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ABSTRACT: In this study, first, synthetic wollastonite microfiber (SWM) with a high aspect ratio (44:1) was produced with
a special three-stage production method. Then, fly ash and ground granulated blast furnace slag-based engineered geopolymer
composites (FA+GGBFS-based EGCs) were developed. SWM was used in different proportions instead of FA. The compressive
strength of EGCs, changed in the range of 88.1-111.1 and 95.1-122.6 MPa at 7 and 28 days, respectively. Additionally, EGCs
containing 6% SWM performed the best, considering both “increasing deformation capacity” and ‘“maintaining the bearing
strength by fiber bridging after crack”, since they acted like a fiber owing to the acicular particle structure of SWM. Moreover,
it can be said that the presence of the SWM mineral in the pore system, ensured pore discontinuities in the matrix because of its
acicular particle structure. Consequently, the mechanical, durability and dimensional stability properties of EGCs improved with
SWM.

KEY WORDS: EGC; Synthetic wollastonite microfiber; Mechanical, durability and dimensional stability properties; Freeze-thaw
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RESUMEN: Efectos de microfibras de wollastonita sintética en compuestos de geopolimeros ingenieriles reforzados con fibras de
PVA. En este estudio, en primer lugar, se produjeron microfibras sintéticas de wollastonita (MSW) con una elevada relacion de aspecto
(44:1) mediante un método especial de produccion en tres etapas. A continuacion, se desarrollaron compuestos geopoliméricos de
ingenieria basados en cenizas volantes y escoria de alto horno granulada molida (CGI basados en CV+EGMAH). Se utilizo MSW en
diferentes proporciones en lugar de CV. La resistencia a la compresion de los CGI, vari6 en el rango de 88,1-111,1 y 95,1-122,6 MPa
alos 7y 28 dias, respectivamente. Ademas, los CGIs que contenian un 6% de MSW obtuvieron los mejores resultados, considerando
tanto el “aumento de la capacidad de deformacién” como el “mantenimiento de la resistencia a la compresion mediante la formacion
de puentes de fibras después de la fisuracién”, ya que actuaron como una fibra debido a la estructura de particulas aciculares del
MSW. Ademads, puede decirse que la presencia del mineral MSW en el sistema de poros, asegur6 discontinuidades de poros en la
matriz debido a su estructura de particula acicular. En consecuencia, las propiedades mecanicas, de durabilidad y de estabilidad
dimensional de los CGI mejoraron con el MSW.

PALABRAS CLAVE: CGI; Microfibra sintética de wollastonita; Propiedades mecanicas, de durabilidad y estabilidad dimensional;
Resistencia al hielo-deshielo; TGA/DTA.
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1. INTRODUCTION

Nowadays, sustainable developments for envi-
ronmental protection have drawn attention to the
construction industry, particularly with regard to the
energy consumption and carbon footprint of cement
production. Hence, finding an alternative material
for cement-based composites to meet high-perfor-
mance characteristics and environmental protection
measures is a challenge of current research (1, 2).
Although conventional concrete is the most com-
monly used construction and building material in
the world, it is brittle and prone to cracking with a
low tensile strain ability of only about 0.01% (3, 4).

Engineered cementitious composites (ECCs),
known as strain-hardening cementitious compos-
ites, are a novel type of ultra-ductile fiber-reinforced
concrete developed in the 1990s to improve espe-
cially the ductility and low tensile strength of con-
crete (5, 6). One of the most significant properties
of ECCs can be defined as the formation of multi-
ple micro-cracks by retarding the onset and fur-
ther propagation of cracking and controlling crack
widths (<100 um) (7, 8). Owing to their micro-me-
chanical design theory, ECCs have been developed
with a moderate PVA fiber volume of 2% to ensure
high damage tolerance, high tensile strength and
self-healing ability with multiple micro-cracking be-
havior (6). However, ECC mixes are costly and con-
tain about 2—3 times higher cement content than con-
ventional concrete due to a lower aggregate content,
which would aggravate the current situation since
cement production is responsible for approximate-
ly 8% of CO, emissions in the world (3, 4, 9, 10).
Therefore, it 1s extremely important to make various
attempts in order to discover alternative binders/ma-
terials for/instead of ECCs. Geopolymers, a kind of
environmental inorganic cementitious material, are
produced from a chemical reaction between alkaline
activators and aluminosilicate source materials (11-
13). Since fly ash (FA) has a low water demand due
to its spherical shape for high workability, it is the
main source of aluminosilicates required for geopol-
ymer production. In the presence of an alkaline solu-
tion, FA forms highly cross-linked N-A-S-H gels by
geopolymerization that bonds the particles via hard-
ening (14, 15). Although geopolymers have advan-
tages over cement, such as a simple manufacturing
process that requires better mechanical characteris-
tics and lower energy consumption in different situ-
ations (16, 17), they exhibit a brittle behavior. In this
case, the mechanism of fiber reinforcement controls
the crack propagation through the bridging effect of
fiber. It changes the post-cracking behavior of the
composite from a brittle format to a ductile mode
because of its improved energy dissipation capacity
(18). Thus, the use of geopolymer binders as a ma-
trix composite by taking advantage of ECCs leads
to new attempts to develop engineered geopolymer

composites (EGCs) as a type of up-and-coming
substitute for ECC (19). EGCs are developed from
geopolymers by incorporating PVA fibers, basalt
fibers, and steel fibers into the geopolymer to con-
trol cracking. EGCs are characterized by multiple
simultaneous fractures under tensile action. Their
other advantages include high ultimate tensile strain
and crack resistance and broad application prospects
in building engineering and structural reinforcement
and repair (20). Moreover, it has been reported that
several EGCs exhibit similar mechanical properties
to conventional ECCs with high ductility (18-22).
Similar to ECCs, EGCs contain randomly deployed
short fibers at a rate usually not higher than 2.0%
(23). It has been concluded that by incorporating
a 2% PVA fiber volume into EGC, its compressive
strength, flexural performance, and fracture tough-
ness, along with abrasion resistance, can be con-
siderably enhanced, indicating typical strain hard-
ening with multiple micro-cracking behavior (7, 8,
15, 24). However, the use of FA in EGC has lim-
itations due to its low reactivity, which often leads
to slow setting and does not meet the requirements
of different situations. The low reactivity of FA can
be overcome by substituting FA for waste minerals
such as ground granulated blast furnace slag (GG-
BFS) in EGC mixes. Moreover, the high CaO con-
tent, high reactivity, and cementitious properties of
GGBFS result in the early age strength development
and better setting characteristics of geopolymers in
comparison with FA (25-27). Additionally, the ge-
opolymerization of binders may lead to the regu-
lation of C—S—H/C-A-S-H gel as well as N-A-S-H
gel (FA-based geopolymer gel) via the addition of
GGBFS, thus further improving the mechanical and
microstructural properties (28, 29). However, along
with the aforementioned advantages, geopolymers
produced with GGBFS have cracking problems in
oven curing and, therefore, generally gain strength
in ambient curing. This results in the inability to
fully utilize the high reactivity of CaO (27). Hence,
Coppala et al. (30) conducted a study to increase the
rate at which CaO in GGBFS gains strength with-
out heat cracking, opposite to ambient curing. The
study by Coppala et al. (30) also emphasized that the
steam curing of FA+GGBFS-based geopolymer at
40 °C/60 °C enhanced the higher early compressive
strength compared to ambient curing at particularly
high GGBFS/FA ratios.

Unlike fiber fillers, powder fillers can be added
to the geopolymer matrix composite to improve its
strength properties (31). Wollastonite (calcium meta
silicate) is a naturally occurring white mineral with
needle-like crystals and an acicular particle shape
or fiber morphology, which has a particle size simi-
lar to that of cement (32, 33). It exhibits inert char-
acteristics in the reaction so that it does not react
with other components. Thus, this material has been
used as an alternative microfiber for cement and
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geopolymer-based materials due to its fineness and
chemical composition (33). The study by Archez
et al. (34) reported that wollastonite enhanced the
viscosity and mechanical performance of geopoly-
mer while decreasing its workability by providing
a better solution of metakaolin. Soliman and Nehdi
(35) observed a 12% decrease in workability with
the addition of 17% wollastonite because of the
interlocking effect of wollastonite needles. Like-
wise, Vickers et al. (23) obtained a 53% decrease in
flowability with the addition of 13% wollastonite.
Hemalatha and Ramujee (32) observed an 18-20%
increment in compressive strength with the addition
of wollastonite. Silva and Thaumaturgo (36) showed
that fracture toughness was successfully improved
by adding natural wollastonite microfibers (NWMs)
to the geopolymer matrix. Furthermore, it was noted
that NWMs were compatible with the high pH levels
utilized in geopolymer matrix synthesis with a dens-
er interfacial transition zone (37). Nurjaya et al. (31)
reported that wollastonite microfibers slightly in-
creased the flexural strength of the geopolymer ma-
trix since they produced only a very small bridging
effect. In addition to NWMs, synthetic wollastonite
microfibers (SWMs) can be synthesized from calcite
and silica sand in a different way from the literature
(6, 38). Compared to NWMs, SWMs have an acicu-
lar structure that is more homogeneously distributed
in the whole mass, which improves the mechanical
and durability properties of cement composites (38,
39). The effects of SWM on the properties of ce-
ment/geopolymer composites have rarely been stud-
ied. Oz and Giines (38) reported that the mechanical
performance of high-performance cement mortar
improved up to 9 wt% of SWM and decreased be-
yond this substitution amount (40). Yiicel et al. (6)
developed two types of SWMs and used SWMs in-
stead of cement+FA, reporting that the bearing ca-
pacity and deformation capacity performances of
ECCs improved with the increasing aspect ratio of
SWM. However, in the study by Oz and Unsal (41),
SWM was used as 0, 4, 8, and 12% by weight of
binder in the production of self-compacting geopol-
ymer mortar. 28.9 MPa was determined to be the
highest compressive strength for self-compacting
geopolymer mortar designed with an alkali activator
ratio of 1.5 and an 8% replacement level of SWM
cured at 100 °C, while the highest flexural strength
value was obtained as 6.5 MPa for self-compacting
geopolymer mortar designed with a temperature of
80 °C, 12% substitution level of SWM, and an alkali
activator ratio of 2.

To the best of the authors’ knowledge, there is no
study on EGC design incorporating NWM or SWM.
The original idea was to take advantage of SWM’s
ability to behave like a fiber due to its needle-like
particle structure. Therefore, this study aimed to in-
vestigate the possible effects of SWM on EGCs. The
first section of the study covered the production of

SWM with a high aspect ratio from calcite and sili-
ca sand in a different way from the literature. Then,
EGCs were produced with SWM instead of FA. Af-
ter observing the fresh properties, the mechanical,
durability, and dimensional stability properties of
EGCs cured in water at 60 °C until the test age were
investigated.

2. EXPERIMENTAL STUDY

2.1. The production process of SWM

Three different methods are employed to produce
synthetic wollastonite. These methods are the wet
method, the solid-state reaction method, and the
liquid-phase reaction method. All of the aforesaid
methods are suitable to achieve a limited aspect ra-
tio. Therefore, special methods should be developed
to achieve the highest aspect ratio (6, 39). The pro-
duction of SWM with an extremely high maximum
aspect ratio (44:1) developed by utilizing natural
materials is described as follows: At the first step of
the three-step production process, 1:1 mol CaO and
Si0, (56.08 and 60.08 g) and water (116.16 g) equal
to the total weight of these two raw materials were
mixed in a ball mill at 250 rpm for 30 minutes. Af-
ter this step, called the mechanochemical process,
the mixture placed in Teflon was kept in the oven at
200 °C and a pressure created by the autoclave for
two days. At the second step, defined as the hydro-
thermal autoclave process, the tobermorite mineral
was obtained. The tobermorite mineral, which was
dehumidified at 100 °C for 24 hours, was subjected
to pre-milling. Afterward, this mineral was kept in
the ash oven at 1000 °C for 1 hour. Thus, in the third
and last step, defined as the sintering process, SWM
was obtained. After final milling, this material was
used in FA+GGBFS-based EGC instead of FA.

2.2. XRD, SEM, and XRF analysis of SWMs

Figure 1 presents the XRD peak changes of NWM
and SWM. When the XRD peaks of these materials
were examined, it was determined that the peaks of
SWM were largely similar to natural wollastonite
peaks. In particular, it can be said that the peaks at
the 20-30 angular position [°28] levels, where peaks
with high intensity occur, matched natural wollas-
tonite peaks. The SEM images in Figure 2(a-b) show
that almost all of the SWM particles had an acicu-
lar particle structure. In the SEM image in Figure
2(b), the SWM particle with the maximum aspect
ratio was detected, and the maximum aspect ratio
of SWM was determined as 44:1 using Pa 1/Pa 2
(4153 mm/94.26 nm). In light of the literature’s defi-
nition of a high aspect ratio as 20:1 (6, 38, 41), it is
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obvious that SWM with an extremely high maximum
aspect ratio was developed. Table 1 lists the CaO
and SiO, contents of SWM and NWM in different
countries. It is seen that the CaO and SiO, contents
of natural wollastonite vary between 42-50% and
46-55%, respectively, and these values for SWM are
45.74% and 50.71%, respectively. Therefore, XRD,
SEM and XRF findings proved that this product, de-
veloped with a special technique, was wollastonite.

FiGure 1. XRD analysis of NWM and SWM.

(a)

(®)

FiGURE 2. (a) SEM image of SWM and the XRF analysis of
SWM and NWM, (b) The determination of the maximum aspect
ratio of SWM.

TasLE 1. CaO and SiO, contents of SWM and wollastonite in
different countries.

Chemical

Analysis SWM Finland USA India Kenya Mexico China
(%)

CaO 4574 45 47 48 42 47  43-50
Sio, 50.71 52 51 49 55 52 46-53
2.3. Materials

FA, GGBFS, NaOH, Na,SiO,, extra water, and
PVA fiber were used in the design of the FA+GG-
BFS-based control EGC mix (SWMO0). SWM was
utilized at the ratios of 3%, 6%, and 9% instead of
FA. Figure 3 shows the particle size distributions
of FA, GGBFS, and SWM. Table 2 contains the
physical properties and chemical compositions of
these materials. Na,SiO, and 13 mol NaOH were
used as alkali activators in the design of EGC mix-
es. Na,SiO, (water glass), with a specific gravity
of 1.399, was purchased in liquid form from the
manufacturer. A liquid Na,SiO, solution, with a
SiO,/Na,O molar ratio (module of Na,SiO,) of 2.5,
was produced from 38.5% solids and 61.5% wa-
ter (H,0). The solid part of the Na,SiO, alkaline
activator contains 27.56% SiO, and 10.94% Na,O
oxide. For composites’ homogeneity, a fiber con-
tent of 2% by volume in excess of the calculated
critical fiber content has been typically used in the
mix design. The surface of the PVA fiber was coat-
ed with hydrophobic oil (1.2% by weight) to reduce
the fiber/matrix interface bond strength. These de-
cisions were made through ECC micromechanics
material design theory and have been experimen-
tally demonstrated to produce good ECC properties
in previous research (42, 43). Therefore, PVA fiber
was used as 2% by volume in EGCs.

(b)

FiGure 3. Particle size distributions of the materials used in the
production of EGCs.

Materiales de Construccion 74 (354), April-June 2024, e345. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2024.363423


https://doi.org/10.3989/mc.2024.363423

The effects of synthetic wollastonite microfibers on PVA fiber-reinforced engineered geopolymer composites * 5

TABLE 2. Physical and chemical properties of FA, GGBFS, and
SWM.

Chemical Analysis (%) FA GGBFS SWM

kept in the mold under laboratory conditions for 24 h
immediately after production, were kept in water at
60 °C until the test age due to the improvement of
the higher early compressive strength compared to
ambient curing at particularly high GGBFS/FA ratios
(30). In all FA+GGBFS-based EGC mixes, the ratio
of Na,SiO,/NaOH was kept constant at 2.5, and the
ratio of total alkali activator to total binder was 0.33.
SWM was used instead of FA at the ratios of 3%, 6%,
and 9%. Table 3 presents the mixing ratios of EGCs.
The mixture nomenclature is very simple. Numbers 0,
3, 6, and 9 at the end of SWM indicate the percent by
weight of SWM used instead of FA.

TaBLE 3. Mixing proportions of EGCs (kg/m?).

Extra

Mix ID NaOH NaSiO, FA GGBFS SWM PVA
‘Water

CaO 1.47 38.83 45.74
SiO, 61.25 36.82 50.71
ALO, 22.19 13.31 0.24
Fe,O, 7.02 0.70 0.10
MgO 1.70 5.65 0.87
SO, 0.06 0.50 0.34
K,0 2.34 0.75 0.01
Na,O 0.27 - -
TiO, 0.90 - 0.03
Physical properties FA GGBFS SWM
Loss of Ignition 2.60 1.92 2.00
Specific Gravity 2.31 2.89 2.87

2.4. EGC mixing proportions and production
procedure

The pseudo strain-hardening criteria used in the mi-
cromechanical model by Li and Leung (44) have been
adopted for ECC design following a J-integral energy
approach suggested by Marshall and Cox (45). Pre-
vious studies on EGCs have used the micromechan-
ical model developed by Li et al. (44, 46), providing
a solid theoretical design basis (47, 48). Despite the
outstanding performance of EGCs in previous stud-
ies, challenges still exist regarding the mixture de-
sign of EGCs, which includes even more factors to
be considered in comparison with the traditional EGC
design (21). However, most studies on EGCs used the
model in question mainly on already developed mixes
to explain the origin of strain-hardening behavior and
sometimes for optimization purposes (49). Thus, in
line with the literature, the origin point of the matrix
for EGC design is based on a PVA fiber-reinforced
geopolymer composite that exhibits good deflection
strain-hardening behavior (50). Furthermore, the con-
sistent rheological properties of ECC and EGC mixes
are among the most important for better fiber distri-
bution and workability. In fact, the strain-hardening
behavior of these composites depends on proper fiber
distribution (51).

After the samples were poured into the mold, they
were cured under laboratory conditions for 24 hours.
Geopolymers produced with GGBFS have cracking
problems in oven curing and, therefore, generally
gain strength in ambient curing. This results in the in-
ability to fully utilize the high reactivity of CaO (27).
Therefore, FA+GGBFS-based EGCs, which were

SWMO 1246 311.6 7852 5235 0.0 260 157.1
SWM3 1246 311.6 761.7 5235 236 26.0 161.6
SWM6 124.6 311.6 738.1 5235 47.1 26.0 168.1
SWM9 124.6 311.6 7146 5235 707 26.0 178.1

The same EGC mixtures were also produced without PVA.

2.5. Mini-slump

The workability properties of the fresh EGC ma-
trices were determined with a mini-slump flow diam-
eter. A truncated mini-slump cone with a height of
60 mm and a diameter of 70 mm at the top side and
100 mm at the bottom side was put on a smooth plate
and then filled with ECC and EGC (without/with PVA
fiber) and finally, lifted upward. When the composite
flow was completed, the diameter of this shape was
determined by two measurements. The deformations
in the slump flow of EGCs were defined as the flow
diameter when the mortar stopped flowing (6, 27).

2.6. Compressive strength

To define the compressive strength of EGCs,
50-mm cube samples were produced. A minimum of
three compression cubes were utilized to determine
the average strength with respect to ASTM C109
(52). The compressive test was carried out on a test
device (Brand: Utest Materials Testing Equipment
and Model: UTC-4731) with a loading speed of
0.9 kN/s and a capacity of 3000 kN.

2.7. Durability properties

Cylindrical samples with a length of 200 mm and
a diameter of 100 mm were produced for the water
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sorptivity test. The pieces with a length of 50 mm and
a diameter of 100 mm cut from these samples were
utilized to obtain three samples for each test age. Fig-
ure 4(a) shows the application of this test. The sam-
ples that arrived on the test day were kept in an oven
at 5045 °C. One of the two surfaces of the samples
was chosen to allow water absorption, and the side of
the selected surface was covered with silicone to pre-
vent water permeability. After being weighed as dry
weight, the samples were put in a tiny ball pool with a
thin water layer of 5 mm according to ASTM C1585
standard (53). The samples’ weights were measured
at certain minutes after drying the wet surfaces with
a dry cloth. Therefore, the water sorptivity coefficient
of the samples was calculated by the amount of water
absorbed over time per unit cross-sectional area. Ac-
cording to the test procedure, results were calculat-
ed with the determined average of the three samples’
data using the equation below:
=St [1]
where S": sorptivity (mm/min®%), I: cumulative infil-
tration (mm), and t: time (min).

The rapid chloride permeability test was performed
in accordance with ASTM C1202 (54) on three discs
with a height of 50 mm and a diameter of 100 mm, cut
from a @150 300 mm cylinder. After curing, the sam-
ples were kept in a vacuum for 2 hours. The samples,
whose vacuum process was completed, were placed
in the test device with 3% NaCl on one side and 0.3 M
NaOH solution on the other side, as seen in Figure
4(b). The resistance to chlorine ion penetration of
EGCs was determined by the charge passing through
the composite according to ASTM C1202 (54). Thus,
during the 6-hour experiment, the amount of electric
current passing through the disk was recorded by ap-
plying a constant potential difference of 60 V. The test

(2)

(b)

results were evaluated by taking the average of the
three EGC samples at 7 and 28 days.

The Cembureau method suggested by RILEM (55)
was applied to measure the apparent gas permeability
of EGCs at 7 and 28 days. Figure 4(c) displays the test
setup. The test sample belonging to gas permeability
was produced as a disc with a thickness of 50 mm and
a diameter of 150 mm, cut from 300 mm thick and
150 mm diameter cylinder samples. On the test days,
the samples were dried at 50+5 °C. Then, they were al-
lowed to cool until ambient temperature was reached in
a sealed container. Inlet gas pressures were applied as
150,250, and 300 kPa. Oxygen gas was used to provide
the permeating medium. Gas permeability coefficients
were determined for each level of these gas pressures.
As given by RILEM (55), the apparent gas permeabili-
ty coefficient was determined by the average of coeffi-
cients. The coefficient can be determined by modified
Darcy’s equation (Equation [2]) as follows:

_ 2P,QLy
a7 A(P3-P3)

[2]

where K : apparent gas permeability coefficient (m?),
P : inlet gas pressure (N/m?), P : outlet gas pressure
(N/m?), A: cross-sectional area of the sample (m?),
Q: volume flow rate (m3/s), L: height of the sample
(m), and p: viscosity of oxygen (2.02 x 10 N s/m?).
Three samples for each EGC mixture were tested,
and the average of them was determined as K.
Freeze-thaw tests of EGC mixes were performed ac-
cording to procedure A specified in ASTM C666 (56).
Six 400x100x100 mm prisms for the freeze-thaw test
were produced from each EGC mix. All samples were
demolded at the age of 24 hours and in water at 60 °C
for 13 days. After 14 days, three beams for each mix
were placed in the freeze-thaw cabinet. Accordingly,
the samples placed in the cabinet were left completely
in water and exposed to 3-4 freeze-thaw cycles within

(©)

FiGure 4. Measurement of (a) Water sorptivity coefficient, (b) Rapid chloride permeability, and (c) Apparent gas permeability.
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24 hours. As seen in Figure 5, freeze-thaw cycles were
carried out in 6.5 hours, with the temperature decreas-
ing from 4 °C to -18 °C and increasing from -18 °C
back to 4 °C. On the other hand, 14 days after manufac-
turing, three samples with a span length of 344.8 were
tested under the four-point bending test up to failure,
and the average mid-span beam deflection capacity
and ultimate flexural strength were calculated. These
results were used as control to base the pre-cycle flex-
ural performance of the samples.

At the end of every of 50 freeze-thaw cycles, the
samples were taken out of the cabinet. After being
kept for 1 day, they were photographed and weighed,
and the ultrasonic pulse velocity (UPV) values were
measured. UPV measures the time of the first arrival
of an ultrasonic wave from one side of the sample to
another. The test result of UPV assesses the relative
quality of concrete or geopolymer in the presence of
imperfections (i.e., voids, cracks, and the effective-
ness of its repairs). Then, the samples were put back
into the freeze-thaw cabinet. Each time, the cham-
bers were cleaned and filled with fresh water. All of
the EGCs completed 300 cycles and were subjected
to the four-point bending test, their residual bending
performances were found, and flexural strength-mid-
span beam deflection graphs were obtained. Further-
more, after the samples’ flexural performance was
measured, the crack numbers and widths were deter-
mined with the help of a handheld microscope.

(a)

(b)

After 300 freeze-thaw cycles, the relative dynam-
ic modulus of elasticity (RDME) of EGCs was de-
termined with the formulae below. The first formula
proposed to find P_is given in Equation [3].

[3]

P_: relative dynamic modulus of elasticity after
freeze-thaw cycles, n: 0 is the fundamental trans-
verse frequency in the freeze-thaw cycle, and n : c is
the fundamental transverse frequency in the freeze-
thaw cycle. Although not explained in ASTM C666
(2015), RDME, which uses UPV measurements in-
stead of basic transverse frequency values, can also
be calculated using Equation [4] (57).

P, =(n} /n*)x100

P, = (v’ /v})x100 [4]

P_: ¢ is the relative dynamic modulus of elasticity
after freeze-thaw cycles, v: 0 is the UPV value in
the freeze-thaw cycle, and v_: ¢ is the UPV value
in the freeze-thaw cycle. Equation [4] was used to
determine the RDME in the present study.

2.8. Drying shrinkage

For each EGC mix, three 285x25x25 mm bar sam-
ples were cast to monitor the drying shrinkage and

FiGURE 5. (a) The samples’ images at -18 °C and +4 °C, (b) Determination of flexural performance of EGCs at day 14 and after 300 FTCs.
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the mass loss (180 days after the initial curing of 1
day in the mold and 27 days in own cure (in water
at 60 °C) according to ASTM C157) (58). As seen in
Figure 6(a), the samples were then kept at 50+5% RH
and 2342 °C in an environmental chamber. During
this period, the weights and length changes (Figure
6(b)) of the samples were determined on certain days.

(a) (b)
FiGure 6. (a) Keeping the samples in the special curing room,
(b) Performing the length measurements.

2.9. Microstructural analysis

The microstructural properties of EGCs were de-
termined with the help of samples obtained from
matrices. TGA/DTA analysis was applied to SWMO,
SWM6, and SWM9 mixes. TGA analysis was carried
out on 15 mg powder samples in the temperature range
of 25-1000 °C, under nitrogen atmosphere conditions
with a scanning speed of 10 °C/min. DTA curves were
drawn with the obtained data after this analysis.

3. RESULTS AND DISCUSSION

3.1. Mini-slump flow diameter

Table 4 shows the average slump diameters of each
mix. It is known that PVA fiber can significantly reduce
the slump flow of EGC depending on the increased
friction value between fibers and between the matrix
and fibers, in addition to the decreased packing density
(59, 60). As a result of a lot of trial and error, EGCs,
with/without PVA fiber, were produced with slump
flow diameters very close to each other. In other words,
the slump flow diameters of EGCs with/without PVA
fiber ranged from 16.4+0.2 cm to 32.4+0.2 cm, respec-
tively. To this end, as seen in Table 3, SWM9, SWM6,
and SWM3 mixes could be produced with 34%, 7%,
and 3% higher water content than SWMO0 mix, respec-
tively. Therefore, it can be said that for both EGCs
with/without PVA fiber, workability decreased with
the increasing SWM content. It is known that FA has a
smooth surface and spherical particle structure. Thus,

TABLE 4. Mini-slump flow diameter of EGCs.

Fresh Properties SWMO SWM3 SWM6 SWM9

Flow Diameter without
PVA (cm)

Flow Diameter with PVA
(cm)

32.6 32.1 324 325

16.6 16.1 16.5 16.5

FA increases the workability of EGCs (6). Unlike FA,
the acicularity of SWM can form network structures
by overlapping between each other, which results in
the decreased workability of mixes (40, 61). Thus, the
probability of such network structures increases with
the increasing amount of SWM due to the interlocking
of SWM needles (23, 35, 62). Moreover, this can be
identified as a result of the interlocking of SWMs due
to the acicular particle structure (6, 38). Nevertheless,
it should be noted that water only improves the worka-
bility of EGCs and does not take part in the geopolym-
erization reactions different from the chemical reaction
of cementitious composites (63). In other words, the
role and existence form of water in the geopolymer are
related to the way of geopolymerization. Qualitative
analysis indicates that water is released during the re-
action (64). The evaporated water leaves discontinuous
nanopores, improving the performance of the geopol-
ymer. Thus, water plays no role in chemical reaction
processes but simply enhances the mixture’s workabil-
ity during production. This differs from the hydration
of cementitious composites, where water is involved in
a chemical reaction (63).

3.2. Compressive strength

Figure 7 represents the compressive strength
values of cubes for EGCs with/without PVA fiber
at 7 and 28 days. Low-calcium systems, such as
FA-based ones, tend to generate an alkali alumino-
silicate (N—A—S—H) gel with a highly crosslinked
(mainly Q*), disordered pseudo-zeolitic structure.
When GGBFS (high calcium precursor) is addition-
ally used, C-A-S-H gel with a tobermorite-like struc-
ture is another reaction product (65, 66). These gels
can coexist in binders based on blends of high-cal-
cium and low-calcium precursors (65), although the
stability of the gel coexistence at high alkalinity is
still the subject of discussion (65). Garcia-Lodei-
ro et al. (67) found a tendency toward C—A—S—H
gel as the final stable product when pH remained >
12 in mixtures of synthetic C—S—H and N-A—-S-H
gels. In other words, GGBFS used together with
FA in the geopolymerization process indicated that
the increase in strength performance was mostly
provided by GGBFS with higher reactivity, the de-
velopment of the microstructure, and the gel phase
of geopolymers. GGBFS is the basic precursor of
alkaline activation for FA+GGBFS-based geopoly-
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mers at ambient curing (68). Additionally, geopol-
ymers with GGBFS can reach considerably higher
strength with oven curing. However, the material
has a cracking problem (27). The geopolymer con-
taining GGBFS, which is heated under the effect
of temperature, expands just like concrete. While
composites such as concrete or geopolymer con-
taining GGBFS, which start to dry from the surface,
dry normally, since the inner part does not interact
with air, it starts to dry later and expand from the
inside due to the effect of temperature. This causes
such composites to exert outward pressure. Howev-
er, since the surface of the concrete or geopolymer
containing GGBFS has already dried, it is subjected
to pressure from the inside. The concrete or GGBFS
containing geopolymer shell, which is dry on the
outside, starts to crack, and these cracks cannot be
reversed. To prevent this, the concrete is frequent-
ly irrigated, especially in hot weather. This is the
main reason for the hot water curing of the FA+GG-
BFS-based geopolymer developed in the present
study. Therefore, the researchers (27) suggested hot
water curing to take advantage of the high strength
performance of GGBFS. Thus, high cubes of EGCs
with/without PVA fiber varied between 88.1-111.1
and 95.1-122.6 MPa at 7 and 28 days, respectively.
The compressive strength of EGCs without PVA fib-
er, named SWM3, SWM6, and SWM9 mixes, was
6.3%, 12.1%, and 1.9% higher than that of SWMO,
respectively, whereas SWM3, SWM6, and SWM9
mixes incorporating PVA fiber had 4.6%, 11.5%,
and 1.2% higher compressive strength than that of
SWMO at 7 days, respectively. In comparison with
SWMO at 28 days, the increment ratio of compres-
sive strength was determined as 6.5%, 11.2%, 2.6%,
6.7%, 11.0%, 4.0% for SWM3, SWM6, and SWM9
with/without PVA fiber, respectively. As seen in
Figure 7, the addition of PVA fiber reduced bulk
density by increasing flaws and interfaces in the
geopolymer paste, thus decreasing the compressive
strength of EGCs (69, 70). The replacement ratio of
SWM has more impact on the compressive strength
of EGCs. In other words, the highest compressive
strength was observed in SWM6. This may be ex-
plained by the improving effects of SWM, which is
used instead of FA in the geopolymer matrix, ex-
plained by the fibrous structure due to the acicular
particle morphology of SWM (71). It can also be
said that SWM, with the feature of bridging micro-
cracks due to its fibrous structure, enhanced bond
strength between the matrix/microfiber at the inter-
face of EGCs (72). As seen in Figure 3 the grain size
distribution of SWM was higher than that of FA,
and, therefore, SWM may have increased the pore
volume of EGCs. However, it is known that the pore
discontinuity in the matrix provided by wollastonite
occurs due to its needle-like particle structure. The
main reason for this discontinuity is that wollas-
tonite forms a pore structure where liquids cannot

Ficure 7. Compressive strength values of EGCs.

reach normal pressure. Furthermore, the presence
of SWM in the pore system, which has no chemical
effect on the pore solution due to its inert nature, is
thought to affect the formality of the pore network
folds of ECC with its needle-like particle struc-
ture (38, 41). This agrees with the studies by Oz
and Giines (38) and Yiicel et al. (6), showing that
the mechanical performance of the cementitious
composite developed with 9% SWM decreased be-
yond this substitution level. Likewise, there was
a decreasing trend with the usage of 9% SWM in
EGCs, although SWM9 with/without PVA fiber has
a higher strength than that of SWMO. The excessive
amount of SWM in the geopolymer matrix was the
reason for the decreased compressive strength since
workability loss originated from the high surface
area of SWM for the desired slump flow diameter
of FA+GGBFS-based EGCs (41). This information
was accepted by Patankar et al. (72), indicating that
the excessive amount of water for geopolymeriza-
tion did not have any positive effect on the strength
properties of geopolymers. It was also noted that
the parameters defined as fiber dispersion in the
paste and the type and amount of fiber had a signif-
icant effect on the interaction between the matrix
and fiber. Hence, the large amount of SWM with
inert characteristics no longer contributed to the im-
provement of the compressive strength for FA+GG-
BFS-based EGCs (11).

3.3. Water Sorptivity Coefficient

Figure 8 presents the water sorptivity coeffi-
cient of FA+GGBFS-based EGCs with PVA and
SWM. The 7-day and 28-day water sorptivity co-
efficients were in the range of 0.1706-0.2071 and
0.1089-0.1251 mm/min®> for FA+GGBFS-based
EGCs, respectively. The water sorptivity coeffi-
cients of SWM3, SWM6, and SWM9 mixes were
7.8%, 17.6%, and 12.3% lower than that of SWMO0
at 7 days, respectively. On the other hand, the im-
provement ratio of the water sorptivity coefficient
in comparison with SWMO was determined as 5.9%,
13%, and 7% for SWM3, SWM6, and SWM9 at 28
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Ficure 8. Water sorptivity coefficients of EGCs.

days, respectively. Similar to the current study, Ma-
thur et al. (73) stated that wollastonite microfibers
reduced the water absorption amount of cementi-
tious composites. Thus, it can be concluded that the
lowest water sorptivity coefficient among FA+GG-
BFS-based EGC mixes was obtained from SWM6
mix, while SWMO had the highest water sorptivity
coefficient. As a result, it can be thought that SWM
enhanced the compactness of the microstructure in
the EGC matrix (73-75). Hence, a pore discontinuity
could be ensured with the pore structure formation
of SWM in the matrix, which liquids cannot reach at
normal pressures (41, 73). Moreover, using SWM at
a 9% replacement level deteriorated the permeabil-
ity performance of SWM9 with respect to SWM6.
The high amount of SWM in EGCs was the reason
for the weakened matrix bond in the interfacial tran-
sition zone (33). As a result, the pores created by the
high amount of SWM resulted in the increased water
sorptivity coefficients of EGCs.

3.4. Rapid Chloride Permeability

The chloride permeability values of EGCs at 7
and 28 days are graphically shown in Figure 9. The
rapid chloride permeability coefficients of FA+GG-
BFS-based EGCs changed between 4412-5011 and
3055-3483 at 7 and 28 days, respectively. The total
charge passing through FA+GGBFS-based EGCs,

Ficure 9. Rapid chloride permeability values of EGCs.

including SWM, was in the range of 2000-4000 C at
28 days, thus leading to the moderate classification
of rapid chloride permeability in accordance with
ASTM C 1202 (54). In the development of EGCs,
the substitution percentage of SWM had a signifi-
cant effect during the activation process, in addition
to the constant parameters such as the alkali activator
ratio and curing temperature. Thus, the highest rapid
chloride permeability coefficient was obtained from
SWMO, while SWMS6 had the lowest one. The stud-
ies by Ransinchung et al. (75), Kalla et al. (74), and
Kumar and Ramujee (71) also supported this result.
The pore discontinuity provided by SWM, with its
needle-like particle morphology, can be considered
the main reason for this improvement (73). Owing to
its inert structure, SWM does not enter any chemical
reaction with the pore solution, which preserves its
physical structure during geopolymerization. There-
fore, the unique structure of SWM may affect the
formality of the pore network folds of EGCs. It can
also be said that the bridging capacity in the pore
structure provided by SWM positively affects the
pore network folds against the rapid chlorine perme-
ability (38). However, the high replacement ratio of
SWM9 caused the poor compaction of fresh EGCs.
Then, the porous structure formation occurred due
to the heterogeneous interaction between SWM and
the matrix, which caused the deficiencies of the poor
system to result in the increased rapid chloride per-
meability coefficient.

3.5. Gas Permeability

Figure 10 presents the details of the apparent gas
permeability coefficient of EGCs at 7 and 28 days.
The lowest gas permeability coefficients among
EGCs were obtained for SWM6 as 5.71 x107'¢ and
4.79 x10'® m?at 7 and 28 days, respectively. As
expected, the highest gas permeability coefficients
at 7 and 28 days were obtained from SWMO as
6.55 x10'¢ and 5.75 x10'® m? respectively. It is
known that the durability properties of geopolymer
depend on the microstructural performance of the
matrix and the pore structure of the surface (39).

Ficure 10. Apparent gas permeability values of EGCs.
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From a physicochemical perspective, this may be
explained by SWM having good adsorptive proper-
ties with the rough surface reducing the water ab-
sorption of EGCs by its reinforcing effect (39, 74,
75). Additionally, SWM can become a center of the
formation relationship with FA and GGBFS particles
of composites, and thus, the “constraint” mobility
can continue (76). On the other hand, SWM with
acicular particles, bridging ability, and inert struc-
ture, which does not have any chemical effect on the
pore solution, enhanced the pore network of the ma-
terial and resulted in pore discontinuity in the geo-
polymer matrix (74, 75). Despite this result, the poor
gas permeability performance of SWM9 in compari-
son with SWM3 and SWMS6 can be attributed to the
decreasing paste strength of EGCs in the interfacial
transition zone of SWM (33). Consequently, the
gaps created by the weakness of the matrix resulted
in the deterioration of the gas permeability coeffi-
cients for EGCs.

3.6. Freeze-Thaw Resistance

EGCs can deteriorate under various environmen-
tal loads (e.g., freeze-thaw cycles). However, it is
expected that the permeability of EGCs can be much
less in comparison with similarly strained concrete
due to its tight crack width, which would be useful
for the durability of cementitious composites (4).
The effects of SWM amount on the mass change
(mass loss) and UPV measurement of FA+GGB-
FS-based EGCs samples subjected to 50, 100, 150,
200, 250, and 300 freeze-thaw cycles are shown in
Figures 11-12, respectively. Moreover, Figure 13

(a)

(c)

FiGure 11. % Mass losses of EGCs during FTCs.

FiGgure 12. UPV variations of EGCs during FTCs.

displays the appearance of SWM6 sample at the
end of 0, 50, 150, and 300 freeze-thaw cycles. As a
result of freeze-thaw cycles, it was determined that
the presence of SWM in the mixtures of FA+GGB-
FS-based EGCs reduced the mass loss and UPV val-
ues. For example, after 300 freeze-thaw cycles, the

(b)

(d)

FiGure 13. Appearance of SWM6 mix at the end of (a) 0, (b) 50, (c) 150, and (d) 300 FTCs.
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mass losses of SWMO0, SWM3, SWM6, and SWM9
mixes were obtained as 2.27%, 1.94%, 1.58%, and
2.15%, respectively. Likewise, the UPV measure-
ment at the end of 300 freeze-thaw cycles of these
mixes decreased by 55.19%, 54.04%, 52.23%, and
54.41%, respectively. SWM used instead of FA
partially increased the void ratio of EGCs due to
its larger grain size than that of FA. However, the
increase in UPV measurement for SWM3, SWM6,
and SWM9 with respect to SWMO0 was considered
evidence that SWM provided pore discontinuity in
the matrix (33, 72, 73). On the other hand, an in-
crease in the durability of EGCs can be related to
the reduced permeability of the matrix system due to
the formation of discontinuous pores. Furthermore,
the increased porosity of the matrix with the use of
SWM up to a 6% replacement level with FA is like-
ly to accommodate frozen water (ice) without stress
formation in EGC. Therefore, the array of interac-
tions within the composite matrix, including SWM,
led to the unique pore size distribution, resulting in
a composite capable of resisting freeze-thaw (73).
Moreover, the downward durability trend for UPV
measurement and mass loss of SWM9 may be ex-
plained by the limited geopolymerization with ex-
cess SWM.

Figure 14 shows the variations of the relative
dynamic modulus of elasticity (RDME) values de-
pending on the number of freeze-thaw cycles. For
all freeze-thaw cycles in every 50 cycles, the lowest
RDME values were obtained from SWMO. It was de-
termined that SWM6 performed the best in terms of
RDME. Unfortunately, the durability factor (DF) val-
ue of all FA+GGBFS-based EGCs at the end of the
50" cycle was obtained as “60” smaller than the value
specified in the ASTM C666 standard (56). There-
fore, the DF values of EGCs were determined as 0.

Mid-span beam deflection and flexural strength
values and curves of EGCs at the end of 14 days
and 300 freeze-thaw cycles are presented in Figures
15-17, respectively. According to the results, it is not
difficult to state that the flexural strength of geopol-
ymer samples is related to compressive strength. As
seen in Figures 15-17, the mid-span beam deflec-
tion and flexural strength values of EGCs increased

Ficure 14. RDME variations of EGCs during FTCs.

FiGurke 15. Flexural strengths and mid-span beam deflections of
EGCs at 14 days (0™ cycle) and at the end of 300 FTCs.

FiGure 16. Flexural strength and mid-span beam deflection
curves of EGCs at 14 days (0" cycle).

FiGure 17. Flexural strength and mid-span beam deflection
curves of EGCs at the end of 300 FTCs.

up to a 6% SWM replacement level, while SWM9
had lower mid-span beam deflection and flexural
strength values than those of SWM6 but higher than
those of SWMO. The mid-span deflections of SWM3,
SWM6, and SWM9 increased by approximately
18.3%, 39.6%, and 28.8%, respectively, compared
to SWMO for 14 days. The flexural strength values
were determined as 4.3%, 8.9%, and 2.0%, respec-
tively. As predicted, the flexural strength of all EGCs
decreased due to the damage at the end of 300 freeze-
thaw cycles. This trend reached quite high values for
EGCs. However, the ductility capacity of FA+GG-
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BFS-based EGCs incorporating SWM increased
significantly, contrary to expectations. Thus, SWM
improved the flexural performance of EGCs up to a
6% content, just as before freeze-thaw cycles. The
mid-span deflections of SWM3, SWM6, and SWM9
mixes increased by approximately 12.7%, 25.6%,
and 20.5%, respectively, with respect to SWMO
after 300 freeze-thaw cycles. The flexural strength
values were determined as 6.9%, 12.6%, and 3.2%,
respectively. The bridging ability of SWM improved
the resistance of EGCs during freeze-thaw cycles,
resulting in higher flexural performance of FA+GG-
BFS-based EGC:s. It is also evident from Figures 16
and 17 that the acicular structure of SWM ensures
bridging the micro-cracks of FA+GGBFS-based
EGCs (39). However, a higher content of SWM in
SWM9 ensures no further improvement in flexural
strength. Hence, the lacking interfacial adhesion of
SWM and EGC paste reduced the flexural strength
at the end of 300 freeze-thaw cycles (74, 75).

The average crack width and crack number values
at the end of the 14" day and 300 freeze-thaw cy-
cles of EGCs are given in Figure 18. It was revealed
that the number of cracks changed as the ductility of
composites was enhanced by SWM. Likewise, the
crack width of EGCs decreased with the increasing
ductility.

3.7. Drying Shrinkage

The drying shrinkage and mass loss variations
of FA+GGBFS-based EGCs up to 180 days of dry-
ing are graphically depicted in Figures 19 and 20,
respectively. The drying shrinkage of SWMO0 was
determined as 2140.44 pe at the end of the 180-
day drying period. According to these findings on
SWM9, SWM3, and SWM6, the drying shrinkage
of FA+GGBFS-based EGCs decreased in the afore-
said order, but all of the EGCs incorporating SWM
exhibited lower shrinkage than SWMO. Hence, the
lowest drying shrinkage among FA+GGBFS-based
EGCs was obtained as 2000.18 pe from SWM6 af-
ter the 180-day drying period. Moreover, similar test

Ficure 18. Crack widths and crack numbers of EGCs at 14
days (0" cycle) and at the end of 300 FTCs.

FiGure 19. 180-day drying shrinkage variations of EGCs.

FiGure 20. 180-day % mass loss variations of EGCs.

results to the present study were reported by other
studies, indicating that the bridging ability of mi-
cro-cracks and contribution to pore discontinuity,
as well as the inert characteristics of SWM, were
accompanied by lower shrinkage strain in SWM3,
SWM6, and SWM9 in comparison with SWMO, as
confirmed by the decrease in drying shrinkage with
the increasing SWM content in EGCs (35, 72, 77). It
can be stated that SWM, with crystal or needle grain
forms, has certain roughness forms around itself,
associated with surrounding materials, and forms
the matrix of the main composites as micro-rein-
forcing. This reduces the degree of their mobility
independently of one another. Therefore, the drying
shrinkage of SWM6 was noticeably decreased by
SWM with high adhesion (76). As seen in Figure 20,
the % mass loss changes of EGCs exhibited similar
trends with the drying shrinkage results, especial-
ly until the 15th day. While the highest mass loss
was obtained from SWMO as 17.07%, SWM6 had
the lowest mass loss of 15.33%. However, after day
15, the drying shrinkage increased steadily despite
the fact that the % mass loss remained almost con-
stant for all EGCs. This may be explained by the fact
that drying shrinkage deformation is associated with
factors other than mass loss (78). Hence, mass loss
alone cannot represent sufficient data on the vari-
ations of drying shrinkage for FA+GGBFS-based
EGCs (79).
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3.8. TGA/DTA

The TGA/DTA curves of FA+GGBFS-based
EGCs are shown in Figures 21-22, respectively. Ac-
cording to previous studies (38, 80), the decrease
in water in the N-A-S-H gel for FA-based geopol-
ymers can be attributed to the peak occurring in the
50-150 °C range due to the reduction in mass. More-
over, for alkali-activated GGBFS-based composites,
the initial mass loss at 50-200 °C indicates the pres-
ence of a C-S-H-like solid phase and dehydration in
the geopolymer paste (81, 82). The N-A-S-H and
C-S-H gel contents of EGCs were determined by the
mass losses determined by the peak temperatures of
the TGA curves in the range of 20(initial)-200(final)
°C in the DTA graphs. The gel contents of SWMO,
SWM6, and SWM9 were calculated as 9.27%,
8.77%, and 7.97%, respectively. The analysis results
indicated that the gel contents of EGCs with SWM
did not change in parallel with compressive strength.
The compressive strength of SWM6 and SWM9 was
higher than that of SWMO. The gel content of EGCs
gradually decreased with the increasing SWM con-
tent. These results showed that SWM was not in-
volved in the reactions between the alkali activator
and GGBFS/FA in the chemical reaction zones due
to its inert structure (38, 39). It can be stated that
its presence in the regions prevented chemical reac-
tions. Moreover, the decrease in FA can be thought
to be another reason for the decreased total gel con-

FIGURE 21. TGA results of EGCs.

FiGURE 22. DTA results of EGCs.

tent. Based on the gel contents calculated with the
TGA/DTA results and compressive strength values,
although the gel contents decreased with SWM, its
improving effects on compressive strength can be
attributed to its superior physical shapes in the mi-
crostructure. Due to its acicular particle structure,
SWM can bridge micro-cracks, leading to a high-
er load-carrying capacity (35, 38, 39). Additionally,
the improvement in the durability and dimensional
stability performance of EGCs can be explained by
the inert characteristics of SWM. In fact, although
it is predicted to increase the pore volume, SWM
preserves its acicularity by not participating in the
chemical reaction, thus providing pore discontinuity
with this physical structure (6, 38, 39).

4. CONCLUSIONS

This paper investigated the effects of SWM on
the characteristics of FA+GGBFS-based EGCs by
experimental methods, including mini slump-flow
diameter, compressive strength, water sorptivity co-
efficient, rapid chloride permeability, apparent gas
permeability, freeze-thaw resistance, and drying
shrinkage. In this way, the following results can be
drawn:

- The mini slump-flow diameters of EGCs with/
without PVA fiber ranged from 16.4+0.2 cm to
32.4+0.2 cm, respectively. It is expected that
SWM will reduce the workability characteris-
tics of EGCs due to its needle-shaped structure.
However, this problem can be compensated by
adding water to the geopolymer mixture as the
mini slump-flow diameters of EGCs are fixed.

- The highest compressive strength among EGCs
with/without PVA fiber was observed as 122.6 MPa
in SWM6 at 28 days. This may be explained by
the improving effects of SWM, which is used in-
stead of FA in the geopolymer matrix due to its
fibrous texture owing to the needle-like structure
and bridging ability of SWM displaying inert char-
acteristics at the optimum curing condition, binder
content, and alkali activator ratio for EGCs. Like-
wise, there was an incline trend with the usage of
6 wt% SWM in FA+GGBFS-based EGCs in terms
of water sorptivity coefficient, rapid chloride per-
meability, apparent gas permeability, freeze-thaw
resistance, and drying shrinkage test results. In-
deed, the ability of SWM to bridge micro-cracks
contributed to pore discontinuity, which resulted in
the better durability and dimensional stability char-
acteristics of EGCs. However, the poor strength,
durability, and dimensional stability performance
of SWM9 can be attributed to the weakening of
the matrix bond in the interfacial transition zone of
SWM in FA+GGBFS-based EGCs.

- The TGA/DTA analysis showed that the gel
content decreased with the increasing SWM
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content. This was interpreted as evidence that
SWMs are inert substances and do not partic-
ipate in chemical reactions. Furthermore, the
decrease in gel content led to the thought that
SWMs prevented the reaction between the alkali
activator and GGBFS and FA as a filler material
in the chemical reaction zone. Thus, it preserved
the needle-like particle structure, provided pore
discontinuity, and positively affected the for-
mality of the pore network folds. Therefore, it
improved the durability and dimensional stabil-
ity performance of EGCs. Moreover, its ability
to behave like a fiber increased both its bearing
capacity and deformation capacity.
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