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Abstract

This study evaluates the mechanical performance of a metakaolin-based geopolymer matrix reinforced
with quartz particles and polypropylene fibers, in comparison with a Portland cement-based matrix.
Compressive strength, shrinkage, and flexural strength tests reveal that incorporating 20 wt% quartz
particles significantly improves the mechanical properties of both matrices. The combined use of quartz
particles and fibers contributes to shrinkage crack control and dimensional stability through synergistic
effects involving particle—matrix interactions, fiber—matrix bonding, fiber surface characteristics, and
toughening mechanisms. In the geopolymer matrix, the reinforcement effect of quartz particles is more
pronounced due to the formation of a strong and chemically active interfacial bond. Compared with
Portland cement composites, quartz particles increase the flexural and compressive strengths of
geopolymer composites by approximately 2.5 and 1.3 times, respectively. The addition of 0.5 wt%
polypropylene fibers slightly reduces strength but enhances energy absorption and alters the failure
mode from brittle to more ductile. Overall, the results highlight the role of fibers in suppressing or

arresting brittle fracture in cementitious and geopolymeric composites.

Keywords: Geopolymer; Quartz sand; Portland cement; Polypropylene fiber; Mechanical properties;

Microstructure

1. Introduction

Aluminosilicate-based binders, known as geopolymers (G), have emerged as sustainable alternatives to

Ordinary Portland cement (OPC) due to their substantially lower CO: emissions and reduced thermal
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energy requirements [1-4]. Unlike OPC, geopolymers do not require calcium carbonate calcination,
resulting in lower energy consumption and reduced greenhouse gas release. These “green cements”
exhibit excellent mechanical strength, as well as superior resistance to acidic and corrosive

environments, abrasion, and high temperatures [4—7].

While OPC benefits from a standardized formulation process, there is no universally accepted mix
design for geopolymers. Geopolymerization begins with the dissolution of aluminosilicate precursors
in an alkaline activator, producing silicate and aluminate monomers (Si-O and Al-O). These
subsequently form oligomers (Si-O-Al), which polymerize into a hardened gel through structural
rearrangement, water (H) release, and polycondensation into long-chain polymers [1,8,9]. The primary
binding phase in geopolymers is typically a Na/K—Al-Si—H gel, in contrast to the calcium silicate
hydrate (C—S—H) phase formed during OPC hydration. Despite these differences, geopolymers, similar
to OPC-based systems, are susceptible to considerable drying shrinkage, which may restrict their

structural applicability and long-term durability [10].

Previous studies have demonstrated that the incorporation of fine aggregates can effectively reduce
drying shrinkage while improving the microstructural density and mechanical performance of both OPC
and geopolymer composites [11,12]. In parallel, the inclusion of discrete fibers within brittle
cementitious matrices is a well-established strategy to enhance toughness, crack resistance, and post-
cracking behavior by restricting crack initiation and propagation under mechanical loading or
shrinkage-induced stresses [13,14]. The ambient-temperature synthesis of geopolymers further enables
the use of a wide range of metallic and non-metallic fibers, including polyethylene (PE), polypropylene

(PP), polyvinyl alcohol (PVA), and nylon fibers [13-20].

Among synthetic fibers, polypropylene fibers are widely used due to their chemical stability, resistance
to alkaline environments, low density, and cost-effectiveness. However, their relatively smooth and
hydrophobic surface may limit interfacial bonding with cementitious and geopolymer matrices,
potentially influencing their effectiveness in crack control and shrinkage mitigation [20—22]. Although
PP fibers have been shown to modify fracture behavior and improve ductility in OPC-based composites,
their microstructural role and reinforcing efficiency in geopolymer matrices remain less clearly

Y
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understood. In particular, systematic comparisons between PP fiber-reinforced geopolymer and OPC
composites are scarce, and the differences in fiber—matrix interaction mechanisms have not been

comprehensively clarified.

In this study, the effects of polypropylene fiber incorporation on the microstructural characteristics,
drying shrinkage behavior, and mechanical performance of metakaolin-based geopolymer composites
are systematically investigated. For direct comparison, analogous fiber-reinforced OPC composites are
also examined under identical experimental conditions. By explicitly addressing the existing knowledge
gap regarding the role of PP fibers in geopolymer systems relative to conventional OPC matrices, this
work aims to contribute to the development of durable, ductile, and environmentally sustainable

cementitious materials.

2. Experimental details

2.1. Materials

2.1.1. Geopolymer composite

Following previous studies [23], a potassium-based geopolymer with the molar composition
Al205-3.5S8102-K20-10.5H20 was synthesized. The aluminosilicate precursor was a high-reactivity
calcined clay (Metacem, India) with a bulk density of 2.6 g/cm?, an average particle size of 5 um, and
a specific surface area of 20 m%/g. Amorphous microsilica powder (Azna Company, Iran), potassium
hydroxide flakes (KOH, 98%), and distilled water were used to prepare a potassium silicate solution

with the composition K20-1.5Si02-10.5H-0.

Quartz sand (99.4% SiO:z, Dso < 200-250 um) was supplied by Hamadan Silica Company (Iran). Silica
particles served as an inert filler to enhance matrix strength and mitigate drying shrinkage. The chemical
compositions of metakaolin, microsilica, and quartz sand—provided by the manufacturers and
confirmed by X-ray fluorescence (XRF)—are summarized in Table 1. Their phase compositions,

analyzed by X-ray diffraction (XRD), are presented in Fig. 1.
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Table 1. Chemical composition (XRF) of the metakaolin, microsilica and quartz sand (wt%)

Chemical SiO; AL O3 CaO Fe,0s TiO, MgO Na,O K,O SO; Cl C Si
Metakaolin 53 45 0.09 0.9 0.65 0.03 0.10 0.03 - - -
Microsilica  96.40 1.32 0.49 0.87 - 0.97 0.31 1.01 0.10 0.04 0.30 0.50
Quartzsand  99.4 0.24 0.09 0.04 - - - - - - -
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Fig. 1. XRD patterns of (a) metakaolin, (b) microsilica and (c) quartz sand

The XRD pattern of metakaolin revealed a predominantly amorphous phase, indicated by a broad hump

between 20 = 15° and 35°, with crystalline impurities including quartz (JCPDF: 00-002-0458), minor

mullite (JCPDF: 00-001-0613), and anatase (JCPDF: 01-089-4203). Microsilica, a by-product of silicon

and ferrosilicon production, consisted of over 90 wt% amorphous SiOz. Quartz sand exhibited a high

crystalline silica content and remained chemically inert during geopolymerization.

Polypropylene (PP) fibers were supplied by Iran Concrete Clinic. Their physical and mechanical

properties, as reported by the manufacturer, are listed in Table 2. Surface morphologies of quartz sand

and PP fibers, observed via scanning electron microscopy (SEM), are shown in Fig. 2. The SEM images

indicate that quartz sand possesses an irregular, rough surface with angular edges—Tlikely resulting from

mechanical milling—potentially enhancing interfacial bonding with the matrix. In contrast, PP fibers

display smooth surfaces, which may reduce fiber—matrix adhesion.
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Table 2. Physical and mechanical properties of PP fibers

Fiber Density Length Diameter Tensile  Elongation Melting temp.(°C)
(g/cm®) (mm) (um) strength (%)
(MPa)
PP 0.91 6 12 400 80 165

2.1.2. Portland cement composite

Type I Portland cement (Grade 425) manufactured by Shahrekord Cement Company (Iran) was used
for the preparation of the Portland cement-based composites. According to the manufacturer, this
cement complies with the requirements of blended cements under the TS 197-1:2011 standard and is
widely used for general construction purposes, particularly in hot climates, due to its favorable

workability and versatility.

The X-ray diffraction (XRD) pattern of the as-received Portland cement (Fig. 3(a)) confirms the
presence of the principal crystalline phases: tricalcium silicate (CsS, CasSiOs, JCPDF: 00-042-0551),
dicalcium silicate (C2S, Ca2SiOs, JCPDF: 00-023-1043), tricalcium aluminate (CsA, Al.CasOs, JCPDF:

00-038-1429), and tetracalcium aluminoferrite (CsAF, CasAlz2Fe2010, JCPDF: 00-010-0032).

Upon the addition of water, hydration reactions are initiated, primarily involving the C;S and G;A

phases. These exothermic reactions lead to the formation of calcium silicate hydrate (C—S—H) gel—the
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main binding phase responsible for strength development—and crystalline calcium hydroxide
(Ca(OH)., CH, JCPDF: 00-004-0733) as a byproduct. The XRD pattern of hydrated Portland cement
(Fig. 3(b)) shows distinct CH peaks and a broad hump in the 20 range of 25°-35°, characteristic of the

amorphous C—S—H phase [24-26].

While C—S—H gel imparts strength and durability to the cement matrix, CH plays a dual role: it
maintains the high alkalinity required for passivation of embedded steel but can also contribute to
efflorescence and chemical degradation under aggressive environmental conditions [25-28]. Therefore,
the relative content and stability of these phases are critical to the long-term performance of cement-

based materials.
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Fig. 3. XRD patterns of (a) Portland cement and (b) hydrated Portland cement

2.2. Mixing and curing

2.2.1. Geopolymer composite

The alkaline silicate solution was prepared by dissolving pre-weighed potassium hydroxide pellets in
distilled water under magnetic stirring at 300 rpm. As the dissolution process is exothermic, the solution
was allowed to cool to room temperature until fully transparent. Microsilica was then added and mixed

for 1 h at 600 rpm to obtain a homogeneous solution, after which metakaolin was incorporated and
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stirred for 30 min using a mechanical mixer [23]. For the geopolymer mixes, the term “dry mix” refers

to the combined mass of metakaolin, microsilica, and KOH flakes before adding distilled water.

Quartz sand (Sx, X = 10, 15, 20, and 25 wt% of the dry mix) was subsequently added and manually
mixed for 5 min. The resulting geopolymer concrete slurry was poured into plastic molds with
dimensions of 5 x 5 X 5 cm® and 15 X 15 x 60 mm?. Curing was conducted in an oven at 65 °C for 2 h,

followed by 15h at ambient temperature, and a further 15 h at 65 °C.

For the preparation of fiber-reinforced geopolymer composites, polypropylene fibers (Fy, Y =0.25, 0.5,
1, and 1.25 wt% of the dry mix) were dispersed in distilled water to prevent agglomeration. The fiber
suspension was passed through a graded sieve, oven-dried at 60 °C, and gradually added to the
geopolymer slurry over 5 min under continuous mixing. Casting and curing procedures were identical

to those used for the non-fiber samples. All specimens were tested 28 days after final curing.

2.2.2. Portland cement composite

Portland cement powder was mixed with quartz sand (Sx, X =10, 15, 20, and 25 wt% of cement mass)
for 5 min using a mechanical stirrer. Distilled water (water-to-cement ratio = 0.5) was then added
gradually and the mixture stirred for 2 min at low speed. For the Portland cement, “dry mix” refers

solely to the mass of cement before distilled water addition.

For fiber-reinforced composites, polypropylene fibers (Fy, Y = 0.25, 0.5, 1, and 1.25 wt% of cement
mass) were pre-dispersed in distilled water, sieved to ensure separation, oven-dried at 60 °C, and slowly

incorporated into the cement slurry under hand-mixing for 3 min.

All mixtures were cast into plastic molds with dimensions of 5 x 5 X 5 cm?® and 15 x 15 x 60 mm?®.
Curing was carried out under laboratory conditions, and specimens were tested for physical,

mechanical, and microstructural properties after 28 days.

It should be noted that the curing regimes adopted for the geopolymer specimens (heat curing) and the

Portland cement specimens (ambient curing), while standard for each material system, may influence
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early-age reaction kinetics and microstructural development; this aspect is therefore considered when

interpreting the comparative results.

For the reader’s convenience, a summary of the mix nomenclature employed throughout this study is

provided in Table 3.

Table 3. Description of Specimens

Sx S: Quartz sand, X: wt% quartz
G (geopolymer) Fy F: PP fiber, Y : wt % PP fibers

Sx S: Quartz sand, X: wt% % quartz
P (Portland cement) Fy F: PP fiber, Y: wt % PP fibers

3. Testing methods

Drying shrinkage was measured 28 days after curing. The initial length (Z;) was recorded immediately
after demolding, and the final length (Lf) was recorded after 28 days. The shrinkage percentage was

calculated according to Eq. (1):

L — L
5hrinkage%=( I ) x 100 (1)
i

Compressive strength was determined on 50 x 50 x 50 mm? cubic specimens using a universal testing
machine (Gotech 30 T, Taiwan) at a loading rate of 0.5 mm/min, following ASTM C133-97, 28 days

after curing.

Flexural strength was evaluated on 15 x 15 x 60 mm? prism specimens using a three-point bending test

according to ASTM C78. The modulus of rupture (MOR) was calculated using Eq. (2):
MOR = — 2)

Where P is the maximum load before failure (N), L is the span length (mm), b is the specimen width
(mm), and d is the specimen depth (mm). Each reported value is the average of five specimens. Flexural
strength measurements are reported as mean + standard deviation (n = 5). Pairwise comparisons

between geopolymer and Portland cement at each quartz sand content (X) were performed using
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Welch’s t-test. To assess the effect of quartz sand content within each binder, one-way ANOV A was

conducted. Corresponding p-values < 0.05 denote statistically significant differences.

Phase analysis was conducted by X-ray diffraction (XRD, Philips PW3710) using Cu K, radiation (A =
1.5406 A), with a scanning range of 5-80° (260) and a step size of 0.02°. Powdered specimens were

analyzed with an X’Pert Pro MPD diffractometer (Philips, Netherlands).

Microstructural observations were performed using field emission scanning electron microscopy (FE-
SEM, MIRA3 TESCAN, Czech Republic). Energy-dispersive X-ray spectroscopy (EDX) was used to
identify elemental distributions. All samples were coated with gold prior to imaging, and the

accelerating voltage was set to 15 kV.
4. Results and Discussion
4.1. Mechanical Properties

To determine the optimal quartz sand content (Sx) in geopolymer and Portland cement composites, the
flexural strength of specimens was evaluated 28 days after curing (Table 4). As shown, incorporating
20 wt% quartz sand yielded the highest flexural strength for both geopolymer and Portland cement

matrices. Notably, the flexural strength of GSo was significantly higher than that of PS.

In the compressive strength test, the geopolymer sample GS;, and Portland cement sample PSo
exhibited strengths of 69.87 + 0.12 MPa and 53.45 + 0.54 MPa, respectively. However, further increases
in quartz sand content beyond 20 wt% led to a decline in strength for both matrices, likely due to the
insufficient availability of binder to effectively bond the sand particles and create a well-integrated
composite [12]. As a result, the insufficient binder to coat the higher amount of quartz particles, the
reduced workability of the mixture leading to less effective compaction, and the increased porosity all
negatively affect the mechanical performance. Therefore, the chosen percentage represents a balance
between maximizing strength and maintaining good workability and compactness. According to Table
5, at all quartz sand levels, the flexural strength of geopolymer concrete is significantly higher than that

of Portland cement concrete (Welch’s t-test, p <0.001). These results indicate that both binder type and
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quartz content strongly affect flexural performance, with geopolymer consistently outperforming

Portland cement.

Table 4. Flexural strengths (MPa) of geopolymer (GSx) and Portland cement (PSx) concretes at

different quartz sand contents (X, wt%)

Quartz sand 0 5 10 15 20 25
(X=)
G 5.62+0.08 7.81£0.13 8.30+£0.24 9.14+0.05 15.36+£0.11  13.52+0.05
P 3.234£0.21 4.18+0.11 5.87+0.09 6.03+£0.21 6.20+0.82 5.49+0.98

Table 5. T-test comparison between geopolymer (GSx) and Portland cement (PSx) at each quartz sand

content (X, wt%), results are derived from Table 4

X%  GSx (meantSD) PSx (mean+SD) t p-value
0 5.62+0.08 3.2340.21 23.78 <0.001
5 7.8140.13 4.18+0.11 47.66 <0.001
10 8.30+0.24 5.87+0.09 21.20 <0.001
15 9.14+0.05 6.03+0.21 3222 <0.001
20 15.36+0.11 6.20+0.82 24.76 <0.001
25 13.5240.05 5.49+0.98 18.30 <0.001

One-way ANOVA revealed that quartz sand content significantly influenced flexural strength in both

binders (p < 0.001, Table 6).

Table 6. One-way ANOVA of the effect of quartz sand content (X, wt%) within each binder, values

are derived from Table 4

Binder F p-value
GSx 4207.33 <0.001
PSx 24.59 <0.001
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A larger F-value indicates a stronger overall effect of quartz sand content on flexural strength, reflecting

greater differences among the groups.

For samples with the highest mechanical performance, various polypropylene fiber contents (Fy) were
incorporated. The flexural strength results for fiber-reinforced composites (GSxFy and PSyFy) are
presented in Table 7. The geopolymer composite GSxFo s exhibited the highest modulus of rupture
(MOR) of approximately 13.11 + 0.12 MPa, which is just about 2.96 times greater than the MOR of the

PSx0Fo.s composite.

Table 7. Flexural strengths (MPa) of geopolymer (GSxFy) and Portland cement (PS,0Fy) composites

at different PP fiber contents (Y, wt%)

PP fiber 0 0.25 0.5 1 1.25
(Y=)
GS20 15.36+0.11 12.12+0.02 13.11£0.12 11.62+0.14 9.31+£0.54
PS» 6.20+0.82 5.03£0.16 4.42+0.08 3.33+0.64 3.15+0.12

As shown in Table 7, the flexural strength of GSz0Fy was higher than that of PSxFy across all PP fiber
contents. The statistical significance of these differences is confirmed by Welch’s t-test results

presented in Table 8 (p < 0.001).

One-way ANOVA results (Table 9) indicate that PP fiber content has a significant effect on the flexural
strength in both binders. The F-values are higher for GS,Fy (88.12) than for PSyoFy (13.45), suggesting

that the influence of fiber content is more pronounced in the geopolymer composite.


http://dx.doi.org/10.22068/ijmse.4372
https://www.iust.ac.ir/ijmse/article-1-4372-en.html

[ Downloaded from www.iust.ac.ir on 2026-02-15 ]

[ DOI: 10.22068/ijmse.4372 ]

Table 8. T-test comparison of flexural strength (MPa) between geopolymer (GSxFy) and Portland

cement (PSxFy) at each PP fiber content (Y, wt%), values are derived from Table 7

Y% GSyFy(meantSD) PSyFy (meantSD) t p-value
0 15.36+0.11 6.20+0.82 20.44 <0.001
0.25 12.12+0.02 5.03+0.16 44.11 <0.001
0.5 13.11£0.12 4.42+0.08 48.27 <0.001
1 11.62+0.14 3.33+0.64 25.72 <0.001
1.25 9.31+0.54 3.15+0.12 25.01 <0.001

Table 9. One-way ANOVA of the effect of PP fiber content (Y, wt%) on flexural strength within each

binder (GS»Fy and PSxoFy), results are based on the data reported in Table 7

Binder F p-value
GSyoFy 88.12 <0.001
PSzoFy 13.45 <0.001

Figure 4 compares the compressive stress—strain curves of GS2oFo.s and PS20F¢.s composites with their
respective unreinforced concretes, GS2o and PSzo. The compressive strength increased from 50.88 +

0.12 MPa for PSxFos to 61.75 £ 0.13 MPa for GS»F 5, representing a 21.4% improvement.

Both geopolymer and Portland cement concretes exhibited brittle failure behavior. In contrast, the fiber-
reinforced composites showed a more ductile, non-brittle fracture mode. In brittle specimens, failure
occurred suddenly and catastrophically, with a sharp load drop immediately after peak stress. However,
fiber-reinforced samples displayed an initial elastic region followed by a nonlinear post-peak response
characterized by gradual strength reduction and a stable softening branch in the load—displacement

curve. This behavior indicates significant fiber—matrix debonding and fiber pull-out mechanisms [14].

The improved post-peak performance is attributed to the polypropylene fibers’ ability to absorb energy

and redistribute stresses within the matrix, effectively preventing sudden catastrophic failure and
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enhancing the material’s toughness and ductility. Consequently, the addition of polypropylene fibers

significantly enhances the post-peak behavior of both geopolymer and Portland cement composites.

80
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Fig. 4. Effect of PP fiber on compressive curve of geopolymer and Portland cement concretes

4.2. Drying Shrinkage

The linear drying shrinkage percentages of concrete samples containing various amounts of quartz
particles are summarized in Table 5. The addition of quartz particles effectively controls shrinkage,
which in turn can enhance mechanical properties [12]. Both quartz aggregates and polypropylene fibers
play a significant role in reducing longitudinal and volumetric shrinkage in geopolymer composites.
Increasing the weight percentage of these reinforcements further mitigates shrinkage, leading to
minimized dimensional changes in the composites—a desirable outcome. According to Table 5,
geopolymer concretes exhibit higher drying shrinkage compared to Portland cement concretes. This
difference is primarily attributed to the greater amount of free water required to improve the workability
of the geopolymer slurry, which subsequently evaporates during curing. Unlike Portland cement, where
water actively participates in hydration reactions forming C—S—H gels, the excess water in geopolymers
does not chemically bond to the aluminosilicate network [12,29-31]. While quartz particles contribute

to densifying the microstructure, the shrinkage of the geopolymer matrix remains significantly higher
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than that of Portland cement. Figure 5 illustrates that the geopolymer composite exhibits approximately
2.5 times greater shrinkage than the Portland cement composite. Nevertheless, the presence of
polypropylene fibers effectively controls shrinkage-induced cracking, enhancing dimensional stability.
The higher drying shrinkage observed in the geopolymer composites can be directly associated with the
development of microcracks within the matrix; the incorporation of polypropylene fibers effectively

mitigates this behavior by bridging microcracks and restraining shrinkage-induced crack propagation.

Table 10. Effect of quartz sand content (Sx) on the drying shrinkage (%) of geopolymer and Portland

cement matrices

Quartz sand 0 5 10 15 20 25
(X=)
G -2.61£0.12 -1.13£0.30 -0.82+0.24 -0.51£0.23 -0.23+0.01  -0.17+0.03
P -0.24+0.04 -0.23£0.02 -0.13£0.10 -0.09+0.02 -0.06+0.03  -0.04+0.01

Fig. 5. Visual appearance of GS20Fo s (left) and PSFo s (right) composites

4.3. Phase Analysis

Figure 6 presents the X-ray diffraction (XRD) patterns of geopolymer, geopolymer concrete, and
geopolymer composite samples. The geopolymer shows typical amorphous characteristics with a broad

hump, indicating the loss of crystallinity following the reaction of metakaolin (Fig. 1(a)) with the alkali
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activator. Both the geopolymer concrete and composite, containing quartz sand and polypropylene
fibers, display similar amorphous patterns along with distinct quartz peaks corresponding to the sand
particles. The addition of quartz sand and polypropylene fibers does not lead to the formation of any
new crystalline phases. This confirms that these reinforcements do not alter the fundamental

geopolymer structure or induce crystallization.
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Fig. 6. XRD patterns of (a) geopolymer gel (G), (b) geopolymer concrete (GS20), and (c) geopolymer

composite (GS2Fo.5)

Figure 7 shows the XRD patterns of Portland cement concrete and composite samples. After hydration,
characteristic peaks of calcium hydroxide (CH) are observed alongside residual unreacted phases of
C.S and CsS. During the early hydration stages, cement paste binds the sand particles and imparts initial
strength, while over time the formation and interlocking of the amorphous C—S—H network contribute
to strength development [25,26]. As C—S—H is amorphous, it does not produce distinct XRD peaks, so
only CH and quartz phases are detected. Similar to the geopolymer samples, the addition of quartz sand

and polypropylene fibers does not result in new crystalline phases in the Portland cement system.
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Fig. 7. XRD patterns of (a) Portland concrete (PSx), and (b) Portland composite (PS20Fo.s5)

4.4. Microstructure analysis

The microstructure of geopolymer and Portland cement is shown in Fig. 8. For a more detailed
examination, higher magnification images are also presented. The geopolymer in Fig. 8(a) and 8(b)
exhibits a homogeneous, relatively dense, and cohesive microstructure. Figure 8(c) shows the C—S-H
phase as an amorphous phase exhibiting a sheet-like morphology [27]. Based on the XRD analysis (Fig.
7(b)), which shows distinct peaks corresponding to CH, the observed needle-like crystals can be
attributed to calcium hydroxide. In Fig. 8(d), the interconnected, rough-surfaced morphology is

characteristic of the typical appearance of C—S—H gel.
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Fig. 8. Microstructure of (a, b) geopolymer and (c, d) hydrated Portland cement with different

magnifications

Upon examining the microstructure of the concrete samples, the SEM image and EDX microanalysis
in the matrix and sand particles of the GS,o and PSy are displayed in Fig. 9. The EDX analysis in Fig.
9(a) reveals that Si, Al, O, and K can be detected in the matrix, consistent with the compositions of
geopolymer. Quartz particles did not dissolve in the alkaline media and remained as inert filler within
the geopolymer binder. It was observed that the interface between the quartz sand and the matrix in the
geopolymer and Portland cement differs. The bond between the reinforcing particles (S) and the
geopolymer matrix (M) appears stronger compared to the Portland cement matrix (M). The partial
dissolution of quartz particles and the formation of an active interface between the quartz particles and
the geopolymer matrix could explain this stronger bond [11,12,32]. Although quartz is commonly
considered inert and often remains as filler in geopolymer systems, recent studies challenge this
assumption. In particular, the study “Impact of altered quartz surface chemistry on mechanical

properties and microstructure of geopolymers” [33] shows that surface activation of quartz (e.g., via

ARY
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mechanical or chemical treatment) generates surface-active groups, such as non-bridging oxygen and
silicon radicals. These groups can form Si—O-Si bonds with the surrounding geopolymer gel,
significantly reducing interfacial porosity and enhancing mechanical strength. In parallel, molecular
level modelling by Kai and Dai [34] demonstrates that at the interface between an aluminosilicate-based
geopolymer binder and a silica (quartz) aggregate, AI-O—Si covalent bonds, alkali—O ionic bonds, and
hydrogen bonds can form. This results in a dense atomic-level interfacial transition zone rather than a
weak, porous layer. Moreover, recent reviews indicate that under alkaline activation, even some
crystalline or semi-crystalline phases may partially dissolve or at least undergo surface alteration, thus
potentially participating in the geopolymerization process [35]. Taken together, this evidence supports
the hypothesis that the observed dense and consistent interface between quartz particles and the
geopolymer matrix is not merely due to mechanical interlocking or filler effects. It may also reflect
genuine chemical interactions, including the formation of interfacial Si—~O—Si and Si—O—-Al bonds, and
the development of a chemically active interphase. Meanwhile, according to Fig. 9(b), the bond between
the quartz particles and the Portland cement matrix is not as well developed. The differences in the
microstructure and the interface between the reinforcement and matrix may explain the lower
mechanical strength of Portland cement concretes compared to geopolymer concretes, as discussed in
section (4.1) mechanical properties. The EDX pattern of the Portland cement matrix shows, in addition
to silicon and oxygen, the presence of calcium (Ca) along with iron (Fe), aluminum (Al), and
magnesium (Mg), which are key elements in cement compositions and their hydrated products. The
EDX pattern of quartz particles, similar to the geopolymer sample, shows peaks of silicon and oxygen.
In geopolymer concretes, due to the strong aluminosilicate matrix formed during geopolymerization
and its bonding with quartz particles, better mechanical strength was achieved compared to Portland

cement concretes.
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Fig. 9. Microstructure of (a) geopolymer concrete (GSz0) and (b) Portland cement concrete (PS») with

EDX patterns of matrix (M) and quartz sand (S)

Figure 10 shows the PP fibers in the geopolymer and Portland cement matrices. This indicates that the
surface of the PP fibers differed from that of the original PP fibers (Fig. 2). As seen in Fig. 10(a), a thin
layer or coating has formed on the surface of the PP fibers in the geopolymer matrix. EDX analysis of
the coating revealed that a higher alkaline geopolymer gel precipitated and adhered to the fiber surface.
This indicates alkaline reactions and the formation of a layer of geopolymeric compounds, which could
be effective in enhancing the adhesion and mechanical strength of the composites. In contrast, Fig.
10(b) shows fibers with a rougher and scratched surface, indicating surface degradation and visible
uneven lines. The fine particles adhered to the surface of the fibers in the EDX analysis suggest slight
penetration of calcium silicate products. Presumably, since Portland cement particle sizes are coarser
and larger compared to the geopolymer gel, the fiber surface in the cement matrix exhibits more
roughness and scratches. The weak PP fiber—geopolymer interface can be explained by the dominance
of mechanical interlocking over chemical bonding. Although a thin geopolymer coating is observed on
PP fibers (Fig. 10a), PP is chemically inert, has very low surface energy, and lacks functional groups
capable of forming strong covalent or ionic bonds with aluminosilicate gel. As a result, chemical

adhesion is weak and the coating adheres mainly through physical forces [14]. In contrast, the scratched

14
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PP surface in Portland cement (Fig. 10b) provides micro-asperities that significantly enhance
mechanical interlock, a mechanism known to govern PP fiber bonding in cementitious composites.
Thus, the weaker bond in the geopolymer system arises from limited chemical interaction and lower

mechanical interlocking compared to Portland cement.
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Fig.10. Microstructure of (a) PP fiber in geopolymer matrix and (b) PP fiber in Portland cement

matrix with EDX pattern of the surface

Figure 11 shows the microstructure of GSxFos and PSxFo.s composites. PP fibers were randomly
oriented within both matrices. Almost no fiber agglomeration was observed, and it was evident that the
composites exhibited a homogeneous microstructure. The interface between the fiber and geopolymer
matrix is shown in Fig. 12(a) with higher magnification. The interfacial bond between the PP fiber and

the geopolymer matrix was weak, and an interfacial gap was observed. This suggests that the presence
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of fibers increased the number of damaging defects in the composites. Consequently, according to Fig.
4, the compressive strength of GS,o concrete was higher than that of the GS,Fos composite, but the

concrete failure occurs suddenly and in a brittle manner.

Fig. 11. Fracture surface morphology of (a) geopolymer composite and (b) Portland cement

composite

Fig.12. Interfacial microstructure of PP fiber and geopolymer concrete (GS2)

As illustrated in Fig. 4, the presence of polypropylene fibers can alter the failure mode from brittle to
non-brittle [36], even if they do not have a strong bond with the matrix. This is due to the unique
properties of polypropylene fibers, which can resist crack propagation and improve post-peak behavior,

even when the bond between the fibers and the matrix is weak. Due to their elastic properties,
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polypropylene fibers can absorb energy during the loading process. This prevents sudden and brittle
failure, allowing the GSxFos and PSxFos composites to undergo gradual and non-catastrophic
deformation under stress. It seems that even if the interfacial bonding is weak, the fibers help absorb
and transfer some of the stresses, preventing crack propagation. Considering the strength values and the
material's shape, it appears that although the polypropylene fibers are not fully bonded to the matrix,
some stresses are still transferred to the fibers, and they act as relative reinforcements. As a result,
despite the weak bonding, the fibers can still contribute to changing the material's behavior from brittle

to non-brittle failure.

5. Conclusions

This study investigated the microstructural and mechanical performance of metakaolin-based
geopolymer composites in comparison with conventional Portland cement composites, with a particular
focus on the effects of quartz particle addition and polypropylene fiber reinforcement. The main

conclusions are summarized as follows:

1. The geopolymer matrix exhibited a more uniform and denser microstructure compared to Portland
cement, which displayed a needle-like, porous, and less compact morphology. This structural difference

contributed to the higher compressive strength observed in the geopolymer composites.

2. The incorporation of 20 wt% quartz particles into the geopolymer matrix significantly enhanced
mechanical strength and reduced drying shrinkage. In Portland cement composites, quartz particles also
improved mechanical performance; however, the reduction in shrinkage was less pronounced due to the

participation of water in the hydration reaction.

3. SEM analysis indicated that the interfacial bonding between quartz particles and the geopolymer
matrix was more continuous and effective than that in the Portland cement system, resulting in a flexural
strength increase approximately 2.5 times greater than that of the corresponding Portland cement

concrete.

4. The addition of non-polar polypropylene fibers led to a slight reduction in compressive strength in
both geopolymer and Portland cement matrices, primarily due to limited fiber—matrix bonding.

AR


http://dx.doi.org/10.22068/ijmse.4372
https://www.iust.ac.ir/ijmse/article-1-4372-en.html

[ Downloaded from www.iust.ac.ir on 2026-02-15 ]

[ DOI: 10.22068/ijmse.4372 ]

However, the fibers significantly enhanced ductility and energy absorption by bridging microcracks,
delaying crack propagation, and preventing sudden brittle failure, highlighting a beneficial trade-off

between strength and toughness.

5. Overall, the compressive strength of the geopolymer composite was 21.4% higher than that of the
Portland cement composite, confirming the superior mechanical efficiency and potential of
geopolymer-based materials as durable, ductile, and environmentally sustainable alternatives to

conventional Portland cement concretes.

These findings provide valuable insights into the design of fiber-reinforced geopolymer composites
with optimized mechanical performance, demonstrating the combined effects of particle reinforcement

and fiber addition on strength, ductility, and shrinkage control.
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Table captions:

Table 1. Chemical composition (XRF) of the metakaolin, microsilica and quartz sand (wt%)

Chemical SiO;  ALO; CaO Fe;O; TiO, MgO Na,O KO SO; Cl C Si

Metakaolin 53 45 0.09 0.9 0.65 0.03

0.10

0.03 - - - -

Microsilica  96.40 1.32 049 0.87 - 0.97

0.31

1.01 0.10 0.04 0.30 0.50

Quartz sand 99.4 0.24 0.09 0.04 - -

Table 2. Physical and mechanical properties of PP fibers

Fiber Density Length Diameter Tensile Elongation Melting temp.(°C)
(g/cm®) (mm) (L'm) strength (%)
(MPa)
PP 0.91 6 12 400 80 165
Table 3. Description of Specimens
Sx S: Quartz sand, X: wt % quartz
G (geopolymer) Fy F: PP fiber, Y : wt % PP fibers
Sx S: Quartz sand, X: wt% % quartz
P (Portland cement) Fy F: PP fiber, Y: wt % PP fibers

YA
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Table 4. Flexural strengths (MPa) of geopolymer (GSx) and Portland cement (PSx) concretes at

different quartz sand contents (X, wt%)

Quartz  sand 0 5 10 15 20 25

(X=)

G 5.62+0.08 7.81+0.13 8.30+0.24 9.14+0.05 15.36£0.11  13.52+0.05
P 3.23+0.21 4.18+0.11 5.87+0.09 6.03+£0.21 6.20+0.82 5.49+0.98

Table 5. T-test comparison between geopolymer (GSx) and Portland cement (PSx) at each quartz sand

content (X, wt%), results are derived from Table 4

X% GSx (mean+SD) PSx (mean+SD) t p-value
0 5.62+0.08 3.23+0.21 23.78 <0.001
5 7.81£0.13 4.18+0.11 47.66 <0.001
10 8.30+0.24 5.87+0.09 21.20 <0.001
15 9.14+0.05 6.03£0.21 3222 <0.001
20 15.36+0.11 6.20+0.82 24.76 <0.001
25 13.52+0.05 5.49+0.98 18.30 <0.001

Table 6. One-way ANOVA of the effect of quartz sand content (X, wt%) within each binder, values

are derived from Table 4

Binder F p-value

GSx 4207.33 <0.001

PSx 24.59 <0.001
va
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Table 7. Flexural strengths (MPa) of geopolymer (GSxFy) and Portland cement (PSxFy) composites

at different PP fiber contents (Y, wt%)

PP fiber 0 0.25 0.5 1 1.25

(Y=)

GSao 15.36+0.11 12.12+0.02 13.11£0.12 11.62+0.14 9.31+0.54
PSz0 6.20+0.82 5.03+0.16 4.42+0.08 3.33+0.64 3.15+0.12

Table 8. T-test comparison of flexural strength (MPa) between geopolymer (GS20Fy) and Portland

cement (PSxFy) at each PP fiber content (Y, wt%), values are derived from Table 7

Y%  GSyFy(mean+SD) PSyFy (mean+SD) t p-value
0 15.36+0.11 6.20+0.82 20.44 <0.001
0.25 12.12+0.02 5.03+0.16 44.11 <0.001
0.5 13.11£0.12 4.42+0.08 48.27 <0.001
1 11.62+0.14 3.33+0.64 25.72 <0.001
1.25 9.31+0.54 3.15+0.12 25.01 <0.001

Table 9. One-way ANOVA of the effect of PP fiber content (Y, wt%) on flexural strength within each

binder (GSxFy and PSyFy), results are based on the data reported in Table 7

Binder F p-value

GSyFy 88.12 <0.001

PSxFy 13.45 <0.001
“ .
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Table 10. Effect of quartz sand content (Sx) on the drying shrinkage (%) of geopolymer and Portland

cement matrices

Quartz sand 0 5 10 15 20 25

(X=)

G -2.61£0.12 -1.13+0.30 -0.82+0.24 -0.51+0.23 -0.23+0.01 -0.17+0.03

P -0.24+0.04 -0.23+0.02 -0.13+0.10 -0.09+0.02 -0.06+0.03  -0.04+0.01
)
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