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Abstract: The capillary barrier system (CBS) is commonly used to control rainwater infiltration into
the slope soil and enhance slope stability under rainfall conditions. In the CBS, a fine-grained layer is
commonly overlayered on top of the coarse-grained layer. Because the hydraulic conductivity of
unsaturated coarse-grained soil is much lower than that of fine-grained soil, the infiltrated rainwater
flows only in the fine-grained layer. With the accumulation of the rainwater, rainwater in the
fine-grained layer can finally penetrate the coarse-grained layer, and “breakthrough” occurs. The
horizontal length from the initial point to the breakthrough point is commonly defined as the
diversion length (L). Various empirical models have been proposed for the estimation of L, but the
results from those empirical equations differ from each other. In this paper, the limitations associated
with different empirical models for the estimation of L were discussed. Subsequently, both diversion
lengths and the time corresponding to the breakthrough obtained from numerical analyses were
presented and compared with those from empirical equations. When the rainfall intensity is higher
than 10% of ks of fine-grained soil, the empirical models showed that L increases with the increase in
slope angle, while the numerical results showed the opposite. Empirical models were based on
steady-state infiltration analysis, while the numerical models were based on transient infiltration
analysis. The results in this paper indicate that the numerical results are more reliable than those from
empirical equations.
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1. Introduction

Fourie [1] indicated that rainfall-induced slope failures were a major pattern of slope failures in
the tropical area. The works from Rahardjo et al. [2], Rahardjo et al. [3], and Zhai et al. [4] indicated
that rainwater infiltration was the triggering factor leading to slope failure under rainfall. Rahardjo et
al. [2] and Zhang et al. [5] suggested that controlling rainwater infiltration was the optimal method to
prevent rainfall-induced slope failure. The capillary barrier system (CBS) was proposed by
Nicholson et al. [6], Stormont and Morris [7], and Rahardjo et al. [8], and consists of overlaying a
fine-grained layer on top of a coarse-grained layer to control rainwater infiltration into the slope soil.
Zhai et al. [9-11] demonstrated that the hydraulic conductivity of coarse-grained soil was much
lower than that of fine-grained soil when the soils are in unsaturated conditions. Ross [12] indicated
that water in the fine-grained layer could penetrate the coarse-grained layer with the accumulation of
pore-water pressure in fine-grained soil. If the accumulated water exceeded the diversion capacity of
the CBS, water in the fine-grained layer would penetrate the coarse-grained layer; the point at which
such penetration occurs is commonly referred to as the “breakthrough” point. The maximum
horizontal distance from the initial point to the breakthrough point is commonly defined as the
diversion length (L). The value of L is crucial for the evaluation of the performance of the CBS and a
controlling index for the design of the CBS surface drain.

Stormont [13] conducted a series of experiments to investigate the performance of CBS on a 10°
slope under two scenarios: (i) no discharging drain installed, and (ii) discharging drains installed at
10 m intervals. The same rainfall condition, with intensity (q) of 10 mm/day, was applied in both
designs. It was observed that there was no rainwater penetrating the CBS in design (ii), while a
breakthrough was observed in design (i). The experimental results from Stormont [13] indicated that
the discharging drain was important for the CBS design, and L was a key parameter for the design of
the discharging drain. Therefore, the determination of L is crucial for the design of CBS.

Ng et al. [14] conducted a physical model of a three-layer CBS (silt/gravelly sand/clay) with a
slope angle of 10°. They observed no breakthrough on the silt—gravelly sand interface in the first 1.5
h, while the same changed from 1.2 kPa at 1.5 h to 0 kPa at 4 h in gravelly sand. The results indicate
that the breakthrough occurred on the silt—gravelly sand interface between 1.5 and 4 h. On the other
hand, Chen et al. [15] measured the surface run-off of the three-layer CBS (silt/gravelly sand/clay)
with slope angles of 3°, 10°, and 18°. They observed that the surface runoff for the model with a
slope angle of 3° was higher than that of 10° and 18°. Therefore, slope angle plays an important role
on the actual infiltration rate into sloped soil.

In this paper, the empirical equations for the determination of L are reviewed, and the
limitations associated with those empirical equations are discussed. Subsequently, transient
infiltration analyses are conducted to compute the L of CBS for different scenarios. The results from
the numerical analyses indicate that the time to breakthrough is a function of the thickness of the
fine-grained layer, regardless of slope angle.
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2. Empirical models for the estimation of L

In this section, L is first defined; subsequently, the empirical models for the estimation of L are
reviewed and discussed. The limitations associated with those empirical models are also explained in
this section.

2.1. Definition of L

Hill and Parlange [16] and Stormont and Anderson [17] indicated that the difference between
the hydraulic conductivities of soils in fine-and coarse-grained layers was the governing parameter
for the design of CBS. During rainfall, infiltrated water cannot infiltrate further into the
coarse-grained layer because its hydraulic conductivity is much lower than that of fine-grained soil.
However, if the water in the fine-grained layer cannot drain in time, water would accumulate there,
which in turn would result in a high hydraulic gradient on the interface of fine- and coarse-grained
layers. As a result, rainwater would finally penetrate the coarse-grained layer, spoiling the capillary
barrier and allowing breakthrough to occur.

Shackelford et al. [18] and Stormont [19] defined the horizontal distance between the initial
point and the breakthrough point to be the diversion length, as illustrated in Figure 1. The lateral
distance from the initial point and the breakthrough point is commonly referred to as the lateral
diversion length. Yang et al. [20] and Kung [21] indicated that L depends on factors such as the
hydraulic properties of both fine- and coarse-grained soils, the thickness of the fine-grained layer, the
infiltration rate, the existing ground water table (GWT), and the slope angle. Zhai et al. [22,23]
indicated that both soil-water characteristic curve (SWCC) and the hydraulic conductivity function
(HCF) were major hydraulic properties governing the infiltration rate into the surface soil. Therefore,
both the SWCCs and HCFs of fine- and coarse-grained soils were essential information required for
the evaluation of the L in the design of CBS.

Breakthrough

th, 2,

Figure 1. The illustration of L (modified from Stormont [19]).
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2.2. Mathematical models for the estimation of L

Ross [12] adopted the steady-state infiltration analysis, as shown in Figure 2, and proposed an
empirical model for the estimation of the L from the HCF of the fine-grained soil and the infiltration
rate (), as illustrated in Equation (1). Ross’s equation [12] was considered to be the first attempt at
the estimation of the diversion length of CBS.

0
k,tan 4] k. (y)dy
- g

L 1)

where L is the length of CBS, ks is the saturated hydraulic conductivity of fine-grained soil, ki(v) is
the relative hydraulic conductivity corresponding to the soil suction of w, which can be defined as
kr()=Kkunsat/ks, Kunsat is the hydraulic conductivity of unsaturated fine-grained soil, y is the soil suction,
i IS the initial soil suction in the fine-grained soil, ¢ is the slope angle, and q is the infiltration rate.

Ground Surface

Fine-grained soil

Course-grained soil

NANANAANANAANANANNAANANAS
NANANIANANAANNANANANANANANANS

A4

Figure 2. Schematic diagram of the model from Ross [12].

As illustrated in Figure 2, Ross [12] adopted the infiltration rate (q) rather than rainfall intensity
to estimate the diversion length of CBS. In addition, the groundwater table (GWT) was assumed to
be far away from the interface of fine-grained and coarse-grained layers. In addition, Ross [12]
adopted 1D infiltration to estimate the suction profile in the fine-grained layer. Ross [12] defined that
the breakthrough occurred when the infiltration rate was higher than the discharging rate, as shown
in Figure 3.

AIMS Geosciences Volume 11, Issue 4, 867—884.
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Figure 3. Hlustration of the estimation of diversion length of CBS from Ross’s method [12].

As illustrated in Figure 3, the suction profile in the fine-grained layer was assumed to be
proportional to its elevation (z), based on the assumption of the steady-state infiltration analysis. As
shown in Equation (1), the diversion length (L) of the CBS was only governed by the hydraulic
property of fine-grained soil and did not depend on the hydraulic properties of coarse-grained soil. If
the hydraulic properties of coarse-grained soil are close to those of fine-grained soil, then there is no
capillary barrier effect. Therefore, the hydraulic conductivity of the coarse-grained soil should be
considered in the determination of L. The suction profile was determined using Darcy’s law, where
the one-dimensional steady-state infiltration could be expressed as follows:

—q=k(w)(aa—"z’— j @)

where q is the infiltration rate, k() is the unsaturated hydraulic conductivity of soil at a suction level
of v, wis the capillary tension, and z is the altitude. As shown in Equation (2), the infiltration rate is
independent of time.

Steenhuis et al. [24] adopted Rijtema’s (1965) model, as shown in Equation (2), to represent the
hydraulic conductivity of the fine-grained soil and proposed another model for the estimation of L by
modifying Ross’s model [12]. Steenhuis et al. [24] considered that when the soil suction in the
fine-grained layer reached the water-entry value (WEV) of the coarse-grained soil, rainwater in the
fine-grained layer would penetrate the coarse-grained layer. Therefore, the minimum suction value in
Equation (1) was limited by the WEV of the coarse-grained soil rather than zero.

AIMS Geosciences Volume 11, Issue 4, 867—884.



872

k =k, w < AEV
~a(y—AEV) (3)
k =kge w>AEV
where AEV is the air-entry value, a is the model parameter, and  is the soil suction.
k. tang| o +( AEV, ~-WEV,

q

where AEVs is the air-entry value of the fine-grained soil, and WAV. is the water entry value of
coarse-grained soil.

Both Ross [12] and Steenhuis et al. [24] adopted the drying HCF of the fine-grained soil for the
estimation of the diversion length of CBS. It should be noted that the infiltration process is a wetting
process rather than a drying process, and the wetting HCF of the fine-grained soil should be used for
the estimation of L.

Parent and Cabral [25] defined the suction corresponding to the hydraulic conductivity of the
coarse-grained soil, equal to the infiltration rate (q), as w&_coarse, and the suction corresponding to the
hydraulic conductivity of the fine-grained soil, equal to the infiltration rate (q), as & rire, as
illustrated in Figure 4. Parent and Cabral [25] adopted & _coarse @S the minimum suction and & _Fine as
the maximum suction in the fine-grained layer, improving Ross [12]’s model. Based on numerical
analyses, Parent and Cabral [25] suggested a modification of the infiltration rate in Equation (1), as
illustrated in Equation (5).

A Kk(p) of the coarse-grained soil

— -,

v
k() of the fine-grained soil

Hydraulic conductivity

Y. Cowse Ye_me Suction

Figure 4. Hlustration of ywe_coarse and y_rine in the fine-grained layer from Parent and Cabral [25].

y _Fine
ks tan ¢-[//_C0arse kr (W)d l//
- 0.998q1.024

()
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On the other hand, Kung [21] adopted the theory of the funnel mechanism and proposed Equation (6)
to estimate L. It should be noted that Kung’s model [21] was also based on the steady-state
infiltration analysis.

L= k,AEV, sin ¢
4,9

(6)

Where AEV:is the air-entry value of the fine-grained soil, p is the density of water, and g is the
gravitational acceleration.

Stormont [13], Yang et al. [20], and Liu et al. [26] indicated that those empirical equations
provided convenience to geotechnical engineers to estimate the diversion length of CBS. It should be
noted that existing models were proposed based on the assumption that the infiltration rate was much
less than the ks of fine-grained soil. However, the works by Rahimi et al. [27], Liu et al. [28], Cuomo
et al. [29], and Liu et al. [30] indicated that when rainfall intensity was close to the ks of surface soil,
some rainwater would be discharged in the form of run-off. As a result, the limitations associated
with those models could be summarized as follows: (1) The transient infiltration analysis should be
used rather than the steady-state infiltration analysis; (2) the infiltration is the wetting process, and
wetting HCF rather than the drying HCF should be used; (3) those empirical equations may not be
applicable for the case when rainfall intensity is close to the ks of fine-grained soil; and (4) the
criteria for the determination of the breakthrough condition is unclear.

In this paper, a series of transient infiltration analyses was conducted by using the commercial
software GeoStudio (Seep/W). The effects of factors such as the thickness of the fine-grained layer,
slope angle, and rainfall intensity on the determination of diversion length were investigated. In
addition, the times corresponding to the breakthrough condition for different cases were also
investigated and discussed.

3. Numerical analyses

To investigate the diversion length, a typical slope was used for the transient seepage analyses.
The hydraulic boundary conditions are illustrated in Figure 5. To eliminate the effect of the existing
slope soil on the performance of CBS, the existing slope soil was not modeled in the study. The
drainage boundary condition was assigned to AK, KJ, BC, and CD, the total Q equal to 0 was
assigned to JD, and the rainfall boundary condition was assigned to AB. The initial suction in
fine-grained soil was selected to be 50 kPa, while that in coarse-grained soil was selected to be 10
kPa. To investigate the effects of the thickness of the fine-grained layer, slope angle, and rainfall
intensity on the determination of the diversion length, the thicknesses of the fine-grained layer was
considered to be 0.3, 0.5, 0.7, and 1.0 m, while rainfall intensities in the seepage analyses were
considered to be 0.01, 0.1, 0.5, and 1.0 ks of fine-grained soils, respectively. The slope angles ranged
from 20° to 70° at 10° intervals.
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Figure 5. Hlustration of the geometry and boundary conditions for the seepage analysis.
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The total waterhead was determined using Darcy’s law, where two-dimensional transient
infiltration could be expressed as follows:

g[kxa—H}Lg(k ﬁj-i-Q:% (7)
X ox ) oy\ "’ oy ot

where H is the total head, kx is the hydraulic conductivity in the x-direction, ky is the hydraulic
conductivity in the y-direction, Q is the applied boundary flux, @is the volumetric water content, and
t is time.

As illustrated in Equations (2) and (7), in the steady-state infiltration analysis, the variation of
water content with time is not considered, but the variation of water content is considered in the
transient infiltration analysis. Blasch et al. [31] illustrated the different infiltration results from both
steady-state and transient analyses, as shown in Figure 6.

As illustrated in Figure 6, the computed suction profile could be much different in the transient
analysis than that from the steady-state analysis. On the other hand, Zhai et al. [32] provided
definitions of SWCC variables, as shown in Figure 7. Those SWCC variables were adopted in this

paper.
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Figure 7. lllustration of the SWCC variables of both drying and wetting SWCCs (from
Zhai et al. [32]).

Fredlund and Xing’s equation [33], as shown in Equation (8), was adopted to represent the drying
SWCC, while Zhai et al.’s equation [22], shown in Equation (9), was adopted to estimate the wetting
SWCC from the drying SWCC. Subsequently, Zhai et al.’s method [23] was used to estimate the
wetting HCF for those soils.
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S=|1- In(ngj L (8)

where ar, nr, and mr are the SWCC fitting parameters, and Cr is the input value.

S =S+ 2 LS (1) )5 v, ®

where wm is the initial suction in the wetting process, So is the degree of saturation after the wetting
process, and k is the parameter defining the contact angle difference in the drying and wetting
processes. Zhai et al. [9] indicated that the fitting parameters in Fredlund and Xing’s equation [33]
with the form of volumetric water content are the same as those with the form of degree of saturation
if the soil volume change could be ignored. In this paper, the soil volume change was assumed to be
insignificant, and Fredlund and Xing’s equation [33] with the form of degree of saturation was
adopted.

The drying and wetting SWCCs for the fine- and coarse-grained soils, based on Rahardjo et al. [34],
are illustrated in Figure 8(a). The saturated hydraulic conductivities for the fine- and coarse-grained
soils were assumed to be 1 x 10™° m/s and 3 x 102 m/s, respectively. Those SWCCs were adopted to
estimate the wetting HCFs by using Zhai et al.’s method [23] for those soils, as illustrated in Figure
8(b). The SWCC parameters and saturated hydraulic conductivities are given in Table 1.

Table 1. SWCC parameters and saturated hydraulic conductivities of soils.

Soil SWCC parameters

ar Ng ms AEV k WEV Ve
Fine-grained soil 20 2 2 64.18 13 40 5.48
Coarse-grained soil 0.1 5 1 0.25 11 0.2 0.074

AIMS Geosciences Volume 11, Issue 4, 867—884.
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Figure 8. SWCCs and wetting hydraulic conductivities of soils for the seepage analysis.
(a) SWCCs for the soils. (b) Wetting hydraulic conductivities for the soils.

The breakthrough condition was considered when the zero pore-water pressure in the

coarse-grained layer was observed, as shown in Figure 9. The horizontal distance between the initial
point and the breakthrough point was then defined as the diversion length.
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Diversion length

Figure 9. Criteria for the determination of the breakthrough condition from the result of
seepage analysis.
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Based on the definition of the breakthrough, the diversion lengths and the times corresponding to
the breakthrough condition were recorded for different cases and are illustrated in Table 2. The Ls
obtained from the numerical analyses under different rainfall conditions and different thicknesses of
the fine-grained layer are illustrated in Figure 10. On the other hand, the times corresponding to the
breakthrough conditions for different cases are illustrated in Figure 11.

Table 2. Diversion length and corresponding time from numerical analyses.

Case  Ths f q t L Case  Ths f q t L

1 0.3 20 0.01ks  30.7 29.38 25 0.5 20 0.01ks 51 29.21
2 0.3 30 0.01ks 309 3204 26 0.5 30 0.01ks 533 29.34
3 0.3 40 0.01ks 321 31.02 7 0.5 40 0.01ks 535 29.23
4 0.3 50 0.01ks 309 36.17 28 0.5 50 0.01ks 523 37.8
5 0.3 60 0.01ks 31.3 39.37 29 0.5 60 0.01ks 50.9 40.11
6 0.3 70 0.01ks 36.4 4243 {30 0.5 70 0.01ks 51.1 44

7 0.3 20 0.1ks 3.1 1714 P31 0.5 20 0.1ks 5.1 20.24
8 0.3 30 0.1ks 3.2 19 32 0.5 30 0.1ks 5.1 12.31
9 0.3 40 0.1ks 3.2 21.37 33 0.5 40 0.1ks 5.1 11.90
10 0.3 50 0.1ks 3.2 171 34 0.5 50 0.1ks 5.2 7.4
11 0.3 60 0.1ks 3.2 1554 35 0.5 60 0.1ks 5.2 10.35
12 0.3 70 0.1ks 3.8 1442 36 0.5 70 0.1ks 5.2 7.22
13 0.3 20 0.5k 0.7 8.85 37 0.5 20 0.5k 11 8.69
14 0.3 30 0.5k 0.8 11.27 38 0.5 30 0.5k 11 8.57
15 0.3 40 0.5k 0.8 8.9 39 0.5 40 0.5k 11 6.48
16 0.3 50 0.5k 0.7 8.0 40 0.5 50 0.5k 11 5.37
17 0.3 60 0.5k 0.8 8.43 41 0.5 60 0.5k 11 491
18 0.3 70 0.5k 1.2 1233 42 0.5 70 0.5kKs 11 1.33
19 0.3 20 ks 0.4 3.94 43 0.5 20 ks 0.7 2.56
20 0.3 30 Ks 0.5 4.0 44 0.5 30 Ks 0.7 3.27
21 0.3 40 ks 0.5 4.55 45 0.5 40 ks 0.7 3.45
22 0.3 50 Ks 0.4 5.06 46 0.5 50 ks 0.7 2.99
23 0.3 60 ks 0.6 5.64 A7 0.5 60 ks 0.6 4.46
24 0.3 70 Ks 0.8 10.5 48 0.5 70 Ks 1.0 1.19
Case Tht f q t L Case  Tht f g t L

49 0.7 20 0.01ks 68.9 3713 |73 1.0 20 0.01ks 929 36.26
50 0.7 30 0.01ks 71 3274 |74 1.0 30 0.01ks 93 36.4
51 0.7 40 0.01ks 71.1 41 75 1.0 40 0.01ks 93.6 42
52 0.7 50 0.01ks 71.2 44 76 1.0 50 0.01ks 94.2 51
53 0.7 60 0.0lks 714 48 77 1.0 60 0.01ks 94.0 58

54 0.7 70 0.01ks 72 53 78 1.0 70 0.01ks 943 70

55 0.7 20 0.1ks 7.0 17.7 79 1.0 20 0.1ks 9.5 16.07
56 0.7 30 0.1ks 6.9 1457 @0 1.0 30 0.1ks 9.6 14.64
57 0.7 40 0.1ks 7.2 10.73 p1 1.0 40 0.1ks 9.9 16.96
58 0.7 50 0.1ks 7.2 9.93 82 1.0 50 0.1ks 10 12.16
59 0.7 60 0.1ks 7.2 10.81 83 1.0 60 0.1ks 10 11.22

Continued on next page
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Case The f q t L Case  Tht f q t L

60 0.7 70 0.1ks 7.3 9.58 84 1.0 70 0.1ks 10 10.44
61 0.7 20 0.5k 15 10.15 85 1.0 20 0.5k 2.1 11.84
62 0.7 30 0.5k 15 5.66 86 1.0 30 0.5ks 2.1 8.77
63 0.7 40 0.5k 1.6 4.85 87 1.0 40 0.5k 2.1 10.11
64 0.7 50 0.5k 1.6 4.1 88 1.0 50 0.5ks 2.1 8.92
65 0.7 60 0.5k 1.6 3.38 89 1.0 60 0.5k 2.0 6.07
66 0.7 70 0.5k 1.6 2.9 90 1.0 70 0.5ks 2.1 5.1
67 0.7 20 ks 0.8 6.09 01 1.0 20 ks 1.1 5.13
68 0.7 30 ks 0.8 3.22 92 1.0 30 ks 1.2 4.64
69 0.7 40 ks 0.8 3.33 93 1.0 40 ks 1.1 4.14
70 0.7 50 ks 0.8 2.25 94 1.0 50 ks 1.1 2.14
71 0.7 60 ks 0.9 2.15 95 1.0 60 ks 1.2 1.47
72 0.7 70 ks 0.9 1.40 96 1.0 70 ks 1.2 1.31

Note: Thr denotes the thickness of the fine-grained layer (m), ¢ denotes the slope angle (°), q denotes
the rainfall intensity, t denotes the time corresponding to the breakthrough condition (day), and L
denotes the diversion length (m).
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Figure 11. Illustration of the time corresponding to the breakthrough conditions from the
numerical models. (a) Rainfall intensity equal to 0.01ks. (b) Rainfall intensity equal to
0.1ks. (c) Rainfall intensity equal to 0.5ks. (d) Rainfall intensity equal to ks.

Figure 10 shows that when rainfall intensity was approximately 1% of ks of the fine-grained soil,
the diversion length increased with an increase in the slope angle, in agreement with the results from
empirical equations. However, when the rainfall intensity was more than 10% of ks of fine-grained
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soil, the diversion length decreased with an increase in slope angle, which opposed the results from
empirical equations. Figure 11 shows that the time corresponding to the breakthrough condition was
a function of the thickness of the fine-grained layer and did not depend on the slope angle.

It is observed that Parent and Cabral’s method [25] was an improvement of Ross [12] and
Steenhuis et al.’s model [24]. On the other hand, Kung’s method [21] was based on the theory of the
funnel mechanism, which differed from the previous three models. Therefore, only the results from
Kung [21] and Parent and Cabral’s method [25] were computed and compared with the results from
numerical analyses, as illustrated in Figure 12. Figure 12 indicates that when rainfall intensity was
less than 10% of ks of fine-grained soil, the results from Kung [21] and Parent and Cabral’s method
[25] would overestimate L of CBS. When rainfall intensity was higher than 50% of ks of fine-grained
soil, the results from Kung [21] and Parent and Cabral’s method [25] would underestimate L of CBS.
Figure 12 also indicates that the results from Kung’s method [21] were closer to the numerical results
than those from Parent and Cabral’s method [25].

3500 —aA— 0.5m thick fine-grained layer

4000 (a)  —e—0.3m thickfi ne-grained layer / 350 - {b) 0.3m thick fine-grained layer /

300 —&— 0.5m thick fine-grained layer
— B -0.7m thick fine-grained layer
3000

= x= 1.0m thick fine-grained layer 250 = 8 =0.7m thick fine-grained layer

—&— Kung (1990)" method = x=1.0m thick fine-grained layer

200

o )
=1 I
S =]
=1 =1

—e— Parent and Cabral (2006)'s method —a— Kung (1990)'s method
—e— Parent and Cabral (2006)’s method

/ 2 100 /
500 50

Diversion length, L (m)
Diversion length, L (m)

[ =
=) @
3 =}
=1 =)

o0 @ & -——— & 2l
20 30 10 50 60 70 20 30 40 50 60 70
Slope angle, ¢(°) Slope angle, ¢(°)
30 16
(¢) —©6— 0.3m thick fine-grained layer (d) —6—0.3m thick fine-grained layer
25 —=#— 0.5m thick fine-grained layer m“ —a—0.5m thick fine-grained layer
- B -0.7m thick fine-grained layer 12 — B -0.7m thick fine-grained layer
20 —%— 1.0m thick fine-grained layer 10 — %~ 1.0m thick fine-grained layer /@
—&— Kung (1990)'s method —4— Kung (1990)'s method

o

—e— Parent and Cabral (2006)’s method

—e— Parent and Cabral (2006)'s method

Diversion length, L (m)
Diversion length, L (m)

Slope angle, ¢(°)

Figure 12. Illustration of the determined L using Kung [21] and Parent and Cabral’s
methods [25] and the numerical analyses. (a) Rainfall intensity equal to 0.01ks. (b)

Rainfall intensity equal to 0.1ks. (c) Rainfall intensity equal to 0.5ks. (d) Rainfall intensity
equal to k.

Figure 12 indicates that when rainfall intensity was less than 0.1ks of fine-grained soil, the results
from the empirical methods overestimate the diversion length. This means that the breakthrough may
occur prior to the steady-state condition if the rainfall intensity is much higher than the ks of
fine-grained soil. On the other hand, with an increase in rainfall intensity (i.e., greater than 0.5ks), the
results from the empirical methods may underestimate the diversion length, because most rainfall
may become runoff and may not fully infiltrate into the soil.
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4. Conclusions

The empirical models for the determination of the diversion length of CBS were reviewed, and
the limitations associated with those models were explained. In the empirical models, the
steady-state infiltration analysis was adopted, and it might not be applicable to the unsaturated soil.
The diversion length of CBS should be analyzed by using transient infiltration analysis. It was
observed that when the rainfall intensity was much lower than the ks of fine-grained soil (e.g., less
than 10%), the empirical model would overestimate L of CBS. On the other hand, when the rainfall
intensity was higher than 50% of the ks of fine-grained soil, the empirical model would
underestimate the L of CBS. The numerical results indicated that when rainfall intensity was higher
than 10% of the ks of fine-grained soil, L decreased with an increase in the slope angle. The
numerical results also indicated that the time to breakthrough was dependent on the thickness of the
fine-grained layer, regardless of the slope angle.
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