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Abstract.  This paper presents a kinematic limit analysis for passive earth pressure of rigid retaining structures considering the
unsaturation of the backfill. Particular emphasis in the current work is focused on the effects of the spatial change in the degree
of saturation on the passive earth pressure under different steady-infiltration/evaporation conditions. The incorporation of change
of effective unit weight with degree of saturation is the main contribution of this study. The problem is formulated based on the
log-spiral failure model rather than the linear wedge failure model, in which both the spatial variations of suction and soil
effective unit weight are taken into account. Parametric studies, which cover a wide range of flow conditions, soil types and
properties, wall batter, back slope angle as well as the interface friction angle, are performed to investigate the effects of these
factors on the passive pressure and the corresponding shape of potential failure surfaces in the backfill. The results reveal that the
flow conditions have significant effects on the suction and unit weight of the clayey backfill, and hence greatly impact the
passive earth pressure of retaining structures. It is expected that present study could provide an insight into evaluation of the
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passive earth pressure of retaining structures with unsaturated backfills.
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1. Introduction

Design of retaining structures often requires calculation
of the resultant force of lateral earth pressure distribution.
It’s commonly assumed that the backfill is dry or fully
saturated in the classical earth pressure theories, such as the
Rankine’s theory of earth pressure and Coulomb’s theory of
earth pressure (Coraig 2004). These theories simplify the
stress state of soil without considering the unsaturated zone
above the water table. However, ignoring the unsaturated
features of soil, such as the spatial changes of the suction
and soil effective unit weight under different flow
conditions, which potentially impacts the earth pressure,
will cause an increasing risk of failure for retaining
structures (e.g., Yoo and Jung 2006, Koerner and Koerner
2013, Valentine 2013, Vahedifard ef al. 2014) and instability
of the slopes (e.g., Rahardjo et al. 2008, Godt et al. 2009,
Michalowski and Drescher 2009, Damiano et al. 2012, Gao
et al. 2013, 2016, Keskin and Laman 2014, Yang and Xu
2017; Yamaguchi ef al. 2018, Yang and Liu 2018).

The significant effects of unsaturation of the backfill
motivate a need for developing more advanced approaches
to calculate the lateral earth pressures, such as the limit
equilibrium method (e.g., Vahedifard et al. 2015, Sahoo and
Ganesh 2017, Deng and Yang 2019), limit analysis method
(e.g., Soubra 2000, Lancellotta 2007, Zhao et al. 2009,
Shwan et al. 2016) and the finite element method (e.g.,
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Lim et al. 2015, Krabbenhoft 2017, Veiskarami et al. 2018,
Fathipour et al. 2020). The limit analysis method has
advantage of simplicity without loss of strict theoretical
basis, but the difficulty lies in constructing possibly
kinematically admissible mechanisms. With the limit
analysis method, Soubra (2000) investigated the passive
earth pressure problem by proposing a sequence of rigid
triangles translational kinematically admissible failure
mechanism in dry soils; Shwan (2016) extended the
computational limit analysis method and discontinuity
layout optimization (DLO) to analyze the passive earth
pressure under unsaturated soils. Finite element method can
incorporate the features of unsaturated soil and hence is
capable of properly reflecting the critical failure mechanism
without prescribing a particular failure surface in the
backfill. Krabbenhoft (2017) and Veiskarami et al. (2018)
employed upper/lower bound finite element limit analysis
(FELA) to evaluate the seismic earth pressure in isotropic
and anisotropic dry soils, respectively. Fathipour et al.
(2020) further combined the FELA with the unified
effective stress approach to evaluate the lateral earth
pressures in unsaturated soils. However, the high
requirements of expertise to perform these numerical
simulations limit their wider application. In contrast, the
suction-based effective stress representation (Lu and Likos
2006) makes it possible to incorporate the suction of the
unsaturated backfill into the limit analysis so as to analyze
the lateral earth pressure of the retaining structures. With
the suction-based effective stress, Vahedifard et al. (2015)
investigated the active earth pressures on the retaining wall
under different flow conditions based on the limit analysis
employing a log-spiral surface. Sahoo and Ganesh (2017)
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assumed a planar slip surface for analysis of active earth
pressure and compared the results with Vahedifard et al.
(2015). Deng and Yang (2019) calculated passive earth
pressures for unsaturated soils based on similar approach to
Sahoo and Ganesh (2017). The results of these analyses
showed that the change of the suction due to
infiltration/evaporation has pronounced effects on the
lateral earth pressure acting on the retaining structures,
especially for the clayey backfills. This sufficiently
highlights the importance of considering the unsaturation of
the backfill in assessing the active/passive earth pressures
for retaining structures. However, the change of the unit
weight of the backfill due to infiltration/evaporation, which
also has pronounced effects on the active earth pressures, is
not involved in their analysis. Hence, it is of great
significance to develop a kinematic limit analysis method
that incorporates the effects of both suction and unit weight
for evaluation of the earth pressure on retaining structures.

This paper presents a kinematic limit analysis on the
passive resistance of retaining structures with unsaturated
backfill under different flow conditions The salient feature
of present study lies in that the changes of spatial
distributions of suction and soil effective unit weight due to
infiltration/evaporation are properly incorporated in the
present kinematic limit analysis method. Another advantage
of the present kinematic limit analysis is that the log-spiral
failure model, instead of the linear wedge failure model, is
developed for evaluating the passive earth pressure of
retaining structures. The incorporation of the effects of unite
effective unit weight with degree of saturation on the
passive earth pressure is the main contribution of present
study. The proposed method is validated by comparing the
results with the well-documented data from Deng and Yang
(2019). On the basis of the present kinematic limit analysis,
parametric studies are conducted to investigate the effects
of the flow conditions, the soil types and properties, the
wall batter, the back slope angle and the interface friction
angle on the passive resistance of the retaining structures.
This study would provide a theoretical base for evaluation
of the passive earth pressure of retaining structures with
unsaturated backfills.

2. Spatial characteristics of unsaturated soil under
steady flow condition

2.1 Spatial distribution of suction

The unified effective stress for unsaturated soil proposed
by Lu and Likos (2006) is employed in this study to
represent the effective stress of the unsaturated backfills.
The unified effective stress introduces the effective degree
of saturation and the SWRC (soil-water retention curve) in
the bishop’s effective stress to consider the realistic suction
of the unsaturated soils, which is expressed as

c'=0—u,— o’ €))

where o’ is the effective stress of soil; o is the total stress
of soil; u, is the pore-air pressure; o° represents the
suction of the unsaturated soil. Lu et al (2010) proposed a
closed-form equation for suction stress ¢° as a function of
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Fig. 1 Typical classification for soils with parameters «
and n (Luetal 2010)

matric suction with two fitting parameters a and n
defined by van Genuchten (1980) and Mualem (1976) from
SWCC, which are given as follows

0° = —(u, —uy) (ua —uy) <0 (2a)

(ua - uw)

g° = — 1 (ua - uw) =0 (2b)

{1+ [a(ua—u)] 3

where a approximates the inverse of the air-entry pressure
and typically varies between 0 and 0.5 kPa-1; n is related
with the distribution of pore size of soil and generally lies
between 1.1 and 8.5 for most soils. Fig. 1 presents the
typical classification of soils with different values of a and
n (Lu et al. 2010). The notation u, —u,, is matric
suction, u, indicates the pore-air pressure, which generally
equals to the atmospheric pressure and is measured as zero
(Vahedifard et al. 2015), u,, is the pore water pressure.

The magnitude of matric suction u, —u,, is affected
by the flow conditions, such as infiltration or evaporation.
Hence, the situation that the backfill behind the retaining
structure under one-dimensional vertical steady flow is
considered in this study. Based on Darcy’s law and
Gardner’s (1958) model, Lu and Likos (2004) proposed an
analytical solution for the matric suction under vertical
steady flow as follows

1

Uy —uy) = — 2 In [(1 + kis) e~ rw(z+zo) kis] 3)
where q is the vertical specific discharge, of which
positive value for evaporation, negative value for
infiltration and zero for no-flow condition; kg is the
saturated hydraulic conductivity, which depends on soil
type and void ratio of the soil; z, is the constant vertical
distance from the water table to the toe elevation of the
slope, this study assumes that the water table is at the
elevation of the slope toe; 2z represents the distance from
the toe elevation of slope to the calculated point of matric
suction.

Substituting Eq. (3) into Eq. (2b), the equation that
describes the spatial distribution of the suction in the
backfill under steady flow can be obtained as
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i —ayw(z+z9) _ i
. In [(1 + ks) e 0 ks]
o= n-1 (4)

=
a (1 + {—In [(1 + ki) e~ Mw(z+zo) — ki]} ) "
S S

It can be seen from Eq. (4) that, the value of suction
stress is negative under vertical steady flow condition. The
steady flow condition makes it possible to develop an
analytical solution of suction stress into the kinematic limit
equilibrium method to evaluate the passive resistance of the
retaining structures.

2.2 Spatial distribution of soil effective unit weight

The effective unit weight of unsaturated soil is also
affected by the degree of saturation and vertical flows. Van
Genuchten (1980) defined the effective degree of saturation
Se, which relates with matric suction u, — u,,, as follows

S-S5, 1
T 1-8,

Se (5)

- n-1
{1 + [a(ua - uw)]n}T
where S indicates the pore-water degree of saturation; S,
is the residual saturation, which is explained as the water
content induced by soil particle hydration. Therefore, the
value of S, is relatively small. The testing values of S, for
different types of soil along wetting path were given by Lu
et al. (2013). In this study S.=0.1 is adopted for
simplification of the analysis.
On the other hand, the effective unit weight of soil y’
can be given according to the relationship of gases, liquid,
and solid phases of unsaturated soils as follows

_ Gs + [S: + (1- Sr)se]
Bl 1+e Yw

where Gg represents the specific gravity of soil. Previous
studies (Prakash et al. 2012) showed that the value of Gg
normally falls in the range of 2.6 to 2.8 for most silt and
clays and this study assumes Gg = 2.7. e is the porosity
ratio of soil and can be calculated as

!

(6)

GsYw—Vsat
- 7
Ysat—Yw ( )

e =

where yg,r and ¥, are the unit weight of saturated
backfill and water respectively, which are set as 20 kN/m3
and 10 kN/m?® in this study.

Substituting Egs. (3), (5) and (7) into Eq. (6), the
expressions for the spatial distribution of the effective unite
weight of the backfill under vertical steady flow can be
given as

Sl + [a(ua — uw)]n}nn;l + (1 = $)| GsYw — Vsar
(14 )1 + [a(uy —u )Py 7 | Yoat =V

,:Gsyw
14 1+e

(®)

Fig. 2 shows the spatial distributions of suction and
effective unit weight of clay backfill (n = 2, = 0.005)
under different steady flows with the water table at the toe
elevation (z; = 0). The normalized flow rate q/kg
represents the intensity of the steady flow. Fig. 2(a) displays
the profile of suction. It can be seen that the value of
suction stress is zero when gq/ks = —1, which indicates
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Fig. 2 Spatial distributions of (a) suction and (b) effective

unit weight of clay backfill (n = 2, @ = 0.005) under
different steady flows

that the backfill is saturated under this flow intensity. With
increase of q/ks from —1 to 1 (from infiltration to
evaporation), the absolute values of suction increase
obviously. Fig. 2 (b) is the profile of effective unit weight
with different q/ks. And it can be seen that the soil is
saturated when q/ks = —1 because the value of effective
unit weight y’ is equal to saturated unit weight yg, =
20 kN/m3. Compared with the suction, the values of
effective unit weight gradually decrease as q/k, varies
from infiltration to evaporation and approximates the dry
unit weight of the backfill. Above analyses show the
pronounced effects of flow conditions on the hydraulic and
mechanical response of unsaturated clay backfills, which
highlights the importance of considering the flow condition
in evaluation of the passive earth pressure of the retaining
structures.

3. General solutions formulation of passive
resistance of retaining structure

The log-spiral slip surface is a wide-recognized failure
mechanism for slope stability analysis. Ebrahimi (2011)
conducted a limit analysis (LE) using the log-spiral slip
failure model to investigate the active lateral seismic earth
pressure  coefficient. Following Ebrahimi’s  study,
Vahedifard et al. (2015) further incorporated the effect of
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Unsaturated zone

Saturated zone

Fig. 3 Notation and convention for analysis of passive
lateral earth pressure

suction into the log-spiral failure model and proposed a
closed-form solution for the active pressure acting on
retaining structures. Different from the failure model for
active earth pressure, the log-spiral failure model for
passive earth pressure is opposite to that for active state.
Fig. 3 shows the notations and the failure mechanism for
passive earth pressure of the retaining structures. As seen in
Fig. 3, log-spiral failure surface rotates from the slope toe to
the slope back surface, which is opposite to that of active
case. The radius of the log-spiral failure surface can be
mathematically expressed as

R = Aexp(—YB) ©)

where R is the radius of log-spiral; 8 is the rotational
angle of log-spiral, which varies from f; to [,. ¥ is a
constant equal to tan¢, and ¢ is the internal friction
angle of the backfill. A is a parameter of the log-spiral
surface, which is given as

_ H{l=tanwtan @)
A = Toxp(-pB,)(In Fo+ tan Beos ;) —exp(—pp,) (sin f+ tan Beos £ (10)

where H is the height of retaining structure; 6 is the back
slope angle and w indicates the wall batter, which is the
angle from the surface of the slope BC to the axis y; R,
and R, represent the length of OA and OB, respectively,
which can be determined by Eq. (9). Note that the radius of
log-spiral for the passive situation increases from the toe to
the crest of slope, which is opposite to the failure
mechanism developed by Vahedifard et al (2015) in the
analysis of the active earth pressure.

Following the classical earth pressure theory, the
resultant force of passive earth pressure, B, can be
expressed as

1
— val # ¥
P, _EKPV H (11)
where K, is the passive earth pressure coefficient;

7' indicates the average effective unit weight of soil along
the height of the retaining structure, which is calculated as

1 H
7= v (12)

As shown in Fig. 3, the resultant force B, acts at a
certain height D above the toe elevation within the range
between H/3 and H/2 (Craig 2004). The angle between
the horizontal plane and the direction of B, is § — w,
where § is the interface friction angle at the surface of
retaining structure.

Based on the kinematic limit analysis method, the
external work of the passive earth pressure should be equal
to the work of internal energy dissipation that is provided
by the suction, the unit weight, the cohesion and the
surcharge at the back of the slope, which gives

Wp, = Wes + Wy + W, + Wo (13)

where Wp, is the external work of the passive earth
pressure; Ws is the internal energy dissipation provided
by suction ¢%; Wy is internal energy dissipation provided
by the total weight of the block ABC; W, is internal energy
dissipation provided by the cohesive strength ¢ along the
failure surface AB; Wj is internal energy dissipation
provided by the uniform surcharge Q.

According to the geometrical relationships shown in
Fig. 3, the expressions of the external work and internal
energy dissipations can be derived as.

1) The external work of Wp,

Wp, = P,{cos(6 — w) [R; sin(;) — D]
—sin(§ — w)[R, cos(B,) — Dtanw]} (14)

2) The internal energy dissipation of W gs

B
Wys = f SA e 2B cos B(—1p cos B + sin B) dB

1

B2
—f oSAe 2B sin B(cos B (15)
B1

+ sin B) dB
3) The internal energy dissipation of Wy,
Bc (R B> R
Wy = f f y'r?sin pdrdp + f f y'r?singdrdf (16)
1 dl BC d2

where B¢ is the angle of COD; d; and d, are distance
from point O to the surface AC and BC respectively. r is
the distance from point O to certain point in block ABC.
The explicit expressions of S, d; and d, can be derived
from the geometrical relationships in Fig. 3 as

Rysinff, — H

fe = tan” Htanw + R, cos f3, (17
_ Rysin(By +0)
YT TSn(B0) (19
. (T
g, = R,sin (7 - B, + a)) (19)

sin(%+,8—w)
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Fig. 4 Coefficient of passive earth pressure K, versus
height of retaining structure for different acting point of
passive force

4) The internal energy dissipation of W,

W, = cf[flee_ZW sinB(—yYcosB +sinB)df —

; (20)
c fﬁ: Ae ¥ cos B(cos B + sin B) dp
5) The internal energy dissipation of W,
1
Wq = > Q(R,cospB; — R,cosf, — Htanw) (R, cospB; @1

+ R,cosB, + Htanw)

Substituting Eq. (11) into Eq. (13) and further arranging
the equation, the expression of the passive earth pressure
coefficient K, can be expressed as the function of the
variables ; and B, as follows

Kp = f(BuB2) =
2(W s +Ww+We+Wq) (22)
¥'H2{cos(6—w)[R3 sin(B2)—D]-sin(§—w)[R, cos(f,)—Dtanw]}

Since the passive earth pressure coefficient K, are
functions of two independent variables f; and B,, a
minimization procedure should be applied to determine the
value of K,. The minimum value of K, from all the
possible log-spiral slip surfaces should be the real passive
earth pressure coefficient. In the searching procedure, the
two independent variables ; and [, change sequentially
with a small increment 0.001 in a single computational loop
until B; varies from 0 to m/2 + w and B, varies from
By to /2 + w.

Generally, the acting point of the passive thrust lies
within the range between H/3 and H/2,and D = H/3 is
adopted in this study for conservative standpoint. Fig. 4
illustrates the passive earth pressure coefficient K versus
the height of retaining structure for different acting point
under no flow condition with w = 10°, 8 = 0°, and § =
10°. The soil layer of slope is clay (n = 2, = 0.05kPa™1)
with the normalized cohesion value ¢/y'H = 0.05. The
values of K, are compared for D = H/3 and D = H/2
with different internal friction angles. As seen in Fig. 4, the
value of K, decreases with the increase of H, but the
value for H/3 is obviously less than that for H/2. This
figure proves that it’s reasonable to adopt D = H/3

4.0

3.54 e
&

3.0

L $=10°,¢c/yH=0

6=10°,9=0
2.5 — Present study
n=85 === Deng and Yang (2019)

2.0 T T T T

0 20 40 60 80 1(I)O 121(] 140
Air Entry Pressure Parameter, 1/« (kPa)
Fig. 5 Comparisons of coefficient of passive earth
pressure K, with Deng and Yang (2019)

because it yields more conservative value of K, which
ensures a safe design of the retaining structure.

4. Verification

To validate the accuracy and reliability of present
method, Fig. 5 compares the K, values calculated from
present methods with the data extracted from Deng and
Yang (2019). ¢ =10°, ¢/y'H =0, § = 10° and three
different values of n = 1.1,2.5,8.5 are used to draw the
figures. It should be noted that Deng and Yang (2019)
proposed an analytical method for passive earth pressure
based on the planar slip mechanism, while the present study
employs log-spiral slip surface. Hence the comparison with
Deng and Yang (2019) could show the accuracy and
advantage of present method in calculation of the passive
earth pressure.

As seen in Fig. 5, the K, curves from present method
share similar pattern with those Deng and Yang (2019) for
all the cases involved, which show the reliability of present
method. However, the coefficient of passive earth pressure
K, is larger than that of Deng and Yang (2019) for n =
1.1, while the coefficient of passive earth pressure K, is
smaller than that of Deng and Yang (2019) for n = 1.1 and
8.5. This indicates that the planar slip mechanism would
underestimate the coefficient of passive earth pressure K,
for backfill with smaller n value, while overestimate the
coefficient of passive earth pressure K, for larger n value.
Since the log-spiral slip surface is more reasonable than the
planar slip mechanism (Michalowski and Drescher 2009),
the comparison demonstrates that the present method would
predict more accurate results in assessing the coefficient of
passive earth pressure K.

5. Results and discussions

5.1 Effect of internal friction angle

Fig. 6 shows the passive earth pressure coefficient K

versus the internal friction angle ¢ under different flow
conditions for H = 12m, w = 10°, 8 = 0°, and § = 10°.
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Fig. 6 Coefficient of passive earth pressure K,versus
internal friction angle ¢ under different flow conditions:
(a) Clay backfill ( n=2a=0.05kPatk,=05X
107®m/s ) and (b) Sand backfill ( n=5a=
0.1kPa™1, ks = 3 X 10™°m/s)

The normalized cohesion c¢/7'H are 0.05 and 0 for clay
(n=2,a =0.05 kPa™!, ks =5x 10"8m/s) and sand
(n=5,a =01 kPa™!,k, =3 x 10"°m/s), respectively.
It should be noted that the hydraulic conductivity kg varies
with the soil type and void ratio of the soil, and thus
different kg values are used for clay and sand in the
analysis. Since the present study primarily focuses on the
passive  earth  pressure under different steady-
infiltration/evaporation conditions, the hydraulic
conductivity kg is assumed to be a constant for the same
kind of soils for simple. It can be observed from Fig. 6(a)
and 5(b) that the values of K, for clay and sand increase
with the internal friction angle ¢ for different flow
conditions. The variations conform to the classical theories
of earth pressure like Rankine’s or Coulomb’s theory (Craig
2004). Moreover, the value of K, for clay in Fig. 6(a)
increases significantly as the normalized flow rate q/kg
changes from -1 to 1. This indicates that the change of the
flow condition from infiltration to evaporation has a
significant effect on the passive resistance of the retaining
structures. For example, for the case ¢ = 45°, the value of
K, varies from 1.489 for q/ks = —1 to 6.255 for q/ks =
1, which indicates evaporation contributes to the significant
increase of passive earth pressure behind retaining structure.

25
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(b)
Fig. 7 Coefficient of passive earth pressure K, versus air
entry pressure 1/a for different values of n (a) H =
4 mand(b) H=12 m

However, as seen in Fig. 6(b), the curves of K, for
different q/ks almost overlap each other, which implies
that the flow condition has an almost negligible effect on
the passive resistance of the retaining structures. Compared
with the active earth pressure K, investigated by
Vahedifard et al. (2015), the variations of K, for different
flow conditions are opposite to the variations of K, as the
failure mechanisms of these two kinds of earth pressures are
completely opposite as discussed previously.

5.2 Effect of air entry pressure parameter and pore
Size distribution

Fig. 7 shows the passive earth pressure coefficient K,
versus the air entry pressure parameter 1/a for n = 1.1,
2.0, 2.5, 4.0 and 8.5 under no flow condition. The heights
of retaining structure H are 4 m and 12 m, respectively,
for Fig. 7(a) and Fig. 7(b). Other parameters are shown in
figures, i.e., ¢ =30°, ¢/y'H =0.05, w =10°, 6 = 0°,
and & = 10°.

As seen in Figs. 7(a) and 7(b), the value of
K, increases with the air entry pressure parameter 1/a
and gradually approaches constant values. This is because
that the air entry pressure parameter 1/a is positive
correlation with the suction ¢°, as shown by Eq. (4), and
hence the larger value of the air entry pressure parameter
1/a results in larger K,. Vahedifard et al (2015)
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Fig. 8 Coefficient of passive earth pressure K, versus
ratio of interface friction angle § to internal friction
angle ¢ for different H

proposed that the lateral earth pressure does not increase
infinitely with increase of 1/a because the contribution
from matric suction is limited, which also well explained
that the values of K, will approximates a constant finally.
As stated previously, the parameter n in fact reflects the
pore size distribution of the soil and the smaller value of n
corresponds to larger value of > (Lu et al. 2010). Hence,
it can be seen that the value of K, decreases with the
increase of the value of n when the value of 1/a is
relatively small. For a higher retaining structure in Fig. 7(b)
(H =12 m), the variations of K, with 1/a and n are
similar to those in Fig. 7(a), but the values of K, are
smaller, which indicates that the passive resistance of the
retaining structure decreases with the height of the retaining
structure.

5.3 Effect of interface friction angle

Fig. 8 shows the passive earth pressure coefficient K
versus the ratio of interface friction angle § to the internal
friction angle of the backfill ¢ for different retaining
structure heights H and flow conditions q/ks. The
geometrical parameters of the slope investigated are given
as w = 10° and 6 = 0°. The soil layer of slope is clay
(n=2,a=005kPa™?) with ¢ =30° and c¢/7'H =
0.005.

As seen in Fig. 8, the K, value increases substantially
with the interface friction angle & for all the cases
considered, which indicates the interface friction angle §
has a pronounced effect on the passive earth pressures.
Comparing the curves with different q/kg, it can be
observed that the K, value increases more significantly
with interface friction angle § for the case q/k; =1 and
H = 4 m. This demonstrates that the effect of § on K}, is
impacted by the flow conditions and the height of the
retaining structure. The above observations show that the
coefficient of passive earth pressure K, depends on many
factors, such as the interface friction angle, the height of the
retaining structure and the flow conditions. Therefore, a
reasonable evaluation of the passive earth pressure should
comprehensively consider these important factors.
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5.4 Effect of wall batter and back slope angle

Fig. 9 shows the passive earth pressure coefficient K
versus the wall batter w for different back slope angles 6
for clay (n=2, a=0.05 kPa™', ¢ =30°, ¢/y'H =
0.005) under three different flow conditions. The height of
retaining wall and interface friction angle are 12 m and
10°, respectively. As seen in the figure, K, gradually
decreases with the increase of the wall batter w and
reaches a constant at certain w, which suggests that the
vertical retaining structure yields the minimum passive



214 Li Zheng, Lin Li, Jingpei Li and De’an Sun

1.2
- =-qlk=-1
1.0 1 7 K4
- / _/ 7
S 0.8 s
;I- ) R4
7/
8 0.6 ~/ /"//’
& PR
(g_ /. "//.
o 0.4 e
S RSICh
E 0.2+ 27 $=30° c/yH=0.05
0.0 ®=10° 0=0° & =10°
H=12m
-0.2 T T T !

-04 -02 00 02 04 06 08 10 12
Horizental Space X=x/H

Fig. 10 Slip critical surface on three flow conditions

earth pressure. Different with w, the slopes with larger 0
show larger values of K, because the weight of soil can
provide greater resistance with the increase of back slope
angle. However, the effects of 6 become unapparent for
larger wall batter w since the curves with different 0
almost approach the same value of K, finally. For different

flow conditions, the evaporation yields larger values of K,

than the infiltration, which is consistent with previous
analysis of Vahedifard et al. (2015).

5.5 Effect of flow conditions on critical slip surface

According to the above results, it is clear that the flow
conditions impose significant influence on the value of
passive earth pressure. To further investigate the effects of
flow condition on the failure mechanism, Fig. 10 plots the
potential failure surface in the unsaturated backfill under
different flow conditions q/ks for clay backfill (n = 2,
a =0.05kPa!, ¢ =30°, ¢/y’H=0.05) with H=
10m. The other parameters are shown in the figures, i.c.,
w=10° 6 =0° and & = 10°. It can be seen that the
slip surface enlargers with q/ks increases from -1 to 1,
which corresponding to the flow condition changes from
infiltration to evaporation. Since the evaporation results in
the increase of suction, the critical slip surface develops
deeper in backfill and larger critical passive earth pressure
is required to compensate the internal energy dissipation by
the increased suction.

6. Conclusions

This paper theoretically investigates the passive
resistance of retaining structures considering the
unsaturation of the backfill under different flow conditions.
The changes of both the suction and unit weight of the
backfill due to infiltration and evaporation are considered in
the present analysis. The coefficient of the passive earth
pressure is determined from the log-spiral failure
mechanism based on the kinematic limit analysis.
According to the results, the following conclusions can be
drawn:

1) The effects of flow conditions on passive earth

pressure are obvious for clay backfills, which results from
the variation of suction with flow conditions. Specifically,
the evaporation/infiltration would greatly increase/reduce
the suction, and hence improve/reduce the passive earth
pressures. However, the changes of flow conditions impose
almost no influence on the suction of sand backfill, and
hence the passive earth pressures vary insignificant under
different flow conditions for the retaining structures with
sandy backfills.

2) For clayey backfills, the potential critical failure
surface gradually extends deeper as the flow condition
changes from infiltration to evaporation. Correspondingly,
the passive resistance of the retaining structure increases
substantially when the flow condition changes from
infiltration to evaporation, as more external work is
required to compensate the dissipation of the internal
energy by the increased suction.

3) The geometrical parameters of slope and the
properties of the backfill have significant effects on the
coefficient of passive earth pressure. The coefficient of
passive earth pressure generally increases with the internal
friction angle, the back slope angle, the air entry pressure
parameter, while decreases with the wall better and the
height of the retaining structure.
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