4.44 37.42
MgO 143 9.89
Fe,03 7.21 0.47
Na,O 0.73 0.34
K;0 1.75 0.47
SO; 0.46 1.23
LOI 2.80 1.65

Table 2

Specific densities of the solid materials.

Solid materials Specific density (kg/m?)

Slag 2930
Fly ash 2300
Limestone powder 2710
Micro sand 2720
Normal sand 2640
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Fig. 1. Particle size distributions of the raw materials, the target curve and the
resulting integral grading line of a sample mix.

2.2. Mix design methodology

The mixes of alkali activated slag-fly ash mortars were designed using the mod-
ified Andreasen and Andersen (A&A) model in order to maximize the packing of the
granular solid materials:

quDq

P(D) = m——F- (1)
Dgnax - D?nin

where P(D) is a fraction of the total solids materials that are smaller than the particle
size D (um), Dpax is the maximum particle size (m), Dyip is the minimum particle
size (um) and q is the distribution modulus. The distribution modulus (q) in the
modified A&RA model is used to determine the proportion between the fine and
coarse particles in the mixture. Higher values of q would lead to a coarse mixture;
while lower values will result in mixes with enriched fine particles and result in
an increased water demand. Brouwers [32,33] suggested that a theoretically q value
range of 0-0.28 would result in an optimal packing. Hunger [21], Yu [65], Ng [67]
and Borges [68] recommended a q value in the range of 0.20-0.25 for the design
of cement, geopolymers and gypsum as the binder. In order to achieve an ideal work-
ability, the value of q is fixed at 0.23 for all mixtures in this study.

The proportions of each individual material in the mix are adjusted until an
optimum fit between the composed mix grading curve and the target curve is
reached, using an optimization algorithm based on the least squares method
(LSM), namely the deviation between the target curve and the composed mix
expressed by the residual sum of squares (RSS) at defined particle sizes is minimal
[22,36]. Therefore, the optimized mixture will possess a compact matrix due to the
optimal packing. This mix design method has been successfully adopted to design
concretes with different types [34,35,65]. An example of the detailed mix designs
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Table 3

Mix proportions of alkali-activated slag-fly ash composites (kg/m?).
Mix Activator  Slag Fly ash Limestone Sand 0-1 Sand 0-2
M1-820 368.5 463.7 115.9 144.9 271.7 815.1
M2-824 379.8 4619 1155 144.3 270.6 811.9
M3-828 3909 460.1 115.0 143.8 269.6 808.7
M4-640 3644 3439 2293 1433 268.7 806.1
M5-644 375.6 3426 2284 142.7 267.7 802.9
M6-648 386.7 3413 2275 142.2 266.6 799.9
M7-460 360.4 226.8 340.2 141.7 265.8 797.3
M8-464 371.5 2259 3389 141.2 264.7 794.2
M9-468 382.5 225.1 337.6 140.7 263.7 791.2

based on the modified Andreasen & Andersen particle packing model is shown in
Fig. 1, and the detailed mix proportions of the used materials are listed in Table 3.
Since there are no suitable superplasticizers in alkali activated system, a relatively
low water content is used to optimize the packing while also with the consideration
on the flowability. It should be noted that this mix design methodology is based on
the volumetric fractions of all used materials, including both solids and liquids. In
Portland cement system, the liquid component is primarily water; while in the case
of alkali activated system, the liquid (activator) consists of water, dissolved NaOH
and sodium silicates. Based on the fact that both NaOH and the silicates in water-
glass are well dissolved in the activator solution, their effects on the solids’ packing
is not taken into account here; while the densities of the liquid activator are calcu-
lated based on each individual mix and applied in the packing model.

2.3. Sample preparation

The activators used in this study have an equivalent sodium oxide (Na,O) con-
tent of 5% by mass of the powder and activator moduli of 1.0, 1.4 and 1.8. The target
activator modulus was reached by mixing sodium silicate solution and sodium
hydroxide pellets with a solution/pellets mass ratio of 3.82, 6.41 and 10.27, respec-
tively. The water/powder ratio was kept constant as 0.4 in all mixtures. The water
consisted of the added distilled water and the water contained in the activator solu-
tion. Slag/fly ash ratios of 80/20, 60/40 and 40/60 by mass were used. All mortar
specimens were prepared in a laboratory mixer; firstly the solid precursors were
added into the mixer and mixed for 1 min, followed by the activating solution;
the ingredients were mixed at a slow speed for 30 s and rested for 30 s before
another 120 s at a medium speed. Then the fine fillers and aggregates were added
and another 120 s of mixing was performed. The fresh mortar was then poured into
plastic molds of 40 x 40 x 160 mm® and vibrated for 1 min, covered with a plastic
film on the top surface for 24 h; finally all specimens were demolded and cured at a
temperature of 20 °C and a relative humidity of 95% until their testing age.

2.4. Testing methods

The workability of mortar samples were tested by the mini spread-flow test
according to EN 1015-3 [37]. Fresh samples were transferred into a standard conical
ring and a free flow without jolting was allowed. Two diameters that are perpendic-
ular to each other were determined and the mean value was recorded as the slump
flow. The initial and final setting times were measured by a Vicat needle method as
described in EN 196-3 [38].

Fourier transform infrared spectroscopy (FTIR) tests were performed in a Varian
3100 instrument with the wavenumbers ranging from 4000 to 600 cm ™! at a reso-
lution of 1 cm™". The thermo-gravimetric (TG) analyze were conducted by using a
STA 449 F1 instrument, samples were heated up to 1000 °C at a rate of 5 °C/min
with nitrogen as protective gas. The temperature was held isothermally at 105 °C
for 1 h during the heating process. Both FTIR and TG analyses were carried out at
the age of 1, 7 and 28 d, respectively.

The compressive strength tests were carried out according to EN 196-1 [39].
40 x 40 x 40 mm> cubes were prepared and tested at the ages of 7 and 28 d, and
the compressive strength value for each sample was obtained from the average of
six specimens.

The porosity was measured by applying the vacuum-saturation technique fol-
lowing the description given in NT Build 492 [40]. The water permeable porosity
is calculated as:

P(%) = l’\\/’[[ss%m x 100% (2)

where P (%) is the water permeable porosity, Ms (g) refers to the mass of the satu-
rated sample in surface-dry condition in air, Mw (g) is the mass of water-
saturated sample in water and Md (g) is the mass of oven dried sample.

The samples for drying shrinkage test were cast in molds with dimensions of
40 x 40 x 160 mm> and cured in sealed condition at a temperature of 20 °C. After
24 h of curing, specimens were exposed in a cabinet with a temperature of 20 °C

and relative humidity of 50%, also the initial length (L) was measured at that time.
Afterwards, the length (L,) was measured once per day until the age of 28 d. The
length change was calculated as:

L (%) =

b - b s 100% 3)

i

where L; is the effective initial length.

3. Results and discussion
3.1. Flowability and setting times

The slump flows of the fresh alkali activated slag-fly ash mor-
tars are presented in Fig. 2. The influence of raw materials’ compo-
sition and activator modulus on the workability is briefly depicted.
It can be seen that the activator modulus exhibits a more signifi-
cant effect on the slump flow than slag/fly ash ratio in general.
For instance, in samples with a constant activator modulus of
1.0, the slump flow increases from 16.4 to 18.7 cm when shifting
the slag/fly ash ratio from 80/20 to 40/60. Similar results are also
shown in mixes with other activator moduli. This can be simply
explained by the different water demand between slag and fly
ash that is caused by their morphology differences, where slag usu-
ally presents a more angular particle shape and larger surface area.
On the other hand, compared to the effect of slag/fly ash ratio, a
higher range of flowability is shown in samples with a different
activator modulus. For a fixed slag/fly ash ratio of 80/20, when
increasing the activator modulus from 1.0 to 1.4 and then 1.8,
the slump flow is increased from 16.4cm to 23.6cm and
26.5 cm; the increase rate is 43.9% and 61.6%, respectively. Dra-
matic increases in slump flow are also found in samples with other
slag/fly ash ratios. One possible explanation for the higher influ-
ence of the activator modulus on flowability is that the additional
provided silicate from activator benefits the workability due to the
nature of the silicate groups, since higher activator modulus means
a higher proportion of sodium silicate in the activator solution. In
addition, compared to [56], similar flowability is achieved in this
study while a lower water to binder ratio is used. It is suggested
that more available water can be provided to lubricate the particles
by applying the packing model, this is also confirmed by [66]. This
is particularly important in the case of alkali activated systems,
where no effective superplasticizers are available and limited solu-
tion leads to a poor workability [61]. Activator with lower modulus
usually exhibits a more intensive reaction at early stages [48], it is
also possible that a faster dissolution of the raw materials increases

35

OMs=1.0 @Ms=1.4 BIMs=1.8

30 A

25 A

20 A

Slump flow (cm)

80/20 60/40 40/60
Slag/fly ash(wt.%)

Fig. 2. Slump flow of AA slag-fly ash mortars.
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the viscosity of the fresh mortars and results in a reduced slump
flow.

Fig. 3 depicts the initial and final setting times of alkali acti-
vated slag-fly pastes. It is clear that both slag/fly ash ratio and acti-
vator modulus have a significant effect on the setting times;
samples with a lower activator modulus and a higher slag content
exhibit faster initial and final setting times in general. For instance,
when a constant activator modulus of 1.0 is used, the sample with
a slag/fly ash ratio of 80/20 shows an initial/final setting time of
10/46 min, whereas 48/84 min in the sample with a slag/fly ash
ratio of 40/60. A similar remarkable increment is also observed
in samples with other fixed activator moduli when lowering the
slag content in the mixture. This can be explained by the higher
reactivity of slag than fly ash under ambient temperature. The
amorphous structure of slag, with enriched network-modifying
cations (primarily Ca), is easier to dissolve than the aluminosili-
cates dominated structure of fly ash under alkali conditions. Thus
as a result of the faster dissolution rate of Ca, Si and Al groups from
the precursors, a faster reaction process and a shorter setting time
followed. Similar to the effect of the slag/fly ash ratio, dramatic
increases of setting times are shown when the activator modulus
is increased. As can be seen in Fig. 3, for a constant slag/fly ash ratio
of 60/40, the initial/final setting time increases from 29/69 min to
60/110 min when shifting the activator modulus from 1.0 to 1.8,
the increasing rate is 107% and 59.4% for the initial and final setting
time, respectively. The corresponding increasing rate in samples
with a slag/fly ash ratio of 40/60 is 73.9% and 59.3%, respectively.
Such significant changes in the setting times indicate that the acti-
vator modulus may strongly affect the early age reaction kinetics.
In overall, both of the discussed manufacturing factors strongly
affect the fresh behaviors of alkali activated slag-fly ash blends;
and a large variation in slump flow and setting time can be caused.
Thus when designing the mix proportions of this type of material,
attention should be firstly paid to the effect of the key synthesizing
factors on the fresh behavior.

3.2. FTIR analysis

The infrared spectra of the unreacted slag and fly ash are given
in Fig. 4. It is clear that the original slag shows a main vibration
band that is located around 900 cm™!, which is due to the asym-
metric stretching vibration of terminal Si—O bonds [41]; and a
small shoulder at around 670 cm™! indicates the stretching vibra-
tion of tetrahedral T-O groups (where T represents Si or Al) [42]. As

160

B Ms=1.0 BBMs=1.4 OMs=1.8

140 A

120 A

100

80 A

60 -

40 A

Initial/final setting tmie (min)

20 A

80/20 60/40 40/60
Slag/fly ash (wt.%)

Fig. 3. Setting time of AA slag-fly ash pastes.

Slag

Fly ash

N\\

600 800 1000 1200 1400 1600 1800

Wavenumbers (cm)

Fig. 4. FTIR spectra of the starting materials.

for the fly ash, the main absorption band is shown at around
1020 cm™!, demonstrating that the structure is dominated by the
bridge Si—O—T bonds [43]; while some weak absorption bands
that are located around 1080, and 600-800 cm~' manifest the
presence of small amount of quartz and mullite [44]. The difference
in the main absorption band is attributed to the structural differ-
ences of the amorphous phase within the raw materials.

Fig. 5(a) and (b) presents the infrared spectra of alkali activated
slag-fly ash blends, at 1 and 28 d, respectively. Four mixtures with
relatively remarkable differences in slag/fly ash ratios (8/2 and 4/6)
and activator modulus (1.0 and 1.8) were chosen. Samples are
labeled by the combination of slag/fly ash ratio, activator modulus
and curing age, for instance “820-1" in Fig. 5(a) represents the
mixes with a slag/fly ash ratio of 8/2 and activator modulus of
1.0, after 1 d of curing. After one day of activation, as can be seen
from Fig. 5(a), all samples exhibit a main absorption band at sim-
ilar locations that lies around 940 cm~!, which is assigned to the
asymmetric stretching vibration of the non-bridging Si—O bonds
[41]. It indicates that the reaction product is dominated by chain
structures rather than highly polymerized one; and they are gener-
ally regarded as C-A-S-H type gels with high Si and Al additions.
Besides, it also shows that the gel structure of alkali activated
slag-fly ash blends is relatively stable regardless of the activator
parameters and raw material composition. Compared to the start-
ing materials, the main absorption band shows an increase from
900 to 940 cm™! for the slag, indicating that the Si—O networks
experienced a certain degree of polymerization; while for the fly
ash, the main absorption band shifts from 1020 cm~! to lower
numbers, implying the breakdown of the original high cross-
linked bridging Si—O bonds and the polymerization process of
the aluminosilicates did not take place in this blended system.
All mixtures also exhibit a slight shoulder at around 875 cm™!, this
absorption band together with the one at 1400 cm™! are assigned
to the vibrations of O-C-0 in carbonates [45]. Since there is no car-
bonate source within the raw materials, it is highly probable that a
certain extent of carbonation may have occurred during the reac-
tion or curing process. Samples with a higher slag content (80%
by mass) present a more significant absorption band at around
640 cm~!, which is associated with the formation vibration of
TO,4 groups (where T represents Si or Al). It is more likely that this
band is shifted from 670 cm~' (in the unreacted slag) and indicates
that structural changes have also occurred to the tetrahedral T-O
groups during alkali activation. The vibration bands at 1640 cm™!
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Fig. 5. FTIR spectra of AA slag-fly ash blends at 1 and 28d (a, b).

and around 3200 cm™! (not shown in the figure) in all mixes man-
ifest the presence of bound water within the reaction products
[46]. The water observed here may include both physically and
chemically bound ones.

Although all samples exhibit the same type of main reaction
product (chain structured C-A-S-H type gels), slight differences in
the location of the main absorption peaks are still observed within
a subtle scale. As can be noticed, for samples with a slag/fly ash
ratio of 80/20, the location of the main absorption band is almost
fixed at around 940 cm™!, the changes in the applied activator
modulus does not lead to a significant shift of the band location;
while in mixtures with a slag/fly ash ratio of 40/60, the main
absorption band slightly shifts to higher wavenumbers, implying
that the reaction products in those mixes have a relatively high
polymerization degree. It is more likely that the shifted band loca-
tion is due to the increased fly ash content, since the activator
modulus in this case also shows a negligible effect. During the
reaction process, the original amorphous structure of slag and fly
ash is dissolved into Ca, Si and Al units, and then those units react
with each other to form C-A-S-H type gels. Thus it is possible that
the higher location of the main absorption band is attributed to the
increased content of Si, Al groups within the reaction products, or

the insufficient dissolution of fly ash at room temperature and
relative low alkali concentrations. Concerning the gel structure
development, as shown in Fig. 5(a) and (b), no significant structural
changes were observed between the age of 1 and 28 d, which man-
ifestes that the main reaction process may have already finished
after 1 d of curing. It should be noted that until the curing age of
28 d, samples with a slag/fly ash ratio of 40/60 still exhibit a higher
wavenumber of the main absorption peak, indicating that slight
but detectable gel structure differences may remain in the long
term.

3.3. TG analysis

Fig. 6(a)-(d) depicts the thermogravimetric results of pastes
with different slag/fly ash ratios (80/20 and 40/60) and activator
moduli (1.0 and 1.8) at the age of 1, 7 and 28 d, respectively. Sam-
ples are labeled following the same rule as the ones in FTIR analy-
sis. It is clear that a significant mass loss before around 105 °C is
shown in all mixes; this is mainly attributed to the loss of physi-
cally bound water within the matrix [47]. All mixtures exhibit sim-
ilar evaporable water content at the same curing age. Regardless of
the manufacturing parameters and curing age, all samples present
a negligible mass loss between around 105 °C and 150 °C, followed
by a gradual decrease until heated to around 700 °C. The continu-
ous mass loss after around 150 °C is generally regarded as the loss
of chemically bound water due to the gradual decomposition of the
reaction products (mainly C-A-S-H type gels in this case). Between
around 700 °C and 1000 °C, only a very slight and moderate mass
loss is shown in general. Considering no other abrupt mass losses
are shown between 105 °C and 1000 °C, it can be concluded that
the reaction products are mainly amorphous gels with bound
water.

For samples with a slag/fly ash ratio of 40/60 and an activator
modulus of 1.0, as shown in Fig. 6(a), the mass loss between
around 105 °C and 1000 °C shows a small increment as a function
of time, which increases from 2.9% to 3.3% between 1 and 28 d. It
should be noted that the mass loss within this temperature range
is not only due to the loss of chemically bound water from decom-
posed gels; the decomposition of the carbonates also plays a role.
This is confirmed by the relatively remarkable mass loss between
600 °C and 800 °C, and the presence of carbonates observed in
the FTIR results in this study. The calculated mass loss in this tem-
perature range (600-800 °C) is approximately 1.0%, and it does not
obviously change with the increase of the curing time. When
increasing the activator modulus to 1.8, as shown in Fig. 6(b), the
mass loss between 600 °C and 800 °C tends to be moderate. It could
be an indication that samples with a lower activator modulus may
exhibit a higher tendency toward carbonation. Besides, the total
mass loss between 105 °C and 1000 °C is 2.3%, 3.0% and 3.0% at 1,
7 and 28 d, respectively. The slightly increased chemically bound
water content after 1d of curing suggests that the main reaction
process may have already completed within the first day of curing,
and the reaction at later ages present detectable but limited contri-
bution. Previous researches on the early age reaction kinetics of sil-
icate activated slag-fly ash blends also confirmed the completion of
the main reactions during the first few hours [48,49]. Combined
with the FTIR results in Section 3.2, it is reasonable to conclude
that the slightly increased chemically bound water after 1d is
mainly attributed to the continuous formation of C-A-S-H type gels
in a small scale, rather than generating new phases.

For a constant activator modulus, samples with higher slag con-
tents (e.g. slag/fly ash ratio of 80/20), as presented in Fig. 6
(c¢) and (d), exhibit a higher mass loss between 105 °C and
1000 °C in general. For instance, the calculated chemically bound
water content in Fig. 6(c) is 3.4%, 3.9% and 4.2% at 1, 7 and 28 d,
respectively; which is slightly higher at each curing age compared
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Fig. 6. TG analyses of AA slag-fly ash blends at 1, 7 and 28 d (a, b, ¢, d).

with the ones shown in Fig. 6(a). This phenomenon can be
explained by the higher reactivity of slag than fly ash under ambi-
ent temperature due to their differences in amorphous structure,
thus a higher absolute content of slag results in a higher total reac-
tion degree with more bound water. Additionally, for a fixed slag/
fly ash ratio, a slightly increased mass loss between 105 °C and
1000 °C was also observed when lowering the activator modulus,
it may imply that a relatively high amount of sodium hydroxide
in the activator (sodium hydroxide modified sodium silicate) exhi-
bits a better activation effect. However, further investigation is still
needed in order to understand the relations between the key man-
ufacturing parameters and certain macro performances.

3.4. Compressive strength

The 7 and 28 d compressive strength of mortars with different
activator moduli and slag/fly ash ratios are depicted in Fig. 7. Gen-
erally, the samples exhibit compressive strengths that range from
52.8 MPa to 68.4 MPa at 7 d, and 67.4 MPa to 86.4 MPa after 28 d
of curing. Similar strength levels were also reported by Ng [67],
in which case particle packing model was applied in the alkali acti-
vated slag-fly ash based composites. Besides, samples with higher
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slag contents show a relatively high strength and a medium activa-
tor modulus of 1.4 presents the optimum compressive strength in
every case. Specifically, for mixes with a slag/fly ash ratio of 80/20,
the 7 d strength is 61.8 MPa with an activator modulus of 1.0, and
it increases to 68.4 MPa when increasing the activator modulus to
1.4, a further increase of the modulus to 1.8 leads to a reduction of
strength to 65.3 MPa. Similar tendency is also shown at 28 d, sam-
ples with an activator modulus of 1.4 exhibits the highest strength
of 86.4 MPa; while both mixes with lower or higher activator mod-
uli show a lower compressive strength: 79.5 MPa and 82.6 MPa,
respectively.

However, it seems that the strength development is not well
related to the activator modulus, since the strength increasing rate
between 7 and 28 d is 28.6%, 26.3% and 26.5% for samples with
activator modulus of 1.0, 1.4 and 1.8, respectively. The presence
of the optimal activator modulus implies that within the parame-
ter ranges in this study, both too high or too low activator moduli
may present a negative influence on strength. One possible expla-
nation is that compared to the samples with a higher modulus,
mixes with an activator modulus of 1.0 exhibit a significantly
lower slump flow (see Section 3.1), and the poor workability pre-
sents a less effective dispersion of the raw materials in the fresh
mix, then a slightly lower strength is consequently shown. In addi-
tion, the extra silicates that are provided by the activator also par-
ticipate in the reaction process, and reaction products with
different silicate contents are resulted. It indicates a critical addi-
tional silicate content, which will exhibit a relatively high strength.
Besides the highest strength in each case, there is no remarkable
strength difference between samples with activator moduli of 1.0
and 1.8, implying that the effect of activator modulus on strength
is non-negligible but limited.

Concerning the effect of raw materials’ composition, there is a
gradual decrease in compressive strength when lowering the
slag/fly ash ratio. As shown in Fig. 7 that for a constant activator
modulus of 1.4, the 7 d compressive strength for mixes with slag/
fly ash ratio of 80/20 is 68.4 MPa, which slightly decreases to
62.6 MPa and 58.4 MPa when lowering the slag content to 60%
and 40%, respectively. The corresponding 28 d strength also
decreases from 86.4 MPa to 77.8 MPa and 72.3 MPa, respectively.
The positive effect of the slag content on compressive strength
has been frequently reported in the previous studies [50-52], the
beneficial effect is mainly due to its higher reactivity than fly ash
under ambient temperature, and the higher content of network-
modifying cations in slag leads to the formation of reaction prod-
ucts with more C-A-S-H type gels [53]. Then a higher strength is
presented as a consequence. In addition, it can be seen that the
strength variations caused by the raw materials’ composition are
larger than the activator modulus, indicating its relatively high
dominant role in determining the mechanical properties. It should
be emphasized that the mechanical property of alkali activated
materials is particularly sensitive to the key manufacturing param-
eters such as activator type and dosage, raw materials’ composition
and origin, water to binder ratio and curing conditions. Thus due to
the large variation of those mentioned factors, it is difficult to make
effective comparison within the available literatures. However,
equivalent or higher compressive strengths are achieved in general
compared to other alkali activated slag-fly ash blends [61-64]. It is
also clear that samples with large amounts of fly ash content in this
case also exhibit excellent compressive strengths for relevant
applications, for instance in samples with a slag/fly ash ratio of
40/60, the 7 d strength ranges from 52.8 MPa to 58.4 MPa while
the 28 d strengths are between 67.4 MPa and 72.3 MPa. Besides,
in the present study the system is investigated on the mortar level
with the maximum aggregate size of 2 mm; it can be predicted that
the effect of particle packing can be more prominent when larger
aggregate sizes and wider particle size distributions are used.

Compared to [56], by using the particle packing model, lower
water binder ratios can be used for the mortar samples without a
significant loss of the flowability, then higher strength are achieved
based on the same materials’ origin and synthesis process, indicat-
ing a higher efficiency of the utilization of the raw materials.

3.5. Porosity

The 7 and 28 d water permeable porosities of samples with
slag/fly ash ratios of 80/20 and 40/60 are shown in Fig. 8. It is clear
that the mixtures with a lower slag content exhibit a higher poros-
ity, and the porosity slightly decreases with the increase of the
activator modulus. For mixes with an activator modulus of 1.0,
the porosity is 21.4% at 7 d for samples with a slag/fly ash ratio
of 80/20, while it increases to 23.6% when shifting the slag/fly
ash ratio to 40/60. Similarly, when reducing the slag content from
80% to 40%, the porosity at 7 d is increased by 10.2% and 10.0% in
samples with an activator modulus of 1.4 and 1.8, respectively.
However, depending on the different application levels, a balance
between the setting times, slump flow, compressive strength and
the costs can be achieved by the incorporation of fly ash with an
appropriate amount; as can be seen that desirable strengths with
other similar properties are shown in samples with high fly ash
contents. It should be noted that relatively high porosities of alkali
activated materials are also reported in other previous researches
[57-60], this is probably due to the relatively high physically
bound water content (see Fig. 6) of this type of material by nature.
Between the curing age of 7 d and 28 d, a slight decrease of poros-
ity is observed in all mixes. For samples with a slag/fly ash ratio of
40/60 and an activator modulus of 1.0, the water permeable poros-
ity is 23.6% after 7 d of curing, and it reduces to 22.8% at 28 d. The
porosity also decreased by 3.5% and 3.2% in samples with an acti-
vator modulus of 1.4 and 1.8, respectively. The slight decrease of
porosity is probably attributed to the formation of reaction prod-
ucts at a small scale at later ages, since the slight increase in bound
water is found in the thermogravimetric analysis in this study and
the strength development can also be an indication. Additionally, it
can be observed that there is a gradual reduction of porosity when
increasing the activator modulus from 1.0 to 1.8. For instance, in
samples with a slag/fly ash ratio of 80/20, the porosity at 7d is
21.4%, 20.6% and 20.1% for mixes with activator modulus of 1.0,
1.4 and 1.8, respectively; and these values are 20.7%, 19.8% and
19.4% at the age of 28 d. It can be seen that the porosity results
are not well related to the ones from compressive strength, where
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Fig. 8. 7 and 28 d porosity of AA slag-fly ash mortars.
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an optimum activator modulus is shown. It demonstrates that the
porosity is not the only indication of the compressive strength in
this case. Since it is well known that the additional silicates that
are provided by the activator participate in the reaction process
and eventually become part of the reaction products, it is highly
possible that the compositional difference of the reacted gels
caused by the activator plays a role in determining the strength,
and there may exist an optimum gel composition concerning the
mechanical properties. When concerning the porosity alone, an
increase of the activator modulus within a reasonable range (from
1.0 to 1.8 in this case) may always refine the pore structure due to
the increased additional silicate groups.

3.6. Drying shrinkage

The drying shrinkage of samples with slag/fly ash ratios of
80/20 and 40/60 are presented in Fig. 9. It can be seen that all
mixes exhibit an obvious length change over time, and the drying
shrinkage is strongly affected by the raw materials’ composition
and the activator modulus (namely the proportions between
sodium hydroxide and sodium silicate). It is commonly known that
the drying shrinkage is caused by the evaporation of free water
from the pores of the hardened mortar, and a higher drying shrink-
age is usually shown when compared to the ordinary Portland
cement. The thermogravimetry results in this study (see Fig. 6)
may partly explain this phenomenon since all mixes present a rel-
atively high proportion of physically bound water. As shown in
Fig. 8, samples with a lower slag content and a lower activator
modulus show a lower drying shrinkage in general. For example,
with a constant slag/fly ash ratio of 80/20, the length change at
the age of 28 d is around —3364 x 10~° for mixes with an activator
modulus of 1.0, while this value increases to —3996 x 10~ and
—4864 x 10~% when increasing the activator modulus to 1.4 and
1.8, respectively. Similarly, when shifting the activator modulus
from 1.0 to 1.8, the length change is increased by 29.1% and
71.3% in samples with a slag/fly ash ratio of 40/60 at 28 d. Thus
it is clear that a significant increase of drying shrinkage will result
when increasing the activator modulus. This is in agreement with
the previous study on the drying shrinkage of alkali activated slag-
fly ash blends that the higher extra silicate content from the acti-
vator is, the higher drying shrinkage is [29]. Based on the results
of the porosity test in this study, it seems that the refined pore
structure caused by the increased additional silicate content
(increased activator modulus) may be linked to the shrinkage
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Fig. 9. Drying shrinkage of AA slag-fly ash mortars.

behaviors due to the self-desiccation. In addition, the result also
implies that using activators with a lower modulus can effectively
reduce the drying shrinkage to some extent.

A significant reduction of drying shrinkage is presented when a
lower slag content is used in the slag-fly ash blends. It can be seen
that with a constant activator modulus, taking 1.4 as an example,
the 28 d length change is —3996 x 107° for mixtures with a slag/
fly ash ratio of 80/20; while it decreases to —2797 x 10~ (by
nearly 30.0%) when lowering the slag/fly ratio to 40/60, suggesting
that replacing slag by fly ash is an ideal approach to reduce the dry
shrinkage. This result is in accordance with the previous investiga-
tions that reducing the slag content in the slag-fly ash blends will
lead to a decrease of drying shrinkage [54,55]. As shown in the FTIR
analysis of this study, the main reaction product in the alkali acti-
vated slag-fly ash blends is a C-A-S-H type gel, which is similar to
the one in alkali activated pure slag. And compared to the spectra
curve of the unreacted slag, the accumulation of Si, Al groups is
observed based on the fact that there is an increase in wavenum-
bers of the main absorption peak. While under ambient tempera-
ture, the fly ash only experienced a decomposition process
without the typical polymerization between the Si, Al monomers/
oligomers (as shown in Fig. 5 that there is no typical absorption
bands around 1100 cm™!). The reaction process of slag that is
accompanied with the accumulation of silicates might be a reason
of the relatively high shrinkage; while this process seems to be
more moderate for fly ash. It is also possible that the typical C-A-
S-H gels with low Ca/Si ratio exhibit a high tendency of shrinkage
by nature, and the addition of extra Si, Al groups into the reacted
gel may modify this property. In overall, both the incorporation
of fly ash into slag and lowering the silicate content from activator
are efficient methods of reducing the shrinkage.

4. Conclusions

This paper addresses the properties of alkali activated slag-fly
ash mortars that are designed by using the modified Andreasen
and Andersen packing model. Furthermore, the effects of two key
manufacturing factors (slag/fly ash ratio and activator modulus)
on porosity and drying shrinkage, as well as slump flow, setting
times, gel structure development, and compressive strength are
analyzed, and their relations are discussed. Based on the experi-
mental results, the following conclusions can be drawn:

o A large range of slump flow (from 16.4 to 30.8 cm) and setting
time (from 10/46 to 84/133 min) can be caused by both slag/fly
ash ratio and activator modulus. Increasing the fly ash content
in the slag-fly ash mix leads to an increased slump flow and pro-
longed initial/final setting time; while an increase of the activa-
tor modulus results in an increased flowability and delayed
setting times. The activator modulus exhibits a more consider-
able effect on the fresh behaviors than the raw materials’
composition.

Gel structure development shows that the main reaction pro-

duct is a C-A-S-H type gel, and it remains stable after 1 d of cur-

ing regardless of the key synthesizing factors. But samples with
high fly ash contents show a slightly higher main absorption
band. The chemical bond water content is around 3-4% after

28 d of curing. Mixes with higher slag contents and low activa-

tor moduli present higher bound water contents. Besides, slight

gel development is still observed at later ages.

e A higher compressive strength is observed in samples with
higher slag contents; and an optimum strength (from 86.4 to
72.3 MPa) is shown in mixtures with an activator modulus of
1.4 in all cases. While samples with activator moduli of 1.0
and 1.8 do not show significant differences in strength. Mixes
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with higher slag contents exhibit lower porosities (around 2%)
in general, and an increase of the activator modulus within
the range of 1.0 and 1.8 shows a positive effect on the pore
refinement. It is suggested that the porosity is not the only indi-
cation of strength; the gel composition may also play a role.

e Both raw materials’ composition and activator modulus show
remarkable influence on the shrinkage behavior; and the 28 d
drying shrinkage can be varied from -2168 x107® to
—4864 x 107, The incorporation of fly ash into slag can effec-
tively reduce the shrinkage of mortar samples; also the drying
shrinkage can be reduced to certain extent by decreasing the
additional silicate content from the activator. Thus it is sug-
gested that a balance between the fresh behaviors, strength,
and shrinkage should be considered when determining the
key manufacturing parameters of alkali activated slag-fly ash
mortars.
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