Materiales de Construccion 75 (360)
October-December 2025, €392

ISSN-L: 0465-2746, eISSN: 1988-3226
https://doi.org/10.3989/mc.2025.399824

Research on the impact of waste rubber particles and polyvinyl
alcohol (PVA) fibers on the static mechanical properties and
impact resistance of concrete

Z. Luo®, ®H. Liu®, ®G. Liu® DX

a. School of Civil and Architectural Engineering, Liaoning University of Technology, (Jinzhou, China)
b. School of Civil Engineering and Architecture, NingboTech University, (Ningbo, China)
P4 liugenjin@163.com

Received 2 November 2024
Accepted 21 March 2025
Available on line 15 January 2026

ABSTRACT: This article examines the impact of rubber particles and PVA fibers on concrete’s static mechanical properties and
impact resistance. It analyzes the mechanism of action through scanning electron microscopy (SEM). The findings demonstrate that
as the percentage of rubber particles increases, the compressive strength, flexural strength, and tensile strength of concrete gradually
decrease, while the increase in the number of PVA fibers shows a trend of first increasing and then decreasing. When adding 0.15%
PVA fibers, the static mechanical properties of concrete are the best. The impact resistance of rubber particles is markedly superior
to that of PVA fibers. Compared with normal concrete (NC), adding 0.2% PVA fiber increases the initial and final cracking impact
energy (W, and W,) by 82.72% and 83.33%. Furthermore, a 5% rubber particle replacement rate has been found to increase ¥, and
W, by 154.32% and 157.14%, respectively. The two-parameter Weibull distribution function can effectively describe the impact life
evolution of the specimen.
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resistance.
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RESUMEN: Investigacion sobre el impacto de las particulas de caucho de desecho y las fibras de alcohol polivinilico (PVA) en
las propiedades mecanicas estaticas y la resistencia al impacto del hormigon. Este articulo examina el impacto de las particulas de
caucho y las fibras de PVA en las propiedades mecanicas estaticas y la resistencia al impacto del hormigén, analizando el mecanismo
de accion mediante microscopia electronica de barrido (SEM). Los hallazgos demuestran que a medida que aumenta el porcentaje de
particulas de caucho, la resistencia a la compresion, la resistencia a la flexion y la resistencia a la traccion del hormigén disminuyen
gradualmente, mientras que el aumento en el nimero de fibras de PVA muestra una tendencia a aumentar primero y luego disminuir
dichas resistencias. Las mejores propiedades mecanicas estaticas del hormigon se logran al afiadir un 0.15% de fibras de PVA.
La resistencia al impacto de las particulas de caucho es notablemente superior a la de las fibras de PVA. En comparacion con el
hormigén normal (NC), afiadir un 0.2% de fibra de PVA aumenta las energias de impacto inicial y final de fisuracion (W, y ) en
un 82.72% y un 83.33%, respectivamente. Ademas, se ha encontrado que una tasa de reemplazo de particulas de caucho del 5%
aumenta W,y W, en un 154.32% y un 157.14%, respectivamente. La funcién de distribucion de Weibull de dos pardmetros puede
describir eficazmente la evolucion de la vida 1til del impacto de la muestra.

PALABRAS CLAVE: Hormigén reforzado con fibras de PVA; Particulas de caucho; Propiedades mecénicas estaticas; Distribucion
de Weibull; Resistencia al impacto.
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1. INTRODUCTION

At present, concrete, as one of the most widely used building materials in practical engineering, has the advan-
tages of easy production, low maintenance, and long service life. As a man-made material, the flexural, tensile,
crack resistance, and impact strengths of concrete are often inadequate, despite its high compressive strength (1).
Some researchers have found that rubber particles can be added to concrete to improve its plasticity and tough-
ness (2, 3). As a green building material, rubber concrete prepared by mixing rubber particles into concrete has
better deformation properties and toughness, impact resistance, and fatigue resistance, as well as realizing the
recycling of solid waste, and has been widely used in engineering practice (4-8). However, the addition of rubber
particles makes the various strength indicators of concrete significantly lower (9-11), which greatly limits its
application in structural engineering (12, 13).

Some scholars have attempted to enhance the mechanical properties of concrete by incorporating PVA fibers.
The bridging and crack resistance of PVA fibers can limit the formation and development of microcracks and mac-
rocracks, and significantly enhance the static mechanical properties of concrete (14-16). PVA fibers, as one of the
important types of synthetic fibers, have been widely used in various fields due to their high shrinkage resistance,
high modulus of elasticity, good corrosion resistance, and freeze-thaw cycling properties (17-20). When mixed into
concrete, they not only effectively inhibit concrete cracking but also improve the brittleness and other properties of
concrete (21, 22). Noushini (23) et al. and Mondoringin (24) et al. found that incorporating an appropriate amount
of PVA fibers into concrete can improve its mechanical properties. When the water-to-cement ratio is 0.4, the opti-
mal amount of PVA fibers is 0.1%. Sagar (25) et al. discovered that the integration of PVA fibers reduced the mix
compatibility and the fiber content of 0.3% resulted in the best overall mechanical properties were the best. Cai (26)
et al. found through drop-weight impact tests that under the same impact energy, the effect of PVA fiber-reinforced
concrete in absorbing impact energy can reach 48 times that of ordinary concrete, and its effect is 9 times that of steel
fiber-reinforced concrete. Currently, research on the improvement of concrete mechanical properties by PVA fibers
mainly focuses on crack resistance (27), flexural resistance (28-30), and impact resistance (31).

To improve the toughness and strength of concrete, fibers and rubber particles can be added to the concrete
simultaneously, such as in steel fiber rubber concrete. Research indicates that adding steel fibers and rubber par-
ticles to concrete can significantly improve its static mechanical properties and enhance its impact resistance and
ductility, thereby further increasing the durability, toughness, and crack resistance of the concrete (32-34). Abaza
et al. (35) found through the study of the flexural load-deformation characteristics of steel fiber rubber concrete
that the addition of rubber improved the elastic properties of the concrete, while the incorporation of steel fibers
further enhanced the toughness of the concrete. Given the limitations of steel fibers and operating on the same
fundamental principles, there must be a corresponding synergistic effect between PVA fibers and rubber particles.
However, existing research on this topic is very limited.

Based on the preceding information, 16 distinct mixes were designed, including four PVA fiber mixtures (0%,
0.1%, 0.15%, and 0.2%) and four rubber particle mixtures (0%, 1%, 3%, and 5%). First, PVA fiber-reinforced
concrete (PVA-FRC, PFC) was prepared, and the optimal PVA fiber content was determined. On this basis,
the compressive strength, flexural strength, tensile strength, impact resistance, and microstructure of the PFC
specimens were prepared and tested. The impact life of PFC samples was investigated using the two-parameter
Weibull distribution theory, thereby establishing a prediction model and analyzing the intrinsic mechanism of
coupling between PVA fibers and rubber particles in PFC samples.

2. EXPERIMENTAL PROCEDURE

2.1. Materials

The cement utilized was Ordinary Portland Cement P.O. 42.5. Table 1 shows the physical property index of
the cement. With a range of particle sizes from 5 to 20 mm, an apparent density of 2560 kg/m?®, a bulk density of
1461 kg/m?®, and a crushing index of 8.1% crushed natural stone is used as coarse aggregate. The fine aggregate
is river sand, which has a fineness modulus of 2.72, an apparent density of 2643 kg/m?, and a bulk density of
1726 kg/m?. To achieve the desired processability, a polycarboxylate-based superplasticizer with a water reduc-
tion rate of 28% was added at a dosage of 0.3% to 1.0%. The rubber particles were manufactured by crushing
scrap tires, as illustrated in Figure 1. Figure 1 depicts the PVA fibers and their respective properties, presented in
Table 2. The physical properties of the rubber particles are presented in Table 3. The water utilized in the mixture
was obtained from a municipal tap.
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TasLE 1. Physical property indicators of cement.

. Solidification time Compressive strength  Flexural strength
Specific (min) (MPa) (MPa)
Proportion  surface area  Stability Initial Final
(m*/kg) S m 3d 284 3d 284
condensation condensation
3.11 358 Eligible 175 316 242 49.5 5.1 8.5

(a) Rubber particles (b) PVA fibers

FiGure 1. PVA fibers and rubber particles were used in this test.

TasLE 2. Physical properties of PVA fibers. TasLE 3. Physical properties of Rubber.
Length Diameter Density Tensile Elastic Elongation Diameter  Density Heatl{lg Tron Sl.eve
(mm) (um) (g/em’) strength  modulus (%) (mm) (kg/m’) reduction (%9 content  residue
" & (MPa)  (GPa) 0 & (%) )
12 15.09 1.29 1830 40 6.9 0.850 750 0.62 6.75 0.029 0.014

2.2. Concrete mix design

According to JGJ 55-2011 (36), NC mixes of strength class C40 were prepared as control mixes as illustrated
in Table 4. Based on NC, PVA fibers were added at 0%, 0.1%, 0.15%, and 0.2% by volume of cement mortar to
prepare PFC samples. In addition, rubber particles with substitution rates of 0%, 1%, 3%, and 5% were incorpo-
rated to prepare PFC-R samples.

The production of the test specimens follows the standards specified in GB/T50081-2019 (37). A total of
16 sets, comprising 192 test specimens, were prepared. Each set includes 3 cubic samples (150 mm X 150 mm
x 150 mm) for measuring cubic compressive strength, 3 cubic samples (100 mm % 100 mm x 100 mm) for
measuring splitting tensile strength, 3 prisms (100 mm x 100 mm % 300 mm) for measuring axial compressive
strength, and 3 prisms (100 mm x 100 mm x 400 mm) for measuring impact resistance. The specimen prepara-
tion process mainly includes adding various materials to a concrete mixer and mixing them evenly in order. The
process of specimen preparation mainly includes adding various materials into the concrete mixer in order and
mixing them well, loading the mold, vibrating, compaction, smoothing the surface and molding, demolding, and
curing. Before testing, all specimens were subjected to a 28-day curing period in a controlled environment at a
temperature of 20 + 5 °C and a relative humidity exceeding 95%. All specimens were removed and dried 24 hours
before testing.
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TasLE 4. Mix proportions of the concrete series (kg/m?).

conerere_ Water Coment L N egte P pardce
NC 185 411 631.00 1195 0 0
PFCO-R1 185 411 624.69 1195 0 6.31
PFCO-R3 185 411 612.07 1195 0 18.93
PFCO-R5 185 411 599.45 1195 0 31.55
PFCO.1 185 411 631.00 1195 1.36 0
PFCO0.1-R1 185 411 624.69 1195 1.36 6.31
PFCO0.1-R3 185 411 612.07 1195 1.36 18.93
PFCO0.1-R5 185 411 599.45 1195 1.36 31.55
PFCO0.15 185 411 631.00 1195 2.04 0
PFC0.15-R1 185 411 624.69 1195 2.04 6.31
PFC0.15-R3 185 411 612.07 1195 2.04 18.93
PFCO0.15-R5 185 411 599.45 1195 2.04 31.55
PFC0.20 185 411 631.00 1195 2.72 0
PFC0.20-R1 185 411 624.69 1195 2.72 6.31
PFC0.20-R3 185 411 612.07 1195 2.72 18.93
PFC0.20-R5 185 411 599.45 1195 2.72 31.55

Note: NC denotes normal concrete; PEC0-R1 denotes PFC with 1% replacement of rubber gran-
ules; and PFC 0.1 denotes PFC with 0.1% PVA fibers blending.

2.3. Test methods
2.3.1. Methods for testing compressive, tensile, and flexural strengths

The test was carried out using a WDW-300KN type electro-hydraulic servo testing machine. According to
the requirements of GB/T 50081-2019 (37), each group of 3 specimens, adjusts the loading speed on the control
computer and tests Cubic compressive strength and axial compressive strength at a loading speed of 6.0 kN/s and
flexural strength at 0.5 kN/s, and test split tensile strength by controlling it within the range of 0.05~0.08 MPa/s
range. Throughout the test, it is of the utmost importance to maintain vigilance concerning the overall shape of
the specimen. In the event of damage occurring, it is essential to make the necessary adjustments to the instru-
ment on time and to duly record the peak load.

2.3.2.  Method to test impact resistance

As illustrated in Figure 2, the specimens were impact tested using a self-designed drop hammer impact test set-
up by the American Concrete Institute’s (ACI 544 (38)) recommended concrete drop hammer impact test method.
The test beam was simply supported at both ends, with an effective span of 300 mm. Before the test, the specimen
was placed on the impact test device without eccentricity, and a steel pad was placed at the center of the span on
the upper surface of the specimen to moderate the degree of stress concentration on the impact surface. During
the test, after the completion of each impact loading, the surface cracking and damage of the specimen were
observed. When the first crack appears in the specimen, record the number of impacts at this moment, i.e., the
number of impacts of the initial crack ; when the main crack runs through the entire cross-section of the specimen,
it is defined as the destruction of the specimen, and record the number of impacts at this moment as the number
of destructions . In this paper, we use the number of impacts , the energy absorbed by impact , and the ductility
ratio to express the impact resistance of the concrete and the ductility indexes, which are respectively calculated
according to Equations [1] and [2].

W.=N,-mgh [1]
u=(N,=N)/¥, [2]
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Where ¥, — he maximum impact energy absorbed by the first and last cracks of different sample groups (J);
N, — number of impacts, divided into N, (number of initial cracking impacts) and N, (number of final cracking

1

impacts); m — mass of the impact ball, 4.5 kg; g — acceleration of gravity, 9.8 m/s?; 1 — impact height, 457 mm.

. ~. Steel ball

45kg

Guide pipe

Steel plate

E /100x100%10

Steel plate |
100%100x10|

100

[y

= ]|
[ =400

Default unit: mm
(a) Test device design

FiGure 2. The drop weight impact test device of concrete.

2.3.3.  Microstructure characterization

A scanning electron microscope model S-3000N manufactured by HITACHI, Japan, was used in this exper-
iment. The scanning electron microscope was used to observe microscopic features such as hydration products,
microcracks, and interfacial transition zones in fiber-rubber concrete and to quantify the distribution of microc-
racks in the interfacial transition zone of the fiber-rubber matrix. The specimens were approximately 10 mm x
10 mm in size and then placed in anhydrous ethanol to prevent continued hydration of the cement stone. Before
testing, the specimens were removed from the anhydrous ethanol and dried, placed on an SEM specimen carrier
metal sheet coated with conductive adhesive, and then gold-plated using an ion sputtering device.

3. RESULTS AND DISCUSSION
3.1. Static mechanical properties
3.1.1. Compressive strength

Table 5 and Figure 3a illustrate the mean compressive strength of the specimens at 28 days. The cubic com-
pressive strength and axial compressive strength of PFCO exhibited a gradual decline with the increase in rubber
substitution rate. The cubic compressive strength of PFCO0, PFCO0.1, and PFCO0.2 exhibited a decline of 4.51%,
11.81%, and 22.52%, respectively, at 1%, 3%, and 5% substitution of rubber particles in comparison to NC.
Similarly, the axial compressive strength exhibits a decrease of 2.35%, 5.41%, and 9.41% at the same level of
substitution. As the percentage of rubber substitution increased from 0% to 5%, the concrete cubic compressive
strength and axial compressive strength of PFCO0.15 samples exhibited a decline of 8.50%, 14.05%, and 28.80%,
respectively. Axial compressive strength showed a similar downward trend, with a reduction of 9.64%, 5.16%,
and 10.76%, respectively. Prior studies have also mentioned this phenomenon (39). Given that the strength of
rubber is inferior to that of fine aggregate and that rubber is an organic polymer with elastic properties, whereas
the cement matrix is an inorganic material, the properties of the two substances are inherently disparate. The con-
tact surface between rubber and the cementitious matrix is characterized by numerous weak points, which result
in relatively poor adhesion and a reduced load-bearing capacity.
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As the quantity of PVA fibers increases, the cubic compressive strength and axial compressive strength demon-
strate a pattern of initial growth followed by a decline. As the fiber content is increased from 0% to 0.2%, the
cubic compressive strength of PFC0, PFCO0.1, and PFCO0.2 demonstrates an increase of 2.28%, 3.48%, and 2.76%,
respectively, in comparison to NC. Similarly, the axial compressive strength exhibited an increase of 2.59%,
4.94%, and 1.41%, respectively. When the specimen is compressed, the bridging effect of PVA fibers allows
them to withstand the compressive stress associated with cracking development, reducing lateral deformation
and increasing compressive strength. PVA fibers are spread randomly and systematically across the cement paste
and aggregates, providing a spatial network that prevents cracking. PVA fibers fill the matrix’s major pores, when
combined with aggregates, improving compressive strength. Furthermore, excessive fiber diversity could cause
flaws in the matrix by causing fiber grouping. This occurrence has resulted in a decrease in the performance of
the PFC0.20 sample compared to the PFC0.15 sample.

3.1.2.  Flexural strength

The flexural strength results are demonstrated in Table 5 and Figure 3b. With increasing PVA fiber doping, the
flexural strength of the samples increases and then decreases. The maximum strength of 6.75 MPa is obtained for
PFCO0.15; the strengths of PFCO0.10, PFCO0.15, and PFC0.20 are increased by 1.8%, 2.9%, and 1%, respectively, as
compared to that of NC. The PVA fibers have a strong holding power with cement matrix, good affinity to concrete
material, and good dispersion. Therefore, it can be connected to fill the pore cracks, uniformly distributed in the con-
crete and the common force, while the three-dimensional distribution of fibers changes the crack expansion path so
that the specimen’s internal tensile stress redistribution, thereby improving the specimen’s flexural capacity.

As the rate of rubber aggregate substitution increased, a corresponding decrease in flexural strength was ob-
served. The flexural strength of PFCO concrete exhibited a decline of 1.22%, 4.12%, and 8.84%, respectively, in
comparison to NC when the rubber admixture was increased from 0 to 5%. The flexural strength of the PFCO0.15
specimens exhibited a notable decline when the rubber mixing amount was increased from 0 to 5%. This decline
was observed in all three specimens, with the PFC0.15-R1, PFCO0.15-R3, and PFCO0.15-R5 specimens displaying
a reduction of 13.78%, 3.41%, and 6.96%, respectively. The air-entraining effect of rubber results in an increase
in air content within the specimen with an increase in rubber content (40). This reduction in compactness, coupled
with the low strength of the rubber material itself, leads to a reduction in bearing capacity and bonding ability with
cement mortar. The presence of weak surfaces between the rubber and cement mortar also contributes to a reduction
in flexural strength. The findings indicate that incorporating an optimal dosage of PVA fibers into rubber concrete
can effectively mitigate the detrimental impact of rubber particles on the flexural strength of concrete.

TasLE 5. The static mechanical properties of each mixture at 28 days (MPa).

Cubic Axial Splitting
ID compressive  compressive Flexural tensile

strength strength strength strengths
NC 52.08 42.5 6.56 4.93
PFCO-R1 49.73 41.5 6.48 4.78
PFCO0-R3 4593 40.2 6.29 4.55
PFCO-RS 40.35 38.5 5.98 423
PFCO.1 53.27 43.6 6.68 5.29
PFCO.1-R1 50.74 42.9 6.62 5.08
PFCO0.1-R3 42.94 39.2 5.79 4.35
PFCO0.1-R5 39.08 38.9 6.15 4.38
PFCO0.15 53.89 44.6 6.75 5.62
PFCO0.15-R1 49.31 40.3 5.82 4.62
PFCO0.15-R3 46.32 423 6.52 4.68
PFC0.15-R5 38.37 39.8 6.28 4.56
PFCO0.20 53.52 43.1 6.62 5.37
PFCO0.20-R1 49.36 40.6 6.52 4.72
PFC0.20-R3 44.45 39.5 6.05 4.49
PFC0.20-R5 41.29 39.2 6.18 4.58
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Ficure 3. Static mechanical properties of specimen at 28 days.

3.1.3.  Splitting tensile strength

Table 5 and Figure 3c illustrates that the splitting tensile strengths of the specimens exhibit a gradual decline
with an increase in the rubber substitution rate. In comparison to the NC specimens, the split tensile strengths of
the PFC0-R1, PFC0-R3, and PFCO0-R5 specimens exhibited a reduction of 3%, 7.71%, and 14.2%, respectively,
at rubber substitution rates of 1%, 3%, and 5%. The reduction in specimen strength was more pronounced when
the rubber substitution rate was 5%. The observation of the PFCO0.15 specimens revealed a decrease in split ten-
sile strength, with the PFC0.15-R1, PFC0.15-R3, and PFCO0.15-R5 specimens exhibiting a reduction of 17.79%,
16.73%, and 18.86%, respectively, as the rubber component grew from 0 to 5%. This is due to the hydrophobic
nature of rubber, which impairs its ability to combine with other materials during the mixing process. The result-
ing contact surface bonding performance is inadequate, leading to a notable reduction in strength with an increase
in rubber substitution rate.

As the content of PVA fibers incorporated into the specimen increases, the splitting tensile strength exhibits a
trend of initial growth followed by a subsequent decline. When the PVA fiber doping level is 0.15%, the splitting
tensile strength of the PFCO0.15 specimen is 5.62 MPa, which is 12.28% higher than that of the NC specimen.
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Conversely, the split tensile strength of the PFC0.20 specimen was observed to be 4.45% lower than that of the
PFCO0.15 specimen. This is because the fiber can serve as a bridging role, thereby inhibiting the development of
cracks when they occur. Nevertheless, when the PVA fibers are excessive, they can readily interlock with one
another within the concrete, which ultimately results in a decline in strength.

3.2. Impact resistance tests
3.2.1. Failure modes

Figure 4 illustrates the damage patterns of the samples after impact. As illustrated in Figure 4a, there is only
one radial serrated main crack on the surface of the NC specimen. This crack quickly penetrated through the spec-
imen after its appearance, splitting the specimen into two halves, which is a clear case of brittle impact damage.
Figure 4b PFCO0-R3 sample, although radial cracks also appeared after impact, the initial crack impact count was
significantly higher than that of NC. This indicates that the rubber’s deformation resistance played a role before
the sample cracked. However, since rubber is a hydrophobic material, its bonding with cementitious stone is poor,
and when cracks occur in the sample, they will quickly penetrate through. Figure 4c PFC0.15-R3 specimen: due
to the combined action of PVA fibers and rubber particles, the initial crack is narrow and weak. As the number of
impacts increases, the main crack begins to extend radially until it penetrates the entire specimen. PVA fibers can
bridge the specimens between cracks and prevent the formation of cracks.

(a) NC (b) PFCO-R3 (c) PFC0.15-R3

FiGurke 4. Specimen failure impact pattern.

3.2.2.  Impact resistance test findings

The impact test results and impact ductility ratios of fiber concrete are presented in Table 6. Table 6 display that
the fiber-rubber concrete holds greater initial cracking impact resistance, ultimately cracking impact resistance
and ductility ratios than NC.

Figures 5-7 show the relevant impact performance metrics, including the number of impacts (N,, N,), energy
absorbed by initial and final cracking impact (W, W,), toughness ratio (1), and number of post-cracking im-
pacts (N,-N,). The addition of PVA fibers improves the impact performance of PFC. The rubber and PVA fibers
mixtures produced a synergistic effect, the incremental impact energy consumption of the mixtures was higher
than that of the single mixtures, and the final cracking impact energy consumption of the specimens of group
PFCO0.20-R5 increased by 40.5% compared to the specimens of group PFCO0.20, and 68.75% compared to that
of the specimens of group PFC0-RS5, which showed a positive mixing effect. The reason for this is that the PVA
fibers themselves have a high modulus of elasticity, which enhances the impact resistance of the concrete and
increases the number of impact cracks. Rubber powder can fill the tiny pores in the concrete, increase the com-
pactness of concrete, rubber, and cement matrix synergistic resistance to impact loading, but also give full play
to its elasticity, improve the deformation capacity of concrete after impact cracking, enhance the ductility and
toughness of concrete, making it more resistant to impact. The N, and N, of PFC0.20-R5 group specimens were
the highest, 69 and 72, respectively, which were 154.3% and 157.1% higher than those of the NC group, respec-
tively. u of PFCO0.15-R3 group specimens was the largest.

Looking at the impact of PVA fibers alone, fiber rubber concrete N, and N,, u with the increase in fiber mixing,
0.15% is the optimal mixing amount. The appropriate amount of PVA fibers have a good bond with concrete and
their high tensile strength, consumes impact energy through bridging deformation and improves impact resistance.
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TABLE 6. Analysis of impact resistance test results.

Average number

W, increment

1D of blows NN, Wé)W 2 /W, increment
N, N, (%) (%)
NC 27 28 1 544.15/564.30 / 3.70
PFCO-R1 34 36 2 685.23/718.82 25.93/27.38 4.90
PFCO0-R3 40 41 1 812.87/826.30 49.38/46.43 1.65
PFCO0-R5 42 43 1 846.46/859.89 37.19/35.77 1.59
PFCO.1 34 36 2 678.51/725.53 24.69/28.57 6.93
PFCO0.1-R1 44 46 2 880.04/920.35 61.73/63.10 4.58
PFCO0.1-R3 45 47 2 900.20/947.22 65.43/67.86 522
PFCO0.1-R5 50 53 3 1014.40/1068.15 86.42/89.29 5.30
PFCO0.15 42 44 2 846.46/886.76 55.56/57.14 4.76
PFCO0.15-R1 49 51 2 980.81/1034.56 81.48/83.33 4.76
PFCO0.15-R3 54 57 3 1088.30/1148.76  100.00/103.57 5.56
PFCO0.15-R5 60 62 2 1202.50/1249.53  120.99/121.43 3.91
PFC0.20 49 51 2 994.25/1034.56 82.72/83.33 4.05
PFC0.20-R1 53 54 1 1061.43/1088.30 95.06/92.86 2.53
PFC0.20-R3 63 66 2 1276.40/1323.43  134.57/134.52 3.68
PFC0.20-R5 69 72 3 1383.89/1451.07  154.32/157.14 4.85
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Ficure 5. The average number of blows
of different concrete specimens.
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3.3. Weibull distribution
3.3.1. Theory

From the experimental data in the previous section, it is known that the number of shocks is discrete and ran-
dom, which is likewise confirmed by many researchers (41, 42). To study the damage law of the impact resistance
test more objectively, finding a probability distribution model applicable to the number of impacts has become
a research focus. After previous studies, it was found that the damage mechanism of the concrete impact test is
highly similar to fatigue damage, so to explore the distribution law of the impact resistance of fiber concrete, the
researcher applies the Weibull distribution function to the impact test. After previous studies, it was found that
the Weibull distribution function is consistent with the damage properties of concrete materials under impact
dynamic loading. In recent years, the Weibull distribution has been widely used in concrete; it can effectively de-
scribe the change of failure probability with time and use the test data to derive the correct impact law. Therefore,
in this chapter, the Weibull distribution function in the theory related to mathematical statistics is used to fit the
analysis and life reliability prediction of the number of initial and final cracking impacts of fiber-rubber concrete,
respectively. The Weibull-distributed probability density function of the number of impacts N_for fiber concrete

is expressed as follows:
N -~ (N -N)
f(N ) — o X 0 exp X 0 [3]
Y N, -Ny,\ N,-N, N,-N,

Where: « is the shape parameter of the Weibull distribution; N is the scale parameter (characteristic life-
time parameter), >0; N, is the position parameter (minimum lifetime parameter), >0; N_is the observed value
of the random variable, referring to the number of initial cracking impacts N, and the number of final cracking
impacts N,

The image of the Weibull distribution probability density function is shown in Figure 8. When a = 1, the image
becomes an exponential distribution function, when o = 2, the image becomes a Rayleigh distribution function,
and when 3 < a < 5, the image is close to a normal distribution curve.

3.0

a=10.5
a=1.0

2.5

2.0

(N

1.5 4

Ficure 8. Weibull distribution function probability density curve.

Weibull cumulative distribution (probability of failure) function:

o
— —1_ _ Nx_NO
FN =N,<N<N_ =l-exp|—-| ——— [4]
X X Na_NO

The survival probability function can be expressed as shown below:
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P(N,)=1-F(N,)=exp —(HJ [5]
a 0

From the point of view of safety and reliability, it can be assumed that N, = 0. Equations [3], [4] and [5] are
simplified as follows:

a-1 o
o {2
N o
F(N,)=P(0<N<N )=1-exp —[NXJ [7]
P(N,)=1-F(N,)=exp —(ﬁ} 8]

Upon taking the natural logarithm of both sides of Equation [8] twice yields the following equation.

1n[1n[mﬂ =aln(N,)-aln(N,) [9]

Let Yzln[ln(l/P(Nx))] , X=InN_, B=oaInN, Can be obtained:
Y=aX- [10]

If X and Y satisfy the linear equation in the above equation, then the impact life NV is demonstrated to conform
to a two-parameter Weibull distribution. Mathematical statistics correlation theory (43) says that the coefficient of
determination R’ above 0.7 indicates a good correlation; from the size of the correlation coefficient R to determine
the correlation relationship, it is considered that 0.5 <| R | < 0.8 for the dominant linear correlation, and | R | > 0.8 is
generally referred to as highly linear correlation.

The initial cracking impact times N, and destructive impact times NV, of each group of concrete specimens were
arranged in the order of smallest to largest, respectively, and then the expected valuation of the survival probabil-
ity function Equation [11] was used to calculate the survival probability:

PN =1-—— [11]
n+l1
Where i is the number of orders after the number of impacts in order, i = 1, 2, 3, ..., n. n is the total number of
samples for each group of specimens, this test n = 3.

3.3.2.  Fitting analysis of impact test findings

According to Equations [9-11] and impact test results, the initial and final cracking impact numbers of the
fiber-rubber concrete were fitted to obtain the corresponding parameter values ¢, £ and the correlation coefficient
R?, as shown in Table 7. Figure 9 show the linearly fitted images of the Weibull distribution for the initial and final
cracking impact numbers of the specimens.

In this test, R is 0.689 at minimum and 0.997 at maximum, and the coefficient of determination R’ of most
of the specimens reaches above 0.800, which shows that there is a strong linear link between X=InN_and
Y=In[In(1/P(N))]. Therefore, it can be inferred that the number of impacts of fiber-rubber concrete specimens
can obey the two-parameter Weibull distribution function well.

3.3.3. Reliability analysis of impact life

By Equations [8-10] the value of N under different failure probabilities can be calculated using the following
equation:
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1
N=exp! "™ p(y ) TP [12]

TasLE 7. Weibull distribution linear fitting parameter.

D N, N,
a g R’ a p R’
NC 7.608 25.479 0.858 7.883 26.672 0.858
PFCO-R1 9.531 34.019 0.856 8.257 29.923 0.689
PFCO0-R3 20.276 75.383 0.939 15.664 58.589 0.689
PFCO-R5 8.841 33.450 0.963 7.673 29.205 0.948
PFCO.1 8.540 30.437 0.945 7.664 27.868 0.919
PFCO0.1-R1 15.735 59.840 0.889 16.447 62.265 0.889
PFCO0.1-R3 -50.409 -191.085 0.689 36.963 142.736 0.996
PFCO0.1-R5 11.403 45.099 0.828 14.745 58.959 0.853
PFCO0.15 10.998 41.524 0.997 12.276 46.868 0.854
PFC0.15-R1 5.174 20.531 0.826 5.732 22.971 0.885
PFC0.15-R3 6.309 25.571 0.769 8.020 32.832 0.858
PFCO0.15-R5 5.529 24.237 0.757 6.498 27.219 0.823
PFC0.20 11.011 43.339 0.983 15.906 63.060 0.971
PFCO0.20-R1 10.041 40.216 0.810 10.374 41.797 0.689
PFCO0.20-R3 14.123 59.000 0.982 12.638 53.298 0.962
PFC0.20-R5 10.664 45.512 0.974 11.315 48.801 0.997

Combined with the regression fitting coefficients o and £ in Table 7, the specific values of P for the failure
probability function F(N)) are taken as 5%, 15%, and 30%, respectively, and the predicted values of the initial
and final cracking impact life of each group of specimens under different failure probabilities can be obtained, as
shown in Table 8. Then the natural logarithm is taken to obtain InN, and InN,, and the line graphs of the impact
life of each group at varying failure probabilities are constructed, as illustrated in Figure 10. As the content of
PVA fiber and rubber particles increases, the expected impact life for both initial and final cracks is enhanced for
each group, which is consistent with the experimental results at the same failure probability.

TasLE 8. Impact the life of samples with various failure probabilities.

Failure Probability
ID N, N,
5% 15% 30% 5% 15% 30%
NC 19 22 25 20 23 26
PFCO-R1 26 29 32 26 30 33
PFCO0-R3 36 38 39 35 38 39
PFCO-RS 31 36 39 31 35 39
PFCO.1 25 29 31 26 30 33
PFCO0.1-R1 37 40 42 37 39 41
PFC0.1-R3 47 46 45 44 45 46
PFCO0.1-R5 40 45 48 45 48 51
PFCO0.15 33 37 40 36 39 42
PFCO0.15-R1 30 37 43 33 40 46
PFCO0.15-R3 36 43 49 41 48 53
PFCO0.15-R5 47 58 66 42 50 56
PFC0.20 39 43 47 44 47 49
PFC0.20-R1 41 46 50 42 47 51
PFCO0.20-R3 53 57 61 54 59 63
PFC0.20-RS 54 60 65 57 64 68
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Ficure 10. Line diagram of impact life of fiber-rubber concrete for different failure probabilities.
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3.4. Microstructure analysis
3.4.1. Micro-morphological analysis of specimens

Figure 11 depicts the micro-morphological photographs of the NC, PFCO0.15, PFC0.2-R3, and PFC0.20-R5
specimens. As illustrated in the figure, there are many defects and harmful pores in the cement-hardened paste
in the NC specimen (Figure 11a). PVA fibers are evenly distributed on the cement soil surface of the PFC0.15,
PFCO0.20-R3, and PFC0.20-R5 specimens. Due to the bridging effect of the fibers, the PVA fibers are effectively
bonded to the mortar interface to form a micro-reinforcement system, which is beneficial to the bending tough-
ness of the specimens (Figure 11b, 11c and 11d). The rubber particles are randomly dispersed in the concrete
matrix and evenly distributed in the mortar matrix. The amount of rubber particles can be appropriately increased.
The rubber powder can fill some small pores in the concrete, thereby improving the toughness of the concrete
(Figure 11c and 11d). However, rubber is an organic material with poor compatibility. With the increase in rubber
content, the amount of bubbles introduced into the concrete increases, and the pores inside the concrete increase,
which leads to a decrease in the compressive strength of the concrete.

3.4.2.  Microscopic analysis of the rubber-mortar interface ITZ

Figure 12 illustrates the morphology of hydration products in the interfacial transition zone (ITZ) of the rub-
ber-mortar matrix interface numbered PFC0.2-5. It can be observed that a small number of short columnar and
clustered C-S-H and a considerable number of CH crystals (square or rectangular) are generated inside the
mortar. CH has low strength and poor stability, while C-S-H gel can connect various hydration products to form
a three-dimensional spatial structure (44). The formation of short columnar and clustered C-S-H leads to an
increase in the volume of hydration products. Due to the small number of C-S-H, the pore volume between the
rubber and mortar matrix interface is increased, making the hydration products show a relatively void structure,
thereby reducing the ITZ strength of PFC0.2-R5.

(d) PFC0:20-R5

PVA fibefs®&

FiGcure 11. SEM photographs for specimen.
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FiGurk 12. Hydration product morphology at the ITZ of rubber-mortar interface.

3.4.3.  Analysis of the mechanism of crack-resistant reinforcement of PVA fibers

PVA fibers exhibit a three-dimensional random distribution in concrete, forming a spatial network that en-
hances the overall load transfer performance. As illustrated in Figure 13, PVA fibers primarily bond and work
synergistically with concrete in two ways: one is that PVA fibers effectively prevent cracking; the other is that the
chemical bonding force between the surface of the PVA fibers and the concrete transmits stress to the matrix on
both sides of the crack while consuming some of the stress for the tensile deformation failure of the fibers them-
selves, thereby preventing further crack propagation, enhancing their tensile performance, and thereby improving
flexural strength and impact resistance.

(b) PFC0.2-R5

Bridging effect of PVA

Ficure 13. Crack resistance mechanism of PVA fibers.

4. CONCLUSIONS

This study aimed to investigate the effect of PVA fibers and rubber particles on the mechanical properties and

impact resistance of concrete. The principal findings are as follows:

1. The compressive strength, axial compressive strength, flexural strength, and splitting tensile strength of the
cube decrease with the increase in the replacement rate of rubber particles. However, as the PVA fiber content
increases, the strength initially increases and then decreases. When the PVA fiber content is 0.15%, the static
mechanical properties of the specimen are the best, with strength increases of 3.48%, 4.94%, 2.9%, and 12.28%.

2. The impact resistance notably increased in correlation with the elevation in PVA fibers and rubber particle
content. An increase in PVA fibers doping from 0 to 0.2% resulted in a 200% increase in N-N,, an 82.72%
increase in W, and an 83.33% increase in W,. An increase in rubber particle substitution from 0 to 5% re-
sulted in a 200% increase in N,-N, a 120.99% increase in W, and a 121.43% increase in W,. The results of
the impact tests exhibited a two-parameter Weibull distribution.
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3. Microscopic analysis indicates that PVA fibers enhance the mechanical properties of concrete through their
effective crack resistance, the chemical bonding with concrete, and the bridging effect of the PVA fibers.
This confirms the claim that PVA fibers can enhance the mechanical properties of concrete. The mechanical
interaction between rubber particles and the matrix will gradually reduce the strength of the concrete and
increase its deformability.

Furthermore, in consideration of the constraints inherent to the subject matter of this study and the extant
research findings, some prospects for future research may be: PFC exhibits excellent mechanical properties and
toughness, making it a promising candidate for use in bridge components, airport runways, and other infrastruc-
ture applications. However, these works are predominantly vulnerable to rapid fluctuations and the effects of
cyclic stresses, which raises the issue of fatigue resistance. Furthermore, the fracture properties and cracking
process of PFC under impact loading remain a topic worthy of further research. At present, there is a paucity of
studies in this field.
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