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This paper investigated the post-heating behavior of fly ash-based geopolymer binders reinforced with poly-
propylene (PP) microfibers. Geopolymer binders with different fiber contents including 0%, 0.05%, 0.1%, and
0.2% by fly ash weight were prepared and exposed to elevated temperatures of 200 °C, 400 °C, and 600 °C. The
effect of fiber reinforcement on the mechanical strengths of unheated binders, residual fracture characteristics of

Thermal . X . N > !
Fracture heat-damaged binders, microstructure deterioration, and thermal properties of geopolymer specimens were
Mechanical investigated. The results revealed that PP microfibers had neglected effect on the compressive strength of the

binders, but clearly enhanced their flexural strength. Maximum enhancement of 17% was observed in the
flexural strength of binders with 0.05% PP fibers. Using PP microfibers enhanced the residual compressive but
not the flexural strength of the heat-damaged binders. The fiber-reinforced specimens had higher residual
compressive strength compared to the corresponding fibreless ones when heated up to 500 °C. The modulus of
elasticity and the toughness of the binders decreased with heating. Fiber-reinforced specimens showed higher
reduction in the toughness but lower reduction in the modulus due to heating compared to the fibreless speci-
mens. Using PP microfibers reduced the thermal conductivity of geopolymer binders. The reduction due to the

fiber addition was less pronounced for heated specimens compared to unheated ones.

1. Introduction

Alkali-activated or geopolymer binders are novel materials that have
attracted a lot of attention for various construction applications. They
are mainly produced by activating aluminosilicate source materials such
as fly ash with alkali activators such as sodium or potassium hydroxide.
With their low CO footprint, comparable mechanical characteristics,
high thermal resistance, and good durability, geopolymer composites
represent environmental-friendly alternative to the OPC [1-4]. Howev-
er, similar to OPC, geopolymer binders show brittle behavior and own
low flexural and tensile strengths [5,6]. One of the common and effec-
tive way to enhance the flexural strength and toughness thus reduce the
brittleness of the binders is to utilize short fibers in the mix. Addition of
micro fibers in brittle matrices represents an efficient practice to miti-
gate the crack propagation thus improve the fracture toughness of the
matrix when exposed to the load [7-9]. Different types of fibers have
been used as reinforcement in cementitious and geopolymer composites
to enhance their flexural capacity and toughness [7,8,10-12]. In this
regards, polypropylene (PP) microfibers with their lightweight,
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corrosion resistance, easy dispersion, and relatively low cost represent
an attractive candidate [13-17].

The effect of PP microfibers on fresh and hardened properties of
geopolymer composites has been examined extensively by previous
studies. Nguyen et al. [18] reported that adding PP fibers to alkali-
activated ladle slag mortars enhanced their fracture toughness, frac-
ture energy, and flexural strength. Puertas et al. [19] reported that
incorporating PP fibers in alkaline activated mortars improved their
fracture resistance but not their mechanical strengths and modulus of
elasticity. Bhutta et al. [20] reported that adding PP microfibers into
geopolymer binders reduced their workability, increased their porosity,
and insignificantly enhanced their mechanical strengths. Ranjbar et al.
[9] showed that the incorporation of small amount (0.5 vol%) of PP
fibers reduced the drying shrinkage and flexural strength of the geo-
polymer composites, but increased their energy absorption. Wang et al.
[21] reported that the addition of PP fibers in the range of 0-1 wt%
enhanced the thermal conductivity and the moisture absorption of
lightweight fly ash-based geopolymer concrete. Mohseni [16] reported
that using PP fibers enhanced the flexural strength of the metakaolin-
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Table 1

Chemical composition of fly ash.
Oxide (%)
SiO, 49.90
AlL,Os 17.10
CaO 11.80
Fey03 7.83
MgO 4.90
SO3 0.42
K>0 0.28
NaO 0.14
Cl 0.01
LOI 7.62

based geopolymer concrete. Sukontasukkul et al. [22] reported that 0.5
vol% was the optimum PP fiber content of FA-based geopolymer mortar
in terms of compressive strength. Chindaprasirt et al. [23] reported that
0.5% and 1.0% by weight of FA were the optimum fiber content for
compressive and flexural strengths of high calcium FA geopolymer
paste, respectively.

On the other hand, the performance of any material when exposed to
elevated temperatures is significant, especially when it is to be utilized
as construction material for structural application. Due to their inor-
ganic framework, previous studies showed that geopolymer composites
exhibited good thermal stability and fire resistance [24]. Jiang et al.
[24] investigated behavior of geopolymer paste made of different fly ash
classes when exposed to elevated temperatures. Their results showed
that Class F fly ash-based geopolymer pastes had better mechanical
properties than Class C when the heating temperature was below 500 °C,
whereas the later showed better performance after being exposed to
higher temperatures (>800 °C). Colangelo et al. [25] investigated the
thermal behavior and stability of geopolymeric mortars when exposed to
elevated temperatures between 150 °C and 550 °C. Their results showed
that the geopolymer mortar retained acceptable strength and remained
thermally stable. Celikten et al. [26] reported that the geopolymer
mortar made of Class F fly ash were more durable at high temperatures
up to 800 °C compared to the OPC mortar. Aygormez et al. [27] reported
that the compressive and flexural strengths of metakaolin-based geo-
polymer composites were reduced when exposed to elevated tempera-
tures in the range of 600 °C to 900 °C. According to their results, the
reduction in flexural strength was higher than that in the compressive
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strength.

The aforementioned literatures indicated that geopolymer compos-
ites had good thermal behavior and fire resistance. In addition, positive
impact of microfibers on the mechanical properties of the geopolymer
composites has been reported. Reinforcing geopolymer binders with fi-
bers has been able to provide higher resistance to crack formation and
propagation thus overcome their brittleness issue. However, few studies
investigated the influence of these fibers on the behavior of such com-
posites when exposed to elevated temperatures. The novelty of this
research is that it will help to understand the post-heating performance
of fiber-reinforced geopolymer composites, and to explore the role of the
fibers in mitigating the deterioration of the binder microstructure. The
behavior of fly ash-based geopolymer binder with different dosages of
PP microfibers ranged from 0.05% to 0.2% (by fly ash weight) were
investigated at room temperature as well as after exposed to elevated
temperatures up to 600 °C. The residual mechanical strengths and
fracture characteristics of the binder were investigated after heating. In
addition, the effect of the fibers on the thermal behavior of the geo-
polymer binders were investigated through thermal conductivity and
thermogravimetric analysis. Finally, the microstructure deterioration of
the binders due to heating was investigated using scanning electron
microscopy (SEM) imaging.

2. Experimental program
2.1. Materials

The geopolymer binder used in this study was prepared using source
materials, alkaline solution, silica sand, and superplasticizer. Class F fly

ash received from local company was used as source material. Its
moisture content and density were equal to 0.5% and 2.23 g/crn3,

Table 2

Geopolymer mix design (kg/m®).
Mix No. Fly ash Sand NaOH (10 M) Na,SiO3 SP PP fibers
M1 711 1956 171 256 7 -
M2 0.356
M3 0.711
M4 1.422

100 1000 10000

Particle diameter (um)

Fig. 1. Particle size distribution of fly ash used in this study.
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Fig. 3. Flow table results of geopolymer binder with PP-fibers.

respectively. The chemical composition (ASTM C618-12a) and particle
size distribution of the fly ash are shown in Table 1 and Fig. 1, respec-
tively. Alkaline solution consisted of sodium hydroxide (NaOH) and
sodium silicate (NapSiO3) were used to initiate the polymerization
process. The sodium silicate solution was obtained from local company
with chemical composition of 27% SiO3, 13% Na,0, and 60% water. The
NaOH solution with a concentration of 10 Molar was prepared by adding
400 g of NaOH pellets into distilled water until the total solution
quantity becomes 1 L. The solution was left to cool down then it was
stored in an airtight plastic container to be used later to produce the
geopolymer binder. The silica sand used in this study was locally
available with specific gravity, fineness modulus, and water absorption
of 2.56, 2.31, 1.87%, respectively. Polycarboxylate ether-based super-
plasticizer (PC 485, EPSILONE) was used for all mixes. Commercially
available monofilament polypropylene (PP) microfibers (from Sika®)
were added into the mixes with different quantities. The fibers owned a
length of 12 mm, diameter of 34 um, density of 910 kg/m>, and melting
point of 160 °C.

2.2. Geopolymer mix design and binder preparation

Four batches of geopolymer binder were prepared in this study: one

control batch with no fibers and three other batches contained PP fibers
with dosages of 0.05%, 0.1%, and 0.2% by weight of fly ash. Based on a
previous study published by the authors [28], the sodium silicate to
sodium hydroxide solution ratio and fluid to binder ratio were 1.5 and
0.6, respectively. The fly ash to sand ratio was selected to be 1:2.75. The
mix proportions are detailed in Table 2. The geopolymer binder was
prepared by dry mixing the fly ash and PP fibers for 60 s to ensure ho-
mogeneous distribution of the fibers. The previously made activator
solution and the superplasticizer were mixed together for 120 s, and
then the solution was placed in the mixing bowl. The fly ash and PP
fibers were added along with the activator solutions to the mixing bowl
and mixed for 30 s. Then the sand was added and mixed for another 150
s. The prepared geopolymer mortar was cast in 5 cm cubes for
compression test and prisms with dimensions of 4 cm x 4 cm x 16 cm for
the flexural test. The casted specimens were cured at 80 °C for 24 h. The
specimens were named by a letter G refers to geopolymer and two
numbers. The first number refers to the fiber content as a weight per-
centage of the fly ash, and the second number refers to the elevated
temperature.

2.3. Heating regime

After curing, number of the prepared geopolymer binder specimens
were exposed to elevated temperatures of 200 °C, 400 °C, and 600 °C.
Electrical furnace was used with heating profile shown in Fig. 2 with a
rate of 3 °C/min. After reaching the desired elevated temperature, the
temperature was fixed for two hours then the furnace was turned off.
After heating, the specimens were left at room temperature until the day
of testing.

2.4. Test procedures

2.4.1. Workability

ASTM C1437 standard was followed to perform the flow table test in
order to investigate the effect of the PP microfibers on the workability of
geopolymer binders. The flow diameter was measured for geopolymer
mixes with 0%, 0.05%, 0.1%, and 0.2% of PP microfibers. Four readings
for each mix were measured, and then the average was calculated and
reported.
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Fig. 4. Density of heated fiber-reinforced geopolymer binders.

Table 3
Mechanical characteristics.
Specimen  Residual Residual Residual Residual
compressive flexural Elastic fracture
strength (MPa) strength (kN) Modulus energy (N.
(GPa) mm)
G-0-25 37.9 2.46 9.87 1991
G-0-200 31.8 1.53 6.25 1168
G-0-400 26.7 0.71 3.24 556.9
G-0-600 12.7 0.45 1.90 334.4
G-0.05- 39.1 2.89 7.84 5054
25
G-0.05- 36.3 1.70 6.14 2660
200
G-0.05- 30.6 0.73 4.20 1286
400
G-0.05- 11.0 0.41 1.60 315.3
600
G-0.1-25 38.7 2.65 6.83 4379
G-0.1- 325 1.49 5.56 2346
200
G-0.1- 29.4 0.58 3.10 993.3
400
G-0.1- 10.4 0.39 1.10 286
600
G-0.2-25 38.0 2.48 6.56 4221
G-0.2- 33.7 1.46 5.29 2367
200
G-0.2- 27.7 0.55 2.50 717
400
G-0.2- 11.6 0.32 0.75 422.2
600
2.4.2. Density

The effect of the PP fibers on the density of geopolymer binders was
investigated according to the ASTM C642 standard. Three 50 mm cube
specimens were tested for each batch and the average was reported. The
specimens were heated at 110 + 5 °C for 24 h using electrical oven, then
weighted when cooled at room temperature. The procedure was
repeated until a constant mass was achieved. The density was measured
by dividing the dry weight of each specimen by its volume.

2.4.3. Thermal conductivity

Thermal conductivity of fiber-reinforced geopolymer binders was
investigated. Two specimens with size of 40 mm x 40 mm x 80 mm
were used to measure the conductivity of the binders using hot disk
thermal constant analyzer. The data was acquired during the test using
transient plane source (TPS) method.

2.4.4. Mechanical strengths

In order to investigate the mechanical performance of geopolymer
binders with PP fibers, compression and flexural strength tests were
performed with loading rates of 1.3 kN/s and 0.044 kN/s using universal
testing machine according to the ASTM C109 and ASTM C348 standards,
respectively. Three samples were tested for each specimen and the
average strength was reported.

2.4.5. Thermogravimetric analysis

Thermogravimetric analysis (TGA) test was performed to study the
thermal stability of the geopolymer binders. Total mass loss of selected
binder specimens due to gradual temperature exposure from 30 °C and
730 °C was monitored using TGA 4000 PerkinElmer device. Small
fragments with a size of 45 um were extracted from the selected speci-
mens and used in the test.

2.4.6. Microstructural investigation

SEM imaging was conducted to investigate the role of the PP fibers in
maintaining the integrity of the geopolymer specimens when exposed to
elevated temperatures. Small fragments of the binder were extracted
from selected specimens and coated with gold to improve the conduc-
tivity of the samples. Then, the SEM imaging was conducting in accor-
dance with ASTM C1723, using NOVA NanoSEM 450 device.

3. Results and discussion
3.1. Workability

Fig. 3 shows the flow table results of geopolymer binders with
various fiber contents. The figure revealed that adding PP fibers nega-
tively affected the workability of the mixes. The flowability of the fiber-
reinforced geopolymer binder decreased with increasing the fiber con-
tent. Similar trend was reported in the literatures [7,9,20]. The
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Fig. 5. (a) Compressive strength and (b) flexural strength of fiber-reinforced geopolymer binders exposed to elevated temperatures.

reduction in the workability could be attributed to the increase in yield Fig. 4. It was clear that for all exposed temperatures, the density of the
stress of the fresh binder with the increase of fibers’ content [7], or to the binders insignificantly decreased with increasing the fiber content. The
high shear resistance due to the presence of the fibers [9]. reduction in the density might be ascribed to (1) the fact that the density

of the fibers was less than that of the geopolymer matrix; (2) the ability

of air entrainment by fibers [7,29].
3.2. Density

The variation in the density of fiber-reinforced geopolymer binders
when exposed to elevated temperatures was monitored and plotted in
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3.3. Mechanical strengths of unheated geopolymer

Compressive and flexural strength tests were conducted for unheated
geopolymer binder specimens with various fiber contents. The results
are summarized in Table 3. Compressive strength of unheated fibreless
geopolymer specimen (G-0-25) equals to 38 MPa. For unheated speci-
mens, adding PP microfibers had neglected effect on the compressive
strength of the geopolymer binder regardless of the fiber content as
shown in Fig. 5a. Similar observation was reported in the literatures
[9,27]. Flexural strength of unheated fibreless geopolymer specimen (G-
0-25) equals to 2.5 kN. The flexural strength of unheated specimen was

enhanced by adding PP microfibers as shown in Fig. 5b. The maximum
enhancement of 17% was observed for specimen with 0.05% fiber
content. Similar observation was reported in the literatures [27,30].
Polypropylene micro fibers were effective in stopping the microcracks
caused by tensile stresses in the lower region of the specimens during the
flexural strength test. After the formation of the cracks at microscale, the
fibers played a major role in preventing these cracks to convert into
macroscale, thus kept the integrity of the specimens and enhanced their
flexural strength [11,17,27,31].
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Fig. 7. Flexural load-deflection curves of fiber-reinforced geopolymer heated at (a) room temperature (b) 200 °C (c) 400 °C (d) 600 °C.

3.4. Post-heating behavior of fiber-reinforced geopolymer

3.4.1. Residual compressive strength

Residual compressive strength of heat-damaged fiber-reinforced
geopolymer binder specimens are summarized in Table 3. The results
revealed that the presence of PP microfibers had significant effect on the
strength of heated specimens. The compressive strength of specimens
with 0.05% fiber content heated at 200 °C and 400 °C were 14% and
15% higher than the strength of the corresponding fibreless specimens.
To focus on the effect of elevated temperature exposure on the
compressive strength, relative residual compressive strength was
calculated by dividing the residual strength after heating by the original
strength of the corresponding unheated specimens. The results were
presented in Fig. 6a. The relative residual compressive strengths of
fibreless geopolymer binders when exposed to elevated temperatures of
200 °C, 400 °C, and 600 °C were equal to 84%, 70%, and 34% of the
original strength of the unheated specimen. The reduction in the
strength could be attributed to the thermal shrinkage from the vapor
effect [24,32]. During the heating process, the water inside the geo-
polymer matrix evaporated and caused an internal pressure. The vapor
pressure increased with the exposure temperature, and caused thermal
stresses thus initiated thermal cracks. For fiber-reinforced specimens,
the compressive strength was also decreased due to heating. However,
the fiber-reinforced specimens heated up to 400 °C had higher residual
strength compared to the corresponding fibreless specimens. After that,
the fibreless specimens had higher residual strength when heated at
600 °C as shown in Fig. 6a. Similar trend was reported in [27]. This
finding could be attributed to the fact that when exposed to elevated
temperature above the melting point of the PP fibers (160 °C-170 °C),
the fibers melted and created a path to release the pore pressure thus
reduced the thermal stresses [13,15]. It was noted that specimens with
0.05% fiber content had the higher relative residual compressive
strength among all other specimens. The reason beyond that could be

attributed to the fact that specimen with 0.05% fiber content had the
lowest amount of fibers, thus when melted less voids were created
compared to specimens with higher fiber content.

3.4.2. Flexural load—deflection curves

During the flexural test, the load and the midspan deflection values
were monitored for all specimens. For unheated geopolymer binder
specimens, the values were plotted in Fig. 7a. The unheated fibreless
specimen (G-0-25) showed brittle failure without post-failure perfor-
mance. Adding PP microfibers clearly enhanced the post-failure per-
formance and significantly improved the ductility of the specimens.
Similar trend was reported in the literatures [7,8,33]. This finding could
be attributed to (1) the bridging ability of the fibers which restricted the
initiation and propagation of the cracks within the matrix [29,33] (2)
the role of the PP fibers in the formation of many microcracks rather
than few macrocracks [7,29]. The load—-deflection curves for fiber-
reinforced specimens heated at 200 °C, 400 °C, and 600 °C are pre-
sented in Fig. 7b—d. The curves were characterized in terms of flexural
capacity (maximum load), elastic modulus (slope of initial linear part),
and fracture energy or toughness (area under the curve). The effect of
elevated temperature on these characteristics are discussed in the
following sections.

3.4.3. Residual flexural capacity

Flexural capacities of all tested specimens were extracted from the
load-deflection curves as the maximum load, and presented in Table 3.
The flexural strength of unheated fibreless geopolymer specimen (G-0-
25) equals to 2.5 kN. The flexural strength of unheated geopolymer
specimens was enhanced by adding PP microfibers. The maximum
enhancement (17%) was observed for specimen with 0.05% fiber con-
tent. Similar observation was reported in the literatures [27,30]. Poly-
propylene micro fibers were effective in stopping the microcracks
caused by tensile stresses in the lower region of the specimens during the
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Fig. 8. (a) Thermal conductivity (b) thermal conductivity-density relationship of heated fiber-reinforced geopolymer binders.

flexural strength test. After the formation of cracks at microscale, the
fibers played a major role in preventing these cracks to convert into
macroscale, thus kept the integrity of the specimens and enhanced their
flexural strength [11,17,27,31].

The flexural strength of the fibreless geopolymer binder decreased as
the temperature increased. When exposed to elevated temperatures of
200 °C, 400 °C, and 600 °C, the fibreless geopolymer binders’ flexural
capacities were significantly reduced by 38%, 71%, and 82%, respec-
tively, as shown in Fig. 6b. The reduction in the flexural strength of the
geopolymer binder due to heating could be attributed to the thermal

shrinkage from the vapor effect [24,32]. During the heating process, the
water inside the geopolymer matrix evaporated and caused an internal
pressure. The vapor pressure increased with the exposure temperature,
and caused thermal stresses thus initiated intensive thermal cracks.

To focus on the effect of elevated temperatures on the flexural ca-
pacity of fiber-reinforced geopolymer binders, the relative residual
flexural strength was calculated as the ratio between the residual flex-
ural strength of heated specimens and the flexural strength of the cor-
responding unheated ones. The results are plotted in Fig. 6b. It was clear
that the reduction in the flexural capacity of fiber-reinforced
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geopolymer was higher than that of fibreless geopolymer for all exposed
temperatures. Similar trend was reported in [27]. The relative residual
flexural strength of fibreless specimens due to heating at 200 °C, 400 °C,
and 600 °C equal to 62%, 29%, and 18%, respectively. These values
reduced to be 59%, 25%, and 14% for specimens with 0.05% PP fiber
content. In addition, the reduction in the flexural capacity of the fiber-
reinforced geopolymer specimens when exposed to elevated tempera-
tures was higher than that for the compressive strength as shown in
Fig. 6¢. This trend could be attributed to the more sensitivity of the
flexural strength to the development and propagation of the internal
microcracks at high temperatures [27,34].

3.4.4. Residual elastic modulus

The modulus of elasticity of unheated fibreless specimen was equal
to 9.88 GPa. The results revealed that the modulus of elasticity of the
geopolymer binder decreased with the inclusion of the fibres. The
reduction increased with fiber content. The reduction in the modulus
was equal to 21%, 33%, and 34% in the case of specimens with 0.05%,
0.1%, and 0.2% of PP fibers, respectively. Similar trend was reported in
the literature [2,7,17,35]. In general, the elastic modulus can be mainly
affected by the stiffness of the fibers and porosity of the matrix [7]. The
reduction in the modulus of the binders due to the fiber addition could
be ascribed to (1) the more pores through the matrix due to the presence
of the fibers and (2) the lower value of modulus of elasticity of the PP
fibers compared to the geopolymer paste.

On the other hand, the results revealed that the modulus of elasticity
of geopolymer binder decreased with heating. However, the presence of
the fibers decreased the reduction in the modulus due to heating as
shown in Fig. 6d. To highlight that, the relative residual modulus of
elasticity was calculated as the ratio between the modulus of elasticity of
heated and the corresponding unheated specimens. It was clear in the
figure that the fiber-reinforced specimens showed lower rate of modulus
of elasticity loss due to heating compared to the fibreless specimens. The
relative residual modulus of fiber-reinforced geopolymer was higher
than that of fibreless geopolymer for almost all studied temperatures as
shown in Fig. 6d. It was also noticed that the drop in the modulus
increased with fiber content when the specimens exposed to tempera-
tures between 200 °C and 400 °C which exceed the melting point of the
fibers (160 °C).

3.4.5. Residual fracture energy (toughness)

It was clear in Table 3 that the toughness of the unheated geopolymer
binder significantly enhanced due to the fiber addition. The enhance-
ment in the toughness could be attributed to the huge improvement in
the ductility of the binder in the presence of the fibers. During the test,
the PP microfibers mitigated the propagation of the cracks, which
allowed the specimens to absorb more energy and increased their
toughness. These results are consistent with the literatures [7,22,29].

On the other hand, the toughness of all specimens decreased with
increasing the exposure temperature. The reduction in the toughness
due to heating was attributed to the reduction in the maximum strength
as shown in the load-deflection curves (Fig. 7). The toughness values of
fiber-reinforced specimens were higher than that of fibreless specimens
for all exposure temperatures as listed in Table 3. The reason of that
could be attributed to the enhancement in the post-failure behavior of
the geopolymer in the presence of the fibers. The relative residual
toughness was calculated as the ratio between the toughness of heated
specimens and the corresponding unheated ones. It was noted that the
fiber-reinforced specimens showed higher reduction in the toughness
due to heating compared to the fibreless specimens as shown in Fig. 6e.
This finding might be attributed to the melting of the PP fibers due to
heating.

3.5. Thermal behavior characterization

3.5.1. Thermal conductivity

Effect of fiber addition and heating level on the thermal conductivity
of geopolymer binders was investigated. Fig. 8a shows that thermal
conductivity of geopolymer binder decreased with the presence of the
fibers. The reduction increased with fiber content due to the lower value
of the thermal conductivity of the PP fibers compared to the geopolymer
matrix, or to the ability of air entrainment by fibers. Similar results were
reported in [13,15] for cementitious binders. On the other hand, the
thermal conductivity of fiber-reinforced geopolymer binder reduced
when exposed to elevated temperatures. The reduction increased with
temperature as shown in Fig. 8a. This finding could be attributed to the
deterioration in the microstructure of the binder due to heating as dis-
cussed later in the microstructural analysis section, and to the melting of
the fibers due to heating.

The relationship between thermal conductivity and density of fiber-
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PP fiber acts asa
reinforcement for
e binder

Micro,.cracks

Origirial location of
melted PP fiber

Fig. 10. Representative SEM images show (a) homogeneous geopolymerization matrix with reacted and unreacted fly ash (unheated specimen) (b) thermal
microcracks distributed through the matrix (heated at 200 °C) (c) PP microfibers bridging the cracks (heated at 200 °C) (d) PP fibers acted as micro reinforcements
(heated at 200 °C) (e) and (f) fragmented matrix combined with more voids and cracks (heated at 400 °C and 600 °C) (g) original location of melted PP fibers (heated
at 600 °C).

reinforced geopolymer binders heated at different levels were presented

Where A and p are the thermal conductivity and the density of geo-
by Eq. (1) and plotted in Fig. 8b.

polymer binder, respectively. It was clear that the thermal conductivity

3.9402p — 5.8983RT increased linearly with increasing the density of the binder for all
A=< 2.7554p — 3.8368200 C 1 exposure temperatures. However, the accuracy of the equations
1.6035p — 1.8591400°C decreased with increasing the exposure temperatures as the values of R?
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decreased.

3.5.2. Thermogravimetric analysis (TGA)

In this study, TGA analysis was carried out for fibreless geopolymer
binder under temperature ranging from 20 °C to 750 °C. The goal was to
investigate the deterioration in the microstructure of the geopolymer
matrix in terms of the total mass loss when subjected to elevated tem-
peratures. The results are presented in Fig. 9 in terms of TGA and its
corresponding derivative function (DTG) curves. The TGA profile
showed that the total weight loss of the geopolymer binder equal to 7%.
According to the literatures [4,24,25,36], the total weight loss of fly ash-
based geopolymer binders usually does not exceed 10%. In addition, the
figure revealed that three main weight losses occurred during the
heating process. The first one occurred between 25 °C and 95 °C. Ac-
cording to the literatures [4,34], this loss referred to the evaporation of
free or physically bonded water. The physically bonded water is usually
produced by the geopolymerization reaction, and evaporates after
exposure to elevated temperatures in the range of 0-120 °C [24]. The
second mass loss occurred between 100 °C and 250 °C. This loss was
referred to the evaporation of chemically bound water. The chemically
bonded water is usually evaporated when the specimens exposed to
temperatures in the range of 100-300 °C [4,24,37]. The third mass loss
occurred between 600 °C and 730 °C. This loss was referred to the
dehydroxylation of the OH groups, which usually occurred when the
specimens exposed to temperatures in the range of 600-750 °C
[4,23,24].

3.6. Microstructure deterioration

Microstructure deterioration of geopolymer binders due to elevated
temperatures exposure was investigated using scanning electron mi-
croscopy (SEM) analysis. The role of the PP microfibers in mitigating the
microstructure deterioration was also explored. For fibreless unheated
specimen, the SEM image captured homogeneous geopolymerization
matrix produced by aluminosilicate gel with reacted and unreacted FA
particles as shown in Fig. 10a. Small microcracks were noticed in the
dense matrix, which resulted from water evaporation during the prep-
aration process [24]. When exposed to elevated temperatures, deterio-
ration to the binder microstructure combined with thermal microcracks
have been noticed. The microcracks started to initiate and propagate
through the microstructure as shown in Fig. 10b. However, the PP
microfibers bridged the cracks and mitigated their propagation as shown
in Fig. 10c. In addition, the fibers distributed within the matrix as micro
reinforcements as shown in Fig. 10d. Good bond between the fibers and
the binder matrix was noticed in Fig. 10d, which enhanced the stress
transfer process thus improved the mechanical properties. For fibreless
specimens heated at 400 °C, more cracks were monitored within frag-
mented matrix as shown in Fig. 10e. Exceeding the exposed temperature
to be 600 °C resulted in wider cracks distributed within crumbled matrix
as shown in Fig. 10f. For fiber-reinforced binder heated at a temperature
greater than the melting point of the PP fibers, the fibers melted which
resulted in more voids as shown in Fig. 10g, which referred to the
original location of the melted fibers. Generating these extra voids might
be one reason beyond the reduction of the mechanical strengths of the
binder.

4. Conclusions

Thermal and post-heating behavior of fiber-reinforced geopolemer
binders were experimentally investigated in this research. The following
conclusions could be drawn:

1. The workability of the fly ash-based geopolymer binders declined
with increasing the PP fiber content. Maximum reduction of 19% was
reported for 0.2% PP fibers.
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2. Using PP microfibers had neglected effect on the compressive
strength of the unheated fly ash-based geopolymer binders, but
clearly enhanced their flexural strength. Maximum enhancement of
17% was observed in the flexural strength of unheated binders with
0.05% PP fibers.

3. Heating fly ash-based geopolymer binders caused degradation in
their mechanical strengths. The reduction in compressive and flex-
ural strengths of the binders reached 63% and 82%, respectively,
when heated up to 600 °C. Using PP microfibers enhanced the re-
sidual compressive but not the flexural strength of the heat-damaged
binders.

4. PP microfibers reduced the modulus of elasticity of the unheated
geopolymer binders, but significantly improved the ductility and the
toughness of the specimens. Specimen with 0.05% fiber content
owned the best performance among all other percentages.

5. The modulus of elasticity of fly ash-based geopolymer binders
decreased with heating. Fiber-reinforced specimens showed lower
rate of modulus of elasticity loss due to heating compared to the
fibreless specimens.

6. The toughness of fly ash-based geopolymer binders decreased with
increasing the exposure temperature. Fiber-reinforced specimens
showed higher reduction in the toughness due to heating compared
to the fibreless specimens.

7. Using PP microfibers reduced the thermal conductivity of geo-
polymer binders. The reduction increased with increasing the fiber
content. For mixes with up to 0.1% PP microfibers, the reduction due
to fiber addition was less pronounced for heated-specimens
compared to unheated ones.

8. Good bond between PP microfibers and the geopolymer matrix was
noticed in the SEM images, which enhanced the stress transfer pro-
cess thus improved the mechanical properties.

9. Deterioration to the geopolymer binder microstructure combined
with thermal microcracks have been noticed in the SEM images for
heated specimens. The PP microfibers mitigated the propagation of
the cracks.
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