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ABSTRACT

The permeable brick pavement system (PBPs) is one of a widely used low impact development (LID) measures to alleviate runoff volume and
pollution caused by urbanization. The performance of PBPs on decreasing runoff volume is decided by its permeability, and it was general
described by hydraulic conductivity based on Darcy’s law. But there is large error when using hydraulic conductivity to describe the infiltra-
tion of PBPs, and which infiltration process is not following Darcy’s law, so it is important to find more accurate infiltration models to describe
the infiltration of PBPs. The Horton, Philip, Green-Ampt, and Kostiakov infiltration models were selected to find an optimal model to inves-
tigate infiltration performance of PBPs via a laboratory-scale experiment, and the maximum absolute error (VAE), Bias, and coefficient of
determination (R?) were selected to evaluate the models’ errors via fitting with experiment data. The results showed that the fitting accuracy
of Kostiakov, Philip, and Green-Ampt models was significantly affected by the monitoring area and hydraulic gradients. Meanwhile, Horton
model fitted well (MAE = 0.25-0.32 cm/h, Bias = 0.07-0.11 cm/h, and R? = 0.98-0.99) with the experiment data, and the parameters of the
Horton model often can be achieved by monitoring, such as the maximum infiltration rate and the stable infiltration rate. Therefore, the
Horton model is an optimal model to describe the infiltration performance of PBPs, which can also be adopted to evaluate hydrological
characterization of PBPs.
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HIGHLIGHTS

® The constant and falling head monitoring methods based on Darcy’s law have large error to describe the infiltration process of PBPs.

® Horton model is an optimal model used to describe the infiltration process of PBPs, and fits well with experiment data.

® Horton model is flexible under different compositions of PBPs, and the parameters of the Horton model are determined based on exper-
iment data which can use for mointoring.

1. INTRODUCTION

Natural landscapes are being replaced by pavement with rapid urbanization, thereby increasing impervious areas and
reducing permeability of landscapes (Leimgruber ef al. 2018), this process significantly lowers the capacity to store storm-
water runoff (Dong et al. 2019). The destruction of natural geological features and hydrological systems induces numerous
ecological and environmental problems such as flooding, waterlogging, and runoff pollution (Vu & Ranzi 2017; Tam &
Nga 2018). The increasing impervious urban area also increases the stormwater runoff volume and peak flow rate. Eshtawi
et al. (2016) found that a 1% increase in impervious area would decrease the total infiltration volume from rainfall (range
from 0 to —0.41 of Urban-Percolation Index) and increase the runoff volume (range from 0 to around 1 of Urban-Surface
Index). Olivera & DeFee (2007) found that when the impervious area reached 10%, the annual runoff depth of the catch-
ment increased by 146%. To alleviate these stormwater problems caused by urbanization, low impact development (LID)
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had been proposed to reduce the runoff volume via decentralization measures at source (Hamel et al. 2013; Dagenais et al.
2017).

As one of a widely used LID measures with high permeability, permeable pavement (PP) can effectively restore the hydro-
logical impact caused by urbanization, such as reduction of rainfall volume and peak flow, and remove runoff pollution
(Sambito et al. 2021). The high porosity of the base layer can effectively retain stormwater runoff, recharge groundwater,
and relieve the pressure on the drainage pipe network (Kamali et al. 2017). The function of PP is related to its infiltration
performance, which is important for runoff volume reduction and pollutant removal, and PBPs is one type of PP. Most
research on the infiltration performance of PBPs is limited on surface layer, and adopts constant head or falling head
methods based on Darcy’s law. Niu (2011) investigated the permeability of the surface layer of PBPs under different strengths
and structure via constant head methods. Zhao ef al. (2019) compared the effects of different onsite infiltration rate monitor-
ing methods of PBPs and found that the double-ring method with constant head have higher accuracy when the hydraulic
head was below 50 mm and the inner ring diameter was above 200 mm. Zhang (2017) derived to modify Darcy’s law by
equating inflow rate and infiltration rate under falling head conditions. All these studies on the infiltration performance of
PBPs were based on Darcy’s law, and limited to analysis of the surface layer, which creates a knowledge gap on the infiltra-
tion characteristics of the whole structure of PBPs.

Darcy (1856) designed an experiment to investigate the infiltration performance of water passing through saturated sand,
and found that the infiltration volume (Q) is positive correlation with the hydraulic gradient, while the cross-sectional area
(A) of the experiment column is perpendicular to the infiltration direction, and inversely proportional to the infiltration dis-
tance (L). Darcy’s law is widely used to describe the infiltration characteristics of different kinds of soils, such as clay soils.
Darcy’s law assumes that the infiltration rate of saturated soil is linearly related to the hydraulic gradient. Hence, it is also
called the linear infiltration law. In addition, many researchers have put forward different standpoints on the linear relation-
ship of Darcy’s law. Forchheimer (1901) found that the relationship between infiltration rate and hydraulic gradient gradually
deviated from the linear relationship when the infiltration rate was increased. Bear (2013) summarized the limited conditions
of Darcy’s law, which are laminar flow and Reynolds number < (1-10). More and more studies have shown that Darcy’s law
has limitations in describing the infiltration for some types of media. Therefore, for heterogeneous multi-layer media struc-
tures, just like PBPs, there needs to be further investigation to determine if Darcy’s law is suitable for describing
infiltration characteristics of PBPs or not.

Infiltration performance is important for PBPs to analyse its runoff volume reduction and pollutant removal. So, it is impor-
tant to find an optimal infiltration model to describe the infiltration characteristics for the whole structure of PBPs. The
objectives of this study were as follows: (1) error analysis when using Darcy’s law to describe infiltration performance of
PBPs, (2) comparing the accuracy of monitoring methods by different monitoring areas and hydraulic gradients to find opti-
mal monitoring conditions, (3) to find an optimal model by evaluating the fitting accuracy between the experiment data and
selected models under different hydraulic gradients and monitoring areas, (4) further analysis of the flexibility of the optimal
model under different materials to adopt in different structure layers.

2. MATERIALS AND METHODS
2.1. Experimental device

Three experimental devices with different cross-sectional area were adopt, which was 300 x 300 mm (A;), 400 x 400 mm
(A2), 500 x 500 mm (A35), respectively, which was based on monitoring methods and experimental studies of PP (Chu &
Fwa 2019; Zhao ef al. 2019), the system composition of each experimental device is shown in Figure 1. Three overflow outlets
with different heights were set up to keep the hydraulic head at 50, 100, and 200 mm.

The PBPs structure is shown in Figure 2, and the structure layers from top to bottom are surface layer (60 mm), leveling
layer (40 mm), base layer (200 mm) and soil layer (100 mm). The leveling layer, base layer, and soil layer were separated
by permeable geotextiles. The arrangement of permeable bricks in the surface layer is shown in Figure 3, the size of the per-
meable brick is 200 mm x 100 mm x 60 mm (L x W x H) and the joint width is 3 mm, which was filled with medium sand.
The inside of the experimental device was glued to prevent short-cutting the infiltration pathway. The materials adopted in
different layers of PBPs are listed in Table 1. Scheme 1 was adopted for error analysis of Darcy’s law, Scheme 2 was adopted
for fitting accuracy analysis of different infiltration models, and Scheme 3 was adopted for flexible analysis and parameter
determination of the Horton model.
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Figure 3 | The arrangement of permeable bricks in the surface layers in different experimental devices.
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Table 1 | Materials in different layers

Layer types Scheme 1 Scheme 2 Scheme 3
Surface layer Permeable brick Permeable brick Permeable brick
Leveling layer Medium sand Medium sand Fine, particle size: 0.25-0.35 mm

Medium, particle size: 0.35-0.6 mm
Coarse, particle size: 0.6-1.0 mm

Base layer Gravel: 5-8 mm Gravel: 5-8 mm Gravel: 2-5 mm/5-8 mm/8-18 mm

Soil layer Loess Loess Loess

2.2. Experiment methods
2.2.1. Constant and falling head methods adopted in infiltration experiments

The methods monitoring the hydraulic conductivity of PBPs were divided into laboratory and onsite methods. The laboratory
method was used to calculate the hydraulic conductivity of the surface layer of the PBPs under constant hydraulic head based
on Darcy’s law (Equations (1) and (2)). The hydraulic conductivity of the surface layer of PBPs can be measured via standard
test methods, such as of EN 12697-19 (BSI 2012a) or ASTM D2434-68 (ASTM 2006):

Q:k~A~]:k~A~% (1)

k= % v)

where k is hydraulic conductivity, cm/s; J is hydraulic gradient, cm/cm; A is the cross-sectional area of the experiment device,
cm?; H is the hydraulic head, cm; L is the thickness of the permeable brick, cm.

The standard methods monitoring the infiltration characteristics of PBPs used for onsite were also limited to surface layer,
which included the ASTM C1701 (ASTM 2017), ASTM C1781 (ASTM 2015), and NCAT (Li Kayhanian & Harvey 2013). The
infiltration rate in ASTM C1701 and ASTM C1781 are calculated using Equation (3) under constant head or falling head.
Because the soil layer at the bottom of the PBPs can be considered as an infinite extension, the hydraulic gradient(]) ~ 1,
the infiltration rate is equal to the hydraulic conductivity (Equation (4)):

KM
= ©)
Q=k-AJ=A-i “)

where i is the infiltration rate, mm/h; M is the volume of infiltrated, kg; D is inner diameter of infiltration ring, mm; t is the
time required for measured amount of water to infiltrate the pavement, s, K is constant value.

The NCAT method was developed by the National Center for Asphalt Technology in the late 1990s. The hydraulic conduc-
tivity can be calculated by Equations (5)-(7), which is also based on Darcy’s law:

dQ = vAdt = k?Adt @)
h

k] Adt = —adh ©)
B al h1

where k is hydraulic conductivity, cm/s; a is the inside cross-sectional area of inlet standpipe, cm?; t is average elapsed time of
water flow between timing marks (t;-t,), s; h; is hydraulic head at time t;, cm; h, is hydraulic head at time t, cm.
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Table 2 | Experimental scheme for the different calculation methods

Case Hydraulic head Calculation method
Case 1 Constant head Equation (2)
Case 2 Constant head Equation (3)
Case 3 Falling head Equation (3)
Case 4 Falling head Equation (7)

All of the above calculation methods for infiltration of PBPs are based on Darcy’s law and only limited surface layers, but
there is little knowledge about which is an optimal method to describe the infiltration process for the whole structure of PBPs.
Therefore, the errors of the different methods were investigated through laboratory-scale experiments under different con-
ditions (Table 2).

2.2.2. Infiltration models evaluation for PBPs

The infiltration experiment with constant head was adopted to investigate the accuracy of four selected infiltration models. A
high inflow rate was set to reach the constant head immediately at the beginning of the experiment, so that the effect of
hydraulic gradient variation can be neglected. The infiltration rate was calculated based on water balance (neglecting evap-
oration) (Equation (8)). The constant inflow rate was maintained by peristaltic pumps (type: YZ35) during the experiment.
The overflow and outflow were monitored by rain gauge (HOBORG3-M), respectively (Figure 1):

i— Qin _AQover (8)

where i is the PBPs infiltration rate, cm/s; Q;, is the inflow rate, mL/s; and Qgye, is the overflow rate, mL/s; A is the moni-
toring area, mm?.

The infiltration rate was obtained by water balance calculation and used to evaluate the accuracy of the different infiltration
models, then the flexibility of the optimal model was further analyzed by changing the material and initial moisture in differ-
ent layers of the PBPs.

2.2.3. Calculation method of initial moisture content for PBPs

The effects of initial moisture content on the fitting accuracy of the different infiltration models were investigated, and the
PBPs moisture content under the different dry periods was calculated via the weighing method (Equation (9)):

_ My —mg 0
B= mo x 100% 9)

where f is the moisture of the PBPs, %; m; is the wet weight of the PBPs, kg; m, is the dry weight of the PBPs, kg.

2.3. Introduction of infiltration models

There were several infiltration models proposed based on Darcy’s law, which included Green-Ampt, Philip, Horton, Kostia-
kov. The Horton model was proposed in 1933 based on the infiltration of different soil types. It is a hyperosmotic-runoff
model, limited to a constant head monitoring method. For its flexible parameters, the Horton model is widely used to inves-
tigate the moisture of different types of medias and used in hydraulic models to describe the infiltration performance of the
pervious area (such as in SWMM) (Amiisi ef al. 2020; Yang ef al. 2020). The infiltration rate is calculated as in Equation (10):

i =ic+ (i —ic)e ™ (10)

where i is the infiltration rate, cm/min; i is the stable infiltration rate, cm/min; iy is the maximum infiltration rate, cm/min; t
is infiltration time, min; k is an empirical constant.

The Kostiakov model is a widely used power function model. The relationship between infiltration rate and infiltration time
of PBPs follows the power function, and the form of the model is similar to that of the infiltration rate curve. The infiltration
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rate is calculated using Equation (11):
i= at’b (11)

where i is the infiltration rate, cm/min; a, b is empirical constant; and t is the infiltration time, min.

Furthermore, the Philip model (Philip 1957) is based on unsaturated semi-infinite soil vertical infiltration conditions and
the Richards equation. The model describes the one-dimensional vertical infiltration performance of the soil, and the constant
hydraulic head ensures that the initial infiltration is one-dimensional. The model is simple and with a high accuracy in
describing the soil infiltration process (Haghighi ef al. 2010; Zolfaghari ef al. 2012). The infiltration rate can be calculated
via Equation (12):

i:%srl/2 +A (12)

where i is the infiltration rate, cm/min; S is the moisture absorption rate, cm/min, indicating the capacity of soil water absorp-
tion caused by the matrix potential difference; and A is the steady infiltration rate, cm/min. The A value is equal to the steady
infiltration rate i. in the Horton model when the infiltration time is long enough.

The Green-Ampt model is a physical model of soil infiltration, which was proposed by Green and Ampt in 1911 based on
capillary theory. Green-Ampt assumed that there exists a wetting front in the water-bearing soil profile during the infiltration
process, and that the soil moisture content is saturated between the wetting front and the soil surface, whereas a constant
suction force exists at the wetting front. The infiltration rate can be calculated via Equation (13):

Zi +Si+H
S e Sk

i=k 7

(13)
where i is the soil infiltration rate, cm/min; k; is the saturated hydraulic conductivity, cm/min; H is the water depth above soil
surface, cm; S; is the wetting front suction, cm; Z; is the wetting front depth, cm.

2.4. Evaluation methods for comparing the errors between different infiltration models and experimental data
Several evaluation methods were selected to evaluate the fitting accuracy between the different infiltration models and exper-

imental data. The coefficient of determination (R?) in Equation (14) is an indicator that evaluates the fitting accuracy (Al-Safi
& Sarukkalige 2020):

N

S 0 = 9)0; - 57)
R? == . — (14)
;(yi -y ;(y, )

where R? is the coefficient of determination (between 0 and 1); y; is the fitted value; y; is the observed value; ¥ is the observed
mean value; ; is the mean fitted value.

The maximum absolute error (MAE) was used to evaluate the maximum error between the fitted value of different models
and the experiment data. The MAE can be calculated using following equation:

MAE = max(ly; - ;) (15)

The bias was used to evaluate the average difference between the fitted value of the infiltration models and the experiment
data. It reflects the deviation of the fitted value from the observed value, which can be calculating using following equation:

$° (i )
Bias = % (16)
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3. RESULTS AND DISCUSSION
3.1. Error analysis of Darcy’s law to describe infiltration performance of the whole structure of PBPs

The hydraulic conductivity of the whole structure of PBPs under various monitoring areas and hydraulic gradients were cal-
culated by constant and falling head methods, respectively, according Equations (2), (3), and (7). The maximum infiltration
rate (io), steady infiltration rate (i;), and hydraulic conductivity for Case 1 are shown in Figure 4. The hydraulic conductivity
was the smallest among the hydraulic conductivities, iy, and i, they all increased as the hydraulic gradient increased. When
the monitoring area was A1, ip had the largest error with the hydraulic conductivity calculated by Darcy’s law, and the devi-
ation was 20.62, 18.21, and 15.80 cm/h when the hydraulic head was 50, 100, and 200 mm, respectively. The error between
the iy and the hydraulic conductivity decreased as the monitoring area increased. The deviation varied between 8.84 and
9.31 cm/h when the monitoring area was As. The error between the i, and hydraulic conductivity at different monitoring
areas and hydraulic gradients also showed a large deviation of 1.42-7.27 cm/h. Further analysis was processed to find the
relationship between hydraulic conductivity and hydraulic gradients, and the hydraulic conductivity ranged between 7.91
and 14.33 cm/h when the monitoring area was A;. In addition, Darcy’s law assumption is that there is a linear relationship
between the infiltration rate and the hydraulic gradient, and that the hydraulic conductivity would remain constant under
different hydraulic gradients. Therefore, there exists large errors when using Darcy’s law to describe the infiltration perform-
ance for the whole structure of PBPs, whatever the saturation.

The maximum infiltration rate (io), steady infiltration rate (i), and the hydraulic conductivity calculated by different onsite
monitoring methods are shown in Figure 5. The deviation between iy, and hydraulic conductivity is large under different
hydraulic gradients, and the range is 6.15-19.03 cm/h, especially when the monitoring area was A;, and the hydraulic
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Figure 5 | Error analysis of different onsite monitoring methods.
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head was 50 mm. The deviation between iy and the hydraulic conductivity calculated by Cases 2, 3, and 4 were 15.20, 17.73,
and 19.03 cm/h, respectively. Whereas, there was minimum deviation between iy and hydraulic conductivity (6.15, 6.75, and
7.00 cm/h) when the monitoring area was A,, and the hydraulic head was 50 mm. The error between i, and hydraulic con-
ductivity was minimum (calculated by three in situ monitoring calculation methods) when the hydraulic head was 50 mm
and the monitoring area was A,. The deviation between i, and the hydraulic conductivity calculated by Cases 2, 3, and 4
was 0.45, 0.15, and 0.40 cm/h, respectively. Whereas, the maximum deviation was 4.91 cm/h when the area was A;. So,
the error of hydraulic conductivity by monitoring is affect by hydraulic head and monitoring area.

Through error analysis of different monitoring methods, the results showed that the different monitoring methods used for
infiltration rate calculation of PBPs all have errors. Specifically, the hydraulic conductivity calculated by Darcy’s law with
constant head had maximum error (Case 1). The error between the hydraulic conductivity and the experimental infiltration
rate decreased gradually with the monitoring area increased. The infiltration rate had a lower error than hydraulic conduc-
tivity, especially when the hydraulic head was 50 mm and the monitoring area was A, the deviation between i, and Cases 1,
2,3, and 4 was 2.59, 0.45, 0.15, and 0.40, respectively. Therefore, the optimal monitoring area and hydraulic gradient need to
be selected to reduce the monitoring errors.

The applicable conditions of Darcy’s law from theoretical analysis including: (1) temperature kept constant during the whole
infiltration process, (2) infiltration flow kept laminar flow during the whole infiltration process, (3) porous medium is homo-
geneous and isotropic, and (4) infiltration rate and hydraulic gradient conforming to a linear relationship (Zhang et al.
2018), which is different with infiltration of PBPs. The surface layer of PBPs is non-homogeneous and consists of brick and
brick joints. Brick is a porous media, while the brick joints are filled with sand (Chu & Fwa 2019). In addition, the PBPs is
a multi-layer and non-homogeneous media, with different porosity and density at each layer, which results in the inertia
force and viscous force of infiltration in each layer being different, so the infiltration rate in each layer is different, the relation-
ship between the infiltration rate and hydraulic gradient was nonlinear. So, all of these differences may be the main reason that
caused the large errors when using Darcy’s law to describe the infiltration performance for whole structure of PBPs.

3.2. comparing the fitting accuracy between experimental data and different infiltration models

The fitting results of the selected infiltration models under different monitoring areas and hydraulic gradients are shown in
Tables 3-5 (H is Horton model; P is Philip model; G is Green-Ampt model and K is Kostiakov model). The Horton model
fitted well under the different monitoring areas, with R? values of 0.98-0.99, 0.98-0.99, and 0.97-0.99 for A;, A,, and As,
respectively. The average values of MAE were 1.04, 0.29, and 0.37 cm/h, while the biases were 0.30, 0.09, and 0.12 cm/h,
respectively. When the hydraulic head was 100 mm, the Horton model fitted better with R? of 0.98-0.99, the minimum

Table 3 | Fitting results of different infiltration models with monitoring area of A,

R? Bias (cm/h) MAE (cm/h)
Model H=50 mm H =100 mm H =200 mm H=50 mm H =100 mm H =200 mm H=50 mm H =100 mm H =200 mm
H 0.98 0.98 0.99 0.40 0.38 0.11 1.34 1.40 0.39
p 0.95 0.98 0.98 0.74 0.42 0.51 3.51 1.31 1.62
G 0.99 0.99 0.99 1.03 0.59 0.34 2.53 1.48 0.73
K 0.95 0.99 0.93 0.84 0.16 0.26 3.19 0.56 0.70

Table 4 | Fitting results of different infiltration models with monitoring area of A,

R? Bias (cm/h) MAE (cm/h)
Model H=50 mm H =100 mm H =200 mm H=50 mm H =100 mm H =200 mm H=50 mm H =100 mm H =200 mm
H 0.99 0.98 0.99 0.07 0.11 0.08 0.25 0.31 0.32
p 0.92 0.96 0.90 0.42 0.18 0.29 1.50 0.67 1.42
G 0.99 0.99 0.99 0.31 0.17 0.09 0.72 0.66 0.31
K 0.96 0.98 0.97 0.26 0.12 0.25 0.97 0.42 0.81
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Table 5 | Fitting results of different infiltration models with monitoring area of Az

R? Bias (cm/h) MAE (cm/h)
Model H =50 mm H =100 mm H =200 mm H=50mm H =100 mm H =200 mm H=50mm H =100 mm H =200 mm
H 0.97 0.99 0.98 0.16 0.07 0.12 0.39 0.25 0.47
p 0.74 0.84 0.89 1.07 0.57 0.4 4.29 2.27 1.37
G 0.99 0.99 0.99 0.21 0.17 0.18 0.39 0.42 0.37
K 0.85 0.94 0.95 0.90 0.33 0.25 3.19 1.44 0.81

MAE was 0.25-0.32 cm/h, and the bias was 0.07-0.11 cm/h. Thus, the Horton model fitted better than other models under
different experiment conditions.

The fitting accuracy of Philip model varied significantly among the different monitoring areas, R? was ranged between 0.74
and 0.98, MAE was ranged between 0.67 and 4.29 cm/h and bias was ranged between 0.18 and 1.07 cm/h. The Philip model
had poor fitting accuracy (R?=0.74, bias = 1.07 cm/h, and MAE =4.29 cm/h) when the monitoring areas was As and
hydraulic head was 50 mm. Therefore, the Philip model had large errors when describing the infiltration process of PBPs,
especially in large monitoring areas. The R? of the Kostiakov model was ranged between 0.93-0.99, 0.96-0.98, and 0.85-
0.95, when monitoring areas were A;, A,, and As, respectively, but the fitting accuracy of which is significantly lower at
low hydraulic gradients. The R?, bias and MAE were 0.85, 0.90 cm/h, and 3.19 cm/h respectively, when the monitoring
area was Az and hydraulic head was 50 mm. Therefore the accuracy of Philip and Kostiakov models was lower than the
Horton model, and the fitting accuracy was significantly affected by monitoring area and hydraulic head.

The Horton, Philip and Kostiakov models fitted well with experiment data when the monitoring area was A, (Tables 3-5).
The fitting accuracy of different models was further analysed by profiles of infiltration rate changing with time elapse
(Figure 6). The infiltration rate decreased gradually with the infiltration time elapse, the ip and i, increased when the hydraulic
gradient was increased, while stable infiltration time changed little under different hydraulic gradients which and ranged from
300 to 345s. The Philip and Kostiakov models showed large deviations at the beginning and stabilization stages of the whole
infiltration process, the range of deviation in the beginning stages was 0.58-1.50 cm/h and 0.03-0.97 cm/h, whereas the
Horton model was fitted well into the whole infiltration process of PBPs.

The Green-Ampt model (Figure 7) describes by the relationship of cumulative infiltration volume and infiltration continu-
ous time, which fitted well with the experimental data. The cumulative infiltration volume and infiltration continuous time
followed a linear relationship with different monitoring areas. Thus, the variation range of infiltration rate decreased when
the monitoring area was increased. The infiltration rate had a minimal variation range (10.27-15.46 cm/h) when the moni-
toring area was Az and hydraulic head was 200 mm. Furthermore, a polynomial was used to convert the cumulative
infiltration volume into infiltration rate. It can be found that the fitting accuracy of the Green-Ampt model was increased
with the monitoring area and hydraulic gradient increasing by comparing Tables 3-5. The Horton model fitted well under
the different hydraulic gradients when the monitoring area was Az, and the bias was 0.21, 0.17, and 0.18 cm/h, when hydrau-
lic gradient was 50, 100, and 200 mm, respectively.
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Figure 6 | Infiltration rates with different hydraulic gradients ((@) 50 mm, (b) 100 mm, (c) 200 mm).
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Figure 7 | The fitting results of Green-Ampt model under different monitoring areas and hydraulic gradients.

Therefore, the Horton model fitted well to describe the infiltration performance for the whole structure of the PBPs, which
was little affected by monitoring area and hydraulic gradient. Meanwhile, the fitting accuracy of Kostiakov, Philip, and
Green-Ampt models was affected greatly by the monitoring area and hydraulic gradient. The MAE, bias, R advantage and dis-
advantage of different infiltration of different models are listed in Table 6. Though comparison of data in Table 6, it can be found
that the fitting accuracy of different infiltration models followed the sequence Horton > Green-Ampt > Kostiakov > Philip.

The parameters of the Horton model had physical meaning, therefore, the fitting accuracy was further analyzed based on
the errors between the fitting values and the experiment data (iy and i.), as shown in Figure 8, i, and iy — i. fitted well with the
experimental data when the hydraulic head was 100 mm, the errors of i, were 1.15%, 0.34%, 5.28%, while the iy — i, were
12.94%, 15.39%, 15.56%, when the monitoring area was A1, A,, and As, respectively. When the monitoring area was A, and
the hydraulic head was 100 mm, the Horton model had the maximum R?, the minimum bias and MAE, and had a high fitting
accuracy between the fitted parameters and the experimental data. So, the Horton model is an optimal model that can be
used to describe the infiltration performance for the whole structure of PBPs, but the fitting accuracy and flexible of
Horton model need to be further analyzed to improve the accuracy in advance.

3.3. Flexible analysis and parameters determination of Horton model

The flexibility of the Horton model was further analyzed, and its parameters were determined by changing the materials in
different layers and initial moisture content when the monitoring area was A, and the hydraulic head was 100 mm. The

Table 6 | Comparison of different infiltration models for describing infiltration performance of PBPs

MAE (cm/h) Bias (cm/h) R?

Infiltration Variation Average Variation Average Variation Average

models range value range value range value Advantages Disadvantages

Horton 0.25-1.40 0.57 0.07-0.40 0.17 0.97-0.99 0.98 The model is flexible and have The particle size of the
high fitting accuracy under material used in the leveling
different infiltration layer greatly affected the
conditions. accuracy.

Green- 0.31-2.53 0.84 0.09-1.03 0.34 0.99-0.99 0.99 The model fitted well when The model has large error

Ampt the hydraulic head is high when the monitoring area
and in large monitoring and hydraulic gradient were
areas. small.

Kostiakov  0.42-3.19 1.34 0.12-0.90 0.37 0.85-0.99 0.95 The model was fitting well The fitting accuracy is poor at
when the hydraulic head is low hydraulic gradients.
high.

Philip 0.67-4.29 2.00 0.18-1.07 0.51 0.74-0.98 0.90 The model has only two The model has poor accuracy

parameters and they were under any monitoring
all easy to determine. condition.
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accuracy under the different materials was adopted in the leveling layer and base layer, and the effect of different initial moist-
ure content which is shown in Figure 9. When the leveling layer was filled with fine sand, medium sand, or coarse sand, the
stable infiltration rates were 7.95, 10.80, and 12.75 cm/h, respectively. Moreover, the stable infiltration rates ranged from 9.75
to 11.25 cm/h under different gravel sizes of the base layer. So, the infiltration rate of the PBPs was significantly impacted by
material particle size of the leveling layer, while the gravel size of base layer was affected slightly. The effect of initial moisture
content on the stable infiltration rate can be almost neglected, and the value of stable infiltration rate was all approximately
equal to 10.8 cm/h.

The errors of the Horton model under different materials and initial moisture contents are shown in Table 7, in which R?,
bias, MAE was 0.98, 0.05-0.14 cm/h, 0.12-0.51 cm/h, respectively. The results showed that the Horton model fitted well to
describe the infiltration process of PBPs under different conditions, especially when the material of the leveling layer was fine
sand.

The accuracy of the Horton model was further analyzed based on the errors between the fitted parameters and experimen-
tal data (Figure 10). The error of i, was <1.60%, the iy — i, was <20%, except for the i. and iy, — i errors which were 4.20%
and 29.4%, respectively, when the material of leveling layer was coarse sand. Because of the large particle size of coarse sand,
this leads to an increase in infiltration rate of PBPs, which affects the fitting accuracy of the model. The fitted parameters are
listed in Table 8. It can be found that the k& value varied within 0.012-0.013, but decreased to 0.010 when the leveling layer
was coarse sand. So, the error should also be considered when using Horton model to describe infiltration performance of
PBPs when the material of leveling layer was coarse sand.

The iy and i, drawn from the experimental data were adopted in the Horton model, and the errors are shown in Table 9. It can
be found that the Horton model is flexible, and kept good accuracy under different gravel sizes of the base layer and initial
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Figure 8 | Error analysis of the Horton model under different experiment conditions.
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Figure 9 | Fitting results of the Horton model under the different materials and initial moisture contents ((a) Leveling layer, (b) Base layer,
(c) Initial moisture contents).
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Table 7 | Errors of the Horton model under different materials and initial moisture contents

Experimental conditions MAE (cm/h) Bias (cm/h) R?
Gravel
3-5mm 0.41 0.14 0.99
5-8 mm 0.31 0.11 0.98
8-18 mm 0.13 0.05 0.99
Initial moisture content
14% 0.12 0.07 0.99
14.5% 0.31 0.11 0.98
15% 0.51 0.10 0.99
Sand
Fine 0.17 0.07 0.99
Medium 0.31 0.11 0.98
Coarse 0.22 0.09 0.99
(a) (c) _
;;gg ] T 25.00 AL
S5e00 _ 2000 A
el <
<2000 - <1500
£ 1500 - £ 10.00 {
= 10.00 - =
5.00 | 5.00 1
0.00 0.00 -
Fine sand Medium sand Coarse sand 3-5cm 8-18cm 15.00%

Leveling layer

Moisture content

Figure 10 | Error analysis of the Horton model parameters under different infiltration conditions ((a) Leveling layer, (b) Base layer, (c) Moisture

content).

moisture contents. The R* were all more than 0.96, and the biases were 0.12-0.18 cm/h and 0.12-0.14 cm/h, respectively. The
accuracy of the Horton model decreased slightly with increasing initial moisture and gravel size. The Horton model’s accuracy
reduced significantly when the leveling layer was filled with coarse sand, and the R? was 0.95, the bias was 0.31 cm/h. This may

Table 8 | Parameters of the Horton model under different conditions

Experimental conditions ic (cm/min) io-ic (cm/min) Kk
Gravel
3-5mm 9.63 6.92 0.012
5-8 mm 10.76 5.37 0.013
8-18 mm 10.97 6.70 0.012
Initial moisture content
14% 10.77 7.19 0.013
14.5% 10.76 5.37 0.013
15% 10.73 3.79 0.012
Sand
Fine 7.95 9.32 0.013
Medium 10.76 5.37 0.013
Coarse 12.21 5.89 0.010
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Table 9 | Errors of the Horton model in advance analysis

Experimental conditions MAE (cm/h) Bias (cm/h) R?
Base layer
3-5 mm 0.80 0.15 0.98
5-8 mm 0.74 0.12 0.97
8-18 mm 091 0.18 0.98
Initial moisture content
14% 0.39 0.13 0.98
14.5% 0.74 0.12 0.97
15% 0.79 0.14 0.96
Leveling layer
Fine 0.61 0.17 0.98
Medium 0.74 0.12 0.97
Coarse 0.56 0.31 0.95

Note: io and i were drawn from experimental data.

be attributed to a significant increase in the infiltration rate. The k value of the model was also varied at 0.012-0.013 when the
parameters were adopted from experimental data, but which was decreased to 0.010 when the leveling layer was coarse sand.
Therefore, the Horton model is flexible and had higher accuracy compared with other infiltration models, for which parameters
can be determined via onsite monitoring especially when the material particle size of the leveling layer is small.

4. CONCLUSION

Permeable brick pavement system (PBPs) is a multi-layered media structure, whose infiltration performance is critical for evalu-
ation of runoff volume reduction and pollutant removal. The following conclusions can be drawn from the results of this study.

The experimental results showed that Darcy’s law has limitation in describing the infiltration performance for whole struc-
ture of PBPs, and the accuracy of monitoring methods was greatly affected by monitoring area and hydraulic gradient. The
constant and falling head methods all produced large errors for infiltration performance monitoring of PBPs, especially the
laboratory monitoring method (Casel) had larger errors to describe the infiltration process of PBPs.

The Horton model was the optimal model when comparing the errors between Horton, Philip, Green-Ampt, and Kostiakov infil-
tration models and experimental data, for which R> ranged between 0.98 and 0.99, bias ranged between 0.07 and 0.11 cm/h, and
MAE ranged between 0.25 and 0.32 cm/h. The accuracy of Philip, Green-Ampt, and Kostiakov infiltration models was markedly
affected by monitoring area and hydraulic gradient, and produced large errors for describing infiltration performance of PBPs.

Although the Horton model fitted well for PBPs infiltration calculation, the fitting accuracy reduced when the leveling
layer filled with large particle size material. The Horton model is flexible when the monitoring area was 400 mm x
400 mm and hydraulic head was 100 mm, and can be used to describe infiltration performance for the whole structure of
PBPs, especially for the onsite monitoring method under constant head conditions, and to evaluate the effect of rainwater
runoff alleviation. The Horton model is an optimal and flexible infiltration model that can be used as a monitoring and cal-
culation method of PBPs infiltration, and can be adopted for hydrological evaluation and parameters to determine the
infiltration model of PBPs.
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