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Abstract

Interaction between seepage field and soil stress field influences soil effective stress in general consideration. In addition, water
erosion in soil skeleton can also affect soil effective stress. The current studies conducted triaxial compression experiments with
seepage, Duncan-Chang model analysis, ABAQUS numerical simulation and followed by a case study analysis. Experiments show
that the water erosion in soil skeleton reduces effective stress strength of soil, which is quantitatively described by the reduction of
equivalent confining pressure. Through analyzing the characteristics of soil stress-strain curves, the equivalent confining pressure is
applied to improve Duncan-Chang model. Using the modified Duncan-Chang model as well as considering the interaction between
seepage field and soil stress field, ABAQUS software package is employed to simulate triaxial compression experiments with
seepage. This method is validated by comparing simulation and experimental results. Furthermore, this method is applied in the case
study of the overall stability of bank slope under seepage effect and finds that the modified model is more conservative on safety
assessment of slope stability. The studies provided evidences to prove the importance of considering soil skeleton eroded by water
flow in slope stability analysis quantitatively and proposed a modified Duncan-Chang model for engineering application with

consideration of seepage effect.
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1. Introduction

The bank slopes of rivers and dams are typically influenced by
the actions of water flow. The change in water levels can induce
seepage in the slope, which may result in the reduction of slope
stability and even landslides.

The salient issues of slope instability induced by seepage have
attracted international attention from scientists and engineers.
Owoputi and Stolte (2001), Chu-Agor et al. (2009), Lindow et
al. (2009) and Nardi ef al. (2012) used tank physical model
experiments to characterize the erosion damage caused by
seepage. Timpong ef al. (2007) and Li et al. (2009) applied centrifuge
physical model experiments to study the mechanisms of slope
damage brought about by changing water levels. Though these
studies did provide direct insight in terms of results, they did not
able to comprehensively simulate full-scale environmental
phenomena. Using soil test results as a basis, numerical simulation is
a viable avenue for stability analysis of slope.

The reliability of numerical simulation results is largely determined
by the accuracy of the utilized geo-mechanical soil characteristics.

In numerical simulations, the effective stress indexes were
typically selected as the base (Gao et al., 2004; Lu et al., 2007;
Berilgen, 2007; Zhang and Dai, 2010; Sun et al., 2012; Ozer and
Bromwell, 2012; Regmi et al., 2013). However, the changing
effective stress affected by seepage erosion was not considered.

Using experimental methodologies, Liu and Zhao (2000)
confirmed that besides the mechanical effect of seepage on soil,
it also affected the geo-mechanical properties of the soil, which
induced displacement and movement among soil particles i.e. the
damage effect on soil effective stress intensity. Chang and Zhang
(2011) and Sail ez al. (2011) believes that migration of particles
under seepage flow, i.e. suffusion, affects the hydraulic and
mechanical behavior of the soil, and experiment measures were
developed to investigate the effect of suffusion on soil stress-
strain behavior.

In this study, triaxial compression experiments with seepage
were carried out to profile undisturbed clay under the effect of
seepage. Through analyzing the effective stress characteristics
and referencing the equivalent confining pressure from reinforced
soil (Yang, 1972), this study quantitatively characterized the
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damage effect of seepage in soil skeleton, utilizing the reduction
of equivalent confining pressure. Through analyzing the
characteristics of soil stress-strain curve, the equivalent confining
pressure was applied to Duncan-Chang model (Duncan and
Chang, 1970). On the basis of modified Duncan-Chang model,
this study utilized finite element package, ABAQUS, to simulate
the triaxial compression experiments with seepage. This method
was validated by comparing simulation and experimental results.
Furthermore, this method was applied to the numerical
simulation of the entire stability of bank slope under the effect of
seepage.

2. Experiment Apparatus and Method

The experiments were carried out with a type SLB-1 stress-
strain controlled triaxial shear seepage test apparatus, as shown
in Fig. 1. The diameter of sample was 3.91 cm, and the height
was 8 cm.

D Isotropic consolidation was applied to the soil sample after
vacuum pumping saturation. Consolidation was performed when
the pore pressure dissipated to zero. (2 The seepage pressure
was applied upward to soil sample from the bottom to ensure that
the seepage path was across all the sample. (3 When the top of
the soil sample attained a stable rate of overflowed water, it
indicated the seepage in soil reached a steady state. At this time,
stain controlled shear process was used to shear the soil sample
at constant rate of 0.1 mm/min until the axial strain of soil
sample reached 15%. The soil sample was then considered to be
in a damaged state.

3. Experiment Results

The samples were taken from the upstream of Youjiang River
in Naji area, Guangxi. The sample was determined to be clay,
and had a natural density of 2.240 g/cm® and a dry density of
1.772 g/em’; the natural moisture content was 26.39% and its
specific weight was 2.729.

To coordinate with the actual depth where the soil samples
were collected, the experimental confining pressures were set to
20 kPa, 27 kPa and 35 kPa. The hydraulic gradients were set to
0,5, 7.5 and 12.5, and were set up by back pressure control. The
back pressure at the top was set to zero and the back pressure at

Table 1. Effective Shear Strength Indexes of the Soil

Hydraulic Eftective angle of Effective
gradient 7 internal friction ¢' (°) cohesion ¢' (kPa)
0 22.08 9.34
5 22.19 6.67
7.5 22.02 5.24
12.5 22.08 2.94

the bottom was set to the value calculated by the hydraulic
gradient and specimen size.

The effective shear strength indexes of the soil were obtained
from the experimental results, as shown in Table 1.

4. Modified Duncan-Chang model with Consider-
ing Seepage Effect

4.1 Concept of Equivalent Confining Pressure

Indicated in the experiment results shown in Table 1, as the
hydraulic gradient increasing, the effective angle of internal
friction, ¢, is almost invariant, while the effective cohesion, ¢', is
decreasing. Under the assumption that seepage does not influence
the effective angle of internal friction, seepage influence on soil
drainage shear characteristics is derived according to Mohr-
Coulomb criterion.

The effective stress Mohr circle under the influence of seepage
is shown in Fig. 2. In the figure, ¢' is the effective angle of
internal friction of the soil, ¢' is the effective cohesion of the soil
without seepage, ¢, is the effective cohesion of the soil with
seepage, (o1—o3) is the diameter of the stress circle under the
confining pressure of o3 without seepage, (ois—03) is the
diameter of the stress circle under the confining pressure of o3
with seepage, (oi,—03,) is the diameter of the stress circle under
the confining pressure of o3, without seepage.

When the soil with seepage under the confining pressure of o3
is in limit equilibrium state (corresponding to the stress circle of
0y~0y), 01, 1s shown as Eq. (1).

oy, = c3tan2(45°+%)+20s'tan(45°+%) )

When the soil without seepage reaches the limit equilibrium
state as oy, the required confining pressure is o3, (corresponding
to the stress circle of o3~0i;). oy, is shown as Eq. (2).

1-Force loop;

2-Pressure chamber;

3-Infinitely variable speed elevator;

4-Stress and strain measurement controller;

5-Confining pressure and pore pressur measurement controller;
6-Back pressure and volumetric strain measurement controller 1;

7-Back pressure and volumetric strain measurement controller 2;

Fig. 1. Type SLB-1 Stress-strain Controlled Triaxial Shear Seepage Test Apparatus
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Table 2. Comparison between the Calculated Value and Experi-
mental Data for the Effect of Seepage on Soil’'s Effective

Cohesion
Hydr.aulig Calculated value | Experimental data Error
: gradient i of (c'—¢,) (kPa) of (c¢'-¢) (kPa)
. 5 2.581 2.673 -3.43%
"o 7.5 4.152 4.103 1.21%
' 0 003 [ o 12.5 6.397 6.398 -0.02%

Fig. 2. Effective Stress Mohr Circle of the Soil

O = Gg,ytan2(45°+%j +20'tan(45°+%) )

Combining Eq. (1) and Eq. (2), (¢'-¢,') is derived out, as shown
in Eq. (3).

03— O35 ( o ﬂ’)
B tan| 457+ 5 3)

’ r —
c'—c/ =

When the soil without seepage with the confining pressure of
03 is in limit equilibrium state (corresponding to the stress circle
of o3~ay), o is shown as Eq. (4).

o= 0y tan2(45°+-(§) +20’tan(45°+%) “4)

Subtracting Eq. (2) from Eq. (4), (03—03,) is derived out, as
shown in Eq. (5).

0~ = (01~ an’(45'- £ )

Substituting Eq. (5) into Eq. (3), (¢'—¢,") is derived out, as
shown in Eq. (6).

r_ !:O-l_o-ls ( o_ﬂl)
c'—c, 3 tan| 45 3 6)

Under the assumption that seepage does not affect soil’s
effective angle of internal friction, the decreased value of effective
cohesion under seepage conditions, (c'—c,'), can be calculated
according to Eq. (6). The calculated value is compared with the
experimental data from Table 1, as show in Table 2.

The discrepancy between the calculated and experimental
values in Table 2 is relatively small, indicating that the effect of
seepage on effective shear strength indexes can be explained by the
consistency of effective angle of internal friction and decreasing
cohesion.

(03—03,) is the reduction value of the equivalent confining
pressure, which is used to describe the influence of a certain
hydraulic gradient on the effective stress of the soil, and reflects
the damage of water flow in soil skeleton during the seepage
process. oz is defined as the equivalent confining pressure,
meaning that the soil under the confining pressure of o3, without
seepage reaches the same limit equilibrium state of stress with
that under the confining pressure of o3 with seepage.

Combing experimental results and Eq. (5), one can calculate
(03—03) under different confining pressures and seepage working
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Table 3. Reduction of Equivalent Confining Pressure under Differ-
ent Seepage Working Conditions

Hydraulic Confining pressure (05—035) Averaged
gradient 7 a; (kPa) (kPa) (03—03,) (kPa)
20 3.627
5 27 3.174 3.476
35 3.627
20 5.441
7.5 27 5.894 5.592
35 5.441
20 8.614
12.5 27 8.614 8.614
35 8.614

conditions, as shown in Table 3.

In Table 3, it is shown that the reduction value of equivalent
confining pressure (o3—03,) is only correlated with hydraulic
gradient 7, not with the confining pressure. Eq. (7) can be fitted to
describe the relationship between the reduction value of confining
pressure and hydraulic gradient .

03— 05, = 0.7031i 7

4.2 Initial Tangent Modulus with Considering Seepage
Effect
According to Kondner’s study (Kondner, 1963), the relationship
between stress and strain in triaxial tests is approximately
hyperbolic, as shown in Eq. (8).

g=— ®)

a+tbe,
where &, is axial strain (%), ¢ is the deviator stress (kPa), a is the
inverse of the initial tangent modulus £, and b is the inverse of
asymptote of stress-strain curve.

The solid points in Figs. 3, 4 and 5 are experimental data, and
the solid line is obtained by fitting experimental data according
to Eq. (8). It can be seen from the contrast between experimental
data and solid line that the hyperbolic relationship is fit to the
experimental data.

According to Janbu’s study about compression tests (Janbu,
1963), the relationship between the initial tangent modules E;
and the confining pressure o3 can be written as Eq. (9).

E = Kp@—) ©)
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Hvdraulic gradient 0

Hydraulic gradicnt 3

Hyvdraulic gradient 7.5
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Fig. 3. Hyperbolic Fitting of the Stress-strain Curve with Confining
Pressure of 20 kPa

Hydraulic gradient 0
Hydraulic gradient 5
Hydraulic gradient 7.5
Hydraulic gradient 12.5

70 =

4 > @ n

Deviator stress ¢ (kPa)

Axial strain 2 (%)

Fig. 4. Hyperbolic Fitting of the Stress-strain Curve with Confining
Pressure of 27 kPa

Where K and » are the experimentally determined coefficients
and p, is atmospheric pressure.

Transforming Eq. (9), the relationship between E; and o3 can
also be written as Eq. (10).

leF, = la(Kp)+rlg” (10)

Equation (10) indicates that IgF; has a linear relationship with
lg(os/p,). By replacing o3 in Eq. (10) with o3, in Eq. (5), we
calculated IgFE; and lg(osy/p,) for different working conditions,
respectively. The fitted curve is shown in Fig. 6.

From Fig. 6, it can be seen that IgE; and 1g(o3/p,,) display
a linear relationship, and the fitted equation is shown in Eq.

(11).

Hyvdraulic gradient 0
Hyvdraulic gradient 3
Hvdraulic gradient 7.5
Hvdraulic gradient 12,5

L1

70~

4 b & n

6l

50~

40 <

30

Deviator stress ¢ (kPa)

0 4

Axial strain & (%)

Fig. 5. Hyperbolic Fitting of the Stress-strain Curve with Confining
Pressure of 35 kPa

3.8

. . — . .
-1.0 0.9 -8 0.7 i 0.5 04
Ig(e ., /p)

Fig. 6. Fitted Curve between IgE; and Ig(oss/p.)

o 1.21071
E, = 209.4749pa(p—”) (12)

a

4.3 Numerical Simulation of Triaxial Shear Tests with Seep-
age

The Duncan-Chang model is a non-linear elastic model and

the tangent elastic modulus F, is written as Eq. (13).
a o n 2
E=H=g (—3) (1—R 4
"o, P\D, 'q
_ 2c'cos¢’ +20y8in9’
1—sing’

(13)

ar

Where K and n are coefficients determined from Eq. (12),
which are 209.4749 and 1.21071, respectively. p, is atmospheric
pressure, 101.33 kPa. R, is damage ratio, which is set as 0.92
according to experimental results. g, is the strength when soil
damage. ¢' is the effective angle of internal friction of the soil

IgE; = 4.32687+1.210711 gg—3—“' (11)  without seepage, which is taken from an averaged experimental
“ value, i.e., 22.09°, as shown in Table 1. ¢' is effective cohesion of

ie., the soil without seepage, i.e., 9.34 kPa, according to the
—2238 - KSCE Journal of Civil Engineering
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experimental result in Table 1.

The Duncan-Chang model assumes that the axial strain &, has
a hyperbolic relationship with lateral strain & (Kulhawy et al.,
1969), as shown in Eq. (14), where the relation between f and
confining pressure follows Eq. (15). Therefore, the tangent
Poisson ratio at an arbitrary point 1; can be written as Eq. (16).

_?8’=f—De, (14)
f= G—Flg(%) (15)
., G- Flg(;“)
& a
V= (16)
- Dg
O
K, ( 3“) [I—R 4
P p. gy

In Egs. (14) and (15), f; D, G and F are obtained from the
relational curve between experimental axial strain &, and lateral
strain &. Under a confining pressure of 20 kPa, the relational
curve between axial strain &, and lateral stain &, is shown in Fig.
7 (The curves under confining pressures of 27 kPa and 35 kPa
show similar results, but are not listed due to the length limitation
of this paper). In Fig. 7, -& and g, exhibit a linear relation, thus D
is equal to 0. According to the fitting result between -¢. and &,
the value of f'is obtained, as shown in Fig. 8. Fitting results
provided: G is 0.3674 and F is 0.0285.

Using the above parameters, the subroutine for modified
Duncan-Chang model is programmed. Based on the modified
Duncan-Chang model, the commercial finite element software,
ABAQUS, is used to simulate triaxial compression experiments
with seepage. The height of model is 8 cm and with a diameter of
3.91 cm, and the element type is C3DS8P, as shown in Fig. 9.

In the numerical simulation, Function I is the interaction
between seepage field and soil stress field. Function II is the

Hydraulic gradient 12.5 .§'§
Hydraulic gradient 7.5 :
54 - Hydraulic gradient 5
Hydraulic gradient 0

(%)

.

&

] d

Lateral strain -z

04
— 1T r T T 1 - 1 1 ° 1
[ 2 4 6 8 10 12 14 16

Axial strain & L (%)

Fig. 7. Relational Curve between Axial Strain ¢, and Lateral Strain
& under a Confining Pressure of 20 kPa
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0.375
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0.4 0.5 0.6 0.7 0.8 0.9 L0
-lg(s WP
Fig. 8. Relation between f and -Ig(os/p.) at Different Working Con-

ditions

Fig. 9. Finite Element Model of Triaxial Compression Tests with
Seepage

damage effect of seepage in soil skeleton which is represented by
the corresponding equivalent confining pressure 3.

In Figs. 10, 11 and 12, the lines with solid points are experimental
data and the lines with empty points are simulation results with
consideration of effects of Function I and II. In Figs. 13, 14 and
15, the lines with solid points are same with those in Figs. 10, 11
and 12, while the lines with empty points are simulation results
with solitary consideration of Function I.

50 4

e
40 4 -rr‘_:_:_::. .

"

30 4 /:(///,—»PM
=— Experiment result with hydraulic gradient 0
20 I; —— Simulation result with hydraulic gradient 0
. //
104 §#
+— Experiment result with hydraulic gradiem 12,53
—— Simulation result with hydraulic gradiem 12.5

0 T T T T T T T
0 2 4 [ 8 10 12 14
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+— Experiment result with hydraulic gradient 5
— — Simulation result with hydraulic gradient 5

+— Experiment result with hydraulic gradiem 7.5
—— Simulation result with hydraulic gradient 7.5

Fig. 10. Comparisons between Simulation Results (Function | and
II) and Experiment Results under a Confining Pressure of
20 kPa
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Fig. 13. Comparisons between Simulation Results (Function |) and
Experiment Results under a Confining Pressure of 20 kPa

Comparing Figs. 10, 11, 12 and Figs. 13, 14, 15, it can be seen
that the simulation result using modified Duncan-Chang model
are fitting better with experiment results than those of nonuse.

5. An Engineering Case for Bank Slope Stability
Analysis

Based on the modified Duncan-Chang model, this study

60 4 I it it
— —
":.;',__.-- -_—
. -t __,.I"'-.r________.---"
50 4 _\)/._.__,--.-‘i’__,..-""ﬁ et
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—_ / e
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? 40 T
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1

v Experiment result with ydraulic gradient 12.5
— — Simulation result with hydraulic gradiem 12,5

T T T
[ 8 10 12 14
Axial strain 2 (%)

Fig. 14. Comparisons between Simulation Results (Function 1) and
Experiment Results under a Confining Pressure of 27 kPa
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Fig. 15. Comparisons between Simulation Results (Function I) and
Experiment Results under a Confining Pressure of 35 kPa

10 15 10

10

L 35 |
Fig. 16. Sketch of Numerical analysis for Slope Stability

performed overall stability analyses for soil bank slopes undergoing
seepage in the soil. As this issue is a plane strain problem, the
established model is two-dimensional using CPE4P as the
element type, and 460 elements with 509 nodal points, as shown
in Fig. 16. The water depth in the river channel is 2 m. Seepage
happens outwardly from the inside slope. The water depth
difference between the left and right boundaries, 4, is used to
describe the seepage intensity.

In the finite element calculation, the turning point in the curve
which is the energy of critical sliding zone changing with
reduction factor is used for instability criterion (Shi et al., 2013).
The critical sliding zone is shown as the shaded area in Fig. 16.
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Energy of crieal sliding zone E/ (10°7)

1 102 104 106 108 110 112 114 L16 LIS 120 122 124 126 128 130
Reduction factor Fi

Fig. 17. Variation Curve of Critical Sliding Zone Energy E, with
Respect to the Reduction Factor, F

The energy of critical sliding zone can be simplified as the
summation of the elements’ deformation energy where the arc
passes, E. The curve of variation of total energy £ with respect to
the reduction factor F; is plotted in Fig. 17. This curve can be
treated as two linear functions: with increase of reduction factor,
the energy of sliding zone increases in a near linear fashion;
when a critical point reaches, the increase of sliding zone energy
accelerates with increase of reduction factor. The intercept of
these two lines can be considered as the critical damage point of
the slope, and the corresponding reduction factor is the safety
factor.

When there is no seepage in the bank slope, the Duncan-Chang
model and Morgenstern-Price slices method are severally used to
calculate the safety factor of the overall stability, as shown in
Table 4.

In Table 4, it can be seen that the safety factor calculated by
using Duncan-Chang model is only 2% higher than that generated
by Morgenstern-Price slice method, which indicates the reliability
of Duncan-Chang model for the calculation of the safety factor
of bank slope stability.

When seepage happens in the bank slope, the safety factors of
the bank slope in sole consideration of Function I, and

Table 4. Safety Factor of Overall Stability oF Bank Slope Without

Seepage
Method Duncan-Chang | Morgenstern-Price slice
model method
Safety factor 1.134 1.111

Table 5. Safety Factor of Bank Slope Undergoing Seepage

Inside and outside water
level difference of bank Function I Function I and II
slope /2 (m)
2 1.089 0.848
4 0.983 0.770
6 0.867 0.654
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consideration of both Function I and I are shown in Table 5. Fig.
18 is the relationship curves between the corresponding sliding
zone energy £ and reduction factor F; of the former, and Fig. 19
is the relationship curves of the latter.

As shown in Table 5, the modified model is more conservative
on safety assessment of slope stability. For safety purposes, the
seepage failure in soil skeleton should be an essential consideration
while calculating the slope stability.

6. Conclusions

Implementation of triaxial compression tests, modification of
Duncan-Chang model, ABAQUS simulation and a case study
analysis of modified Duncan-Change model are demonstrated with
focus of seepage failure. The conclusions are drawn as follows.

1. The effect of seepage failure on soil effective stress indexes
are characterized by no variation of the angle of internal fric-
tion and a decreasing cohesion . Furthermore, based on the
concepts of equivalent confining pressure deduced from the
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Mohr-Coulomb criterion, this study proposes to use the
reduction of equivalent confining pressure to quantify the
seepage damage effect in soil skeleton.

2. Through analysis of soil stress-strain curve, this study
applies the equivalent confining pressure to Duncan-Chang
model, and proposes a modified Duncan-Chang model with
the consideration of seepage effect.

3. On the basis of modified Duncan-Chang model incorporat-
ing the interaction between seepage field and soil stress
field, the finite element software, ABAQUS, is used to sim-
ulate triaxial compression tests with seepage. Through com-
parisons between the numerical simulations and experimental
results, the modified Duncan-Chang model is validated.

4. The modified Duncan-Chang model is further applied to
numerically simulate the overall slope stability with seepage
in Youjiang River and finds that the modified model is more
conservative on safety assessment of slope stability.
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