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Abstract

In the construction industry, there is a growing demand for materials with mechanical
properties that surpass those of conventional options. Polymer concrete, composed of
polymer resins and mineral aggregates, exhibits superior mechanical performance com-
pared to traditional cement-based concrete. However, its relatively low ductility limits its
application in load-bearing structures. To address this limitation, reinforcements such as
polyester fibers can be incorporated to enhance ductility. Additionally, gamma radiation
has been shown to effectively improve the toughness of polymer concrete. In this study, the
effects of marble particle size (0.71, 1.4, and 2.36 mm), polyester fiber content (0.1, 0.3, and
0.5 wt%), and gamma radiation dose (50, 100, and 150 kGy) on the mechanical properties of
polymer concrete were investigated. The results indicate increases in compressive strength,
deformation capacity, modulus of elasticity, and dynamic modulus. These improvements
are attributed to radiation-induced modifications in the morphology of the polyester resin,
polyester fibers, and the overall polymer concrete matrix.

Keywords: polymer concrete; polyester fiber; marble; gamma radiation; mechanical properties

1. Introduction
Polymer matrix composites have achieved widespread success in various technological

applications due to their superior properties compared to conventional materials [1,2]. In
the construction industry, polymer-based materials are increasingly used to partially or
completely replace cementitious matrices. One prominent example is polymer concrete,
in which cement is entirely replaced by a polymer resin [3–5]. The most commonly used
resins in polymer concrete are unsaturated polyester and epoxy resins, while acrylic and
polyurethane resins are employed to a lesser extent. Unsaturated polyester resins typically
require a chemical initiator, such as methyl ethyl ketone peroxide, along with accelerators
like cobalt salts, to promote polymerization. The aggregates used in polymer concrete
consist of fine and coarse mineral materials, including silica sand, river sand, calcium
carbonate, bentonite, fly ash, and crushed gravel, among others. The mechanical properties
of polymer concrete are influenced by several factors, including the type of resin and curing
method, the size and shape of the aggregates, and post-curing treatments [6,7].

In addition, natural or synthetic fibers can be incorporated during the curing process
to enhance mechanical properties such as flexural strength, compressive strength, and
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stiffness. Commonly used fibers include steel, aramid, glass, carbon, and nylon [3,8–12].
However, relatively few studies have addressed fiber-reinforced polymer concrete. For
instance, basalt and glass fibers have been incorporated at concentrations ranging from
0.5 to 20 wt% in epoxy or polyurethane matrices. The addition of basalt fibers has been
reported to increase tensile strength by up to 35%, compressive strength by 10%, and
flexural strength by 4.8%. Similarly, the incorporation of silane-treated glass fibers has been
shown to significantly enhance mechanical performance, with improvements of up to 225%
in flexural modulus, 112% in flexural strength, 39.5% in modulus of elasticity, and 15%
in compressive strength. Moreover, glass fibers help reduce crack propagation, thereby
increasing the overall stiffness of the composite material [13,14].

Polymers can be modified through physical or chemical methods, including radiation-
based techniques involving either non-ionizing radiation (such as ultraviolet, UV) or ioniz-
ing radiation (such as gamma rays) [15–18]. When exposed to gamma radiation, polymers
absorb photon energy and generate reactive species (free radicals), which initiate chemical
reactions that alter the polymer structure. Radiation-based modification offers several
advantages over conventional treatment methods, such as chemical and thermal processes,
due to its ability to induce chemical reactions without the need for additional reagents or
catalysts. Furthermore, it offers shorter curing times, operation at atmospheric pressure and
ambient temperature, relatively low cost, and is considered an environmentally friendly
process [19–23].

Several studies have investigated the combined effects of gamma radiation and
fiber reinforcement on polyester matrix composites. For instance, composites based on
polyester resin reinforced with curaua and aramid fibers and exposed to radiation doses
of 150–300 kGy exhibited reductions of 61% in flexural strength and 67% in modulus of
elasticity [24].

In contrast, polyester composites reinforced with jute fibers and irradiated at lower
doses (1–5 kGy) showed significant improvements, with tensile strength increasing by
98% and Young’s modulus by 500%, although elongation at break decreased by 67% [25].
Similarly, polyester–sisal fiber composites exposed to low radiation doses (around 5 kGy)
demonstrated notable enhancements, including increases of 73% in tensile strength and
91% in flexural strength [26]. Other systems, such as polyester resin composites filled
with gypsum and irradiated at doses between 20 and 350 kGy, exhibited a 100% increase
in compressive strength, while hardness remained unchanged [27]. These variations in
mechanical performance are primarily attributed to radiation-induced modifications in
the polymer structure, including chain scission, which reduces molecular weight, and
cross-linking reactions within the polymer matrix.

Additional studies have examined the effects of gamma radiation on various polymer-
based composites [28–31]. For example, epoxy resin composites [32,33]. Those exposed
to gamma doses in the range of 10–50 kGy exhibit improved mechanical properties with
increasing radiation dose, including an 11% increase in tensile strength [32]. Similarly,
sulfur-based polymer concrete irradiated at higher doses (500–1500 kGy) shows enhance-
ments of up to 35% in compressive strength [34]. In composites produced from recycled
polymers reinforced with rice husk fibers and exposed to doses between 25 and 150 kGy,
tensile strength increases by 15% and the modulus of elasticity by up to 200% [35]. In con-
trast, chitosan/natural rubber latex (CS/NRL) composites subjected to gamma radiation
doses of 10–100 kGy exhibit a decline in mechanical performance, with reductions of 57%
in tensile strength, 32% in elongation at break, and 8% in toughness [36]. These variations
in mechanical behavior are associated with radiation-induced changes in the composite
structure, where the balance between cross-linking and oxidative degradation governs the
overall response of the material.
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The observed changes in mechanical properties are attributed to modifications in the
polymer matrix structure induced by irradiation. When a polymer is exposed to gamma
radiation, four primary processes may occur: cross-linking, degradation, grafting, and
curing. Cross-linking involves the transformation of linear polymer chains into a three-
dimensional network, whereas chain scission (degradation) leads to a reduction in average
molecular weight [17,19–21,37,38].

While previous studies have examined the improvement of the mechanical properties
of polymer composites through gamma irradiation or fiber reinforcement independently,
the synergistic interaction between aggregate particle size distribution, synthetic fiber
content, and high-dose gamma irradiation in unsaturated polyester polymer concrete
remains an under-researched area. To address this gap, in this study, polymer concrete
specimens were fabricated using polyester resin, marble particles with sizes of 0.71, 1.4,
and 2.36 mm, and polyester fibers at contents of 0.1, 0.3, and 0.5 wt%. The specimens were
subsequently exposed to gamma radiation at doses of 50, 100, and 150 kGy. The effects of
marble particle size, fiber content, and ionizing radiation on the mechanical properties were
systematically evaluated and correlated with the corresponding morphological changes.

2. Materials and Methods
2.1. Materials

Unsaturated polyester resin was supplied by the Grupo Químico Industrial, located in
Toluca, Mexico. The commercial grade used was MR-300/75C. The properties reported by
the manufacturer are summarized in Table 1.

Table 1. Properties of polyester resin.

Properties Value

Brookfield Viscosity, cPs 100–200
Gel time, min 6–8

Exothermic temperature, ◦C 145–163
Tensile strength, MPa 86

Modulus of elasticity, GPa 3.2
Flexural strength, MPa 103

Three marble particle sizes were used: 0.71 mm (mesh 25), denoted as (S, small);
1.4 mm (mesh 14), denoted as (M, medium); and 2.36 mm (mesh 8), denoted as (L, large).
These sizes were selected to maintain a 1:2:3 size ratio and to promote a uniform distri-
bution of the particles within the resin matrix. Figure 1a presents the marble particle size
distribution. The marble aggregates were supplied by Minerales GOSA S.A., located in
Atizapán de Zaragoza, Mexico. According to the manufacturer, the material is composed
of approximately 90% calcite (CaCO3) and 10% dolomite CaMg(CO3)2. The corresponding
physical and chemical properties are summarized in Table 2.

Table 2. Properties of marble aggregates.

Property Value

Density, g/cm3 2.38–2.87
Mohs hardness 3–4

Compressive strength, MPa 58–98
Tensile strength, MPa 10–35
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Figure 1. Marble particles (a), and polyester fibers (b).

The polyester fibers, with a diameter of 30–40 µm and a length of 20 mm (Figure 1b),
were supplied by Gütermann Polygal, located in Cuernavaca, Mexico. Their properties are
shown in Table 3.

Table 3. Properties of polyester fibers.

Property Value

Denier 300
Specific gravity 1.36

Moisture absorption, % 0.4
Tensile strength, MPa 44–73
Tensile elongation, % 20

Elongation, % 16

2.2. Polymer Concrete Production

Before the mixing process, the marble particles were oven-dried at 80 ◦C for 24 h
to eliminate residual moisture, as the presence of water during curing can reduce the
interfacial adhesion between the composite constituents. In the initial experimental stage,
polymer concrete specimens (50 × 50 × 50 mm) were fabricated using 30 wt% unsaturated
polyester resin and 70 wt% marble aggregates. Polymerization was initiated with methyl
ethyl ketone peroxide (MEKP) at a ratio of 1 mL per 100 g of resin, and curing was carried
out at room temperature. The mixing procedure consisted of an initial stage of 1.0 min at
140 rpm, followed by 1.5 min at 285 rpm. The specimens were then cured at 23.0 ± 3.0 ◦C
for 24 h.

In each polymer concrete formulation, two marble particle sizes were combined:
(i) 0.71 and 1.4 mm, denoted as the S–M (small–medium) combination; (ii) 0.71 and 2.36 mm,
denoted as the S–L (small–large) combination; and (iii) 1.4 and 2.36 mm, denoted as the
M–L (medium–large) combination. For each size combination, a 1:1 weight ratio was
maintained. For each radiation dose (control, 50, 100, and 150 kGy), five specimens were
prepared for each formulation presented in Table 4. A total of 240 specimens were produced
for this study.

In the second experimental stage, polyester fibers were incorporated at 0.1, 0.3, and
0.5 wt% into the polyester resin–marble particle mixtures, partially replacing the marble
content. For each fiber content five specimens were prepared. The corresponding mix
compositions are presented in Table 4.
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Table 4. Polymer concrete formulations.

Polymer
Concrete

Resin
(%)

S-M Marble
(%)

S-L Marble
(%)

M-L Marble
(%)

Polyester Fiber
(%)

R-SM 30 70 - - -
R-SM-0.1F 30 69.9 - - 0.1
R-SM-0.3F 30 69.7 - - 0.3
R-SM-0.5F 30 69.5 - - 0.5

R-SL 30 - 70 - -
R-SL-0.1F 30 69.9 - 0.1
R-SL-0.3F 30 - 69.7 - 0.3
R-SL-0.5F 30 - 69.5 - 0.5

R-ML 30 - - 70 -
R-ML-0.1F 30 - - 69.9 0.1
R-ML-0.3F 30 - - 69.7 0.3
R-ML-0.5F 30 - - 69.5 0.5

2.3. Gamma Irradiation of Polymer Concrete, Polyester Resin and Polyester Fibers

In separate experiments, polyester resin, polyester fibers, and polymer concrete sam-
ples were irradiated. Each material was exposed to gamma radiation at doses of 50, 100,
and 150 kGy in air at room temperature, using a cobalt-60 source with a dose rate of
3.5 kGy/h. Irradiation was carried out in a JS-6500 industrial irradiator located at the
National Institute of Nuclear Research of Mexico (ININ). A dyed polymethyl methacrylate
(PMMA) dosimeter was used to monitor the absorbed dose.

2.4. Mechanical Testing

Compression tests were performed on polymer concrete specimens using a Controls™
model 70-S17C2 universal testing machine (Cernusco, Italy), equipped with a 30-ton load
cell. Compression tests were conducted in accordance with ASTM C579-23. The static
modulus of elasticity (E) was determined using data from the compression tests. Recorded
load-versus-displacement measurements were used to calculate stress (σ) and strain (ε).
Subsequently, the elastic modulus was evaluated as the slope of the linear elastic region
of the stress–strain response. The dynamic modulus of elasticity was recorded using
a Controls™ model 58-E0048 ultrasonic pulse velocity tester (Cernusco, Italy), with an
ultrasonic resolution of 0.1 ms. The dynamic modulus is calculated from the equation
Ed = v2m (1 + p)(1 − 2p)/(1 − p), where v is the pulse velocity, m is the mass density, and
p is Poisson’s ratio.

2.5. Morphological Characterization

Polyester resin, polyester fibers, and small fragments from the fracture zone obtained
after compression testing were vacuum-coated with carbon layers of 3 and 10 nm thickness
using an E.F. Fullam vacuum evaporator at 50 mTorr. The surfaces of both non-irradiated
and irradiated samples were then examined by scanning electron microscopy (SEM) using
a JEOL JSM-6510LV microscope. The instrument, equipped with a factory-precentered
filament and a high-voltage resolution of 3.0 nm, was operated at an accelerating voltage of
20 keV. All images were acquired in secondary electron mode.

3. Results and Discussion
The results for four mechanical properties—compressive strength, ultimate compres-

sive strength, compressive modulus, and dynamic modulus—were evaluated. Each prop-
erty was analyzed based on: (i) the combination of marble particle size and fiber content;
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(ii) the combination of marble particle size and radiation dose; and (iii) the combined effects
of marble particle size, fiber content and radiation dose.

3.1. Compressive Strength
3.1.1. Marble Particle Size and Fiber Content

For plain polymer concrete (i.e., without polyester fibers), the compressive strength
ranges from 58.0 to 62.3 MPa, as shown in Figure 2 (error bars indicate the standard
deviation). For fiber-reinforced polymer concrete: (i) In terms of particle size combinations,
the small–large (S–L) mixture exhibited the highest strength, followed by the small–medium
(S–M) combination. (ii) With respect to polyester fiber content, compressive strength
values range from 54.3 to 61.9 MPa. An initial decrease is observed at 0.3% fiber content,
followed by a slight increase at 0.5% for the small-large (S–L) and medium–large (M–L)
combinations. In contrast, for the (S–M) combination, strength gradually decreases with
increasing fiber content. Overall, the incorporation of fibers tends to reduce compressive
strength, regardless of the marble particle size.

Figure 2. Compressive strength of polymer concrete with and without polyester fiber reinforcement.

The slight to moderate reduction in compressive strength observed following the
incorporation of polyester fibers (particularly at proportions of 0.3% and 0.5% by weight)
can be attributed to three main physical and microstructural mechanisms:

(i) Fiber entanglement and induced microporosity. At higher fiber contents (0.3 and
0.5 wt%), flexible synthetic fibers tend to form localized agglomerations or entangle-
ments during mechanical mixing. These fiber agglomerates trap air microbubbles
during casting, resulting in localized micro-voids within the cured polyester ma-
trix. Under compressive loads, these micro-voids act as stress concentration points,
reducing the effective load-bearing cross-sectional area.

(ii) Soft-inclusion mechanical behavior under compressive loading. Unlike tensile or
flexural stress states (where fibers effectively bridge crack surfaces and carry tensile
loads), under compressive loading, the specimen undergoes lateral expansion due
to Poisson’s ratio effects [39]. Flexible polymeric fibers possess lower transverse
stiffness compared to the rigid cured polyester resin matrix and marble aggregates.
Consequently, the embedded fibers act as compliant “soft inclusions” or mechanical
discontinuities, offering minimal lateral confinement and facilitating localized shear
band formation.
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(iii) Shear discontinuity at the interface. Polyester fibers rely primarily on physical-
mechanical interlocking with the polyester resin matrix. Under compressive loads,
shear stresses develop along the fiber-matrix interface. A weak interfacial bond pro-
motes localized shear separation along the fiber, initiating microcracking prior to
matrix crushing [40–45]. Overall, the highest compressive strength for fiber-reinforced
concretes was achieved with the highest fiber content (5%) and the S–L particle size
combination, reaching 61.9 MPa. It is worth noting that this value was statistically
significant only when compared to the concrete containing the M–L particle size
combination.

Another option for analyzing the data in Figure 2 is the Response Surface Methodology
(RSM), a statistical technique used to address and optimize problems in which a response
variable is influenced by multiple independent variables. In this work, the input variables
are listed in Table 5.

Table 5. Input variables for the Response Surface Methodology (RSM).

Input Variable Units Values

Particle size mm 0.71; 1.4; 2.36
Polyester fibers % 0; 0.1; 0.3; 0.5
Radiation dose kGy 0; 50; 100; 150

Figure 3 shows the 3D response surfaces that correlate two independent variables
(marble particle size and fiber content), with their resulting response (compressive strength).
In this figure, concrete with small-large particles (S-L), have the maximum values, while
those with small-medium (S-M) or medium-large (M-L) particles have low compressive
strength values.

Figure 3. Response Surface of compressive strength as a function of particle size and polyester
fiber content.

3.1.2. Marble Particle Size and Radiation Dose

Figure 4 shows the compressive strength values of the non-irradiated and irradiated
polymer concrete. For the irradiated polymer concrete: (i) In terms of particle size combina-
tions, concrete with small–medium (S–M) exhibited the highest strength, followed concrete
with small–large (S–L) combination. Concrete with small-medium particles has more
contact points between the particles and the polyester resin. (ii) With respect to radiation
dose, the compressive strength values ranged from 58.1 to 65.5 MPa. The values increased
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gradually with increasing radiation dose, regardless of the marble particle size combina-
tions. The maximum compressive strength of 65.5 MPa was obtained after irradiation at a
dose of 150 kGy using the S–M particle size combination. This value represented a 6.5%
improvement compared to non-irradiated concrete with the same particle size combination
(S–M). The cross-linked chains in the resin generate greater stress transfer with the marble
particles after irradiation, thus increasing compressive strength. Hidayat et al. discovered
that a recycled polymer exposed to gamma radiation and subsequently added to concrete,
after irradiation, caused crosslinking of the polymer chains and an increase in crosslinking
density. These characteristics resulted in increased compressive strength [46].

Figure 4. Compressive strength of non-irradiated and irradiated polymer concrete.

Figure 5 shows the 3D response surfaces that correlate the size of the marble particles
with the applied radiation doses and their responses (compressive strength). As can be
observed, increased radiation leads to higher compressive strength. It is also worth noting
that the highest values were obtained with concretes containing small- and medium-sized
particles (S-M).

Figure 5. Response surface for compressive strength as a function of the particle size and radiation dose.
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The observed mechanical improvements can be attributed to structural modifications
induced by gamma radiation in the polyester resin, as illustrated in Figure 6. The unir-
radiated resin (Figure 6a) exhibits a relatively smooth surface with minimal roughness
(as indicated by the arrows), unlike the irradiated samples (Figure 6b,c), which show
progressively greater surface irregularities. As the radiation increases, noticeable surface
deterioration occurs, characterized by the formation of cracks (highlighted with circles)
and cavities (marked with ovals). These features promote greater interfacial interaction
and enhanced mechanical interlocking between the resin matrix, marble particles, and
reinforcing fibers, ultimately contributing to improved compressive strength.

Figure 6. SEM micrographs of polyester resin (a) non-irradiated, and (b,c) irradiated.

3.1.3. Marble Particle Size, Fiber Content and Radiation Dose

Representing the compressive strength of the concrete in a single figure is challenging
due to the combined influence of multiple variables, namely marble particle size, polyester
fiber content, and gamma radiation dose. Nevertheless, these results are summarized in
Figure 7.

Figure 7. Compressive strength of non-irradiated and irradiated polymer concrete as a function of
marble particle size, polyester fiber content, and gamma radiation dose.

(i) With respect to marble particle size, the highest compressive strength values were
obtained for concretes incorporating a small-large (S–L) particle size distribution,
followed by those with small-medium (S–M) and medium-large (M–L) combinations,
respectively.
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(ii) In terms of fiber content, the results exhibit significant variability and do not follow a
monotonic trend. The highest values are observed at 0.5% fiber content, after which
the compressive strength decreases with increasing fiber content.

(iii) With respect to radiation dose, a consistent increase in compressive strength is ob-
served as the dose increases. The measured values range from 54.3 to 65.8 MPa,
with the highest strength achieved at a dose of 150 kGy. This corresponds to an
improvement of approximately 21.1% compared to the non-irradiated concrete.

Although the incorporation of fillers into composite materials is generally associated
with a reduction in compressive strength, the application of gamma radiation counteracts
this effect by improving mechanical performance. Furthermore, a greater separation
between the marble particles and the resin matrix appears to promote radiation-induced
crosslinking, thereby contributing to increased strength.

The 3D response surfaces illustrating the relationship between gamma radiation
dose, polyester fiber content, and compressive strength are presented in Figure 8. Two
main trends can be identified: (i) compressive strength increases with increasing radiation
dose, which can be attributed to radiation-induced crosslinking of polymer chains; and
(ii) compressive strength decreases as fiber content increases, likely due to inadequate fiber
dispersion within the matrix.

Figure 8. Response Surface of compressive strength as a function of gamma radiation dose and
polyester fiber content.

3.2. Ultimate Compressive Strain
3.2.1. Marble Particle Size and Fiber Content

For plain polymer concrete (i.e., without polyester fibers), the ultimate compressive
strain ranges from 0.0644 to 0.0652 mm/mm, as shown in Figure 9. In fiber-reinforced poly-
mer concrete, two main trends are observed. (i) First, regarding particle size combinations,
the highest deformations are obtained with small–medium (S–M) particles. (ii) Second, in
terms of polyester fiber content, deformation values range from 0.0648 to 0.0692 mm/mm.
Overall, the incorporation of fibers increases deformation up to a content of 0.3 wt%; how-
ever, at a higher content (0.5 wt%), a slight decrease is observed. In summary, the maximum
deformation, namely 0.0695 mm/mm, occurs in concrete with S–M particles and 0.3 wt%
fibers, representing a 7.9% increase compared to plain polymer concrete.
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Figure 9. Ultimate compressive strain of polymer concrete reinforced with polyester fibers.

According to the response surface methodology (RSM), the highest deformation val-
ues are observed in concrete containing small–medium (S–M) sized particles and 0.3 wt%
polyester fibers (Figure 10). These results indicate that fiber content is a key parame-
ter influencing deformation, such that a higher polyester fiber content leads to greater
deformation capacity.

Figure 10. Response surface of compressive strain as a function of particle size and polyester
fiber content.

3.2.2. Marble Particle Size and Radiation Dose

Figure 11 presents the ultimate compressive strain values for both non-irradiated and
irradiated polymer concrete. For the irradiated samples: (i) the deformation values range
from 0.0564 to 0.0616 mm/mm, with the concrete containing the small–medium (S–M) par-
ticle combination exhibiting the highest strain; and (ii) exposure to gamma radiation leads
to a reduction in deformation, as all irradiated samples show lower strain values than their
non-irradiated counterparts. The minimum value reached 0.0564 mm/mm, corresponding
to a decrease of approximately 13% relative to the non-irradiated concrete. This behavior
suggests that gamma radiation induces cross-linking of the polymer chains, resulting in
reduced deformability of the material. Kiss et al. found that in rubber compounds, tensile
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strength, elongation at break, modulus, and Shore A hardness decrease with increasing
radiation dose [47].

Figure 11. Ultimate compressive strain of non-irradiated and irradiated polymer concrete.

The response surface indicates that the highest deformation values occur in unirradi-
ated concretes, whereas the lowest are observed in samples irradiated at 50 and 100 kGy
(Figure 12). These results suggest that gamma irradiation reduces deformation, thereby
improving the ductility of the polymer concrete.

Figure 12. Response Surface of compressive strain as a function of particle size and radiation dose.

3.2.3. Marble Particle Size, Fiber Content and Radiation Dose

The ultimate compressive strain values for polymer concretes incorporating combined
marble particle sizes, polyester fibers, and gamma irradiation are presented in Figure 13.
(i) Regarding particle size, the lowest deformation values were obtained for concretes with a
medium–large (M–L) particle combination. (ii) In terms of fiber content, minimum deforma-
tion occurred at 0.3% fiber addition. (iii) Regarding the radiation dose, a gradual decrease
in deformation was observed as the dose increased, regardless of particle size distribution
or fiber content. Overall, the measured values ranged from 0.0564 to 0.0692 mm/mm.
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Figure 13. Ultimate compressive strain of non-irradiated and irradiated polymer concrete as a
function of marble particle size, polyester fiber content, and gamma radiation dose.

The highest deformation was recorded for concrete containing a small–medium (S–M)
particle combination, 0.5% fibers, and irradiated at 50 kGy. In contrast, a reduction of
up to 13% was observed for concrete with a medium–large (M–L) particle combination,
0.3% fibers, and irradiated at 100 kGy. These results indicate that higher radiation doses,
lower fiber content, and larger marble particle sizes contribute to a significant reduction
in deformation. Alhazmi et al. [48] reported that the incorporation of waste and recycled
materials into polymer concrete may result in poor adhesion between the polymer matrix
and tire particles, consequently leading to lower mechanical performance.

The variations in compression deformation observed in Figure 13 are more clearly
visualized in the 3D response surface shown in Figure 14, which relates radiation dose
to fiber content. This representation highlights distinct regions of maximum (peaks) and
minimum (valleys) values, allowing for a clearer identification of the interaction effects
between these variables.

Figure 14. Response surface of compressive strain as a function of fiber content and radiation dose.

Variations in compressive deformation depend largely on fiber content; therefore, in
a separate experiment, polyester fibers were irradiated, and the resulting surface modi-
fications (Figure 15) were correlated with the observed mechanical behavior. Figure 15
shows that as the radiation dose increases, a greater number of particles appear on the fiber
surface (indicated by the arrows). These features can act as anchoring points between the
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fiber and the resin, thereby reducing deformation during the compression test. Further-
more, radiation induces an increase in surface roughness (indicated by the oval), which
increases the number of contact points at the fiber–matrix interface and further contributes
to reducing deformation.

Figure 15. SEM images of polyester fibers: (a) unirradiated, and (b–d) gamma-irradiated.

3.3. Compressive and Dynamic Modulus
3.3.1. Marble Particle Size and Fiber Content

Figure 16 presents the two types of modulus of elasticity measured for polymer
concretes: (i) compressive modulus and (ii) dynamic modulus. In the case of compressive
modulus, for plain concrete, the compressive modulus ranges from 8.8 to 9.7 GPa. In
fiber-reinforced concrete, the highest modulus value, namely 9.4 GPa, was obtained for
concrete with small–medium (S–M) particle size combination, and 0.3% fibers. Conversely,
increasing the polyester fiber content leads to a gradual decrease in the modulus, regardless
of the marble particle size distribution. Overall, smaller particle sizes combined with lower
fiber contents favor higher elastic modulus values [49,50].

Figure 16. Compressive Modulus and Dynamic Modulus of Polyester Fiber-Reinforced Polymer Concrete.
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A different trend is observed for the dynamic modulus. For plain concrete, the values
range from 9.75 to 10.54 GPa, which are higher than those obtained for the compressive
modulus. In fiber-reinforced concrete, the values range from 7.86 to 13.72 GPa. The concrete
with small–large (S–L) particle combination and 0.5% fiber exhibits the highest modulus
values. In contrast, the modulus decreases at fiber contents of 0.1% and 0.3%, but increases
markedly at higher fiber contents, regardless of the marble particle size distribution. The
highest values were obtained with a fiber content of 0.5% combined with the small–large
(S–L) particle configuration, resulting in a maximum improvement of 32% compared to
plain concrete.

As is well established, the dynamic modulus is determined through non-destructive
ultrasonic test, in which wave propagation is influenced by the material’s constituent
phases: in this case, marble aggregates, polyester resin, and polyester fibers. In conven-
tional concrete, dynamic modulus values are typically higher than those obtained from
compression tests, yet both tend to exhibit similar trends.

In this study, however, the compressive and dynamic moduli show comparable be-
havior at fiber contents of 0.1 and 0.3 wt%, where both decrease. This trend does not
persist at 0.5 wt% fiber content, where the dynamic modulus increases markedly. This
behavior suggests that a higher fiber content intensifies interactions with ultrasonic waves,
promoting greater wave transmission and vibration within the concrete which translates
into apparent increase in the measured modulus of elasticity.

Figure 17 shows the three-dimensional response surfaces of the modulus of elasticity
as a function of particle size and fiber content. As can be seen, for the compressive modulus,
the highest values correspond to concrete with small and medium (S-M) particles and lower
polyester fiber content. In contrast, in the case of the dynamic modulus, the contribution of
the polyester fibers is significant, as higher fiber content results in the highest values.

Figure 17. Response surface analysis of the compressive and dynamic moduli as functions of particle
size and polyester fiber content.

3.3.2. Marble Particle Size and Radiation Dose

Figure 18 presents the modulus of elasticity for both non-irradiated and irradiated
polymer concrete. For irradiated specimens, the compressive modulus exhibited the
following trends: (i) regarding particle size distribution, mixtures with small–medium
(S–M) particles showed the highest modulus values; and (ii) in terms of radiation dose,
values ranged from 9.6 to 10.55 GPa. The modulus increased with dose up to 50 kGy and
decreased at higher doses, regardless of the marble particle size combination. The maximum
value, 10.55 GPa, was obtained for concrete with S-M particles and irradiated at 50 kGy,
representing an 8.8% increase compared to non-irradiated concrete. This improvement
is attributed to gamma radiation–induced chain scission in the resin, which enhances
stiffness [51,52]. Exposures to irradiation at higher doses, recombination of polymer chains
becomes dominant, leading to a reduction in the modulus of elasticity. Chayoukhi et al.
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mention that higher doses produce changes in properties, which are attributed to the
increased number of cross-links generated in the network as the absorbed dose increases.
Furthermore, cross-linking restricts the mobility of the polymer chains and results in an
increase in density [53]. Furthermore, in composite materials containing acrylic resin, at
low doses of radiation, compressive strength increases by 104% due to crosslinking of the
polymer chains. However, at higher doses, strength is negatively affected due to breakage
of the polymer chains [54].

Figure 18. Compressive and dynamic moduli of unirradiated and gamma-irradiated polymer concrete.

The dynamic modulus showed a different trend from the compression modulus, with
values increasing or decreasing as the radiation dose increased. At higher radiation doses,
increased cross-linking of the polymer chains in the polyester resin improves stress transfer
between the matrix and the fibers, resulting in an increase in the dynamic modulus. The
maximum value, 12.1 GPa, was observed for concrete with small–medium (S–M) particles
and irradiated at 150 kGy, representing a 15% increase compared to the non-irradiated
material. Polymer composite materials were irradiated at low doses, and their Young’s
modulus increased. These improvements are due to the disruption of chemical bonds
caused by gamma rays and the formation of new ones; this generates more active sites,
resulting in better interfacial bonding [55].

The response surface reveals a well-defined trend. For the compressive modulus,
the highest values are obtained at a radiation dose of 50 kGy using small–medium (S–M)
particles (Figure 19), indicating a stiffer material characterized by high stress capacity and
low deformation. In contrast, the dynamic modulus reaches its maximum for the same
particle size combination (S–M) but at a higher dose of 150 kGy. These results suggest that
gamma radiation–induced modifications to the polyester resin increase the stiffness of the
concrete, with the optimal dose depending on the mechanical property under considered.

The modulus of elasticity of polymer concrete can be correlated with the fracture
surface observed after the compression test, as shown in Figure 20. Fractured marble
particles are observed within the matrix (highlighted by circles), indicating that the failure
propagated through the aggregates. This behavior is attributed to the high compressive
stresses applied during testing and occurs more frequently in the irradiated specimens.
The effect is associated with radiation-induced cross-linking and chain scission in the
polyester resin, with the predominant mechanism depending on the radiation dose. At
50 kGy—the dose at which the highest modulus of elasticity is observed—chain scission
appears to prevail, enhancing the interfacial bonding between the resin and marble particles.
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This improved interaction reduces deformation and leads to an increase in the modulus
of elasticity.

Figure 19. Response surface analysis of compressive and dynamic moduli as functions of particle
size distribution and radiation dose.

Figure 20. SEM images of polymer concrete: (a) unirradiated, and (b–d) gamma-irradiated.

3.3.3. Marble Particle Size, Fiber Content and Radiation Dose

Figure 21 presents the compressive and dynamic modulus of unirradiated and irradi-
ated polyester fiber-reinforced polymer concrete. In the case of the compressive modulus,
all measured values are lower than those of plain concrete. (i) With respect to marble parti-
cle size combination, the highest moduli were obtained for concrete with small–medium
particles (S–M). (ii) In terms of fiber content, the optimum value corresponds to 0.1 wt%
polyester fiber. (iii) Regarding radiation dose, the effect is dose-dependent: the modulus
increases at 50 kGy, decreases at 100 kGy, and in some cases increases again at 150 kGy.
Overall, the maximum modulus (9.8 GPa) was achieved for concrete with small–large parti-
cles (S–L), 0.1 wt% polyester fibers, and irradiation at 150 kGy, representing a 7.6% increase
compared to unirradiated concrete. These results indicate that a combination of low fiber
content and higher radiation doses contributes to obtaining a more rigid polymer concrete.

For the dynamic modulus, the following trends were observed: (i) the highest values
correspond to mixtures with small–large particles (S–L); (ii) regarding fiber content, two
distinct behaviors are evident, at 0.1 wt% and 0.3 wt% fiber, the modulus is lower than that
of plain concrete, whereas at 0.5 wt% fiber, the values exceed those of the unreinforced
material; and (iii) the effect of radiation dose is non-uniform. In some cases, the dynamic
modulus increases with increasing dose, while in others it rises to 50 kGy, decreases at
100 kGy, and increases again at 150 kGy. Overall, the maximum modulus (14.8 GPa)
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was achieved for concrete with small–large particles (S–L), 0.5 wt% polyester fibers, and
irradiation at 100 kGy, representing a 42.3% increase compared to unirradiated concrete.
Dynamic modulus values obtained through ultrasonic testing differ from those measured
under compression. At higher fiber contents, an increased interaction between the fibers
and the ultrasonic waves improves wave propagation characteristics, resulting in higher
apparent concrete stiffness.

 
Figure 21. Modulus of elasticity of fiber-reinforced polymer concrete under unirradiated and gamma-
irradiated conditions.

Figure 22 presents the response surface relating radiation dose and fiber content to the
modulus of elasticity. For the compressive modulus, pronounced peaks are observed at
50 kGy, whereas a noticeable reduction occurs at 100 kGy. In contrast, the dynamic modulus
shows a markedly different trend, with higher peaks associated with higher fiber content.

Figure 22. Response surface analysis of compressive and dynamic moduli as functions of fiber content
and radiation dose.

In summary, the highest values for strength, strain, compressive and dynamic moduli
are presented in Table 6.

Table 6. Comparison of the highest mechanical values of polymer concretes.

Type of
Concrete

Strength Strain Compressive Modulus Dynamic Modulus

MPa M %f kGy mm/mm M %f kGy GPa M %f kGy GPa M %f kGy

PC 62.3 S–L - - 0.0652 S–M - - 9.7 S–M - - 10.5 S–M - -

IPC 65.5 S–M - 150 0.0616 S–M - 100 10.5 S–M - 50 12.1 S–M - 150

CPF 61.9 S–L 0.5 - 0.0692 S–M 0.3 - 9.4 S–M 0.3 - 13.7 S–L 0.5 -

CPFI 65.8 S–L 0.5 150 0.0692 S–M 0.5 50 9.8 S–L 0.1 150 14.8 S–L 0.5 100

PC = Plain concrete; IPC = Irradiated plain concrete; CPF = Concrete with polyester fibers;
CPFI = Concrete with polyester fibers and irradiated.
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4. Conclusions
Based on the highest values reported for polymer concrete (Table 6), the effects of

marble particle size, polyester fiber content, and gamma radiation dose can be identified.
Maximum compressive strength was achieved using a small–large (S–L) particle distri-
bution, 0.5% polyester fiber, and a radiation dose of 150 kGy. In contrast, deformation
exhibited a different trend: the highest values were obtained with small–medium (S–M)
particles, fiber contents of 0.3–0.5%, and radiation doses of 50–100 kGy. This indicates
that the deformation is more sensitive to variations in particle size, fiber content, and
moderate radiation levels. Significant differences in the modulus of elasticity were also
observed. The compressive modulus reached its highest values with small–medium (S–M)
particles, 0.1–0.3% fiber content, and radiation doses of 50 or 150 kGy. Similarly, the dy-
namic modulus was maximized with both small–medium (S–M) and small–large (S–L)
particles, combined with 0.5% fiber content and radiation doses of 100–150 kGy. Overall,
the use of small–medium (S–M) particles tends to enhance both compressive strength
and compressive modulus, likely due to the increased surface area between components.
Lower fiber content promotes greater deformation and a higher compression modulus,
contributing to increased deformability. Finally, higher radiation doses (150 kGy) lead to an
increase in compressive strength and dynamic modulus, indicating that gamma irradiation
enhances the hardness and strength of polymer concrete. This improvement is primarily
attributed to the cross-linking of polymer chains, which strengthens interfacial interactions
within the composite material.
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