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ARTICLE INFO ABSTRACT

Keywords: Pervious pavements materials (PPMs) are prospective functional materials with the potential to make urban

Pervious pavement materials areas more environmentally friendly. In this study, the effects of polymer binders on the mechanical and

E(’lyurethane microstructural properties of PPMs are analyzed experimentally and through machine learning. Polyurethane
PpOXy

and epoxy, which are widely used due to their reasonable cost and high performance, are considered as polymer
binders, and specimens with different aggregate size distributions are fabricated using these polymers. The
mechanical properties of the specimens are analyzed using compressive and flexural strength tests, freeze—thaw
durability tests, and water permeability tests. Then, the internal microstructure is characterized using micro-
computed tomography, including the pore size distribution, pore sphericity, anisotropic ratios of the pores,
pore tortuosity, and aggregate sphericity. The correlation between the mechanical properties and the pore
structure is analyzed. The aggregate size distribution and the polymer viscosity affects the size of the internal
pores, and thus the mechanical properties. Finally, machine learning is used to develop a model that can predict
the microstructural properties and compressive strength of PPMs according to the aggregate size distribution and
the properties of the polymer. The model was validated using experimental data, and the methods used in its
creation could be used to derive a general model for PPMs.

Micro-CT analysis
Machine learning

1. Introduction

There is growing concern regarding abnormal weather and envi-
ronmental pollution worldwide. As part of efforts to address these
concerns, various studies have attempted to improve the functionality
and stability of pavement surfaces in urban areas [1,2]. The durability of
a permeable material can deteriorate due to freezing and thawing cycles
[3,4]. This increases maintenance costs and can cause accidents as the
surface breaks down [5-7]. Hence, there has been particular interest in
the development of environmentally friendly and highly durable pave-
ment materials.

‘Greenness’ describes the quality of not damaging the environment.
Pervious pavement materials (PPMs) are functional materials with high
feasibility that could be used to improve the greenness of urban areas
[8]. In particular, PPMs with large pore structures reduce traffic noise
and road surface heat, aid in water management such as recharging
groundwater, and help to protect the local ecosystem. Sun et al. reported
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that increasing the size of the aggregate in PPMs increased the total
porosity and water permeability, but decreased the compressive
strength [9]. A similar study showed that decreasing the size of the
aggregate increased the strength of the specimens [10]. Zhong and Wille
showed that this strength enhancement was a result of an increase in the
total bond area between neighboring aggregates [11]. In addition, Liu
et al. investigated the correlation between the strength, permeability,
and freeze-thaw durability of pervious concrete according to changes in
the aggregate size and water-binder ratio. They showed that increasing
the porosity improved the permeability, but decreased the overall me-
chanical performance [12]. Cosi¢ et al. also demonstrated that
increasing the fine aggregate content improved the flexural strength of
porous materials [13].

Conventional permeable pavements used in urban environments are
generally fabricated using cement and asphalt binders, which have ad-
vantages in terms of cost and constructability. However, they have
relatively poor abrasion resistance and load-bearing capacity due to the
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brittle nature of cement. Tire-road noise is also recognized as a major
issue for porous concrete [14,15]. To address this, water-permeable
pavements that use a polymer with high toughness and excellent envi-
ronmental durability as a binder have been investigated. Recently,
various high-performance polymers have been applied in the construc-
tion field at competitive prices, and this trend is expected to accelerate
in future.

Lu et al. developed a polyurethane (PU) binder-based water perme-
able material and analyzed its dynamic response to pore water pressure.
When the permeable material was subjected to cyclic loading, the pore
water pressure was much larger than the pore air pressure, which was
negligible [16,17]. Wang et al. studied the mechanical behavior of
multiple-polymer—asphalt mixtures containing an anti-rutting agent,
polyethylene, and styrene-butadiene styrene [18]. The energy con-
sumption increased as the polymer content increased, but the multiple-
polymer modified binder reduced fatigue. Lu et al. evaluated the envi-
ronmental effect of cold mixing a polymer composite-based permeable
pavement. PU binder-based pavements have high toughness and are
environmentally friendly compared to stone mastic asphalt and con-
ventional porous asphalt [19]. A bio-based PU binder containing recy-
cled ceramic aggregate also developed as a permeable pavement
material to help improve the environmental effects [20].

Extensive research has been conducted on the polymer-based
pervious materials, and they have been successfully applied in various
construction fields. However, the comprehensive understanding of these
pervious materials is still restricted by the differences in polymers used
in each research. Furthermore, there is still a lack of detailed research on
internal structures and pore characteristics of PPMs. Therefore, it would
be beneficial if the dependence of compressive strength/flexural
strength, freeze-thaw resistance, and permeability coefficient on poly-
mer type is systematically examined for a single well characterized
system. In combination with experimental observations, computational
interpretation will also help to gain a deeper understanding of the PPM
and simultaneously develop its design rule.

Past studies have shown that the water permeability and mechanical
characteristics of PPMs are greatly affected by the by the size of the
aggregate. However, few studies have comprehensively analyzed the
internal structure and mechanical performance of specimens with
different binders. In this study, two types of binders, PU and epoxy, will
be applied to a combination of aggregates, whose permeability was
verified in other works, so that their characteristics can be analyzed.
Fine aggregates will be incorporated into the specimens to control the
internal voids and structures of the specimens. The compressive
strength, flexural strength, freeze-thaw resistance, and permeability
coefficient of each specimen will be measured, and the internal structure
will be investigated using micro-computed tomography (CT). This will
include analysis of the pore size distribution, pore sphericity, anisotropic
ratios of the pores, pore tortuosity, and aggregate sphericity. In addition,
a model based on machine learning will be proposed to predict the voids
and compressive strengths of specimens according to the combination of
aggregate and the properties of the polymer.

2. Methods
2.1. Materials

Epoxy and PU mortar binders were selected for the purpose of
comparing the strength of PPM specimens. The aggregates consisted of
size #2, #3, #6, and #8 silica sands with diameters of 2-5, 1-2, 0.2-0.4,
and < 0.1 mm, respectively. Note that the smaller numbers indicate
larger grains with a rougher surface. The particle size distribution of
each aggregate is shown in Fig. 1. The PU binder consisted of a resin (HS-
S100A, Hanseo Polymer Inc.) and a hardener (HS-S100B, Hanseo
Polymer Inc.). The epoxy binder consisted of a resin and hardener (RM-
200F, CheongWon chemical Co., Ltd.). The density and viscosity of the
polymers are summarized in Table 1.
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Fig. 1. Particle size distribution in aggregates and specimens.

Table 1
Density and viscosity of polymers.

Parameters Value

PU (HS-S100AB) Epoxy (RM-200F)

Density (g/cm®) 1.05 1.21
Viscosity (cps) 1250 3000

The ratios of resin to hardener for the PU and epoxy were 1:2.36 and
4:1 by weight, respectively. The proportions of binder and aggregate
were determined based on a previous study on PPMs, and they are
shown in Table 2. Each specimen was labeled according to the type of
binder and the mix ration of aggregate #2. Specifically, P and E indicate
PU and epoxy, respectively, and 60 and 72 denote the weight ratio of
aggregate #2 with respect to the total amount of aggregate. For
example, P60 is a specimen composed of PU binder containing 60 wt%
of aggregate #2. The binder to aggregate weight ratio (B/A) was set to
0.09% of the total amount of aggregate. The cumulative distributions of
the aggregates in the specimens are shown in Fig. 1.

2.2. Experimental

The specimens were manufactured as follows. First, the aggregates
were blended in a bowl for 3 min using a paddle mixer. Meanwhile, the
resin and hardener for the binder were blended in another bowl for 1
min. Second, the blended binder was poured into the bowl containing
the blended aggregates. The mixture of binder and aggregate was
blended for 5 min. Third, the mixture was cast into molds for the
compressive strength and freeze-thaw resistance tests (¢100 x 200
mm3), flexural strength tests (150 x 150 x 700 mm3), water perme-
ability coefficient tests (300 x 300 x 65 mmg), and micro-CT analysis
(25 mm?). Both the PU and epoxy PPM specimens were cured under
ambient conditions for 3 d. Next, the specimens were demolded and
cured under ambient conditions for another 4 d before they were used
for the compressive, flexural, freeze-thaw, and water permeability tests.

Table 2
Mix ratios of PU- and epoxy-based PPMs.
Specimen Mix ratio of aggregate B/A?
#2 #3 #6 #8
P60 0.60 0.20 0.20 - 0.09
P72 0.72 0.18 - 0.09
E60 0.60 0.20 0.20 -
E72 0.72 0.18 - 0.09

1. Range of aggregate size: #2 = 2-5 mm, #3 = 1-2 mm, #6 = 0.2-0.4 mm, #8
=< 0.1 mm.

2. Weight ratio of binder to aggregate (B/A). Ratio of resin to hardener was 4:1
by weight.
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2.2.1. Compressive and flexural strength test

A universal testing machine (UTM, HST-200CS, Hanshin Kumpung
Inc, Republic of Korea) with a load cell of 2000 kN was used for the
compression and flexural tests [18,21]. The compression tests were
conducted in accordance with ASTM C39. The flexural strength was
measured using a four-point bending test in accordance with ASTM C78.
In both tests, a strain rate of 1 mm/min was applied for the displacement
control. The measured load (N) on each sample was converted to
strength (MPa).

2.2.2. Freeze—thaw test

The freeze-thaw tests were conducted in accordance with ASTM
C666. After curing, the specimens (¢100 x 200 mm?) were immersed in
water for 4 d, then the surface was wiped dry. The specimens were
placed in a rapid freeze-thaw test machine set to a temperature range of
—20-20 °C. The freeze-thaw durability was estimated by measuring the
compressive strength after 200 freeze-thaw cycles. The compressive
strengths of the freeze-thaw specimens were divided by the normal
compressive strength to calculate the reduction ratio.

2.2.3. Water permeability test

The water permeability coefficients of the PPM specimens were ob-
tained in accordance with ASTM C1782. The specimens were fixed in the
formwork and tightly sealed with rubber or sealing material to prevent
water from leaking out of the block. Water was poured onto the upper
side of the specimen until it overflowed, and the water level was
adjusted to keep it constant. After measuring the amount of water that
drained in 30 s, the permeability coefficient was calculated using the
equation K = (dQ)/(hAt). Here, K denotes the permeability coefficient
(mmy/s); d is the thickness of the specimen (mm); Q is the amount of
runoff water (rnms); his the change in the water level (mm); A is the area
of the specimen (mmz); and t is the measurement time (30 s).

2.3. Microstructural characterization

In cement-based materials, particularly pervious materials, the pore
structure is critical in determining the properties of the material. Several
approaches can be used investigate the microstructure of a material, and
micro-CT was selected to investigate the PPM specimens in this study.
Micro-CT is a nondestructive method that can be used to visualize the
inner structure of a target material without damaging the specimens
[22-24]. It can also be used to examine the inside of pervious materials.
Various standards for testing the permeability of construction materials
have been published [25-27]; however, most of them relate to cement-
based materials, and cases of quantitative analysis using CT are rare. In
this study, various properties of the internal structures of the specimens
were measured using micro-CT, and the effect of porosity on the me-
chanical properties of the polymer-based pervious materials was
investigated.

Fig. 2 shows the imaging procedure used to visualize the pore
structure, with specimen E72 as an example. In general, the 8-bit
reconstructed micro-CT image consisted of a grayscale image with 256
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values between 0 and 255, as shown in Fig. 2(a). For an effective
investigation, a region of interest (ROI) was selected from the original
image, which consisted of 1000 x 1000 pixels, each with a diameter of
16.03 pm (Fig. 2(b)). The ROI image was segmented into solid areas and
pores by selecting an appropriate threshold value. The modified Otsu
method [28] and manual selection were utilized to select this value.
Fig. 2(c) shows a binarized image, where the white regions represent the
pores and the black regions represent solid areas, such as the aggregates
and binder. The pores were the main target of the micro-CT imaging, so
the porous regions of each specimen were visualized in 3D by stacking a
series of binary images. Fig. 2(d) shows a 3D image of the pores in
specimen E72. Characteristics such as the porosity and pore size distri-
bution can be examined using this image.

The permeable characteristics of the specimens, specifically the
tortuosity, were also investigated using the volumetric pore images.
Tortuosity 7 is an index that describes the curvature of a pore path,
which can be used to evaluate the connectivity and spatial heterogeneity
of the pore distribution [29,30]. It can be defined as the ratio between
the length of the curved path and the shortest distance between the
target points. Fig. 3 shows a schematic diagram of the parameters used
to determine the tortuosity. Here, Lyve denotes the actual distance of
the curved path, and Lgp is the minimum distance between the points.
The A-star algorithm, a method of finding the minimum path between
selected points, was used to compute L. The details of this method
were reported by Zeng and Church, and Chung et al. [31,32]. Once Leyrve
was computed, the tortuosity was obtained using the equation 7 = L¢yrve/
Lshort. The tortuosity of each specimen was examined using the volu-
metric pore image, and its correlation with these properties was
investigated.

2.4. Machine learning model

Machine learning was used to predict the voids and compression
strength of specimens according to the material formulation. A multi-
gene genetic programming (MGGP)-based GPTIPS was adopted to
identify correlations in the experimental data and drive model discovery
[33,34]. GPTIPS is a technique based on the process of biological evo-
lution, and it selects the optimal solution group through processes of
selection, crossing, mutation, and substitution. The process of deter-
mining the optimal solution is performed repeatedly by selecting an
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Fig. 3. Schematic of distances used to compute tortuosity where L. is the
curved actual path, and L, is the shortest distance between the target points.

Fig. 2. Micro-CT imaging procedure with specimen E72 as an example. (a) Reconstructed micro-CT image, (b) region of interest (ROI), (c) binary image (black

denotes solid regions and white denotes pore regions), and (d) 3D pore volume.
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arbitrary value, then substituting some of the existing data according to
its fitness. To prevent convergence to an incorrect value, mutations
occur with a certain probability in the process of creating new values,
thereby increasing diversity. The main parameters are the number of
populations in one generation, and the selection of data that is crossed
out to form the next generation. In this study, the number of populations
in a generation was set to 150. The crossover for the next generation was
constructed using the tournament method, and four objects were
selected from the existing populations. This process was repeated 250
times to perform optimization.

The majority of studies on pervious materials have used classical
continuum mechanics models to investigate the porosity—strength rela-
tionship. However, this makes it difficult to develop a unified constitu-
ent model for various PPMs because there are large variations in the
data. In contrast, this study used an approach based on machine learning
that was able to connect various defined inputs and outputs to derive an
optimal correlation. The proposed model selects the most influential
constants by assigning weights to the input data, and creates a model
equation from these constants. This technique has the potential to derive
a general model once sufficient data on the various constituents of PPMs
have been accumulated. The MATLAB code used in the simulation is
included in the supplementary information.

The machine learning was conducted in two stages. First, the MGGP
model was used to estimate the volume fraction of the pores in the
specimen by setting the input values to the average particle size and
weight ratio of the aggregates, and the elastic modulus and viscosity of
the polymer binders (Fig. 4(a)). The compressive strength of the spec-
imen was then predicted based on the input variables with the porosity
value added to the original input variables, as shown in Fig. 4(b). The
validity of each analysis was verified by comparison with the micro-CT
and compressive strength test results.
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3. Results and discussion
3.1. Mechanical properties

Fig. 5(a) shows the compressive strength test results for each of the
PPMs. In the specimens with PU binder, P72 had lower compressive
strength than P60. In contrast, in the specimens with epoxy binder, E72
had higher compressive strength than E60. Moreover, both the speci-
mens with epoxy binder had higher compressive strength than either of
the specimens with PU binder. Despite containing the same combination
of aggregates, the compressive strength of E60 was approximately 1.7
times higher than that of P60, and the compressive strength of E72 was
approximately 4.5 times higher than that of P72.

The flexural strength test results showed no significant differences
according to the polymer or aggregate type, as shown in Fig. 5(b).
Specimens of P60 and E60 had the lowest and highest flexural strengths,
respectively. However, these differences fell within the error range of
the test, so it is difficult to conclude that there was a clear distinction
between the samples. Fig. 5(c) shows the freeze-thaw test result.
Freeze-thaw resistance can be defined as the compressive strength
reduction ratio after the freeze-thaw test. Overall, the PU-based speci-
mens were more vulnerable to freeze-thaw than the epoxy-based
specimens.

The difference in the compressive strength of the specimens ac-
cording to the type of binder can be attributed to the intrinsic properties
of the polymers. According to the manufacturers (Hanseo Polymer Inc.
and CheongWon chemical Co., Ltd.), the compressive strengths of PU
and epoxy are 16 and 85 MPa, respectively; that is, the epoxy is
approximately 5.3 times stronger than the PU. The significant difference
in the compressive strength of the two polymers was reduced when they
were mixed with aggregates. This is because the properties of the

Polymer binder properties:
* Compressive strength: @

* Viscosity: @

4 ™~ Aggregate properties of N phase
(N=2,3,6,and8)
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Fig. 4. Schematic illustrations of (a) input variables considered in the analysis and (b) the two steps of the machine learning model.
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tance results for the PU- and epoxy-based PPMs.

polymers were tempered when they were mixed with a relatively high
volume of aggregate.

The viscosities of PU and epoxy at room temperature (~20 °C) were
1250 and 3000 cps, respectively, thus the viscosity of epoxy was
approximately 2.4 times higher than that of PU. The mixing ratio of the
resin and hardening materials was identical to that reported in the
previous section. Lower viscosity is generally advantageous for the
fabrication of composite materials [35,36]. However, in this study, the
low viscosity polymer had an adverse effect on the compressive strength
of the specimens. This is because the polymer was excessively well
dispersed and formed relatively thin polymer chains between the ag-
gregates [37]. Thus, a low-viscosity well-dispersed polymer can improve
the integrity of the material, but it may not perform well in terms of
energy absorption under compressive loading [38]. In addition, E72 was
composed of coarser aggregates than E60, so the benefits of a low vis-
cosity polymer may not have been exhibited clearly.

However, the low viscosity is thought to have had a positive effect on
the flexural strength because the evenly distributed polymer chains in-
side the specimens helped to resist fractures caused by bending.
Therefore, there was not as much difference in the flexural strength of
the specimens with different polymers, compared to the compressive
strength, as shown in Fig. 5(b). The freeze-thaw resistance showed a
similar trend to the flexural strength. The PU-based specimens were
vulnerable to freeze-thaw, and the epoxy-based specimens showed
greater resistance. This is probably because the load applied to the
specimen by freezing and thawing is closer to tension than compression,
along with high mechanical properties inherent in the polymers.

3.2. Pore characteristics from micro-CT analysis

For cement-based materials, including pervious concrete, the pore
structure is one of the most important factors in determining the ma-
terial properties, such as the compressive strength and permeability. In
this study, the pore characteristics of the samples were investigated
using micro-CT data. Fig. 6 shows an illustration of the pores in each
specimen. Only pores larger than 32 pm were considered owing to pixel
(or voxel) size used.
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P60

E60

Fig. 6. Pore volume image for each specimen. The gray regions represent the
pore paths within the specimens.

E72

As shown, each case contained dominant pore networks that passed
through the entire specimen, and numerous locally dispersed pores were
also found visually and statistically. For a quantitative investigation, the
porosity of the specimens was evaluated using the number of pore voxels
within the samples. The computed porosities of specimens P60, P72,
E60, and E72 were 32.03%, 31.01%, 31.08%, and 29.61%, respectively.
All the specimens had similar porosity, although E72 had slightly lower
porosity than the other specimens. This indicates that the pore volume is
not a critical factor in the compressive strength of the specimens, and
other characteristics should be considered to determine the correlation
with the mechanical properties.

In addition to the porosity, the pore size distribution of the specimens
was examined. Fig. 7 shows the pore size distribution for each specimen.
Large pore clusters penetrating the specimens were not considered, and
only local pores were included. The figure shows the relative difference
in the pore size characteristics of each material. In the PU-based speci-
mens, P72 contained larger pores than P60, which could be responsible
for its lower compressive strength, as shown in Fig. 5. Conversely, in the
epoxy-based specimens, E72 had a higher proportion of small pores than
E60, which may account for its relatively high compressive strength.

For a more detailed investigation of the pore characteristics, the pore
shape was also investigated. Wadell’s sphericity, an index that describes
the degree of equiaxed shape, was used to characterize the pore shape
quantitatively. It is defined as the ratio between the surface area of a
target pore and the surface area of a sphere with the same volume as the
pore [39]. The sphericity has a value between 0 and 1, where a value of 1
indicates a pore that is perfectly spherical. As with the pore size distri-
bution, only locally dispersed pores were considered. Fig. 8 shows the
sphericity of the pores in each material. Among the specimens, P72 had
a higher proportion of more anisotropic pores than the other specimens,
which may account for its lower compressive strength [40]. Among the
epoxy-based specimens, E72 had a higher proportion of pores with a
sphericity of 1; that is, specimen E60 had greater anisotropy, which
could reduce the compressive strength.

In addition to the sphericity, the anisotropic ratio of each pore was
examined. The anisotropic ratio was defined as the ratio between the
maximum and minimum principal axes of the pores. The anisotropy
ratio can have values greater than 1, and a value of 1 denotes an
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Fig. 7. Pore size distribution in each specimen. Only pores greater than 32 pm were included, and large pore clusters penetrating the specimen were not considered.
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Fig. 8. Sphericity of pores within the specimens. (Sphericity of 1 denotes a completely spherical pore.)

isotropic pore. Fig. 9 shows the anisotropic ratio of the specimens. As
with sphericity, P72 contained a greater proportion of pores with a high
anisotropic ration than the other specimens. Compared to the PU-based
specimens, the epoxy-based specimens with the same mix proportions
tended to have a lower anisotropic ratio. This indicated that the epoxy-
based specimens contained relatively isotropic pores, which improve the
mechanical properties, and the anisotropic ratios show the same trends
as sphericity.

The sphericity of the aggregate particles was also investigated, as
shown in Fig. 10. The sphericity of the aggregates in the PU- and epoxy-
based specimens were similar, and in each case the 72-series specimens
had slightly larger sphericity values. In particular, the aggregates in
specimen P72 had a slightly higher proportion of relatively low (<0.4)
sphericity, which contributes to the aforementioned anisotropic pores of
the specimen.

The permeable characteristics, specifically the tortuosity, were also
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Fig. 10. Sphericity of aggregates within the specimens (Sphericity of 1 denotes completely spherical aggregate.)
evaluated using the micro-CT data. Tortuosity can be used as an index to indicate more complex pore structures. The results for the specimens are

describe the complexity of the pore channel where the minimum value is shown in Fig. 11. All the specimens showed similar general trends, but
1, which denotes approximately straight pores, and higher values the relative frequency differed slightly. The PU-based specimens had
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slightly higher tortuosity than the epoxy-based specimens, which in-
dicates that the curvature was more complex. In both the PU- and epoxy-
based specimens, the distribution and average value of the tortuosity
tended towards higher values in the 60-series specimens than the 72-se-
ries specimens. This was mainly due to the difference in the size of the
aggregates. Among the specimens, E72 was considered to have superior
permeable characteristics as it contained a higher proportion of rela-
tively low tortuosity pores. In general, higher tortuosity indicates a
longer pore path, which reduces the compressive strength [41].
Accordingly, the tortuosity results in this study closely coincide with the
trends in compressive strength.

Overall, the characteristics observed using micro-CT, including the
pore size distribution, pore shape, and tortuosity, consistently showed
that specimen E72 had the most desirable properties in terms of pore
structure. This correlated with the compressive strength, which also
confirms that the relative strength can be predicted from the detailed
pore characteristics. The permeability coefficients for specimens E60,
E72, P60, and P72 were 0.4, 0.9, 0.6, and 2.2 mm/s, respectively. As
with the CT analysis, specimen E72 was found to have the highest
permeability. In addition, the permeability coefficient of P72 was more
than twice that of P60. Thus, it could be concluded that the combination
of aggregates in the 72-series specimens is advantageous in terms of the
permeability performance of PPMs.

3.3. Machine learning simulation results

For permeable materials, the internal porosity ratio affects the
overall performance of the material, but it is quite difficult to measure
quantitatively. This study attempted to derive a model based on the
viscosity of the polymer V, the weight ratio of the aggregates W, and the
mean aggregate size S. For W and S, the values corresponding to each
aggregate (#2, 3, 6, and 8) are indicated with subscripts. For example,
We denotes the weight fraction of aggregate #6 in the specimen, and S3
denotes the mean particle size in aggregate #3, which was 1.5 mm. A
model equation with more variables can improve the precision of the
results, but there is a concern that the equation may become compli-
cated and difficult to use [42]. Hence, the most influential factors were

selected for use in the adopted GPTIPS approach, and terms with less
influence were excluded. It was determined that V, W5, and Wg had the
greatest effect on the void, and a model based on machine learning was
derived. This is given by the equation

P = 0.34—0.02W, —8.8-10° <\/W2 - VWZWX) ~57.107%v 1)

where P indicates the volume fraction of the internal pores, V de-
notes the viscosity of polymer binder, and W5 and Wg are the weight
fractions of aggregates #2 and #8, respectively. Although S 3 ¢ g and
W3, ¢ were initially applied as input values, they were excluded from the
final expression. This is because their effects were relatively insignifi-
cant compared to the other factors, so they were removed to make the
model formulation more concise.

The most distinguishing feature of pervious materials was considered
to be their high porosity compared to other materials, so this was
selected as the main factor for the simulation. An equation for predicting
the compressive strength of a specimen was then established by adding a
porosity term to the compressive strength of the polymer. This gave the
expression

C" =731.5P—79.7W; +0.18C — 230.4 &)

where C* denotes the compressive strength of the specimen. Fig. 12
(a) shows a comparison between the compressive strength values pre-
dicted by Eq. (2) and the experimental results. There was a fairly high
degree of regularity in this experiment, which resulted in good agree-
ment. Based on Eq. (2), the results for additional conditions that were
not tested previously (C = 10, 50, and 90 MPa; V = 1000, 2000, and
3000 cps) were predicted, as shown in Fig. 12(b). When a polymer
binder with high compressive strength was used, the effective
compressive strength of the pervious specimen increased. In addition,
the rate of increase was greater between the relatively low and inter-
mediate levels, than between the intermediate and high levels. As the
viscosity increased, the strength decreased, but the effect was insignif-
icant. This is considered to be a limitation of this study, in that experi-
ments were not performed using polymers with different viscosities.
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Fig. 12. (a) Machine learning predictions for the compressive strength of the specimens and (b) parametric predictions with higher T and P values.

3.4. Comparisons with literatures

The results of this study are shown in Table 3. There were no prior
studies that comprehensively tested the compressive, flexural, freeze-
—thaw, and permeability properties of pervious materials. However, for
comparison, the results of similar studies are also presented. The ma-
jority of the existing studies tested the compressive and flexural strength
of pervious materials, and the freeze-thaw resistance and permeability
coefficients were sometimes investigated. In this study, the compressive
strength of the epoxy-based specimens was lower than that reported
elsewhere, but the flexural strength was higher. This is probably due to
the inherent high tensile strength of the polymer binders [43]. The
freeze-thaw durability results were similar to those reported elsewhere.

According to ASTM C1701, the minimum permeability coefficient
that guarantees water permeability is 1.5 mm/s, and it is necessary to
achieve a value greater than this criterion [44]. However, other per-
formance characteristics could vary according to the application, and no
clear criteria are given. The Republic of Korea requires a compressive
strength of at least 10 MPa for pervious pavements applied to sidewalks,
and at least 15 MPa for bicycle paths and parking lots [45]. In addition,
for cement-based permeable paving materials applied to construction
sites in Korea, a flexural strength of at least 2 MPa and coefficient of slip
resistance of at least 40 are required. As shown in Table 3, most of the
indicators exceed these requirements, and the flexural strength of the
specimen is significantly improved. Based on the overall test results, the
proposed specimens could soon be applied in industrial fields once the
price becomes competitive and the manufacturing process is optimized.
The experimental results in this study indicate that E72 may have the
highest field applicability among the four candidate groups. Moreover,
E72 has a high coarse aggregate content (#2), so it is also expected to
have excellent water permeability and manufacturability.

4. Conclusions

Experimental and computational investigations of epoxy- and PU-
based PPMs were conducted in this study. A series of compressive
strength, flexural strength, freeze-thaw durability, and permeability
tests were carried out in accordance with the relevant standards, and the
experimental data were applied to machine learning. From this, the
following conclusions can be drawn:

(1) The volume fraction of pores in the polymer-based PPMs was
29-31%.

(2) Compared to the PU-based PPM, the compressive strength of the
epoxy-based PPM was approximately 2.6 times higher, and the
flexural strength was approximately 1.5 times higher.

(3) The aggregate combination and polymer viscosity affect the size
and shape of the internal pores, and a large number of small
spherical pores were formed in specimen E72. It is believed that
this affected the mechanical properties of E72.

(4) A machine learning model considering various material constit-
uents was applied, and the effectiveness of the model was vali-
dated by using experimental data.

Machine learning simulations perform better with large amounts of
data, and the amount of training data in this study was relatively small,
reflecting a limitation of this work. However, although the amount of
data was insufficient, the techniques presented could be used to derive a
general model, once a sufficient amount of data on PPMs have been
accumulated. The proposed framework is versatile, and it is expected to
be applied to various pervious materials. However, the machine learning
model should be compared with additional experimental studies
considering different types of polymers, aggregate combinations, and

Table 3

Test results for PPM specimens and comparison with other studies.
Binder Compressive strength Flexural strength Freeze-thaw resistance* Permeability coefficient(mm/ Reference

(MPa) (MPa) (%) s)

PU (P60) 7.21 5.35 —21.24 0.4 Present
PU (P72) 3.49 7.71 —20.57 0.9 study
Epoxy (E60) 12.45 9.03 —-11.22 0.6
Epoxy (E72) 16.03 7.46 —15.15 2.2
Cement + styrene-butadiene 24.5 4.2 -13 - [46]
Cement + vinyl-acetate 50 5.1 -10 - [46]
Cement + butyl styrene 20.76 - - 0.54 [47]
Cement + polyvinyl 19.8 - - 0.43 [47]
PU 6.2 - - 8 [20]
Styrene butadiene rubber 9.3 2.3 - - [48]
Vinyl acetate ethylene + acrylic 36 5.5 - - [49]

emulsion

*Compressive strength reduction ratio after freeze-thaw test.
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test conditions for more reliable predictions. This will be explored in
future works.
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