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1. Introduction

To increase the stability of the geo-structures (e.g.,
levees, embankments, road slopes, and landfills) against 
rainwater infiltration, it is important to prevent or mitigate 
the infiltration of water in unsaturated soil in layered slopes 
(Miyazaki 1988, Rahardjo et al. 2011, Kim and Jeong 2017, 
Deng et al. 2019, Satyanaga et al. 2022). One of the 
representative tools to prevent such infiltration is the 
capillary barrier (CB) system (Ross 1990). The CB system 
has a simple geo-structure in which a layer of large-grained 
gravel is placed on a sand layer (Khire et al. 2000, Walter et 
al. 2000, Li et al. 2021). Owing to the different water 
retention characteristics of the two soil layers, CB systems 
can prevent the infiltration of water into the sand layer and 
appropriately direct the infiltrated water flow between the 
two layers (Ross 1990, Kung 1990, Steenhuis et al. 1991).  

In other words, the CB system exhibits water-shielding 
capabilities. Moreover, because CB systems typically 
consist of eco-friendly geomaterials such as sand and 
gravel, they are characterized by a long service life, simple 
construction, and low cost (Ross 1990, Benson and Khire 
1995). Consequently, such systems have been widely used 
to prepare geo-structures for various purposes, such as 
landfill cover systems for waste disposal sites, oxygen 
barriers to limit acid mine drainage, closures for nuclear 
waste facilities, and water-shielding protection systems for 
engineered slopes (ex., Hill and Parlange 1972, Rasmuson 
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and Eriksson 1986, Nicholson et al. 1989, Morel-Seytoux 
1993, Kämpf and Montenegro 1997, Bussière et al. 2003, 
Parent and Cabral et al. 2006, Mancarella et al. 2012, Hey 
and Simms 2021). 

Many experimental and numerical studies have been 
conducted to evaluate and enhance CB systems for the 
stability of the geo-structure (ex., Oldenburg 1993, Morris 
and Stormont et al. 1998, Mohamed et al. 1997, Bussière et 
al. 2002, Tami et al. 2004, Aubertin et al. 2009, Ng et al. 
2014, Zhan et al. 2014, Matsumoto et al. 2016, Tang et al. 
2020, Li et al. 2021). Most of the models in experimental 
studies involving laboratory CB model tests have a length 
of more than 2.0 m. The use of a large-scale model with a 
lateral length ≥ 2.0 m renders it difficult to perform 
experiments in various conditions and enhances the water-
shielding performance of the CB system. Thus, it is 
required to propose an improved experimental methodology 
to replace such a large- scale model test. 

Kim (2021) proposed a small-scale CB (SSCB) model 
test framework to decrease the time and cost associated 
with the large-scale CB model, as shown in Fig. 1. In 
particular, it should be noted that the drainage condition of 
the flow direction of the inclined sand layer in SSCB model 
tests was set as the lateral no-flow condition to ensure rapid 
infiltration into the gravel layer. A series of SSCB model 
tests under three rainfall intensities (20, 50, and 100 mm/h) 
was performed. To evaluate the effectiveness of the SSCB 
model test, the diversion lengths (LD) representing the 
water-shielding performance of the CB system were 
estimated using an empirical equation for the lateral flow 
condition based on the physical and water retention 
characteristics of sand and gravel, and the results were 
compared to those obtained using the SSCB model test. The  
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SSCB model corresponded to a smaller testing time and 
reduced production work to evaluate the water-shielding 
performance of the CB system. 

In this study, to verify the validity of the experimental 
methodology of the SSCB test performed by Kim (2021)
for the CB system, two seepage analyzes were performed. 
First, a series of seepage analyses on the SSCB model test 
under the same conditions were carried out. The infiltration 
behavior and LD values of the CB system were investigated 
under three rainfall intensities (I = 20, 50, and 100 mm/h), 
and compared to the results of the SSCB model test. Next, 
to efficiently evaluate the water-shielding performance of 
the CB system for an engineered slope, a series of seepage 
analyses on the engineered slopes were performed under I = 
20 mm/h for 24 h at different slope angles (i.e., 1:1.5, 1:2.5, 
and 1:6.0) and sand layer thickness values (i.e., 20, 40, and 
60 cm). The effects of the slope angle and sand layer 
thickness on LD were investigated. The LD values estimated 
from the seepage analysis for the engineered slope under 
the same conditions as the SSCB model test were compared 
with those of the model test. Based on the obtained results, 
the experimental methodology of the SSCB model test with 
the water-shielding performance of the CB system for an 
engineered slope was discussed. 

2. Numerical analysis of CB system for laboratory
SSCB model test

A numerical analysis assuming the lateral no-flow (i.e., 
undrained) condition of the sand layer, as in the SSCB 
model test performed by Kim (2021) as shown in Fig. 1, is 
conducted to investigate the change in the infiltration 
behavior and diversion length of the CB system in a rainfall 
event. To evaluate the efficiency of the SSCB model for 
designing a CB system, the obtained analysis results are 
compared with those of the SSCB model test. 

Fig. 2 Modeling of seepage analysis on the setting 
condition of the laboratory SSCB model test 

2.1 Modelling 

The seepage analysis in this study was performed using 
the finite element method using SEEP/W (2004) program to 
evaluate the infiltration behavior in the laboratory CB 
model test. As in the laboratory CB model test, as shown in 
Fig. 1(b), the analysis model was set to have a sand layer 
with a width and height of 455 and 200 mm, respectively, 
and a gravel layer with a width and height of 455 mm and 
175 mm, respectively, as shown in Fig. 2. The slope angle 
was set as 10°. The number of elements and nodes in the 
analysis model were 2250 and 2346, respectively, to ensure 
that the seepage analysis model could measure the LD. In 
the laboratory CB model test performed by Kim (2021), 
four soil moisture sensors (EC-5, Decagon Devices Co.) 
were installed inside the soil tank to measure the variations 
in the volumetric water content (VWC) due to water 
infiltration. The size of the soil moisture sensor (EC-5) is 
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Lateral no-flow condition
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(a) Apparatus of the SSCB model test (b) Setting condition
Fig. 1 Apparatus and setting conditions for the laboratory SSCB model test (After Kim et al. 2021)
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Table 1 Physical properties of the soil samples 
Sample Toyoura sand Silica sand No.1 Masado 

Gs (g/cm3) 2.64 2.65 2.58 
wL (%) - - 24.6
wp (%) - - N.P

ρd max (g/cm3) 1.64 1.67 1.88 
ρd min (g/cm3) 1.37 1.45 - 

D50 (cm) 1.69 4.65 0.38
Fc (%) 0 0 18.4 

Cu 1.63 2.24 13.7
Cc 0.97 0.84

ksat (m/s) 1.45 × 10−4 2.44 × 10−3 1.40 × 10−6 
Note: Gs = specific gravity, wL = liquid limit, wp = plastic limit, ρd max & ρd 

min = maximum and minimum dry densities, D50 = mean particle size, Fc = 
passing percent under 75μm, Cu = uniformity coefficient, Cu = curvature 
coefficient, and ksat = saturated hydraulic conductivity 
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Fig. 3 Grain size distribution curves of the soil samples 

8.9 × 1.8 × 0.7 cm (length × width × thickness), and it has 
parts of an electronic circuit (length: 3.4 cm) and two 
probes (length: 5.5 cm). This sensor can measure the VWC 
from 0 to 100% and has a measuring capacity of 240 ml.  

Since the precision is ±1~2% of the VWC, it is possible 
to measure the volumetric moisture content with very high 
precision. The measurement time is 10 ms (= 0.01 s). The 
VWC variations in the seepage analysis were measured 
considering the same installation locations of the soil 
moisture sensors as those in the model test, as shown in Fig. 
2. 

2.2 Input parameters and analysis condition 

In the SSCB model test performed by Kim (2021), 
Toyoura sand and silica sand No. 1 were used as materials 
for sand and gravel layers, respectively. Fig. 3 shows the 
particle size distribution of three soils including 
decomposed granite soil (i.e., Masado) applied as the soil of 
the overlayer in the seepage analysis for the CB system of 
the engineered slope described later. The physical properties 
with hydraulic conductivities of the soil samples are 
summarized in Table 1. Notably, since the saturation 
permeability coefficients of Toyoura sand and silica sand 
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Fig. 4 The SWCCs and hydraulic conductivities for 
sand, gravel, and Masado soils 

Table 2 Fitting parameters for the SWCCs 

Soil sample θs AEV EX 
F&X model 

a n m 
Toyoura sand 0.432 2.45 - 2.80 10.02 0.75

Silica sand No.1 0.389 - 0.05 0.39 0.015 0.07
Masado 0.350 2.40 - 6.00 1.19 0.70

Note: θs = saturated volumetric water content, AEV = the air entry value 
(kPa), and EX = the air expulsion value 

No. 1 were 1.45×10-4 m/s and 2.44×10-3 m/s, respectively, it 
can be understood that the difference (about 17 times) in 
permeability of the two samples required by the CB system 
is sufficient. 

The soil–water characteristic curves (SWCCs) related to 
the infiltration behavior for unsaturated soil were estimated 
using the fitting equation (i.e., Eqs. (1) and (2)) proposed by 
Fredlund and Xing (1994). Fig. 4(a) shows the SWCCs for 
sand, gravel, and Masado soils. The fitting parameters of 
the SWCCs are summarized in Table 2. An AEV of 2.30 
kPa and an air expulsion value of 0.05 kPa were derived for 
Toyoura sand and silica sand No. 1, respectively. As shown 
in Fig. 4(a), it was observed that there is a difference in the 
suction value for the VWC between the two soils. As 
previously mentioned for the CB system, these different 
suction values indicate that the soils have distinct water 
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retention capacities of the water that infiltrates the sand 

layer (Morel-Seytoux 1993, Morris and Stormont 1999, 

Aubertin 2009). Notably, the SWCC parameters in the LD 

estimation equation (i.e., Eq. (3)) proposed by Steenhuis et 

al. (1991) were also set considering the sand layer (drainage 

process or drying path) and gravel layer (absorption process 

or wetting path). The drainage process (i.e., drying path) 

and absorption (i.e., wetting path) process conditions in this 

study were set for the sand and gravel layers, respectively, 

because the processes of drainage of the infiltration water 

from the sand layer and its absorption into the gravel layer 

in the CB system determine the water-shielding 

performance of the system. 
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where ψ = the total soil suction; e = the natural logarithmic 

constant (2.71828); a = a soil parameter related to the air-

entry value (AEV) of the soil (kPa); n = a soil parameter 

that controls the slope at the inflection point in the soil–

water retention curve; m = a soil parameter related to the 

residual water content of the soil; and C(ψ) = the correction 

function for the soil–water retention curve at the suction of 

1,000,000 kPa and zero water content, defined as 
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where Φ = the slope of the interface; b = a parameter 

derived from the equation of the unsaturated hydraulic 

conductivity (k = ksat･exp(bψm)) (where ksat = the saturated 

hydraulic conductivity; ψm = the suction (h, cmH2O)); κ can 

be derived from the relationship of κ = qv/ksat (where qv is 

the flux of the water entering the soil); hae = the sand AEV; 

and hex = the air expulsion value of gravel. 
On the other hand, it is known that the SWCC of 

unsaturated soils is hysteretic. The effect of the hysteresis of 
the SWCC corresponding to the drying and wetting paths 
affects the hydromechanical properties of soil (Zhai et al. 
2017, 2020). Thus, the water-shielding performance of the 
CB system changes depending on the hysteresis of the 
SWCCs under different conditions such as volume change 
and confining pressure, etc. However, since the water-
shielding performance of the CB system is generally 
estimated based on the main drying path of fine-grained soil 
and the main wetting path of coarse-grained soil obtained in 
the laboratory, this study focused on verifying the 
performance of the CB system based on the main drying 
and wetting paths without considering the influence of the 
hysteresis. 

The unsaturated permeability coefficients for the sand 
and gravel layers were estimated using the following 
equations (i.e., Eqs. (4) and (5)) by Fredlund et al. (1994). 
The obtained values are shown in Fig. 3(b). It is observed 
that the permeability coefficient of Toyoura sand is larger 
for the suction value of about 0.07 kPa or more, which is 
the intersection of the two results. This difference between  

Table 3 Conditions of the seepage analysis for the SSCB 

model test 

Case 1 2 3 

Sand layer 

ρdi (g/cm3) 1.50 1.50 1.50 

wi (%) 0.7 0.7 0.7 

θi 0.01 0.01 0.01 

Gravel layer 

ρdi (g/cm3) 1.64 1.64 1.64 

wi (%) 1.0 1.0 1.0 

θi 0.01 0.01 0.01 

Rainfall intensity, I (mm/h) 20 50 100 

Slope angle, Φ (°) 10 10 10 

Analysis time (h) 6 6 6 

Note: ρdi = initial dry density, wi = initial water content, and θi = initial 

volumetric water content 

 

 
the two soils can also be understood concerning the CB 
system’s capability of retaining infiltrated water. 
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where kr = the relative hydraulic conductivity; Θq(ψ) = a  

correction factor (1.0); b = a constant of ln(106); θ’ = the 

derivative of Eq. (5); y = a dummy variable of the 

integration representing; and ksat = the saturated hydraulic 

conductivity. suction; ψaev = the AEV of the soil; and θs = 

the saturated VWC. 

Because the air-dried water content of silica sand No. 1 

used in the CB model test was about 1.0%, the initial 

suction value of the gravel layer was set as 21 kPa, 

corresponding to the SWCC. Based on this value, the initial 

suction value of the sand layer was set. 
In Cases 1–3 in the seepage analysis (described later), 

the rainfall intensity was set as 20, 50, and 100 mm/h (as in 
the laboratory CB model test), respectively. Because rainfall 
infiltration was considered to occur on the entire surface of 
the sand layer, the entire surface of the sand layer was set as 
a potential seepage boundary. In the SEEP/W (2004) 
framework, the total rainfall permeated for a small rainfall 
event, based on the saturation permeability coefficient of 
the ground layer, was set as the surface runoff for a large 
rainfall event. The general governing differential equation 
for two-dimensional seepage is 

x y

H H
k k Q

x x y y t

      
    

       
 (6) 

where H = the total head; kx and ky = the hydraulic 

conductivities in the x- and y-directions, respectively; Q = 

the applied boundary flux; θ = the VWC; and t = the time. 

Eq. (1) indicates that the difference in the flow (flux) 

entering and leaving an elemental volume at a certain time 

point is equal to the change in the storage of the soil 

systems. This fundamental expression specifies that the sum 

of the rates of change in the lows in the x- and y-directions 

and externally applied flux is equal to the rate of change in  
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the VWC with time. In this study, because the largest 
rainfall intensity of I = 100 mm/h was smaller than that 
corresponding to the saturation permeability coefficient of 
the sand layer, 1.45 × 10-2 cm/s (I = 522 mm/h), all of the 
rainfall was considered to infiltrate the sand layer. 
As in the laboratory CB model test, the boundaries between 
the right and left sides in the analysis model were set to be 
in a lateral no-flow (i.e., undrained) condition. 

These testing conditions reproduced the extreme 
infiltration condition in which a breakthrough in the CB 
system occurs due to rainfall infiltration from the surface 
layer. Thus, in this seepage analysis, only the node (marked 
by △) at the lower right end of the analysis model with the 
entire surface of the sand layer was set as the potential 
seepage boundary. The seepage analysis was performed for 
6 h, as in the laboratory CB model test. The conditions of 
the seepage analysis for the SSCB model test are 
summarized in Table 3. 

 
2.3 Analysis results and discussion 
 
The four sensors (Nos. 1 and 2 for the sand layer, and 

Nos. 3 and 4 for the gravel layer) in the seepage analysis 
were placed in the same positions as those in the model test, 
as shown in Fig. 1(b). To identify the occurrence of the 
breakthrough of the CB system at the measurement points, 
the VWC (θWIH) in the wetting process of the SWCC for the 
gravel (silica sand No. 1) was defined as 0.06 based on a 
water infiltration value (WIH), as shown in Fig. 4(a). 
Notably, the WIH indicates the reference point at which 
water rapidly enters the pores of the soil for a given residual 
VWC of the SWCC. 

 
 
Figs. 5-7 show the infiltration behaviors after 1, 2, 3, 4, 

5, and 6 h in the seepage analysis for Cases 1 under I = 20, 
50, and 100 mm/h, respectively. In Case 1 (Fig. 5), the 
VWCs of the sand layer at measurement points 1 and 2 (i.e., 
the position of sensor Nos. 1 and 2) increased rapidly after 
the rainfall. The VWCs for the two points became 0.432 
after approximately 3.0 h, indicating the saturation of the 
sand layer, as shown in Figs. 5(d) and 8(a). In contrast, the 
VWCs at measurement points 3 and 4 (i.e., the position of 
sensor Nos. 3 and 4) remained nearly constant until 
approximately 3.8 h. After 3.8 h, the values at the two 
points changed simultaneously. Thus, the breakthrough 
occurred at approximately 3.8 h, and the water-shielding 
performance of the CB system was maintained until 
approximately 3.8 h from the start of the rainwater 
infiltration. According to the VWC distribution for Case 1, 
as shown in Figs. 5(a)-5(c), the VWCs corresponded to a 
dry state with θ = 0.06 or lower in the upstream part of the 
gravel layer. Moreover, the flow vectors indicated that 
water accumulated at the interface between the sand and 
gravel layers as a function of the CB. A higher rainfall 
intensity corresponded to a smaller area in which the VWC 
was maintained at values lower than θ = 0.06 and a smaller 
LD. As in the SSCB model experiment, the right side of the 
sand layer was set to be in the no-flow (i.e., undrained) 
condition in the seepage analysis. Therefore, the saturated 
zone in the sand layer gradually increased if no 
breakthrough occurred at 3 h, as shown in Figs. 5(a)-5(c). 

In Case 2 (I = 50 mm/h, Fig. 6), at measurement points 
1 and 2, the VWC of the sand layer increased since the 
beginning of the rainfall, as in Case 1, and θ became 0.432 
at 1.5 h (Fig. 8(a)). Subsequently, the sand layer exhibited a 
steady state. At measurement point 3 of the gravel layer, the  
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Fig. 5 The infiltration behavior for Case 1 (I = 20 mm/h) in the seepage analysis 
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Fig. 6 The infiltration behavior for Case 1 (I = 50 mm/h) in the seepage analysis 
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Fig. 7 The infiltration behavior for Case 1 (I = 100 mm/h) in the seepage analysis 
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VWC increased from 0.003 to 0.055 after 1.7 h. This 
tendency was also observed for the VWC shown in Figs. 
6(a) and 6(b). Thus, the gravel layer at the measurement 
point 3 exhibited a steady state, which indicated that the 
breakthrough occurred at point 3 after 1.7 h. In other words, 
the CB was maintained at point 3 when the VWC was 0.06 
or lower. At measurement point 4, the VWC increased from 
0.003 to 0.136 after 1.7 h. Thus, penetration occurred up to 
point 4 in 1.7 h. 

In Case 3 (I = 100 mm/h, Fig. 7), at measurement points 
1 and 2, the VWC of the sand layer reached 0.432 after 0.8 
h, as in Cases 1 and 2 (Fig. 7(a)). This tendency was also 
observed through the variation in the VWCs, as shown in 
Fig. 8(a). Subsequently, the sand layer exhibited a steady 
state. At measurement point 3, the VWC of the gravel layer 
increased to 0.093 after 0.8 h and 0.130 after 10 min, 
thereby reaching a steady state. Thus, the breakthrough 
occurred 0.8 h after the rainfall. At measurement point 4, 
the VWC increased to 0.153 at 0.8 h, thereby reaching a 
steady state. 

In all cases, because the VWC did not increase at points 
3 and 4 (gravel layer) until the sand layer was saturated, the 
breakthrough did not occur until the saturation of the sand 
layer. As summarized in Table 4, breakthrough events 
occurred 3.8, 1.7, and 0.8 h after the onset of rainfall at 
rainfall intensities of 20, 50, and 100 mm/h, respectively.  

The amount of rainfall associated with the breakthrough 
occurrence points (BOPs) in each case was similar (80–83 
mm). In general, because the total rainfall at which 
breakthrough occurs is affected by various factors such as  

 
Table 4 Breakthrough occurrence time for each case 

Case I (mm/h) 
Breakthrough occurrence time, t (h) 

SSCB Analysis 
1  20 3.8 3.5 
2  50 1.7 1.4 
3 100 0.8 0.8 

 
the size of the soil tank, sand layer thickness, drainage 
conditions, rainfall intensity, slope angle, and soil 
permeability, future work can be focused on examining this 
value under different parameters. In this study, at points 3 
and 4, the infiltration water flowed through the infiltration 
path without increasing the VWC to a state of saturation 
because the permeability coefficient of the gravel layer was 
higher than that associated with the rainfall intensities in 
each case. In addition, the VWC at point 4 (located 
downstream) was higher than that at point 3 (located 
upstream) owing to the influence of gravity on the water-
shielding performance of the CB system. 

Fig. 8(b) shows the measured VWCs for each case in the 
SSCB model test conducted by Kim (2021). First, the 
VWCs at points 1 and 2 in all cases of seepage analysis 
gradually increased with the rainfall infiltration (Fig. 8(a)), 
but in the model test, it showed a rapid increase after water 
infiltrated into the sand layer contacted the sensor (Fig. 
8(b)). This difference can be understood that the VWC of 
the sand layer is taken into account immediately with the 
onset of rainfall infiltration from the surface layer in the 
seepage analysis. In the steady state for the water 
infiltration, the equilibrium state of VWC is observed in all  
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(b) The data measured from the SSCB model test by Kim (2021) 

Fig. 8 The measurement results of volumetric water contents in the seepage analysis and the SSCB model test 
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sensors in the analysis (Fig. 8(a)), but the equilibrium state 
at points 3 and 4 of the model test is not constant (Fig. 
8(b)). This difference is due to the instability of the area in 
contact with the EC-5 sensor and the water penetrating 
through the pores in the soil in the model test. On the other 
hand, although the VWC values at points 1 and 2 (sand 
layer) in the model test increased due to rainfall infiltration, 
they did not become fully saturated (Fig. 8(b)), in contrast 
to the seepage analysis (Fig. 8(a)) in which complete 
saturation was observed. This difference likely occurred  

 

 
 
because the region near the sensor was not completely 
saturated owing to the presence of an air cavity and the 
generation of a water path in the soil. Consequently, the 
VWCs at points 3 and 4 were slightly lower than those 
estimated in the seepage analysis and exhibited irregular 
values. Comparing the saturation times of the sand layer in 
the analysis and model test based on sensor No.2, as the 
saturation times were 3.4h: 2.9h for Case 1, 1.4h: 1.4h for 
Case 2, and 0.6h: 0.5h for Case 3 (Figs. 8(a) and 8(b)),  
respectively, it can be seen that the sand layer in the  
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Fig. 9 The criteria for measuring the diversion length in the seepage analysis 
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Fig. 10 Measurement results of the diversion lengths for each case in the seepage analysis 
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analysis and model test was saturated at similar times. The 
breakthrough occurrence time was determined considering 
the rapid increase in the VWCs at points 3 and 4 of the 
gravel layer. As shown in Figs. 8(a) and 8(b), the 
breakthrough occurrence times associated with the seepage 
analysis and model test were 3.8 h: 3.5 h (210 min), 1.7 h: 
1.4 h (85 min), and 0.8 h: 0.8 h (45 min), respectively. The 
consistency of the results obtained using the two methods 
demonstrated the high accuracy of the breakthrough 
occurrence prediction based on the seepage analysis in this 
study. 

 
 

3. Comparison of diversion lengths in the model test 
and seepage analysis 

 
3.1 Criteria for determining LD in the seepage 

analysis 
 

To evaluate the LD values in the seepage analysis, it was 
necessary to set the standard point at which the 
breakthrough occurred. As shown in Fig. 4(a), the VWC 
(θWIH) corresponding to the suction value of 0.12 kPa was 
defined as 0.06 based on the absorption (wetting) curve of 
the gravel SWCC, similar to the method of determining the 
residual degree of saturation (Sr0) in the SWCC (Fredlund 
and Xing 1994). Thus, the case in which the VWC of the 
gravel layer was lower than θ = 0.06 was defined as the 
condition in which infiltration in the CB system occurred, 
that is, the breakthrough occurred. The suction value of 0.12 
kPa corresponded to a point in the absorption curve at 
which the water content started to increase rapidly from the 
residual state. In the SSCB model test, the moisture state of 
the gravel was observed based on two patterns near the 
boundary and installation depth of the EC-5 sensors (50 mm 
below the boundary of the two soil layers, i.e., Nos. 3 and 4 
corresponding to the gravel layer), and the diversion lengths 
LUD1 and LUD2 (undrained diversion length) were measured.  

This configuration was followed because when the 
breakthrough occurred, the water obliquely and nonlinearly  

 
 
Table 5 Diversion lengths derived from the SSCB model 
test and the seepage analysis 

Case I (mm/h) 
LUD1 (cm) LUD2 (cm) 

SSCB Analysis SSCB Analysis 
1  20 13.5 33.9 24.8 34.0 
2  50 11.7 20.5 11.2 20.6 
3 100 0  7.0 0  7.2 
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Fig. 12 Comparison of diversion lengths between the  
seepage analysis and the SSCB model test 

 
 
infiltrated the interface between the sand and gravel layers, 
and the position at which the breakthrough occurred was 
challenging to determine. Thus, as in the SSCB model test, 
the CB performance in the analysis was evaluated based on 
the two patterns. First, as shown in Fig. 9, the horizontal 
distance from the most upstream node (point O) of the 
interface between the sand and gravel layers to point A 
(BOP), at which the VWC was lower than θ = 0.06, was 
defined as LUD1. The horizontal distance from point O to 
point B, corresponding to the measurement line of the EC-5 
sensors in the SSCB model test, was defined as LUD2. 
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(a) Interface plane between sand and gravel layers (b) Measurement line of the installation position of EC-5 

         sensors Nos. 3 & 4 
Fig. 11 Variation of the diversion lengths measured in the seepage analysis 
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3.2 Comparative evaluation of the LD values 
 
Figs.10(a)-10(d) show the measured LD after 6 h for 

each case in the seepage analysis. As shown in Fig. 8(a), the 
LD values in the case in which breakthrough did not occur 
in the initial condition of seepage analysis were LUD1-max = 
448 mm (interface plane between the two layers) and LUD2-

max = 439 mm (measurement line of the EC-5 sensor). The 
numbers in Fig. 10 represent the VWC. As in the SSCB 
model experiment conducted by Kim (2021), the infiltration 
behavior was observed for 6 h in the seepage analysis. As 
described in Section 2.3, in this study, the BOP was 
determined based on the VWC of θ = 0.06, and the LD 
values for the different cases were as follows: Case 1 (20 
mm/h): LUD1 = 339 mm, LUD2 = 340 mm; Case 2 (50 mm/h): 
LUD1 = 205 mm, LUD2 = 206 mm; Case 3 (100 mm/h): LUD1 = 
70 mm, LUD2 = 72 mm. In the seepage analysis, the two  

 

 
 

diversion lengths were similar in the depth direction 
because the infiltration in the gravel layer occurred in the 
vertical direction. The width of the mesh near the interface 
between the sand and gravel layers in this analysis was 
finely divided by 8.0 to 9.0 mm to eliminate its influence on 
the limit length. Table 5 summarizes the LD values 
measured in the seepage analysis, and Fig. 11 shows the 
variation in the measured LD. After the breakthrough, the 
steady state was maintained, and the LD values did not vary. 
This tendency in the seepage analysis was similar to the 
infiltration behavior observed in the laboratory SSCB 
model test conducted by Kim (2021). 

Fig. 12 shows the comparison of the LD values obtained 
in the seepage analysis and SSCB model test conducted by 
Kim (2021). In the figure, the symbols ○ and ● for Case 1 
(20 mm/h), △ & ▲ for Case 2 (50 mm/h), and □ & ■ for 
Case 3 (100 mm/h) indicate LUD1 and LUD2, respectively.  

Masado
Toyoura sand
Silica sand No. 1

Potential seepage boundary

  
(a) Case Nos.15-1~3 (1:1.5) (b) Case Nos.25-1~3 (1:2.5) 

Masado
Toyoura sand
Silica sand No. 1

Potential seepage boundary

 
(c) Case Nos.60-1~3 (1:6.0) 

Fig. 13 Variation of the diversion lengths measured in the seepage analysis 

Table 6 Diversion lengths derived from the seepage analysis for the engineered slopes 

Case Slope angle 
Layer thickness (cm) 

I (mm/h) LD-slope-analysis (cm) 
Overlayer Sand layer Gravel layer 

No.15-1   20   199.7 
No.15-2 1:1.5 (33.7 o ) 30 40 20 20 291.2 
No.15-3   60   316.1 
No.25-1   20   157.8 
No.25-2 1:2.5 (21.8 o ) 30 40 20 20 232.1 
No.25-3   60   255.3 
No.60-1   20   108.5 
No.60-2 1:6.0 (9.5o) 30 40 20 20 143.0 
No.60-3   60   152.9 
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Compared with the values presented in Table 5, the 
diversion lengths (LD-analysis) obtained in the seepage 
analysis were slightly larger than those (LD-SSCB) obtained in 
the SSCB model test. The maximum difference in the 
values estimated using the two methods corresponded to 
LUD2 in Case 1. In other words, the seepage analysis slightly 
overestimated the water-shielding performance of the CB 
system. This finding was expected because the criterion for 
determining the BOP in the seepage analysis was defined as 
θWIH = 0.06, as shown in Fig. 4(a). The difference between 
the two results can be decreased by setting the criterion of 
the VWC (θWIH) at the point at which breakthrough occurs 
to be lower than 0.06. Considering the differences between 
the two results, the criteria for the breakthrough occurrence  

 
 

must be further discussed. The results obtained in this study 
indicated that the relationship of LUD2 based on the 
measurement line of the EC-5 sensor was more reasonable 
than that of LUD1 based on the interface plane between two 
layers. 

 
 

4. Analytical verification of the CB system of the 
engineered slope 

 
In this study, the infiltration characteristics of the 

engineered slopes at different slope angles and sand layer 
thickness values, which considerably influence the water-
shielding performance of the CB system, are investigated  

 
(a) Case No.15-3 

 
(b) Case No. 25-3 

 
(c) Case No. 60-3 

Fig. 14 Measurement of the diversion length according to the slope angles (sand layer thickness = 60 cm) 
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by a series of seepage analyses using SEEP/W (2004). The 
LD values obtained using the seepage analysis were 
compared with those of the laboratory SSCB model test 
conducted by Kim (2021). 

 
4.1 Seepage analysis model and conditions 
 
To investigate the infiltration characteristics of the CB 

system at the in situ slope, a series of seepage analyses were 
performed with different sand layer thickness values (20, 
40, and 60 cm) and slope angles (i.e., Case 15 with 1:1.5 
(33.7°), Case 25 with 1:2.5 (21.8°), and Case 60 with 1:6.0 
(9.5°)) were performed. The conditions are presented in 
Table 6. As shown in Fig. 13, the analysis models for the 
three cases were established according to the slope angle 
ratios based on a width of 5.0 m at the top and bottom of the 
slope and a depth of 5.0 cm at the bottom of the slope. The 
overlayer thickness was 30 cm, the gravel layer thickness 
was 20 cm, and the rainfall intensity was 20 mm/h. The 
element sizes in the overlayer and sand layer were set as 
10.0×5.0 cm (width × height), and 5.0×5.0 cm, respectively. 
The element size for the gravel layer was set as 2.5×5.0 cm, 
denser than the other layers, to determine the LD based on 
the changes in the VWC. 

The saturation permeability coefficients of the sand and 
gravel layers were set considering those of Toyoura sand 
(ksat= 1.45×10-4 m/s) and silica sand No. 1 (ksat= 2.44×10-3 
m/s), as in the laboratory SSCB model test conducted by 
Kim (2021). The saturation permeability coefficient of 
decomposed granite soil (i.e., Masado) for ρd =1.64 g/cm3 
was set as 3.34×10-6 m/s. The SWCCs of the three types of 
soils are shown in Fig. 4(a). The drying (drainage) process 
of the SWCC for the overlayer and sand layer was 
considered, and the wetting (absorption) process of the 
SWCC for the gravel layer was considered. Because the air-
dried water content of silica sand No. 1 used in the CB 
model test was 1.0%, the initial suction value of the gravel 
layer was set as 21 kPa corresponding to the SWCC, and 
based on this value, the initial suction values for each layer 
were automatically set in the SEEP/W program, as in the 
previous analysis for the laboratory SSCB model test. The 
input parameters of SWCCs for the seepage analysis are  

 
 

summarized in Table 2. All the seepage analyses were 
performed for 24 h to evaluate the infiltration characteristics 
in the steady state during rainfall. 

 
4.2 Analysis results and discussion 
 
The occurrence of the breakthrough in the CB system of 

the engineered slope was determined based on the VWC of 
0.06, as in the previous analysis for the laboratory SSCB 
model test. LD was defined as the horizontal distance from 
the starting point of the top of the slope to the breakthrough 
point. Fig. 14 shows the LD values for Cases 15, 25, and 60 
for the sand layer of 60 cm (1:6.0) after 24 h. In the figures, 
the dotted line indicates the VWC (θWIH) of 0.06 in the 
ground. The points at which the VWC changes to 0.06 can 
be observed at the interface between the sand and gravel  
layers by magnifying the vicinity of the BOP. The following 
LD values were obtained from the seepage analysis for the 
engineered slopes, as indicated in Table 6: Case 15-1–3: 
240, 350, and 380 cm, respectively; Case 25-1–3: 170, 250, 
and 275 cm, respectively; and Case 60-1–3: 110, 145, and 
150 cm, respectively. 

Fig. 15 shows the LD variations in Cases 15, 25, and 60 
in 24 h. The infiltration states for each case exhibited a 
steady state after 24 h. When the sand layer thickness was 
20, 40, and 60 cm, the LD values decreased sharply after 9 h 
(Cases 15-1, 25-1, and 60-1), 12 h (Cases 15-1, 25-1, and 
60-1), and 14 h (Cases 15-1, 25-1, and 60-1), respectively. 
A thicker sand layer corresponded to a slower breakthrough 
occurrence, which indicated that the sand layer thickness 
influences the time at which the breakthrough occurs. Fig. 
16 shows the LD values corresponding to different sand 
layer thicknesses and slope angles. The LD increased as the 
slope became steeper. In addition, the rate of increase of LD 
with the increase in the sand layer thickness from 20 to 40 
cm: (Case 15-1→15-2: 46%, 25-1→25-2: 47%, and 60-
1→60-2: 32%) were larger than those with the increase in 
the sand layer thickness from 40 to 60 cm: (Case 15-2→15-
3: 9%, 25-2→25-3: 10%, and 60-2→60-3: 7%). Thus, the 
LD did not increase continuously with increasing sand layer 
thickness. These findings indicated that the sand layer  
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Fig. 15 Variation of the diversion lengths for Case No.15 of 1:1.5 (33.7o), Case No.25 of 1:2.5 (21.8 o), and Case No.60 of 
1:6.0 (9.5 o) for 24 h 
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thickness of 40 cm corresponded to the most effective CB 
system. Therefore, the sand layer thickness of the CB 
system at a real in situ slope must be efficiently determined 
through preliminary investigations. 

On the other hand, Kim (2021) identified LED1 and LED2 
through the laboratory SSCB model test in the lateral no-
flow condition to realize the slope design of geo-structures 
based on the CB system, as explained previously. The 
following conditions were set for the laboratory SSCB 
model test: The thicknesses of the sand and gravel layers 
were 20 cm, the rainfall intensity was 20 mm/h, and the 
slope angle was 10°. This testing condition was identical to 
that of Case 60-1 in this study, except for the absence of the 
overlayer. The diversion lengths (LED1 of 114.2 cm and LED2 
of 125.5 cm) estimated by Kim (2021) are shown in Fig. 16. 
Here, L ED1 represents the diversion length in the SSCB 
model test after the penetration reached the interface 
between the sand and gravel layers, and LED2 represents the 
diversion length in the CB model test after the penetration 
reached the sensor installation level in the gravel layer. As 
shown in Fig. 16, the values estimated by Kim (2021) were 
consistent with the LD of 108.5 cm obtained in the seepage 
analysis for the engineered slope of Case 60. Thus, the 
laboratory SSCB model test was validated by the results of 
the seepage analysis. These findings highlight that the 
SSCB model proposed by Kim (2021) is a promising 
alternative for the laboratory CB model test to efficiently 
evaluate the water-shielding performance of the CB system 
for an engineered slope. 

 
 

5. Conclusions 
 
Numerical analyses on the SSCB model test and 

engineered slopes under the same and additional conditions 
in this study were carried out to efficiently evaluate the 
water-shielding performance of the CB system for the 
stability of the geo-structure. First, to back-analyze the 
model test in the same conditions as those of the laboratory 
SSCB model test under the lateral no-flow condition, a 
series of seepage analyses were performed under three 
rainfall intensities. Moreover, the infiltration characteristics  

 
 

of the engineered slopes at different slope angles and sand 
layer thicknesses in the CB system were investigated by a 
series of seepage analyses. The following conclusions were 
derived. 
 
(1) According to the seepage analysis results on the SSCB 

model test, the breakthrough occurred at 3.8, 1.7, and 
0.8 h for each case (i.e., I = 20, 50, and 100 mm/h). The 
amount of rainfall associated with the BOPs in each 
case was approximately 80 mm. The breakthrough 
occurrence times in the seepage analysis and model test 
were similar (i.e., 3.8 h: 3.5 h, 1.7 h: 1.4 h, and 0.8 h: 
0.8 h). On the other hand, The LD values in the seepage 
analysis based on the VWC (θWIH) of 0.06 (i.e., 
indicated the breakthrough occurrence) were slightly 
larger than those obtained in the model test. The 
difference between the two results could be alleviated 
by setting the criterion of the VWC (θWIH) 
corresponding to the BOP to be lower than 0.06. The 
relationship of LUD2 based on the measurement line of 
the EC-5 sensor was more reasonable than that of LUD1 
based on the interface plane between two layers. 

(2) In the seepage analyses of the CB system for the 
engineered slopes with different sand layer thicknesses 
and slope angles, a thicker sand layer corresponded to a 
slower breakthrough occurrence and a larger increase 
in the LD. However, the increase rate of LD with the 
sand layer thickness exhibited an upper limit. Moreover, 
the LD increased as the slope became steeper. 
According to the findings, the sand layer thickness of 
40 cm was expected to correspond to the most effective 
CB system. On the other hand, the result of LD=108.5 
cm for Case No. 60-1 (slope angle: 9.5°, and sand 
layer: 20 cm) in the seepage analysis of the CB system 
for the engineered slopes was agreed well with those 
(i.e., LED1=114.2 cm, and LED2=125.5 cm) from the 
laboratory SSCB model test by Kim (2021).  

(3) From the above results, it can be concluded that the 
results of the seepage analysis on the SSCB model test 
and engineered slopes conducted in this study verified 
the validity of the laboratory SSCB model test. The 
findings highlight that the experimental methodology of 
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Fig. 16 Variation of diversion lengths according to the sand layer thickness and slope angle 
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the SSCB model represents a promising alternative for 
the laboratory CB model test to efficiently evaluate 
the water-shielding performance of the CB system for 
an engineered slope. 
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