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Permeable pavements are often affected by pore clogging, which leads to their functional failure and reduced service life. However,
the clogging mechanism and its impact on the permeability and complex pore microstructures in pervious pavement remain
unclear. ,e aim of current study is to quantify the clogging behavior in pervious pavement materials and carry out investigations
on the development of pore characteristics and permeability. Novel polyurethane-bound pervious mixture (PUPM) was adopted
for comparative study in present research with conventional Porous Asphalt (PA). ,e Aachen Polishing Machine (APM) was
selected to perfectly serve as a simulator for clogging process of pavement in the actual service condition. ,e permeability and
pore microstructure of the pervious pavement material were then characterized by using the self-developed permeameter and
X-ray Computed Tomography (CT) scanning, respectively. ,e development of pore characteristics in terms of clogging was
experimentally illustrated. Based on the pore characteristics, the flow behavior of PUPM subjected to different clogging periods
was predicted based on the developed non-Darcy flow model. ,e developed experiments and analysis can further strengthen the
understanding of the clogging mechanism within the porous pavement material. ,e results can also serve for the optimization of
the pervious pavement design in the engineering application.

1. Introduction

Permeable pavement is a type of pavement that allows
rainwater and runoff to directly infiltrate into the pavement,
rather than accumulating on the pavement surface. During
the infiltration process, permeable pavement can also filter
pollutants and particle matters from the water. So, the
groundwater volume is not only replenished but the water
quality can be also improved [1–3].

Permeable pavement systems exhibit water treatment
potential and can retain up to 90% of particulate matter
(PM) and total suspended solids (TSS), 65% of total
phosphorus (TP), and 80% of total nitrogen (TN) [4, 5].
However, on the other hand, these particles that are present
in the surface runoff can remain in the pores during the

infiltration process. ,is buildup causes clogging in the
pores, thereby gradually but significantly changing the hy-
draulic properties of the permeable pavement, which in turn
will affect the mechanical performance of pavement [6–9].
Based on the previous research, clogging can be mainly due
to two types of siltation processes: (a) long-term clogging
process by urban runoff with fine particles and (b) short-
term clogging by a sudden slump or landslide [10]. As the
long-term service performance is greatly hindered by these
clogging characteristics, studies have been conducted by
applying fine particles accumulating in the void spaces of
porous pavements based on different watering methods [11].
Clogging is found to be highly correlated with the particle
size and volume, the flow rate, and pore characteristics of the
pavement [12].
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Previous research has been primarily focused on the
observation of field measurement and macroscopic labo-
ratory experiments. ,e microscopic characterization of the
clogging such as the development of pore characteristics,
particle distribution, and kinematics are still not clarified. A
systematic understanding of the development of hydraulic
and clogging mechanisms within the permeable pavement
should be further established. Additionally, because most of
the existing clogging experiments are based on modified
permeameter by only changing the flow conditions, none of
them can effectively simulate the clogging by considering the
tires-road interaction.

In the present study, the objective is to quantify the
clogging behavior in the permeable pavement materials
(PPM) and the investigations on the development of pore
characteristics and permeability taking into consideration the
clogging effect. ,us, a more comprehensive understanding
of the hydraulic properties of the PPM can be achieved. With
the help of the derived non-Darcy flow equations in the
previous study [13], the hydraulic properties of PPM during
the clogging periods can be estimated. ,is could be a
guideline for the accurate evaluation of the hydraulic prop-
erties of the PPM for future studies and practical application.

2. Materials and Methods

2.1. Materials. ,e porous pavement can achieve a high
permeability performance because of its void-rich structure.
However, the combination of this open-graded aggregate
distribution design and the low shear force resistance binder,
such as bitumen, results in weaknesses in durability and
adhesion failure in the porous pavement. For this reason, a
polyurethane-bound pervious mixture (PUPM) was devel-
oped by using the polyurethane (PU) to replace bitumen as
the binder. Numerous researches have verified that PUPM
has the notable mechanical and functional performance to be
realized [14–17]. Moreover, during construction, PU can be
cured at room temperature. Hence, a significant environ-
mental benefit can be also achieved when compared to the
conventional heating construction method of asphalt [18].

2.1.1. Mix Design. To investigate the pore characteristics of
the PUPM, three types of the PUPM with different porosities
were produced in this study: PUPM 8-H, PUPM 8, and
PUPM 8-L, which denote mixture with maximum aggregate
size 8mm and high, normal, and low porosity levels, re-
spectively. Conventional PPM, Porous Asphalt, PA 8, was also
selected as the reference material to evaluate the properties of
PUPM in this study, which is one of standard permeable
pavement materials (RSto12, Guidelines for the Stand-
ardisation of Pavement Structures of Traffic Areas, edition
2012). ,e grain size distribution of all four chosen samples
which were used in this study is illustrated in Figure 1.

2.1.2. Preparation of the PUPM Specimen. Figure 2 shows the
manufacturing process of PUPM.,e two components of the
polyurethane (polymerize polyol and isocyanate) were mixed
firstly to activate polymerization reaction. Once the binder

was fully polymerized, they were mixed with aggregate. After
all the aggregates can be observed evenly coated with poly-
urethane, the mixture was put into a mold with a length and
width of 320mm and 260mm and a height of 40mm for
compaction. After a curing time of around 24 hours, 100mm
diameter cores were drilled. ,ey were then weighted and
used in the clogging simulation. ,e whole procedure of the
specimen mixture was conducted at room temperature.

2.2. Laboratory Tests. To investigate the influence of the
clogging behavior on the hydraulic properties of the spec-
imens, several experimental procedures were designed. ,e
first step was the simulation of clogging behavior in the
specimens. ,e second step was to determine the clogging
concentration of the influent and effluent. ,e third step was
to evaluate the permeability of the specimens by conducting
the permeability tests, and lastly, the pore characteristics of
the specimens based on XCT were to be evaluated.

2.2.1. Clogging Simulation. To simulate the clogging in the
laboratory, a simulation based on the Aachen Polishing
Machine (APM) was carried out, as shown in Figure 3. By
the aid of the APM, pavement samples can be exposed to a
real tire loading (Type: Vanco 8, 165/75 R14C 8PR 97/
95RTL from Continental with shore hardness between 72
and 75 in level A).,emain components of the APM are two
independently working tires and a framework that can move
forward and back. ,e sample is anchored to the track, and
the wheels drive back and forward to simulate the condition
on the pavement when a vehicle passes by. Since the pressure
of the wheels in the APM system can be adjusted, the in-
strument can imitate all kinds of vehicle loads. For the
clogging simulation in this study, sand, which has a grain
size of up to 2mm, was chosen as the clogging material.
During the simulation, two different specimens were an-
chored to the track.,en, 40 grams of sand was sprinkled on
the surface of the specimen.,e vehicle tire in the APM then
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Figure 1: Grain size distribution of PUPM 8-H, PUPM 8, PUPM 8-
L and PA 8.
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moved back and forth along the sample. ,e sled moved
horizontally 9 times back and forth per minute, while the
tires spun 41 rotations per minute. During the whole pol-
ishing process, water was sprinkled on the surface of the
specimens. In this way, the sand would enter the void of the
sample with the water and the pressure of the tire. All
variants of the specimen (PUPM 8, PUPM 8-H, PUPM 8-L,
and PA 8) were conducted with simulation. Each sample was
processed for four different clogging periods: 20 minutes, 40
minutes, 60 minutes, and 80 minutes. ,ese samples were
then applied to the permeability tests. More information can
be found in [19].

2.2.2. Clogging Concentration at Influent and Effluent. To
investigate the clogging behaviors in the specimens, the
clogging concentration at the influent and effluent from each

specimen was tested. ,is can be described by two pa-
rameters: the strained clogging amount mass in the speci-
mens and the particle mass separation efficiency.

,e clogging period was set at 5 minutes. After the test
started, the effluent flow through the test specimens as well
as the overflow was collected in a pot. Every 5 minutes a
new pot was replaced. ,e strained clogging agents from
the collected effluents and overflow were dried and
measured. In this way, the strained clogging mass during
the clogging periods can be calculated by the subtraction
of the clogging mass (in the effluent and overflow) from
the influent. It can be illustrated from the following
equation:

ms � mi − mo − me, (1)
wheremi,mo, andme denote the dry clogging agents’ mass in
the influent, overflow, and effluent.
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Figure 2: Manufacturing process of the PUPM specimens.

Figure 3: Clogging simulated by Aachen Polishing Machine (APM).
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,e particle mass separation efficiency ηm illustrates the
percentage of the clogging amount throughout the speci-
men, and the equation is expressed as follows:

ηm(t) � 1 −
me􏼂 􏼃(t)

mi􏼂 􏼃
(t)􏼠 􏼡 × 100%. (2)

2.2.3. Permeability Test. Permeability describes the ability
of a porous material to conduct water. ,e higher the
permeability of a material, the faster the liquid can pass
through. ,e permeability coefficient is a predictable
indicator to represent the hydraulic characteristic of a
material. In general, the permeability of the specimen can
be described in horizontal and vertical directions. In this
study, the vertical permeability of the specimens was
investigated.

Based on the standard DIN EN 12697-19, a customized
constant falling head permeameter, as in Figure 4 shown, is
implemented for the test. More details can be referred to in
the previous publication [19].

2.2.4. XCT Scanning. In order to quantify the pore char-
acteristics of the specimens, a High-Resolution Computed
Tomography and X-ray System (XCT) was used in this
study. ,e X-ray system consists of a generator with 250-KV
and a rotating scan table for the specimens. During the
operation, the specimen was placed on the rotating scan
table in the XCTsystem, then the X-ray generator of the XCT
system shot a radiation beam to the specimen, and the
reflected signal was received by the receptor and passed to
the system for the analysis. In this study, all the scanning was
accomplished by the XCT.

2.3. Models of Different Flow Behaviors

2.3.1. Flow Behavior with Low Velocity. ,e permeability of
a porous media can be estimated not only by the experi-
mental measurement but also by using empirical methods.
Many researchers have attempted to estimate permeability
with different models. One of the most recognized models
was developed by Hazen; however, around one century later,
Kozeny and Carman made a further step, which approached
to delivering more accurate results [20].

,e Kozeny–Carman model (KCM) is one of the well-
knownmodels that relates both permeability and porosity. It
describes the relationship between the properties of the
medium and the flow resistance in the pore channels. With
the semiempirical-theoretical formula expressed in the
following equation, the permeability of the porous media
can be predicted [21].

Kkcm �
cω

μω · Ck−c

·
1

S
2
Ae

·
neff

3

1 − neff􏼐 􏼑
2, (3)

whereKkcm is the Kozeny–Carmanmodel permeability, cω is
the unit weight of water, μω is the viscosity of water, Ck−c is

the empirical Kozeny–Carman coefficient, SAe is the effective
specific surface area, and neff is the effective porosity.

SAe can be obtained by the particle size distribution for
the nonuniform spheres:

Deff �
100%

􏽐 ϕi/D
0.5
li · D

0.5
si􏼐 􏼑

, (4)

where Deff is the effective diameter, φi is the percentage
fraction of grain between the largest sieve size Dli and the
smallest sieve size Dsi.

,us, the KCMmodel emphasizes grain size distribution
(GSD) can be rewritten as follows:

K
GSD
KCM �

cω

μω · Ck−c

·
100%

􏽐 ϕi/D0.5
li · D0.5

si( 􏼁
􏼠 􏼡

2

·
1

S
2
Ae

·
neff

3

1 − neff( 􏼁
2. (5)

Calculating with the conventional KCM can lead to a
result with deviation because the equations parameters are
dependent on uniform sphere particles and surrogate in-
dices. Moreover, the aggregates of pavements are mostly
irregular. ,us, a modified KCM is required for an ap-
propriate prediction of permeable pavement. By considering
the tortuosity τ, equation (3) can be rewritten as follows:

K
m
KCM �

cω

μω · Ck−c

·
neff

τ2S2Ae

. (6)

2.3.2. Flow Behavior with High Velocity. Many researchers
have used different methods to approach the characteristics
of flow with high velocity. ,ey can be classified into two
groups: theoretical and empirical models. So, the empirical
models in this study applied are from the Ergun and Ward,
and the theoretical models are based on the capillaric models
[13].

Based on the known information that the energy loss
flow of the porous media is caused by the dissipation of
viscous and kinematic energy, this energy loss is represented
by a decrease in pressure. Ergun combined the theory of
Reynolds and the method of Kozeny [21]. After numerous
experiments, he corrected the parameters of the two rela-
tions which depend on the flow rates, namely, the linear
relation with viscous energy loss and the term of
(1 − neff )

2/n3eff , and the nonlinear relation with kinetic en-
ergy loss and the term of 1 − neff /n3eff . So, by considering the
effects of the particle size and shape, as well as extending the
models from Kozeny–Carman in the linear laminar regime
and the Burke and Plummer in the turbulent regime, the
equation which he has proposed can generally describe all
types of flow in the porous media. So, the Forchheimer
coefficient for high flow rates can be expressed by the fol-
lowing equation:

βE �
1.75

g
·
1 − neff

n
3
eff

·
1

Dp

, (7)

where Dp is the particle diameter.
By combining the effects from the granular material with

permeability, another approach to the Forchheimer coeffi-
cient can be expressed with the following equation:
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Bw �
0.55
k
0.5 . (8)

Based on the concept that considers the porous media as
the capillaric model, many researchers contributed in this
direction to theoretically analyze the flow behavior. ,rough
the arrangement of these capillary tubes, these models can be
distinguished into series and parallel bounded [19].

,e equation for the parallel-type model can be
expressed as follows:

B
n
t �

c0

K
0.5

· n
1.5
eff

. (9)

And for the serial-type model,

B
τ
t �

c1 · τ
K

0.5
· ne

, (10)

whereBn
t denotes the Forchheimer equation by applying the

porosity, as well as Bτ
t by using tortuosity, c0 and c1 are the

constants, which denote the inertia and pore size distri-
bution. From the previous study [13], the constants have
been proposed for both models, which can properly estimate
the flow behaviors in the clean-bed PUPM. So, the equations
for the PUPM mixtures can be rewritten as the following
equations:

,e parallel-type model:

B
n
t �

0.0487
K

0.5
· n

1.5
eff

. (11)

,e serial-type model:

B
τ
t �

5.9435 · 10− 7
· τ

k · ne

. (12)

3. Results and Discussion

3.1. Clogging Concentration. During the clogging simula-
tion, the clogging concentration in the first 30minutes was
observed. ,e influent, overflow, and effluent flow through
the specimens during the clogging simulation were collected,
and the clogging agents in the liquid were dried and
weighed. ,e obtained data were analyzed and plotted in
Figure 5. ,e results illustrate the increasing trends of
clogging concentrations in both specimens. During the first
5minutes of the clogging period, more than half of the
clogging agents stuck in the PA 8, while these in the PUPM 8
were only 42%. ,e clogging concentration in PA 8 con-
tinued to rise sharply; after 20minutes, the rate of growth
became stable. After the loading time exceeded 30minutes,
more than 90% of the clogging agents can be found in PA 8.
,is denotes that the most hydraulic flow channels in PA 8
were blocked. By contrast, the clogging concentration in
PUPM 8 increased slowly throughout the whole period.
During the clogging periods, only around 52% of the
clogging mass of the influent was accumulated in PUPM 8.

In conclusion, both specimens can be affected by the
clogging issue. But the clogging situation in PUPM 8 is more
optimal than that in PA 8.
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Figure 4: Apparatus for permeability test. (a) Schematic diagram of apparatus (1: water inlet; 2: graduated plastic cylinder; 3: influent water
head; 4: specimen; 5: upper rubber sleeve; 6: lower rubber sleeve; 7: outflow tube; 8: effluent water head; 9: water shut-off valve; and 10: water
outflow). (b) Physical map of apparatus.
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3.2. Permeability of Specimens during the Clogging
Development. During the permeability test of the speci-
mens, the data were collected in 5 hydraulic heads (from 100
to 300mm with interval of 50mm). In each level, four
measurements for each specimen were recorded and then
analyzed, respectively.

3.2.1. Flow Characteristics in terms of a Constant Hydraulic
Head. As can be seen in Figure 6, the permeability coeffi-
cients at 300mm hydraulic head of the specimens during the
clogging periods were obtained. ,e specimens PUPM 8-H
with the highest permeability can conduct 1.72×10−3m/s of
water. Followed by the PUPM 8 with the second highest
permeability, and at the third position is the PA 8. In the
figure, it can be recognized that the PUPM 8-L has the lowest
permeability with 4.55×10−3m/s.

For PA 8, the permeability of PA 8 decreased sharply
once the clogging period started. In the first 20minutes,
the specimen’s permeability sharply reduced from
1.08 ×10−3 m/s to 2.9 ×10−4 m/s, approximately 26% of its
initial permeability. Conversely, during the same periods,
the permeability of the PUPM 8 reduced slowly. Unlike
the PA, the PU can perfectly cover the surface of the
aggregates and provide a smooth surface for the aggre-
gates. ,erefore, the sediments can be easier caught in the
PA specimen. ,e characteristic of the binder of the PA is,
however, another influencing factor. Because of the high
viscosity of the bitumen, the sediments tend to become
attached to the bitumen. ,e flow behavior of the PA in
the experiment is consistent with the previous study [13].
After 20minutes of clogging simulation, the permeability
of the PA 8 decreases continuously and steadily.
60minutes later, the permeability of PA 8 reaches
7.5 ×10−5 m/s, which can be classified as permeable.
However, the initial permeability was highly permeable. In
comparison with the PUPM 8 and PUPM 8-H, the per-
meabilities of PA 8 are nineteen to thirteen times lower
than that of PUPM 8 and PUPM 8-H.

With regard to PUPM 8, PUPM 8-H, and PUPM 8-L,
according to Figure 6, two different decline trends of per-
meability coefficients can be observed. During the total
clogging period, the permeability coefficients of the PUPM 8
and PUPM 8-H present similar downward trends. ,e
permeability of the PUPM 8 reduced sharply, while this of
the PUPM 8-H reduced much more steadily. After
80minutes, the permeability of PUPM 8 reached
1.04×10−3m/s, which is slightly lower than that of PUPM 8-
H. By contrast, during the same clogging period, the per-
meability of PUPM 8-L shows a wave trend. A reason for this
fluctuated trend could be that in the PUPM 8-L the con-
tinuous grading of aggregates was used, resulting in a high-
density specimen with much lower porosity. In conjunction
with that, the pressure from the tire of the clogging simu-
lation and the impact of the flow causes two different effects.
First, these forces push a little number of clogging agents
into the specimen, while most of them stay on the surface of
the specimen. Secondly, as the clogging loading time de-
velops, some of these clogging agents would be then washed
out by these forces. ,is consists of the shown permeability
development of the PUPM 8-L. Nevertheless, after the whole
clogging simulation, three kinds of PUPM can be classified
as highly permeable.

In conclusion, all the four specimens have high initial
permeability and can be affected by the clogging. However, the
PA 8 is more influenced by the clogging than PUPM variants.
After 80 minutes of clogging simulation, the permeability of all
PUPM variants can still be recognized as highly permeable, but
the PA 8 can be only classified as permeable.

3.2.2. Flow Characteristics in terms of Changing Hydraulic
Gradients. ,is study is aimed to analyze the hydraulic
properties of PUPM 8-H; the PUPM 8-L and PUPM 8 are no
longer taken into consideration. By changing the hydraulic
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head, the permeability coefficients of the specimens at the
hydraulic gradient from 2.5 to 7.5 were evaluated and plotted
in Figure 7. As can be seen from this figure, the rate of the
permeability reduction slows down, as the clogging time and
the hydraulic gradients increase. ,e study also found that
the change of hydraulic gradient has a greater impact on the
permeability coefficient without polishing, and this impact
also decreases with the increase of polishing time.

As far as the flow behavior of the specimens, when the
specimens were not subjected to the clogging, a non-Darcy
flow behavior of all four specimens can be noticed. However,
as the clogging time develops, the characteristic of linear
flow become more obvious. It denotes that the viscous force
is dominating the kinematic force, as the clogging devel-
opment in the specimen. Nevertheless, as can be seen that at
the clogging periods of 40minutes, the permeabilities of the
PUPM 8-H are the lowest during the whole clogging de-
velopments, which is not reasonable. Hence, an analysis for
this can be conducted by combining with the pore char-
acteristics of the specimens during the clogging
development.

3.3. Pore Characteristics during the Clogging. With the help
of the XCT methods, the aid of MATLAB and Avizo soft-
ware, the aggregate, polyurethane binder, and clogging
mixture was successfully separated based on the OTSU
method [13, 19]. ,e 3D visualization of PUPM 8-H is
shown in Figure 8. ,e data of pore characteristics of the
specimens during the clogging were thus obtained and
analyzed.

,e effective void content distribution, the specific
surface area, and the tortuosity of the PUPM 8-H during the
clogging periods are listed in Table 1. No obvious variant
trends of PUPM 8-H during the whole clogging periods can
be observed. However, combining the results of XCT
analysis and the variation of the permeability by changing
the applied hydraulic gradients, it can be noticed that with
the increase of the value of tortuosity, the effective porosity
of the specimens reduces faster. Additionally, the variation
of its permeability during the clogging development follows
the same trend. ,is denotes the fact that the tortuosity of
the porous material affects its ability of resistance to the
clogging particles. ,is could be the reason that the per-
meabilities at the clogging periods of 40 minutes are lower
than those of other clogging periods, and the permeabilities
at clogging periods of 80minutes are similar with those at 60
minutes as well. To investigate the correlation of the pore
characteristics that influence on the its permeability, it is
assumed that a different tortuosity can be formed at a
different clogging period; this would also cause a different
clogging resistance, resulting in a different effective porosity;
thus, a different permeability dissipation can be observed. To
transfer this assumption into the mathematic equations, the
initial porosity is multiplied by a clogging resistance term to
obtain the effective porosity after a certain clogging period.
,is relationship can be expressed by the following equation:

neff � ni · cR, (13)

where neff is the effective porosity, ni is the initial porosity of
the PUPM 8-H, and cR is the term of the clogging resistance.
As assumpted that the tortuosity is a function of the clogging
resistance term, the relationship between the clogging re-
sistance and tortuosity was derived by fitting data, and it can
be described by following equation:

cR � 1.1958 · e
−0.469·τ

, (14)

where τ is tortuosity. By adopting equation (14) into (13),
equation (13) can be rewritten as

neff � ni · 1.1958 · e
− 0.469·τ R2

� 1􏼐 􏼑. (15)

Because the initial state of the specimen was not con-
sidered during the XCT scan analysis, the data of its pore
characteristics are unknown. However, ni of the PUPM 8-H
can be approximated by fitting data and it has the value of
43.62.

3.4. Prediction of theHydraulic Properties of PUPMduring the
Clogging Development. To estimate the hydraulic properties
of the PUPM 8-H under the clogging effects, several models
were carried out. From the flow velocity perspective, these
properties were observed in two aspects.

3.4.1. Estimation of the Permeability of PUPM during the
Clogging Development. As in the literature review men-
tioned, based on the pore characteristic parameters such as
effective porosity, tortuosity, and specific surface area, the
permeability of a porous material can be predicted with the
KCM models. In this study, the results from XCT were
modeled with three KCM models: the original KCM, the
KCM GSD, and the modified KCM. ,e obtained perme-
ability from these three models will be compared and
discussed.
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,e permeability coefficients of PUPM 8-H, derived
from three KCM models, were compared with the results of
the measurement. ,e comparison is illustrated in Figure 9.

As expected, the original model has the highest dispersion
from the measured permeability. As mentioned in the pre-
vious section, the focus of the original model was only on the
porosity and the specific surface area of the materials, and all
the aggregates are uniformly sharp. ,us, it delivers the most
inaccurate results. ,e GSD model also delivered results with
great deviations. In this model, the grain size distribution is
taken into consideration. However, this parameter is highly
dependent on uniform spheres and surrogate indices. ,e
modified KCM has the best prediction for the permeability
coefficients. In the modified KCM model, the tortuosity was
taken into consideration because the aggregates of the ma-
terial are irregular; through this, the pore structure in the
porous material can be better described. ,is proves that the
flow behavior can be modeled accurately only when the
structure of the porous media is accurately described.

Compared with GSD and the original models, the
modified model can predict the flow behavior in PUPM 8-H
better, but it is not perfect. ,e modified KCM still cannot
perfectly predict the flow behavior in the PUPM 8-H. ,e
figure above shows that the values derived from this model
are smaller than those measured in the permeability test.
From the theoretical aspect, the modified KCM was used for
the clean-bed specimens. ,erefore, to predict the flow
behavior of the porous media under the clogging periods
accurately, the modified KCM model needs to be justified.

Based on the observation of the XCT results, the vari-
ation of the pore characteristics is very complicated. Re-
gardless, a trend of the permeability coefficient of PUPM
8-H, which is similar to the exponential function, can be
identified. ,e modified KCM model is incapable of

estimating the permeability of the specimen perfectly. ,e
deviation of the ascertained experimental data and the es-
timated permeability is caused by the clogging effect in the
PUPM 8-H. To further improve the prediction on the
permeability of the PUPM 8-H, the clogging issue is con-
sidered in a specific term, named the curve fitting function,
and added to the modified KCM model in MATLAB. ,is
curve fitting function was approximated to fit experimental
data. ,us, the modified KCM in terms of the time-related
clogging effects for the PUPM 8-H was derived. It is
expressed as follows:

K
c
KCM �

cω

μω · Ck−c

·
ne

τ2S2Ae

· A1 + A2 ∗ e
− A3 ∗ t( )􏼒 􏼓, (16)

where Kc
KCM is defined as the KCM permeability during the

clogging periods. A1, A2, and A3 are the coefficients. ,e
values of these coefficients for equation (16) are listed in
Table 2.

To test whether the modified KCM model for clogging
can predict the permeability of the PUPM 8-H during the
clogging periods properly, equation (16) was implemented
for the calculation of the permeability of the PUPM 8-H.,e
results of both models were then compared with the mea-
sured permeability. ,ese results are illustrated in Table 3.

As can be seen from the above table, the modified KCM
model for clogging exhibits favorable results, as expected. In
comparison with the modified KCM model and the modified
KCM model for clogging, the relative error to the measured
permeability coefficient is significantly lower for PUPM 8-H by
applying the modified KCM model for clogging. ,us, in this
case, it can be concluded, from comparing themaximumof the
relative errors, that the estimated permeability can be more
accurately calculated to be closer to the actual permeability in
PUPM 8-H specimens during the clogging periods.

Table 1: Void content distribution measurements for PUPM specimens at 20, 40, 60, and 80min clogging simulation.

Specimens Clogging time (min) Effective void content (%) Specific surface area (1/m−1) Tortuosity (-)
PUPM 8H 20 40.71 361.27 2.228
PUPM 8H 40 39.02 678.49 2.875
PUPM 8H 60 40.84 453.41 2.168
PUPM 8H 80 39.19 500.78 1.553

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

Figure 8: 3D visualization of PUPM 8-H at the clogging period of (a) 20, (b) 40, (c) 60, and (d) 80minutes [19].
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3.4.2. Estimation of the Non-Darcy Flow in the PUPM during
Clogging Development. As stated in the previous section, the
kinematic force in the porous material becomes significant,
as the flow velocity increases. After a certain point, Darcy’s
law is no longer suitable to be applied to describe the flow
behavior. To investigate the nonlinear flow behavior in the
PUPM 8-H, the Reynolds number (Re) number and pressure
drop were carried out.

Figure 10 shows the variation of values of the Re for the
flows in the PUPM 8-H at the hydraulic gradients from 2.5 to
7.5 during the clogging development. According to Fig-
ure 10, growing trends of Re with the increase of the hy-
draulic gradients in the PUPM 8-H can be observed.

Many researchers suggest different values of the Re
number to limit the upper threshold of Darcy’s law; these
values mostly range from 1 to 10. As can be seen from
Figure 10, almost half of values of the Re for PUPM 8-H are
found in the range of 1–10, which is a common

phenomenon at a low hydraulic gradient.,erefore, the flow
in PUPM 8-H is experiencing a critical region, where a
transition period from the non-Darcy to the Darcy regime
takes place.

In conclusion, within the applied hydraulic gradients,
the values of Re for PUPM 8-H approach the Darcy regime
area gradually with the increase of the clogging time. ,is is
consistent with the conclusion from the permeability test in
the previous section that the viscosity force in the specimens
becomes notable with the increase of clogging development.
,us, Forchheimer’s law is applicable for analyzing the
behavior of non-Darcy flow in the PUPM 8-H.

Based on the existing study [13], the conventional
Forchheimer models are needed to fit the prediction of the
pressure drops in the PUPM 8-H to the actual measurements
during the applied clogging periods. ,e nonlinear flow
behavior in the PUPM 8-H can be predicted by fitting the
capillaric models to the experimental data. To estimate this

Table 2: Constant parameters of the modified KCM models in terms of the clogging for PUPM 8-H.

Specimens
Constant parameters

A1 A2 A3 R2

PUPM 8-H 0.156 0.3 0.13 0.99
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Figure 9: Comparison of measured permeability and estimated permeability with KCMmodels for PUPM 8-H during the clogging periods
of 20, 40, 60, and 80 minutes.

Table 3: Comparison results of permeability for PUPM 8-H.

Clogging time (min) Measured K (m/s) Modified KCM (m/s) Relative error (%) Modified KCM, clogging (m/s) Relative error (%)
20 1.69E− 03 1.32E− 03 −21.86 1.69E− 03 0.00
40 1.50E− 03 3.40E− 04 −77.31 1.50E− 03 0.00
60 1.48E− 03 1.12E− 03 −24.02 1.48E− 03 0.00
80 1.48E− 03 1.29E− 03 −12.90 1.48E− 03 0.00
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Figure 10: Plot of Re and hydraulic gradient for PUPM 8-H during the 20-, 40-, 60-, and 80-minute clogging periods.

–1.0E+04

–3.0E+04

Pr
es

su
re

 g
ra

di
en

t (
Pa

/m
)

–5.0E+04

–7.0E+04

–9.0E+04

–1.1E+05
0 3 6 9 12

Re (-)

15 18 21 24

PUPM 8-H-20

Linear Darcy Regression

Forchheimer Regression (Ergun)

Forchheimer Regression (Ward)

Fitting Regression (β_n)

Fitting Regression (β_T)

(a)

–2.0E+04

–4.0E+04

Pr
es

su
re

 g
ra

di
en

t (
Pa

/m
)

–6.0E+04

–8.0E+04

–1.0E+05

–1.2E+05

–1.4E+05
0 3 6 9 12

Re (-)

15 18

0.0E+00

PUPM 8-H-40

Linear Darcy Regression

Forchheimer Regression (Ergun)

Forchheimer Regression (Ward)

Fitting Regression (β_n)

Fitting Regression (β_T)

(b)

Figure 11: Continued.
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nonlinear flow behavior under the consideration of clogging,
the curve fitting function in MATLAB was carried out.

For PUPM 8-H, the Forchheimer coefficient with the
parallel type of the capillaric model can be remodeled as
follows:

B
n
c �

0.0487 · an · e
bn ·t

k
0.5

· n
1.5
e

. (17)

And with the serial type of the capillaric model,

B
τ
c �

5.9435 · 10− 7
· aτ · e

bτ ·t
+ cτ · t􏼐 􏼑 · τ

k · ne

. (18)

By adopting equations (17) and (18) into Forchheimer’s
law, the flow property of PUPM 8-H can be predicted as
follows:

∇pc
n � −

μ
k

m
KCM

vD −
0.0487 · an · e

bn ·t

k
0.5

· n
1.5
e

ρv
2
D R2

� 0.97􏼐 􏼑. (19)

∇pc
n � −

μ
k

m
KCM

vD −
5.9435 · 10− 7

· aτ · e
bτ ·t

+ cτ · t􏼐 􏼑

k · ne

τρv
2
D R2

� 0.94􏼐 􏼑, (20)

where an � 2.6345; bn � 0.01035; aτ � 0.2019; bτ � 0.012; and
cτ � 0.0623.

,e predicted non-Darcy flow model can be seen in
Figure 11.

As shown in Figure 11, during the whole clogging period,
both remodified Forchheimer’s equations gave closer results
to the experimental measurements than those of Ergun and
Ward’s model. It can be concluded that the remodeled
equations have a more accurate prediction for the nonlinear
flow in the PUPM 8-H.

4. Conclusions

Based on the clogging simulation and permeability test, the
clogging mechanism and development of hydraulic prop-
erties within the PPM were analyzed in depth. Detailed
findings were listed in the following points:

(1) ,e initial permeability of the PUPM is higher than
that of PA 8. During the clogging simulation with the
Aachen Polishing Machine (APM), the permeability
of PUPM decreases gradually, while in the PA 8, it
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Figure 11: Modified Forchheimer’s regressions and previous regressions for PUPM 8-H at different clogging periods (minutes): (a) 20;
(b) 40; (c) 60; and (d) 80.
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drops sharply in the first 20 minutes. After 80
minutes of the clogging simulation, the PUPM
maintains a high permeability, while the PA 8 loses
74% of the initial permeability. It indicates that the
PUPM can withstand the impact of the clogging
agents with a size of up to 2mm better than PA
mixtures. ,erefore, it can be concluded that the
PUPM not only can provide a longer service lifespan
but also has a significantly better water drainage
performance than the PA mixtures.

(2) Based on the results from XCT, the pore charac-
teristics such as the pore size, the porosity, the
tortuosity, and specific surface area of the PUPM 8-H
specimens were evaluated. Most values of all these
characteristics during the clogging developments
have no obvious trend. A relationship between the
effective porosity and the tortuosity of the PUPM 8-
H was found; it provides a clarification for the
fluctuated trends of the pore characteristics.

(3) ,e equations related to the hydraulic properties of
the PUPM 8-H in the clogging development were
derived. ,ey are based on the results from previous
research and the clogging related term which was
obtained from fitting the data of the permeability and
pore characteristics of the PUPM 8-H. With the
modeled equations, the loading time-dependent
hydraulic conductivity and the pressure drops of the
PUPM 8-H can be estimated [22].
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