Ues materials

Article

Mechanical and Microscopic Characteristics of
Polyurethane-Based Pervious Pavement Composites

Hongdong Cho !'*, Hongsu Bae I, Chanho Park !, Hyeong Min Park !, Seo-Eun Oh %, Sang-Yeop Chung >*

and Beomjoo Yang 1-*

check for

updates
Citation: Cho, H.; Bae, H.; Park, C.;
Park, HM.; Oh, S.-E.; Chung, S.-Y.;
Yang, B. Mechanical and Microscopic
Characteristics of Polyurethane-Based
Pervious Pavement Composites.
Materials 2021, 14, 4365. https://
doi.org/10.3390/ma14164365

Academic Editor: Cesare Sangiorgi

Received: 9 July 2021
Accepted: 31 July 2021
Published: 4 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Civil Engineering, Chungbuk National University, 1 Chungdae-ro, Seowon-gu,

Cheongju 28644, Korea; chohd84@hanmail.net (H.C.); bhs0038@chungbuk.ac.kr (H.B.);

pch358925@naver.com (C.P.); ei.pothic@gmail.com (H.M.P.)

Department of Civil and Environmental Engineering, Sejong University, 209 Neungdong-ro, Gwangjin-gu,

Seoul 05006, Korea; ohseoeun21418@sju.ac.kr

*  Correspondence: sychung@sejong.ac.kr (S.-Y.C.); byang@cbnu.ac.kr (B.Y.); Tel.: +82-2-6935-2471 (S.-Y.C.);
+82-43-261-2402 (B.Y.); Fax: +82-2-3408-3813 (S.-Y.C.); +82-43-275-2377 (B.Y.)

t These authors contributed equally to this work.

Abstract: Conventional pervious pavement materials (PPM) that consist of cement and aggregate
materials are known for poor durability due to their brittle behavior. Thus, to enhance the durability,
we fabricated polymeric PPMs from durable and abundant polyurethane (PU) and undertook
mechanical and microscopic characterizations. PU-based PPM samples with varying aggregate sizes
were produced and examined to test their compressive strength and water permeability. Furthermore,
X-ray micro-computed tomography (micro-CT) was implemented to analyze the samples’ pore and
tortuosity characteristics. Through the micro-CT analysis, the morphological characteristics of PPM’s
internal structures were identified and quantitively analyzed the correlations between the pore size
distribution, connectivity, and tortuosity within the samples. Finally, the microstructures derived
from micro-CT were generated as a finite element model and also numerically determined the stress
distribution generated inside.

Keywords: pervious pavement; polyurethane binder; micro-CT analysis; mechanical properties;
microscopic characteristics

1. Introduction

With regard to recent climate change technologies, the permeable function of pavement
materials is gradually becoming more important to maintain material performance capa-
bilities and improve urban environments [1,2]. The main benefit of permeable pavements
is their ability to transport water through their structures, which prevents environmental
damage caused by stormwater runoff or flooding [3]. Other environmental benefits of the
permeable pavement include the ability to reduce urban heat island effects and prevent
the penetration of harmful pollutants into the groundwater [4]. Construction pavement
exposed to the outside air frequently undergoes expansion and contraction due to heating
and cooling by weather, which can reduce the durability of these materials and lead to
unpredictable accidents [5]. Abnormal climate change also quickly brings various defects,
such as surface ripples, fractures, and cracks into pavement materials, ultimately increasing
maintenance costs significantly [6].

In particular, the main surface wearing courses of concrete and asphalt roads undergo
considerable temperature changes due to their high heat capacity and heat absorption
rate [7]. Therefore, required repairs of construction pavement materials tend to increase
significantly during the thawing season (January-March in Korea). In addition, pavement
in which water permeation does not occur quickly is associated with many accidents
caused by the freezing of roads in winter [8], as freezing on the road surface is generally
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difficult for drivers or pedestrians to recognize, and a low coefficient of friction increases
the braking distance. Accordingly, several studies have been conducted in an effort to
increase the permeability and durability of existing construction paving materials in order
to improve urban sustainability and safety.

Li et al. [9] proposed a high-strength pervious type of concrete created with reactive
powder concrete (RPC). It was experimentally proved that compressive strength and
water permeability increase greatly when an amount of RPC is properly mixed with
conventional pervious concrete. The authors also developed a precast design to increase
the efficiency of the drainage system and prevent clogging. Pervious pavement blocks
composed of bio-treated recycled aggregate were also investigated by Liu et al. [10]. A
microbially induced calcium carbonate precipitation (MICP) process was introduced, and
it was absorbed into the aggregate and dissolved in the mixing water. In both cases,
the results showed an improvement in the mechanical properties of pervious pavement
blocks, but the performance improvement was more pronounced when MICP was applied
directly to water. In addition, various studies have been conducted in which byproduct
aggregates or recycled aggregates are applied as components of permeable materials.
Zaetang et al. [11] fabricated a specimen in which aggregates of pervious material were
replaced with recycled aggregate and compared their mechanical properties. As a result,
there was no significant effect on the tensile and compressive strength, but a significant
improvement was observed in the compressive strength. It is presumed that the inherent
adhesive properties between natural and recycled aggregates lead the experimental results,
which is due to the difference in chemical composition among the aggregates [12]. It was
noted that the amount of voids and the water permeability of the pervious specimens were
greatly affected by the replacement ratio of byproduct aggregate [13].

When there are numerous voids in a material, the internal stress becomes concentrated
around the voids, resulting in more rapid material destruction. Particularly, brittle mate-
rials undergo a remarkable reduction in their mechanical properties due to voids owing
to their low tensile strength [14-16]. To address this issue, various studies of permeable
pavement with an added polymer have been conducted. Huang et al. [17] conducted a
laboratory experiment to improve the strength properties of pervious concrete through
the incorporation of a latex polymer. Through their research, it was found that when
natural sand and fibers are mixed into latex-incorporated pervious concrete, the water
permeability is slightly reduced but the compressive and tensile strength levels are sig-
nificantly improved. Giustozzi [18] applied four types of polymers (styrene-butadiene
copolymer, vinyl-acetate homopolymer, ethylene vinyl-acetate copolymer, and styrene-
butadiene copolymer) to permeable concrete and compared their effects on the formation of
voids and the mechanical properties, finding that polymer materials were not very helpful
when used to enhance the water permeability of pervious materials. However, they were
confirmed to be capable of effectively improving the flexural strength, stiffness, and dura-
bility. Furthermore, non-destructive test (NDT) research to analyze the effects of internal
voids in pavement materials on cracking and durability has been actively conducted in
recent years [19-23].

2. Aim and Objectives

In the present study, a polyurethane (PU)-based pervious pavement material (PPM)
was fabricated and examined by mechanical and microscopic characterizations. PU ma-
terials are widely used in the construction industry at present given their low cost and
stable properties. In particular, the high tensile strength of PU is expected to lead to vari-
ous performance improvements, including better durability and constructability [24-26].
PU-based PPM with varying aggregate sizes was produced and the compressive strength
and permeability of each specimen were measured. The pore and tortuosity characteristics
of the specimens were analyzed through X-ray micro-computed tomography (micro-CT).
From the micro-CT analysis, the morphological characteristics of the internal structures
of PPM were identified. In particular, the correlations between the pore size distribution,
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connectivity, and tortuosity within the specimen were quantitatively analyzed. The mi-
crostructures as determined by the micro-CT analysis were reconstructed as a finite element
model, and the stress distribution generated inside was numerically ascertained.

3. Methods
3.1. Materials and Specimens

In this study, the initial mix ratio of the polyurethane was determined by considering
previous studies that focused on PPM. Metamorphic rock (quartzite) aggregates in four
different size ranges were considered for the manufacturing of the test specimens. Based
on Korean standards, aggregates #2, 3, 6, and 8 were applied, as listed in Table 1. The
sizes of aggregates #2, 3, 6, and 8 were 40-65, 25-50, 5-40, and 2.5-10 mm, respectively.
Figure 1 shows the four different types of aggregates adopted in this study. A smaller
number in the name of the aggregate indicates a larger and coarser aggregate size. The
chemical composition of utilized aggregate was analyzed through the X-ray fluorescence
spectrometric analysis, as shown in Table 1.

Table 1. The chemical composition of utilized aggregate (KS E 3076).

Chemical Composition SiO, Al,O3 TiO, Fe, O3
Concentration (wt.%) 94.8 2.31 0.06 0.98
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Figure 1. The appearances (a-d) and distribution curve (e) of the aggregates applied to the specimen.

The mix ratio of each specimen was based on the amount of aggregate #2 used
in the specimen and the labels for the specimens were derived by the weight ratio of
aggregate #2. For instance, specimen G33 signified that the weight of aggregate #2 out
of the total weight of the specimen was 33%, with the weight ratio of the polyurethane
binder set to 9%. Likewise, a total of 4 cases were designed and produced in this study
to clarify the effect of mix composition, such as G47, G60, and G72 according to the
amount of #2 aggregates. Figure 1a—d shows the appearances of each aggregate (#2, 3, 6
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and 8) applied to the specimen. The distribution curve of the aggregates is also shown in
Figure 1e [27]. The polyurethane used here consisted of a resin (HS-5100A, Hanseo Polymer
Inc., Cheonan, Korea) and a hardener (HS-5100BO©, Hanseo Polymer Inc., Cheonan, Korea)
The weight ratio of the resin and hardener was 1:2.36. The ratio of resin and hardener of
the polyurethane binder was determined by the manufacturer’s recommendation. In the
present study, we intended to analyze the material mechanism of the pervious material
according to the particle size of the aggregate with the B/A fixed. Experiments with
different variables may result in more varied results, but it was judged that it might confuse
the analysis of the phenomenon.

The specimens were manufactured via the following procedure: the coarse aggregates
were combined depending on the mix ratio shown in Table 2 and blended for three minutes
using a handheld mixer. In another container, the polyurethane resin and hardener were
combined and blended for one minute. The blended polyurethane binder was poured into
the container holding the blended coarse aggregates and mixed for another five minutes.
The mixture was poured into a cylindrical concrete mold with a corresponding radius
and height of 100 and 200 mm (4100 x 200) and was then compacted. The cylindrical
mold was demolded after being kept at room temperature for three days. Subsequently,
the specimen was cured at room temperature for another seven days and was used for
the compressive and water permeability tests. For the water permeability test, the test
specimen was prepared by cutting the specimen into thirds horizontally. Figure 2 shows
the appearance of the specimens fabricated for each formulation.

Table 2. Mix ratio of the polyurethane-based PPM.

Weight Ratio of Aggregate (wt.%) !

Specimen B/A 2
#2 43 #6 48
G33 0.33 0.33 0.33 0.00
G47 0.47 0.27 0.27 0.00
G60 0.60 0.20 0.20 0.00 0.09
G72 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 or less. 2 Weight ratio of
binder to aggregate (B/A). The weight ratio of the resin and hardener of PU is 1:2.36.

(a) (b) (c) (d)

Figure 2. Fabricated test specimens for the (top) water permeability and (bottom) compressive
strength tests: (a) G33, (b) G47, (¢) G60, and (d) G72.

3.2. Characterizations

Figure 3 shows the test setup for the compression tests and the water permeability
tests conducted as part of this study. The compression test was carried out following ASTM
C 39 standards and was conducted using a universal material testing machine (UTM)
with a loading rate of 1 mm/min [28]. Three specimens of each mixture were made and
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used to monitor the compressive behavior. The compressive strength was calculated by
averaging the test results from the three test cases. In contrast, the water permeability test
was conducted on pieces of a test specimen that had been cut horizontally into thirds and
placed on two rods. Then, water was poured over top of each piece of the test specimen.
Note that the water permeability test was not conducted in accordance with the standards
but was conducted in consideration of field applicability. The field application thickness
of the pervious pavement materials developed in this study is expected to be 20-30 cm.
Therefore, only the assessment was made on whether water passed through a pervious
material of height for one-third of the compressive strength specimen. The amount of water
passing through the specimens was not quantitatively measured in this study.

(b)

Figure 3. Experimental setup of (a) the compressive strength and (b) the water permeability test.

In addition to the experimental approaches, micro-CT was also adopted to inves-
tigate the microstructural features of the specimens. Figure 4 shows the representative
micro-CT imaging procedure of the G33 specimen. From the micro-CT measurement, the
reconstructed image shown in Figure 4a was obtained. For the measurement, SkyScan1173
(Bruker, Billika, MA, USA) was used, and the measurement conditions were 130 kV and
61 mA. The cubic samples with 50 mm of edge length were used, and the reconstructed
image is composed of 512 x 512 pixels with a pixel size of 146 um, sufficient for the iden-
tification of pores within the produced specimens. For a more effective investigation, a
region of interest (ROI) was selected from the original (reconstructed) image. The region
of interest (ROI) image in Figure 4b is described as having 300 pixels along the edge with
a pixel size identical to that in the original image. The reconstructed and the ROI images
are 8-bit grayscale images represented by 256 values (0-255). From these grayscale im-
ages, the specific components of the target material can be segmented and utilized for a
detailed analysis.

Given that the pore characteristics are the most critical when determining the prop-
erties of pervious materials, a binary image to describe the pore region was generated,
as shown in Figure 4c. To segment the pore region from the original image, a proper
threshold must be selected, and the modified Otsu method [29] was used here. In the
binary image, white represents the pores within the specimen. A 3D volumetric image
of the pores can then be obtained by the subsequent staking of a series of binary images,
as shown in Figure 4d. The 3D volume of pores was used to investigate the quantitative
pore characteristics of the specimens, in this case the porosity; this measure can also be
utilized to examine the material properties using a numerical approach. The porosity was
computed as the number of pore voxels compared to the 3D volume of the specimen, and
only pores larger than 146 pm according to the image resolution were considered in the
porosity analysis.
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(a) reconstructed image I (b) region of interest (ROI)

(c) binarized image (d) 3D volume of pores

Figure 4. Micro-CT imaging process: (a) the original reconstructed image, (b) ROI image, (c) binary image,
and (d) 3D volume image (Note: in (c,d), the white region represents the pores within the specimen).

In addition to the porosity, which is an index by which to examine the quantitative
pore characteristics, a parameter to evaluate the geometrical characteristics of the pore
distribution is needed for a more detailed investigation of the specimens. For this purpose,
tortuosity, an index that describes the curvature of a pore path, was adopted in this
study. Tortuosity has been widely used to characterize the percolation characteristics of
cement-based materials [30-33]. With the tortuosity investigation, the heterogeneity and
connectivity of the pores within the porous specimens could be effectively described [34].
Tortuosity, denoted by 7, is defined as the ratio between the lengths of the actual path and
the shortest path, as follows:

T = Lact/ Lsport 1

In Equation (1), L, denotes the actual distance between two end points of a pore chan-
nel considering obstacles, while Lgy,,; is the shortest length between the two end points.

To compute the actual distance (Ly), the A-star algorithm, a method capable of
finding the minimum path between the selected starting and end points, was used [35].
Figure 5 shows a schematic of the A-star algorithm. This algorithm is composed of two
parts: the actual path from the starting and a temporary point (A(t)), and the heuristic
cost (H(t)) computed as the sum of vertical and horizontal routes between the temporary
and the end points. The latter procedure is also called the Manhattan distance. The total
cost (T(t)) was then calculated by adding A(t) and H(t). The computation of the total cost
was repeated by moving the temporary point from the starting to the end points. The
tortuosity values of the produced specimens were examined using the 3D volume image in
each case, and the permeable characteristics of the specimens were discussed based on the
tortuosity trends.
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Figure 5. Schematic of the A-star algorithm (Note: A(t) is the actual distance between the starting
point and a temporary point, and H(t) represents the heuristic path between the temporary and
the end points at an iteration t. The total cost (T(t)) can be obtained by combining the actual and

heuristic paths.).

With the obtained micro-CT data, the mechanical behavior of the specimens was also
numerically investigated. Figure 6a shows a schematic of the analysis configuration con-
sidered in this study. The geometric configuration was extracted from the CT examination
and converted to the ABAQUS format. The specimen was made of polyurethane-based
PPM and contained internal and external pores throughout. The specimen had a height,
width, and length of 43.3 mm, as indicated in this figure. The specimen was placed on
the support and vertical displacement was applied for the compression test. Herein, the
support and displacement plate were omitted in the finite element model by applying the
displacement to the surface of the specimen directly.

Figure 6b presents the finite element model used for the analysis configuration. In this
study, four types of specimens were considered, and this figure shows the typical case of
specimen G33. This specimen was modeled using three-dimensional uniform hexahedral
elements with a reduced integral point, with the pores left as empty spaces [36,37]. The
numbers of elements used in specimens G33, G47, G60, and G72 were 801,947, 792,134,
749,337, and 701,929, respectively. Here, the number of elements for case 1, case 2, case 3,
and case 4 were varied since the volume of pores in each specimen differed. It is assumed
that each specimen responded to the compressive load in an elastoplastic manner [37].

Specimen |
(C3D8R) _ .
N

433 mm

Specimen
(w/ pores)

(a) (b)

Figure 6. (a) FE-based simulation configuration and (b) the representative FE modeling

(specimen G33).
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4. Results and Discussion
4.1. Mechanical and Permeability Results

Table 3 presents the compression test results. While the compressive strengths for
specimens G33, G47, and G60 were comparable to each other, the strength for specimen G72
was significantly low. The results from the water permeability tests in Table 3 showed that
water drained through specimens G60 and G72, while specimens G33 and G47 absorbed
water. It is thought that the size of aggregates and the combination of the aggregates
affected the compressive strength and water permeability, as influenced by the connectivity
between the internal pores in each specimen.

Table 3. Compressive strength and water permeability of the specimen.

Specimens
G33 G47 G60 G72
Compressive strength (MPa) 7.8 £0.31 8.04+097 724+1.03 354074
Water permeability X X (@] (@)

While concrete materials that are made with a coarse aggregate usually have low
connectivity, which results in low strength, the compressive strength of the polyurethane-
binder-based specimens here retained a high value despite the fact that the weight of
aggregate #2 out of the total weight of the specimens varied from 33 to 60 wt.%. As
the weight ratio of aggregate #2 increased to 72%, the compressive strength dramatically
decreased. This trend remained although the pores in specimen G72 were filled with
aggregate #8, which was the finest size considered in the study. Figure 7 shows the trends
of compressive strength of specimen with respect to weight fraction of #2 aggregates.
As the mixing amount of #2 aggregate increases, the compressive strength generally de-
creases, and the R? value is approximately 0.7. A micro-CT examination and finite element
method based numerical simulation were conducted to investigate this attribute in the
following section.

i IR y = -1.375x+ 10.065
~4 R?=0.702
G i \\\ ~
4t
2 -
o L 1 1
G47 G60 G72

G33

-
o

©

Compressive strength (MPa)

Specimens

Figure 7. Compressive strength results of PPM specimens.

According to Tennis et al. [38], the compressive strength of pervious concrete mixture
is in the range of 3.5-28 MPa, and the typical value is approximately 17 MPa [38]. Higher
compressive strength results have been reported when binders are prepared by mixing
cement and polymer: Giustozzi [38] fabricated pervious specimens with a compressive
strength of 50 MPa by applying cement and vinyl-acetate binder simultaneously. In addi-
tion, pervious materials with epoxy and polyurethane are reported to have compressive
strengths of 6.0-14.1 and 5.6-6.9 MPa, respectively [39,40]. The compressive strength of
36 MPa was also recorded in the case of a pervious material using vinyl acetate ethylene
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and acrylic emulsion synthetic polymers as binder [40]. In summary, the compressive
strength of about 7 MPa in the present experimental results is at an average level. Herein,
the mechanism according to the internal properties of PPM was analyzed in more depth
through micro-CT and numerical analyses.

4.2. Microstructural Characteristics
4.2.1. Analysis of Pore Characteristics

The microstructural characteristics of the specimens were investigated by examining
micro-CT images of each sample. Figure 8 shows segmented images of each specimen, as
obtained from micro-CT image processing. In this figure, the image on the left represents
the solid part of the specimen, while the image on the right is the pore region of each sample.
A solid mesh can be adopted for the finite element analysis to evaluate the mechanical
behavior, as discussed in the following section. In addition, the 3D volume of the pores can
be used to investigate the pore characteristics of the specimens.

(b)

Figure 8. Cont.
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Solid part Pore region

(d)

Figure 8. Segmented images of each specimen: (a) G33, (b) G47, (c) G60, and (d) G72 (note: in
each figure, the solid part is on the left, and the image on the right represents the pore region of
the specimen).

From the pore images in Figure 8, it was noted that the pore structures of the G60 and
G72 specimens tended to be coarser than those of the G33 and G47 specimens. To examine
the quantitative pore characteristics, the porosity of the specimens was computed using
the pore volume in Figure 8. Here, only pores larger than 146 um were considered, and the
measured porosity values of the G33, G47, G60 and G72 specimens were 19.55%, 20.55%,
24.81% and 29.50%, respectively. The qualitative and quantitative investigations both
indicated that the specimens became more pervious as the specimen number increased.
It was also found that the volume of pores in the materials varied up to 10% depending
on the size of the aggregate, although the mix ratio of the polyurethane was held constant.
In general, the pore structure of the material strongly affects the material properties,
specifically the compressive strength and water permeability, and these differences in
the porosity according to the aggregate size influenced the properties of the specimens
produced in this study.

4.2.2. Tortuosity Investigation

For a more detailed analysis of the pore structure, the tortuosity, an index by which
to examine the complexity of the pore path, was investigated for the target specimens.
Figure 9 shows the percolation paths of each specimen, which can affect the tortuosity as
they pass through the entire specimen. In this figure, the G33 specimen contains relatively
few paths compared to the other cases, particularly the G60 and G72 specimens. Specimens
with more paths can have a higher possibility in that water or fluid can flow, and this can
be confirmed by quantitative measurements of, for instance, the tortuosity.

(@) (b)

Figure 9. Cont.
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(©) (d)

Figure 9. Pore paths for tortuosity in the specimens: (a) G33, (b) G47, (c) G60, and (d) G72 (note: the
red regions represent the pore paths considered in the present study.).

Figure 10 shows the tortuosity distribution of the specimens considered here. In this
figure, the x-axis denotes the tortuosity values as computed by the number of voxels, and
the y-axis represents the frequency of each tortuosity value. Here, tortuosity is defined as
the ratio between the actual path and the shortest distance, and this index can have a value
larger than one. The tortuosity value increases as the specimen contains a more complex
pore path, meaning that such a specimen can be considered as relatively less permeable. In
the cases studied here, the G33 specimen tended to have the most dispersed tortuosity with
the largest portion of the tortuosity exceeding a value of two; this indicates that the G33
specimen had the most complex and curved pore structure and was the least permeable
among the specimens in this study.

0.5] 0.5
0.4 0.4
> >
20.3] 203
(0] [}
5 -
20.2 20.2
w [T
0.1 0.1
0! | P S R 0 lllll-ly--,, —— - -
0 1 2 3 4 5 0 1 2 3 4 5
Tortuosity Tortuosity
(a) (b)
0.5] 0.5]
0.4 0.4
3 >
203 203
[} [}
o o
20.2 20.2
w (V'
0.1 0.1
0! I.lll_ | I N N 0! I S S P
0 1 2 3 4 5 0 1 2 3 4 5
Tortuosity Tortuosity
(c) (d)

Figure 10. Tortuosity distribution of each specimen: (a) G33, (b) G47, (c) G60, and (d) G72.
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Compared to the other cases, the tortuosity of the G60 and G72 specimens was mostly
around one, which indicated that the specimens contained a wide and continuously con-
nected pore network through which fluid could flow. These results indicate that the
tortuosity is related to the porosity and relative pore size of the specimens, but its distri-
bution trend can differ even in cases with a similar porosity range. Therefore, in addition
to porosity, tortuosity can be used to describe the permeability-related characteristics of
pervious materials.

4.3. Numerical Results

In this study, the compressive behavior of PPM specimens was numerically simulated
using a finite element model that was devised using geometric information extracted by
a micro-CT examination. Through a series of experimental tests, the elastic modulus,
compressive strength, and plastic strain for the pervious pavement composite were de-
termined. With the modulus, compressive strength, and plastic strain, the elastoplastic
constitutive relation for the composite material considered in this work was defined and
applied to the FE model. Four types of specimens were considered, and each specimen
included pores throughout its material. Figure 11 displays the stress distribution of the
specimens under compression loading. Here, the PPM was assumed to act as an elastic
material, and the maximum principal stress was applied as the stress indicator [41]. These
figures are presented when the stress reached the compressive strength, as determined by
the experiment.

ress concentration
® near pores

Mid-surface

Omax Principle

6.24
4.68
3.12
1.56
0

(b)

Mid-surface

Figure 11. Cont.
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(MPa)

2.80
2.10

1.40
0.70

(d)

Figure 11. Stress distribution of PPM specimens under uniaxial compressive loading: (a) G33,
(b) G45, (c) G60, and (d) G77.

As shown in the figures, stress developed through the entire specimen under com-
pressive loading, and a large amount of compressive stress was established in the lower
region of each specimen. The developed stress concentrated around the pores throughout
each specimen and developed into large stress regions [42]. It is thought that the failure
behavior may have initiated around the pores where these stress concentrations developed.

As presented in the micro-CT examination and in the finite element model, the volume
and formation of pores in the specimens were varied and stress concentrations occurred
around the pores. Specimen G70, which had the largest volume of pores in its material, was
relatively vulnerable to compressive loading since stress was established and developed
into a large stress concentration around the pores, which may have led to a failure of the
material [43]. Meanwhile, specimens G33 and G47, which had relatively small volumes of
pores in their materials, presented large compressive strength values. It should be noted
that the volume of pores in the materials significantly influenced the compressive strength
of the pervious concrete material [44].

In addition, correlations between experimental variables were analyzed, as presented
in Figure 12. It was found that the incorporated amount of aggregate at the maximum
size (#2) was highly correlated with the porosity and tortuosity. Herein, the representative
value of tortuosity (T) was estimated by the following equation:

T = \/Z:lzl(’rffrequency,) )

where the superscript * denotes the representative, the subscript r is the scale, and n
indicates the overall value of the tortuosity.

The analysis showed that the aggregate size was highly correlated with the porosity
and tortuosity. As the aggregate size was increased, both the porosity and tortuosity
increased linearly (Figure 12a). In addition, the result in Figure 12b indicates that the
porosity in the specimen is highly correlated with the compressive strength. As in the
published literature [45-47], the material performance decreased as the porosity increased.
The tortuosity value also increased as the porosity was increased, but there was no strong
relationship (R? = 0.69) compared to the compressive strength. This was judged as an
experimental limitation due to the use of too few variables and to secure more certain
experimental results regarding this aspect, additional research should be conducted in
the near future. Comprehensive test results including compressive strength, porosity, and
tortuosity shown in Figure 12 are also summarized in Table 4.
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Figure 12. Correlation analysis between test variables: (a) effects of the weight ratio of #2 aggregate on
the porosity and tortuosity, and (b) effects of the porosity on the compressive strength and tortuosity.

Table 4. Comprehensive test results including compressive strength, porosity, and tortuosity.

Specimens
G33 G47 G60 G72
Compressive strength (MPa) 7.8 £0.31 8.0 +£0.97 7241.03 35+0.74
Porosity (%) 19.55 20.55 24.81 29.5
Representative value of tortuosity 0.63 0.82 0.94 0.96

5. Concluding Remarks

The present study investigated the effects of the internal structures of PU-based pervi-
ous pavement materials on the compressive strength, pore size distribution, connectivity,
and tortuosity. Experimental tests, microstructural analyses, and FE simulations of the
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specimens with different aggregate sizes were utilized, and the key findings thus obtained
are summarized below.

(1) Compressive and permeability tests indicated that a combination of aggregate sizes
had a significant effect on the pore path tortuosity.

(2) High contents of large-sized aggregate (#2) provoked an increase in the porosity and
tortuosity, leading to high water permeability of these specimens.

(3) The specimen with a smaller aggregate size (2.5-10 mm) showed a dense internal
structure, though this was not closely associated with the compressive strength
development in this sample.

(4) The increased porosity contributed to a decrease in the compressive strength and
an increase in the tortuosity, and the effects of the porosity on the tortuosity were
insignificant compared to the compressive strength.

Porous materials such as pervious pavement are vulnerable to fatigue behavior, and
thus dynamic testing considering time history is required for a more precise analysis. It
may help to accurately characterize the transport load under laboratory conditions. The
dynamic testing is beyond the scope of the present study; however, we plan to extend our
work along this direction in the future.

Author Contributions: Conceptualization, H.C.; software, H.B.; formal analysis, C.P. and S.-E.O.;
investigation, H.M.P,; writing—original draft preparation, S.-Y.C. and B.Y.; writing—review and
editing, S.-Y.C. and B.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported and funded by the Korean National Police Agency. [Project
Name: Development of onsite support equipment for criminal safety arrest/Project Number: PR0O8-
01-000-20], and by the National Research Foundation of Korea (NRF) grant funded by the Korean
government (MSIT) (2020R1C1C1005063). In addition, this paperwork (or document) was financially
supported by Ministry of the Interior and Safety as Human Resource Development Project in
Earthquake Disaster Management.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

Yang, J.; Jiang, G. Experimental study on properties of pervious concrete pavement materials. Cemn. Concr. Res. 2003, 33, 381-386.
[CrossRef]

Lu, G.; Liu, P; Wang, Y.; Fasbender, S.; Wang, D.; Oeser, M. Development of a sustainable pervious pavement material using
recycled ceramic aggregate and bio-based polyurethane binder. J. Clean. Prod. 2019, 220, 1052-1060. [CrossRef]

Cui, X.; Zhang, J.; Huang, D.; Liu, Z.; Hou, E; Cui, S.; Zhang, L.; Wang, Z. Experimental study on the relationship between
permeability and strength of pervious concrete. J. Mater. Civ. Eng. 2017, 29, 04017217. [CrossRef]

Neithalath, N. Development and Characterization of Acoustically Efficient Cementitious Materials. Ph.D. Thesis, Purdue
University, West Lafayette, IN, USA, 2004.

Mullaney, J.; Lucke, T. Practical review of pervious pavement designs. CLEAN-Soil Air Water 2014, 42, 111-124. [CrossRef]
Zhong, R.; Leng, Z.; Poon, C.-S. Research and application of pervious concrete as a sustainable pavement material: A state-of-the-
art and state-of-the-practice review. Const. Build. Mater. 2018, 183, 544-553. [CrossRef]

Scholz, M.; Grabowiecki, P. Review of permeable pavement systems. Build. Environ. 2007, 42, 3830-3836. [CrossRef]

Lee, S.J. A study on factors that influence traffic accident severity in road surface freezing. J. Korean Soc. Precis. Eng. 2017, 32,
150-156.

Li, J.; Zhang, Y,; Liu, G.; Peng, X. Preparation and performance evaluation of an innovative pervious concrete pavement. Const.
Build. Mater. 2017, 138, 479-485. [CrossRef]

Zaetang, Y.; Sata, V.; Wongsa, A.; Chindaprasirt, P. Properties of pervious concrete containing recycled concrete block aggregate
and recycled concrete aggregate. Const. Build. Mater. 2016, 111, 15-21. [CrossRef]

Lima, M.S.S,; Thives, L.P; Haritonovs, V.; Gschosser, F. The influence of alternative fillers on the adhesive properties of mastics
fabricated with red mud. Materials 2020, 13, 484. [CrossRef]


http://doi.org/10.1016/S0008-8846(02)00966-3
http://doi.org/10.1016/j.jclepro.2019.02.184
http://doi.org/10.1061/(ASCE)MT.1943-5533.0002058
http://doi.org/10.1002/clen.201300118
http://doi.org/10.1016/j.conbuildmat.2018.06.131
http://doi.org/10.1016/j.buildenv.2006.11.016
http://doi.org/10.1016/j.conbuildmat.2017.01.137
http://doi.org/10.1016/j.conbuildmat.2016.02.060
http://doi.org/10.3390/ma13020484

Materials 2021, 14, 4365 16 of 17

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

Giineyisi, E.; Gesoglu, M.; Kareem, Q.; Ipek, S. Effect of different substitution of natural aggregate by recycled aggregate on
performance characteristics of pervious concrete. Mater. Struct. 2016, 49, 521-536. [CrossRef]

Ippolito, M.; Mattoni, A.; Pugno, N.; Colombo, L. Failure strength of brittle materials containing nanovoids. Phys. Rev. B 2007, 75,
224110. [CrossRef]

Iskander, M.; Shrive, N. On the fracture of brittle and quasi-brittle materials subject to uniaxial compression and the interaction of
voids on cracking. Const. Build. Mater. 2021, 290, 123217. [CrossRef]

Chindaprasirt, P.; Hatanaka, S.; Chareerat, T.; Mishima, N.; Yuasa, Y. Cement paste characteristics and porous concrete properties.
Const. Build. Mater. 2008, 22, 894-901. [CrossRef]

Liu, M.; Xia, J.; Chin, C.S,; Liu, Z. Improving the properties of recycled aggregate pervious pavement blocks through bio-
mineralization. Const. Build. Mater. 2020, 262, 120065. [CrossRef]

Huang, B.; Wu, H.; Shu, X.; Burdette, E.G. Laboratory evaluation of permeability and strength of polymer-modified pervious
concrete. Const. Build. Mater. 2010, 24, 818-823. [CrossRef]

Giustozzi, F. Polymer-modified pervious concrete for durable and sustainable transportation infrastructures. Const. Build. Mater.
2016, 111, 502-512. [CrossRef]

Rasol, M.; Pérez-Gracia, V.; Fernandes, FM.; Pais, ]J.C.; Santos-Assungao, S.; Santos, C.R.; Sossa, V. GPR laboratory tests and
numerical models to characterize cracks in cement concrete specimens, exemplifying damage in rigid pavement. Measurement
2020, 158, 107662. [CrossRef]

Solla, M.; Lagtiela, S.; Riveiro, B.; Lorenzo, H. Non-destructive testing for the analysis of moisture in the masonry arch bridge of
Lubians (Spain). Struct. Contr. Health Montrg. 2013, 20, 1366-1376. [CrossRef]

Sossa, V.; Pérez-Gracia, V.; Gonzalez-Drigo, R.; A Rasol, M. Lab nondestructive test to analyze the effect of corrosion on ground
penetrating radar scans. Remote Sens. 2019, 11, 2814. [CrossRef]

Rasol, M.A.; Pérez-Gracia, V.; Solla, M.; Pais, J.C.; Fernandes, FM.; Santos, C. An experimental and numerical approach to
combine Ground Penetrating Radar and computational modeling for the identification of early cracking in cement concrete
pavements. NDT E Int. 2020, 115, 102293. [CrossRef]

Rasol, M.A.; Pérez-Gracia, V.; Fernandes, EM.; Pais, ].C.; Solla, M.; Santos, C. NDT assessment of rigid pavement damages with
ground penetrating radar: Laboratory and field tests. Int. |. Pavement Eng. 2020, 1-16. [CrossRef]

Lu, G.; Renken, L.; Li, T.; Wang, D.; Li, H.; Oeser, M. Experimental study on the polyurethane-bound pervious mixtures in the
application of permeable pavements. Const. Build. Mater. 2019, 202, 838-850. [CrossRef]

Cho, J.; Jang, H.G.; Kim, S.Y.; Yang, B. Flexible and coatable insulating silica aerogel/polyurethane composites via soft segment
control. Compos. Sci. Technol. 2019, 171, 244-251. [CrossRef]

Leng, C; Lu, G.; Gao, J.; Liu, P;; Xie, X.; Wang, D. Sustainable green pavement using bio-based polyurethane binder in tunnel.
Materials 2019, 12, 1990. [CrossRef]

Neptune, A.L; Putman, B.J. Effect of aggregate size and gradation on pervious concrete mixtures. ACI Mater. J. 2010, 107, 625.
ASTM C39/C39M-21. Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens; ASTM International: West
Conshohocken, PA, USA, 2021.

Chung, S.-Y.; Abd Elrahman, M.; Kim, ].-S.; Han, T.-S.; Stephan, D.; Sikora, P. Comparison of lightweight aggregate and foamed
concrete with the same density level using image-based characterizations. Const. Build. Mater. 2019, 211, 988-999. [CrossRef]
Ghanbarian, B.; Hunt, A.G.; Sahimi, M.; Ewing, R.P; Skinner, T.E. Percolation theory generates a physically based description of
tortuosity in saturated and unsaturated porous media. Soil Sci. Soc. Am. J. 2013, 77,1920-1929. [CrossRef]

Chung, S.-Y,; Han, T.-S.; Kim, S.-Y. Reconstruction and evaluation of the air permeability of a cement paste specimen with a void
distribution gradient using CT images and numerical methods. Const. Build. Mater. 2015, 87, 45-53. [CrossRef]

Xu, W,; Jiao, Y. Theoretical framework for percolation threshold, tortuosity and transport properties of porous materials containing
3D non-spherical pores. Int. |. Eng. Sci. 2019, 134, 31-46. [CrossRef]

Yang, B.J.; Cho, K.J.; Kim, G.M.; Lee, H.K. Effect of CNT agglomeration on the electrical conductivity and percolation threshold of
nanocomposites: A micromechanics-based approach. Comp. Model. Eng. Sci. 2014, 103, 343-365.

Shanti, N.O.; Chan, V.W.; Stock, S.R.; De Carlo, E; Thornton, K.; Faber, K.T. X-ray micro-computed tomography and tortuosity
calculations of percolating pore networks. Acta Mater. 2014, 71, 126-135. [CrossRef]

Zeng, W.; Church, R.L. Finding shortest paths on real road networks: The case for A. Int. J. Geogr. Inf. Sci. 2009, 23, 531-543.
[CrossRef]

Yang, B.; Ha, S.; Pyo, S.; Lee, H. Mechanical characteristics and strengthening effectiveness of random-chopped FRP composites
containing air voids. Compos. B. Eng. 2014, 62, 159-166. [CrossRef]

Michailidis, N.; Stergioudi, F.; Omar, H.; Papadopoulos, D.; Tsipas, D. Experimental and FEM analysis of the material response of
porous metals imposed to mechanical loading. Colloids Surf. A Physicochem. Eng. Asp. 2011, 382, 124-131. [CrossRef]

Tennis, P.D.; Leming, M.L.; Akers, D.J. Pervious Concrete Pavements; Portland Cement Association: Skokie, IL, USA, 2004.
Al-sallami, Z.H.A.; Marshdi, Q.S.R.; Mukheef, R.A.A H. Effect of cement replacement by fly ash and epoxy on the properties of
pervious concrete. Asian J. Civil Eng. 2020, 21, 49-58. [CrossRef]

Chen, Y.; Wang, K.; Wang, X.; Zhou, W. Strength, fracture and fatigue of pervious concrete. Const. Build. Mater. 2013, 42, 97-104.
[CrossRef]


http://doi.org/10.1617/s11527-014-0517-y
http://doi.org/10.1103/PhysRevB.75.224110
http://doi.org/10.1016/j.conbuildmat.2021.123217
http://doi.org/10.1016/j.conbuildmat.2006.12.007
http://doi.org/10.1016/j.conbuildmat.2020.120065
http://doi.org/10.1016/j.conbuildmat.2009.10.025
http://doi.org/10.1016/j.conbuildmat.2016.02.136
http://doi.org/10.1016/j.measurement.2020.107662
http://doi.org/10.1002/stc.1545
http://doi.org/10.3390/rs11232814
http://doi.org/10.1016/j.ndteint.2020.102293
http://doi.org/10.1080/10298436.2020.1778692
http://doi.org/10.1016/j.conbuildmat.2019.01.051
http://doi.org/10.1016/j.compscitech.2018.12.027
http://doi.org/10.3390/ma12121990
http://doi.org/10.1016/j.conbuildmat.2019.03.270
http://doi.org/10.2136/sssaj2013.01.0089
http://doi.org/10.1016/j.conbuildmat.2015.03.103
http://doi.org/10.1016/j.ijengsci.2018.10.004
http://doi.org/10.1016/j.actamat.2014.03.003
http://doi.org/10.1080/13658810801949850
http://doi.org/10.1016/j.compositesb.2014.02.015
http://doi.org/10.1016/j.colsurfa.2010.12.017
http://doi.org/10.1007/s42107-019-00183-5
http://doi.org/10.1016/j.conbuildmat.2013.01.006

Materials 2021, 14, 4365 17 of 17

41.

42.

43.

44.

45.

46.

47.

Gong, X.; Bustillo, J.; Blanc, L.; Gautier, G. FEM simulation on elastic parameters of porous silicon with different pore shapes. Int.
J. Solids Struct. 2020, 190, 238-243. [CrossRef]

Park, S.M.; Yang, B.; Kim, B.; Ha, S.; Lee, H.-K. Structural strengthening and damage behaviors of hybrid sprayed fiber-reinforced
polymer composites containing carbon fiber cores. Int. J. Damage Mech. 2017, 26, 358-376. [CrossRef]

Yang, B.; Na, S.; Jang, ].G.; Kim, H.; Lee, H.-K. Thermo-mechanical analysis of road structures used in the on-line electric vehicle
system. Struct. Eng. Mech. 2015, 53, 519-536. [CrossRef]

Michailidis, N.; Stergioudi, F.; Omar, H.; Tsipas, D. FEM modeling of the response of porous Al in compression. Comput. Mater.
Sci. 2010, 48, 282-286. [CrossRef]

Chen, X.; Wu, S.; Zhou, J. Influence of porosity on compressive and tensile strength of cement mortar. Const. Build. Mater. 2013,
40, 869-874. [CrossRef]

Kim, S.Y,; Jang, ].-U.; Haile, B.E,; Lee, M.W.,; Yang, B. Swarm intelligence integrated micromechanical model to investigate thermal
conductivity of multi-walled carbon nanotube-embedded cyclic butylene terephthalate thermoplastic nanocomposites. Compos.
Part A Appl. Sci. Manuf. 2020, 128, 105646. [CrossRef]

Liu, D.-M. Influence of porosity and pore size on the compressive strength of porous hydroxyapatite ceramic. Ceram. Int. 1997,
23, 135-139. [CrossRef]


http://doi.org/10.1016/j.ijsolstr.2019.11.001
http://doi.org/10.1177/1056789516673887
http://doi.org/10.12989/sem.2015.53.3.519
http://doi.org/10.1016/j.commatsci.2010.01.008
http://doi.org/10.1016/j.conbuildmat.2012.11.072
http://doi.org/10.1016/j.compositesa.2019.105646
http://doi.org/10.1016/S0272-8842(96)00009-0

	Introduction 
	Aim and Objectives 
	Methods 
	Materials and Specimens 
	Characterizations 

	Results and Discussion 
	Mechanical and Permeability Results 
	Microstructural Characteristics 
	Analysis of Pore Characteristics 
	Tortuosity Investigation 

	Numerical Results 

	Concluding Remarks 
	References

