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The devastating consequences of rainfall-induced slope failures call for considering more realistic scenarios in
slope engineering. As the matric suction in unsaturated soil varies with climatic conditions, hysteresis behavior is
observed in the drying (desorption) and wetting (adsorption) processes. The soil water characteristic curve
(SWCQ) is essential in describing the relationship between the water content and matric suction. Previous studies
contained diverging views on selecting SWCC for slope stability analysis, particularly concerning the hysteresis
behavior. Here we present an investigation into the impact of hysteresis in SWCC on the stability of unsaturated
soil slopes. Different SWCC shapes, designed to compare the influence of selecting drying and wetting curves on
rainfall-induced landslides under various rainfall characteristics, permeability, and initial suction, are examined.
We observe that the SWCC resembling the characteristic of the drying curve results in more critical conditions
and more significant fluctuations in safety factor when subjected to rainfall and no-rainfall events. The magni-
tude of initial suction relative to the air-entry value potentially explains the diverging views in the literature of
whether the drying or wetting curve ensures a safer slope stability analysis. The findings from this study have
significant implications for slope stability evaluation, particularly emphasizing the importance of considering
hysteresis, heterogeneity, parameter uncertainty in design.

1. Introduction

Rainfall-induced slope failure has been an issue due to its damaging
consequences. Climate change and increase in land use increase land-
slide susceptibility around the world (Ho et al., 2016; Kim et al., 2021;
Yang et al., 2022), adding to the urgency to mitigate these devastating
events. Numerous attempts have been made to understand the control-
ling factors, failure mechanisms, and prevention of these instabilities.
Previous studies observed that the hydrological mechanisms for rainfall-
induced slope failures involve either (1) the rising of the water table or
(2) the dissipation of matric suction and possible development of posi-
tive porewater pressure. Previous observations found that only 2 % of
slope failures in Hong Kong were attributed to rising groundwater levels
(Wong and Ho, 1993).

The porewater pressure development has been identified as one of
the factors reducing the soil strength. In the case of contractive soil, it
might potentially cause strain-softening or collapse behavior and sub-
sequently cause flowslides, which have rapid velocity and extreme
runout distance (Wang and Sassa, 2003; Yang and Wei, 2012). The
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phenomenon has been observed in previous studies related to
rainfall-induced slope failures under both drained and undrained sce-
narios (Anderson and Sitar, 1995; Chen and Yang, 2024; Wang and
Sassa, 2003; Zhang et al., 2023; Zou et al., 2024). In this regard, it is of
practical interest to quantify the amount of water infiltrating the soil and
understand how it might influence slope stability.

The soil water characteristic curve (SWCC) represents the relation-
ship between suction and the amount of water in a soil, which can be
represented using either gravimetric water content, volumetric water
content, or degree of saturation. Studies showed that the relationship
between the suction and the water content in the soil differs, as shown in
Fig. 1, depends on the process experienced by the soil - whether it is
drying or wetting. This phenomenon is known as hysteresis. The hys-
teresis phenomena have been observed through laboratory experiments
(Kim et al., 2018; Pang, 1999; Yang et al., 2004) and field measurements
(Ni, 2017; Torres et al., 1998). The hysteresis of the soil is closely related
to the grain-size distribution and dry density of the soil (Gallage and
Uchimura, 2010; Yang et al., 2004). Previous studies have proposed
different mechanisms explaining the phenomena (Hillel, 2003):
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Fig. 1. Hysteresis in SWCC (after Fredlund et al., 1994; Zhai et al., 2020).

1. The irregularity in the cross-section of the voids results in different
behavior when water flows in and out of the void, known as the
capillary theory or the “ink bottle effect.”

2. The shrinkage and swelling caused by cycles of drying and wetting in
a soil mass might cause changes in the soil fabric, structure, and pore
size distribution.

3. The influence of the contact angle between air-water and soil solids
being greater in advancing meniscus (wetting) than in a receding
meniscus (drying).

4. The difference in the volume of entrapped air when the soil suction
increases and decreases.

The drying and wetting curves starting from saturation are
commonly referred to as main/ primary drying and wetting curves,
respectively. The main drying and wetting curves enclose the hysteresis
region, and families of drying and wetting scanning curves can exist
between the main drying and wetting SWCC, as shown in Fig. 1. The
scanning curves are a series of SWCC that start from a particular con-
dition between saturated and dry. Depending on the antecedent and
seepage condition experienced by the soil, the soil might experience a
transition period when moving from the main drying to the main wet-
ting curve (or vice versa). The process follows the path of scanning
curves, which are observed to have relatively flatter gradients compared
to the main curves, as shown in Fig. 1. However, for practical purposes,
the main curves are more often adopted and received more attention in
previous studies. Furthermore, due to various reasons such as practi-
cality, resource limitations, and data availability, the analyses of slope
instability induced by rainfall were usually performed using main drying
SWCC (Li et al., 2013; Liu et al., 2020; Rianna et al., 2014; Zhang et al.,
2016). One of the main reasons is that measuring the main wetting
SWCC is a more time-consuming and costly task. Some studies provided
alternative methods to predict the main wetting and scanning curves
through mathematical equations using the main drying curve (Pham
et al., 2005; Zhai et al., 2020). Nevertheless, the commonly used design
software or methods usually only allow limited SWCC input in their
analysis. Thus, the user’s judgement is required to determine the most
suitable SWCC for the analysis to be conducted.

Fig. 2 compares the laboratory and field SWCC of a Completely
Decomposed Granite (CDG) slope in Ma On Shan, Hong Kong, measured
at different depths and locations (Li, 2003). The field measured SWCC
shows less apparent hysteresis than the SWCC measured from the lab-
oratory using a conventional pressure-plate extractor. Additionally,
significant variability between SWCC measured at various locations can
be observed, which is explainable as the SWCC of soil can be influenced
by various factors such as the stress state, soil structure, and initial
compaction water content (Li and Vanapalli, 2022). As illustrated in
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Fig. 2. Comparison of laboratory and field soil-water characteristic curves for
CDG soil at different depths and locations within the same slope (after
Li, 2003).

Fig. 1 and Fig. 2 (solid lines), the differences between drying and wetting
SWCC could affect the accuracy of slope stability analysis against
rainfall.

Some studies (Kristo et al., 2019; Zhai et al., 2016; Zhang, 2007)
indicated that the drying curve, which is often adopted in practice,
yields more conservative results in terms of slope stability. Several other
studies, however, considered wetting curves for rainfall-induced insta-
bility analysis to be more appropriate as the soil undergoes the wetting
process and the results are more conservative (Ebel et al., 2010; Kim
et al., 2018; Tsai, 2011). Moreover, Tami et al. (2004) argued that the
appropriate hydraulic properties of soil (i.e., drying or wetting) should
be used according to the process that the soil experiences. These
diverging views indicate the complexity of the problem and the need for
further study to explore the possible reason for the divided opinions.

Adding to the complication, rainfall characteristics and soil hetero-
geneity are strongly related to the seepage profile and influence the
landslide susceptibility (Ering and Babu, 2016; Ko and Lo, 2016; Yang
etal., 2024). As illustrated in Fig. 2, inherent variability within the slope
adds to the complexity of which SWCC should be adopted in the anal-
ysis. As rainfall-induced slope instability is an intricate process due to
the interplays among various factors, a study with the aim to understand
how SWCC selection influences failure mechanisms is worthwhile.

This study will first discuss the diverging views in previous studies
related to the impact of SWCC selection on evaluating rainfall-induced
slope stability. Through the literature review, the frameworks used in
previous studies are compared, and two opposing views are examined in
detail: whether the SWCC resembling the drying or wetting curve is the
safer option for reliable design. A specifically designed parametric study
is then carried out to explore the possible reason for the diverging views.
Particularly, the impact of the SWCC shape on slope stability is evalu-
ated across varying scenarios, such as rainfall characteristics, soil
permeability, and the magnitude of initial suction. Additionally, SWCC
measurements of typical soils in Hong Kong are collected, and their
upper, average, and lower bounds are suggested for practical reference.
The significant findings and the practical implications are also
discussed.

2. Diverging views on unsaturated hydraulic properties related
to slope instability

The influence of using drying and wetting SWCC on slope stability
was studied by means of infiltration tests on a specially designed
centrifuge to simulate field infiltration (Tami et al., 2004). The wetting
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and drying processes were observed by having a lower and a higher ratio
of antecedent rainfall to main rainfall intensity, respectively. The results
were compared with numerical analysis using the measured SWCC and
permeability function. The study concluded that appropriate hydraulic
properties of soil, whether drying or wetting, should be based on the
process experienced by the soil rather than the flux-boundary condition
or the rainfall pattern. In the steady-state condition, they observed that
although the soil was subjected to infiltration, it might experience a
drying or wetting process depending on the antecedent conditions. Soil
with higher antecedent conditions compared to the infiltration will
experience a drying process as it discharges more water through evap-
oration and redistribution within the soil layer. Likewise, when the
antecedent condition is lower than the infiltrating water, the soil will
experience a wetting process. Subsequently, they observed that matric
suction does not necessarily decrease during rainfall; rather, it depends
on the process it experienced. However, the influence of these factors on
slope stability was not investigated in that study.

While the conclusion found by Tami et al. (2004) is useful, most
software programs in practice still only allow one SWCC as an input.
Thus, when hysteresis is to be considered, the users must manually
change the SWCC for different processes. This is not ideal, especially
considering different drying and wetting processes can occur within soil
layers. Additionally, the variability related to the influence of confining
stress and density also contributes to the confusion of the parameter
selection related to SWCC. Numerous studies have been conducted to
determine which SWCC, wetting, drying, or the possibility of other al-
ternatives, leads to more conservative results for rainfall-induced slope
failures. However, the literature remains divided on whether to utilize
drying or wetting SWCC for conservative design. A comprehensive study
to explore the intricate interplays among various factors including
rainfall characteristics will help to elucidate the diverging views and to
advance our understating. This is exactly the motivation of this study.

Fig. 3 summarizes the SWCC utilized in the previous studies that are
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considered in the following discussion. The upper and lower bound
SWCC of residual soil in Singapore was estimated and found to be more
suitable for estimating the permeability and unsaturated shear strength,
respectively (Zhai et al., 2016). Additionally, when subjected to 1-day
rainfall followed by a no-rainfall period, the upper bound SWCC,
which resembles the drying curve relative to the wetting curve, produces
the lowest factor of safety (FOS). Zhang (2007) compared the reliability
of different scenarios: (1) only the drying curve, (2) the wetting curve for
precipitation and drying curve for evaporation, and (3) averaging the
wetting and drying curve. The first scenario is found to produce the
lowest mean FOS. However, it has the highest coefficient of variation
among the three scenarios, and thus, scores the lowest in terms of reli-
ability index. Kristo et al. (2019) evaluated the influence of hysteresis on
the stability of a residual soil slope (Bukit Timah Granite) in Singapore
against various rainfall intensities. When subjected to cycles of rainfall
and no-rainfall periods, the drying curve leads to a faster reduction and
recovery of safety factors. They concluded that the wetting curve might
be more reasonable for high-intensity rainfall, but overall, the drying
SWCC gives more conservative results across rainfall intensity.

The influence of hysteresis on the hydro-mechanical behavior of
unsaturated weathered granitic soil from Korea was investigated by
using the Drucker-Prager criterion (Kim et al., 2018). They found that
the main wetting SWCC results in the lowest soil strength and matric
suction distribution. Similarly, Tsai (2011) and Ebel et al. (2010) uti-
lized an infinite slope stability-based approach and concluded that
drying SWCC will underestimate the potential failure of an unsaturated
slope. Additionally, these studies observed that the SWCC influences not
only the occurrence of slope instability but also the depth of slip surface,
the time of failure, and the minimum landslide-triggering rainfall in-
tensity and duration.

Evidently, the conclusions related to parameter selection of SWCC,
especially when the hysteresis is considered in the rainfall-induced slope
stability analysis, are still diverging. Some studies concluded that the

(a) 06 prmeecrnnneneees (b) ' = N (- L
] i Drying ! N ] i Drying
i : i \ : - - - Bostfit -
0% ; i """"" e 0.8 ]1 \\ «ee Lower limit 05 {E : = = =Weling
g 04 | E S | \
[ i S H
8" © | \
et 506
% © {
203 s {
o = :
5 S04 |
E0.2 g i
e S |
> H
0.1 023
; Zhaietal. 2016 | } .
0 0 S | LW it
0.1 10 1000 100000 0.01 1 100 10000 1000000 0.1 10 1000 100000
Suction (kPa) Suction (kPa) Suction (kPa)
() I e o b 11/ el () (@) 06 Yo TR iRt Drying - VG (N o6 mamimER ) = Scenario 1 (D)
E --------- \[::g('.' xD - =N LVe i 3 eeesceens Scenario 1 (W)
H — ye (D) i :
~0 5 .. R » 0.5 ++ Wetting - VG B 0.5 L E Scenario 2 (D)
§ Pham (Main D) 5 § : P e Scenario 2(W)
§0'4 ++ Pham (Main W) § 04 § 0.4 g ‘E Scenario 3 (D)
& — = = Pham (init. D) 3 8 : L e Scenario 3(W)
%03 o3 203 |
Q 2 2 ]
3 g s |
50.2 Tg; 0.2 5024
3 K S
0.1 0.1 0.1 4
Kim et al. 2018 i Ebel et al. 2010 ! Tsaietal. 2011
0 e e 0! (e
0.1 10 1000 0.1 1 10 0.1 10 1000 100000
Suction (kPa) Suction (kPa) Suction (kPa)

Fig. 3. Drying (D) and Wetting (W) SWCCs and the initial suction level used in the previous studies related to the influence of hysteresis on rainfall-induced

slope failures.
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drying curve, which is often used in practice, gives reasonable results
(Kristo et al., 2019; Zhai et al., 2016; Zhang, 2007), whereas others
found it to be less conservative (Ebel et al., 2010; Kim et al., 2018; Tsai,
2011). The initial suction levels (grey-shaded area) applied in these
studies are shown in Fig. 3 with reference to its SWCC. Interestingly, the
studies with the conclusion that the drying curve gives reasonably
conservative results for rainfall-induced slope stability analysis have
maximum initial suction closer to the air-entry value or up to the middle
part of the SWCC curve. On the contrary, studies with maximum initial
suction closer to the residual part of SWCC concluded that the wetting
curve results in a more conservative analysis. The influence of the
assumption used in determining the magnitude of the initial suction and
its potential in explaining the diverging views are investigated in this
study.

3. Methodology

The influence of rainfall infiltration on slope stability is studied using
the finite element method. The transient water pressure resulting from
the applied rainfall is solved using the two-dimensional transient water
flow theory as follows:

oh, 0 oh 0 oh,
miYwT{ = & ( - kwxi) +g ( - kwygt) + q (1)

where m2, y,,, i, t, ku kwy, and q are the slope of the soil water-
characteristic curve, unit weight of water, total head, elapsed time, co-
efficients of permeability corresponding to the volumetric water content
in x-direction and y-direction, and the applied (rainfall) flux, respec-
tively.

The soil water characteristic curve describes the relationship be-
tween the water content and suction in the soil, either for the adsorption
or desorption process. In this study, the mathematical equation pro-
posed by Fredlund and Xing (1994) with correction factor C(y) =1, as
defined below, describes the SWCC.

o OTT

where 6, 05, e, and y are the volumetric water content, saturated
volumetric water content, natural base of logarithm, and the soil suc-
tion. The a, n, and m are fitting parameters related to the suction value at
the inflection point and closely related to the air-entry value, slope of the
SWCC at the inflection point, and residual water content, respectively.
The permeability function is estimated using Fredlund et al. (1994)’s
equation.

The slope stability analysis is performed using the Morgenstern-Price
method with the non-linear unsaturated shear strength model (Vanapalli
et al., 1996). The equation is defined as follows:

Ow = (2

7= + (6n — Ug)tang’ + (ug — uy,)[Sctang’] 3
6w — 6r
5. (=) @
where 7, ¢, 0y, Uy, Uy, and ¢’ are the shear strength, effective cohesion,
total normal stress, pore air pressure, porewater pressure, and friction
angle, respectively. The (on, —u,) and (u, —u,) correspond to net
normal stress on the failure plane and matric suction, respectively. The
first, second, and third components in eq. (3) account for the contri-
bution of cohesive, frictional, and suction strength to the soil, respec-
tively. The effective degree of saturation S, is responsible for quantifying
the non-linear contribution of the suction to the shear strength, where ¢

is the volumetric water content and the subscripts w, r, and s indicate the
current, residual, and saturated conditions, respectively.
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3.1. Model setup

The seepage analysis is conducted using SEEP/W while the slope
stability evaluation is conducted using SLOPE/W (GeoSlope, 2018). The
slope geometry for analysis is shown in Fig. 4, which is considered
typical in Hong Kong (Zhang et al., 2016). The slope is a homogeneous
slope with an inclination angle of 30°. The initial groundwater table is
applied by drawing a piezometric surface (blue line). A zero-flux
boundary is applied on the left and right boundaries above the
groundwater table and the bottom of the slope to allow drainage. A
constant head is applied along the left and right boundaries below the
groundwater table. The rainfall is applied as water flux throughout the
slope surface, and excess infiltration water is treated as runoff. In order
to explore the influence of SWCC selection and hysteresis on the seepage
and stability under the drying and wetting process, the applied rainfall
consists of two cycles of rainfall and no-rainfall periods. For each cycle, a
six-hour rainfall is followed by a six-hour no-rainfall period. For prac-
tical reasons, the effect of evaporation is not modelled during the no-
rainfall period in this study.

3.2. Validation

The validation is done by simulating the field measurement results of
a cut slope in Ma On Shan, Hong Kong (Li, 2003). The slope angle is
about 30° and the slope height is 17.5 m after the excavation. The slope
is mainly comprised of saprolite soil, the typical local Completely
Decomposed Granite (CDG) overlying Highly Decomposed Granite
(HDG) and then Moderately Decomposed Granite (MDG). The geological
cross-section of the slope and the slope geometry used in the verification
process are shown in Fig. 5(a) and Fig. 4, respectively. The groundwater
table in the model was set such to agree with the field measurement
results. The markers in Fig. 5(b)-5(e) show the data points collected
from the field monitoring from 16 July 2002 to 19 July 2002 near the
crest and the mid-slope, which corresponds to cross-sections X’-X* and
Y’-Y'in Fig. 4, respectively. The period is selected as there was a heavy
rainfall of 128.5 mm on 17 July 2002.

The initial maximum suction is set to be -10 kPa and a 4-day ante-
cedent rainfall is applied to simulate the porewater pressure profile on
16 July 2002. The saturated permeability of the soil is set to be 5 x 107°
m/s. Li (2003) adopted the laboratory measured wetting SWCC as it
agrees with field measurement results at the slope’s crest at 2 m deep
(see Fig. 2). Fig. 5(b) and (d) show the numerical results obtained by
using the laboratory measured wetting SWCC. The letters F and M in the
bracket stand for field measurements and modelling results, respec-
tively. Compared with the field measurement, the simulated porewater
pressure follows a similar trend as described in the literature and agrees
with the final porewater pressure profile. After the rainfall on 17 July
2002, the porewater pressure at immediate depths (<1 m) increased,
although no perched water pressure was developed. As lower rainfall
intensity was observed on the following days (18-19 July 2002), the
porewater pressure at the immediate depths (<1 m) decreased. The
water within the soil was redistributed into deeper layers, causing an
increase in the porewater pressure at 2-3 m depths. Additionally, no
groundwater table rise was observed due to the heavy rainfall.

Fig. 2 illustrates the hysteresis phenomenon observed in the labo-
ratory measurements and the variability observed in the field mea-
surements. The variability might be attributed to the difference in stress
level and particle gradation observed in the crest and berm area, as re-
ported in the literature. Another numerical analysis using drying SWCC
is adopted to illustrate the influence of SWCC selection in the analysis.
As shown in Fig. 5(c) and (e), the porewater pressure follows a similar
trend with the field measurement. While it provides a better agreement
on the final profile (19/7) plotted at the crest, the simulation results
might overestimate the porewater pressure at the mid-slope.
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3.3. Parametric study

Fig. 1 and Fig. 2 show the typical shape and relationship of the drying
and wetting curves. Mathematical expressions are sometimes adopted to
represent the SWCC and facilitate analysis. In this study, the influence of
the approach adopted regarding hysteresis, such as the selection of the
SWCC towards the rainfall-induced slope stability analysis, is evaluated.
Different SWCC shapes, attained by varying the fitting parameters a, n,
m, and 6; of the SWCC (Fredlund and Xing, 1994), are generated to
represent the drying and wetting SWCC. The equation was originally
proposed to represent the drying SWCC, and it was considered the most
appropriate best-fit equation for a wide range of soils over the entire
matric suction range (Leong and Rahardjo, 1997). However, for prac-
tical reasons, the mathematical expression was also used to represent the
wetting curve in the previous studies (Kristo et al., 2019; Tami et al.,
2004; Zhang, 2007).

The air-entry value (AEV) is the magnitude of suction required to
desaturate the largest pore in the soil, beyond which air will start
entering the pores of the saturated soil. The AEV of the drying curve is
typically located at a higher suction than in the wetting curve. The
parameter a is closely related to the AEV of the soil and increases as the
AEV increases, which shifts the SWCC to a higher magnitude of matric
suction without changing the overall shape (steepness) of SWCC. The
parameters n and m are related to the gradient of the SWCC at the in-
flection point and residual water content, respectively. The steepness of
the SWCC controls the rate at which the soil desaturates or saturates for
every change in the matric suction due to the drying or wetting process,
respectively. As shown in Fig. 1 and Fig. 2, the drying curve typically has
a steeper SWCC than the wetting curve. Subsequently, the drying curve
typically has a higher n. Additionally, parameter m is lower when the
residual water content increases, and thus, the drying curve generally

has a lower parameter m. These observations are confirmed through
previous studies (Fredlund, 2015; Pham et al., 2005; Yang et al., 2004;
Zhang, 2007) and are used to design the parametric study.

Table 1 summarizes the parametric study test cases used in this study
to investigate the influence of different SWCC shapes on rainfall-induced
slope instability. By varying the fitting parameters listed in Table 1,
SWCC shapes resembling drying relative to wetting, or vice versa, can be
obtained, and its influence when adopted in rainfall-induced slope sta-
bility analysis can be examined. Note that the drying curve typically
exhibits a lower parameter m compared to the wetting curve, while
parameters a, n, and 6; are generally higher in the drying curve. Addi-
tionally, the role of rainfall intensity in terms of the water flux to satu-
rated permeability ratio, q/ksq, is also investigated for a wide range. The
variation of SWCC and permeability for different input parameters is
shown in Fig. 6, which covers a reasonably wide range as compared with
literature studies. More than 300 test cases are examined in this study.
The input parameters used in the numerical analysis are summarized in
Table 2. As will be shown later, the wide range of SWCC parameters,
rainfall intensity, permeability and initial suction adopted and the very
large number of scenarios analyzed lead to more meaningful and
comprehensive results, and these results offer insights into the intricate
interplays of the various factors.

In the unsaturated slope stability analysis, the magnitude of
maximum initial suction is usually treated as either a user’s input or
assumed to be hydrostatic. Fig. 3 shows the variation of presumed
maximum initial suction, which ranges from 5 kPa to 250 kPa (from
hydrostatic assumption). As discussed in the earlier section, it is
important to explore the possible influence of the magnitude of initial
suction in relation to the SWCC shape on the rainfall-induced stability
analysis. The magnitude of the initial suction is critical in influencing the
strength and permeability of the soil, especially those located at the
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Table 1
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Fig. 6. SWCC and permeability functions used in the parametric study.

Table 2
Input parameters used in this study.

Parameter Parametric study
Cohesion, ¢’ (kPa) 2

Friction angle, ¢' (°) 35

Unit weight (kN/m?) 18

Saturated permeability, k; (mm/h) 36

Maximum suction (kPa) 50 (unless specified)

shallow depths, which are critical against rainfall-induced failures. In
this study, the initial condition will be assumed as hydrostatic with a
maximum suction of 50 kPa except when it is specified (test cases series
5).

4. Numerical study illustrating influence of the selection of
SWcCC

4.1. Influence of different soil water characteristic curve on slope stability
4.1.1. Effect of air-entry value on the slope stability

As illustrated in Fig. 6(a), the higher parameter a implies a higher
AEV, which resembles the drying SWCC relative to the wetting SWCC. As

the initial suction is set to be 50 kPa, the soil with higher a will have a
higher initial water content (Fig. 6(a)) and, subsequently, a higher shear
strength (Eq. (3)) and initial FOS (see Fig. 7).

When rainfall commences, water infiltrates the slope. If the amount
of water flowing into the soil is larger than that flowing out, the matric
suction decreases, which consequently, reduces the soil strength. The
infiltrated water also potentially causes seepage force that might
destabilize the slope. Likewise, when the rainfall stops, the suction
might regain, and the slope stability will increase.

Fig. 7 (a), (e), and (i) summarize the variation of safety factor ob-
tained from the critical slip surface with time when the parameters a and
q/ks ratio vary. Throughout the rainfall (grey-shaded areas) and no-
rainfall (white areas) periods, the slopes with higher a experience
more significant decreases and increases in terms of safety factor,
respectively. On the contrary, the stability of the slope with lower a
tends to be constant. As the shape of SWCC influences the permeability
function, when the initial suction is 50 kPa, soils with higher a will
generally have higher permeability. When the permeability is high,
more water can easily infiltrate the soil. This explains the higher fluc-
tuation in terms of safety factors for soils with higher a, which agrees
with the behavior of the slope stability when the drying curve is adop-
ted, as observed in a previous study (Zhang, 2007). However, higher a
does not necessarily guarantee a more conservative analysis, as shown
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Fig. 7. Factor of safety variations with different shape of SWCC.

by the dotted boxes in Fig. 7 (a), (e), and (i). In such a case, the reliability
of SWCC in representing the actual soil needs to be ensured, or else the
calculation results might overestimate the safety factor under the rain-
fall while subsequently underestimate the influence in the no-rainfall
period.

4.1.2. Effect of the slope of SWCC on the slope stability

The influence of the slope of SWCC near the inflection points is
studied by varying the parameter n. The saturation and desaturation rate
increases as the parameter n increases. Fig. 6 (b) and (f) show that the
relationship between the suction and the volumetric water content or
the permeability, when n varies, does not bear a monotonic decrease or
increase. For the SWCCs used in this study, a higher n results in a higher
volumetric water content when the suction is smaller than 100 kPa.
Likewise, when suction is larger than 100 kPa, under the same magni-
tude of suction, the soil with higher n will have lower volumetric water
content.

In this study, the maximum initial suction within the slope is
assumed to be 50 kPa. Consequently, soil with higher n will have higher
initial volumetric water content and permeability. Fig. 7 (b), (f), and (j)
summarize the influence of different n on the slope stability when sub-
jected to various rainfall scenarios. Slopes with higher n have higher
initial FOS and a more significant fluctuation of slope stability under
cycles of rainfall and no-rainfall periods. The behavior is even more
significant when the slope is subjected to high-intensity rainfall. Addi-
tionally, the slopes with higher n require shorter time to reach the
minimum FOS. It is interesting, however, that when the slope withn = 2
is subjected to lower rainfall intensity, the safety factor continuously
decreases, even when the rainfall stops. The observations show that the
shape of SWCC not only influences the magnitude of the minimum safety
factor but also the time of failure and the rate of safety factor decrease
and increase.

The slope of SWCC closer to the residual zone is controlled by
parameter m. Fig. 6 (c) and (g) show that a higher m results in a steeper
SWCC, and for the same magnitude of suction, soil with higher m will
have a lower volumetric water content and permeability. Fig. 7 (c), (g),
and (k) show the variation of safety factor with time for soil with

different magnitudes of m. In the first rainfall cycle of lower intensity
rainfall (Fig. 7(c)), the slope with higher m is more critical, attributed to
the lower initial FOS. As the rainfall intensity continues, the slope with
lower m results in a lower safety factor but is also more sensitive towards
rainfall patterns. The results shown in Fig. 7 indicate that slopes with
steeper gradient of SWCC and higher residual water content, which
correspond to the drying curves relative to the wetting curve, result in
lower FOS with more significant FOS rebound.

4.1.3. Effect of saturated volumetric water content on the slope stability

When the SWCC parameters and the saturated permeability k; are
assumed to be identical except for the magnitude of saturated volu-
metric water content, 6;, the permeability function estimated from the
SWCC of the soils is identical (Fig. 6 (d) and (h)). It should be noted,
however, that despite having an identical permeability function, the
transient permeability of soil having different 6; will not be the same
throughout the analysis. A previous study noted that soils with larger
effective water content, (6; — 6,), can store more water and require more
water to reach a fully saturated state. Subsequently, the matric suction
will take longer to dissipate (Zhang et al., 2016). Fig. 7 (d), (h), and (1)
summarize the variation of safety factors for soils with different mag-
nitudes of ¢;. The analysis shows that slopes adopting SWCC with lower
6;, such as the wetting SWCC relative to the drying SWCC, will experi-
ence lower slope stability and fluctuate more when subjected to rainfall
and no-rainfall periods.

4.2. Influence of assumption related to the initial suction

As summarized in the previous section, the conclusions obtained
from previous studies on selecting SWCC, especially considering the
hysteretic behavior, are diverging. Interestingly, studies that consider
the drying curve to be more conservative tend to have initial suction
closer to the air-entry value (Kristo et al., 2019; Zhai et al., 2016; Zhang,
2007). In contrast, when the magnitude of the initial suction is closer to
the residual zone, the wetting curve is concluded to be more conserva-
tive (see Fig. 3). This section will discuss the role of the initial suction on
the rainfall-induced slope failure analysis. In the present study, only the
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variation of parameter a represents the hysteretic behavior to reduce the
variable. Generally, the drying curve will have higher AEV and, subse-
quently, higher parameter a compared to the wetting curve.

Fig. 8 summarizes the safety factor of the slope with varying initial
suction and parameter a when subjected to two cycles of rainfall (grey-
shaded areas) and no-rainfall periods. Three values of a are selected, 10,
50, and 100, to represent the variation of SWCC. Likewise, three mag-
nitudes of initial suction, 10 kPa, 50 kPa, and hydrostatic condition are
assumed. Based on the slope geometry, the hydrostatic condition results
in a maximum suction of around 235 kPa.

The results in Fig. 8 show that the initial suction and parameter a
influence the initial safety factor. For the same a, the slope with higher
initial suction will have higher initial safety factor. Higher suction
contributes to a higher suction strength component and a higher effec-
tive degree of saturation S,, both of which contribute to the overall shear
strength (see Eq. (3)). Additionally, for the same initial suction, the slope
with higher a will have higher initial FOS. The difference between the
initial FOS of slopes with different a increases as the initial suction
increases.

Similar to the previous observation, the reduction in terms of safety
factor increases with the rainfall intensity. As a result, under low-
intensity rainfall, slopes with lower initial safety factors will inher-
ently give more conservative results. For all three rainfall cases across
different magnitudes of initial suction, the lowest minimum safety factor
is reached by the slope having a = 100 across all initial suctions. The
exception is for the hydrostatic cases, where the slope with a = 10 gives
the lowest safety factor when subjected to rainfall intensities of 0.5k
and k. Consistent with observation in previous sections, slopes with
higher values of a, which resemble the drying SWCC relative to the
wetting SWCC, generally experience a more prominent fluctuation in
terms of safety factor, especially when subjected to high-intensity
rainfall.

To further understand the role of the selected SWCC and suction level
to the slope stability, the porewater pressure profile at cross-section Y-Y’
located at the mid-slope (see Fig. 4), when subjected to rainfall of g = k;
(36 mm/h), is plotted in Fig. 9 with a time interval of 3 h. As the rainfall
occurs from O h - 6 h, the rainwater infiltrates the slope, causing a
reduction in terms of matric suction. The matric suction regains when
the rainfall stops as the no-rainfall period proceeds from 6 h - 12 h, and
the infiltrated water is redistributed to deeper depths. This behavior
repeated under the second cycle of rainfall and no-rainfall period on 12h
-18 h and 18 h - 24 h, respectively. The slope having higher a generally
has a deeper wetting front and loses its suction faster, which is consistent
with previous studies (Tsai, 2011; Zhai et al., 2016).

The results also show agreement with previous observations on the
seepage behavior affected by different magnitudes of initial suction
(Tsaparas et al., 2002). They observed that slopes with high initial
suction experience a considerable reduction of matric suction at shallow
depths compared to those for lower initial suction. However, soils with
higher initial suction can maintain their suction better at deeper depths.
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Additionally, Freeze (1969) concluded that out of all parameters con-
trolling the infiltration and groundwater recharge, it is likely that the
antecedent soil moisture regime, which is related to the magnitude of
initial suction, is the most important. They noted that soil with the
wettest profile (i.e., having a lower suction) will need a much shorter
time to reach saturation and a deeper wetting front. This explains why
slopes with lower initial suction exhibit a more significant reduction of
FOS.

Fig. 10 shows the seepage profiles and the slip surfaces of the slope
under rainfall intensity of 36 mm/h (¢ = k;) at a calculation time of 18
h. Since the location of the initial groundwater table is identical for all
the cases, the only difference in the initial condition is the SWCC and the
magnitude of the initial suction. The figure shows that the slope with
higher a generally has a deeper initial slip surface. As the rainfall
happens, the slope with higher a loses its suction more significantly,
which in some cases also causes an increase in the groundwater table.
The slip surface at the calculation time of 18 h is also plotted as red lines
in Fig. 10. Slopes with higher initial suction generally have a deeper slip
surface. Additionally, the critical slip surface of slopes with higher a tend
to move closer to the toe. As shown in Fig. 9, slopes with higher
parameter a tend to have a deeper wetting front and even potentially
cause the groundwater level to rise, thus offering a potential explanation
for the observed phenomenon. This highlights the intricacy of the factors
causing rainfall-induced slope failures.

5. Discussion
5.1. The assumption of initial suction in explaining the diverging views

The magnitude of the matric suction in the field can be influenced by
various factors such as soil type and climatic conditions. Field mea-
surements of saprolitic hillside, colluvium slope, weathered rhyolite,
and weathered granite in Hong Kong (Li, 2003; Ng et al., 2011; Zhang
et al., 2016) indicate that the suction ranges from zero to 80 kPa near the
surface area, depending on the weather conditions. After a long dry
period, field measurements in tropical regions, such as Singapore,
observed the matric suction of around 50 kPa (Tsaparas et al., 2002).
Meanwhile, the matric suction in a slope in Switzerland can be as high as
100 kPa (Springman et al., 2013). In practical applications, it is common
to assume that the porewater pressure profile is hydrostatic. However,
this assumption might not be appropriate when the groundwater table is
deep.

The hysteretic characteristic results in different SWCC, depending on
the process experienced by the soil, i.e., whether it is wetting or drying.
Moreover, numerous drying and wetting scanning curves can also exist
within the main drying and wetting SWCCs. By varying parameter a, the
parametric study here attempts to understand the influence of selecting
a particular shape of SWCC out of the family of SWCCs generated due to
the hysteretic characteristics. As the drying curve typically has higher
AEV, slopes with higher parameter a can be used as a reference of the

18 24 0 6 12 18 24
Time (hr)

a =50, hydroStaliC e g = 100

0kPa === =3 =100, 50kPa =====3 a = 100, hydrostatic

Fig. 8. Safety factor of the slope with various initial suction and varying parameter a when subjected to different rainfall intensities.
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Fig. 9. Porewater pressure profile under rainfall intensity of 36 mm/h (¢ = k).

drying SWCC compared to the wetting SWCC. The results in Fig. 11
potentially explain the diverging views related to the SWCC selection
discussed in Section 2.

The influence of the magnitude of maximum initial suction is
investigated by studying the stability of the slope before and after
experiencing two cycles of 6-h rainfall events (0-6 h and 12-18 h) fol-
lowed by 6 h of no-rainfall event. The results are plotted in Fig. 11. The
empty square, circle, and triangle markers represent the initial safety
factor of slopes with parameter a of 10, 50, and 100 kPa, respectively.
As the maximum initial suction increases, the initial safety factor in-
creases. This is consistent with previous laboratory measurements: soils
with higher air-entry values will have higher shear strength, and the
shear strength increases with the magnitude of suction (Vanapalli et al.,
1996). Additionally, the figure also shows that the influence of
maximum initial suction on the initial FOS is more prominent in slopes
with higher a. Nonetheless, all of the cases have high initial FOS, ranging
from 1.5 to 2.75.

The solid markers in Fig. 11 represent the minimum FOS experienced
by the slope when subjected to the rainfall event. The figure shows that
when lower initial suction is assumed, the slope with higher a to
resemble the drying curve relative to the wetting curve, tends to give a

more conservative analysis. As the maximum initial suction increases,
the slope with lower a has the lowest FOS, which is mostly attributed to
its low initial FOS (see Fig. 8(a) and (b); Fig. 11(a) and (b)). For instance,
when the slope is subjected to low-intensity rainfall (Fig. 11(a)), the
slope with parameter a = 100 (blue triangle) gives the lowest FOS when
the initial suction ranges from 10 to 50 kPa. However, as the maximum
initial suction increases above 50 kPa, the slope with parameter a = 10
(pink square) is more conservative, mainly attributed to the low initial
FOS and less FOS reduction it experienced during rainfall (dotted yellow
line in Fig. 8(a)). Similarly, slopes with a = 100 (blue triangle) provide
conservative estimates for suction below 80 kPa and all ranges of suction
when subjected to intermediate- (Fig. 11(b)) and high-intensity (Fig. 11
() rainfall, respectively.

The results presented in Fig. 11 illustrate the complex interplay of the
relevant factors including the magnitude of initial suction, SWCC
(parameter a), rainfall intensity, and rainfall pattern in the evaluation of
rainfall-induced slope failures.

The results confirm the observations discussed in Section 2: Studies
that concluded the drying curve to be more conservative tend to have
initial suction closer to the air-entry value or up to the mid-section of the
SWCC. Conversely, studies with higher initial suction closer to the



L. Natalia and J. Yang

(a) Initial suction = 10kPa

Elevation (m)
Elevation (m)

%0

Distance (m)
Parameter a = 10

(b) Initial suction = 50kPa

Elevation (m)

Elevation (m)

9 & 70 0 % 100 10 ©

Distance (m)
Parameter a = 10

(c) Initial suction = Hydrostatic

Elevation (m)

Elevation (m)

©

% e 7 0 0 100 10

%

Distance (m)

Parameter a = 10

)
Distance (m)
Parameter a = 50

Distance (m)

Parameter a = 50

)

Distance (m)

Parameter a = 50

Engineering Geology 354 (2025) 108175

W : 150 kP

Elevation (m)

© % 10 10

Distance (m)
Parameter a = 100

Elevation (m)

-z 150KPs

Distance (m)
Parameter a = 100

Fig. 10. Seepage and slip surface profiles under rainfall intensity of 36 mm/h (q = k) at calculation time of 18 h.
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Fig. 11. Influence of maximum initial suction on factor of safety against different rainfall intensity.

residual part of the SWCC tend to conclude that the wetting curve is
more conservative. When the initial suction is lower or equal to 80 kPa,
which is closer to the air-entry value of all the SWCCs (see Fig. 6(a)), the
test cases having a = 100 give the most conservative analysis (Fig. 11(a)
and (b)). As the suction increases and becomes closer to the residual
values, test cases with lower air-entry values, resembling wetting curves,
give lower FOS results. However, Fig. 11(c) shows that slopes with
higher air-entry values, resembling drying SWCC, result in the lowest
FOS as the rainfall intensity increases, regardless of the magnitude of the
initial suction. Thus, the influence of the magnitude of the initial suction
relative to the air-entry value towards the SWCC selection reduces as the
rainfall intensity increases.

It should be noted, however, that rainfall-induced slope instability
can be influenced by many other factors and their interaction with each
other, as shown in many previous studies (Ering and Babu, 2016; Natalia
and Yang, 2022), among others. Nevertheless, the magnitude of the
initial suction can influence the slope’s initial volumetric water content
and permeability, which subsequently controls the amount of water
infiltrating or evaporating into or from the slope. This provides a

10

possible explanation for the diverging conclusions in previous studies
related to the influence of hysteresis on slope stability. The numerical
results indicate that it is not the magnitude of the initial suction alone
but its relationship with the SWCC which controls the influence of
hysteresis on rainfall-induced slope failure.

5.2. Influence of soil permeability and rainfall intensity

Fig. 12 summarizes the influence of the SWCC parameter selection
and the maximum initial suction for different permeability and rainfall
intensities test cases in terms of q/k;. It is assumed that the slopes are
subjected to 6 h of rainfall and no-rainfall periods, followed by another
6 h of rainfall. The vertical lines represent the standard deviation of the
normalized FOS at the end of calculation at t = 18 h (FOS;_1gn /
FOS;—on), taken from five different test cases of maximum initial suction:
10 kPa, 50 kPa, 80 kPa, 100 kPa, and hydrostatic assumption. The
straight lines represent the trend of the normalized FOS in all five test
cases against various q/k;.

The results in Fig. 12 show that the normalized FOS decreases when
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Fig. 12. Influence of saturated permeability on the normalized factor of safety at calculation time of 18 h.

the saturated permeability increases. Additionally, the slope stability
against transient rainfall seems to be related to the absolute intensity of
the rainfall and the soil properties instead of the g/k; ratio. For slopes
with lower a, resembling the wetting SWCC, the influence of different
magnitudes of initial suction is less significant when the saturated
permeability is 3.6 mm/h and 36 mm/h. However, more significant
variations can be observed in soils with high permeability. On the
contrary, when a = 100, the variation in terms of normalized FOS be-
comes less significant when the saturated permeability is high. One of
the possible reasons is that soils with lower a have initial FOS that are
closer to each other regardless of the initial suction, and the FOS fluc-
tuates less significantly throughout the rainfall events (see Fig. 8).
However, when the permeability is high, the reduction of FOS is more
significant, thus causing more variation in terms of FOS;_jgy for
different magnitude of initial suction. In contrast, the initial FOS of soil
with higher a, which reflects the drying curve features, can vary
significantly depending on the magnitude of initial suction. For low to
intermediate permeability, the FOS;_1g}, varies depending on the initial
suction and the rainfall intensity. Nevertheless, when the soil has high
permeability, most cases experience significant reduction in FOS, which
tends to be lower than 1.0; thus, less variation in terms of FOS,_,gy, are
observed.

5.3. On the definition of conservative design

In the parametric study, the slopes are subjected to two cycles of
rainfall and no-rainfall periods. During the rainfall period, the rainwater
infiltrates the slope and potentially reduces the safety factor. Likewise,
when the rainfall stops for a particular duration, the soil regains its
suction and potentially increasing the safety factor. In the design pro-
cess, conservative designs are commonly done by selecting scenarios
with the lowest minimum safety factor. However, the numerical results
show that in some test cases, the scenarios that produce the most critical
safety factor under rainfall might regain their strength and have a safety
factor higher than that of less critical cases during the no-rainfall period.
Examples of these observations are denoted by grey dotted boxes in
Fig. 7 and Fig. 8. Similar results were exhibited in previous studies (Ebel
et al., 2010; Kristo et al., 2019).

When designing against rainfall-induced slope failure, most design
practices focus only on designing against rainfall by applying certain
rainfall intensities, and the no-rainfall period is usually ignored. In such
cases, designing using soil parameters resembling the drying SWCC,
such as lower magnitude of m values and higher values of a, n, and 6,
generally gives more conservative results. However, when we consider
the hysteretic nature of SWCC and realistic rainfall patterns, including
the rainfall and no-rainfall periods, the selection of the conservative
scenario needs to be cautiously approached. The study of Natalia and
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Yang (2024) highlighted the potential contribution of rainfall patterns
and the importance of considering a realistic scenario in slope stability
analysis against rainfall-induced failures. Generally, there are two ways
to define the critical case: the scenario resulting in the lowest minimum
safety factor or the scenario that gives an overall minimum safety factor
during rainfall and no-rainfall periods.

The results from this study are useful for understanding the influence
of different SWCC shapes when adopted to rainfall-induced slope
instability analyses, particularly when considering the influence of
hysteresis. The drying and wetting curves are compared by having
various magnitudes of parameter a and keeping the slope of SWCC
constant. Although it might oversimplify the drying and wetting curves
relationship, this approach is consistent with methods proposed in
previous studies in estimating the wetting curve from a drying curve.
The ratio of the parameter a of the wetting and the drying curves ranges
from 0.0034 to 0.2 in these studies (Pham et al., 2005; Zhang, 2007).

Fig. 13 shows the collected SWCC data of typical soils in Hong Kong
for Completely Decomposed Granite (CDG) and Completely Decom-
posed Tuff (CDT) from various laboratory and field measurements
published in previous studies (Gan and Fredlund, 1995; Leung, 2011; Li,
2003). As illustrated in Fig. 2 and Fig. 13, the SWCC measurements may
vary due to various factors such as heterogeneity, the stress state, par-
ticle gradation, and density, adding to the complication alongside its
hysteretic nature. The preliminary SWCC envelopes for upper limit (UL),
average (average), and lower limit (LL) envelopes are drawn and can be
useful for future reference in rainfall-induced slope stability analysis.
Moreover, a database of fitting parameters of wetting and drying SWCC
for various soil types was available in Pham (2001). Generally, the en-
velopes are consistent with the previous discussion. The drying curve
generally has a higher magnitude of parameters a and n and a lower
magnitude of parameter m.

This study shows that rainfall-induced slope instability is inherently
complex, involving intricate interplays among various factors. The
SWCC can be influenced by factors such as soil type and structure, initial
water content, density, mineralogy, and stress level. The findings from
this study related to the influence of the relationship between AEV and
the magnitude of initial suction can be useful in facilitating the con-
servative design approach. The results shown in Fig. 11-13 provide
preliminary guidance for selecting the SWCC for analysis in subtropical
regions like Hong Kong. The typical suction ranges from 0 to 80 kPa (Li,
2003; Ng et al., 2011; Zhang et al., 2016), with permeability varying
between 36 mm/h for in-situ soil to 0.036 mm/h for compacted soil
(Gan and Fredlund, 1995). The slopes are potentially subjected to high-
intensity rainfall events of 50 mm/h or higher. Based on the results in
Fig. 11-12, one may suggest that the use of higher parameter a, resem-
bling the drying curve relative to the wetting curve, generally offers
conservative estimates across a typical range of initial suction (0-80
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Fig. 13. SWCC envelope for typical Hong Kong soils: Completely Decomposed Granite (CDG) and Completely Decomposed Tuff (CDT)

kPa), rainfall intensity, and permeability. It should be noted, however,
that in situations of relatively lower rainfall intensity (g = 0.5ks and g =
ks) and higher initial suction (80-100 kPa, and even hydrostatic values),
selecting SWCC with lower parameter a, resembling the wetting curve,
offers conservative results. Moreover, caution is necessary when
considering prolonged periods without rainfall as this could lead to a
significant recovery of factor of safety, implying the potential impor-
tance of rainfall patterns, as shown in Fig. 8. Thus, it is important to
consider the interplay between magnitude of suction, rainfall intensity,
and rainfall pattern when selecting the appropriate SWCC to ensure a
conservative design. Most recently, Natalia and Yang (2024) presented
an interesting case study to elucidate the complicated role of the ante-
cedent rainfall pattern in landslides in Hong Kong.

In this study, the strength and permeability of the unsaturated soil
are estimated using the SWCC, shear strength, and saturated perme-
ability parameters. Thus, it can reasonably quantify how different
shapes of SWCC influence the stability analyses. Previous studies have
observed the influence of the SWCC hysteresis on permeability
(Fredlund et al., 1994; Kristo et al., 2019; Leung, 2011) and strength
(Khoury and Miller, 2012; Vanapalli et al., 1996) parameters. Thus, it
would be interesting to explore the influence of hysteresis on slope
stability analysis in the future with consideration of these soil parame-
ters. Additionally, as shown in Fig. 2, the issues related to the SWCC
selection are not only caused by hysteresis but also variability. Studies
have observed the relationship between particle size distribution and
density, which commonly varies in the site with the shape of SWCC
(Chai and Khaimook, 2020; Chin et al., 2010). The understanding
related to the influence of the SWCC shape on slope stability analysis
obtained from this study can be potentially extended and used for
decision-making related to the variability.

6. Conclusions

The hysteresis phenomenon causes the soil under the same suction
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level to have different volumetric water content, depending on the
process the soil is experiencing, whether it is adsorption or desorption.
Existing studies contained diverging views on the impact of hysteresis —
whether the drying or wetting SWCC - should be adopted in rainfall-
induced slope stability. This paper presents a comprehensive study
through a literature review and a specifically designed parametric
analysis to investigate the role of the hysteretic nature of SWCC in
various scenarios of rainfall-induced slope failures, including differences
in rainfall intensity, soil permeability, magnitude of initial suction. The
importance of rainfall pattern is also taken into account. Furthermore,
preliminary upper, average, and lower limit envelopes are proposed for
the drying and wetting SWCC based on the collected measurements of
typical soils in Hong Kong. These findings shed new light on the un-
derstanding of the diverging views in the literature, as detailed in the
following:

1. The shape of the SWCC influences the slope stability analysis against
rainfall. When SWCC with higher air-entry values are selected to
represent the soil, the slope will have a lower minimum safety factor
and more significant fluctuation in terms of safety factor against
rainfall and no-rainfall period. Similar behavior can also be observed
for SWCC with a steeper gradient or lower saturated volumetric
water content 0;. Generally, the drying curves tend to have higher
air-entry values and steeper gradients. Likewise, the wetting curves
have lower saturated volumetric water content 6;.

2. Our study found a possible explanation for the diverging view of
whether to adopt the drying or wetting SWCC to obtain a more
conservative analysis. The relative relationship of the maximum
initial suction used in the numerical analysis and the air-entry value
of the SWCC influence the resulting conservative case, whether it is
the drying or wetting curve. When the selected maximum initial
suction is closer to the air-entry value, the slope with parameters
resembling the drying curve or higher parameter a will give a more
conservative analysis. Likewise, when the selected initial suction is
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closer to the residual zone, the SWCC with parameters resembling
the wetting curve tends to give more conservative results.

3. The design conservativeness needs to be carefully defined, whether it
is input parameters that give the lowest safety factor or those that
give more conservative overall performance results. Some SWCC
parameters result in the most critical safety factors but significantly
fluctuate when evaluated against rainfall patterns that include low-
intensity or no-rainfall periods. The reliability of the parameters
needs to be examined when used.
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