Front. Struct. Civ. Eng. 2022, 16(3): 378-387
https://doi.org/10.1007/s11709-022-0808-2

RESEARCH ARTICLE

Stability analysis of layered slopes in unsaturated soils

Guangyu DAI*®, Fei ZHANG™", Yuke WANG®

“ Key Laboratory of Ministry of Education for Geomechanics and Embankment Engineering, Hohai University, Nanjing 210098,
China

inangsu Province’s Geotechnical Research Center, Nanjing 210098, China

“ College of Water Conservancy Engineering, Zhengzhou University, Zhengzhou 450001, China

*Corresponding author. E-mail: feizhang@hhu.edu.cn

© Higher Education Press 2022

ABSTRACT This study presents stability analyses of layered soil slopes in unsaturated conditions and uses a limit
equilibrium method to determine the factor of safety involving suction stress of unsaturated soil. One-dimensional steady
infiltration and evaporation conditions are considered in the stability analyses. An example of a two-layered slope in clay
and silt is selected to verify the used method by comparing with the results of other methods. Parametric analyses are
conducted to explore the influences of the matric suction on the stability of layered soil slopes. The obtained results show
that larger suction stress provided in unsaturated clay dominates the stability of the layered slopes. Therefore, the location
and thickness of the clay layer have significant influences on slope stability. As the water level decreases, the factor of
safety reduces and then increases gradually in most cases. Infiltration/evaporation can obviously affect the stability of

unsaturated layered slopes, but their influences depend on the soil property and thickness of the lower soil layer.
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1 Introduction

Stability analyses of soil slopes is one of the most funda-
mental topics in geotechnical engineering. Most stability
evaluations of slopes focus on completely dry or saturated
condition, but the actual slopes are usually in unsaturated
conditions. Rainfall-induced slope instability [1,2] and
landslides of unsaturated residual soil [3,4] are closely
related to changes of soil saturation. The stability
analyses of unsaturated slopes become more important in
many cases with the development of measurement
technology.

Fredlund and Rahardjo [5] earlier proposed the inde-
pendent stress state variable approach to evaluate the
shear strength of unsaturated soil. Subsequently, Lu and
Likos [6] used the soil-water characteristic curve
(SWCC) and the effective shear strength parameters to
characterize change of shear strength in unsaturated soil.
The effects of suction stress based on their theory of
unsaturated soil are involved in stability analyses of
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homogeneous slopes. Vahedifard et al. [7] adopted the
log-spiral failure mechanism and presented a limit
equilibrium (LE) method to assess the stability of
unsaturated slopes subjected to one-directional (vertical)
flow. Sun et al. [8] and Wang et al. [9] extended the
method to consider the tension cracks and three-
dimensional effects in stability evaluations of unsaturated
slopes. Yang and Deng [10] considered the suction stress
in the stability analyses of unsaturated slopes reinforced
with piles. Their studies are limited to the unsaturated
slopes in homogeneous soils. However, natural soils are
usually layered due to sedimentation processes. It is
worth noting that the matric suction could vary in
different soils. Only a few studies [11,12] consider the
conditional spatial variability in unsaturated soils, rather
than investigate the effect of suction stress in different
soil on the stability of an unsaturated layered slope. Most
classical approaches for analyzing the layered slope
stability are performed under dry or saturated conditions.
The methods to evaluate the stability of layered soil
slopes include LE method [13], upper-bound limit
analysis method [14], and numerical finite-element
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method [15-17]. These methods do not sufficiently take
into account the effects of suction stress when solving for
the safety factor of layered slopes. Moreover, few studies
have been conducted to analyze the stability of
unsaturated layered slopes using analytical approaches.

This study aims to investigate the influences of the
matric suction on the stability of layered soil slopes under
unsaturated conditions. The LE method using a
generalized log-spiral slip surface is modified to involve
suction stress and then to determine the factor of safety
and the corresponding critical slip surface. The modified
method is verified by comparing with the results
published in literatures. A two-layered slope is used as an
example to investigate the effects of soil property, layer
thickness, groundwater level, and infiltration rate on the
stability of unsaturated slopes.

2 Effective stress analyses and
formulations

2.1 Definition of problem

A layered soil slope is analyzed under unsaturated
conditions, as illustrated in Fig. 1. The thickness of each
layer is H,, and the interface between the soil layers is
horizontal. The height and inclination angle of the slope
are denoted as H and 6, respectively. The water table is
located at H,, from the slope toe. For a positive value of
H_, the water level within the slope is equal to the
reservoir level. When H, is negative, the groundwater is
below the toe, and no water pressure is acting on the
slope surface. The soil below the water table is in a fully
saturated state, while the soil above the water table is in

BRI R

379

an unsaturated state, which is beyond the capillary fringe
regime. To determine the factor of safety for the
presented slope, the following assumptions are made:

1) the soil for each layer is homogeneous and isotro-
pic;

2) the Mohr—Coulomb failure criterion is adopted for
each layered soil;

3) the potential slip surface passes through the toe of
the slope;

4) the infiltration or evaporation rate is constant and the
seepage may be considered to be in the vertical steady
state;

5) the effect of capillary water is not significant here,
and the soil above the water table is in unsaturated condi-
tions;

6) tension cracks can be neglected.

2.2 Suction stress for unsaturated soils subjected to a
steady flow

Based on Terzaghi’s effective stress principle, Bishop [18]
developed a stability analysis of slopes in unsaturated
soils. The effective stress analysis is conducted here to
solve the problem above. For unsaturated soils, matric
suction plays an important role in shear strength change.
A suction stress-based effective stress expression
proposed by Lu and Likos [6,19] is employed for limit-
equilibrium analyses of slope stability. As presented by
Lu and Likos [19], a unified effective stress o’ is defined
for both saturated and unsaturated conditions, as follows:

M

where o’ and o are the effective stress and the total stress,
respectively; u, is the pore-air pressure and ¢° is the
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suction stress. Lu et al. [20] proposed closed-form
equations for suction stress as a function of matric
suction:

(uy—uy)<0: 0 ==, —uy), (2a)

(u, — 1)

u,)=0: o =— ,
{1+ [a (u, —u)]" """

(ua = (2b)

where u,, is pore water pressure; n and @ are parameters
fitting the SWCC and can be obtained from the SWCC
model [21,22]. The parameter n is used to describe the
distribution of the size of soil pore. The parameter « is
equal to the inverse of the air-entry pressure value. When
u, — u,, < 0, the soil is in saturated conditions as shown
in Eq. (2a). Lu et al. [23] conducted a series of
experiments to verify the continuity and smoothness from
Eq. (2b) to Eq. (2a), as the soil approaches saturation
from the unsaturated state, using data from SWCC and
suction stress characteristic curves (SSCC).

When a constant infiltration/evaporation flow is acting
at the slope surface, an analytical solution for the matric
suction (u, — u,,) under one-dimensional steady flow condi-
tions was obtained by Lu and Likos [19] as follows:

1
(, —uy) = —Eln[(l + k%)eﬂwz_ k%],

A3)
where ¢ > 0 represents the steady evaporation rate, g < 0
represents infiltration rate, ¢ = 0 represents the no-flow
state; k, = the saturated hydraulic conductivity; y, = the
unit weight of water; z = the vertical distance from the
water table to the critical sliding surface. Substituting
Eq. (3) into Eq. (2b), the suction stress o for soils under
vertical steady-state conditions can be expressed as:
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Equation (4) assumes that the suction stress varies only
in the vertical direction and is constant in the horizontal
plane. There is a limitation of Eq. (4) in that it cannot
consider the possible effect of transient flow near the
slope surface. With the simplified assumption of 1D
vertical flow, the suction stress at different heights within
the slope can be obtained from Eq. (4).

2.3 Limit equilibrium method using log-spiral slip surface

In the framework of LE method, using the generalized
effective stress formula involving the suction stress in
Eq. (1) can evaluate the stability of soil slopes in
unsaturated conditions. The strength reduction method is
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employed here to determine the factor of safety for the
unsaturated slopes and the factor of safety F is defined
below

’

c tan ¢’

k= C'n tang’’ %)
where ¢’ and ¢’ are the actual effective cohesion and
internal friction angle of soil, respectively; ¢’ and ¢’
represent the mobilized effective cohesion and friction
angle. As presented by Stockton et al. [13], the log-spiral
sliding surfaces can be used on layered soil slopes. This
study extends the LE method from the uniform slope to
the layered soil slope. A generalized log-spiral surface is
adopted here. Considering the continuity of the log-spiral
sliding surface in different soil layers, the sliding trace of
a conventional homogeneous saturated/unsaturated soil
slope needs to be modified as

r= AeP ) (1<i-1<i< ),

(6)

where r; = rotational radius of log-spiral surface for the
ith soil layer; 4; = constant of the rotational radius; 8, =
rotational angle from the vertical in different soil layer;
¢'m; = the mobilized effective friction angle of the ith
layered soil.

For layered soil slope, the log-spiral sliding surface of
the first layer can be described by the two angles 3, and

B,. The rotational radius constant 4, can be calculated as

H,

Al = —
e~ ¥mibo cOs ﬁO — e~ ¥mibr cOS ﬂl ’

(7

where i, = tang’ .. The rotation center (x,y.) can be
determined by the bottom soil layer with initial radius 4 »
The sliding surface is continuous in homogeneous soil
layers, but breaks occur at the interface between the upper
and lower soil layers, as shown in Fig. 1. To achieve a
continuous sliding surface, the radiuses at the interface
bewteen the (i — 1)th and ith soil layers are identical and
then the following relationship can be obtained:

Ai_le*lpm,:flﬁrf1 - A[efwm.,ﬁ,' (8)
where 4; | and 4, are the rotation radius constants of the
(i — Dth and ith layer. Once the initial radius A4, is
calculated in Eq. (7), all of the constant A2A3,...,Aj can be
determined from Eq. (8).

The total stress o is composed of the normal effective
stress o', pore-air pressure u,, and suction stress o from
Eq. (1). For the generalized log-spiral surface, the LE
moment equation around the rotational center can be
explicitly written without specifying the normal stress
over the slip surface. Because the direction of resultant
force of o’ and its frictional component of the shear stress
o'tang’ at each point on the sliding surface always passes
through the rotation center (x.y.), as shown in Fig. 2.
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Fig. 2 Normal and shear stress acting on the log-spiral surface.

Therefore, the moment of o’ and o 'tan¢’ for the rotation
center (x,,y,) is zero and not a concern in the following.
The moments of u, and o® need to be further determined,
respectively. The LE moment equation around the
rotation center (x,,y,) can be formulated as:

D Mo+ My + M =M, )= M, =0, (9)

where Mg; = moment of the self-weight gravity for the ith
layer soil; M,.; and M, ; = moments of the suction stress
and the pore—water pressure, respectively; M. 6 =
moment of the ith layer soil cohesion ¢’,,;; M,, = moment
of the water pressure acting on the slope surface (M, =0
if there is no water outside the slope).

The log spiral sliding surface is widely used in to assess
the traditional slope stability. The relevant derivation
process of the moment LE equation can be found in
previous studies [24-26]. In the polar coordinates, with
the geometry and notations in Fig. 1, the final expressions
of Mg, My s Mysis M., , M, can be derived as:

B _
Mo, =, [ (F(0)=Y()Ae™”
Bi-1

sin BA,e " # |cos B~ sin ﬂ| dg, (10)

where y; = unit weight of the ith layered soil; ¥;(x) and
Y; (x) represent equations of the upper and lower bounda-
ries of the ith sliding body, as shown in Fig. 1.

The detailed procedure for solving Mg, is given in the
Appendix.
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The obtained LE moment equation can calculate the
factor of safety through an optimization procedure, as
shown in Fig. 3. Choosing a reasonable initial value (5,
B,) is efficient for finding the factor of safety. To search
for various potential slip surfaces, the minimum value of
F, can be derived and the corresponding critical slip
surface can be also determined.

3 Results and discussion
3.1 Verification of calculated results

The suction stress of unsaturated soil slope is closely

assume a value of F,, =1+ F,

A 4

calculate c,,, v,,,, assume a value of (5,, £,)

calculate 4,, (xc, yc)

4

calculate 4,,...,4, with Eq.(8), f,,...,5, can be
solved from geometric equations

solve Eq.(9)

no

minimum £,?

analysis completed

Fig.3 Flow chart of the optimization procedure to determine
the factor of safety.
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related to the soil type and the extant environmental
conditions. The representative values of soil parameters
and hydraulic conditions of several typical soil bodies are
given in Tables 1 and 2, respectively [7].

Vahedifard et al. [7] investigated the stability of the
uniform slopes in unsaturated conditions and gave the
cohesion needed to produce a LE state with F, = 1.0. The
presented analyses of unsaturated layered soil slope
stability can assess the stability of the uniform slope.
Here, the values of the required cohesion in Vahedifard
et al. [7] are used to calculate the factor of safety, as
shown in Table 3. It can be found that the factors of
safety calculated by the presented method are very close
to F, = 1.0 as given in Vahedifard et al. [7]. The
comparisons of the results can validate the accuracy of
the presented method.

To further verify the applicability of the proposed
method in estimating the stability of layered slopes, a
two-layered slope with a height of 10 m is considered
here. The thickness of each soil layer is 5 m. The soil
properties of the two-layered soil are given in Table 4.
Various slope angles are considered for calculations with
suction and no suction. The Spencer LE method [27] is
used to obtain the safety factors of the two-layered slopes
without suction, as shown in Fig. 4. The results of this
study are in good agreement with those derived by

Table 1 The value of several typical unsaturated soil parameters [7]

soil type o' (°) n a (kPa™h) kg (m/s)
clay 20 2 0.005 5%x10°
silt 25 3 0.010 5x 1077
loess 28 4 0.025 1x10°°
sand 30 5 0.100 3x107

Table 2 Typical values of infiltration and evaporation rates [7]

flow type q (m/s)
high infiltration -3.14x107*
no flow 0

high evaporation 1.15x10°*

Table 3 F for unsaturated slopes with the same soil properties in
each layer

soil type no suction  high infiltration no flow  high evaporation
clay 1.017 1.002 1.000 1.002

silt 1.016 0.999 1.001 0.999
loess 1.002 1.001 0.999 1.001

sand 1.003 1.002 1.001 1.001
Table 4 Typical values of the unsaturated soil properties

soil type akPay Kk (ms) 4 ©) v (kN/m)
clay 1.7 0.005 5%107° 20 18
silt 4.0 0.05 1x1077 30 18

Spencer method. Once the matric suction is involved, the
factor of safety obviously increases.

3.2 Parametric analysis

Parametric studies are made using the two-layered slope,
of which the soil parameters are given in Table 4. Figure 5
shows the SWCC and SSCC for clay and silt soils in
this study.

3.2.1 Effect of layer thickness

A slope with H = 10 m is considered here without the
vertical-specific discharge ¢ = 0 and the water level is
located at the slope toe. Figure 6 shows the factor of
safety F, versus the layer thickness for various slope
ratios k (slope angle § = arctan k). For the slope in Case
1, the upper and lower layers are clay and silt,
respectively. In Case 2, the soil layers are in the opposite
relative positions. Both saturated and unsaturated
analyses are carried out to obtain the factor of safety for
the two cases.

From the results, it can be seen that the layer thickness
has minor influence on the stability of slopes in saturated

soils, especially for steep slopes. The unsaturated

2.0
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Fig. 4 Comparisons of F between the presented method and
Spencer method for: (a) Case 1: the upper layer is clay and the
lower layer is silt; (b) Case 2: the upper layer is silt and the
lower layer is clay.
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Fig. 6 Variation of F with the thickness of soil layer for: (a)
Case 1: the upper layer is clay and the lower layer is silt; (b)
Case 2: the upper layer is silt and the lower layer is clay.

conditions can affect the stability of slopes in layered
soils. For an unsaturated slope of Case 1, its factor of
safety increases with increasing ratio /,/H and then
reduces when the thickness of the lower layer 4, > 0.2H.
On the contrary, the unsaturated slope of Case 2
decreases as the ratio H,/H increases and then increases.
It implies that the unsaturated slope is more stable in Case
1 but less stable in Case 2 when the thickness H,
approaches 0.2H. The reason for this could be attributed
to the contributions of the matric suction of clay or silt to
the safety of unsaturated slopes in different soil
thicknesses. Figure 7 illustrates the distribution of suction

normalized suction stress o*/yH

Fig. 7 Distribution of suction stress along vertical elevation of
an unsaturated slope in uniform clay/silt (=10 m, H,, = 0).

stress along with the height of an unsaturated slope in
uniform clay or silt. The suction stress in clay increases
linearly with the distance z above the water level.
However, the suction stress in the silt increases when
z < (0.2H, and then decreases gradually. In Case 1, as the
thickness of silt in the lower layer exceeds 0.2H, the
suction stress of clay is the dominant influence on safety
and its decrease makes the slope less stable. In Case 2,
the suction stress in clay can provide more contributions
to the resistances and then increase the slope stability.
Therefore, the effects of the layer thickness on the
stability of unsaturated slopes in layered soils are clear.

3.2.2 Effect of water level

In Case 1 and Case 2 for slopes without infiltration (¢ =
0), the influences of the groundwater level /, on the
factor of safety are investigated here. For a negative value
of H, the slope is unsaturated. When the water level H,,
is positive, the water level outside the slope is identical to
that inside. Various water levels are considered in the
calculations. Figure 8 illustrates variations with the water
level of the factor of safety for the unsaturated layered
slope. It can be seen that the water level has obvious
impacts on the unsaturated slope stability. When the
water level is above the slope toe, F, decreases with
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Fig.8 Variation of F, with water table level for: (a) Case 1: the
upper layer is clay and the lower layer is silt; (b) Case 2: the
upper layer is silt and the lower layer is clay.
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increasing /,, and then gradually increases. When the
water level is underneath the slope toe, the variations of
F, are different in the two cases. In Case 1, the F|
increases with the reducing H, and then changes to
reduce or slightly increase after the water level H, =—1 m.
In Case 2, F, keep increasing with the water level.

For H, <0, the groundwater level is located below the
slope toe. In this situation, the matric suction of the
unsaturated soil makes more contributions to slope stabi-
lity. Figure 9 illustrates the influences of the groundwater
level on the critical sliding surface of Casel. As the water
level H,, decreases, the critical slip surface becomes
deeper but not obvious in the case of H, = 0.8H.
Although the slip surface is deeper with the decreasing
water level, the factor of safety increases after a
minimum. That’s due to the favorable effects of unsatu-
rated suction stress. As shown in Fig. 7, more matric
suction is provided if the clay layer is thicker. Therefore,
the effect of the matric suction is significant on the
unsaturated slope with a large clay layer (e.g., H, = 0.2H).

3.2.3 Effect of infiltration/evaporation rate

To investigate the influence of the infiltration/evaporation
rate on the slope stability, the slope case with 8 = 45° and
H,, = 0 is considered here. Figure 10 gives the variation
of the safety factor with the flow rate ¢ for 4, = 0, 0.25H,

12
--H,=-10m
10F = H,=-5m
— H,=0m
8t H,=5m
- H,=10m
E
]

H (m)

x (m)

(©)

Fig. 9 Effects of the groundwater level on the critical sliding surface of Case 1 (8 = 45°) with: (a) H, = 0.2H; (b) H, = 0.5H; (c) H, = 0.8H.
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0.50H, 0.75H, and 1.00H. For H, = 0 and 1.004, they are
the homogeneous slopes in silt and clay soil, respectively.
For the clay slope (4, = 0 in Case 1 or H, = H in Case 2),
the factor of safety increases with increasing g. On the
contrary, the factor of safety for the silt slope (H, = H in
Case 1 or 4, = 0 in Case 2) decreases as g increases.
That’s because matric suction for unsaturated clay is
much larger than that in slit, as shown in Fig. 7 (the
suction stress distribution). It can be seen that the suction
stress in clay slope increases with increasing ¢, while it is
opposite for the silt slope with vertical elevation greater
than 0.2H. Especially for ¢ > 0, there is no effect of
suction stress acting on the silt slope when the slope
elevation exceeds one-half height.

For the layered slope, the soil permeability &, is not
uniform. Infiltration/evaporation rates can vary for
different layered soils at the same flow rate. Typical
representative values of infiltration and evaporation rates
are used, as shown in Table 2. For layered soil slope of
Case 1, the factor of safety always increases with
increasing g. But in Case 2 with H, < 0.25H, the F|
reduces as g increases. In this case, the matric suction due
to silt was the dominant influence on stability of the
unsaturated slope, and its safety decreases with ¢. Figure
11 gives the variation of the safety factor for a uniform
slope with the ratio of permeability/evaporation rate and
permeability O = g/k,. It can be seen that the F of clay
slopes increases significantly with increasing Q. For silt
slopes, F increases with the increase of O and then
reduces after O = —0.3. There is no significant variation
in Iy when O = 0.3, indicating the evaporation rate has
little effect on the suction stress of silt slopes. Figure 10
demonstrates that the slope stability tends to decrease
with increasing ¢ when the clay layer is thinner than the
silt layer.

4 Conclusions

This paper extends the LE analysis of unsaturated slope
stability from uniform soil to layered soil. It has been
verified that the proposed analytical theory for the slope
stability of unsaturated layered soils can also solve the
problem for homogeneous slopes. A two-layered soil
slope consisting of clay and silt is considered for
calculations to investigate the effect of suction stress on
the stability of the layered soil slopes. Parametric studies
(e.g., layer distribution, soil layer thickness, groundwater
level, and infiltration rate) are carried out, and some
conclusions can be drawn below.

1) The contributions of the matric suction on the
stability of unsaturated slopes in clay are more obvious
than that in silt. The thickness of the soil layer has
significant effects on the stability of layered soil slopes.
For a two-layered slope in upper-layer clay and lower-
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Fig. 10 Influence of the infiltration/evaporation rate on the
factor of safety (6 = 45°, H,, = 0) for (a) Case 1: the upper layer
is clay and the lower layer is silt; (b) Case 2: the upper layer is
silt and the lower layer is clay.

2.0

— clay

0.5 L
—0.5 0.0 0.5 1.0

-1.0
0
Fig. 11 Influence of the dimensionless infiltration/evaporation

rate on the safety of the unsaturated slope in clay or silt (6 = 45°,
H,=0).

layer silt, the safety factor decreases with increase of silt
thickness when the thickness of the silt layer exceeds
0.2H. The opposite is the case for the two-layered slope
in upper-layer silt and lower-layer clay.

2) When the groundwater level is located above the
slope toe, the safety factor of the layered slope reduces
and then increases as the water level decreases. When the
water table is below the toe of the slope, the factor of
safety increases with decreasing water level. However,
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when the lower-layer soil is silt and thicker than the clay
layer, the change of the water level below the slope toe
has minor influence on the slope safety.

3) Infiltration/evaporation can obviously affect the
stability of unsaturated layered slopes. The factor of
safety increases with the increase of g, except when the
lower-layer soil is clay and the thickness of the clay layer
is less than 0.25H.

Appendix

The soil properties of the layered slopes could affect the
location of the potential sliding surface, which yields to
the complexity of the calculation on the moment of the
self-weight gravity, M, ;. Here, a two-layered soil slope is
considered as the typical example, as shown in Fig. Al.
The intersection between the sliding surface and the
horizontal interface of the layered soils is Point F, at
which is the angle S;.. Point E is the projection of the crest
Point X on the sliding surface and the corresponding
angle is Bg. The total moment Mg, can be divided into
five parts, i.e., Mg | 1, Mg 12 Mg, Mg, and Mg, 5.

The moments Mg, and Mg, for the first soil layer
can be expressed as:

Morr = 7 ji (Ae™"*sinBtand + A e "cospB)
Ale ™ Fsing|cosf— P sinB|dB, (A1)
Mg, = v, jz (H, -y, +Ae"*cosp)
Ale ¥ Fsing |c0sﬂ - meﬂlsinﬁ| dB. (A2)

The relationship between Points £ and F can result in
two cases of the calculations on the moment of the upper-
layer, as below:

Case 1: Bz > G5

B
MG,2-3 = ')/zf (Ale_w’“"ﬂsinﬂtane - Hl + yc)
Bo

Ale ™ Psing (COS,B — sinﬁl dg, (A3)

(xeye) ,r\\
JARNES
AN
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Br
Mgos = %L (H - H)A2e™#sing|cos -, ising| dB,

(A4)
Mgss =, IZB(H —y. +Ae""Pcosp)
Ale " FsinB |cosﬁ - wm_zsinﬂ( dg.  (AS)
Case 2: B < B¢
Mgos =7, jj (Ae"*sinBtand — H, +y,)
Ale ™ Psing|cosf— Y sinB|dB,  (A6)
Mgos =7 fﬁ (Are " *sinBtand + A,e "*cosp)
AlePsing|cosf — Ym,sing| dB, (A7)
Mgas =7 fj (H — y + Ase ™" cosp)
Ale ™ FsinB |cosﬁ - wm,zsinﬂ( dg.  (AS8)
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