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Pervious concrete exhibits different freeze–thaw performance compared to
conventional concrete owing to its unique porous structure. Therefore, studying
its mechanical and durability properties under freeze–thaw conditions has
become a pressing issue. A numerical model of pervious concrete was created
using the discrete element method based on actual aggregates to evaluate
the impact of freeze–thaw cycles (FTCs) on the mechanical properties of
pervious concrete. Pore water in the microstructure of pervious concrete was
defined using PFC3D software through simulation of the freezing and expansion
processes of the pore water, while applying freeze–thaw loading. This study
employs the parallel bond model in PFC3D software to account for adhesion
between the material particles. The linear ontological relationship of the parallel
bond model was modified to a linear curvilinear relationship. The FTCs resulted
in strength loss reductions of 0.62%, 2.17%, 4.06%, and 5.87% for corresponding
mass losses of 0.66%, 0.89%, 1.21%, and 6.66% compared to the control.
The models were monitored for fracture location and uniaxial compressive
damage using PFC3D software, and the attenuation constant of the freeze–thaw
resistance of pervious concrete was examined with respect to varying porosity
and initial uniaxial compressive strength (UCS). The results indicate that the
decay constant increases with increasing porosity and modulus of elasticity
while decreasing with increasing values of the initial UCS.

KEYWORDS

discrete element method, PFC3D, parallel bond model, freeze–thaw cycles, reality
modeling

1 Introduction

The urban “heat island effect” has intensified in recent years, resulting in the
development of the concept of a “sponge city.” A sponge city refers to one that can absorb,
store, seep, and purify water when it rains, thereby reducing the need to “release” and
consume that water [1]. Pervious pavements are an important part of a sponge city; pervious
concrete pavements have high porosity, can effectively alleviate the urban heat island effect,
and reduce the risk of urban flooding [2]. Pervious concrete contains very little or no fine-
aggregate sand, which endows it with a unique porous structure [3].The porosity of pervious
concrete makes it particularly vulnerable to deterioration from freeze–thaw cycle (FTC)
loading, which can shorten its overall lifespan [4, 5].Therefore, evaluation of themechanical
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properties and durability of pervious concrete under a freeze–thaw
environment is a key problem that needs to be solved at present.

The primary reason for deterioration of the durability of
pervious concrete is the leakage of calcium ions during cement
hydration; this phenomenon can be successfully inhibited by
metakaolin and silica fume [6]. Furthermore, the inclusion of fly
ash (FA), rice husk ash, and granulated blast furnace slag can
result in more extensive micropore filling [7–10]. This has an
important reinforcing effect on the interfacial transition zone and
can effectively improve the freeze–thaw cyclic loading resistance
of pervious concrete [11–14]. Anderson and Dewoolkar [15]
discovered that FA is an effective filler in pervious concrete, but
the short curing period may result in insufficient hydration of FA,
making pervious concrete with FAmore susceptible to deterioration
in early freeze–thaw environments. Chindaprasirt et al. [16] found
that 10% rice husk ash was effective in increasing the strength of
pervious concrete. Cement alone is not as effective as a polymeric
cementitious system comprising cement and mineral admixtures.

Some scholars have investigated the effects of cementitious
materials containing air-entraining agents (AEAs) on the resilience
of pervious concrete to freeze–thaw cycling. Zhong and Wille
[5] investigated the effects of the cementitious material type,
pore system characteristics, and fiber-reinforcing materials on the
freeze–thaw durability of pervious concrete and demonstrated
that ultrahigh-strength cementitious materials can greatly enhance
such durability. Santos et al. [17] showed that internal blending of
appropriate amounts of silane emulsion in cementitious materials
enhanced the ability of the concrete containing recycled aggregates
to withstand ion penetration, carbonation, and capillary water
absorption. Ebrahimi et al. [18] summarized three methods for
enhancing the freeze–thaw resistance of concrete, which involved
employing AEAs to mitigate the pore water pressure, incorporating
fibers or nanotubes to inhibit crack formation, and preparing
monolithic waterproof concrete with internal water-repellent agents
to minimize water absorption. Vancura et al. [19] and Chen et al.
[20–22] found that AEAs are the most commonly used method of
introducing air bubbles to improve freeze–thaw durability in plain
concrete and that pervious concrete without entrapped air is more
susceptible to freeze–thaw damage in cold regions.

Using the normal test procedures meant for conventional
concrete owing to the lack of a defined test technique for the
freeze–thaw durability of pervious concrete showed that adding 7%
sand to coarse aggregates greatly increased the ability of pervious
concrete to withstand FTCs. Lund et al. [23] reported that the
effects of AEAs on the frost resistance of pervious concrete are
mainly through improvement of the workability of the pervious
concrete mixture, making it more compact and thereby enhancing
the frost resistance rather than by reducing the pore spacing. Yang
et al. [14] concluded that AEAs enhance the frost resistance of
pervious concrete primarily by boosting its structural strength.

Ethylene vinyl acetate (EVA) emulsion enhances the interfacial
bond strength of pervious concrete, while polypropylene (PP) fibers
increase the tensile strength, leading to improved frost resistance
compared to laboratory-prepared specimens. Giustozzi [24]
conducted experiments on the frost resistance of pervious concrete
using four different polymer modifiers: cationic styrene-butadiene
rubber (SBR) emulsion, polyvinyl acetate (PVAC) emulsion, EVA
powder, and anionic SBR emulsion. Their study revealed that these

polymer modifiers substantially improved the performances of
pervious concrete, especially enhancing its frost resistance, while
maintaining permeability. Among these, the PVAC emulsion had
the most pronounced enhancement effect on the performance of
pervious concrete.

Salt corrosion caused by the FTCs has a universal and direct
negative impact on the longevity of pervious concrete. Extensive
use of deicing salts and seawater erosion in the coastal areas
often accelerates the deterioration rate of pervious concrete, which
seriously restricts its promotion and use in cold areas. Feng et al.
[25] studied the effects of three different deicing agents on silicate-
cement-based pervious concrete using the saturation and drainage
methods to illustrate the extent of damage caused; accordingly,
the three agents produced effects in the following order: calcium
chloride > sodium chloride > magnesium acetate. Sahdeo et al. [26]
demonstrated themethods bywhich the sulfate corrosion resistance,
flexural strength, and compressive strength of pervious concrete can
be successfully increased through the addition of a tiny quantity of
fine sand. Saboo et al. [12] investigated the use of NaCl solution as a
freeze–thaw medium to simulate freeze–thaw tests in a deicing salt
environment; after 15 FTCs, the concrete specimens showed more
than 5% loss of quality, and after 50 FTCs, the concrete specimens
showed more than 40% loss of quality. Tsang et al. [27] studied
the FTC test results of pervious concrete using calcium chloride
solution, urea solution,NaCl solution,magnesiumchloride solution,
and water as the freeze–thaw media; they found that for a given
concentration, NaCl and calcium chloride solutions produced the
most serious freeze–thaw damages to pervious concrete. After 50
FTCs, there was a 5% loss of specimen mass, which increased to
more than 20% loss of mass after 100 FTCs. Nassiri et al. [28]
studied themethod by which cured carbon-fiber compositematerial
(CCFCM) affected pervious concrete and discovered that CCFCM
greatly increases the ability of pervious concrete to withstand
frost. Zou et al. [29] discovered that the use of silanized recycled
aggregates would be both environment- and user-friendly; this
material creates a hydrophobic silica film on the aggregate surface
to inhibit water accumulation, resulting in a compact structure at
the aggregate interface through increased C-S-H gel formation and
thereby enhancing the frost resistance.

Very few studies are available on the long-term (56 d, 90 d, etc.)
performances of modified pervious concretes, and most of these
studies concentrate on the early (usually 28 d) performance of the
material. Meanwhile, very few studies have been conducted on the
fine-scale cracking of pervious concrete following FTCs; indoor tests
have only been used to examine the mechanical characteristics and
freeze–thaw mechanism, which are insufficient to fully account for
the fine-scale structure of pervious concrete following freeze–thaw
cycling [30, 31]. In particular, water in the internal pores and
micropores of the concrete condenses into ice as the temperature
decreases below freezing, expands by roughly 8%, and creates
shear strain between the aggregate particles. However, the high
permeability of pervious concrete prevents saturation with water so
that some of the water pressure is relieved following FTCs. Even
when the pervious concrete is not saturated with water, mechanical
degradation has been shown to occur [32, 33].

Numerical simulations can be used to explore the mechanical
properties of pervious concrete and analyze its behaviors fromafine-
scale perspective. By considering pervious concrete as a granular
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cemented material, we can accurately represent it using the particle
flow method, which is a discrete element technique mostly utilized
to examine the fine-grained mechanical characteristics of bulk
media [34]. Ng and Dai [35] examined the effects of freeze–thaw
damage of water ice pressure on the internal microstructure of
a cement material and replicated the expansion of cracks in the
cement material under a freeze–thaw environment. Zhao et al. [36]
simulated the FTC of pervious concrete using discrete parts, created
an elastic–plastic parallel-bonded contact model, and analyzed how
varying porosity and the initial uniaxial compressive strength (UCS)
affect the freeze–thaw decay constants. Xiang et al. [37] used the
discrete element method (DEM) to model pervious concrete and
accurately simulate the changes in its compression modulus and
strength during FTCs. Wu et al. [38] applied a new loading method
to obtain the freezing force during FTCs; accordingly, a near-field
kinetic model was introduced to compare the damage patterns of
experimentally captured cement paste samples.

By taking into account the porosity of the concrete, a randomly
distributed predamagewas added to imitate the freeze–thawdamage
in real macroscopic concrete. To examine the damage of pervious
concrete under uniaxial compression, Xie et al. [33] used the DEM
and found that the simulation results closely matched the actual
data. Xu et al. [39] examined the impacts of aggregate reinforcement
on paste migration and pore structure modification by creating a
three-dimensional model of recycled aggregate pervious concrete
using DEM. Huang et al. [40] concluded that the plasticity near the
pore region expands with increasing pressure during freezing; upon
thawing, elastic deformation is recovered, yet significant residual
deformation persists, resulting in an elastoplastic theoretical model.
AlShareedah andNassiri [32] predicted the hydraulic characteristics
of pervious concrete using pore-scale finite volume modeling
with the DEM.

Pervious concrete freeze–thaw tests use both rapid and slow
freeze–thawmethods.Moradllo et al. [41] used the slow freeze–thaw
method to obtain the relationship between the critical pore spacing
coefficient and different cooling rates (2, 4, and 6°C/h); they found
that a faster cooling rate resulted in a smaller critical pore spacing
coefficient. Hosseinzadeh et al. [42] utilized the slow freeze–thaw
method and observed notable distinctions in the performances of
paste and mortar, with mortar surpassing pastes. Taheri et al. [43]
found that for similar fiber compositions, pervious concrete was able
to resist 320–360 cycles when subjected to the rapid freeze–thaw
method (Standard ASTMC666-0317); however, it could resist only
50–60 cycles when the slow freeze–thaw test (24 h for each cycle)
was applied, indicating that the standard freeze–thaw test has
slow deterioration even though the rates of freezing and thawing
are higher.

Thus, the present study uses simulations and tests to examine
the small damage characteristics and fundamental mechanical
properties of pervious concrete under repeated FTCs. Based on the
analysis of the compressive, flexural, and permeability coefficient
data, the idealmix ratio of pervious concretewas established, and the
FTC test was carried out based on the ideal mix ratio. Using actual
aggregates, a numerical model of pervious concrete was established
for different FTCs using the discrete element software PFC3D. To
determine the changes to the mechanical characteristics of the
numericalmodel of pervious concrete, various fine-scale parameters
of the model were calibrated. By comparing and analyzing the

results from numerical simulations and tests, the numerical model
was validated to ascertain the law governing the fine damage
characteristics of pervious concrete.

2 Preparation and tests

2.1 Materials

2.1.1 Gelling material
This study utilized P.O 42.5 ordinary Portland cement (OPC)

from Tongli Cement Co., Ltd.; FA produced by Henan Yixiang New
Material Co., Ltd.; granulated ground blast furnace slag (GGBFS)
from Henan Yixiang New Material Co., Ltd.; dispersible emulsion
powder (DEP) from Shijiazhuang Chuansheng Building Materials
Technology Co., Ltd.; and water reducing agent (WRA) fromHunan
Zhongyan Building Materials Technology Co., Ltd. Table 1 displays
the chemical compositions of the DEP, FA, GGBFS, and OPC.

2.1.2 Aggregates
In the tests, the natural coarse aggregate (NCA) was composed

of 5–10-mm aggregate particles. The NCA was cleaned with tap
water prior to usage to remove any muck and was allowed to dry
naturally. Table 2 presents the physical attributes of the aggregates.

2.1.3 Test water
Water supplied by the city of Xinyang was used for the

preparation, curing, and post-testing of the pervious concrete
samples in this study.

2.2 Orthogonal experimental design

2.2.1 Orthogonal test method
In compliance with the guidelines of the Technical Specification

for Pervious Cement Concrete Pavement [44], the water–cement
ratio (WCR) was designed as per the volumetric method, and the
target porosity was adjusted to 15%. By adopting the orthogonal
experimental design, samples from the entire test system can be
screened more precisely, swiftly, and economically. This method
considers various factors and levels to achieve the best results and
reflect the actual conditions more accurately.

2.2.2 Orthogonal test grouping
In this study, five different factors were established, including

WCR, DEP, WRA, FA, and GGBFS, and four different levels were
considered in each group for the orthogonal tests that were then
analyzed using analysis of variance to find the optimal fit ratio
between the factors.The level factor and orthogonal tables are shown
in Tables 3, 4.

2.3 Mixing ratio design

When designing the mix ratio for pervious concrete, the effects
of the admixture amount, WCR, and molding technique on water
permeability performance should be taken into account. Enhancing
the resistance of pervious concrete to frost while preserving its
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TABLE 1 Chemical composition chart.

Compositions SiO2 Al2O3 Fe2O3 CaO MgO K2O PR Others

OPC 22.21 4.97 2.94 60.22 1.24 2.72 0.56 5.14

FA 59.41 19.51 7.72 4.71 1.72 1.72 0.27 5.71

GGBFS 36.52 12.87 0.72 40.75 9.72 0.27 0.18 0.33

DEP 1.06 2.76 1.74 1.03 1.67 1.57 89.42 3.57

TABLE 2 Physical characteristics of natural coarse aggregate (NCA).

Name Aggregate size
(mm)

Bulk density
(kg/m3)

Apparent density
(kg/m3)

Crushing
Value (%)

Water
Absorption (%)

NCA 5–10 1,441 2,680 13.9 1.15

TABLE 3 Table of experimental factor levels L16 45.

Level factors WCR(A) DEP%(B) WRA%(C) FA%(C) GGBFS%(E)

1 0.25 (A1) 0 (B1) 0 (C1) 0 (D1) 0 (E1)

2 0.28 (A2) 4 (B2) 0.1 (C2) 10 (D2) 5 (E2)

3 0.30 (A3) 8 (B3) 0.2 (C3) 20 (D3) 10 (E3)

4 0.32 (A4) 10 (B4) 0.3 (C4) 30 (D4) 15 (E4)

strength is also a crucial consideration. The performance indexes
of pervious concrete measured in this test and the specifications of
the specimens required are shown in Table 5. Series 1 was prepared
according to CJJ/T135-2009 [44], and the quantity of material used
in each group is displayed in Table 6.

The optimum compressive strength, effective porosity, andwater
permeability were determined through the orthogonal test. Series
2 was then prepared according to the optimum ratios. Series 2 is a
column specimen with dimensions of 100 mm (length) × 100 mm
(width) × 300 mm (height) and is used to analyze the post-freezing
and thawing strength losses of pervious concrete along with the
change trends in the stress–strain curve. The precise mixing ratio
design for the Series 1 test phase is displayed in Table 6. The overall
degree of variation for this investigation was determined through 16
sets of orthogonal tests.

2.4 Test methods

2.4.1 Sample preparation and maintenance
The test employed the cement-packed stone method of

mixing. Figure 1 depicts the specimen production process. The
precise mixing procedure was as follows: the mixer was filled with
coarse aggregate and 50% water for 1 min, followed by the addition
of cementitious materials for another minute; lastly, the remaining
50% water was added and mixed for another minute. The pervious

concrete was loaded into the mold three times through three layers
of manual pile insertion and pounding, followed by compaction and
leveling. The initial hydration has a major impact on the improved
properties of pervious concrete because its WCR is typically low.

Therefore, the surfaces of the specimens were covered with
a film as soon as the pervious concrete was loaded into the
molds to maintain the moisture content without affecting the initial
hydration. Thereafter, the specimens were maintained in a room for
a full day at a temperature of 15°C ± 5°C and relative humidity of
over 60%.Then, themolds were dismantled. Lastly, the samples were
cured for 28 d in a typical constant-temperature curing chamber
maintained at 15°C ± 2°C and a relative humidity above 90%.

2.4.2 Compressive strength test
According to the standard GB/T50081-2019 [45], the samples

measuring 100 mm × 100 mm × 100 mm underwent cubic
compressive testing, whereas the samples measuring 100 mm ×
100 mm×300 mmwere subjected to prismatic uniaxial compressive
testing at varying ages.

2.4.3 Flexural strength test
According to the standard GB/T50081-2019 [45], the pervious

concrete specimens cured for 28 d were subjected to a prismatic
flexural test. The prismatic specimens had dimensions of 100 mm
× 100 mm × 400 mm.
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TABLE 4 Table of experimental factor levels L16 45.

Sample WCR(A) DEP(B) WRA(C) FA(D) GGBFS(E)

PC-M1 A1 B1 C1 D1 E1

PC-M2 A1 B2 C2 D2 E2

PC-M3 A1 B3 C3 D3 E3

PC-M4 A1 B4 C4 D4 E4

PC-M5 A2 B1 C2 D3 E4

PC-M6 A2 B2 C1 D4 E3

PC-M7 A2 B3 C4 D1 E2

PC-M8 A2 B4 C3 D2 E1

PC-M9 A3 B1 C3 D4 E2

PC-M10 A3 B2 C4 D3 E1

PC-M11 A3 B3 C1 D2 E4

PC-M12 A3 B4 C2 D1 E3

PC-M13 A4 B1 C4 D2 E3

PC-M14 A4 B2 C3 D1 E4

PC-M15 A4 B3 C2 D4 E1

PC-M16 A4 B4 C1 D3 E2

TABLE 5 Performance indicators and corresponding test piece size and quantity table.

Performance Test piece Specimen size Number

28-d compressive strength Cubic 100 mm × 100 mm × 100 mm 3

28-d prismatic uniaxial compressive strength Prism 100 mm × 100 mm × 300 mm 3

28-d flexural strength Prism 100 mm × 100 mm × 400 mm 3

Effective porosity Cubic 100 mm × 100 mm × 100 mm 3

Permeability Cubic 100 mm × 100 mm × 100 mm 3

2.4.4 Water permeability test
The permeability coefficient was determined based on Darcy’s

law in combination with the constant head permeameter method on
a cubic specimen of size 100 mm × 100 mm × 100 mm according to
the following Equation 1 from [46]:

KT =
L
H
× Q
A ⋅ t

(1)

where KT is the permeability coefficient (mm/s) of the specimen;
Q is the quantity of water that seeps out of the model in t seconds
(mm3); L is the sample height (mm);H is the cross-sectional area of
the specimen (mm2); t is the penetration time (s).

2.4.5 Effective porosity test
The effective porosity was computed using the formula

below with a cubic specimen of size 100 mm × 100 mm
× 100 mm in accordance with Equation 2 the ASTM
standard [47]:

P = (1−
m2 −m1

V ⋅ ρw
) (2)

where P is the specimen porosity; m2 is the model weight (g) after
drying; m1 is the model weight (g); V is the sample volume cm3; ρw
is the density of water (g/cm3).
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TABLE 6 Actual amounts of materials used in each group (kg).

Sample Concrete Water DEP WRA FA GGBFS

PC-M1 9.78 2.45 0.00 0.00 0.00 0.00

PC-M2 7.92 2.45 0.39 0.01 0.98 0.49

PC-M3 6.05 2.45 0.78 0.02 1.96 0.98

PC-M4 4.37 2.45 0.98 0.03 2.94 1.47

PC-M5 6.03 2.60 0.00 0.01 1.86 1.39

PC-M6 5.21 2.60 0.37 0.00 2.79 0.93

PC-M7 8.06 2.60 0.74 0.03 0.00 0.46

PC-M8 7.42 2.60 0.93 0.02 0.93 0.00

PC-M9 5.86 2.72 0.00 0.02 2.72 0.45

PC-M10 6.85 2.72 0.72 0.03 1.81 0.00

PC-M11 6.06 2.72 0.72 0.00 0.91 1.36

PC-M12 7.23 2.72 0.91 0.01 0.00 0.91

PC-M13 6.99 2.81 0.00 0.03 0.88 0.88

PC-M14 7.09 2.81 0.35 0.02 0.00 1.32

PC-M15 5.43 2.81 0.70 0.01 2.63 0.00

PC-M16 5.70 2.81 0.88 0.00 1.75 0.44

FIGURE 1
Preparation process for pervious concrete.
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TABLE 7 Aggregate shape percentages.

Aggregate size Angular aggregate Flat aggregate Elongated aggregate

5 ∼ 10 mm 53.1% 32.3% 14.6%

FIGURE 2
(A) Spherical model (aggregates in blue, water in yellow). (B) Numerical modeling of pervious concrete after conversion of spherical particles to real
aggregates. (C) Water in contact with water. (D) Aggregate in contact with aggregate. (E) Aggregate in contact with water.

2.4.6 Freeze–thaw durability test
The FTC test conforms to the standard GB/T50082-2009 [48].

After 28 d of conventional curing, the specimenswere removed from
the curing room and immersed in water at 10°C ± 2°C for 4 d.
After 28 d of aging, the specimens underwent rapid FTC testing
(HDK9/F). The specimens each had a size of 100 mm × 100 mm ×
300 mm, with three specimens in each group and 25 FTCs in each
test. When the relative dynamic modulus of elasticity of a specimen
decreases to 60% or the rate of loss of mass exceeds 5% or the rate of
loss of strength exceeds 25%, the FTCs are stopped.

2.5 Model building

2.5.1 Realistic aggregate specimen modeling
Freeze–thaw modeling was developed using the PFC3D

software. The real aggregates used in this study were sieved to
determine the shapes. Based on the size of the aggregates used
in the test, the aggregate model was set to resemble the shape of the
real aggregate. The real aggregates were then classified into three
types as angular, flat, and elongated aggregates. Table 7 displays the
sieved results for each of these aggregate types.

A mold with a height of 300 mm, length of 100 mm, and width
of 100 mm was constructed in PFC3D; then, aggregate and water
particles were generated with a total porosity of 15%, the water
particles in the total porosity were equal to 15%, and the aggregate
particles had radii in the range of 2.5–5 mm. The radii of the water
particles are in the range of 1.25–2.5 mm. A 3D laser scanner
was used to obtain accurate external profile information from the
aggregates, save this information as an STL file, and then import it
into PFC3D.The corresponding aggregate model was reconstructed
in PFC3D, and the rock particleswere finally replacedwith the actual
external profiles of the aggregates. In this manner, the numerical
model of pervious concrete was transformed from the sphere model
to clump model, as shown in Figure 2.

Because of its high permeability, pervious concrete cannot be
saturated with water in practical applications. However, mechanical
deterioration occurs under repeated FTCs even if the pervious
concrete is not wetted with water. Tests conducted indoors have
revealed that during FTCs, the water particles expand along a
few internally linked pores. Consequently, the force between the
agglomerates is reduced, and the mechanical characteristics are
damaged to a greater extent by the closed and microscopic pores
than by the connected pores.
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FIGURE 3
(A) Schematic diagram of the parallel bond method and its (B) intensity envelope.

FIGURE 4
Pore water particle state changes.

2.5.2 Internal contact modeling
This model entails (1) contact between neighboring

aggregate particles (aggregate–aggregate contact), (2) contact
between water particles, and (3) contact between water and
aggregate particles.

Using the parallel bond model (PBM), the internal contacts in
pervious concrete were examined. The schematic representation of
the PBM principle is displayed in Figure 3A.

When the particles are bonded, the linear and parallel bond
elements cooperate to resist forces and moments. In contrast, when
the bond is broken in the non-bonded state, only the linear element
is active, which reduces the PBM to a linear model. The strength
envelope of the PBM is depicted in Figure 3B, and the stress
expressions (Equations 3, 4) as follows [49]:

σ =
Fn
A
+ β
‖Mb‖R

I
(3)

τ =
‖Fs‖

A
+ β
|Mt|R

J
(4)

where: Fn is the normal parallel bond force; Fs is the tangential
parallel bond force; Mt and Mb are the rotational and bending
moments of the contact plane, respectively; R is the radius of the
particle; A is the cross-sectional area; β is the moment contribution
coefficient; I and J are the moment of inertia and polar moment
of inertia, respectively. When σ ≥ σc, tensile damage occurs and
tensile cracks are produced; when τ ≥ τc, shear damage occurs and
shear cracks are produced.

2.5.3 FTC simulation
The pore water in the recurring water–ice phase change

process that causes volume variations is often responsible for the
freeze–thaw damage to pervious concrete. In the frozen state, the
water becomes ice with volume expansion, resulting in a certain
freezing pressure that squeezes the surrounding aggregate particles
to cause interparticle cementation fracture. In the melted state, the
ice becomes water and is reabsorbed into the pore space for the next
freezing step. This cycling process was implemented through time
step integration, with unity time step.The changes in the pore water
particle states are shown in Figure 4.
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TABLE 8 Compressive and flexural strength results.

Sample WCR DEP WRA FA GGBFS Compressive strength
(MPa)

Flexural strength
(MPa)

PC-M1 A1 B1 C1 D1 E1 13.61 2.3

PC-M2 A1 B2 C2 D2 E2 15.50 2.4

PC-M3 A1 B3 C3 D3 E3 19.22 2.6

PC-M4 A1 B4 C4 D4 E4 16.91 2.5

PC-M5 A2 B1 C2 D3 E4 18.32 2.6

PC-M6 A2 B2 C1 D4 E3 18.60 2.6

PC-M7 A2 B3 C4 D1 E2 27.32 3.2

PC-M8 A2 B4 C3 D2 E1 21.57 2.8

PC-M9 A3 B1 C3 D4 E2 27.07 3.2

PC-M10 A3 B2 C4 D3 E1 20.72 2.7

PC-M11 A3 B3 C1 D2 E4 16.94 2.3

PC-M12 A3 B4 C2 D1 E3 21.89 2.8

PC-M13 A4 B1 C4 D2 E3 26.70 3.1

PC-M14 A4 B2 C3 D1 E4 18.83 2.4

PC-M15 A4 B3 C2 D4 E1 15.10 2.1

PC-M16 A4 B4 C1 D3 E2 17.82 2.3

TABLE 9 Analysis of extreme differences in compressive strength.

Number WCR DEP WRA FA GGBFS

K1 16.700 20.668 17.240 20.660 18.248

K2 21.448 18.663 18.198 20.678 22.178

K3 21.905 21.040 21.568 25.910 21.498

K4 19.863 22.545 22.910 19.668 17.993

R 5.205 2.378 5.670 1.7675 4.185

The mechanical properties of pervious concrete diminish as a
result of permanent freezing and thawing damage that develops
inside the material after several FTCs. A water–ice particle phase-
transition-coupled expansion method based on the particle discrete
element is proposed from the above analysis of the freeze–thaw
damage of pervious concrete. Using the particle flow procedure, the
freeze–thaw cycling process of pervious concrete was simulated, and
the following assumptions were made:

(1) Pervious concrete specimens were simplified to consist of
natural coarse aggregate and pore water particles.

TABLE 10 Analysis of extreme differences in flexural strength.

Number WCR DEP WRA FA GGBFS

K1 2.475 2.800 2.375 2.675 2.475

K2 2.800 2.550 2.500 2.675 2.800

K3 2.750 2.550 2.750 3.050 2.775

K4 2.475 2.600 2.875 2.600 2.450

R 0.325 0.250 0.500 0.125 0.350

(2) Pervious concrete internal pore moisture seepage was not
considered during the freeze–thaw process.

(3) Through temperature changes (warming or cooling), the pore
water particles reach the target temperatures consistently. The
initial volume V0 of individual pore water particles during an
FTC can be calculated using the following Equation 5:

V0 =
4
3
πr30 (5)

Frontiers in Physics 09 frontiersin.org

https://doi.org/10.3389/fphy.2024.1466191
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org


Xiao et al. 10.3389/fphy.2024.1466191

TABLE 11 Permeability and porosity results.

Sample WCR DEP WRA FA GGBFS Effective porosity
(%)

Permeability
(mm/s)

PC-M1 A1 B1 C1 D1 E1 27.98 7.903

PC-M2 A1 B2 C2 D2 E2 29.64 5.653

PC-M3 A1 B3 C3 D3 E3 14.40 3.154

PC-M4 A1 B4 C4 D4 E4 25.74 6.847

PC-M5 A2 B1 C2 D3 E4 23.62 7.425

PC-M6 A2 B2 C1 D4 E3 18.98 3.245

PC-M7 A2 B3 C4 D1 E2 11.50 3.316

PC-M8 A2 B4 C3 D2 E1 15.28 4.537

PC-M9 A3 B1 C3 D4 E2 14.08 4.481

PC-M10 A3 B2 C4 D3 E1 20.86 5.395

PC-M11 A3 B3 C1 D2 E4 22.33 5.923

PC-M12 A3 B4 C2 D1 E3 14.35 4.358

PC-M13 A4 B1 C4 D2 E3 16.97 5.208

PC-M14 A4 B2 C3 D1 E4 21.54 2.932

PC-M15 A4 B3 C2 D4 E1 20.50 4.031

PC-M16 A4 B4 C1 D3 E2 18.90 3.222

TABLE 12 Analysis of extreme differences in porosity.

Number WCR DEP WRA FA GGBFS

K1 24.44 20.66 22.05 18.84 21.16

K2 18.35 22.76 22.53 21.05 18.53

K3 17.90 17.18 16.33 19.45 16.17

K4 17.48 18.57 18.77 19.83 23.31

R 0.0710 0.0557 0.0572 0.0221 0.0713

where r0 is the initial radius of the water particle, and the volumeVF
of individual pore water particles after phase-change freezing can be
calculated using the following Equation 6:

VF =
4
3
π(r0 + uv)

3 = V0 +△VW (6)

Here, △VW = 4π(r20uv + r0uv +
1
3u3v
) is the volume change of

the pore water particles after freezing; uv is the radius expansion
of the pore water particles and is calculated using the following
formulas 7, 8 from [46, 50]:

TABLE 13 Analysis of extreme differences in permeability coefficients.

Number WCR DEP WRA FA GGBFS

K1 5.889 6.255 5.073 4.627 5.467

K2 4.631 4.306 5.367 5.330 4.168

K3 4.039 4.106 3.776 4.799 3.991

K4 3.848 4.741 5.192 4.651 5.782

R 2.041 2.149 1.591 0.703 1.791

uv = r0
Pi
Em

1+ vm + 2(1+ 2vm)n
2 (1− n)

(7)

pi =
0.029

1
Em

1+2n+(1−4n)vm
2(1−n)

+ 1.029 1−2vi
Ei

(8)

where n is the porosity and pi is the pore ice pressure; themodulus of
elasticity and Poisson’s ratio of the pore ice are represented by Em,vm
and Ei,vi, respectively.

The following expression (Equation 9) can be used to
determine the volume change relationship with the unfrozen water
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FIGURE 5
Pervious concrete freeze–thaw damage graphic following a typical curing period of 28 d: (A, B) compressive strength loss; (C) mass loss.

content during freezing and thawing of the individual pore water
particles:

V =
{
{
{

V0 +△VW (1−wu) T ≤ 0°C

V0 T ≥ 0°C
(9)

where V is the volume of pore water particles at any temperature;
wu is the unfrozen water content that can be calculated using the
following Equation 10:

wu =
{
{
{

1−[1+ 0.139( 1
△T )

1
3 In( 1+ e

−0.268△T

2 )](1− e−0.268△T) (△T > 0)

1 (△T < 0)
(10)

where △T = Tm −T,Tm is the freezing point of free-body
water accumulation at atmospheric pressure, which is typically
equal to 273.15 K; T is the current value of the temperature
measurement.

Based on the numerical computations, the pore water particles
in the specimen reach the desired temperature when the designated
temperature is attained by either warming or cooling. As a result,
once the FTCs achieve the desired temperature, the temperature
is no longer maintained constant. Thus, the relationship of
temperature change with time is expressed by the following
cosine function (Equation 11):

T = 20cos( πt
30
) (11)

3 Results and analyses

3.1 Compressive and flexural strengths

The compressive and flexural strengths of the pervious concrete
specimens weremeasured using a universal testingmachine (WAW-
3000). For each group of tests, three specimens measuring 100 mm
× 100 mm × 100 mm were used to determine the compressive
strength, and three specimens measuring 100 mm × 100 mm ×
400 mm were used to determine the flexural strength. The average
value of the test was used as the result, and when the maximum
and minimum values exceeded 15% of the median value, the
test data were considered invalid. Table 8 shows the compressive
and flexural strength results of the pervious concrete samples.
The fundamental mechanical characteristics of pervious concrete
can be measured using key indices, such as the compressive and
flexural strengths. As shown in Table 8, the pervious concrete
specimens exhibit significant variations in both compressive and
flexural strengths when subjected to various influences. The
maximum compressive strength among the tested pervious concrete
specimens is 27.32 MPa, while the minimum compressive strength
is 13.61 MPa. Similarly, the maximum flexural strength is 3.2 MPa
and minimum flexural strength is 2.1 MPa.

To determine the key factors influencing the compressive and
flexural strengths, an analysis using the extreme variance method is
necessary. The extreme variance analysis results for the compressive
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FIGURE 6
Rigid cluster model of aggregates transformed into the flexible cluster
model: (A) conversion of single rigid rock particles to flexible rock
particles; (B) conversion of rigid numerical model to flexible
numerical model.

TABLE 14 Analysis of extreme differences in permeability coefficients.

Parallel bond model (PBM) A-A W-W W-A

Elastic modulus (GPa) 4.2 4.2 3.0

Plastic modulus (GPa) 3.36 — —

Tensile strength (MPa) — 50 50

Cohesion (MPa) 14.5 20 20

Density (kg/m3) 2,680 1,000

Friction coefficient 0.70 0.01

strength are detailed in Table 9, while the results for the flexural
strength are presented in Table 10.

As illustrated in Table 9, the factors influencing the compressive
strength of pervious concrete in descending order of impact are the
WRA dosage, WCR, GGBFS dosage, DEP dosage, and FA dosage.
In the absence of other factors or properties, the key conditions for
achieving the highest compressive strength in pervious concrete are
a WCR of 0.3, DEP dosage of 8%, WRA dosage of 0.3%, FA dosage
of 10%, and GGBFS dosage of 5%.

As illustrated in Table 10, the factors influencing the flexural
strength of pervious concrete in descending order of impact are
WRA dosage, WCR, GGBFS dosage, DEP dosage, and FA dosage.

The optimum flexural strength of pervious concrete can be achieved
under the following conditions: WCR of 0.28, DEP dosage of 0%,
WRA dosage of 0.3%, FA dosage of 20%, and GGBFS dosage of 5%.

3.2 Effective porosity and permeability

The water permeability coefficient of pervious concrete was
calculated using the constant head technique, whereas the effective
porosity was determined using the mass approach. To ensure
accuracy, three specimens measuring 100 mm × 100 mm × 100 mm
each were assessed for each group.The average of the test results was
then used as the final data for each group. The measurement results
of the effective porosity andwater permeability coefficient are shown
in Table 11.

As seen from Table 11, various factors have different degrees
of influence on the effective porosity and permeability coefficient;
the effective porosities of most of the specimens meet the
designed porosity of 15%, while the permeability coefficients meet
the specification of 0.5 mm/s. The pervious concrete specimens
exhibited a minimum of 11.5% effective porosity and maximum
of 29.64%; similarly, the permeability coefficient ranged from
2.932 mm/s to 7.903 mm/s. To ascertain the principal elements
impacting the permeability coefficient and effective porosity of
pervious concrete, an analysis was conducted using the extreme
variance method. Tables 12, 13 display the results of the extreme
variance analysis for effective porosity and permeability coefficient,
respectively.

As illustrated in Table 12, the factors influencing the effective
porosity of pervious concrete in descending order of impact are
GGBFS dosage, WCR, WRA dosage, DEP dosage, and FA dosage.
In the absence of other factors or properties, the optimal conditions
forminimizing the effective porosity of pervious concrete are aWCR
of 0.25, DEP dosage of 4%, WRA dosage of 0%, FA dosage of 10%,
and GGBFS dosage of 15%.

As illustrated in Table 13, the factors influencing the
permeability coefficient of pervious concrete in descending order
of impact are DEP dosage, WCR, GGBFS dosage, WRA dosage,
and FA dosage. The optimal conditions for achieving the best
permeability coefficient for pervious concrete are a WCR of 0.25,
DEP dosage of 0%, WRA dosage of 0.1%, FA dosage of 10%, and
GGBFS dosage of 10%.

3.3 Freeze–thaw durability

Series 2 samples (100 mm × 100 mm × 300 mm) were prepared
using the best resultant preferred proportion (PC-M7) and were
subjected to freeze–thaw durability tests. Figures 5A, B, C illustrate
the mass and strength losses following 28 d of freeze–thaw damage
maintenance.Therewere no visible damages to the appearance of the
pervious concrete samples after 25 FTCs, suggesting that the impact
of 25 FTCs was not substantial. The strength and mass losses of the
Series 2 samples after 100 FTCs were lower than those of the control
pervious concrete samples (without cementitious materials).
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FIGURE 7
(A) Relationship between the uniaxial compressive strength (UCS) and number of freeze–thaw cycles (FTCs); (B) relationship between modulus of
elasticity and number of FTCs.

FIGURE 8
(A) Experimental and (B) simulation results for the stress–strain curves based on different numbers of FTCs.

4 Discrete element simulation

4.1 Validation and calibration of parameters

4.1.1 Calibration of parameters
Damage to pervious concrete is caused by a combination of the

cement paste bond location between the aggregates and damage to
the aggregates themselves. To replicate the actual damages to the
specimens, the non-flexible clusters must be converted to flexible
clusters to realize the actual fracture of the aggregates. The average
radius of the discrete metaparticles generated in the ball generation
command was controlled using the FISH language. To achieve
a compromise between computational efficiency and accuracy,
discrete unit particles with an average radius of 1.0 mm were used
instead of rigid aggregate clusters in the aggregate DEM developed
in this study. Figure 6 shows the generated flexible cluster model.

To reduce the complexity of parameter calibrations, the
particle and parallel bond moduli as well as the particle and
parallel bond stiffness ratios are usually considered equal.

In addition, the actual freeze–thaw damage occurs between
aggregate skeletons, so it is necessary to set the strength
values of water–water interparticle bonding and aggregate–water
interparticle bonding large enough to avoid affecting the
results. Along with the indoor test results, the trial-and-error
method was used to calibrate the fine-scale parameters, and the
model fine-scale parameters were finally obtained as shown in
Table 14 [36].

4.1.2 Fine-scale parameter validation
The experimental and numerical simulation results of pervious

concrete samples for different numbers of FTCs are displayed
in Figure 7. The dashed line in Figure 7 indicates that the UCS
and modulus of elasticity of pervious concrete are negatively
correlated with the number of FTCs. The stress–strain curves
from the simulations and tests are essentially similar, as seen
in Figure 8, suggesting that the numerical model is a superior
representation of the fundamental mechanical characteristics of
pervious concrete.
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FIGURE 9
Pore water/ice particle volume changes during the FTCs.

FIGURE 10
Expansion process of microcracks for (A) 0, (B) 25, (C) 50, (D) 75, and (E) 100 FTCs.

4.2 Numerical simulations

4.2.1 Effects of FTCs on pervious concrete
Thevolume changes of individual water particles were calibrated

during the FTC, and the changes in the volume of water particles
with temperature after 60 FTCs are plotted in Figure 9; it can be
seen that the amount of changes in the volume of the water particles

after freezing and thawing are relatively small during the early stages,
whereas these change aremore obvious in themiddle and later stages
of freezing and thawing.

The internal pore water in the frozen state undergoes volume
expansion, resulting in a freezing pressure due to pore expansion.
With each FTC, the pore volume increases, allowing more
water to enter during the next freeze. As a result, the volume
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FIGURE 11
Crack rose diagrams for (A) 25, (B) 50, (C) 75, and (D) 100 FTCs (tensile cracks in blue, shear cracks in red).

expansion of pore water increases again, leading to the formation
of microcracks. Figure 10 shows the distribution of microcracks
in the internal contact fracture after every 25 FTCs, and it can
be seen that microcracks are generated from the surface toward
the interior.

Figure 11 shows that after 25, 50, 75, and 100 FTCs, more
number of tensilemicrocracks are produced than shearmicrocracks,
indicating that tensile microcracks are dominant during the freezing
and thawing cycles. With the freezing and thawing cycle, the
tensile microcracks gradually develop and increase in all directions
mainly due to the decrease in temperature, whereby the pore
water particles become ice particles and expand, causing extrusion
of the surrounding rock particles. This is mainly attributable
to the volume expansion of the pore water particle phase into
ice particles with decrease in temperature, which results in
extrusion of the surrounding rock particle skeleton. In terms of the
shear microcracks, more disorder is observed while the numbers
produced in the prefreezing and thawing stages are small; the
development in the later stage is then relatively faster, indicating that
deterioration due to damage of the specimen is more significant in
the later stages of freezing and thawing.

Supplementary Figure S1 shows the distribution of cracks as
well as damage to the aggregates and bond point after uniaxial
compressive test of the specimens under different numbers of
FTCs. From Figure 10, it can be seen that the FTCs induced
cracks around the model and that the number of cracks in the
permeable concrete increased abruptly with increasing numbers of
FTCs, resulting in a decrease of the UCS. With increasing stress,
the cracks were gradually and mostly concentrated around the
freeze–thaw cracks, eventually forming the damage pattern shown
in Supplementary Figure S1.The model reflects the residual strains
generated and captures the cumulative damage of the pervious
concrete samples below the cracks through observation of the crack
formation process. The modulus of elasticity of pervious concrete
decreases as the number of FTCs increases, as shown in Figure 7B.
The experimental and simulated strain energies are computed by
Equation 12 and the stress-strain curves shown in Figure 8.

U = ∫σdε (12)

where U is the strain energy density; σ is the stress; ε is the strain.
Based on the stress–strain data of the specimens for different

numbers of FTCs, as shown in Figure 8A, the strain energies were
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calculated (Supplementary Figure S2). In the absence of FTCs, the
strain energy was measured as 70.66 kJ/m3. With increasing cycle
counts, this energy reduces to 67.21 kJ/m3 for 25 cycles, 22.64 kJ/m3

for 50 cycles, 12.46 kJ/m3 for 75 cycles, and 11.25 kJ/m3 for 100
cycles, marking reductions of 6.30%, 67.96%, 82.37%, and 84.10%,
respectively, compared to the absence of FTCs. As a result, the strain
energies of the specimens and number of FTCs have an inverse
relationship consistent with the patterns seen in UCS and changes
in modulus of elasticity with increasing numbers of FTCs.

4.2.2 Impact of porosity on pervious concrete
under FTC regulation

Four samples with different porosity levels (10%, 15%,
20%, and 25%) were tested through FTCs to examine the
effects of porosity on pervious concrete while maintaining all
other microscopic parameters constant. The results showed that
samples with higher porosities were more prone to rupture,
as shown in Supplementary Figure S3. This indicates that porosity
has a direct effect on the mechanical properties of pervious concrete
in the presence of FTCs. The axial compressive strength of pervious
concrete after 50 FTCs showed that the modulus of elasticity and
UCS are closely correlated with porosity. The initial UCS and
modulus of elasticity are maximal at 29.86 MPa and 11.21 GPa,
respectively, for pervious concretewith 10%porosity. As the porosity
increased from 10% to 25%, the UCS and elastic modulus decreased
gradually.

Supplementary Figure S4 illustrates the manner in which
porosity directly affects the decay constants for the modulus of
elasticity and UCS, indicating that porosity directly affects the
performance of pervious concrete following repeated FTCs. For
instance, after 50 FTCs, the UCS of pervious concrete with 10%
porosity was 27.68 MPa; after 50 FTCs, the UCS dropped by 4.12%
from the starting value. Following 50 FTCs, the loss rate of the
UCS increased with porosity, reaching 7.16%, 12.46%, and 16.35%.
The starting UCS, modulus of elasticity, decay constant, and FTC
fluctuation pattern for the simulations are in agreement with the
experimental findings. The is mainly because large pores are the
weak points of stress transfer in pervious concrete, and higher
porosity means that the stress concentration is more visible. The
integrity of the specimens was severely damaged as a result of more
water being pumped into the pores following the FTCs.

5 Conclusion

The present study involved various formulations of pervious
concrete, with differences in the amounts of DEP, WRA, FA, and
GGBFS used, for assessing the effects of FTCs and measuring the
compressive strengths of the samples following a standard 28-day
curing period. Next, using PFC3D as the evaluation framework,
an actual aggregate model of pervious concrete was created. The
damage caused by repeated FTCs to pervious concrete as well as the
correlations among initial UCS, porosity, and decay constant were
examined using a PBM. The following are the primary conclusions
of this study:

(1) Compared to the control group, the addition of 8% DEP, 0.2%
WRA, 10%FA, and 5%GGBFS to pervious concrete based on a

WCRof 0.28 resulted in strength losses of 0.62%, 2.17%, 4.06%,
and 5.87% after 25, 50, 75, and 100 FTCs as well as mass losses
of 0.66%, 0.89%, 1.21%, and 6.66%, respectively.

(2) Using PFC3D software, models of pervious concrete were
created based on actual aggregates, and the accuracies of
these PBM-based models were confirmed by contrasting
the outcomes of numerical simulations with experimental
data. The mechanical parameters of pervious concrete were
numerically calculated after 25 FTCs through uniaxial
compressive tests, and the findings showed good agreement
with the experimental data. These results provide reference
values for practical applications.

(3) Bymonitoring the locations of cracks and compression failures
in the broken samples and by creating a complete record of the
damage process, the simulation results of the gradual damage
process of pervious concrete were obtained, providing effective
and feasible technical references for actual conditions.

(4) Using various porosity and starting UCS values for pervious
concrete, the impact on the decay constant was examined.
The modulus of elasticity and decay constant of UCS were
directly correlated with porosity, suggesting that the FTCs had
greater impacts on pervious concrete with higher porosities.
Conversely, the initial UCS and its decay constant are inversely
related. As a result, the decay constants of UCS and elastic
moduli of pervious concrete can be easily calculated following
an arbitrary number of FTCs by considering the initial values.
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