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Abstract: Pervious concrete (PC) has gained popularity as an environmentally friendly solution for
mitigating the urban heat island effect and promoting sustainable construction. However, its lower
compressive strength, attributed to its higher porosity required for permeability, poses challenges for
withstanding heavy vehicle loads on pavements. Our study aims to improve the flexural strength
of regular PC by adding advanced reinforcing materials like steel wire mesh or glass fiber mesh.
This results in reinforced pervious concrete, referred to as RPC, which offers enhanced strength and
durability. The primary objective of our research is to investigate the mechanical behavior of RPC,
with a specific emphasis on essential design parameters such as PC elastic modulus, modulus of
rupture, and stress–strain characteristics under both single and repeated loading conditions. Our
findings reveal that the influence of repeated loading on the compressive strength and elastic modulus
of PC pavement is negligible, as there are no significant differences observed between the two loading
protocols. Notably, our statistical analysis indicates that the PC strength (fc′) averages around 15 MPa.

Moreover, empirical formulas for the elastic modulus (Ec = 3072
√

fc
′) and modulus of rupture

(fr = 0.86
√

fc
′) are derived from our research. Furthermore, our study establishes that the stress–strain

behavior of PC closely aligns with the general concrete model proposed by a previous scholar,
providing valuable insights into the material’s structural performance. These findings contribute to a
better understanding of RPC’s mechanical properties and offer potential solutions for improving its
suitability for heavier vehicular loads.

Keywords: green building material; reinforced pervious concrete; glass fiber mesh; steel wire mesh;
elastic modulus; modulus of rupture

1. Introduction

Traditional asphalt concrete pavement is prone to the heat island effect. Due to the
dark color of the pavement, the albedo is low. During the day, the pavement absorbs a large
amount of high temperature and solar radiation, making the pavement temperature higher
than the atmospheric temperature and unable to release energy until the atmospheric
temperature drops at night. This phenomenon results in higher temperatures in urban
areas during both day and night compared to suburban areas. To mitigate the occurrence
of the heat island effect, it is generally recommended to install porous pavements. These
pavements enhance the flow of heat energy between the atmosphere and the soil. Addi-
tionally, the color of porous concrete, resembling gray, contributes to increased albedo and
lower heat absorption capacity, thereby diminishing the accumulation of heat energy in the
pavement [1,2].

The surface temperature of porous pavement can also drop rapidly in the evening,
which can effectively reduce the formation of the heat island effect in urban areas. Therefore,
pervious concrete serves as the central theme of this study. The literature review primarily
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concentrates on research papers related to the mechanical behavior of pervious concrete
pavement, encompassing topics such as pervious concrete proportions, reinforcing mesh
materials, and mechanical behavior patterns regarding concrete compression and deflection,
among others [3–5].

The main method of reinforcing concrete is to add scattered fibers or grid-like reinforce-
ments. Fiber concrete (FRC) refers to fibers randomly distributed in concrete to provide
tensile strength to achieve a stiffening effect. There are many different types of fibers
available for engineering applications today, with choices ranging from synthetic organic
materials (such as polypropylene or carbon fibers), to synthetic inorganic materials (such
as steel fibers), to natural organics (such as cellulose or sisal) and to naturally occurring
inorganic materials (asbestos, etc.). The selection of fibers depends on the properties of
the fibers, such as diameter, specific gravity, Young’s modulus, tensile strength, etc., and
the impact of different fibers on the basic properties of cement. In FRC, thousands of fiber
filaments are randomly distributed in the concrete through the mixing process. Improving
the properties of the concrete in all directions helps to improve the ductility, dry shrinkage
cracks, flexural strength and compressive strength. Contains polypropylene fiber concrete
has better toughness than fiber-free concrete; adding fiber can prevent surface cracks and
improve the tensile strength of concrete [6–9]. However, there are also some problems
with loose fibers. For example, glass fibers are soft and easy to deform. During the mixing
process, they bond with the cement slurry to form balls or flakes. After hardening, they fail
to disperse evenly, causing the affected particles to form. Weak surfaces are formed when
pressed, resulting in the phenomenon that the strength of a glass fiber containing less glass
fiber is higher than that of a glass fiber containing a large amount of fiber. Therefore, if you
need to use loose fibers, you need to start to improve this problem [10–12].

Grid-like reinforcing materials also include glass fiber mesh, steel wire mesh, ge-
ofabricated fiber mesh, etc., and related research [13,14] has proven that geofabricated
fiber mesh (grade fiber grid) can be used as reinforcing material in permeable concrete.
feasibility. Geotextile fiber mesh can further increase the drainage performance design of
permeable concrete pavement (porosity > 20%, permeability coefficient > 4.5 mm/s), and
has good load-bearing capacity, flexural strength up to 5 MPa, and compressive strength
up to 30 MPa. It is worth noting that experimental results show that the best pavement
bending strength is obtained when the artificial fiber mesh is placed at both one-third and
two-thirds depth. It is also proposed that the load change of the vertical displacement of
the geofiber grid beam can be divided into five stages, i.e., a linear elasticity stage, a brittle
failure stage, a bearing capacity recovery stage, a bearing capacity loss stage and a residual
strength stage [15,16].

Unlike steel that rusts in water, geogrids have good corrosion resistance. Geogrids
provide different performances depending on their characteristics such as constituent
materials, grid shape, size, location, and number of layers [16,17]. Embedding geogrids
in permeable concrete can enhance resistance to reflective cracks (inhibition of reflection
cracks) by providing additional tensile strength and ductility [18,19].

Numerous studies on pervious concrete’s mechanical properties have been conducted
in the past. For instance, Arissaman and colleagues [20] investigated the use of sack fibers
(SF) to reinforce recycled aggregate porous concrete, with a focus on enhancing its flex-
ural strength and durability. Sakib and his team [21] reviewed the evolution of sulfur’s
utilization as a road construction material, emphasizing its applications and technological
advancements in pavement construction. Amin and collaborators [22] conducted a study
comparing the effectiveness of machine learning methods with traditional ones in predict-
ing the compressive strength of rice husk ash concrete, providing an insightful comparison.
Khan et al. [23] showcased the performance of fiber concrete made from recycled aggregates
and waste lathe fibers, highlighting its sustainable applications. Karalar et al. [24] intro-
duced the use of dispersed coconut fiber to reinforce normal weight concrete, emphasizing
improvements in its stress–strain characteristics. Çelik and colleagues [25] examined the
properties of fiber concrete produced with waste lathe fibers, underlining its sustainable
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applications. Shcherban and his team [26] investigated normal-weight concrete reinforced
with dispersed coconut fibers and pointed out enhancements in its stress–strain properties.
Zeybek and colleagues [27] explored the properties of fiber concrete made from steel fibers
extracted from waste tires, offering an intriguing approach to material recovery and reuse.
Finally, Beskopylny and collaborators [28] delved into the impact of using rubber tree seed
shell additives on concrete properties, emphasizing the use of sustainable construction
materials and recycled resources.

There has been limited research on reinforcing the mechanical properties of pervious
concrete pavement. Typically, pervious concrete lacks steel reinforcement, which leaves the
bottom layer of the concrete less capable of withstanding tensile forces that occur during
cracking. Therefore, the objective of this study is to enhance the mechanical behavior of
pervious concrete by incorporating reinforcing materials into the lower layer. This involves
the addition of fiberglass mesh and steel wire mesh to the lower layer of pervious concrete,
and the study examines the resulting improvements in flexural strength and toughness
(referenced in sources [29–33]). In addition, carbon nanotubes [34] are also one of the
methods to enhance the structural and mechanical properties of cement-based composites.
The above research has the potential to enhance the guidance for reinforced pervious
concrete pavement design.

2. Materials and Methods

The commonly used elastic modulus formulas, cracking modulus formulas and con-
crete stress and strain models are all used to study ordinary normal-weight concrete. This
study hopes to use experiments and data statistics to find the elastic modulus and cracking
modulus formulas suitable for pervious concrete. The concrete stress–strain curve proposed
by Popovics [11] was used as a benchmark for discussion, and the single and repeated
compression test results of a Φ100 × 200 mm cylindrical specimen were used for analysis
and comparison. The purpose of the repetition is to simulate the repeated driving of a
vehicle on the road. Observe the differences before and after iteration for subsequent design
use. The materials and methods in this study are described below. The research flowchart
of reinforced pervious concrete pavement is shown in Figure 1.
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2.1. Raw Material

The cement used in PC and RPC in this study is Portland Type II cement produced by
a local cement company. Portland type II cement is also known as “modified cement”. Due
to its special properties, it is mostly used to resist moderate sulfate corrosion or massive
concrete structures. Its ingredients include tricalcium aluminate (C3A) content of 5.78%,
tricalcium silicate (C3S) content of 62.00%, dicalcium silicate (C2S) content of 10.80% and
tetracalcium aluminum ferrite (C4AF) content of 8.70%.

The coarse aggregate used in this study’s pervious concrete was excavated from the
basement and then crushed, with particle sizes ranging from 9.5 to 4.75 mm. Table 1
displays the gradation and sieve analysis of the coarse aggregate. No fine aggregate was
utilized. The superplasticizer was added at a rate of 0.65% by weight of cement. The
water-cement ratio (W/C) stood at 0.389, while the aggregate-cement ratio (A/C) was 4.5.
The pervious concrete mix design consisted of 340 kg/m3 of cement, 1530 kg/m3 of coarse
aggregate, 130 kg/m3 of water, and 2.2 kg/m3 of superplasticizer.

Table 1. Coarse aggregate gradation and sieve analysis.

Sieve Size Individual Fraction
Retained by Mass (%) Passing by Mass (%) Cumulative Retained

by Mass (%)

9.5 mm 0 100 0
#4 (4.75 mm) 72.3 27.7 72.3
#8 (2.36 mm) 22.5 5.2 94.8

#16 2.0 3.2 96.8
#30 1.2 2.0 98.0
#50 2.0 0 100

#100 0 0 100
Pan 0 0 100

Fineness modulus = 5.62

The reinforcing materials used in this study are steel wire mesh and glass fiber mesh.
The steel wire is a φ5 mm steel wire sold by a built-in wire mesh. The glass fiber mesh is
alkali-resistant glass fiber reinforced mesh with low conductivity and an alkali-resistant
coating, which complies with EU certification. It is characterized by high tensile strength,
low elongation and high temperature resistance. It is available in three specifications: R108,
G96 and G120. Its properties are shown in Table 2.

Table 2. Glass fiber mesh specification.

Grid Type R108 G96 G120

Grid size (mm) 9 × 9 25 × 25 40 × 40
Grid weight (g/m2) 140 130 145

Chemical coating Alkali resistant

2.2. Test Specimens and Methods

The pervious concrete pavement test is mainly divided into two parts: PC and RPC.
The RPC part is reinforced with steel wire mesh or glass fiber mesh. The pervious concrete
specimen was made as a Φ100 × 200 mm cylindrical specimen, and the compressive
strength, elastic modulus, water permeability, and porosity were measured. A rectangular
beam specimen of 100b × 80h × 500Lmm was used to conduct a bending and deflection
test. After the deformation gauge was installed on the beam specimen, it was placed
in a universal testing machine for repeated loading. For the flexural strength test, the
rectangular beam specimen has Pi gauges attached to both sides 5 mm downward from the
top and 5 mm upward from the bottom, as shown in Figure 2. The displacement gauge
is a 50 mm Pi-type displacement gauge (PI-5-50) manufactured by an electromechanical
company in Tokyo, which is installed above and below the midpoint of both sides of
the beam specimen to measure the cracking displacement of the specimen. The method
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of calculating the strain of pervious concrete is shown in Figure 3. The cylindrical and
rectangular beam specimen molds are shown in Figure 4.
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The specimen codes in this study are arranged in the following order: strength, shape,
reinforced material, and number of groups (including the number of repeated loads).
The strength of the specimen is N (ordinary strength), the cylindrical specimen is C, and
the beam specimen is B. If no reinforcing material is added to the specimen, it is O. If
there is fiberglass mesh or steel wire mesh, they are represented by G and S, respectively.
Cylindrical specimens are numbered from A to C (groups of three), and beam specimens
are numbered from 1 to 4. Single loads and 10,000 times and 50,000 times repeated loads are
represented by 0, 1 and 5, respectively. Example of sample coding: a cylindrical specimen
that has been repeated 10,000 times, which is coded NC-OB(1); the third glass fiber mesh
beam specimen with a specimen number of NB-G3.

2.2.1. Compressive Strength Test

Pervious concrete has large pores, and the top and bottom must be covered with
gypsum to ensure that the load can be evenly applied to the cylindrical specimen. A
universal material testing machine was used to perform a compression test after the
specimen was cured for 28 days. The test is controlled by load, and the loading rate was
conducted in accordance with the ASTM C39/C39M-16 [35].

2.2.2. Flexural Strength Test

The test was conducted in accordance with the ASTM C78/C78M-18 [36] three-point
load bending test specification. After the test, the flexural strength of the beam was
calculated using Equation (1).

R =
PL
bd2 (1)

In the formula, R is the bending failure load (N), P is the maximum load (N), L is the
span between supporting rods (mm), b is the width of sample (mm), and d is the depth of
sample (mm).

A displacement gauge was erected at both ends of the three-point load bending test
specimen to measure the maximum average displacement of the midpoint of the beam, as
shown in Figure 5a.
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2.2.3. Elastic Modulus Test

This study refers to the design of the strain ring according to ASTM C469/C469M-22 [37].
The setting is as shown in Figure 5b and the compression test is carried out with the static
data capture. After measurement, the data files are simultaneously recorded and stored
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by the static data retriever, and the elastic modulus of concrete can be calculated using the
ASTM C469 formula.

2.2.4. Measurement of Water Permeability Coefficient

The water permeability coefficient k (cm/s) is measured by the Falling-head Test
mentioned in ACI 522R-10 [38]. It is derived from soil mechanics and is used in low-
permeability soil (k < 10−2 cm/s) and refers to the test instrument measured in the literature
of Hong et al. [39]. The inner diameter of the upper end of the water pipe is a 95 mm
acrylic pipe and is connected to a pervious concrete PVC pipe. The pipes are connected
with rubber sleeves and iron rings are used to pressurize them to prevent leakage. The
permeability coefficient Equation (2) is as follows:

k =
A1

A2
× L

t
× ln(

h1

h2
) (2)

In the formula, k is the permeability coefficient (cm/s), A1 is the cross-sectional area of
the upper acrylic tube (cm2), A2 is the measure of the cross-sectional area of the test object
(cm2), h1 is the initial water head height (cm), h2 is the final water head position (cm), L is
the height of specimen (cm), and t is the the time it takes for water to flow from h1 to h2 (s).

2.2.5. Porosity Measurement Test

The main principle of porosity is the drainage volume method. The porosity is mea-
sured according to the test method [40] stipulated in the draft porous concrete performance
test method proposed by the Japan Concrete Association in 1998. First, the specimen is im-
mersed in a constant temperature water tank for 24 h, and then its surface is weighed. The
dry saturated weight is then placed in the oven at 110 ◦C for 24 h. Then the weight in water
is weighed. Finally, the connected porosity (P1) is calculated, as shown in Equation (3).

P1 =
1− (W1 −W2)

V1
× 100% (3)

In the formula, P1 is the connected porosity (%), W1 is the specimen immersed in
water and weighed after being saturated with water, W2 is the dry internally saturated
weight of the specimen soaked in water for 24 h, and V1 is the volume of the specimen
measured and calculated with a caliper.

2.2.6. Repeated Load Test

The compressive repeated-load plan of the cylindrical specimen is shown in Figure 6a.
After the strain ring and displacement gauge are installed on the specimen, it is placed
in a universal testing machine for repeated-load testing. The repeated-load intensity is
0.5 fc′. When it reaches 10,000 or after 50,000 repetitions, a single pressure failure test was
performed, and the fc′ and Ec values were measured at the same time.

The bending repeated-load plan of the beam specimen is shown in Figure 6b. After
the deflection gauge is installed on the beam specimen, it is placed in the universal testing
machine for repeated-load testing. The repeated-load intensity is 0.6 times the single
pressure cracking strength of the beam (Pcr). The data will be recorded every 10,000 cycles
to compare the differences. The single pressure failure test will not be conducted until
50,000 cycles.
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Figure 6. Repeated load test plan (a) compressive cylindrical specimen and (b) bending
beam specimen.

3. Results and Discussion

The test results and discussion of this study encompass material tests on pervious
concrete and reinforcing materials, specifically with steel wire mesh or a glass fiber mesh.
Additionally, the study covers the stress–strain curve of pervious concrete, the stress–
strain curve model, and the mechanical behavior of beams under repeated loading and
single-load conditions.

3.1. Results of Material Testing of Pervious Concrete and Reinforcing Material

The basic quality test of pervious concrete in this study involves the permeability
coefficient and porosity, with three and six specimens, respectively. Table 3 presents the
measurement results for the permeability coefficient and porosity. The study concludes
that the permeability coefficient for this pervious concrete is 2.39 cm/s, and the porosity is
20.35%, meeting the requirements outlined in ACI 522R-10 [38].

Table 3. Pervious concrete of water permeability coefficient and porosity.

Pervious Concrete Mean Standard
Deviation

Coefficient of
Variation (%)

ACI 522R-10
Standard

Water permeability
coefficient (cm/s) 2.39 0.20 8.17 ≥0.1

Porosity (%) 20.35 1.82 8.96 18~35

The reinforcement materials employed in this study included steel mesh and fiberglass
mesh. The experimental results for the tensile strength and elastic modulus of single-strand
stiffeners from three types of glass fiber mesh and steel wire mesh are presented in Table 4.
Corresponding stress–strain curves are depicted in Figure 7.

Table 4. Tensile strength and elastic modulus of glass fiber mesh and steel wire mesh.

Mesh Code Width Diameter/
Thickness (mm)

AS *
(mm2) fu * (MPa) ∆ *

(%)
EC

(MPa)

Glass fiber
R108 0.39 0.91 0.35 764 2.26 33,825
G96 0.51 1.99 1.02 627 1.82 34,461

G120 0.61 3.26 1.98 655 1.87 35,059
Steel wire D5 - 5 19.63 621 15 200,000

* Codes (AS: cross-sectional area, fu: tensile breaking strength, ∆: elongation).
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Figure 7. Stress–strain curves of glass fiber mesh and steel wire mesh.

The findings indicate that R108 exhibits the highest tensile strength among the three types
of glass fiber mesh, while there is minimal difference in elastic modulus among them. Due
to the small grid spacing of R108 (9 × 9 mm), chosen to prevent hindrance to the passage
of pervious concrete coarse particles, and its proximity to the tensile strength of steel wire
mesh, G96 was selected as the glass fiber mesh reinforcement material in this study.

3.2. Repeated Load Test Results of Pervious Concrete Cylindrical Specimen

After curing the pervious concrete cylindrical specimens for 28 days, both single-load
and repeated-load tests were conducted. The repeated-load intensity was controlled at
0.5 times (0.5 fc′) the failure strength of the single load. When the number of repeated
loading cycles reaches 10,000 or 50,000 times, a single-pressure failure is performed, and
the elastic modulus is measured. The results of both the single-load and repeated-load tests
for pervious concrete cylindrical specimens are presented in terms of compressive strength
and elastic modulus corresponding to the number of loads, as illustrated in Figure 8. With
an increase in the number of repeated loading cycles, both the compressive strength and
elastic modulus show a slight increase. This phenomenon is speculated to be related to the
porosity size. After repeated loading, the pervious concrete specimen not only avoided
damage but also exhibited an effect similar to compacting the pervious concrete, leading
to a reduction in porosity size and, consequently, an increase in compressive strength and
elastic modulus [2].

When discussing the empirical formula for the elastic modulus of pervious concrete,
Lee et al. [7] were included for comparison between ordinary strength and high-strength
pervious concrete specimens, as shown in Figure 9. The results indicated a lower aver-
age coefficient of elastic modulus. This disparity is likely attributed to the lower com-
pressive strength of pervious concrete compared to ordinary concrete and its relatively
larger porosity, resulting in a smaller elastic modulus value. Consequently, this study
adopts Equation (4) as the subsequent design calculation of the elastic modulus (Ec) of
pervious concrete.

Ec = 3072
√

fc
′ (4)

3.3. Results of Stress and Strain Model of Pervious Concrete

The concrete stress–strain model is generally normal-weight concrete. However,
this section studies the stress–strain model of pervious concrete and utilizes the concrete
stress–strain curve proposed by Popovics [11] as a reference point for discussion. Both single
and repeated compression tests were analysed using Φ100 × 200 mm concrete specimens.
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3.3.1. Single Compressive Stress–Strain Curve

This study incorporates experimental data from three specimens. Additionally,
six specimens with consistent granular materials, permeability coefficients, and poros-
ity, as reported in the study by Lee et al. [7], were selected for a comparative analysis to
enhance the credibility of the study. The data are organized in Table 5.

Table 5. Pervious concrete data sheet (fc
′, εc

′ and Ec).

Specimen# f ′c (MPa) ε′c Ec (MPa)

NC-O1(0)-1 15.59 0.0019 9438
NC-O1(0)-2 15.62 0.0020 11,125
NC-O1(0)-3 15.10 0.0024 9608
N-O-1 [7] 13.32 0.0018 8605
N-O-2 [7] 12.51 0.0012 13,650
N-O-3 [7] 16.79 0.0017 14,985
N-O-4 [7] 14.95 0.0013 13,984
N-O-5 [7] 16.87 0.0021 10,306
N-O-6 [7] 14.83 0.0031 9816

Mean 15.06 0.002 11,280
Standard deviation 1.43 0.0006 2322

CV (%) 9.5 29.4 20.6

The general formula developed by Popovics [11] examines the axial deformation
and formulates a stress–strain model, which is presently a widely adopted theory for
simulating reinforced concrete structures. Moehle [9] compiled Popovics’ theory and
presented the stress–strain relationship curve under various concrete strengths, as depicted
in Equation (5).

fc

f ′c
=

εc

ε′c

n

n− 1 + (εc/ε′c)
nk (5)

In the formula, fc
′ is the ultimate peak stress of the cylindrical specimen, εc

′ is the
strain value when the compressive strength reaches the ultimate peak stress, n is the curve
fitting factor= Ec

(Ec−E′c)
, where E′c =

f ′c
ε′c

, and k is the decay factor k = 0.67 + f ′c
62 (MPa).

According to the concrete stress–strain model formula mentioned above, the average
curve parameters can be obtained, as shown in Table 6. Among them, fc

′, εc
′ and Ec are the

average values of the experimental data of each ratio, and Ec
′, n and k are obtained from the

empirical formula. The stress–strain curve obtained by bringing the above parameters into
Popovics Equation (5) is the red curve in Figure 10 and is compared with other experimental
values. It is evident that the experimental values closely resemble the Popovics parameter
curve. Therefore, it can be inferred that the stress–strain curve of pervious concrete can
also be predicted directly using Equation (5) proposed by Popovics.

Table 6. Stress–strain curve parameters obtained from suggested Equation (5).

Parameter fc′ (MPa) εc′ (%) Ec′ (MPa) Ec (MPa) n k k, suggest

Mean 15.06 0.002 7530 11,280 3.01 0.91 1

3.3.2. Compressive and Single Compressive Stress–Strain Curves after Repeated Loading

The compression data and the Popovics curve after repeated loading represent the
single compression curve and are plotted in Figure 11. The findings indicate that the
data after 10,000 cycles and 50,000 cycles only slightly exceed the recommended single
compression curve. Therefore, in subsequent design considerations, the single compression
result can be directly employed as the design value. Since there is minimal disparity in
compressive behavior after both single and repeated loading, this approach is considered
more conservative.
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3.4. Results of Mechanical Behavior of Beams under Repeated Loading and Single Loading
3.4.1. Beam Bending Strength

Generally, pervious concrete has almost no steel bars or wire mesh. Without the tensile
force provided by steel bars, the bottom of the pervious concrete is less able to withstand
the tensile force required for cracking. In order to improve this phenomenon, glass fiber
mesh and steel wire mesh were added to pervious concrete to explore the improvement
effect of flexural strength after adding the fiber mesh. The bending test specimen was a
reduced size beam of 100b × 80h × 500L mm. Figure 12 shows the flexural strength of
pervious concrete beam specimens with and without the glass fiber mesh and steel wire
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mesh. In the figure, the beam specimens are numbered 1 and 2, such as NB-O1 or NB-O2,
which are direct single-load failure tests. Each number has two beam specimens. The
specimens numbered 3 and 4, such as NB-O3 or NB-O4, are subjected to single-load failure
after 50,000 cycles of repeated loading. Among them, NB-O3 and NB-O4 were damaged
during 35,000 and 42,500 repeated loads, respectively, so their single compression strength
after repeated loading cannot be measured. The results showed that the glass fiber mesh
had no significant effect on the bending strength, but the steel mesh had a double increase
in the flexural strength. The flexural rupture strength test of pervious concrete beams
includes specimens with and without wire mesh and fiber-free pervious concrete by Lee
et al. [7]. A total of 13 specimens were used to analyze the cracking moment coefficient.
The results are shown in Table 7. It can be obtained that the average cracking coefficient of
permeable concrete is 0.86. Equation (6) will be used as the subsequent design calculation
of the cracking modulus (fr) of pervious concrete.

f r = 0.86
√

fc
′ (6)
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Figure 12. Flexural strength of pervious concrete beam with and without glass fiber mesh and
steel mesh.

Table 7. Flexural rupture strength of pervious concrete beam specimens.

Specimen# fr fc
′ √

fc’ k

NB-O1 2.16 15.44 3.93 0.55
NB-O2 2.16 15.44 3.93 0.55
NB-G1 2.36 15.44 3.93 0.60
NB-G2 1.90 15.44 3.93 0.48
NB-G3 2.90 15.44 3.93 0.74
NB-G4 2.72 15.44 3.93 0.69
NB-S1 5.32 15.44 3.93 1.35
NB-S2 5.23 15.44 3.93 1.33
NB-S3 5.71 15.44 3.93 1.45
NB-S4 5.52 15.44 3.93 1.40

N-O-1 [7] 3.01 14.88 3.86 0.78
N-O-2 [7] 3.33 15.19 3.90 0.85
N-O-3 [7] 2.71 15.35 3.92 0.69

Mean 3.47 15.37 3.92 0.86
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3.4.2. Force Behavior of Beams during Repeated Loading

The repeated-load planning of the beam specimen in this study is 50,000 cycles, as
outlined in Section 2.2.6. Some specimens without wire mesh were damaged prematurely
before 50,000 cycles, so the single compression strength after repeated loading cannot be
measured. During the repeated loading process, record the total displacement and the
tensile and compressive strains of concrete at the initial and every 10,000 repeated loads
to facilitate observation of the changes in stiffness (K) and section rigidity (EcIe) at each
repeated stage.

The test results for stiffness and section rigidity of beam specimens, both with and with-
out the wire mesh, during repeated loading cycles are graphically presented in Figure 13
and summarized in Table 8. It can be found that before repeated loading, the stiffness
(K) of NB-O (without wire mesh) is less than that of NB-G and NB-S (with wire mesh).
However, as the number of repeated loading cycles increases, the K value gradually de-
creases. After 10,000 cycles, the K values of the three become comparable. Additionally, the
changes in section rigidity EcIe values for each repeated cycle show a substantial decrease
at 10,000 cycles, followed by a relatively stable pattern.
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Table 8. Summary table of stiffness and section rigidity of all beam specimens.

Specimen# Cycles
(a)
P

(kN)

(b)
∆i

(mm)

(c) = (a)/(b)
Ki

(kN/mm)

EcIe,i
kN-mm2

×107

EcIe,i
EcIe,1

NB-O
(no wire

mesh)

1 1.5 0.1869 8.03 3.23 1.00
10,000 1.5 0.2708 5.54 2.37 0.73
20,000 1.5 0.3513 4.27 2.39 0.74
30,000 1.5 0.4253 3.53 2.28 0.71
40,000 1.5 0.4933 3.04 2.55 0.79
50,000 - - - - -

NB-G
(glass fiber

mesh)

1 1.5 0.1564 9.59 6.36 1.00
10,000 1.5 0.2613 5.74 5.55 0.87
20,000 1.5 0.3356 4.47 5.51 0.87
30,000 1.5 0.4247 3.53 5.38 0.85
40,000 1.5 0.5169 2.90 5.33 0.84
50,000 1.5 0.6137 2.44 4.73 0.74

NB-S
(steel
mesh)

1 1.8 0.1837 9.80 4.28 1.00
10,000 1.8 0.3097 5.81 2.97 0.69
20,000 1.8 0.4259 4.23 2.78 0.65
30,000 1.8 0.5440 3.31 2.81 0.66
40,000 1.8 0.6611 2.72 2.72 0.63
50,000 1.8 0.7753 2.32 2.81 0.66

Table 8 reveals that NB-O (without wire mesh) experienced failure after 40,000 repeated
loads. Consequently, there are no available data on stiffness and section rigidity after
50,000 repeated loading cycles. Nonetheless, observations indicate that NB-G and NB-S
(glass fiber mesh or wire mesh) initially exhibited greater stiffness and cross-sectional
stiffness. However, with an increasing number of repeated loading cycles, deflection
rose, leading to a subsequent reduction in stiffness. This behavior underscores the impact
of repeated loading on the structural integrity and performance of pervious concrete
specimens reinforced with glass fiber mesh or wire mesh.

Subsequent to the 50,000 repeated loads, single-pressure failure tests were conducted
to compare the differences between failure under a single load and failure after repeated
loading. The results, illustrated in Figure 14, demonstrate that the flexural strength of
pervious concrete with added glass fiber mesh only experiences a slight increase, primarily
enhancing ductility. This marginal improvement may be attributed to the low fiber content
of the glass fiber mesh used, limiting its effectiveness in enhancing flexural strength. On the
other hand, pervious concrete with added steel wire mesh exhibits a substantial increase in
flexural strength, approximately doubling that of ordinary pervious concrete, accompanied
by a significant improvement in ductility.

Both the glass fiber mesh and steel wire mesh specimens were subjected to single-
pressure failure after 50,000 cycles of repeated loading. The load–displacement curves
of the glass fiber mesh and steel wire mesh show only slight improvements. Therefore,
designing based on the failure strength of a single load without considering repeated use
yields conservative results. Additionally, the area enclosed by the load and displacement
curves provides a measure for calculating the increased toughness and strength of pervious
concrete beams due to the addition of wire mesh. The observed increase in toughness and
strength aligns with findings in the existing literature on this topic [7,41].
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Figure 14. Comparison of repeated load–displacement diagrams of beam specimens with and without
wire mesh (NB-O, NB-G and NB-S).

4. Conclusions

In summary, this study focused on pervious concrete, examining its performance with
different reinforcements, elastic modulus, stress–strain curves, and various loading tests on
beam specimens. The key findings and recommendations are as follows:

1. Variations in the compressive strength and elastic modulus were observed between
single and repeated loading conditions. Repeated loading led to a slight increase in
both compressive strength (8%) and elastic modulus (16%) due to a compaction effect.

2. The compressive strength (fc′) was determined to be around 15 MPa. Empirical for-
mulas for elastic modulus and cracking modulus, as derived in Equations (4) and (6),
are useful for pervious concrete component design.

3. This study applied the Popovics stress–strain curve theory, finding that the compres-
sive behavior aligns with typical pervious concrete behavior (Equation (5)).

4. Popovics stress–strain curves after single compression and repeated loading exhib-
ited similar trends (correspondence only reaching strain values of 0.25%), with data
after 10,000 and 50,000 loading cycles slightly exceeding the recommended single
compression curve.

5. Pervious concrete initially displayed greater stiffness and section rigidity in single
loading but showed a reduction in stiffness and section rigidity with an increased
number of repeated loading cycles.

6. The addition of steel wire mesh to pervious concrete significantly improved flexural
strength, approximately doubling that of ordinary pervious concrete, and enhanced
ductility in the reinforced specimens.
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