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Keywords: Although geopolymers can significantly reduce carbon dioxide emissions, their widespread
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developed “one-part geopolymer” overcomes this limitation by using a solid alkaline activator,
thereby enhancing construction convenience while maintaining performance comparable to
conventional alkaline solution activated geopolymers or cement-based materials. In this study, a
split Hopkinson pressure bar (SHPB) was employed to investigate the dynamic properties of one-
part fiber-reinforced geopolymer concrete (OP-FRGC), focusing on different types of fibers. The
compressive dynamic increase factor (CDIF), energy absorption capacity, and failure modes of
OP-FRGC under dynamic loading were analyzed. The results indicate that the incorporation of
fibers changes the failure mode of OP-FRGC from brittle to ductile, significantly enhancing its
toughness. OP-FRGC exhibited strain rate sensitivity, with the CDIF showing an approximate
logarithmic increase with the strain rate. In addition, a comprehensive evaluation of OP-FRGC
incorporating different fiber types was conducted, considering mechanical properties, sustain-
ability, and cost. This study offers a useful reference for understanding the dynamic behavior of
OP-FRGC, thereby promoting its potential in practical engineering applications.

1. Introduction

The fields of civil buildings, industrial plants, road traffic, and related sectors heavily rely on ordinary Portland cement (OPC).
However, OPC is primarily responsible for carbon dioxide emissions, which play a major role in global warming. To address the
conflict between the growing global demand for construction materials and environmental sustainability, geopolymer concrete (GC)
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has been proposed and extensively studied [1-4]. Research indicates that compared to OPC, geopolymers made from industrial
by-products can reduce carbon emissions by about 70 % [5].

While GC offers less carbon emissions than conventional cement-based concrete, its practical application remains limited. The need
for a high concentration of alkaline activator solution in GC production poses risks such as skin burns and respiratory issues, limiting its
widespread application. Recently, the “one-part geopolymer” (OPG), also referred to as “just-add-water geopolymer”, has emerged as a
promising solution for practical engineering applications [6-9]. One-part geopolymer concrete (OP-GC) uses solid alkaline activator,
which reduces handling risks, such as chemical burns, and enhances the safety of the construction process. This advancement not only
enhances practicality but also maintains mechanical performance comparable to traditional cement-based materials, expanding the
potential of GC for practical engineering applications [10,11].

Fibers have been successfully incorporated into geopolymer concrete to enhance its toughness [12]. Recently, different types of
fibers have been added in an effort to develop fiber-reinforced geopolymer composite (FRGC) with enhanced performance. FRGC
demonstrates significantly higher ductility compared to conventional GC, utilizing the fiber bridging effect, where fibers hold the
cracked matrix together and control crack propagation under loading. Notably, FRGC exhibits strain-hardening behavior under ten-
sion, substantially enhancing the energy absorption capacity of GC—an improvement particularly valuable in protective engineering
applications [13]. Numerous research efforts have focused on investigating the dynamic behavior of GC and FRGC under blast and
impact loads [14-16], often employing split Hopkinson pressure bar (SHPB) to reveal their dynamic properties [17]. For instance, Xin
et al. [18] utilized SHPB to investigate the strength, deformation, and energy absorption of GC under dynamic loading, finding that
energy absorption and strength increased significantly with the strain rate. According to Xiao et al. [19], while polyvinyl alcohol (PVA)
fibers improved the impact performance of GC, increasing fly ash content had a detrimental effect. Khan et al. [20,21] studied the
dynamic mechanical behavior of FRGC with steel and polyethylene (PE) fibers under both compressive and splitting tensile conditions,
concluding that the addition of fibers significantly enhanced the toughness and energy absorption capacity of GC. Zhong et al. [22]
found that engineered geopolymer composite (EGC) incorporating a combination of PVA and recycled type polymer (RTP) fibers
demonstrated improved dynamic compressive strength, energy absorption capacity, enhanced toughness, and reduced post-test
damage compared to traditional EGC with PVA fibers alone. The research demonstrates that incorporating RTP fibers effectively
mitigates the reduction in flowability and quasi-static compressive strength caused by PVA fibers. Similarly, the impacts of steel,
polypropylene (PP), and hybrid steel-PP fibers on the dynamic compressive characteristics of FRGC were examined by Zhang et al.
[23], reporting that specimens with PP fibers exhibited more sensitivity to strain rate than steel fibers. Xu et al. [24] and Lao et al.
[25-27] employed PE fibers to develop EGC, which exhibit high compressive strength and remarkable ductility. The mechanical
properties and microstructural characteristics of these EGC were also examined from various perspectives, including alkali content,
water-cement ratio, and raw material type. All these studies have highlighted the strain rate dependency of FRGC and the effectiveness
of fiber reinforcement in improving toughness. However, all these investigations utilized conventional geopolymer composites acti-
vated by alkaline solutions, which inherently involve safety hazards and complexities in preparation. It is noteworthy that the authors
recently reported the dynamic characteristics of one-part high performance geopolymer composites, demonstrating its potential for
use in protective engineering [28,29]. This recent development signifies the promising prospects of one-part geopolymer composites in
addressing the challenges associated with traditional geopolymer systems while providing effective solutions for demanding engi-
neering applications.

It has been noted that OP-GC generally exhibits properties comparable to conventional GC [30-32], however, differences between
their respective fiber-reinforced composites, i.e., one-part FRGC (OP-FRGC) and alkaline solution activated FRGC [33], are still not
fully understood. In particular, the dynamic behavior of OP-FRGC has yet to be thoroughly investigated. Furthermore, previous studies
have used varying geopolymer matrix designs, leading to weak comparability across different fiber types. Given the scarcity of research
and the significant potential of OP-FRGC in protective engineering, it is crucial to examine its dynamic properties, such as failure mode,
energy absorption capacity, and compressive dynamic increase factor (CDIF), which are vital for ensuring resilience against impacts
and blasts.

The objective of this research is to examine the dynamic compressive behavior of OP-FRGC, with a particular emphasis on the
impact of various fiber types on CDIF, energy absorption, and failure mode. To facilitate a comprehensive comparison, OP-GC
specimens were also tested. In addition, CDIFs of OP-FRGC were compared to those of traditional GC and FRGC reported in exist-
ing literature. Finally, the comprehensive performance of OP-FRGC was evaluated, considering mechanical properties, sustainability,
and cost.

2. Material design and experimental program
2.1. Material design

The OPG involved in the present study was a recently developed binder material [34-36] that generally behaves similarly to OPC.

Table 1

Chemical compositions of raw materials (wt%).
Type SiO, Al,03 CaO Fey;03 MgO K20 NayO SO3
FA 50.23 28.84 5.36 6.54 1.89 2.76 1.83 1.01
GGBS 34.49 15.56 34.78 1.27 7.28 1.94 1.72 1.34




H. Shi et al. Case Studies in Construction Materials 22 (2025) e04503

The main constituents of OPG were precursors and activators. Fly ash (FA) and ground granulated blast-furnace slag (GGBS) func-
tioned as precursors, while sodium silicate powder and sodium metasilicate powder were activators, which made up 10 % of the
precursors by weight. The primary chemical compositions of GGBS and FA are listed in Table 1. The water-binder ratio was set as 0.24,
and the sand-binder ratio was set as 0.6. Moreover, high-range water reducer (HRWR) was employed with a weight dosage of 0.5 % to
achieve better workability and benefit the dispersibility of chopped fibers [37]. The technical parameters of HRWR are detailed in
Table 2. The raw materials and their particle size distribution are shown in Fig. 1.

In order to investigate the impact of fiber type on the dynamic mechanical properties of OP-FRGC, a volume content of 1 % was
added to OP-GC separately with three different types of polymer fibers: PVA, PE, and PP. For clear demonstration, the composites
reinforced by different types of fibers were denoted by OP-FRGC-PVA, OP-FRGC-PE, and OP-FRGC-PP, respectively. Table 3 shows the
properties of these polymer fibers. In particular, these three types of fibers shared a close length and density. Among the three types of
fibers, PE fiber had the strongest elastic modulus and tensile strength, while PP fiber had the lowest. In addition, PE fiber had the
highest cost and PP fiber exhibited the lowest cost. For comparison, OP-GC specimens without fiber were also prepared as a reference.
Table 4 lists the material mix design for all the material types in the present study.

The preparation process of OP-FRGC is depicted in Fig. 2. First, a homogeneous solid mixture was prepared by blending one-part
geopolymer with quartz sand for one minute. Water was then incorporated, followed by an additional two minutes of mixing to form
the geopolymer mortar. Subsequently, 1.0 % volume fraction fibers were added to produce a uniform OP-FRGC paste, and the mixture
was stirred for another 10 min. The OP-FRGC and OP-GC paste were poured into 50 mm x 50 mm x 50 mm molds and vibrated for
10 s. After one day, the molds were removed, and the specimens were kept in a curing environment with 95 % + 3 % humidity and a
temperature of 20 + 2 °C for 28 days.

2.2. Experimental program

Fig. 3 shows the schematic of the SHPB system, which includes a data acquisition system, compressed gas cabin, striker bar,
incident bar, transmission bar, and absorbing bar. The striker, incident, and transmission bars are made of steel alloy 60Si2Mn, with an
elastic wave velocity of approximately 5100 m/s. The cylindrical striker has a diameter of 40 mm and a length of 0.5 m, while the
incident and transmission bars have a square cross-sectional of 50 mm x 50 mm, with lengths of 2.5 m and 2.0 m, respectively. To
reduce friction, grease was applied between the specimen and the adjacent bars before testing. In addition, a rubber pulse shaper was
attached to the impact surface of the incident bar to minimize high-frequency wave oscillations. The striker bar was propelled at
different speeds by varying pressure levels, producing different strain rates in the specimens. The data acquisition system recorded
strain data to capture the incident, reflected, and transmitted waves during the experiment.

It should be noted that while cylindrical specimens are commonly used in most SHPB tests, this study employed cubic specimens
with a side length of 50 mm to maintain consistency with the cross-sectional dimensions of the SHPB bars, which may introduce
complex wave interactions due to dispersion and reflection [38]. However, this does not affect the comparative analysis among
specimens with different fiber types, and the results are still considered valid for evaluating the dynamic compressive properties of
OP-FRGC.

According to the one-dimensional stress wave propagation theory, the stress (¢), strain (¢), and strain rate (¢) can be computed
using the reflected strain (¢;), transmission strain (&), and the size and parameters of the bars and specimen [39]. The following are
the formulas:

_ EyAp

o= A £ (€9)
. 2C
i= 20, @
t
£ = 7@ / e.dt 3)
Lo Jo

where Ep,, A, and C, symbolize the elastic modulus, cross-sectional area, and stress wave velocity of the bars, respectively; Ao and Lo
represent the initial cross-sectional area and length of the specimen.

It is important to note that the above formula is valid only when the transmission wave is coincident with the sum of the incident
and reflected waves [39]. A typical stress equilibrium state for all sample types during the experiments is depicted in Fig. 4. To ensure
the validation of the data in the current study, the stress equilibrium was verified for every impact. According to previous research
[40-42], the strain rate in this investigation was determined at the point at which the stress attained its maximum value.

In addition to the dynamic tests, quasi-static tests were carried out to provide a benchmark for dynamic mechanical characteristics.

Table 2
Parameters of HRWR.
Cost Water content Density PH Chloride content Sodium chloride content
(CNY/t) (%) (g/cm®) %) %)
60000 1.81 0.6 +£0.1 7.1 <o0.1 <20
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Fig. 1. Raw materials.

Table 3
Characteristics of different polymer fibers.
Type Cost Length Diameter Tensile strength Elastic modulus Density
(CNY/1) (mm) (pm) (MPa) (GPa) (g/cmg)
PVA 60000 12 26 1560 36.3 1.3
PE 200000 12 24 2400 100 0.97
PP 44415 12 140 1000 12 0.91
Table 4
Mix design of the materials. (kg/ms).
Material type OPG Quartz sand Water Fiber HRWR
FA GGBS Sodium silicate Sodium metasilicate
OP-GC 492.73 492.73 49.27 49.27 650.41 260.16 0 5.42
OP-FRGC-PP 9.08
OP-FRGC-PE 9.68
OP-FRGC-PVA 12.97
Water Fiber
P - " 1 min Solid 2 min Go " 10 min
ne—part geopolymer opolymer
Gl > > i » OP-FRGC
® Quartzsand Mixing | mXture | Mixing mortar Mixing

Fig. 2. Preparation process of OP-FRGC.
The test equipment is a 2000 kN universal hydraulic testing apparatus and the load rate was 0.3 mm/min.
3. Test results

3.1. Quasi-static test

Fig. 5 presents the quasi-static test results after 28 days of curing. As shown, the quasi-static compressive strength of OP-FRGC was
lower than that of OP-GC. In particular, the compressive strength of OP-FRGC-PP was 34.1 MPa, which was about 65 % of that of OP-
GC. In comparison, OP-FRGC-PVA exhibited a compressive strength of 45.1 MPa, while OP-FRGC-PE demonstrated a compressive
strength close to that of OP-GC, reaching 51.3 MPa.
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The reduced compressive strength of OP-FRGC compared to OP-GC can be attributed to two primary factors. First, the addition of
fibers occupies a certain volume within the matrix, thereby reducing the effective volume available to resist compression and pre-
venting the mortar from achieving the expected strength [39,43]. Second, despite the use of water reducer, some fibers tended to
clump together, making it difficult to achieve uniform dispersion, which subsequently caused internal defects. Similar to previous
studies [19,20,22], the inclusion of fibers did not enhance the quasi-static compressive strength of the composites. Instead, it reduced
strength due to potential matrix disturbance and increased porosity. However, this effect varies depending on the fiber type. In
particular, PVA fibers were highly hydrophilic and prone to clumping, whereas PE fibers dispersed more readily, reducing void for-
mation and limiting significant fiber agglomeration. As a result, OP-FRGC-PE maintained nearly the same strength as OP-GC, while
OP-FRGC-PVA exhibited a 12.4 % reduction in strength compared to OP-GC. It is also noteworthy that the PP fibers, which had lower
tensile strength and modulus of elasticity compared to PE and PVA fibers, led to the most pronounced reduction in compressive
strength under quasi-static loading among the three fiber-reinforced composites.

Fig. 6 illustrates the failure modes of OP-GC and OP-FRGC under quasi-static loading. It can be seen that OP-GC exhibited brittle
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Fig. 5. Compressive strength of OP-FRGC and OP-GC under quasi-static load.

failure characterized by the formation of large fragments. In contrast, the failure mode of OP-FRGC differed significantly due to the
incorporation of fibers, which altered the damage process and resulted in a more ductile failure mechanism. The OP-FRGC specimens
displayed vertical cracking and radial expansion during compression, indicating improved energy dissipation. After loading, the fibers
within OP-FRGC were observed to undergo significant deformation and, in some cases, were pulled out from the matrix. This behavior
highlights the bridging effect of the fibers, which helped to slow down crack propagation and prevent failure by maintaining some
integrity of the matrix even after extensive cracking.

3.2. Dynamic test

3.2.1. Failure mode

Fig. 7 shows the failure modes of OP-GC and OP-FRGC under dynamic compressive loading. It was observed that more severe
damage occurred to the specimens as the strain rate increased. For each type of specimen, the cracks widened, and the resulting
fragments became finer. When the strain rate reached 44.2 s for OP-GC, 164.1 s for OP-FRGC-PVA, 215.4 s7! for OP-FRGC-PE, and
174.2 s for OP-FRGC-PP, all specimens were crashed into pieces of fragments. Notably, despite the formation of fragments at high
strain rates, the presence of fibers in OP-FRGC ensured that most fragments remained interconnected. This phenomenon highlights
that the fibers formed a network within the specimens, facilitating effective energy transfer to the matrix and thereby enhancing

Brittle failure

—
behavior

Universal hydraulic
testing machine

Non-brittle
failure behavior

}

e

OP-FRGC.PVA OP-FRGC-PE OP-FRGC-PP
45.1 MPa 51.3 MPa; 34.1MPa

€

e |

Fig. 6. Quasi-static test of OP-GC and OP-FRGC.
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energy absorption capacity.

The occurrence of the observed failure mode can be attributed to the behavior of the material under high strain rate loading, during
which cracks between the matrix, interfacial transition zones, and aggregates expand, absorbing the impact energy generated by
dynamic loading [44]. Although the fiber bridging effect significantly contributes to crack control under dynamic loading, it is evident
that its effectiveness has limitations, especially at very high strain rates. Furthermore, different types of fibers demonstrated varying
degrees of bridging efficacy. In particular, PE fiber proved to be the most effective reinforcement due to its higher tensile strength and
modulus of elasticity compared to the other two fiber types.

Fig. 8 illustrates the condition of fibers within the specimens after failure under dynamic loading. It can be observed that after
dynamic loading, the specimens reinforced with PVA or PE fibers retained connections between many of the matrix fragments through
the fibers, despite significant damage to the matrix material. In contrast, the specimens with PP fibers exhibited substantial fiber pull-
out and rupture, resulting in relatively weaker connections between the matrix fragments. It should be mentioned that the dispersion of
PVA fibers in the matrix was less uniform compared to PE fibers. This uneven distribution can be a factor that led to the lower strength
of OP-FRGC-PVA compared to that of OP-FRGC-PE.

Fig. 9 shows the scanning electron microscope (SEM) images of the fibers and fractured matrix. The SEM images revealed that all
three OP-FRGC specimens exhibited fiber pull-out and rupture, though the damages varied depending on the fiber type. The PVA fibers
were more extensively encased in matrix material compared to the others, which can be attributed to the use of non-oil-coated PVA
fibers. The strong chemical bond between PVA fibers and the matrix caused the process of pull-out involving considerable amounts of
matrix material.

In contrast, the PP fibers had minimal matrix attached to their surfaces, and there were fewer scratches compared to the other two
fiber types, indicating the weakest adhesion between PP fibers and the matrix [14]. As a result, the OP-FRGC-PP specimens cannot
effectively prevent early cracking under compressive loading, leading to the lowest strength. On the other hand, the PE fibers exhibited
adhesion and scratch similar to those of the PVA fibers. However, owing to their higher elastic modulus and tensile strength [45], fewer
PE fibers ruptured during impact under the same strain rate compared to PVA fibers. This behavior demonstrates that the cooperation
between PE fibers and the matrix was the most effective among the three types of OP-FRGC specimens.

OP-GC

1126

OP-FRGC-PVA

Decrease in
specimen
thickness

OP-FRGC-PE §

Increase in
crack width

OP-FRGC-PP

10 mm . ‘ 3
— 78.2 57! 1552 5! 174.2 57! 202.6 s°! 223.5s!

Fig. 7. Failure modes of OP-GC and OP-FRGC under dynamic compression.
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5> mm

Fig. 8. The state of the fiber within specimen after failure under dynamic compression.

To further demonstrate the role of fibers in OP-FRGC, Fig. 10 presents a schematic diagram of the failure mechanisms of OP-FRGC
under dynamic loading. The failure mechanisms can be broadly categorized into three types: (1) Matrix Damage: This occurs when the
strong bonding effect and fiber strength, combined with relatively weaker matrix strength, lead to failure around the fiber-matrix
interface; (2) Fiber Pull-Out: This results from the insufficient bonding between fibers and matrix, causing the fibers to be pulled
out during loading; (3) Fiber Rupture: This occurs due to the strong chemical interaction between the fibers and the matrix, which
therefore results in the rupture of the fibers prior to pull-out under relatively high strain rates [46].

In summary, OP-GC, similar to conventional GC, exhibits typical brittle failure characteristics under impact loading. The inclusion
of fibers in OP-FRGC introduces a bridging effect, which can effectively limit crack initiation and propagation, thereby reducing the
overall damage caused by impact loading. However, the dynamic failure mechanisms vary significantly depending on the bonding
characteristics with the matrix and the fiber strength. Among the different fibers studied, PE fibers exhibited the best enhancement
effect on OP-GC, providing the most effective improvement in dynamic performance.

3.2.2. Dynamic stress-strain curve and energy absorption

Fig. 11 shows the stress-strain curves of OP-GC and OP-FRGC under dynamic compressive loading. All specimens exhibit an initial
rise to peak stress, followed by a descending segment until ultimate strain. Notably, fibers typically demonstrate bridging effects after
the initial linear rise, absorbing significant energy during the fiber pull-out or rupture [47].

For OP-GC and OP-FRGC-PVA specimens, the descending stage of the curve generally shows a steeper slope, whereas the OP-FRGC-
PE specimens exhibit a more gradual slope in the descending region. It is evident that as the strain rate increases, the peak compressive
stress also increases, confirming the strain rate dependency of both OP-GC and OP-FRGC. Moreover, the peak strain of OP-FRGC is
substantially larger than that of OP-GC. For instance, the peak strain of OP-GC is approximately 0.005, which is half that of OP-FRGC.

The energy absorption of OP-FRGC is calculated by integrating the stress-strain curve of the specimen under dynamic compressive
loading. E. was calculated using the trapezoidal rule. ¢ is the strain at failure. Energy absorption was normalized to unit volume (kJ/
m?), and the equation is given by

_ I o(e)de (4
¢ v
where V is the volume of the specimen.
Fig. 12 illustrates the energy absorption of OP-GC and OP-FRGC, and the fitted equations are given by
E. of OP-GC = 7.36734¢ +114.92371 for 442 < ¢ <112.6s7* 5)
E. of OP-FRGC-PVA = 4.06182¢ + 480.08512 for 52.4 < ¢ < 237.8s7! 6)
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(¢) OP-FRGC-PE

Fig. 9. SEM images of matrix and fibers.

E. of OP-FRGC-PE = 6.45101¢ 4 302.47039 for 82.5 < ¢ < 229.9s7! @

E. of OP-FRGC-PP = 6.81231¢ + 58.34667 for 78.2 < & < 223.5s7" 8

Generally, as the strain rate increases, the energy absorbed under dynamic compression (E.) also increases linearly. The energy
absorption capacity is influenced by both peak strain and compressive strength. At low strain rates, the energy absorption of OP-FRGC
is similar to that of OP-GC, as the reduction in compressive strength offsets the increase in peak strain due to fiber inclusion. At higher
strain rates, OP-FRGC-PE specimens absorb more energy compared to OP-FRGC-PP and OP-FRGC-PVA. This can be attributed to the
high tensile strength and strong bond of PE fibers with the matrix, which enables PE fibers to continue exhibiting excellent bridging
effects even under high strain rates, thereby maintaining the energy absorption of OP-FRGC-PE. Therefore, compared to OP-FRGC-PP
and OP-FRGC-PVA, OP-FRGC-PE exhibits superior energy absorption capacity. Additionally, the energy absorption data for OP-FRGC-
PVA shows greater variability than that of OP-FRGC-PP and OP-FRGC-PE, which is attributable to less effective dispersion of PVA
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3.2.3. Dynamic increase factor
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Fig. 11. The strain-stress curves of OP-GC and OP-FRGC.

The compressive strengths of OP-GC and OP-FRGC were measured over a range of strain rates from approximately 40 s™* to 240 s™* .
The dynamic strengths are proven to be considerably influenced by high strain rates, as revealed by the SHPB tests. The CDIF is defined
as the ratio of the dynamic compressive strength to the quasi-static compressive strength. This factor is frequently used to calculate the

10
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enhancement of the material strength under dynamic loading. Based on the test results, the CDIF values of OP-GC and OP-FRGC at

various strain rates are shown in Fig. 13. It is observed that the natural logarithm of the strain rate (In¢) increases practically linearly
with the CDIF of OP-GC and OP-FRGC, and the expressions of the fitted curves are given by

CDIF of OP-GC = 0.78773Iné — 1.78602 for 44.2 < ¢<112.6s! 9
CDIF of OP-FRGC-PVA = 0.62837Iné — 1.38688 for 52.4 < & < 237.8s" 10)
CDIF of OP-FRGC-PE = 0.7311Iné — 1.8827 for 82.5 < & < 229.9s7! an
CDIF of OP-FRGC-PP = 2.0105In¢ — 7.75866 for 78.2 < ¢ < 223.5s! (12)

It is also observed that the fitted curves for OP-GC, OP-FRGC-PVA, and OP-FRGC-PE have similar slopes of 0.78773, 0.62837, and
0.731, respectively. In contrast, the fitted curve for OP-FRGC-PP has a significantly higher slope of 2.0105, indicating a greater
sensitivity to strain rates. This difference can be explained as follows: under quasi-static loading or at relatively low strain rates, the
weak bonding between PP fibers and the matrix results in a limited bridging effect, leading to relatively low strength. However, at
higher strain rates, the bridging effect of PP fibers becomes more pronounced, helping to maintain the integrity of the specimen as a
whole. In addition, microvoids within the specimen are compressed under high strain rates, which results in substantially higher
dynamic strength and consequently a larger CDIF.

The test results from this investigation are also compared with those from previously published studies [20,23,48,49], as shown in
Fig. 13. The fitted CDIF curve for OP-GC closely aligns with the fib Model Code [48], while the fitted curves for OP-FRGC-PVA and
OP-FRGC-PE are comparable to those reported by Khan et al. [20]. However, most data points for OP-FRGC-PVA and OP-FRGC-PE fall
below the fib Model Code [48] recommendations, suggesting that the current model is suitable for OP-GC but tends to overestimate the
dynamic compressive strength of OP-FRGC-PVA and OP-FRGC-PE.

In the study by Zhang et al. [23], GPC-SP and GPC-PP denote specimens incorporating 0.5 % steel fibers with 0.5 % PP fibers and
1 % PP fibers, respectively. The fitted CDIF curves for OP-FRGC-PP were found to be more similar to GPC-SP than to GPC-PP. The

3.5 " OP-GC
OP-FRGC-PVA
3.0 OP-FRGC-PE

v OP-FRGC-PP

— Fitted curve of OP-GC

—— Fitted curve of OP-FRGC-PVA

—— Fitted curve of OP-FRGC-PE

—— Fitted curve of OP-FRGC-PP

— — fib Model Code [40] , OPC
Khan et al. [20], FRGC
Zhang et al. [41], FRGC
Zhang et al. [23], GPC-SP
Zhang et al. [23], GPC-PP

2.5

CDIF
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Lo v vl v byl
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Fig. 13. CDIFs of OP-FRGC and OP-GC and comparison with previous studies.
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observed differences in CDIF among these studies may be attributed to variations in specimen size and shape, matrix composition, and
fiber type, size, and content. Despite these differences, OP-FRGC exhibits strain rate sensitivities comparable to those of conventional
alkaline solution-activated FRGC. Table 5 summarizes all the test results for OP-GC and OP-FRGC under dynamic compressive loading.

4. Comprehensive assessment of OP-FRGC considering sustainability

It is important to note that dynamic mechanical properties should not be the sole basis for comparing different OP-FRGC. The
assessment should also consider the sustainability and cost of the materials. Sustainability is assessed using a standardized approach
known as life cycle assessment (LCA), which involves embodied carbon and embodied energy. Embodied carbon is the total green-
house gas emissions associated with the production, transportation, and construction of materials. In contrast, embodied energy is the
total energy consumed over the entire lifecycle of a material, including extraction, manufacturing, transportation, and installation.
Both indicators are widely regarded as key metrics for evaluating the environmental impact of construction materials, especially
considering the construction industry’s significant share in global carbon emissions. By focusing on embodied carbon, the potential of
OP-FRGC to reduce carbon footprints compared to conventional cement-based materials is highlighted. Additionally, evaluating
embodied energy enables the quantification of energy savings achieved through the use of OP-FRGC, which incorporates industrial by-
products, e.g., FA and GGBS, as substitutes for energy-intensive OPC. For a comprehensive evaluation of OP-FRGC, six indices
including quasi-static compressive strength, dynamic compressive strength, energy absorption, embodied carbon, embodied energy,
and cost were selected as key indicators. Table 6 presents the costs and sustainability indicators of raw materials. The data were
derived from previous research [50-54].

Before evaluating the sustainability and material costs of OP-FRGC, it is essential to assess these aspects for the one-part geo-
polymer matrix itself. The calculation process is detailed in Table 7. Owing to the widespread availability and utilization of GGBS and
FA, the embodied carbon of one-part geopolymer is relatively low, at only 206.7 kgCO»-eq/t, while its embodied energy is 1075 MJ/t.
Notably, these values are approximately one-fifth of those associated with OPC. In addition, the cost of OPG is 241.25 CNY/t, which is
approximately 63 % of that of OPC. As a result, one-part geopolymer can replace OPC in fiber-reinforced composites, thereby
significantly lowering carbon emissions and cost.

Fig. 14 presents the sustainability and material costs of OP-FRGC. The embodied carbon values for OP-FRGC-PE, OP-FRGC-PVA,
and OP-FRGC-PP are similar, each being approximately 650 kgCO4-eq/m>. Among these composites, OP-FRGC-PP exhibits the lowest
embodied energy, at 2483 MJ/m?, while OP-FRGC-PVA shows the highest, at 3093 MJ/m®. The differences in material costs among the
composites with different fiber types are particularly significant. Specifically, the cost of OP-FRGC-PP is the lowest, at 1172 CNY,/m?,
whereas OP-FRGC-PE has the highest cost, reaching 2708 CNY/m°.

According to the Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) [55], the indicators are classified as
minimization indicators (embodied carbon, embodied energy, and cost) and maximization indicators (quasi-static and dynamic
compressive strength, energy absorption). Minimization indicators naturally benefit from lower values, implying that “less is better.”
Maximization indicators inherently benefit from higher values, indicating that “more is better.” Such variables are classified as
maximizing indicators because the objective is to maximize them for improved performance. Transforming minimization indicators
into their maximizing counterparts ensures that all variables are assessed on a uniform “higher-is-better” scale. This uniform approach
simplifies the comparison of diverse metrics. Before the assessment, all indicators must be standardized, with minimization indicators
must be transformed into their maximizing counterparts. After normalization, the results are presented in Fig. 15. Despite possessing
significant advantages in mechanical performance and embodied carbon, the high cost of OP-FRGC-PE restricts its potential for
widespread application. In contrast, OP-FRGC-PVA does not offer notable advantages concerning cost, sustainability, or mechanical
performance. In comparison, the indicators for OP-FRGC-PP are relatively well-balanced, making it a more favorable option overall.

5. Conclusion

The dynamic compressive properties of OP-FRGC containing various fiber types were examined in this study. A comprehensive
assessment of OP-FRGC with various fibers types was also conducted. Conclusions are drawn as follows:

1. The dynamic compressive mechanical properties of OP-FRGC were similar to those of conventional alkali solution-activated FRGC.
In particular, the CDIF of OP-FRGC with various fiber types exhibited a trend comparable to that of conventional FRGC.

2. The damage severity increased with strain rate during dynamic compression, leading to broader cracks and smaller pieces. OP-GC
exhibited brittle damage features at strain rates below 50 s™ , whereas OP-FRGC, particularly OP-FRGC-PE, typically fractured into
pieces at strain rates exceeding 150 s .

3. OP-FRGC demonstrated strain rate sensitivity under dynamic compression, with the CDIF increasing approximately linearly with
the natural logarithm of the strain rate. The types of fibers influenced the CDIF of OP-FRGC. In particular, OP-FRGC-PP, OP-FRGC-
PVA, and OP-FRGC-PE achieved the CDIF of 3.28, 2.18, and 2.32 at the strain rate of 223.5s, 237.8s!, and 229.9s7!,
respectively.

4. Among PE, PP, and PVA fibers, PE fibers provided the most substantial improvement in failure mode and energy absorption, while
OP-FRGC-PP demonstrated the highest strain rate sensitivity.

5. Compared to OPC, one-part geopolymer offers significant economic and sustainability benefits. The material cost of one-part
geopolymer is about 37 % less than that of OPC, and the embodied carbon and energy of one-part geopolymer are approxi-
mately 20 % of those associated with OPC.
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Table 5

Tests results of OP-FRGC and OP-GC specimens.

Case Studies in Construction Materials 22 (2025) e04503

Specimen Strain rate (s*) Dynamic compressive strength (MPa) CDIF Energy absorption (kJ/m%)
OP-GC-1 44.2 65.9 1.28 412.38
OP-GC—-2 58.6 71.1 1.38 531.43
OP-GC-3 78.8 75.2 1.46 763.65
OP-GC—4 93.1 97.9 1.90 823.64
OP-GC—-5 112.6 102.0 1.98 896.89
OP-FRGC-PVA—-1 52.4 46.5 1.03 645.34
OP-FRGC-PVA—-2 102.1 73.1 1.62 877.64
OP-FRGC-PVA-3 127.2 87.0 1.93 1125.78
OP-FRGC-PVA—4 164.1 65.8 1.46 825.04
OP-FRGC-PVA-5 165.1 83.9 1.86 1380.4
OP-FRGC-PVA—-6 202.7 80.7 1.79 1374.19
OP-FRGC-PVA-7 213.8 92.5 2.05 1191.56
OP-FRGC-PVA—-8 237.8 98.3 218 1158.55
OP-FRGC-PE—-1 82.5 69.8 1.36 852.2
OP-FRGC-PE-2 130.7 87.2 1.70 1139.08
OP-FRGC-PE-3 159.0 105.7 2.06 1566.63
OP-FRGC-PE—4 165.8 91.8 1.79 1229.01
OP-FRGC-PE-5 183.9 77.5 1.51 1295.15
OP-FRGC-PE—-6 215.4 103.6 2.02 1639.39
OP-FRGC-PE-7 229.9 119.0 2.32 1925.45
OP-FRGC-PP-1 78.2 37.2 1.09 460.17
OP-FRGC-PP—-2 155.2 75.7 2.22 1174.96
OP-FRGC-PP-3 166.9 87.3 2.56 1360.13
OP-FRGC-PP—-4 174.2 84.2 2.47 1400.79
OP-FRGC-PP-5 202.6 101.3 2.97 1340.94
OP-FRGC-PP-6 223.5 111.8 3.28 1429.49

Table 6

Costs and sustainability indicators of raw materials.
Type Embodied carbon (kgCO2-eq/t) Embodied energy (MJ/t) Cost (CNY/t)
Na,SiOs 1860 9400 860
Quartz sand 580 850 280
HRWR 1880 11,470 60,000
Water 0.8 10 7
PP 3100 77,240 44,415
PVA 3400 101,000 60,000
PE 2000 94,500 200,000
FA 4 100 155
GGBS 42 200 190
OPC 912 5500 385

Table 7

Sustainability and costs of one-part geopolymer.
Raw Materials Mix proportions Embodied carbon Embodied energy Cost

(kg/t) (kgCO2-eq/t) MJ/t) (CNY/t)

FA 450 4 100 155
GGBS 450 42 200 190
NaySiO3 100 1860 9400 860
One-part geopolymer - 206.7 1075 241.25

6. Without considering cost, OP-FRGC-PE exhibited optimal static and dynamic mechanical properties as well as sustainability
performance. However, when cost is considered, OP-FRGC-PP demonstrated a more balanced performance across all evaluated

aspects.

It should be noted that this study focused on three types of fibers (PVA, PE, and PP) at a fixed volume fraction of 1 %. Varying the
fiber content or using hybrid fiber types may lead to different outcomes, which warrant further investigation. In addition, this study
primarily examines the dynamic compressive performance of OP-FRGC, while its dynamic tensile performance deserves further

exploration.
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Fig. 14. Comparison of sustainability and costs of OP-FRGC.
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