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Abstract: Unbound granular materials (UGM) in permeable pavement will experience large numbers
of infiltration during their service-life. The frequently changed moisture not only affects the cooling
effect of permeable pavement, but also influences the mechanical behaviors of UGM. However,
evidence is lacking to state the influence of infiltration on the behaviors of UGM, which is commonly
in fully permeable pavement. Considering the influence of infiltration, this study conducted experi-
mental tests to investigate the effect on the water-retaining and bearing capacity of UGM. With the
water-retaining tests, the water-retaining rate in the whole structure and at different depths was
analyzed under different infiltration numbers and duration. The results showed that the water-
retaining rate increased with the extension of the infiltration duration. The infiltration duration had a
significant influence on the water-retaining capacity of UGM, while the infiltration number had little.
The difference in the water-retaining rate between the top and bottom layers was up to 2.56%. The
water-retaining capacity of the integrated structure was hardly affected due to the dissimilarity of the
water-retaining rate at different depths. With infiltrations, the fine aggregate in the upside structure
migrated downward to the lower structure, resulting in a reduction in water-retaining rate in the
upper structure and an increase at the bottom. In addition, the mechanical behaviors were evaluated
by the traditional California Bearing Ratio (CBR) and repeated CBR tests under five infiltrations. The
first and second infiltration had a significant influence on the CBR of UGM. With two infiltrations, the
plastic strain increased by 57.8% via the repeated CBR tests. The resilient strain had an increase by
36.52% and the equivalent modulus decreased by 28.7% with the first infiltration. The first infiltration
presented a critical influence on the bearing capacity of UGM and the effect decreased with the
increase in the infiltration number. These findings will enrich the behaviors investigation of UGM
and promote its application in the fully permeable pavement.

Keywords: unbound granular materials; permeable pavement; infiltration; water-retaining; CBR;
plastic strain; resilient strain

1. Introduction

Faced with the urban heat island (UHI) effect, permeable pavement has become an im-
portant source-control technology for the sponge city under low impact development [1,2].
Large numbers of studies were carried out on the material characteristics [3], functional
evaluation [4] and hydraulic properties [5,6] of permeable pavement. Comprehensive anal-
ysis methods and a comprehensive evaluation system were put forward on the permeation,
retention, storage, purification, usage and drainage of rainfall [6,7].

It is accepted that permeable pavement can lower surface temperature and the UHI
effect is alleviated due to the changed water content and heat circulation [2,3]. The cooling

Sustainability 2022, 14, 1174. https:/ /doi.org/10.3390/su14031174

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su14031174
https://doi.org/10.3390/su14031174
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-6359-4457
https://doi.org/10.3390/su14031174
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14031174?type=check_update&version=2

Sustainability 2022, 14, 1174

20f17

effect can persist if water remains in the internal storage zone of the permeable pave-
ment [7,8]. With porous materials, the pavements could not only improve their own
thermal conditions but also can minimize the thermal impacts on the surroundings [9].
The permeable pavements have good permeability so that water can easily enter into and
flow out of the structure. Due to frequent contact with water, the hydrological-thermal-
mechanical characteristics of permeable pavement are more complicated compared with
the traditional non-permeable pavements. Although the properties of the surface layer
play a crucial role in permeable pavement [3,10], the water-retaining capacity is limited
due to its thin thickness. Additionally, the retained water in the surface is more likely to
cause moisture damage under the repeated vehicle loads. However, with the appropriate
base/subbase layer, it can provide more space for the retention of water and lower the
impact on the surface layer.

To strengthen the sponge effect and the cooling effect of permeable pavement, fully
permeable pavements were developed with unbound granular materials (UGM) [11,12].
UGM has the advantage of permeability and drainage, which is one main concern for the
current research on UGM used in permeable pavement [12,13]. Hou et al. pointed out
that permeable pavement can delay flood peaks due to the existing gravel base course
and the drained subgrade [14]. Using an innovation approach, the permeability coefficient
of different UGMs was obtained by Li et al. [15]. Kazemi et al. found that the quality
of infiltrated water can be improved by base coarse aggregates [16]. On the other hand,
several scholars conducted tests about the mechanical properties of UGM used in permeable
pavement. Via the full-scale test track with permeable materials, Lu et al. established a
prediction model to assess the dynamic response of a UGM layer in a fully permeable
road [17]. Ma et al. compared the deformation and resilient modulus of five open-graded
base materials, which indicated that UGM used in a base layer can provide good properties
for pervious pavement [18]. Sangsefidi et al. investigated the effect of wetting and drying
(W-D) cycles on the performance of two aggregates via the California Bearing Ratio (CBR)
and repeated load triaxial tests [19]. These findings promote the research and application
of fully permeable pavement.

The water content of UGM continually changes in fully permeable pavement. How-
ever, current studies did not consider the influence of the changed water on the mechanical
properties of UGM. It is unreasonable to analyze the performance of UGM with specific
water content. Previous findings have shown that water content and different structure
types had significant influence on the bearing capacity of UGM, especially around the opti-
mum moisture content [20,21]. Most results indicated the importance of moisture content
on the properties of UGM [22,23]. During rainfall or runoff, the water infiltrates from the
upper layer to the lower layer, which will lead to the migration and scouring of particles
in the UGM structure. The water would permeate into the UGM layer many times with
different durations throughout the whole lifecycle of the fully permeable pavement. The
state of moisture content in the UGM layer is dynamic and unknown when the infiltrations
occur with different numbers and durations. The condition and effects of the water are
always neglected in previous studies on the infiltration.

Considering the effect of the water, most studies concentrated on the permeability and
hydraulic conductivity of the materials [24,25]. After rainfall or extensive water sprinkling,
some part of the water is drained away by the internal drainage system of permeable
pavement, and other part is accumulated in the internal structure which is regarded
as the retained water. The retained water in each layer would affect the evaporation
rate related to the cooling effect [4,9]. The variation in and distribution of the water
in the internal structure influences the thermal conduction of the structure, resulting in
temperature variation in the surface [13,26]. Moreover, the composition of the aggregate
may be changed during this process, which would influence the water-retaining capacity
at different depths. With the changed moisture and aggregate composition, the permanent
strain increased and the resilient modulus decreased, which may lead to the damaging
of the upper layer [23,27]. Then, the phenomenon of hydro-thermal coupling frequently
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appears in permeable pavement [17]. With this consideration, the water-retaining capacity
of the UGM can be regarded as an important factor affecting its performance.

The purpose of this study is to investigate the water-retaining and mechanical behavior
of UGM under infiltration, as well as aggregate migration. At first, the water-retaining rate
was analyzed considering the influence of duration time and numbers of infiltration. Then,
the water-retaining rate and aggregate composition at different depths of the specimen were
described and analyzed. After that, the traditional CBR and repeated CBR tests were carried
out for the UGM with different infiltration numbers. The CBR value, plastic and resilient
strains, and equivalent modulus were used to evaluate the influence of infiltration on the
bearing capacity of the UGM. The findings in this study provide quantitative evidence to
evaluate the influence of infiltration on the water-retaining and mechanical behaviors of
UGM, which will benefit the utilization of UGM in fully permeable pavement.

2. Materials and Methods
2.1. Test Materials

The used materials were crushed limestone shipped from a quarry in Tongchuan,
Shaanxi. The indicators of the fine and coarse aggregate were tested by the methods in JTG
E42-2005 [28], which satisfied the requirements in JTG/T F20-2015 [29]. The test results of
the fine and coarse aggregate are listed in Tables 1 and 2.

Table 1. Properties of coarse aggregate.

Size of Coarse Aggregate (mm)

Indicator
19-26.5 16-19 13.2-16 9.5-13.2 4.75-9.5

Bulk density (g/cm?) 2.661 2.657 2.639 2.649 2.62
Vibrated density (g/cm?) 1.718 1.726 1.732 1.749 1.771
Crushed stone value (%) \ \ 16.5 \ \

Flat and elongated particle content (%) 10.5 9.9 6.9 7.1 4.7
Water absorption (%) 0.62 0.57 0.66 0.61 0.62
Vibrated porosity (%) 35.4 35.0 34.4 34.0 32.4

Table 2. Properties of fine aggregate.

Sand Liquid Limit Plasticity Mud Content Water Apparent Density Vibrated
Equivalent (%) wr (%) Index Ip (%) Content (%) (g/cm?3) Density (g/cm?)
65.8 17.9 3.2 3.8 2.34 2.661 2.263

The gradation of the used UGM was designed according to the composition of median
gradation in JTG/T F20-2015 [29]. With the vibrated compaction method, the maximum
dry density and optimum moisture content was 2.311 g/cm?® and 4.8%, respectively. The
coefficient of curvature Cc and coefficient of uniformity Cu were 2.53 and 4.18, respectively.

2.2. Test Program

Four types of tests were used to investigate the water-retaining and mechanical behav-
iors of UGM after the infiltrations, as shown in Figure 1. In the first step, the integrated
water-retaining capacity was analyzed considering the infiltration duration time and num-
bers. According to the previous results in references [30,31], the duration time was divided
into three groups, short, median and long with 10, 60, and 240 min, respectively. The
infiltration number of the UGM was between 1 and 5. In order to indicate the influence of
infiltration, the water-retaining rate and loss of fine aggregate were taken as the indicators.
In the second part, the infiltration tests were carried out for 60 min. The specimen was
divided into five layers from the top to bottom. In each layer, the water-retaining rate and
aggregate composition, along with the depths, were analyzed and compared with the initial
state. Then, the traditional CBR tests were conducted at the initial state and after infiltration
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for 60 min at different numbers. The influence of the infiltration number on the CBR was
analyzed and compared with the previous results. After experiencing 1 to 5 infiltrations,
the repeated CBR tests were carried out with 100 loading cycles. The maximum load was
6 kN with a loading rate of 600 N/s. The plastic strain, resilient strain and equivalent
modulus were obtained to characterize the bearing capacity of UGM and the influence
of infiltration was analyzed. After that, the interaction between the water-retaining and
bearing capacity was discussed.

Water-retaining Capacity < » Bearing Capacity

Interac o
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on Effect

Integrated water-
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Water-retaining
capacity test at
different depths
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Figure 1. Test program of water-retaining and bearing capacity.

2.3. Test Methods

(1) In order to analyze the water-retaining capacity of UGM after the vertical infiltra-
tion, a method similar to that used for porous asphalt mixture [8] was used to simulate the
water-retaining capacity after rainfall or runoff. The specific test steps are as follows:

a. The specimens were prepared in the steel cylinder with 150 mm diameter and
200 mm height. The permeable geotextile was laid at the bottom of the steel cylinder.
After being mixed at the optimum moisture content, the granular materials were
compacted with vibration in three layers;

b.  The specimen was dried in a 100 °C oven for 12~15 h to avoid the interference of
original water. Then, it was weighed at intervals of one hour until the weight was
constant. The mass of the specimen was marked as mp;

C. The gap between the specimen and the steel cylinder was filled with water sealing
materials. The specimen was supported by a net frame and a recycling bucket was
beneath the net frame, as shown in Figure 2. A self-made drip device was used
to simulate the infiltration of the water downward from the surface layer. The
temperature of the water was kept at 21 £ 1 °C. The infiltration intensity was not
considered in this study, and the drip speed was 5 drops per second. The three
durations were used for the integrated water-retaining tests. During the infiltration,
the flow rate of the water was kept as smooth as possible. It was adjusted frequently
so that little water could accumulate on the surface of the specimen. When the
infiltration time ended, the total mass of permeable water was recorded as mg4.
The infiltration process was finished when no droplets fell from the bottom of the
specimen within 15 min. Then, the recycled water in the bucket was weighted as mg.
In addition, the lost fine aggregate was dried and deducted. The water retaining rate
Sy of unit mass of the UGM was obtained by Equation (1) as follows

_ my —mpg
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where Sy is the water retaining rate of UGM, %; m4 is the total mass of infiltrated
water, g; mp is the recycled water during the infiltration process, g; mp is the mass of
the UGM specimen in dry state, g;

After the infiltration, the specimen was carefully moved into a 100 °C oven and dried
to a constant weight. Then, the next infiltration was conducted when it cooled to a
temperature of 21 &= 1 °C. Following the same operation, the infiltration tests were
carried out with five numbers. There were three parallel tests in each infiltration test.

Drainage
atheter

@ (b)

Figure 2. Devices of the water-retaining tests; (a) the specimen on the net frame; (b) self-made

drip plate.

(2) Influenced by the migration and scouring from the infiltrated water, the compo-

sition of UGM changed at different depths which, in turn, affected the water-retaining
capacity. Thus, the water-retaining rate and aggregate composition was calculated at
different depths of the specimens.

a.

Two groups of specimens were fabricated in the steel cylinder with 150 mm diameter
and 200 mm height. Group A was taken as the control group in the initial state of
UGM and group B as the experimental group after the infiltration;
In group B, the infiltration lasted 60 min. at a temperature of 21 £ 1 °C, according to
the procedures in (1)c. When the infiltration finished, the specimens had a rest for
60 min. so that the internal moisture tended to be stable. Then, the retained water of
two groups at different depths was weighted;
The retained water at different depths was obtained via the stratified sampling
method. The locations of sampling started from top to bottom in turns at 0, 50,
100, 150 and 200 mm, respectively. The samples were extracted in the center with a
diameter of around 50 mm. Two samples were taken for each layer, and the mass
of each sample was about 250 g. The samples were stored in an aluminum box for
weighing, and the mass of the water-retained sample was obtained as . Then, the
box was moved into the oven at 100 °C with 12 h. The mass of the sample in the dry
state was marked as m;. The water-retaining rate of UGM at different depths was
calculated by Equation (2).

w=Tw =M 00 2)

mg

where w is the water-retaining rate of the sample at different depths, %; my, is the
mass of the sample in water-retaining state, g; 1, is the mass of the sample in dry
state, g;
The aggregate composition at different depths was obtained after the infiltration. The
aggregate in the dry state was classified into three categories, coarse, median and fine,
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which related to particle size in 4.75-19 mm, 1.18-4.75 mm and 0.075-1.18 mm, re-

spectively. At different depths, the mass proportions of the aggregate were calculated
before and after the infiltration.

(3) The mechanical behaviors of the infiltrated UGM were investigated using tradi-
tional CBR tests and repeated CBR tests. The specimens were prepared at the optimum
moisture content via the vibrated method. The test groups experienced 1, 2, 3, 4 and 5 infil-
trations, and each infiltration lasted 60 min. The non-infiltration group was conducted as
the control test. The traditional CBR and repeated-CBR tests were carried out with three du-
plications. The CBR tests were performed based on the specifications in JTG E40-2007 [32].
As for the repeated CBR tests, there was no specific protocol in the current test methods.
In this study, the repeated CBR tests were conducted with the materials test system (MTS
810) as shown in Figure 3a. The process was referred to from the literature [33,34], which
had 100 loading cycles. The maximum axial load was 6 kN, and the minimum load was
45 N. The stress-controlled process was used for the loading and unloading, which had a
rate at 600 N/s, as in Figure 3b. In each loading cycle, the plastic and resilient part of the
deformation was recorded, as shown in Figure 3c.

[ T=20s !

MTS 810

v
-
[

CBR barrel

Axial Load (kN)

i

#*" Support base 0 10 20 30 40 50 60 70 80 90 100

Loaing Time (s)

(b)

100" Loading

1¥ Loading

Axial Load (kKN)
S w IS

o

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Deformation (mm)

(©)

Figure 3. The repeated CBR test; (a) devices of the tests; (b) loading and unloading procedure;
(c) recorded data in the tests.

During the repeated CBR tests, plastic and resilient strains were calculated via the
curves of the deformation-load. In addition, the equivalent modulus was provided for
UGM in the repeated CBR tests [33-35]. Considering the friction between the mould and
the UGM, the full-friction and non-friction models were derived as Equations (3) and (4).

1375 (1 — ut2%) .0 -0

Full — Friction Eequ = w1.086 ©)
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1.797 - (1 — u°8%) .0, -0 @
1098

Non — Friction Eequ =

where Eq, is the equivalent modulus, MPa; y is Poisson’s ratio of UGM, 0.45; 0y, is the axial
stress, MPa; a is radius of the plunger, mm; w is the resilient deformation, mm. Then, the
CBR value, plastic and resilient strains and equivalent modulus were used to evaluate the
bearing capacity of the UGM.

3. Results
3.1. Water-Retaining Behavior with Five Infiltrations

For the UGM having experienced five infiltrations for 10, 60, and 240 min., the water-
retaining rate Sp; in the vertical direction and the loss of fine aggregate are shown in
Figure 4. With the extension of the duration, the water-retaining rate increased due to the
longer infiltration time, as seen in Figure 4a. The duration of infiltration had a significant
relationship with the water-retaining capacity of UGM. When the duration time was 10 min,
the average water-retaining rate was 3.81% for the five infiltrations. The value for 60 and
240 min. was 4.19% and 4.27%, respectively. Compared with the result at 10 min, the
increment of water-retaining rate was 0.33% and 0.46% for 60 and 240 min., respectively.
The maximum difference was only 0.08% between 60 and 240 min. The water-retaining
rate for 60 min. was greater than that for 10 min.; however, it was similar to the results
for 240 min. This showed that the influence on the water-retaining rate decreased as the
duration time exceeded 60 min. In addition, the water-retaining rate was smaller than
the optimum moisture content (4.8%) of UGM in the three durations. This is due to the
fact that some closed pores were formed during the fabrication of the specimens. That the
water could not enter into the closed space resulted in a smaller amount of retained water.
As for the infiltration number, the water-retaining rate had a slow increase in infiltration
number when the duration was 10 min. The mean increment of the water-retaining rate
for each infiltration was about 0.075%. As for the infiltration for 60 and 240 min, there was
no obvious variation trend for the water-retaining rate during the five infiltrations. The
water-retaining rate fluctuated up and down at around 4.2% along with the infiltrations.

With a two-way ANOVA (analysis of variance), the significance of the infiltration
numbers and duration was analyzed for the water-retaining rate. When the p-value was
smaller than 0.05 for the factor, the hypothesis was accepted, and the factor was regarded
as a significant influencing factor on the object. Otherwise, the hypothesis was rejected. At
the significance level of 0.05, the p-value was 0.318 and 0.0001 for infiltration numbers and
duration. This implies that the infiltration number was not a significant influencing factor
on the water-retaining capacity, while the infiltration duration has significant influence
on the water-retaining capacity. There are two reasons for this finding: one is that the
moisture has a greater opportunity to be attached and absorbed by the aggregate with
longer infiltration time, and, also, it can enter into the pores. Another reason is that the
aggregate is more likely to migrate given a longer infiltration time. Then, the inner structure
is changed and the water-retaining capacity is greater.

With different infiltration durations, the loss of fine aggregate was more obvious in
the first two infiltrations, as shown in Figure 4b. In the first two infiltrations, the loss of
fine aggregate for 10, 60 and 240 min. accounted for 83%, 85% and 86% of the total loss
during the five infiltrations, respectively. Figure 5 shows the recycled water in the first three
infiltrations. The clarity of the recycled water is obviously different. With one infiltration,
the recycled water was quite turbid with slurry, and it became slightly transparent with a
little sediment in the following two infiltrations. After three infiltrations, the loss of fine
aggregate was smaller than 1 g. For the Pearson correlation analysis between the water-
retaining rate and loss of fine aggregate, the Pearson correlation coefficient at 10, 60 and
240 min was —0.61, —0.56 and —0.64, respectively. This showed that the loss and migration
of fine aggregate had a strong negative correlation on the water-retaining capacity of the
whole structure.
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Figure 4. Variation in water-retaining rate and loss of fine aggregate with the infiltration number;
(a) water-retaining rate; (b) loss of fine aggregate.

(a)

Figure 5. Recycled water in the first three infiltrations for 10 min; (a) the first infiltration; (b) the
second infiltration; (c) the third infiltration.

3.2. Water-Retaining Behaviors at Different Depths

Based on the test procedures in Section 2.2, the water-retaining rate in the initial state
was marked as w4, and the water-retaining rate after the infiltration was labeled as wg. The
observations of the stratified sample at different depths were shown in Figures 6 and 7.
In the initial state, the coarse, median and fine aggregates displayed the same features at
the five depths. After infiltration, the fine aggregate in the upper layer was taken away
by the water flow. The top layer displayed more coarse aggregate in the bare state which
presented greater pore structure. Some of the fine aggregate was carried away from the
top layer, and some of the fine aggregate was taken out of the specimen, causing a small
mass of aggregate loss. However, the difference seems unobvious between the initial and
infiltration state at different depths, except for the top layer. One reason for this is that the
quality of the obtained photos is poor due to the shooting conditions. The shoot section
was in the steel cylinder, and the light is restricted with the increase in depth. Then, some
shadows appear on the layer surface at different depths.
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() ® @ ) (@)

Figure 6. States of stratified samples in the initial state at different depths; (a) 0 mm; (b) 50 mm;
(c) 100 mm; (d) 150 mm; (e) 200 mm.

(@ (b) © @ @

Figure 7. States of stratified samples after infiltration at different depths; (a) 0 mm; (b) 50 mm;
(c) 100 mm; (d) 150 mm; (e) 200 mm.

Before and after infiltration, the water-retaining rates w4 and wp at different depths are
shown in Figure 8. In the initial state, the water-retaining rate maintained a stable value at
different depths. Although an increasing trend existed from the top to the bottom layer, the
variation was relatively small, in which the maximum difference was below 0.7% among
the five depths. Based on the variation in the water-retaining rate after infiltration, the
sample can be divided into three groups at different depths, upper, middle and lower. In the
upper structure, at a depth 0 to 50 mm, the scouring action was obvious due to the flowed
water. The number and diameter of pores increased because of the loss and migration of
fine aggregate. This provided more channels for the seepage of moisture. However, the
pore structure with a greater diameter could not retain enough water in the process of
infiltration. Thus, the retained water in the upper group decreased obviously. Compared
with the initial state, the reduction of water-retaining rate was 1.17% in the upper layer
after infiltration. In the middle layer, the aggregate at the depth of 50 to 100 mm was less
affected by water scouring than the upper structure. The composition of the aggregate
changed slightly before and after infiltration, resulting in little influence on the structure.
Therefore, the change in the water-retaining rate in the middle layer was not obvious. The
fine aggregate which migrated from the upper layer affected the structure in the depth of
100 to 200 mm, resulting in the accumulation of fine aggregate in the lower layer. With more
fine aggregate, the greater diameter pore was reduced, and the water-retaining capacity
was enhanced. Compared with the initial state, the increment of water-retaining rate at
150 mm and 200 mm was 0.35%, and 0.64%, respectively.

The results showed that the changes caused by the infiltration were mainly reflected
in the downward migration of fine aggregate during the flow process of water [36,37]. The
water-retaining capacity changed at different depths, and the maximum difference in the
water-retaining rate between the top and bottom layers was up to 2.56%. However, the
average of the water-retaining rate of the whole structure was maintained at 4.01% and
4.03% for the initial and infiltration states. Although the water-retaining rate presented
great differences for the two states in different layers, the average of the water-retaining rate
of the two states had little difference. This reveals that water-retaining capacity at different
layers had a smaller effect on the integrated water-retaining capacity of the structure.
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Figure 8. Water-retaining rate of w, and wg at different depths.

3.3. Aggregate Composition at Different Depths

Before and after infiltration, the appearance of the three groups of aggregate (coarse,
median and fine) was shown in Figure 9. They had the same distribution at different depths
before infiltration. However, there was an obvious difference for the distribution after
infiltration. At the depth of 0 to 50 mm, the median and fine groups had less aggregate
than that at other depths, and the proportion of fine aggregate at 50 to 200 mm was greater
than that in the initial state, especially at 150 to 200 mm. After being dried and sieved, the
mass proportion of aggregate in the five depths was compared for the three groups.

77

~ 150mm Depth

Figure 9. Sieve results of aggregate at different depths before and after infiltration; (a) the initial state;
(b) after infiltration.

Figure 10 shows that the mass proportion of coarse and fine aggregate kept the
same state in the five depths for the initial state. The coarse aggregate accounted for
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about 61~65% in the five depths, median aggregate accounted for 15~20% and the fine
aggregate accounted for 15~18%. The three kinds of aggregate distributed uniformly under
the optimum moisture content after mixing and compacting. After infiltration, the fine
aggregate migrated from the upper layer and accumulated in the lower layer. Then, the
proportion of coarse aggregate increased by 20% in the upper structure and decreased by
15% in the lower structure. The changes in the median aggregate were relatively small at
the five depths. The fine aggregate decreased at about 10% in the upper layer and increased
by 15% in the lower layer. This reveals that the migration of fine aggregate was significant
in the top layer of specimens, which changes the uniformity of gradation distribution.
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Figure 10. The mass proportion of aggregate at different depths before and after infiltration.

3.4. Mechanical Properties of the Infiltrated UGM

Figure 11 presents the CBR of UGM before and after infiltration. The CBR decreased
as the infiltration number increased. The first two infiltrations had an obvious influence
on the CBR. Without infiltration, the CBR was up to 113. With one infiltration, the value
decreased to 101, and 90 with two infiltrations. The decrease in amplitude accounted for
10.6% and 20.4% deviation from the initial value, respectively. This indicated that the
infiltration had a significant effect on the CBR of UGM. After three or more infiltrations,
the value maintained at about 90, which tended to be stable. The influence of infiltration
on the CBR mainly occurred in the first two infiltrations. This was related to the scouring
of the infiltrated water and migration of the fine aggregate. More fine aggregate in the
upper layer was taken to the lower layer in the first and second infiltration. Then, there
was a greater number of pores in the upper layer, which resulted in a decrease in bearing
capacity [36,38]. With three or more infiltrations, the migrated fine aggregate was less, and
the aggregate hardly moved in the structure, which was consistent with the observation of
the recycled water. Therefore, the bearing capacity of the UGM approached a stable state.
In addition, the error bar indicates the variability and repeatability of the results. As seen in
Figure 11, the variation amplitude of CBR was up to 20 under different infiltrations, which
was due to the great variability of the CBR tests. Although the amplitude was great, the
coefficient of variation was smaller than 15%, which can be accepted for civil engineering.
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Figure 11. CBR of the UGM with five infiltrations.

With 100 loading cycles, the plastic and resilient strains from the repeated CBR tests
are shown in Figure 12. The resilient strain was the mean value from the 60th to 100th
loading cycles and the plastic strain was the accumulated strain after 100 loading cycles. For
the plastic strain, it presented an increased tendency alongside the increase in infiltration
number. Compared with the initial state, the increment of plastic strain was 0.45% with one
infiltration, and 0.72% and 0.84% for two and three infiltrations, respectively. The increased
amplitude was 36.1%, 57.8% and 67.4%, respectively. This reveals that the infiltration
number has a significant influence on the plastic strain of UGM. In addition, the effect of
the first infiltration is the greatest, and it decreases alongside the increase in infiltration
number. The variation tendency of plastic strain in Figure 12c shows that the plastic strain
increased faster with more infiltrations along with the loading cycles. The reasons are
also derived from the scouring and aggregate migration caused by the infiltration [38].
Meanwhile, the friction among the aggregate decreased due to the fact that the polishing
rate of particles was accelerated with more infiltration under repeated loads in the wet state.

The results in Figure 12b show that the infiltration also had influence on resilient strain.
Compared with the initial state, the increment of resilient strain was 0.07% after the first
infiltration, which accounted for 36.5% of the initial value. This revealed that infiltration
has an obvious influence on the resilient strain. On the other hand, the average of the
resilient strain was 0.29% when the UGM experienced different numbers of infiltration.
The maximum difference between the mean resilient strains in certain infiltrations was
only 0.03%. The variation in resilient strain presented a decreasing trend along with the
loading cycle, as shown in Figure 12d. The variation magnitude was up to 0.1% in the first
several loading cycles, and it was more obvious in the initial state. With the increase in the
loading cycle, the variation in the resilient strain became smaller. The greater variation in
the magnitude was related to the loading rate, which was up to 600 N/s. Although the
minimum load was set as 45 N, the actual minimum load was not identical and hardly
arrived at 45 N during each loading cycle [34]. Likewise, a similar situation occurred
under the maximum load condition. Then, the resilient strain may not fully recover, and
it changed in each loading cycle. Therefore, the resilient strain had a relative variation
along with the loading cycle. This also suggested that the error bar for plastic strain was
greater than that of resilient strain. This is related to the test method and the aggregate
arrangement of the UGM.
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Figure 12. Plastic and resilient strains in the repeated CBR with 100 loading cycles at five infiltrations;
(a) plastic strain after 100 loading cycles; (b) resilient strain after 100 loading cycles; (c) plastic strain
along with the loading cycle; (d) resilient strain along with the loading cycle.

With the obtained resilient strain, the equivalent modulus can be calculated using
Equations (3) and (4), as show in Figure 13. The equivalent modulus had a contrary trend
to the resilient strain, which decreased alongside the increase in infiltration number. With
the two models, the modulus obtained from the non-friction model was greater than that
from the full-friction one. The two moduli presented a parallel tendency with the variation
in infiltration. In previous studies, the resilient modulus of UGM was usually at 200 to
400 MPa [18,39,40]. With Equations (3) and (4), the equivalent modulus was consistent
with the existing results for the UGM. However, the modulus was smaller than 200 MPa
when the UGM experienced the infiltration. With one infiltration, the modulus decreased
by 72.4 MPa (accounted for 28.7% of the initial value) and 76.8 MPa (accounted for 28.9%
of the initial value) for the full-friction and non-friction models. The infiltration had an
adverse effect on the bearing capacity of UGM. Moreover, the difference between the
average and the equivalent modulus with infiltrations was 14.9 MPa and 15.7 MPa for the
full-friction and non-friction models, respectively. This suggests that the influence of the
infiltration number is not significant, although the first infiltration has a great influence on
the equivalent modulus.



Sustainability 2022, 14, 1174

14 of 17

300

—ua— Full-Friction
—@— Non-Friction

Non-Friction:
szl 797%(1 _uo 889)* O;*a/ml.oes

\ _
\
Full-Friction: /

Ecq“:l‘375*(1-},1“286)*0;]*0/0)1‘086

200

150

Equivalent Modulus (MPa)

100 1 1 1 1 1 1
0 1 2 3 4 5

Number of Infiltration

Figure 13. Equivalent modulus with full- friction and non-friction models at the five infiltrations.

3.5. Discussions of Tested Results

The UGM in the fully permeable pavement is usually open-graded without fine
aggregate. The runoff can be effectively reduced by the UGM layer during the rainfall
because the structure has great porosity as the permeable and reservoir layer [5,18,26].
Then, little water can be reserved in the open-graded UGM layer after the rainfall. Under
this condition, the evaporation rate is weakened, leading to the unfavorable cooling effect of
the pervious pavement [1,4,13]. Then, the function of water-retaining cannot be neglected
for the cooling effect. Currently, the water-retaining capacity of the UGM was hardly
emphasized under different infiltration states. The used UGM in this study was the median
gradation which belonged to the dense-skeleton grade. It presents some differences with
the previous findings about the permeability of the UGM [15,24]. The infiltration numbers
had a smaller influence on the water-retaining rate and the effect of duration was significant
in a certain range. This is attributed to the migration of the fine aggregate. In the beginning
of infiltration, there was some space for the movement of the fine aggregate. In addition,
the hydraulic gradients gradually decreased in the vertical direction, resulting in that the
movement of fine aggregate was acute in the upper layer and slow in the lower layer [5].
Although the distribution of fine aggregate changed, the loss of fine aggregate was smaller
compared to the total mass of the sample. Then, the water-retaining rate was maintained at
the same level for the whole structure, although it varied at different depths. The water-
retaining rate was highly related to the content of the fine aggregate (as shown in Figure 10),
which was explained by Koohmishi [5] and Sangsefidi et al. [19,26].

According to the requirement of the CBR [29], the value should be greater than 120 and
60 for the UGM used in the base and subbase courses, respectively. The obtained CBR in
this study ranged from 89 to 113, which could meet the requirement for the subbase course.
Regardless of the infiltration, the CBR was high enough for the use of the subbase course.
The results showed that the influence of infiltration was limited for the CBR. Namely, the
UGM can still be used in the base course if the initial CBR is high enough, which may
depend on the gradation design and the maximum size of aggregate [38,39]. However, this
may cause a reduction in water-retaining capacity and increase the difficulty of construction.
The obtained modulus of UGM was consistent with the value in previous studies which
was at 200 to 400 MPa [17,34]. With or without infiltration, the equivalent modulus of
the UGM was between 150 to 260 MPa, obtained from the repeated CBR tests. With the
infiltration, the modulus was significantly affected, with a decrease at about 30%. Similar
to the influence on the CBR, the greatest impact on the equivalent modulus was the first
infiltration. The great reduction in the modulus is closely related to the migration of the
fine aggregate.
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The CBR and plastic strain were compared with the previous study conducted by
Sangsefidi et al. [19]. The CBR of the premium aggregates in the dried state was up to
200, which was about 30 greater than that in the optimum moisture content and wet state.
With four W-D cycles, the CBR was at about 280 in the dried state, and it was about 220
in the wet state. The results were interesting and surprising. Compared with the results
obtained by Sangsefidi et al., the obtained CBR in this study was much smaller and showed
a contrary variation tendency. The main reason for the contrary variation tendency was
the approach to the wet state of the specimen. In this study, the infiltrated water was
dynamic, meaning it would scour and take fine aggregates away. Meanwhile, the water in
Sangsefidi et al.’s study was static and the aggregate had little migration. The main reason
for the smaller value is that the mass proportion of the fine aggregate CBR in this study
was greater than that in Sangsefidi et al.’s study. In addition, the optimum moisture content
was also a reason for the noted differences. As for the plastic strain, it was about 0.4~0.5%
for the premium aggregates in Sangsefidi et al.’s study with 100 loading cycles and 8 W-D
cycles, which was similar to the plastic strain in this study. However, the modulus in the
two studies presented a greater difference due to the different test methods. Although
Sangsefidi et al. were concerned with the frequent variations of moisture content, the
dynamic and flow effect of the infiltrated water was not considered in their studies. The
comparisons indicate that some results have a similar value and variation tendency, while
others are quite different due the materials and test methods.

In the fully permeable pavement, the water was drained away in both the vertical
and horizontal direction. The drainage in the horizontal direction plays an important role
due to the transverse slope [15,26]. In this study, the water entered into and flowed out of
the UGM in a free and open state, which can be regarded as the vertical drainage. This
was different from the actual pavement. In addition, the permeability of the subgrade was
assumed to be great enough so that the water could totally infiltrate at any time. Therefore,
the state in this study was an ideal state which only considered the infiltration in the vertical
direction and the infiltration intensity was not considered.

4. Conclusions

The water-retaining and mechanical behaviors of UGM were investigated with dif-
ferent infiltration numbers and duration. The water-retaining rate, changes in aggregate
composition, CBR, plastic and resilient strain and equivalent modulus were analyzed and
discussed. The following conclusions were drawn:

(1) The water-retaining rate was relatively low for the short-term infiltration, and it
gradually increased with the extension of the infiltration duration. The increment of
water-retaining rate was up to 0.46% when the duration was extended to 60 min and
more. The effect of duration on the water-retaining rate was significant in a certain
period, and then it tended to be stable. However, the infiltration numbers had little
influence on the water-retaining capacity of UGM;

(2) The water-retaining rate of stratified samples decreased with the increase in the
depth. The difference between the top and bottom of the specimens reached 2.56%.
However, the changes in different depths would not affect the integrated water-
retaining capacity of the structure. With infiltrations, the fine aggregate migrated
downward from the upside to the lower layer. It changed the proportion of fine and
coarse aggregate, resulting in a reduction in water-retaining in the upper structure
and an increase at the bottom;

(3) The infiltration number had significant influence on the bearing capacity and plastic
strain of UGM, especially in the first and second infiltration. With two infiltrations,
the plastic strain increased by 57.8% using the repeated CBR tests. Upon experiencing
more infiltrations, the increment of plastic strain tended to be greater along with the
loading cycle. After the first infiltration, the resilient strain had an increase of 36.52%
and the equivalent modulus decreased by 28.7%. The first infiltration presented a vital
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influence on the bearing capacity of UGM, and the effect decreased as the infiltration
number increased.

The obtained findings reveal that the infiltration has a significant influence on the
water-retaining and bearing capacity of the UGM. However, there are still some limitations
in this study. The greatest simplification was that the process in the infiltration tests only
considered the penetration in the vertical direction and the infiltration intensity was not
included. Secondly, the gradation has an important influence on the water-retaining and
mechanical behaviors of UGM. In this study, the median gradation was only used, which
did not consider the gradation effect. In addition, the UGM layer lies between the surface
and the subgrade layers, which will face non-pressure and pressure conditions. However,
only the non-pressure condition was considered in this study. Although some factors are
simplified, the findings in this study have revealed the important influence resulting from
infiltration. The shortcomings of this study will be the motivations for future studies.
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