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Introduction
Significant changes in climatic conditions in past decades are affected mostly by the 
increase in global temperature. Many countries experienced longer days of rainfall with 
higher intensities. Despite numerous debates about the existence of global warming, 
over 97% of climatologists reached an agreement that the changes in global climatic 
conditions are affected mainly by human activities [9]. A study on one aspect of climate 
change by Kim et al. [24], Rahardjo et al. [46] and Strauch et al. [51] indicated that cli-
mate change resulted in higher rainfall intensity with lesser frequency of rainy days. In 
addition, more water vapour is retained in the atmosphere due to the increase in aver-
age air temperature, which causes an exponential increase in the water vapour carrying 
capacity of the air [37].

Significant amount of rainfalls attributed to the changes in global climatic conditions 
may result in more frequent of rainfall-induced slope failures which affect properties 
and human lives as studied by Ciabatta et al. [8]. Rahardjo et al. [45] carried out research 
works on residual soil slopes. They observed that high and steep residual soil slopes can 
stand safely during dry periods. These slopes only failed during rainy periods. This fact 
is associated with the presence of an additional shear strength within the unsaturated 
zone [13] above the groundwater table.in residual soil slope. Hence, the slope is stable 
with a high factor of safety during dry periods (Fig. 1). However, the infiltration of rain-
water during rainfall affects the negative pore-water pressure, resulting in a decrease in 
the additional shear strength within the unsaturated zone. As a result, the slope is more 
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susceptible to failure during rainy periods [22, 38, 39, 42]. In other words, the instabil-
ity of slopes during rainfall is commonly encountered in unsaturated soils, especially in 
tropical areas with frequently severe rainfall events [6, 44, 54].

The magnitude of rainwater infiltration and the variations in the groundwater table 
during dry and rainy periods are affected significantly by soil properties. Hence, the fluc-
tuations in pore-water pressures, and stability of residual soil slopes are greatly influ-
enced by the mechanical and hydraulic behaviour of the unsaturated soil [25, 26, 28, 41]. 
Therefore, it is necessary to understand the unsaturated soil mechanics principles, char-
acterization and analyses of unsaturated soils and measurements of matric suction or 
negative pore-water pressures. This paper presents the principles of the unsaturated soil 
mechanics, the related apparatuses for measurement of unsaturated soil properties and 
numerical analyses incorporating unsaturated soil mechanics as well as the application 
of the unsaturated soil mechanics in engineering practise.

Unsaturated soil mechanics
Fredlund and Morgenstern [11] introduced the fourth phase for the unsaturated soil in 
addition to air, water and solid phases. That additional phase is called contractile skin or 
air–water interface (Fig. 2), acting like an elastic membrane that influences the mechani-
cal behaviour of the soil by pulling the soil particles together through surface tension. 
Since atmospheric pore-air pressure ( ua ) is commonly encountered in the field, pore-air 
pressure is taken as a reference for the two independent stress state variables, net nor-
mal stress ( σ − ua ) and matric suction ( ua − uw ), that are generally used in practice to 
distinguish the effects of normal stress and pore-water pressure ( uw ) changes, respec-
tively [11, 13, 35]. The net normal stress is equivalent to the total normal stress (σ ) less 
the pore-air pressure.

Fredlund and Morgenstern [11] suggested two independent stress tensors to represent 
the stress state in an unsaturated soil, which are:

We�ng frontInfiltra�on
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Poten�al evapora�on = 
f(air temperature, 
rela�ve humidity, solar 
radia�on, wind speed)

Actual evapora�on = f(poten�al 
evapora�on, soil temperature, soil suc�on)

Fig. 1  Mechanism of rainfall-induced slope failure
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Matric suction can be explained as a pore-water pressure with negative value with 
respect to the pore-air pressure. The changes in the water content within soil pores 
result in the changes in matric suction. Hence, the water flow within the unsaturated soil 
is affected by the less water-filled spaces among solid particles [55]. As a result, the per-
meability of the unsaturated soil varies with the changes in matric suction (called per-
meability function). The contractile skin generates a tension force on the soil particle 
when matric suction increases, resulting in the additional shear strength of the soil. In 
the opposite, the shear strength of the soil decreases when the water infiltration occurs 
since the matric suction decreases [14, 23].

Fredlund and Rahardjo [13] presented the constitutive equations for the unsaturated 
soil as summarized in Table 1. The constitutive equations are required to relate the soil 
shear strength or volume change with stress state variables. Fredlund and Rahardjo [13] 
showed that all constitutive equations for the saturated soil can be extended to explain 
the mechanical behavior of the unsaturated soil. The constitutive equations for the 
unsaturated soil were developed with the consideration that there is a smooth transition 
from the unsaturated soil into the saturated soil when matric suction reaches zero or 
degree of saturation reaches 100%.

The variation of soil water content with respect to suction is defined by soil–water 
characteristic curve (SWCC). It is commonly presented in a graph of either gravimetric 
water content ( w ), volumetric water content ( θw ) or degree of saturation ( S ) in the verti-
cal axis against matric suction in the horizontal axis in a logarithmic scale [14]. Among 
the three possible representations of SWCC, SWCC in the form of degree of saturation 
( S-SWCC) incorporates soil volume change calculations and it is commonly assumed 
to be equal to pore-size distribution function. Thus, S-SWCC is normally adopted for 
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Fig. 2  Unsaturated soil phases (modified from Fredlund and Rahardjo [13])
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representing probability of random pore connections [57], since the region within the 
pore-suction distribution function defines the degree of saturation.

An important parameter of the SWCC for unsaturated soil mechanics is the air-entry 
value (AEV), associated with matric suction where water starts to be drained out from 
the biggest soil pores [5]. Alternatively, AEV could be equivalently defined as the matric 
suction that breaks the meniscus formed by water surface tension in the largest pores 
[15]. The AEV has been found to depend on the grain size distribution of the soil. A 
larger proportion of fine particles implies smaller intra-particle pore spaces between soil 
particles, resulting in a higher AEV [4]. On the other hand, the residual suction refers to 
the suction beyond which there is no significant removal of water from the soil with the 
increase in suction.

Common laboratory experiments to determine SWCC only yield few data points along 
the SWCCs. For the purpose of numerical analyses, a continuous SWCC along the suc-
tion range is needed. This could be obtained by best-fitting the discrete data points from 
laboratory experiments using the Fredlund and Xing [15] equation, developed using the 
least-square method:
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Table 1  Equations for  saturated and  unsaturated soil mechanics. Summarized from 
Fredlund and Rahardjo [13]

where N = normal force at the bottom of the slice, τ  = shear stress, hw = hydraulic head, c′ = effective cohesion, 
g = gravitational force, c  = cohesion, y = elevation, φ′ = effective friction angle, β = the slope length at the bottom of 
the slice, ρw = density of water, t  = time, φb = angle indicating the increase in shear strength due to matric suction, 
ks = saturated permeability, vw = water flow velocity, kw = water permeability function, ∂hw/∂y = gradient of hydraulic head 
in y-direction, mw

2
 = ratio of water volume change against changes in matric suction, W  = total weight of the slice, α = the 

angle between horizontal and tangent to the midpoint of the bottom of each slice
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where, θw = calculated volumetric water content, θs = volumetric water content at satu-
rated condition, ψ = suction of the soil, a , n and m = fitting parameters, C(ψ) = Correc-
tion function that forces SWCC through a suction of 106 kPa and zero water content, 
and ψr = Suction at which residual water content occurs.

Leong and Rahardjo [33] suggested that C(ψ) = 1 in Eq. 15 to obtain a better SWCC 
fitting in the low-suction range (less than 500 kPa), although compromising the fitting 
accuracy at the higher suction range. In addition, due to the close relationship between 
SWCC and coefficient of permeability, ks [7], it is possible to estimate the permeability 
function of unsaturated soils from the available SWCC and ks . Mualem [36] classified 
various prediction models for the permeability functions by different researchers into 
three groups: empirical, macroscopic, and statistical models. Leong and Rahardjo [34] 
later found that the statistical model is the most rigorous and yields the most accurate 
permeability function. The permeability function can be estimated statistically using the 
equation developed by Kunze et al. [32] and best-fitted using the equation developed by 
Leong and Rahardjo [34] to form a continuous permeability function curve.

The shear strength of soil is a requisite input parameter for slope stability analyses. The 
saturated shear strength is governed by Eq. 5 and is illustrated by the Mohr–Coulomb 
failure envelope [53], while the unsaturated shear strength is governed by Eq. 6 [12] as 
illustrated by the Extended Mohr–Coulomb failure envelope in Fig. 3.

Measurement of unsaturated soil properties
Unsaturated soil properties play important roles in affecting the rate of rainwater infil-
tration and factor of safety variations with time. Therefore, it is important to charac-
terize the hydraulic and mechanical properties of unsaturated soil with the appropriate 
apparatuses. The hydraulic properties, i.e., a soil–water characteristic curve (SWCC) 
and a permeability function are required for seepage analyses or analyses of water flow 
throughout soil pores with respect to variations in matric suctions. The mechanical 
properties, i.e. unsaturated shear strength is required for stability analyses of soil slope 
varying matric suctions.

Fig. 3  Extended Mohr–Coulomb failure envelope (Fredlund and Rahardjo [12])
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Soil–water characteristic curve

Matric suction is equivalent to the difference in pore-air and pore-water pressures. In 
the field, pore-air pressure is equivalent to zero at the atmospheric condition. There-
fore, matric suction is also referred to as the negative pore-water pressure [47]. In 
SWCC tests, the matric suction is applied to the soil specimen through the applica-
tion of pore-air pressure using the axis translation technique as introduced by Hilf 
[20]. Through this procedure, the applied pore-water pressure is kept at atmospheric 
pressure, resulting in pore-water pressure equal to zero. Therefore, the magnitude of 
the matric suction is equal to the applied air pressure. The conventional methods for 
measurement of SWCC commonly involve Tempe cell and pressure plate for a suc-
tion range up to 100 kPa and 1500 kPa, respectively [2].

The alternative method for rapid measurement of SWCC is the small-scale centri-
fuge test. This test can generate SWCC for suctions up to 250 kPa. A special cham-
ber (Fig. 4a) is used to place the soil specimen against different centrifugal force. The 
matric suctions are generated by applying different angular velocities of the centri-
fuge. The removal of water from the soil at a certain angular velocity is measured by 
weighing the specimen. SWCC is produced by plotting the different amounts of water 
against the respective angular velocities. Initially, a cylindrical soil specimen with a 
diameter of 70 mm and a height of 20 mm is saturated. The saturation process is car-
ried out by placing the soil specimen inside a container which is connected to the 
water level higher than the height of the specimen. The difference in height of water 
level is meant to apply a different gradient which will force water to flow into the soil 
specimen. After the saturation, the soil specimen is weighed and then is placed in a 
steel ring (Fig. 4b). This steel ring will then again be placed into the mould. This mould 
will then be put in a specimen holder (Fig. 4b). The specimen holders are placed at the 

Fig. 4  a Front view, b the apparatus, c the specimen holders
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opposite sides to maintain the balance of the small-scale centrifuge machine (Fig. 4c). 
The test is performed at incremental angular velocities for specified durations. The 
angular velocities that are applied to the specimens varied from 200 rpm to 3900 rpm. 
The matric suction is calculated using Eq. 16.

where, ψ = soil suction (kPa), r
1
 = distance to the center of soil specimen (m), r

2
 = dis-

tance to the free water surface (m), ω = velocity (rad/s), ρ = pore fluid density (kg/m3).
The other alternative method for rapid measurement of SWCC is the evaporation 

method using HYPROP (Fig. 5). This method is able to establish SWCC for suctions up 
to 100 kPa. The experimental works are carried out based on the evaporation method 
proposed by Schindler and Muller [50]. The test is carried out using a pair of tensiome-
ter shafts with ceramic tips located at different depths of the specimen. One tensiometer 
is positioned at ¼ of the height of the specimen from the soil surface and the other at 
¾ of the height of the specimen. The tensiometers can measure suctions within a range 
from 0 kPa to 100 kPa and they have a capacity of 1 Bar each. The two tensiometer read-
ings are then averaged to obtain the representative suction experienced by the specimen. 
During the test, the gravimetric water content of the specimen can be determined from 
mass measurements using an electronic balance. The SWCC can then be obtained by 
plotting gravimetric water content against the average soil suction.

Measurement of SWCC for suctions beyond 500 kPa is normally carried out using dew-
point potentiometer method such as WP4C. WP4C is one of the common apparatuses 
used by researcher incorporating this method (Fig. 6). Fredlund et al. [14] describe the pro-
cess used by a potentiameter to measure the water activity in a soil specimen. The specimen 
is thermodynamically equilibrated to measure the suction pressure at a particular water 
content. The specimen should be fitted into a stainless-steel dish before placing it inside 
the temperature-controlled chamber of the potentiameter. The chamber is sealed before the 
reading process commences. The mirror is then cooled to the dew-point temperature using 
a Peltier cooling system while a thermocouple measures the temperature of the mirror. The 
dew-point temperature is recorded as condensation begins to occur on the mirror. A pho-
toelectric sensor is used to sense this condensation while an infrared thermometer is used 

(16)ψ =

(

r
2
1
− r

2
2

)

∗
(

ρω2
)

2

Fig. 5  a Schematic diagram of HYPROP and b Actual experiment setup of HYPROP
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to measure the temperature of the chamber. The water vapour pressure above the specimen 
and the saturated water vapour pressure are then measured. The total suction of the speci-
men can be calculated using Eq. 17.

where, Ψ  = total suction of the soil specimen (kPa), R = gas constant (8.31  J/molK), 
T  = temperature of the specimen (°K), M = molecular mass of water, p = vapour pressure 
of the air in the sealed chamber (kPa); p0 = saturation vapour pressure at the specimen 
temperature (kPa).

Fredlund [10] indicated that variables of SWCC (residual water content, residual suc-
tion, air-entry value, and inflection point) can only be obtained if the SWCC is plotted with 
respect to degree of saturation. However, the water content obtained from SWCC through 
Tempe Cell, pressure plates, small-scale centrifuge, HYPROP and dew-point potentiam-
eter for certain matric suctions is expressed in term of gravimetric water content. To plot 
the SWCC with respect to degree of saturation, measurements of the total volume of the 
soil specimen should be conducted through shrinkage test. A soil specimen with a typical 
diameter of 50 mm and a height of 30 mm should be saturated prior to the shrinkage test. 
After saturation, the diameter and height of the soil specimen at various points are meas-
ured daily using a Vernier Caliper. In addition, the mass of the soil specimen is also weighed 
daily. A plot between void ratio (e) and gravimetric water content (w) can then be obtained. 
A hyperbolic curve as proposed by Fredlund et al. [16] can be utilized for best-fitting the 
shrinkage curves as given in Eq. 18. The volumetric water content can be estimated from 
the void ratio using Eq. 19 [14].

where, e = void ratio, ash = value of minimum void ratio ( emin ), bsh = slope of the line of 
tangency, csh = curvature of the shrinkage curve, w = corresponding gravimetric water 
content.

(17)Ψ =
RT

M
× ln

p

p0

(18)e(w) = ash

[

wcsh

bsh
csh

+ 1

]

(

1

csh

)

(19)θw = Vs(1+ e)

Fig. 6  a Photo of WP4C and b schematic diagram of dew-point potentiometer using WP4C
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where, θw = volumetric water content, Vs = value of the volume of solids in the soil speci-
men, e = void ratio obtained from the plot of e versus w.

Permeability function

Permeability function can be obtained using indirect measurement or direct measure-
ment. Triaxial permeameter following the design by Goh et al. [18] can be used for the 
direct measurement of unsaturated permeability. The unsaturated permeability test is 
carried out by creating a hydraulic head gradient within the soil specimen at a given mat-
ric suction. Inflow and outflow rates are continuously recorded with an interval of 5 min. 
The test is ceased when both flow rates are approximately the same (i.e. steady-state con-
dition). The measurement of unsaturated permeability is influenced significantly by the 
ceramic disks on the bottom and top pedestals. The calculation of permeability of the 
whole specimen setup still follows Darcy’s Law, however due to the three-layered system 
of the setup (i.e. Disk–Soil–Disk), the equation used to determine the unsaturated per-
meability coefficient is modified as shown in Eq. 20.

where, kw = coefficient of unsaturated permeability (m/s), k = measured coefficient 
of permeability of setup (m/s), kb = coefficient of permeability of bottom disk (m/s), 
kt = coefficient of permeability of top disk (m/s), L = total Length (m), Ls = length of soil 
specimen (m), Lb = length of bottom disk (m), Lt = length of top disk (m).

The alternative method for direct measurement of the permeability function is the 
evaporation method using HYPROP. This method assumes the water flow through a 
horizontal plane at midpoint between the tensiometer tips for a given interval of time. 
As a result, permeability of soil specimen at this midpoint during the water flow process 
can be calculated using Eq. 21. This is similar to the instantaneous profile method as pre-
sented by Krisdani et al. [31].

where, �Vi = water reduction (cm3) over the mass change, qi = the rate of water flow 
(m/s), A = the cross-sectional area (cm2) of the column, �ti = the interval of time 
between two measurements.

The permeability of soil is then calculated from Darcy’s equation:

where, hi = time- and space-averaged suction, �hi is the difference of the two suctions 
measured at two measuring levels, �z is the height difference of the tensiometer tips.

Based on Eq. 22, different values of coefficient of permeability can be calculated for 
each average soil suction obtained from the HYPROP at individual time intervals. The 
instantaneous value of permeability can be plotted against the corresponding soil suc-
tion to obtain the unsaturated permeability of the soil.

(20)kw =
Ls

(

L
k
−

(

Lt
kt

+
Lb
kb

))

(21)qi =
�Vi

/

�ti

2A

(22)ki(hi) = −
qi

{(

�hi
�z

)

− 1

}
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For the indirect measurement of unsaturated permeability, the statistical model [7] is 
commonly used to determine the permeability function from SWCC together with the 
saturated permeability of soil (Eq. 23).

where: kw(θw)i = coefficient of permeability (m/s) which is calculated under a certain 
volumetric water content ( (θw)i ); i = increasing interval number with respect to the 
decreasing value of volumetric water content, ks = coefficient of permeability (saturated) 
obtained through measurements (m/s), ksc = coefficient of permeability (saturated) 
obtained through calculations (m/s), Ad = adjusting constant equal to T

2
s ρwgθ

p
s

2µwN 2  (m.s−1.

(kPa)2), Ts = surface tension of water (mN  m−1), ρw = density of water (1000  kg/m3), 
g = value of gravitational acceleration (m/s2), µw = absolute viscosity of water (Pa  s), 
θs = volumetric water content at saturation, p = a constant value to represent the rela-
tionship of pores under different sizes, N  = the number of intervals calculated from zero 
volumetric water content to the saturated volumetric water content, j = a counter from 
“ i ” to “ m ”, m = the number of intervals from the saturated volumetric water content, θs 
(where i = 1) to the lowest volumetric water content, θL (where i = m ); ua − uw = matric 
suction corresponding to the jth interval.

Unsaturated shear strength

The unsaturated soil shear strength tests are conducted using a modified triaxial cell 
(Fig. 7) which incorporates high air-entry ceramic disc to control suctions during unsat-
urated shear strength test [42]. The axis translation technique is implemented in the 
unsaturated shear strength testing to avoid cavitation (at 100 kPa negative water pres-
sure) of water in the pore-water pressure line [20].

The new development in unsaturated soil mechanics allows the simulation of rainfall-
induced slope failure via triaxial shearing-infiltration tests. The stress path obtained 
from a consolidated drained (CD) triaxial test under a constant matric suction and from 
an infiltration test under a constant deviator stress is presented in Fig. 8. The tests can be 
carried out using a modified triaxial apparatus as presented by Wong et al. [56]. In this 

(23)kw(θw)i =
ks

ksc
Ad

m
∑

j=1

[

(

2j + 1− 2i
)

(ua − uw)j
−2

]

Fig. 7  Configuration of unsaturated triaxial testing
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test, the infiltration can be commenced once the shear stress of the specimen reached 
85–90% of the peak deviator stress [19]. In the infiltration stage, a constant deviator 
stress (i.e., 85–90% of the peak deviator stress) should be maintained while water is 
injected from the base of the triaxial at a constant rate of 0.04 mm3/s [43]. The devia-
tor stress is simultaneously maintained constant and therefore, there is no shear strain 
applied to the specimen. Nanyang Technological University (NTU) mini suction probes 
can be used to measure matric suctions in a soil specimen during the tests [43]. Note 
that during water injection to the specimen (i.e., infiltration), the pore-air pressure is 
under a drained condition.

Application of unsaturated soil mechanics in slope stabilization
Numerous slope failures frequently occur in steep residual soil slopes with a deep 
groundwater table during rainfalls. A significant thickness of unsaturated soil zone 
above the groundwater table is a general characteristic of steep residual soil slopes. Neg-
ative pore-water pressures or matric suctions as a crucial part of the stability of residual 
soil slopes are needed to be maintained in a slope under varying climatic conditions and 
to be considered in the slope assessment. Infiltration of rainwater into the slope surface 
contributes to raising the groundwater table and decreasing matric suctions. The reduc-
tion of matric suction in unsaturated residual soils results in a decrease in shear strength 
of the soil along the potential slip surface [12]. As rainwater infiltration into soil slopes 
is the major cause of rainfall-induced landslides, it is important to protect the slope with 
preventive measures that can avert or minimize rainwater infiltration into the slope. One 
of the common applications of unsaturated soil mechanics to slope stabilization is in the 
design and construction of a capillary barrier system (CBS) as a slope cover to minimize 
rain infiltration into slopes.

Capillary barrier system (CBS)

CBS works following the unsaturated soil mechanics concepts. It consists of two lay-
ers of non-cohesive fine-grained and coarse-grained soils. Both layers have contrasting 
unsaturated hydraulic properties (i.e., soil–water characteristic curve and permeability 
function). Figure 9 explains the principle of capillary barrier system. Under unsaturated 

Net normal stress, (σ1+σ3)/2 − ua

D
ev

ia
to

r s
tre

ss
, (
σ 1

-σ
3)

/2
 

Constant 
matric suction plane

O A
B

C

B’

D
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condition, the permeability of the coarse-grained soil is lower than that of the fin-grained 
soil. Hence, the barrier effect is generated within the coarse-grained layer and water only 
flows along the fine-grained layer which can be removed through evaporation, transpira-
tion or lateral drainage located at the toe of the slope. Figure 10 shows the mechanism of 
CBS in minimizing the infiltration of rainwater into the slope.

In order to ensure the effectiveness of CBS performance, the selection of CBS materi-
als must be carried out carefully following three main criteria as studied by Rahardjo 
et al. [48]. Those controlling parameters in selecting CBS materials are: the water-entry 

Fig. 9  Soil-water characteristic curves and permeability function of capillary barrier system

Fig. 10  Mechanism of capillary barrier system
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value of the coarse-grained layer, the ratio between the water-entry value of the fine-
grained layers and the coarse-grained layers ( ψw-ratio), and the saturated coefficient per-
meability of the fine-grained layer. The ψw-ratio between fine- and coarse-grained layers 
should be higher than 10 in order to generate a good barrier effect and to reduce the 
rainwater infiltration into the coarse-grained layer. The water-entry value of the coarse-
grained layer must be less than 1  kPa. The saturated permeability of the fine-grained 
layer must be higher than 10−5 m/s in order to ensure that water can be drained out rap-
idly from the fine-grained layer through lateral diversion.

Study by Tami et al. [52] indicated that additional criteria should be satisfied to ensure 
the effectiveness of CBS. The presence of fines content within the fine-grained layer 
should be low enough to maintain the steepness of SWCC and to ensure a large amount 
of water can be drained out from the fine-grained layer. Hence, the storage capacity of 
the fine-grained layer can return to normal quickly after the rain stops. In addition, the 
fine-grained layer can be prevented from the development of cracks if the presence of 
fines content is low, especially during dry period when matric suctions are high.

Numerical analyses of slope stability with and without capillary barrier system
Comprehensive numerical analyses were carried out to illustrate the stability of unsatu-
rated soil slopes subjected to a prolonged rainfall. Typical soil slopes with and without a 
slope cover CBS were compared to study their performance under the prolonged rain-
fall. The slope is composed of the residual soil from the sedimentary Jurong Formation. 
The CBS is comprised of fine recycled concrete aggregate (FRCA) and coarse recycled 
concrete aggregate (CRCA) as the capillary barrier components.

Material properties of residual soil and CBS

Laboratory tests were carried out to determine saturated and unsaturated properties of 
the residual soil, fine recycled concrete aggregate (FRCA) and coarse recycled concrete 
aggregate (CRCA) used in this study.

The grain size analyses and classification of soil and RCA were determined according 
to ASTM [3] D422 and ASTM [1] D2487-11, respectively. The residual soil can be clas-
sified in accordance with the Unified Soil Classification System (USCS) as highly plastic 
clay (CH). The CRCA could be classified as Poorly graded gravel (GP) while the CRCA is 
classified Poorly graded sand (SP). The index properties of the residual soil, FRCA, and 
CRCA are summarized in Table 2.

The SWCC tests were carried out using Tempe cell apparatus following procedures 
described in the previous section. The details of the SWCC tests under a drying pro-
cess for FRCA and CRCA are similar to those explained by Rahardjo et al. [49]. For low 
matric suction controls, a U-type tube manometer was used to control water pressure 
head and the readout from the head difference reflects the matric suction. The measured 
SWCCs were best-fitted by the Fredlund and Xing [15] equation with the correction fac-
tor taken as 1 as suggested by Leong and Rahardjo [33]. The best-fitting parameters for 
the drying SWCC (a, n, and m) of the residual soil, FRCA and CRCA are tabulated in 
Table 3.

The permeability functions for the residual soil, FRCA and CRCA were determined 
from SWCC and saturated permeability using the statistical method as proposed by 
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Childs and Collis-George [7]. Figure  11 shows the drying SWCCs and permeabil-
ity functions of the residual soil, FRCA, and CRCA. The water-entry value, ψw , of 
FCRA and CRCA are 50  kPa and 0.8  kPa, respectively. The ψw-ratio between fine 
and coarse RCA was 62.5 that was greater than 10; therefore, this combination of 
FRCA and CRCA can make a good capillary barrier system [40]. The saturated coef-
ficients of permeability, ks , for FRCA and CRCA are 1.2 × 10−6 m/s and 4.0 × 10−3 
m/s, respectively. The ks of CRCA is higher than 1.0 × 10−5 m/s to ensure that water 
can flow effectively through the fine-grained layer.

The elastic modulus and shear strength properties of the residual soil as well as 
all the materials used for the CBS were tested in the laboratory. Consolidated und-
rained (CU) saturated triaxial tests with pore-water pressure measurements were 
carried out to measure the saturated shear strength parameters ( c′ and φ′ ) of the 
residual soil and consolidated drained (CD) saturated triaxial tests were also per-
formed to measure the saturated shear strength parameters of FRCA and CRCA. 
The multistage consolidated drained (CD) unsaturated triaxial tests were carried 
out to measure the unsaturated shear strength parameters ( φb ) of the residual soil, 
FRCA and CRCA (Fig.  12). The mechanical properties of the residual soil, FRCA, 
and CRCA are summarized in Table 4.

Table 2  Index properties of residual soil, fine RCA, and coarse RCA​

a  Highly plastic clay
b  Poorly graded sand
c  Poorly graded gravel

Properties Residual soil FRCA​ CRCA​

USCS classification CHa SPb GPc

Specific gravity, Gs 2.61 2.57 2.66

Porosity, n 0.440 0.390 0.437

Unit weight, γt (kN/m3) 20.3 19.0 20.0

Natural water content, w (%) 38 6.70 6.56

Optimum water content, wopt (%) 11 NA NA

Table 3  Hydraulic properties of residual soil, fine RCA, and coarse RCA​

Properties Residual soil FRCA​ CRCA​

Saturated volumetric water content, θs 0.423 0.387 0.437

Air entry value, ψa (kPa) 112.5 7.02 0.13

Water entry value, ψw (kPa) 1500 50 0.8

Residual matric suction, ψr (kPa) 1576 16.24 0.43

Residual volumetric water content, θr 0.042 0.001 0.031

Fredlund and Xing [15] parameters for predicting SWCC drying curve

 a (kPa) 1630 10 0.20

 n 1.06 5 6

 m 7 1.2 1.2

Saturated permeability, ks (m/s) 1.0 × 10−9 1.2 × 10−6 4.0 × 10−3
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Seepage, deformation and stability analyses

Seepage analyses (i.e., SEEP/W) were conducted to compute the pore-water pressure 
changes due to rainfall infiltration. The computed pore-water pressure distributions 
were then used as an initial condition in both stress–strain analyses (i.e., SIGMA/W) 

a SWCC

b Permeability function
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to assess the slope deformation and slope stability analyses (i.e., SLOPE/W) to assess 
the factor of safety of the slope.

The induced horizontal and vertical displacements at three different locations, such as 
slope crest, slope midpoint, and slope toe that corresponded to the position of a critical 
slip surface inferred from slope stability analyses were investigated. Based on the slope 
deformations, a dimensionless displacement ( Esδmax/γtH

2 ) given by Kim et al. [27] and 
Zienkiewicz et al. [58] was calculated to define instability of the slope, where Es is the 
Young’s modulus of the soil, δmax is the maximum displacement of the slope along the 
critical slip surface, γt is the unit weight, and H is the slope height. To find the time 
at failure, two tangent lines were drawn on the relationship between the dimensionless 
displacement versus elapsed time. The intersection points of these tangent lines indi-
cate the failure condition of the slope. The procedure for evaluating the unsaturated soil 
slope stability followed in this study is summarized succinctly in Fig. 13.

First, seepage analyses were conducted using a numerical model of soil slope using 
SEEP/W [17] software. The slope of a 4 m height with an inclination angle of 45° was 
modelled in this study as a typical slope in Singapore, as shown in Fig. 14a. Figure 14b 
shows the slope covered with the CBS that is constructed with 400  mm thickness of 
FRCA and 200 mm thickness of CRCA. The groundwater table was assumed at a typical 
position in residual soil slopes in Singapore. The infiltration process of the rainwater into 
the soil was simulated using a saturated–unsaturated finite element analysis. The bound-
ary conditions used for the transient seepage analysis are also shown in Fig.  14. The 

Table 4  Mechanical properties of residual soils, fine RCA, and coarse RCA​

Properties Residual soil FRCA​ CRCA​

Elastic modulus, E (kPa) 6000 18,000 210,000

Poison’s ratio, ν 0.4 0.33 0.33

Effective cohesion, c′ (kPa) 5 0 0

Effective friction angle, φ′ ( ◦) 28 34 35

Angle indicating the increase in shear strength due to 
the increase in suction, φb ( ◦)

15 0 0

Stability analyses of unsaturated soil slopes

Seepage analysis (SEEP/W model)
Pore-water pressure distribution

Slope stability analysis (SLOPE/W model)
Limit equilibrium method
Factor of safety & Critical slip surface

Stress-strain analysis (SIGMA/W model)
Finite element method
Deformation along the critical slip surface

Evaluation of slope stability based on deformation and 
limit equilibrium criteria

Fig. 13  Stability analysis procedure based on stress–strain and limit equilibrium analysis
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boundary flux, q , equal to rainfall intensity, Ir = 7.2  mm/h (2 × 10−6 m/s) was applied 
to the surface of the slope. Ponding was not allowed to occur on the ground surface, 
which means that the pore-water pressure on the ground surface would not be allowed 
to be higher than 0 kPa. The nodal flux, Q , equal of zero was applied along the sides of 
the slope above the groundwater table and along the bottom of the slope to simulate 
no flow zone. The nodal flux, Q , equal to zero with review was applied along the outer 
boundaries of the drain to drain out the collected water. A boundary condition equal to 
total head, hw , was applied along the sides of the slope below the groundwater table. The 
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negative pore-water pressure in the slope was limited to 50 kPa to reflect the typical val-
ues measured in the field.

Second, stress–strain analyses were conducted using SIGMA/W [17] software for the 
load/deformation modelling of the slope. The finite element model was a two-dimen-
sional plane strain model. The finite element mesh of the slope model in SEEP/W was 
imported to SIGMA/W. The pore-water pressure was computed by seepage analyses and 
used as initial pore-water pressure for load/deformation analyses. The fixed boundary 
condition of the slope model was assumed that horizontal displacement was fixed on 
both side boundaries and displacements in both directions were fixed on the bottom 
boundary of the model. The pore-water pressure distribution was selected for each time 
increment, and the corresponding deformation was calculated.

For stress–strain analyses, the soil particles were treated as continuum and they were 
modelled as an elastic–plastic constitutive model in SIGMA/W. Two stress state vari-
ables were used to model the unsaturated soil constitutive equations. The two incremen-
tal constitutive equations for unsaturated soils are written as follows:

where εij is the strain tensor, ν is the Poisson’s ratio, E is the elastic modulus of the soil, 
σmean is the mean total stress, uw is the pore-water pressure, δij is the Kronecker delta, 
H is the elasticity parameter of the soil with respect to a change in matric suction, 
β = E/H(1− 2ν) , εv is the volumetric strain, and R is the parameter relating the volu-
metric water content to a change in pore-water pressure. Substituting Eq. 24 into Eq. 25 
yields Eq. 26, that relates the change in volumetric water content to change in volume of 
the soil:

where ω =
1

R −
3β
H .

Third, slope stability analyses were conducted using SLOPE/W [17]. The finite ele-
ment mesh and pore-water pressure distribution of the slope model in SEEP/W were 
imported to SLOPE/W. The typical saturated and unsaturated shear strengths for the 
residual soils were used in the slope stability analyses using Morgenstern-Price method. 
The pore-water pressure distribution was selected for each time increment and the cor-
responding factor of safety was calculated.

Results of numerical analysis

Figure  15 exhibits the variations in factor of safety (FS) obtained from the SLOPE/W 
analyses of the original slope and the slope with CBS cover. The initial FS of the slope 
with CBS cover was 1.64 that was slightly higher than 1.61 of the original slope due to 
the reinforcement of the CBS cover. The rate of decrease in FS versus time was faster for 
the original slope, followed by the covered slope. The FS for the original slope reached 
1.0 at the end of the rainfall event while the FS for the slope with CBS cover reached 1.36 

(24)dεij =
1+ ν

E
dσij −

ν

E
dσmeanδij −

1

H
duwδij

(25)dθw =
β

3
εv −

1

R
duw

(26)dθw = βεv − ωduw
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at the end of the rainfall event. As expected, the CBS has a significant effect on the slope 
stability during the transient conditions.

Figure 16 shows the slope deformations at slope crest, slope midpoint, and slope toe 
along the critical slip surface whose locations are shown in Fig. 17. The critical slip sur-
face was determined from SLOPE/W analyses. Note that the two slopes had a higher 
horizontal displacement during rainfall as compared to the vertical displacement of the 
slope. Therefore, horizontal displacements were used to calculate the dimensionless dis-
placement. Figure 16a shows that the deformation of the original slope increased with 
time during rainfall, especially the rate of increase in deformation increased rapidly 
after 36 h which corresponded to failure time as shown in Fig. 18a. On the other hand, 
Fig.  16b shows that horizontal displacements of the slope with CBS cover exhibited a 
lower value than those of the original slope. In addition, the rate of increase in deforma-
tion was not significant. Consequently, there was no evidence of the inflection point on 
the relationship between the dimensionless displacement and time as shown in Fig. 18b.  

Figure 18 shows the relationship between the dimensionless displacement and elapsed 
time at different locations during the rainfall. To find the failure condition, two tan-
gent lines were drawn on each curve in Fig. 18. Figure 18a shows that the dimensionless 
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displacement of the original slope at three locations increased sharply after an elapsed 
time of 36 h, which can be considered as a condition near instability (corresponding FS 
was 1.12 as indicated in Fig.  15). On the other hand, the dimensionless displacement 
of the slope with CBS cover at three locations increased, but the rate of increase in the 
dimensionless displacement was not significant to find the failure condition.

The comparison between SLOPE/W and SIGMA/W results shows that time to failure 
from SIGMA/W analyses tends to be earlier than that from SLOPE/W analyses. This 
could be due to the fact that the limit equilibrium solution provides only one average FS 
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for the critical slip surface without considering the stress–strain distribution in the slope 
due to rainfall infiltration, whereas the stress–strain analyses performed in this study 
considers the deformation characteristics from the stress–strain distribution in the slope 
at several points in the slope. Therefore, the stress–strain analyses can detect progres-
sive failure and potential failure of the slope earlier. Therefore, the design criteria [21], 
require a specific FS of greater than 1.0 in the design of actual soil slopes. For example, 
the slopes in South Korea are designed using a national code with a FS of 1.3 [30].

The comparison between the original and the slope with CBS cover in SIGMA/W 
shows that the volumetric water content in unsaturated soils may increase under rain-
fall, inducing the change in permeability function rapidly. At the same time, the altera-
tion of the hydraulic condition, in turn, changes the water flow within the slope and may 
also alter volumetric response of the soil. The CBS can control the rain water infiltration 
into the soil slope and SIGMA/W analyses can capture the coupling processes under the 
transient conditions. Consequently, unsaturated soil slopes are vulnerable to lose their 
overall stability due to the reduction in the shear strength caused by rain infiltration.

Conclusions
The following remarks can be concluded from this paper:

1.	 The principles and theories of the unsaturated soil mechanics are required for 
describing the behaviour of natural soils which are commonly observed in unsatu-
rated conditions.

2.	 Apparatuses, procedures and methodologies for unsaturated soil testing are available 
for characterization of unsaturated soil properties.

3.	 Assessment of environmental changes on geotechnical structures such as slopes 
should incorporate the mechanics and properties of unsaturated soils in the numeri-
cal analyses.

4.	 The capillary barrier system using the principles of unsaturated soil mechanics has 
been shown to be effective in minimizing rainwater infiltration into slopes and pre-
venting slope failures.
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Recommendations
Unsaturated soil mechanics principles are also important in designing other slope pre-
ventive measures, such as: horizontal drains and vegetative cover. Future studies can be 
carried out to investigate the optimum design of horizontal drains in maintaining the 
positions of groundwater table during dry and rainy periods within different type of soil 
slopes. In addition, future research works can be carried out to study the best type of 
vegetations that are effective in preventing the rainfall-induced slope failures.
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