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Highlights:
e 10% GFCC showed less crack formation and lower shrapnel effect compared to PCC.
e The addition of ceramic fibers increased the blast resistance of geopolymer concrete.
e CFGC is more resistant to high temperatures and high pressures compared to PCC.
e Fast and cost-effective predictions were made in concrete designs using ANSY S-Workbench.
e The results highlight the advantages of using CFGC in future engineering projects.

Abstract: This study employs both experimental and numerical methods to investigate the blast resistance of ceramic
fiber-reinforced geopolymer concrete (CFGC), a cement-free material often referred to as green concrete due to its envi-
ronmentally friendly nature compared to Portland cement concrete (PCC). Geopolymer concrete specimens, formulated
with ground granulated blast furnace slag, silica fume, and varying proportions of ceramic fibers, were subjected to blast
tests using 50, 100, 150, 200, and 250 grams of trinitroglycerin (TNG). A standard PCC specimen was utilized as a control.
The results demonstrate that the incorporation of 10% ceramic fibers significantly enhances the blast resistance of the
geopolymer concrete, reducing crater diameters by up to 20% compared to conventional PCC. Furthermore, the finite
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element model developed in ANSYS Workbench exhibits a strong correlation with the experimental data, validating the
predictive capability of the numerical simulations. Overall, this research highlights the immense potential of CFGC as a
sustainable, highly durable alternative for structures exposed to blast loads.

Keywords: Geopolymer concrete, ceramic fiber, blast tests, finite element method, ground granulated blast furnace slag,
silica fume.

Abbreviation:

PCC: Portland cement concrete

CFGC: Ceramic fiber reinforced geopolymer concrete

5% CFGC: 5% ceramic fiber reinforced geopolymer concrete
10% CFGC: 10% ceramic fiber reinforced geopolymer concrete
TNT: Trinitrotoluene

TNG: Trinitroglycerin

Na,SiO3: Sodium silicate

NaOH: Sodium hydroxide

CaO: Calcium oxide

SiOg: Silicon dioxide

Al>O3: Aluminum oxide

FEM: Finite element method

1. Introduction

Whether accidental or intentional, explosions pose serious threats to critical infrastructure and often lead to devastating
loss of life and property. These losses are further amplified by the disintegration and spalling of conventional concrete
structures caused by the explosion, producing deadly shrapnel fragments. While Portland cement concrete (PCC) remains the
most widely used construction material globally due to its ease of application, high compressive strength, and durability, its
production releases significant amounts of carbon dioxide (CO:) into the atmosphere, posing a major environmental problem
(Hardjito and Rangan, 2005; McCaffrey, 2002; Naik, 2008; V. M. Malhotra, 2002; VVora and Dave, 2013). Consequently,
there is a significant need to develop alternative materials in the construction sector that reduce the carbon footprint while
exhibiting high structural performance under extreme dynamic loads. In this context, investigating the explosion response of
geopolymer concrete is of paramount importance.

On the other hand, to understand the response of both conventional PCC and geopolymer concretes to blast loading, it is
necessary to know the properties of explosives. In civil engineering and defense applications, concentrated high explosives
(such as solid or liquid charges) are a primary concern due to their enormous energy densities and rapid detonation
velocities.When these explosives detonate, they generate a highly destructive shock wave with local peak temperatures
ranging from 3000 to 4000 °C and blast pressures reaching up to 30 GPa very rapidly. When this highly destructive shock
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wave interacts with a concrete element, it creates large compressive and tensile stress waves, leading to severe local damage
and fragmentation (Agrawal, 2010; Duc Ngo, Tuan; Mendis, P.;Gupta, A.;Ramsay, 2007; Mortar et al., 2017). The high
temperature and high pressure values after the explosion can cause severe damage to concrete. In their study, Shi et al.
investigated the component properties and local damage mechanism of reinforced concrete slabs under close proximity blasts.
In that study, five concrete slabs were tested under different blast loads generated by 2 kg, 4 kg and 6 kg trinitrotoluene (TNT)
charges, respectively. The distance between the explosives and the specimens was 0.4 m. Comparing the damage zones of the
five specimens, it was found that localized damage such as fragmentation and crushing was more likely to occur under close-
range blasts. Using 6 kg TNT, the maximum ejection velocity of fragments from concrete slabs under close-range blast loads
was found to be up to 100 m/s. In the study, it was concluded that concrete fragments with high ejection velocity will cause
serious damage to the environment (Shi, Wang, and Cui, 2020).

In previous studies, fiber reinforcement was generally applied to geopolymer concretes to reduce the damage caused by
explosions. Meng et al. investigated the behavior of steel fiber-reinforced geopolymer concrete panels against blast loading.
In that study, they observed that steel fiber-reinforced geopolymer concrete panels dissipated the blast energy more uniformly
(Meng et al., 2019a). In another study, Meng et al. investigated methane gas explosions (flaring) in buried utility tunnels.
They designed the buried service tunnel with steel fiber-reinforced geopolymer concrete composite (Meng et al., 2020). Steel
fiber-reinforced geopolymer concretes were tested with 50 kg TNT placed at different distances. In that study, steel rebar-
reinforced C30 concrete slabs were produced for comparison with geopolymer concrete specimens. For the explosive placed
at 3 meters distance, both C30 concrete slab and steel fiber reinforced geopolymer concrete slab did not give positive results.
However, geopolymer specimens showed less crack formation than C30 concrete specimens in the blast tests performed at 5
meters and 7 meters. The post-blast results showed that geopolymer concrete has good compressive and flexural strength
under static load.

In addition, the compressive strength of plain geopolymer concrete was 61 MPa, while the compressive strength of steel
fiber-reinforced geopolymer concrete was 74 MPa (Meng et al., 2020). Meng et al. researched the behavior of geopolymer
concrete slabs formed using blast furnace slag and silica fume under blast loading. In that study, steel rebar-reinforced C30
concrete slabs were produced as control specimens. Geopolymer and control specimens were positioned at 3, 5and 7 m
distances. All specimens were subjected under 200 kg TNT. As a result of the study, it was observed that the geopolymer
specimens were less damaged than the control specimens (Meng et al., 2019b). Polat et al. explored the damaging effect of
explosives such as rocket warheads and TNT on concrete slabs with different geometries. As a result of this study, it was
determined that the damage mode decreased by leaving voids in the internal structure of concrete slabs (Polat, Savas, and
Polat, 2023). Wu et al. numerically investigated the structural dynamic response and collapse behavior of reinforced concrete
slabs subjected to TNT blasts under different conditions. They modelled the results by blasting concrete slabs with dimensions
of 100x100x40 cm with the help of TNT positioned at 40 cm. The TNT weights used in this study were 0.20, 0.31, 0.46, 0.55
kg (Wu et al., 2020).

Li et al. exposed composite concrete material with construction steel and extra steel mesh reinforcement to a 1 kg TNT
blast in their study. They compared the blast responses of the specimens using steel mesh reinforcement at 2%, 4% and 6%
by volume. In that study, modeling was performed using coupled finite elements and smoothed particle hydrodynamics (Li,
Wu, Hao, and Su, 2017). Foglar et al. compared the numerical and experimental results of concrete slabs with different
compressive strengths produced using waste steel and polypropylene fibers under TNT blasts (Foglar, Hajek, Kovar, and
Stoller, 2015). In their study, Nili et al. compared the impact strength of steel fiber-reinforced concrete with and without silica
fume addition. As a result of the study, impact resistance and ductility were higher in concrete prepared using silica fume and
steel fiber (Nili and Afroughsabet, 2010).

Ma et al. investigated the mechanical properties of ceramic fiber reinforced Portland cement composites. As a result of this
study, they found that the flexural strength of the specimens with ceramic fiber added increased significantly (Ma, Zhu, and
Tan, 2005a). Haruna et al. subjected polyurethane-based polymer concrete to repeated weight drop impact test to investigate
its impact resistance properties. Normal concrete specimens were tested for comparison. As a result, it shows that the
polyurethane binder composition greatly increases impact times and energy absorption capacity (Ibrahim Haruna, Zhu, Jiang,

Revista de la Construccion 2026, 25(1) 110-128; https://doi.org/10.7764/RDLC.25.1.110 www.revistadelaconstruccion.uc.cl
Pontificia Universidad Catélica de Chile



https://doi.org/10.7764/RDLC.25.1.110
http://www.revistadelaconstruccion.uc.cl/

Revista de la Construccién 2026, 25(1) 110-128
113 of 128

and Shao, 2021). Yazici et al. investigated the mechanical properties of steel fiber concrete subjected to impact loading. In
their study, they used three different steel fibers with aspect ratios of 45, 65 and 80 at 0.5%, 1.0% and 1.5% by volume,
respectively. The compressive strength of these steel fiber-concrete mixtures was found to be approximately 50 MPa. Concrete
specimens without fibers were used as control specimens. The prepared specimens were subjected to impact tests by drop-
weight and the impact fracture energies were determined. As a result of this study, the loss of mechanical properties in
concretes with steel fibers subjected to impact loads was significantly reduced compared to concretes without fibers. Steel
fibers reduced the rupture effect of the impact on the concrete by absorbing part of the impact and distributing the impact
throughout the specimen (Yazici, Arel, and Tabak, 2013).

Dalgi¢ and Polat investigated the behavior of geopolymer concrete specimens with different ratios of ceramic fibers added
and PCC specimens without fiber reinforcement against high temperatures and found that the specimens with high ceramic
fiber ratio showed significantly less damage mode when exposed to high temperatures (Dalgi¢ and Yilmazer Polat, 2024). Ma
Yiping et al. investigated the mechanical properties of cementitious composites with ceramic fiber addition. It was found that
the addition of ceramic fiber to the cement mortar at 5% by volume increased the flexural strength by about 40%. It was also
found that when silica fume was added to this mortar to reduce the particle size of the matrix, the flexural strength could
increase up to 100% (Ma, Zhu, and Tan, 2005b). Su et al. investigated the mechanical properties of ceramic fiber reinforced
concrete under dynamic and static pressure. They found that properties such as strength, energy absorption and critical stress
increased significantly with the addition of ceramic fibers to concrete (Su, Xu, and Ren, 2014).

While several studies have investigated the mechanical properties of ceramic fiber-reinforced structures, existing research
has predominantly utilized ceramic components as external or internal coatings in solid forms, such as foams or panels.
However, the potential of ceramic fibers to interact with the geopolymer matrix to form a more homogeneous, gel-like
structure—and how this prospective microstructural transformation contributes to the explosive spalling resistance of concrete
at elevated temperatures—remains insufficiently explored. This paper aims to bridge this research gap by investigating the
effects of ceramic fiber incorporation on the mechanical properties and explosive spalling behavior of geopolymer concrete,
employing both experimental and advanced numerical modeling approaches. The remainder of this paper is structured as
follows: Section 2 details the experimental program and materials; Section 3 discusses the experimental and numerical
findings; Section 4 summarizes the main conclusions of the study; and Section 5 outlines the implications for structural design
applications.

2. Materials and methods

Experimental and

Casting of Modeling of ical
geopolymer Explosion tests of specimens subjected nu_menc;; .
specimens with 5% geopolymer to explosion tests ﬁfgtpgg';%” :m%%se;
and 10% ceramic specimens and PCC using ANSY'S- f | g d
fiber added Workbench program of geopolymer an

PCC specimens

Figure 1. Flow chart of the study.

In this study, ground granulated blast furnace slag, silica fume, ceramic fibers, superplasticizer, sodium silicate (Na;SiOs3),
sodium hydroxide (NaOH), fine aggregate, and coarse aggregate were used to produce geopolymer concrete. The ground blast
furnace slag used in the study contains 33% calcium oxide (CaO), while the silica fume contains approximately 1.06-1.80%
CaO by mass. The alkaline liquids NaOH and Na,SiOs were supplied by Tekkim and are of analytical purity. Furthermore,
the NaOH concentration used in the study is 12 M. The melting point of the ceramic fibers used in the concrete is 1760 °C.
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The diameter of the fibers varies between 2.6 um and 3.4 um, and their chemical composition consists of 52% silicon dioxide
(SiO2) and 44% aluminum oxide (Al>Os).

Within the scope of this study, ceramic fiber-reinforced geopolymer concrete (CFGC) specimens and a Portland cement
concrete (PCC) control specimen were tested. The PCC was produced using CEM Il 52.5 cement. Compressive strength was
measured after the prepared PCC specimens were cured under laboratory conditions for 28 days. The average compressive
strength of the PCC at 28 days was found to be 49 MPa. The geopolymer concrete contained 90% ground granulated blast
furnace slag and 10% silica fume as a binder. Based on the laboratory trials, geopolymer concrete was prepared with the
proportions detailed in Table 1 and yielded an average compressive strength of 50 MPa at 28 days. Furthermore, the
incorporation of ceramic fibers in this mix design was motivated by a recent study (Dalgi¢ and Yilmazer Polat, 2024), which
demonstrated that geopolymer concrete with high ceramic fiber ratios exhibits significantly reduced damage when exposed
to elevated temperatures.

Table 1. Geopolymer concrete mixing ratios (kg/m?).

Fine Coarse Binders Activators Superplasticizer
agg. 49 TSilica fume Slag Na;Si0s  NaOH
1209 651 40 360 115 46 4

Test specimens measuring 50 x 50 x 10 cm were prepared for the blast tests. A total of 15 specimens were cast, comprising
three groups: five specimens of 5% ceramic fiber-reinforced geopolymer concrete (5% CFGC), five specimens of 10% CFGC,
and five PCC control specimens (which contained no ceramic fibers). In all specimens, a Q131/131 type steel mesh (5 mm
diameter with 15 cm spacing) was placed at the mid-depth of the concrete cross-section. The casting molds and the
arrangement of the steel mesh are illustrated in Figure 2.

RN AT v-l;:.‘" ¥ o & T e ‘ = prriee
Figure 3. Blast test specimen with Figure 4. Blast test specimen with Figure 5. Blast test specimen with
PCC content. 5% CFGC content. 10% CFGC content.
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To determine the workability of the fresh concrete mixtures, the flow spread diameters of the prepared specimens were
measured. The obtained values for each mix design are presented in Table 2.

Table 2. Flow diameters of 50x50x10 cm poured specimens (cm).
Specimens PCC 5% CFGC 10% CFGC
Average value 10.7 10.1 9.7

During mixing, the ceramic fibers dissolve and form a gel-like structure upon contact with the alkaline liquids, water, and
superplasticizer. Consequently, the high-temperature damage caused by an explosion is minimized, as the uniformly
distributed fiber gel acts as a protective barrier within the geopolymer matrix (Dalgi¢ and Yilmazer Polat, 2024). However,
because the ceramic fibers absorb some of the mixing liquid, the workability of the fresh concrete is slightly reduced.
Therefore, as the ceramic fiber ratio in the specimens increased, the flow spread diameter decreased.

The 15 specimens cast in the laboratory were cured for 28 days and then taken to the blast test site. The 5% CFGC, 10%
CFGC, and 50 x 50 x 10 cm PCC slabs were subjected to blast loading using 50, 100, 150, 200, and 250 g of dynamite
(trinitroglycerin). The concrete slabs were in direct contact with the explosive during the blast tests. In all blasts, a5 x 5 x 50
cm wooden formwork frame supported the concrete specimens above the ground. The reason for using the wooden frame was
to isolate the concrete from the ground in the event of an explosion. Thus, the energy released during the explosion could not
be absorbed by the ground, and the environmental factors and ground-coupling effects during the explosion were largely
prevented. Furthermore, the purpose of the wooden frame was to prevent the concrete specimens from being damaged by
wood fragmentation under the blast load. In addition, the ambient air temperature during the tests was recorded as 9 °C, wind
speed as 4.2 km/h, and humidity as 68%. Due to the destructive nature of the experiments, each configuration was tested once;
therefore, statistical error bars such as standard deviation or confidence intervals are not applicable.

Table 3. TNG explosive weights applied to the specimens.

50 g 100 g 150 g 200 g 250 g
PCC v v v v v
5% CFGC v v v v v
10% CFGC v v v v v

After the blast tests, the specimens were modeled in a computer environment using the ANSYS-Workbench program. In
this way, experimental and theoretical data could be compared.

Table 4 presents the studies conducted to determine the trinitrotoluene (TNT) equivalence of the explosive used in the blast
tests. The pressure-time data during the blast events were recorded using pressure sensors (Bakir et al., 2024).

Table 4. Sensor placement details (Bakir et al., 2024).

Parameter name Parameter value
Distance between explosive and sandwich slab (m) 1.85
Explosive weight (kg) 0.91
Sensor height above ground (m) 1.85
Distance between explosive and sensor (m) 3.20

Table 5. Sensor readings (Bakir et al., 2024).

Strenght . 13
Sensor data (N/mm?) Time Z value (m/kg'3) W (kg)
Maximum strenght 52924 8.590098 3.866359 0.570274
Minimum strenght -11795.8 8.594297 3.866359 0.570274
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From strenght values given in Table 5, the equivalent explosive weight is calculated as Wrnt = 0.57 kg. The TNT
equivalence factor of the TNG type explosive in the contact explosion tests is given in equation (1):

YNt 257 — .62 1)

WrnG 0.91

While modelling, 1 kg TNG was calculated as equivalent to 0.62 g TNT (Bakir et al., 2024). The parameter values used in
the program for geopolymer concrete and PCC are given in Table 6.

Table 6. Parameter values used in ANSYS-Workbench modelling.

Specimens Density (kg/m?3) Specific heat (J/kg°C)
pPCC 2343 654

5% CFGC 2497 830.64

10% CFGC 2497 1007.30

Density values were measured in the laboratory, and the specific heat values were calculated. The specific heat capacity of
the ceramic fibers used is 4186.8 J/(kg-°C). Since the ceramic fibers were incorporated by volume, the specific heat of the
fiber-reinforced geopolymer concrete was determined using the interpolation method. The concrete models are illustrated in
Figures 6-9.

. o0 : 7500 22500
Figure 6. Concrete model and steel mesh top view. Figure 7. Concrete model and steel mesh side view.
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Figure 8. Support modeling.
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Figure 9. Blast modelling image.
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3. Experimental results and analysis
3.1. Explosion tests

Concrete typically loses its structural integrity due to the extreme pressures and high temperatures generated during explo-
sions (Agrawal, 2010; Ngo et al.;Ramsay, 2007; Mortar et al., 2017) This loss of strength significantly exacerbates the overall
damage, as the disintegrated concrete fragments and acts as deadly secondary projectiles. This study aims to mitigate such
damage by developing a concrete composite capable of better withstanding blast-induced pressures and thermal shocks. To
this end, the 15 cast specimens were subjected to blast loading, and their dynamic responses were compared. As illustrated in
Figure 10, the specimens were placed on a5 x 5 x 50 cm wooden frame to isolate them from the ground. This setup prevented
the underlying soil from absorbing the blast energy, thereby eliminating ground-coupling effects

Figure 10. The blast mechanism.

Table 7 shows the crater diameter and depth of the specimens due to the explosions.

Table 7. Crater diameters and crater depths formed as a result of explosions (cm).
Crater diameter and depth of specimens (cm)

pPCC 5% CFGC 10% CFGC
Explosive weight Diameter Depth Diameter Depth Diameter Depth
509 0 0 0 0 0 0
100 g 24 2.0 21 2.5 20 2.5
150 g 33 5.0 31 3.2 28 35
200 g disbanded disbanded disbanded disbanded 34 7.3
2509 disbanded disbanded disbanded disbanded dishbanded disbanded

In the tests utilizing 200 g of trinitroglycerin (TNG), only the 10% ceramic fiber-reinforced geopolymer concrete (10%
CFGC) slabs remained intact enough for crater diameter and depth measurements. In contrast, during the 250 g TNG
experiments, all specimens were extensively damaged, preventing any quantifiable measurement. Figure 11 illustrates the
crater diameter damage modes, while Figure 12 depicts the crater depth damage modes resulting from the explosions. Because
no significant damage was observed at 50 g TNG, and all specimens were completely fragmented at 250 g TNG, these results
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are excluded from Figures 11 and 12. Similarly, since the Portland cement concrete (PCC) and 5% CFGC specimens were
fully fragmented at the 200 g TNG level, their values are omitted from these figures.

Crater dimensions were measured using calipers and image-based techniques. Due to the destructive nature of blast testing,
each configuration was subjected to a single event; thus, statistical variability (e.g., standard deviation) could not be assessed.
Instead, the reported uncertainty corresponds to instrumental measurement error. Based on the resolution and precision of the
calipers and imaging tools, the measurement uncertainty was estimated at £0.2 mm, representing the limitations of the
measurement apparatus rather than experimental reproducibility.

40
35
30
25
20
15
10

5

0 (SR —
100 g 150 g 200 g

Crater diameter
(mm)

Explosive weight (g)
OPCC @O5%CFGC @10% CFGC

Figure 11. Crater diameter as a function of explosive weight for PCC, 5% CFGC, and 10% CFGC specimens. Each bar represents the
crater diameter measured from a single detonation test.

Crater depth
(mm)
o = N W Ul O ~N (o]

100¢g 150¢g 200g
Explosive weight (g)

OPCC @5%CFGC O10% CFGC

Figure 12. Crater depths as a function of explosive weight for PCC, 5% CFGC, and 10% CFGC specimens. Each bar represents the crater
diameter measured from a single detonation test.

Crater diameter and depth damages of 5%, 10% CFGC and PCC slabs detonated with 100 g TNG are shown in Figures
13-18.
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Figure 13. The crater diameter of PCC Figure 14. The crater diameter of 5% Figure 15. The crater diameter of 10%
exploded with 100 g TNG. CFGC exploded with 100 g TNG. CFGC exploded with 100 g TNG.

Crater depth: 2.5 m.
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Figure 16. The crater depth of PCC Figure 17. The crater depth of 5% Figure 18. The crater depth of 1
exploded with 100 g TNG. CFGC exploded with 100 g TNG. CFGC exploded with 100 g TNG.

Among the specimens subjected to the 100 g TNG blast, the 10% CFGC slab exhibited the superior performance with a
crater diameter of 20 cm, representing the least damaged specimen. In contrast, the PCC slab sustained the most extensive
damage, recording the maximum crater diameter at this charge level. The resulting crater diameter and depth profiles for the
5% CFGC, 10% CFGC, and PCC slabs under 150 g TNG loading are illustrated in Figures 19-24.

Figu . The raeriameer of C Figure 20. The crater diaeter 5% FiUre 21. The crater diameter of 10%
exploded with 150 g TNG. CFGC exploded with 150 g TNG. CFGC exploded with 150 g TNG.
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Figure 22. The crater depth of PCC Figure 23. The crater depth of 5% CFGC Figure 24. The crater depth of 10%
exploded with 150 g TNG. exploded with 150 g TNG. CFGC exploded with 150 g TNG.

The 10% CFGC slab with a crater diameter of 28 cm was the least damaged specimen in the test using 150 g TNG. In the
experiment using 150 g of explosive, PCC slab suffered the highest crater diameter damage. The damages of the specimens
detonated using 200 g TNG are shown in Figures 25-28.

)
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Figure 25. PCC slab after Figure 26. 5% CFGC slab Figure 27. 10% CFGC crater Figure 28. 10% CFGC crater
explosion with 200 g TNG. after explosion with 200 g diameter after detonation depth after detonation with 200
TNG. with 200 g TNG. g TNG.

Among the specimens subjected to the 200 g TNG blast, the 10% CFGC slab exhibited the minimum damage. In contrast,
both the 5% CFGC and PCC slabs underwent complete fragmentation, preventing the measurement of crater diameters and
depths. However, comparatively, the 5% CFGC slab showed fewer fragments and less disintegration than the PCC specimen.
In the 250 g TNG blast tests, crater dimensions could not be quantified as all concrete types were fully fragmented. The post-
blast states of the three different concrete types subjected to 250 g TNG are depicted in Figures 29-31.
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igure 29. PCC slab after explosion with Figure 30. 5% CFGC slab after the Figure 31. 10% CFGC slab after
250 g TNG. explosion with 250 g TNG. explosion with 250 g TNG.

Among the specimens subjected to 250 g TNG, the 10% CFGC slab exhibited the minimum degree of fragmentation,
whereas the most extensive disintegration was observed in the PCC specimen. Throughout the experiments across various
explosive charges, the 10% CFGC slabs consistently demonstrated superior resistance to fragmentation compared to the other
concrete types. Conversely, the PCC slabs exhibited the highest susceptibility to blast-induced damage. It was observed that
the ceramic fibers, having dissolved into a gel-like consistency, functioned as a protective barrier within the geopolymer
matrix, thereby mitigating the extreme pressure and thermal effects of the explosions.

While existing literature suggests that steel mesh or steel fibers are typically incorporated to enhance blast resistance by
absorbing energy (Foglar et al., 2015; Li et al., 2017; Meng et al., 2020, 2019a) , the ceramic fiber utilized in this study offers
a distinct mechanism. Unlike conventional reinforcements, these fibers form a homogeneous gel that provides a significant
dampening effect and enhances energy dissipation. Consequently, geopolymer concrete slabs reinforced with ceramic fibers
sustained markedly less cratering damage (both in diameter and depth) relative to the PCC control. Following the experimental
phase, numerical modeling was performed to further validate these findings.

3.2. Modeling

Various software packages can be utilized to perform blast simulations, primarily due to the sudden and highly nonlinear
pressure effects inherent in explosive events (Ngo et al., ;Ramsay, 2007). Predicting the rapid and irregular transitions in
material behavior under blast loading requires advanced computational tools capable of high-fidelity modeling. This study
integrates experimental work with numerical modeling to analyze the response of concrete to blast loads and to provide an
engineering approximation of its actual dynamic behavior. The experimental blast tests were simulated using the finite element
method (FEM) within the ANSY 'S Workbench environment. Notably, the tests involving 50 g of explosives were not modeled,
as the specimens exhibited no visible damage at this charge level. In Figures 32-34, the blast tests using 100 g TNG were
modeled using the finite element method.
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Figure 32. Modelling of PCC slab Figure 33. Modelling of 5% CFGC slab  Figure 34. Modelling of 10% CFGC slab

detonated with 100 g TNG in ANSY'S- detonated with 100 g TNG in ANSYS- detonated with 100 g TNG in ANSYS-
Workbench. Workbench. Workbench.

vy

In Figures 35-37, the blast test using 150 g TNG was modelled using the finite element method.
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Figure 35. Modelling of PCC slab Figure 36. Modelling of 5% CFGC slab Figure 37. Modelling of 10% CFGC slab
detonated with 150 g TNG in ANSYS- detonated with 150 g TNG in ANSYS- detonated with 150 g TNG in ANSYS-
Workbench. Workbench. Workbench.

Figure 38 shows the modelling of the 10% CFGC slab, which did not disintegrate and remained as a single piece among
the specimens tested with 200 g TNG.
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Figure 38. Modelling of 10% CFGC slab detonated with 200 g
TNG in ANSYS-Workbench.

' Figure 39. 10% CFGC slab after xplosion wih 200 g TNG.
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Figures 40, 41 and 42 show the models of the specimens under the effect of 250 g TNG.

Figure 40. Modelling of PCC slab  Figure 41. Modelling of 5% CFGC slab  Figure 42. Modelling of 10% CFGC slab
detonated with 250 g TNG in ANSYS-  detonated with 250 g TNG in ANSYS- detonated with 250 g TNG in ANSYS-
Workbench. Workbench. Workbench.

All specimens subjected to 250 g TNG blasts underwent complete fragmentation and sustained severe structural
deformation. The numerical simulations for the 250 g TNG charge yielded fragmentation patterns that closely correlated with
the experimental observations. The deformation damage across both geopolymer and PCC slabs modeled in ANSYS
Workbench was consistent with the damage modes recorded during the experimental blasts. In simulations utilizing 100, 150,
200, and 250 g TNG, the 10% CFGC slab exhibited the minimum damage, whereas the PCC slab sustained the most extensive
failure, mirroring the experimental results.

This strong correlation suggests that the response of CFGC to blast loading can be accurately predicted by adjusting specific
parameters within the numerical model, providing a reliable tool for future structural assessments. Overall, the 10% CFGC
slab, characterized by the highest ceramic fiber content, consistently demonstrated the superior resistance to fragmentation.
Conversely, the PCC specimens without fiber reinforcement exhibited the highest susceptibility to blast-induced
disintegration. These findings confirm that increasing the ceramic fiber content in geopolymer concrete significantly enhances
its blast resistance.
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Figure 43. Comparison of experimental and modeling data of 10% CFGC specimen under explosions.

e A comparison between the experimental and ANSYS Workbench modeling results revealed an average error rate
of 7.5%.

e Astrong correlation was observed between the small-scale blast tests and the numerical simulations regarding
crater diameter and depth.

o While the numerical models closely aligned with the experimental data, certain discrepancies were noted under
high blast loads (200 g TNG and above).

e These variances can be attributed to material heterogeneity, inherent modeling assumptions, and the complex fluc-
tuations in explosion dynamics.

In summary, it is evident that blast-induced damage decreases as the ceramic fiber content in geopolymer concrete
increases. By investigating the blast response of ceramic fiber-reinforced geopolymer concrete (CFGC), this study contributes
significant findings to the literature, demonstrating that CFGC structures exhibit superior resistance to high-pressure and high-
temperature waves compared to plain concrete structures. The findings suggest that incorporating ceramic fibers into high-
strength concrete for military facilities, critical infrastructure, and civil buildings in high-risk areas can substantially mitigate
blast-induced damage. Nonetheless, further extensive research is required to optimize these structural results

4. Conclusions and comments

In this study, the response of ceramic fiber-reinforced geopolymer concrete (CFGC) to blast loading was investigated
through both experimental and numerical approaches. The key findings are summarized as follows:

1. Under 100 g trinitroglycerin (TNG) blast loading, the crater diameter of the PCC slab was 14.29% and 20.00%
greater than those of the 5% CFGC and 10% CFGC slabs, respectively.

2. For 150 g TNG blasts, the crater diameter damage in the PCC slab was 6.45% and 17.86% higher compared to
the 5% CFGC and 10% CFGC specimens, respectively.

3. While the PCC slab was completely fragmented under a 200 g TNG blast, the 10% CFGC slab exhibited the
highest resistance with minimal disintegration, demonstrating the superior energy dissipation of the ceramic fiber
gel matrix.

4. CFGC specimens (5% and 10%) showed significantly reduced spalling and a mitigated shrapnel effect compared
to the PCC control under 200 g TNG loading.
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5. At the maximum charge of 250 g TNG, all specimens underwent fragmentation; however, the 10% CFGC slab
consistently showed the least extensive damage, whereas the PCC slab sustained total destruction.

6. The results indicate a positive correlation between ceramic fiber content and the homogeneous damping of blast
energy within the geopolymer matrix.

7. The numerical data obtained via ANSYS Workbench were highly consistent with the experimental blast test
results, validating the predictive accuracy of the finite element model.

Overall, the incorporation of ceramic fibers into geopolymer concrete significantly enhances its resistance to high-pressure
and high-temperature waves. While CFGC effectively mitigates damage at low-to-moderate blast levels, extreme energy
levels still lead to structural failure, necessitating further optimization.

To build upon the findings of this study, the following directions are suggested:

e The influence of structural parameters, such as gradually increasing slab thickness or reinforcement ratios, should
be investigated to identify ultimate failure thresholds.

e Comparative studies could be conducted on specimens with varying compressive strengths to isolate the effects
of matrix toughness versus matrix strength.

e  Future experimental setups should incorporate high-speed instrumentation, such as LVDTs and accelerometers,
to generate larger datasets for deep learning-based predictive models and advanced multi-physics simulations.

e Given that the ceramic fibers in this study were integrated in a dissolved gel form, future research should explore
the hybrid effects of combining ceramic fiber gel with discrete steel fibers to optimize both energy absorption and
tensile ductility under blast loading.
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