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1. Introduction

The technique of soil nailing as a method of soil reinforcement in situ has been increasingly used to stabilize
open excavations. Analyzing of the soil nailed structure by numerical models is an appropriate method for
predictions of the deformation behavior of a soil nailing wall and actual mobilized forces in the nail. In this
paper, 3D FD analysis was used to investigate of soil nailing wall mechanism in cohesion and granular soils
under service state and limit state. The behavior is investigated to study influence of: (1) shear strength of the
soil, (2) distribution of nail lengths. The results can be useful for the design of soil nailed structures.

2. Methodology

Soil nails have bending and shear resistance, as well as tensile resistance. For typical soil-nailed walls, where
the nails are inclined at 5-20°, the contribution of nail bending and shear resistance can be neglected for
practical purposes. Hence, the nails can be modeled as cable elements, because cable elements provide a
shearing resistance along their length. Cable structural elements are two-noded, straight finite elements with
one axially oriented translational degree-of-freedom per node. Each cable structural element is interacted with
FD grid by cable-soil interface. The system is idealized, as shown in Fig. 1(a). The shear behavior of the interface
during relative shear displacement between the nail/soil interface as shown in Fig. 1(b), is described
numerically by: (1) the interface shear stiffness kg; (2) the interface cohesive strength cg; (3) the interface
friction angle @g; (4) the nail exposed perimeter pg; and (5) the effective confining stress om (Fig. 1(c)). By this
structural element the shear stress will depend on the effective confining stress om.
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Fig. 1. Idealization of grouted nail system: (a) idealized system; (b) relative shear displacement; (c) effective confining
stress
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A 0.1 m thick continuous elastic surface (Shell structural element) is used to simulate the facing. Shell
structural element is rigidly connected to the grid such that stresses develop within the shell as the grid
deforms. Shell structural elements are used to model the structural support provided by any thin-shell
structure in which the displacements caused by transverse-shearing deformations can be neglected.

To verify the numerical model, the full-scale test, conducted in 1986 for the French national research project
(CLOUTERRE), is analyzed. The CLOUTERRE program involved a number of large-scale experimental walls
related to understanding of soil nailed walls during in construction, in service loading condition and at failure.
There is a reasonable agreement between the experimental results and those computed using the FD model
employed herein.

3. Results and discussion

In order to better understanding of the soil nailed wall behavior, a typical 10 m high excavation with vertical
face and horizontal backfill is considered for the present study. The soil nailed wall in this section and the
following sections are designed based on the FHWA approach and have the factor of safety around 1.35 for the
global stability. The designed 3D-FD soil nailed wall model with uniform length distribution of nails is shown
in Fig. 2. Nail’s length is 7.3 m inclined at 10 degrees and spaced at 2m V: 1. 5 m H in a grid pattern. Staged
construction option is used to simulate the construction process in five stages E1, E2, ..., E5 as indicated in Fig.
2. In each excavation the placement of nails and facing is performed by inserting cable and shell structural
elements. Two different shear strength properties are used for soil while the other soil properties are kept
constant. The cohesion and friction angle of soil are considered (5Kpa, 40degree) as sand and (42Kpa,
10degree) Clay for models 1 (M1) and 2 (M2), respectively. Also, Young’s modulus, Poisson ratio, dilation angle
and specific weight of the soil are taken as 20 MPa, 0.3, 0 and 18 kN/m3, respectively.
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Fig. 2. Boundary conditions and model of the soil-nailed wall

Fig. 3 and 4 show the ground surface settlement and the vector of soil displacement respectively for sand,
and clay. In addition, to prevent more figures, the maximum shear strain rate developed in each model is
plotted in Fig. 4 with a dashed line. It can be found that the sand model with a high friction angle and low
cohesion behaves completely different in comparison with the clay model. The ground surface settlement for
clay is in a maximum value at the wall face and decreases to an insignificant settlement located in the maximum
shear strain rate. In the other hand for the sand model, two kinds of settlements are generated: the first one is
the settlement near the wall that its extension to the ground surface depends on the length of the nails at the
top of the wall, and the second one is the settlement in the back of the nails. These settlements can be explained
by the results illustrated in Fig. 4. In this Figure for the sand model, the soil nailed wall is divided by two zones
using the line of the maximum shear strain rate: Zone 1 includes soil adjacent nails and facing, and the other
zone is the triangular soil mass behind the zone 1. Because of the relatively small nail spacing used in this
analysis, the zone 1 can be considered as a rigid body that tends to move horizontally toward the wall resulting
in moving zone 2 rigidly in a direction that depends on the soil friction angle. The behavior of model 1 (Sand
Model) is similar to the rigid retaining wall in active condition for cohesion-less soils. Therefore, ground surface
settlement extends in a non-uniform trend and affects a larger distance behind the wall face in cohesion-less
soils rather than cohesive soils. The results indicated that the upper nails control wall deformation in service
state. Increasing the nail lengths at the top of the wall leading to decrease the wall displacement and ground
surface settlement.
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Fig. 3. Ground surface settlement due to excavation

Detailed studies have been performed to investigate several influence factors. Soil nailed wall shows
different types of surface settlement for sand and clay. Surface settlement in granular soils is more extensive
and non-uniform. The parametric study shows that every parameter which increases the area of zone 1, can
cause uniform settlement, minimum surface settlement and minimum wall deformation. The study shows that
by choosing longer nails at top of the wall rather than those are at the bottom of the wall leads to uniform
settlement and consider one nail diameter for entire wall.

To simulate progressive failure and to study failure conditions by numerical modeling, a uniform pressure
on top of the wall is added until the wall will be unstable, this method is famous as load collapse method (LCM).
Slip surface obtained by the SRM is shown in Figure 5 and compared with the critical slip surface by LEM. Figure
5 illustrates that the shape of slip surface is almost bi-linear for sand model (M1) and circular for clay model
(M2). At the bi-linear slip surface, the first plane begins at the toe and the point that the second plane begins
located at the end of the second nail. It has been found that the shape of slip surface obtained by the numerical
modeling and the LEM is very different for cohesion-less soils while it is similar for cohesion soil. Also, it has
been resulted that longer nails at the bottom of the wall controls the stability of soil nailed wall at limit state
while longer nails at the top of the wall controls the deformation of soil at service state.
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Fig. 4. Vector of soil displacement at service state
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Fig. 5. Slip surface and tension force of soil nail obtained by the LCM (Mode2, c: 42Kpa, ¢: 10 --- Model 1, c: 5Kpa, ¢: 40)
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