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The present research investigates the effects of artificial lightweight aggregate (ALWA) and polyvinyl alcohol
(PVA) fiber utilization on the mechanical performance of slag-based lightweight geopolymer mortar (LGPM)
specimens cured at ambient temperature. Also, the influence of elevated temperature (250 °C and 500 °C) on the
resulting performance of LGPM samples was studied. For the production of LGPM specimens, 60% and 80%
ALWA were utilized as a partial replacement of river sand. The slag-based LGPM samples were activated by a
mixture of sodium silicate and 12 M sodium hydroxide solutions. The fresh and hardened state properties of
LGPM specimens with and without fibers were assessed by workability, density, compressive strength, uniaxial
tensile strength, and flexural strength tests. Also, the micro-scale variations were evaluated by scanning electron
microscopy (SEM). The findings revealed that the incorporation of ALWA reduced the workability, density, and
compressive strength of the LGPM, and the reductions in all these properties were more with 1% PVA inclusions.
Meanwhile, inclusions of 1% PVA fibers significantly enhanced the uniaxial tensile and flexural behaviors of
LGPM. After exposure to 250 °C, all mechanical strengths were improved due to the further geopolymerization,
while mechanical strength reductions were observed at 500 °C due to the vapor impact and difference in thermal
expansion. The uniaxial tensile strength of fiber-reinforced LGPM samples was improved from 1.47 MPa to 2.16
MPa at 250 °C, while uniaxial tensile strength reduced at 500 °C, and the samples exhibited a brittle failure mode
due to the melting of PVA fibers. The results pointed out that tensile and flexural properties of LGPM significantly
enhanced with ALWA and 1% PVA fiber utilization.

1. Introduction

One of the most significant issues facing the planet nowadays is
environmental pollution. The generation rate of industrial and agricul-
tural waste materials or by-products is growing vastly day by day. For
example, around fifteen million tons of fly ash (FA) and more than
500,000 tons of ground granulated blast furnace slag (GGBS) are pro-
duced in Turkey every year [1]. With the environmental concerns
associated with the disposal of these wastes to landfills properly, the re-
use of such materials can be helpful to preserve the global environment
[2]. To date, researchers focused on the partial use of cementitious
materials (slag, fly ash, silica fume etc.) in concrete production to reduce
environmental concerns [3]. Also, significant research has been

conducted on the application of nanomaterials and innovative materials
to improve mechanical performance and durability of cement-based
materials [4-11]. The concrete industry can offer a solution for waste
management and depleting natural resources such as natural sand or
cement by using waste and by-product materials as alternatives to
cement or aggregate, without affecting the quality of the final product.
Geopolymer is a promising alternative binder to concrete, an eco-
friendly and environmentally friendly construction material. Geo-
polymers have shown excellent mechanical and durability characteris-
tics with lower production costs and lower greenhouse gas emissions
than traditional cement binders [12]. As far as the properties of the
geopolymers were concerned, the advantages of using them are many,
for example, reduced creep and shrinkage, superior chemical attack
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Table 1
Chemical composition and physical properties of GGBS.
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CaO SiO2 Al;03 Fe; 03 MgO SO3 Kz O

Naz O Specific gravity Blaine fineness (m?/kg) Loss on ignition

34.12% 36.4% 10.39% 0.69% 10.3% 0.49%

0.97%

0.35% 2.79 418 1.64

resistance, improved strength, lower porosity, and earlier development
of strength than OPC as they gain 70% of their final strength in the first
few hours of curing [13]. Furthermore, compared with traditional
cement-based materials, geopolymers have low heat conductivity and
great resistance to fires even if they are exposed to 1200C because of
their characteristics which are similar to ceramics [14].

Numerous studies have been conducted on the production and the
possibility of using geopolymers in the construction industry. Geo-
polymer is formed via the alkali activation of aluminosilicate materials,
such as metakaolin, FA, or GGBS, at elevated or ambient temperatures to
manufacture a polymeric base gel [15]. Different studies have indicated
that GGBS has superior properties, making it a promising material to
accelerate the reaction of the alkaline binder. GGBS can be used as a sole
material in forming geopolymer, and it is more reactive with self-
cementing characteristics due to its high content of calcium oxides
[16]. Generally, it was reported that the utilization of GGBS improved
the strength, microstructure, and durability of geopolymers [17]. A
study by Li and Liu [18] found that 70 MPa compressive strength at 14
days had been achieved from using 4% GGBS in geopolymer mortar
specimens.

From the viewpoint of decreasing the use of natural aggregates and
increasing the utilization of waste materials in generating construction
materials, the creation and use of artificial aggregates is an effective
solution for producing a sustainable aggregate with reduced energy
consumption. The utilization of FA in the manufacturing of artificial
aggregates seemed to be a promising way to solve waste management.
The FA lightweight aggregates can be produced using three techniques:
sintering, autoclaving or cold bonding. Among these methods, the cold
bonding process is the most economical method since it requires a
minimum amount of energy to produce the aggregate [19]. Mermerdas
et al. [13] used FA to produce artificial lightweight aggregate (ALWA)
through the cold bonded method. The research findings stated that using
ALWA with a 100% replacement level improved the geopolymer mortar
workability. However, they concluded that increasing ALWA content in
mortar samples adversely influenced the compressive strength, resulting
from the poor and soft structure. Abdulkareem et al. [20] studied the
effects of high temperatures on the properties of geopolymer mortars
containing ALWA. They observed that the low thermal conductivity of
the lightweight aggregates improved the properties of the mortars and
enhanced their fire resistance.

Many researches have been realized in the last decades on fibrous
concrete. The inclusion of fibers in the concrete mix is an effective way
to improve the mechanical characteristics of concrete, for instance,
enhancing its toughness, ductility, flexural, tensile, and cracking

Fresh pellets

Dry Powder

distribution control [21]. It is better to mention that different fiber
types/scales (e.g., nanofibers and nanotubes) have been investigated
[22-26]. Since nanofibers/tubes cannot improve the post-peak behavior
due to the small length (typically below 30 um), this study investigates
the effect of microfibers; particularly PVA fibers in this research. Several
researches stated that adding polyvinyl alcohol fibers (PVA) is an effi-
cient method to enhance the fresh properties, such as the workability,
and the hardened properties, such as ductility and toughness, which
have a favorable influence on reducing cracks propagation, thus raising
the fracture toughness of geopolymers [27]. For instance, Arisoy and Wu
[28] produced PVA fiber-reinforced lightweight concrete. The study’s
findings revealed an improved flexural strength with an excellent
toughness compared with the non-fibrous lightweight concrete samples.
Tanyildizi and Yonar [29] performed an investigation on the influences
of high temperature on the mechanical performance of PVA fiber-
reinforced fly ash-based geopolymer concrete. The results revealed
that the compressive and flexural strengths of the geopolymer concrete
improved with an increase in the PVA fiber content. In another inves-
tigation of Li and Du [30], they developed PVA fiber-reinforced geo-
polymer mortar using fly ash. They reported that PVA fibers improved
the flexural toughness by bridging the cracks.

There is a very limited study regarding the utilization of PVA fibers in
lightweight artificial aggregate incorporating geopolymer mortars.
Thus, this research focused on the effectiveness of using PVA fibers by
examining the mechanical properties, such as compressive, flexural, and
uniaxial tensile strengths. In addition, the influence of elevated tem-
perature on the LWGM samples was also investigated.

2. Experimental study
2.1. Materials

In the research, ground granulated blast furnace slag (GGBS) was
used to produce lightweight geopolymer mortars. Table 1 shows the
chemical and physical properties of GGBS. Natural river sand, which is
locally available, was used with a particle size in the range of 0 to 4 mm,
a fineness modulus of 2.86, a specific gravity of 2.68, and water ab-
sorption of 0.58%. The artificial fly ash aggregates developed by the cold
bonding process were utilized to manufacture LWGM specimens. These
artificial aggregates were developed in the construction laboratory using
a pelletizer disc to agglomerate 90 percent of fly ash with 10 percent of
cement, as shown in Fig. 1. The aggregate fresh pellets were produced
after 20 min. Then, the pellets were coated with plastic sheets and left
for curing in the laboratory for 28 days at room temperature. At the end

Pellets in bag for curing

Fig. 1. ALWA manufacturing process [1]
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Fig. 2. ALWA grading curve.

Table 2
Properties of PVA fibers

Diameter (um) Length (mm) 1/d ratio Young’s modulus (GPa) Elongation (%) Nominal strength (MPa) Density (g/ cm3)
39 12 308 41 6 1600 1.3

Table 3

Mix proportions of LGPM mixes.
Mix ID GGBS Activators Aggregates SP Extra water PVA fiber(%)

NaOH solution NaySiO3 solution Natural Artificial

60%A-0%F 500 114.3 285.7 600 900 15 20 0
80%A-0%F 500 114.3 285.7 300 1200 25 50
80%A-1%F 500 114.3 285.7 300 1200 75 50 1.0

Note: All values are in kg/ m® , except for fiber content, which is a volume fraction.

of the curing process, the produced pellets were sieved to separate
0.25-4 mm fine particles. The detailed artificial lightweight aggregate
(ALWA) production was given in the previous study [1]. The produced
artificial aggregates have a fineness modulus of 2.79 and a specific
gravity of 1.76 g/ cm® . Their gradation curve is shown in Fig. 2.

The sodium hydroxide and sodium silicate mixture was utilized as
the alkali activator. The chemical composition of the used sodium sili-
cate solution consists of 55.5% water, 29.7% silicon dioxide, and 14.7%
sodium oxide (by mass). Master Glenium RMC 303, a high range water-
reducing admixture, was utilized in all mixes to achieve the required
workability. In addition, the polyvinyl alcohol (PVA) fibers were
incorporated in some mixtures with a fiber fraction of 1% by volume to
study the influence of PVA fibers on the resulting performance of LWGM

samples. Table 2 indicates the properties of the used PVA fibers in this
study.

2.2. Mixing, casting, and curing

Three slag-based lightweight geopolymer mortar (LGPM) mixtures
were prepared in the study; two mixtures without fibers and one with
PVA fibers. These mixes were denoted as 60%A-0%F, 80%A-0%F, and
80%A-1%F. The designation of LGPM mixes was based on the investi-
gated parameters; the A indicated the replacement level of the light-
weight artificial aggregate (60%A and 80%aA), and the F pointed out the
PVA fiber volume fraction (0%F and 1%F). Thus, for example, 80%A-1%
F indicates the replacement level of fine aggregate by artificial aggregate

Fig. 3. Geopolymer mortars stored in plastic bags.
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Fig. 4. Uniaxial tensile strength test setup.

is 80%, and the volume fraction of PVA fibers is 1%. Several LGPM trial
batches were cast and tested, and the mixes which achieved the best
cohesive and workable LPGM were selected as shown in Table 3 for
detailed analyses.

The NaOH flakes were dissolved in water, and then the solution was
stored at an ambient temperature to cool before being used. All through
the study, the concentration of NaOH was kept constant at 12 M, which
was performed superior mechanical and durability performance [31].
After that, 12 M NaOH solution and Na,SiO3; solution were mixed
together with a sodium silicate to hydroxide ratio of 2.5. The obtained
alkaline solutions were then left in plastic containers at ambient tem-
perature for at least 24 h to allow heat dissipation before utilization. All
mixes were composed based on a constant binder (GGBS) amount and
alkaline activator solution, where the activator to binder ratio was 0.8.
The proportion of binder to aggregate ratio was 1:3. These values were
chosen after doing some trial mixes to attain the desired strength with
acceptable workability. According to previous research, the volume
ratio of PVA fibers ranged between 0.2% and 2% [27]. In the present
experimental work, the PVA fiber volume fraction was selected as 1% for
economy.

The mixing process started by mixing the dry ingredients (i.e., GGBS,
river sand, and ALWA) for 3 min. Then, the alkali activator solution was
gradually added to the dry materials and mixed for 4 min. After the
water and superplasticizer were slowly added to the mixer, the mixing
was continued for 5 min. to obtain proper workability. For the work-
ability enhancement and further geopolymerization, additional water is
also utilized in the mixes [32]. It should be noted that the water to
geopolymer solids ratio by mass is significant in designing geopolymer
samples. Additional water dilutes the liquids, which causes a reduction
in mechanical strengths. Therefore, additional water usage for the
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60%A-0%F 80%A-0%F 80%A-1%F

Fig. 5. Flows of LGPM mixes.

workability improvement should be limited in geopolymer mixes to
prevent mechanical strength reduction. For the fibrous mixes, the PVA
fibers were slowly included in the mixer to satisfy uniform fiber
dispersion and the mixture continued at high speed for 3 min. After the
mixing period was finished, the obtained fresh mix was cast into
different pre-oiled molds in two layers and well-compacted using a table
vibrator to remove the air voids. Then, all the molds were coated by a
thin plastic film to minimize the alkali activator solution loss and left in
the laboratory for 24 h. The samples were then demolded and stored in
plastic bags, as shown in Fig. 3. Ambient curing was adopted in this
research since it was reported that slag-based geopolymer concretes can
be used in structural elements without elevated temperature or water
curing [32].

2.3. Test procedure

The workability of lightweight geopolymer mortar mixtures was
defined by a flow table test. The test was conducted on each mortar mix
according to ASTM C1437 [33]. The fresh density of each geopolymer
mortar mix was determined as soon as the mixing process was finished.
Meanwhile, the hardened density was measured just before the
compressive strength tests. For the hardened state tests, compressive
strength tests were executed using three 70 mm side cubes, and the
average compressive strength was calculated by taking the average of
the three companion specimens. Also, cylinder specimens of 100 mm in
diameter and 200 mm in height were utilized for compressive strength
tests, conducted under displacement-controlled loading at a 0.5 mm/
min rate using a universal testing machine. Load and displacement data
were obtained for each cylinder sample. Before performing the test, the
sulfur capping procedure was carried out to level the surfaces of each
sample.

The flexural tests were executed on the prism and beam samples with
dimensions of 160 mm x 40 mm x 40 mm and 350 mm x 75 mm x 45
mm, respectively, after 28 days of curing. The flexural response of the
LGPM specimens was investigated by the three-point bending tests
under a constant loading rate of 0.3 mm/min until the specimens failed.
To measure displacements at the midpoint of the span of the samples,
linear variable displacement transducers were utilized. The load vs.
displacement data were recorded and plotted.

The uniaxial tensile behavior of LGPM samples was evaluated
through the tensile test. The test setup and dimensions of the dog-bone
samples are presented in Fig. 4. The shape of the dog-bone specimens
causes the majority of cracks to happen in the narrow section of 80 mm
in the middle of the specimen. The specimens were subjected to quasi-
static uniaxial tension loadings up to the failure. The tensile stress vs.
strain curves were plotted throughout the tests.
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Fig. 6. Fresh and dry densities of LGPM mixes.
2.4. Exposure to elevated temperatures

A series of samples were exposed to temperatures of 250 °C and
500 °C to analyze the impact of high temperature on the behavior of
lightweight geopolymer mortar samples (with and without PVA fibers).
The specimens were put in an oven and heated at a heating rate of 25 °C/
min until the target temperature was reached. The samples were then
kept at each elevated temperature for 30 min. Then, the samples were
allowed to cool inside the oven to room temperature without subjecting
them to thermal shock. For comparative purposes, the properties of
lightweight mortar samples were tested before and after exposure to the
elevated temperature.

3. Test results and discussion
3.1. Flow Table test

Fig. 5 shows the workability of different geopolymer mortar mix-
tures. The findings revealed that the flowability reduced slightly with an
increase in the replacement level of artificial lightweight aggregate
(ALWA). It can be attributed to dry surface condition of ALWA particles,
adsorbing a higher amount of liquid and reducing the workability. Also,
the incorporation of PVA fibers had further decreased the workability
due to the large surface area of PVA fibers, resulting in increased
adherence between the mortar and the aggregates. A similar result was
stated in the previous investigation [35]. Meanwhile, it is worth
mentioning that there was no segregation or bleeding in the LGPM mixes
with/out fibers. In general, the artificial lightweight aggregates with
rounded particles have a low ability to form bleeding [17].

3.2. Density test

Fig. 6 presents the measured densities (fresh and dry) at various
curing ages based on the different replacements of river sand by ALWA
for the non-reinforced and reinforced geopolymer mortars. It was
observed that the densities of geopolymer mixes decreased by increasing
the volume replacement of river sand by ALWA due to the moisture
condition and the lower density of ALWA. Furthermore, a gradual
reduction in the density of the LGPM mixtures was obtained by
increasing the age of samples from 1 day to 28 days. This reduction can
be attributed to water evaporation and the development of the geo-
polymer matrix [36].

In fiber-reinforced LGPM specimens, the inclusion of PVA fibers to
LGPM decreased both the fresh and the dry densities. The fresh density
was found 2.7% lower than that of the mix without fibers (80%A-0%F).
However, the variation of dry density was not significant (0.7% lower
than that of the 80%A-0%F mix). This can be attributed to the low

Fig. 7. Compressive strength of geopolymer mortars at different substitution
levels of ALWA.
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Fig. 8. Variations of compressive strength of LGPM at different exposure
temperatures.

specific gravity of PVA fibers, resulting in a reduction in the density of
LGPM samples. Moreover, the porosity of the LGPM specimens became
higher due to the fiber inclusions [15]. Overall, according to ACI
Committee 213R-03 [37], the upper limit of density to consider air-dried
mortars as lightweight mortars is defined as 1950 kg/ m? . As there is no
specification for geopolymer mortars, this criterion can also be applied
for geopolymer mortars. The results showed that the dry densities of all
LGPM mixtures are less than 1950 kg/ m® , which can be considered
lightweight.

3.3. Compressive strength performance

3.3.1. Compressive strength of cube specimens

Fig. 7 illustrates the average compressive strengths at 1 day, 3 days,
7 days, and 28 days of geopolymer mortars prepared with variable
replacement levels of ALWA. The findings showed that the compressive
strength increased with the curing age due to the continuous geo-
polymerization process. Also, increasing the substitution level of ALWA
from 60% to 80% reduced the compressive strength by 21.9%, 15.4%,
7.4%, and 6.8% at 1 day, 3 days, 7 days, and 28 days, respectively. The
reason for the reduction is that lightweight aggregates are usually
weaker than river sand particles due to their porous nature. Moreover,
the smooth surface of ALWA, compared with river sand with a rough
surface, decreased the adherence to the geopolymer matrix, which
would be another cause of the strength reduction. Besides, increasing
the substitution level of river sand by ALWA reduced the density, as
mentioned previously. As a result, the compressive strengths reduced.
These results are in agreement with the findings of previous
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Fig. 9. Stress vs. strain curves of LGPM cylinders under compression at
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investigations [13,38]. Generally, according to ACI Committee 213
[37], the compressive strengths of all specimens were in the range of 17
MPa and 41.0 MPa, which can be utilized as lightweight structural
concrete in structural applications.

The compressive strength of the geopolymer specimens incorpo-
rating PVA fibers (80%A-1%F) was found 37.6% lower than that of the
specimens without PVA fibers at 28 days, as shown in Fig. 8. In litera-
ture, the reduction in compressive strength was reported when PVA fiber
incorporations exceeded 0.8% [21], attributed to the more air content
and voids in LGPM specimens [39]. It is noted that the LGPM specimens
containing PVA fibers showed good resistance to crack propagation due
to the bridging mechanism of the PVA fibers. After compressive strength
tests, the specimens with PVA fibers showed no separation and high
resistance to LGPM brittle failure. Also, the specimen maintained its
original shape after peak load, resulting in a ductile failure mode [40].

Fig. 8 also demonstrates the influences of elevated temperatures
(250C and 500C) on the compressive strengths of LGPM specimens. The
results revealed an increase in the compressive strengths for all LGPM
specimens at 250C compared with the specimens at room temperature.

80%A-0%F - 500°C

80%A-1%F - 500°C

Fig. 10. Failure modes of LGPM cylinder samples after compressive test.
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Fig. 11. Load-displacement curves of LGPM prism specimens at various
temperatures.

The compressive strength increase at 250C may be attributed to the
internal autoclaving process and filling up of the pores with extra CSH
and CASH formation, leading to a more compact structure with low
porosity and high mechanical performance [41,42]. Furthermore, the
denser structure of binding paste can be related to the accelerated
geopolymerization reactions between alkaline solution and GGBS at
elevated temperatures [43].

However, after the exposure to 500C , the LGPM specimens exhibited
a reduction in the compressive strengths due to a large number of
microcracks developing at 500 °C. At this temperature, the compressive
strength reductions compared with the samples at room temperature
were 20.4%, 19.7%, and 7.8% for 60%A-0%F, 80%A-0%F, and 80%A-
1%F, respectively. A similar finding was reported in the previous
research [44]. The strength reduction at 500 °C can be attributed to the
high thermal shrinkage due to the water vaporization from geo-
polymers. The free water turns to water vapor at 500 °C, rising vapor
pressure. When the vapor pressure comes to its absolute limit, the matrix
with low permeability cannot withstand the high thermal stresses,
causing thermal cracks on the surface, leading to a reduction of
compressive strength.

3.3.2. Stress—strain relationship of cylinder specimens

Fig. 9 depicts the stress—strain curves of cylinder specimens of LGPM
under compression at different temperatures. Generally, the curves
consist of three stages; elastic deformation stage, plastic deformation
stage, and falling stage, which occurs after reaching the peak load. The
findings revealed a 23% reduction in the compressive strength due to
adding PVA fibers. However, in terms of the compressive strain, it can be
seen that the specimen with 1% PVA fibers has a greater strain. Fiber-
reinforced samples can demonstrate the ability to deform and main-
tain a high load level even after reaching the peak load, displaying a
state of steady cracking. Moreover, there was no sudden and brittle
failure observed in the specimens reinforced with PVA fibers, which may
be attributed to the crack-bridging capacity of PVA fibers, as stated in
the earlier investigation [45].

Fig. 9 also shows the stress vs. strain curves for LGPM specimens at
elevated temperatures. At 250 °C, the compressive strength increased
due to the progressive geopolymerization process and water evapora-
tion, leading to an increment in Van der Walls force [46]. Moreover, the
specimens with PVA fibers exhibited higher strain levels compared with
the non-reinforced specimens. Incorporating PVA fibers improved the
cracking response by resisting the expansion and forming confinement
in the circumferential direction.

However, there was a slight decrease in the compressive strengths
when the temperature reached up to 500 °C. The compressive strength
reductions were 17.9% and 20.4% for 80%A-0%F and 80%A-1%F,
respectively. This reduction can be attributed to micro-crack develop-
ment, possible phase-change transition in geopolymers, and differential
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Fig. 12. Load-displacement curves of LGPM beam specimens at various
temperatures.

thermal expansion between geopolymer matrix and PVA fibers. Addi-
tionally, as the temperature was increased, the compressive strains of
specimens also increased, resulting from a significant change in material
behavior [47]. By comparing all of the curves, it can be discovered that
the samples exposed to 500 °C exhibited the highest strains. As revealed
in Fig. 10, the samples without PVA fibers suffered severe spalling and
cracking, while the LGPM samples containing PVA fibers suffered minor
damage. PVA fibers resisting the cracks and hold specimens in a one-
piece at room temperature and 250 °C. However, after exposure to
500 °C, spalling occurred due to the melting of PVA fibers at higher
temperatures (greater than250-300 °C)

3.4. Flexural behavior

Figs. 11 and 12 demonstrate the load-displacement curves of LGPM
prism and beam specimens (with and without fibers) at elevated tem-
peratures, respectively. The results revealed that increasing the
replacement level of artificial lightweight aggregates (ALWA) decreased
the displacement and the load-carrying capacity by about 26% and 24%,
respectively. The reason for this could be that increasing ALWA content
increased the brittleness and damage of LGPM specimens due to the
softness of ALWA particles. The load-displacement curves of ALWA
incorporated samples showed a linear upward slope and then a load
drop after reaching the peak load in correspondence to the formation of
the cracks inside the specimen until failure.

With the incorporation of PVA fibers, there is an increase in the
displacements compared to the non-reinforced specimens, as shown in
Figs. 11 and 12. For instance, adding PVA fibers in prismatic specimens
exhibited 60% more displacement capacity for the displacement of plain
samples, Fig. 11. This phenomenon could be attributed to the crack
bridging of the PVA fibers. The strain-softening behavior was observed
for the PVA fiber-reinforced prismatic samples, while a brittle behavior
was noticed for the samples without fibers. In Fig. 12, the fiber-
reinforced beam specimens showed a strain hardening behavior after
the first cracking. This could be due to the formation and propagation of
cracks inside the specimen. After the peak load, a descending curve was
obtained in the specimens until failure. Incorporating PVA fibers
improved the ductility and toughness of LGPM specimens, and failure
types became more ductile, which was significant, especially in high
seismic zones. The visual observations throughout the flexural test
revealed that for the non-fibrous LGPM, the cracking began in the mid-
span and rapidly spread to the top. Then the specimens were broken into
two halves at ultimate load, indicating a brittle failure mode. On the
other hand, the fibrous LGPM specimens demonstrated ductility and
continued to carry the load after the first crack and delayed the failure of
the specimens.

The load-carrying capacity was increased for the specimens exposed
to 250 °C. This increase was higher for the plain (80%A-0%F) prism
specimens than for the beam specimens by 48.6% and 33.1%,
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Fig. 13. Tensile stress vs. strain curves of dog-bone samples at elevated
temperatures.

respectively, compared to those of the unheated specimens. However, it
was observed that the displacement values were lower for all LGPM
samples exposed to elevated temperatures than the unexposed speci-
mens. The reduction in ductility was observed at 250 °C. On the other
hand, the displacement capacity of the PVA-reinforced specimens was
still greater than the non-fibrous samples, which may be attributed to
the heat transfer of fibers throughout the specimens, reducing the
localized thermal damage in the matrix. However, the ductility of
specimens decreased compared to room temperature, indicating that
melting of some PVA fibers occurred during an elevated temperature of
250 °C, resulting in a reduction of ductility.

For the specimens exposed to 500 °C, the load-carrying capacity and
displacements were declined for all LGPM mixtures. The reduction was
found greater on the prism specimens than the beam specimens due to
the size effect. As the size of the specimens increased, the degradation of
specimens due to elevated temperature on the flexural behavior became
more [48]. At 500 °C, most of the PVA fibers burned and became viscous
and shrank, thereby remained fibers lost their ability to bridge the
cracks. In addition, the higher temperatures reduced the elastic modulus
of the fibers and the chemical bond between the fibers and the LGPM
matrix. At 500 °C, the prism specimens exhibited a brittle failure while
the beam specimens showed a strain-softening behavior with some
ductility. At elevated temperatures, the ductility was reduced, and this
reduction could be related to the number of cracks formed in the samples
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3.5. Uniaxial tensile performance

Fig. 13 illustrates the uniaxial tensile stress vs. strain behaviors of the
different LGPM dog-bone specimens after exposure to 250C and 500C .
LGPM specimens reinforced with PVA fibers after exposure to 250C
showed a significant improvement in tensile strength from 1.47 MPa to
2.16 MPa due to the further geopolymerization. However, the tensile
strain capacity reduced significantly, and the PVA fiber-reinforced
LGPM specimens exhibited a brittle failure. It had been reported that
the melting point of PVA fibers is about 225C [49], so this could be the
reason for the reduction in the tensile strain capacity. However, the
remaining PVA fibers were still able to participate in bridging the
specimen, Fig. 14. Meanwhile, the non-fibrous LGPM specimen showed
the highest tensile strength of 2.6 MPa and the lowest tensile strain
capacity (6.6% lower than the reinforced specimen). Therefore, the non-
fibrous specimen showed a brittle failure mode, Fig. 13.

With increasing the temperature from 250C to 500C , the tensile
strengths of LGPM samples decreased to 1.9 MPa and 1.6 MPa for the
samples without and with PVA fibers, respectively. This reduction in
strength occurred due to thermal incompatibility, resulting in damage to
the specimen [50]. However, tensile strain capacities increased by
increasing the temperature for both reinforced and unreinforced sam-
ples to 2.2% and 1.2%, respectively, compared to those at 250C . The
deterioration of LGPM tension stiffness had induced this due to varying
degrees of thermal decomposition [49].

The tensile strain capacity is proportional to the number of cracks on
the surface of the sample. Therefore, the strain capacity increased as the
number of fine cracks increased [49]. It had been observed that multiple
micro-cracks were formed during the loading of the fiber-reinforced
samples, and most of them were closed after the unloading. In gen-
eral, the failure of the samples occurred within the gauge length of the
dog-bone samples (approximately within the middle portion, Fig. 14).

3.6. Scanning electron microscopy (SEM)

Fig. 15 shows the SEM micrographs of the LGPM specimens with/out
PVA fibers before and after exposure to elevated temperatures. Fig. 15.a
and 15.d show that increasing the replacement level of river sand by
ALWA increased the number of broken particles on the failure surface.
This can be attributed to the low stiffness of ALWA particles, resulting in

(a) at room temperature

(b) after exposure to 250°C

(c) after exposure to 500°C

Fig. 14. Failure crack patterns of 80%A-1%F dog-bone specimens under uniaxial tensile load.
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Fig. 15. SEM images of LGPM before and after exposure to elevated temperatures.

a decrease in the compressive strength results. Also, from these figures,
there are some geopolymeric gel regions surrounded by the geo-
polymeric mortar, indicating incomplete geopolymeric reactions.
Fig. 15. b and 15.e present the SEM micrographs of LGPM samples after
exposure to 250C . It can be noticed that there was not a big difference in
the microstructure appearance of LGPM at ambient temperature. How-
ever, some voids and micropores were detected due to water evapora-
tion. Furthermore, SEM micrographs of the samples exposed to 500C
exhibit a higher degree of degradation in the microstructure where
micro-cracks and more voids had been formed, as shown in Fig. 15.c and
15.f. The significant loss of water in LGPM, and the variation in thermal
expansion between ALWA and geopolymer paste during heating, could
cause this deterioration, which is also correlated with the loss in
compressive strengths, as shown in Fig. 8.

Meanwhile, microstructural analyses of PVA fibers at elevated tem-
peratures were also conducted, as shown in Fig. 15.g — 15.i. As shown
from Fig. 15.g, there is good adhesion between the fibers and the matrix.
The fibers were coated by geopolymerization products formed during
the geopolymerization reaction process, improving the bond between
the fibers and the matrix [16]. Fig. 15.h illustrates the SEM micrographs
of the specimens at 250C . The findings revealed that the fiber surfaces
did not change significantly, and the geopolymer matrix still coated the

surfaces. However, the SEM micrographs of the fibers after exposure to
500C showed that micro-channels emerged due to the melting of PVA
fibers at this temperature, as shown in Fig. 15.i. These melted fibers
increased the matrix porosity and resulted in the loss of mechanical
performance and ductility. The pore pressure inside the LGPM samples
was reduced due to the formation of these channels, enabling the escape
of water vapor to the outside, reducing the likelihood of spalling.

4. Conclusions

The main findings of the experimental study could be summarized as
follows:

e Considering the flow table test results, it can be concluded that
increasing ALWA content in geopolymer mortar mixes reduced the
flow diameter. Also, PVA fibrous mortars exhibited lower work-
ability compared to non-fibrous mortars.

e Both fresh and dry density values were reduced by increasing the
ALWA content due to the low density of ALWA. Density values of
PVA fibrous LGPM samples were further reduced due to the low
specific gravity of PVA fibers. The dry density of all the mixes was
lower than 1950 kg/ m? , satisfying the specifications for lightweight
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concrete structures, which is significant, especially in high seismic
zones in the Marmara region, Turkey.

The compressive strengths of LGPM showed that the strengths
increased with age. The increase of ALWA content from 60% to 80%
reduced the strength values by 6.8% at 28 days. Also, the inclusion of
PVA fibers led to a reduction in the compressive strengths.

After exposure to elevated temperatures, the compressive strength of
LGPM samples increased at 250°C. However, the compressive
strength values were decreased at 500C due to the degradation of
specimens.

e From the stress-strain curves of cylindrical LGPM samples, incor-
porating PVA fibers reduced the compressive strength while
increased the compressive strain. In addition, the compressive
strength increased due to the ongoing geopolymerization process at
250 °C. However, compressive strength and ductility reductions
were observed at 500 °C.

Flexural behavior results revealed that increasing the ALWA content
led to a reduction in both the displacement and the load-carrying
capacity. However, the mortar mixes with PVA fibers showed
higher displacements compared to the specimens without fibers. The
PVA fibers remarkably improve the flexural characteristics of LGPM
samples and change failure modes from brittle to ductile.

After exposure to 250 °C, there was an increase in the flexural load-
carrying capacity while a reduction in displacement capacity.
However, a reduction in both flexural load-carrying capacity and
displacement capacity was obtained at 500 °C.

The uniaxial tensile strength results indicated that the uniaxial ten-
sile strength of fibrous mortar samples was significantly improved
from 1.47 MPa to 2.16 MPa at 250 °C, while a decrease in the tensile
strain capacity was observed. At 500°C, the uniaxial tensile strength
was reduced, while the tensile strain capacities were increased, and
the samples exhibited a brittle failure mode.

Geopolymers have the potential to replace traditional cement and
become an essential element of a sustainable construction sector. In
summary, the current study showed that it is possible to produce LGPM
using ALWA and PVA fibers with significantly improved mechanical
properties at ambient curing, making LGPM suitable for in situ appli-
cations. For future study, other durability performances, i.e., chemical
durability, should be thoroughly investigated for the standardization
process.
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