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Earth pressure problem is one of the key research subjects in soil mechanics and geotechnical engineering.
Heterogeneous soil is always encountered in engineering practices. However, the classical Rankine and
Coulomb’s earth pressure theories don'’t take into account of the effect of heterogeneity on the failure surface
and the earth pressure. In this paper, the failure surface of heterogeneous soil at the passive state is
investigated using the geotechnical FEM software Plaxis. The study results indicate that the failure surface at
the passive state is strongly influenced by the strengths of the foundation and the lower layer soil for the
backfill consisting of two-layered soils. The failure surface of the two-layered soils approaches the one of the
homogeneous soil with the strength of the foundation and lower layer soil.

1. Introduction

Earth retaining structures are widely used in engineering practices for the protection of embankments.
Evaluation of earth pressures is of practical significance for the design of retaining structures such as
retaining walls, sheet pile bulkheads, bridge abutments, and basement walls of buildings. It is one of the
key research subjects in soil mechanics and geotechnical engineering. Since Coulomb and Rankine
proposed their famous earth pressure theories, a lot of researches have been done in the field of earth
pressures. Some researchers modified and improved the classical earth pressure theories. Terzaghi
(1943), Morrison and Ebeling (1995), Kumar (2001), Subba and Choudhury (2005) computed the
passive earth pressure employing the curved sliding surface and the composite surface as a
combination of a logarithmic spiral and a straight line based on the limit equilibrium theory of the soil
wedge. The calculation results are more appropriate than the ones got by Coulomb’s theory and
Mononobe-Okabe method for the big wall friction angle. Sokolovski (1965), Graham (1971), Lee and
Herington (1972) computed the earth pressure coefficients using the method of characteristics. Method
of slices in slope analysis were employed in solving earth pressure problems by Janbu(1957), Shields
and Tolunay (1973), Rahardjo and Frelund (1983), Kumar and Subba (1997), Chen and Li (1998),
Zakerzadeh et al. (1999), Zhu and Qian (2000). Chen and Liu (1975 and 1990), Soubra and Kastner
(1991), Kumar (2001), Soubra (2000 and 2002) used the technique of limit analysis in solving earth
pressure problems. Prakash et al. (1966), Das et al. (1977) considered the effect of cohesion of backfill,
cohesion between the backfill and the wall, and the vertical component of inertial force on the earth
pressure and modified Mononobe-Okabe’s equation. Karh (1960), Wang (2000) took out a horizontal soil
slice element from the sliding wedge and set up a differential equation about the earth pressure
distribution based on the static equilibrium of the horizontal-soil-stratum. By solving the equation they
got the non-linear distribution of earth pressure along the wall. Terzaghi (1934), Ishii et al. (1960),
Matsuo et al. (1978), Matsuzawa and Matsumura (1981), Ichihara et al. (1973), Sherif and Fang (1984),
Fang et al. (1986, 1994 and 2002), Ishibashi and Fang (1987) conducted experiments and studied the
effect of the mode and amount of wall displacement on the earth pressure. However, the above
researches don’t take into the effect of heterogeneity of the backfill on the failure surface and the earth
pressure.
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In this paper, the failure process of the two-layered backfill at the passive state is simulated using the
geotechnical FEM software Plaxis. Furthermore, the effect of heterogeneity on the failure surface is
investigated based on the analysis of the simulation results. The study results can provide theoretical
references for the design of the retaining structures such as anchor blocks, laterally loaded pile caps,
bride abutments and so on, which depend on the passive resistances for stability.

2. Model and parameters of calculation

The model on the computation consists of the rigid retaining wall and the backfill. The heterogeneous backfill
consists of two backfill layers with equal thickness. The size of the calculation model is shown in Fig.1. The
15-node triangular element is employed in this analysis to model soil. In the computation, an elastic-plastic
stress-strain relationship with Mohr-Coulomb vyield criterion is adopted for the backfill.
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Fig. (1). Sketch of the calculation model under T mode(Unit: m)

With references to calculation parameters adopted by Chen et al. (2004), the calculation parameters of the
homogeneous soil in this study are selected and listed in table 1. In the following computation and analysis,
the physical properties of the foundation are assumed to be the same with those of the lower layer soil.

Table 1. Calculation Parameters of Soil

VIKN/M®) c/kPa  @/(°) EMPa v Riter

15.6 0.1 50 18 0.3 0.67

Plates in Plaxis are employed to simulate the behavior of the rigid retaining wall and the constitutive law is
assumed to be elastic. The most important parameters of the wall are the flexural rigidity (bending stiffness) E/
and the axial stiffness EA, illustrated in table 2, from which it can be observed that the values of these two
parameters are relatively large, ensuring the rigidity of the wall. In addition, the interface element is set
between the wall back and backfill to model the interaction between the structure and the soil. The details of
constitutive model of the materials and the interface element in Plaxis can be referred to Brinkgreve and
Broere (2000), Song et al. (2013). Partitioning of FEM mesh of the model is shown in Fig. 2.

Table 2. Calculation Parameters of the Wall

EA/(KN/m) El/(kN-m*/m) w/(KN/m/m) v

2.5x10’ 2.5x10° 10 0.15

Fig. (2). Partitioning of FEM mesh of the model

According to the experimental studies of Fang et al. (1994&2002), the magnitude of wall displacement for
loose sand to reach passive state is about 0.17H and that for dense sand is about 0.015H. In the calculation,
the rigid retaining wall is built in the first step and then the uniform displacements of 0.1m, 0.5m, 1.0m, 1.2m,
1.5m, 1.7m, 2.0m toward the backfill are prescribed on the rigid retaining wall from in the following seven
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steps in order to simulate the passive failure process. The failure surface of the backfill with the parameters in
table 1 is shown in Fig. 3.

Fig. (3). Failure surface of the homogeneous backfill

As is known to all, the strength parameters such as ¢ and ¢ have an important effect on the failure surface of
the wall. In this study, in order to make it clear that whether the deformation parameters E and v have
influences on the failure surface, the failure surface of the backfill with E =50MPa and v=0.1 is calculated and
compared with the one of the backfill with the E =18MPa and v=0.3. In the calculation, other parameters are
maintained the same as those in table 1. The comparison of the two cases is shown in Fig. 4, from which it
can be observed that the sliding surfaces are almost the same, indicating that the influences of the
deformation parameters E and v on the failure mode are very little. Therefore, in the following calculation and

analysis, only the strength parameters ¢ and ¢ are varied to study their effects on the failure surfaces.
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Fig. (4). Effect of E and v on the failure surface

3. Effect of the internal friction angle

In order to study the effect of the internal friction angle on the heterogeneous soil, the following four cases are
calculated and analyzed. Case 1 is the homogeneous soil with ¢=50°. Case 2 is the homogeneous soil with
@=15°. Case 3 is the heterogeneous soil consisting of the upper layer with ¢=50° and the lower layer with
¢=15°. Case 4 is also the heterogeneous soil consisting of the upper layer with ¢=15° and the lower layer with
@=50°. The other parameters are the same with those in table 1. The size of the soil layers of both case 3 and
4 are shown in Fig. 1. The sliding surfaces for the four cases at the passive state are illustrated in Fig. 5.
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Fig. (5). Failure surfaces of backfill with different ¢ values

It can be observed from Fig. 5 that the size of the sliding wedge of the homogeneous soil with =50° is
obviously larger than that of the homogeneous soil with ¢=15°. The failure surfaces of the heterogeneous soil
consisting of two soil layers lie between those of case 1 and 2. The failure surface of case 3 locates near that
of case 2 and the failure surface of case 4 approaches that of case 1, indicating that the internal friction angle
of the foundation and the lower soil layer has more important influence on the failure surface than that of the
upper soil layer. It can be concluded that the internal friction angle of the foundation and the lower soil layer
determines the failure surface of the heterogeneous soil more significantly.
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4. Effect of cohesion

The following four cases are calculated and analyzed to study the effect of the internal friction angle on the
heterogeneous soil. In order to be distinguished with the above previous cases, the numbers of the four cases
are 5, 6, 7 and 8 respectively. Case 5 is the homogeneous soil with c=70kPa. Case 6 is the homogeneous soil
with c=23kPa. Case 7 is the heterogeneous soil consisting of the upper layer with c=70kPa and the lower
layer with c=23kPa. Case 8 is also the heterogeneous soil consisting of the upper layer with c=23kPa and the
lower layer with c=70kPa. The internal frictional angle ¢ of these four cases is 0.1° and the other parameters
are the same with those in table 1. The size of the soil layers of both case 7 and 8 are also illustrated in Fig. 2.
The sliding surfaces for the four cases at the passive state are illustrated in Fig. 6, from which it can be
observed that the effect of the cohesion of the foundation and the two layers on the failure surface of the
heterogeneous soil is almost the same with that of the internal friction angle. The size of the sliding wedge of
case 8 is much larger than that of case 7, indicating that the effect of cohesion of the foundation and the lower
backfill layer affects the failure surface more significantly than that of the upper backfill layer. However, the
failure surface of case 8 doesn’t approach that of case 5 so closer in comparison with the case of internal
friction angle, showing that the effect of cohesion is not so large than that of internal friction angle.
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Fig. (6). Failure surfaces of backfill with different c values
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5. Analysis of the effect of strength under rt mode

In the previous analysis, the movement mode of the wall is assumed to be translation, which is denoted as T
mode. In order to study the effects of strength parameters of the heterogeneous soil on the failure surface with
other wall movement modes, the different cases 9~16 of the wall with the mode of rotation about top, which is
known as the RT mode, are calculated and analyzed.

As is illustrated in Fig.7, the maximum displacements of 0.1m, 0.5m, 1.0m, 1.2m, 1.5m, 1.7m, 2.0m toward the
backfill are prescribed on the bottom of the wall in order to simulate the passive failure process under RT
mode. The strength parameters of backfill of cases 9~16 are the same with those of cases 1~8 in turn
respectively. Cases 9~12 are aimed at the study of the effect of internal friction angle and cases 13~16 are
aimed at the study on the effect of cohesion. The comparison of the calculation results are shown in Fig. 8,
from which it can be observed that the effect of strength parameters on the failure surfaces under RT mode is
similar with that under T mode. The strength of the foundation and the lower backfill layer has a more
important effect on the location of the failure surface than that of the upper backfill layer.
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Fig. (7). Sketch of the calculation model under RT mode(Unit: m)
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Fig. (8). Failure surfaces of heterogeneous backfill under RT mode: (a) the effect of @; (b) the effect of ¢
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6. Conclusions

In this paper, the effect of the strength of the upper and lower layer of the heterogeneous backfill on its failure
surface at the passive state is investigated by employing the geotechnical FEM software Plaxis. On the basis
of the analysis of the results, it is found out that the failure surface at the passive state is strongly influenced
by the strengths of the foundation and the lower layer soil for the backfill consisting of two-layered soils. The
failure surface of the two-layered soils approaches the one of the homogeneous soil with the strength of the
foundation and the lower layer soil.
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