CHAPTER

6.1

VI

EXCAVATION OF CLAY GROUND

GENERAL

Foundation works may require a relatively deep excavation with vertical sides. The sides may be
supported by sheet pile walls or diaphragm walls, which can be braced by means of horizontal or
inclined struts. The ground movements which will occur around the excavation, e.g. settlement of
the ground surface adjacent to the excavation, lateral movement of the vertical supports, heave of
the base of the excavation must be considered in the design, especially if the excavation is close
to the existing structures. To a large extent, the aforesaid movements are interdependent because
they are the result of strains in the soil mass due to the stress relief when excavation takes place.
The magnitude and the distribution of the aforesaid ground movements depend on the type of
soil, the dimensions of the excavation and details of the construction, and they depend to a large
extent on the mode of deformation of the supporting systems. The magnitude of the ground
movements can be minimized by installing rigid struts or rigid vertical piles (e.g. sheet piles, 'I'
shaped steel sections, etc.). Recent developments on in-situ reinforcing techniques (e.g., soil
nailing) have shown a significant success. In this study, the effect of such supporting systems,
horizontal or vertical reinforcing members, on the soil mass is investigated employing the
methodology presented in the Chapter III.
The behavior of the soil mass is clearly shown to be directly dependent on the mode of
resistance offered by these reinforcing members. This is demonstrated through the computed axial
force and the bending moment distributions in the reinforcing members. Here, the vertical
reinforcements are distinguished either as axial members, e.g. concrete wall or as a bending
member (e.g. 'I' shaped steel sections). A new concept on the positioning of such reinforcing
members is also newly proposed.
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6.2

OUTLINE OF THE EXCAVATION PROBLEM

An excavation problem of a homogeneous purely cohesive clay ground, as shown in Fig. 6.1, is
considered in this chapter. Material properties (strength parameters) for the clay at the limit state
are chosen in such a way that the computed safety factor of the excavated homogeneous soil
mass (without having any reinforcing materials) comes out to be unit (Fs=1.00). The soil
constants are cu=27.6 kPa, γt=16.3 kN/m3. Analyses in the next sections will be carried out
under gravity loading, i.e. due to self-weight of the soil, and no additional surcharge loading is
applied. Thus the problem represents a typical excavation on an open ground without any
surcharge loading.
Two types of reinforcing materials are considered in the present excavation problem. Firstly,
the reinforcement is inserted horizontally (e.g. nailing). Latter, the reinforcing materials like 'I'
shaped steel-sections or sheet piles, which exhibit flexural rigidity are vertically embedded into the
soil mass. Such a rigid flexural material can easily be driven vertically into the clay ground before
starting the excavation or the construction work. In both the cases, the behavior of the reinforced
soil is investigated for various lengths and positions of a single reinforcement as well as multiple
reinforcements.

Figure 6.1

Schematic diagram showing details of the excavation problem and the
finite element discretization with typical boundary conditions.
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The RPFEM is employed in the analysis of the excavation problems outlined in this section.
Figure 6.1 illustrates the finite element discretization of the analysis area with the boundary
conditions. Because of the symmetry, only the right half is discretized. The outer boundaries
around the excavation are located far enough so that they have negligible effect on the soil mass
to be analyzed. Thus the boundaries were kept enough distance away from the farthest end of the
longest reinforcements. The left (due to symmetry) and the right vertical boundaries were
confined laterally and the bottom horizontal boundary was confined both laterally as well as
vertically.
The results of the numerical analyses are presented in the subsequent sections. Basically, the
computed factor of safety, the velocity field of the soil mass and the axial force distributions along
the reinforcements are illustrated. The bending moment is also presented in the case of vertical
reinforcements.

6.3

ANALYSIS OF PLAIN EXCAVATION

At the outset, the factor of safety and the nodal velocities were computed for the plain excavation
without having any reinforcing members or external supports, e.g. scaffoldings or struts. As
mentioned before, the strength parameters of soil were chosen to get the factor of safety, Fs=1.0,
for the unreinforced as well as the unsupported excavation. Figure 6.2 shows the velocity field at
the limit state of the soil mass. It clearly shows that a slip type of failure mode is distinct. The
failure slip surface passes through the toe. The heaving effect is not so significant on the trench
floor.

Figure 6.2

Effect of excavation on velocity field of the unreinforced soil
mass at limit state.
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6.4

EXAMPLE 1: HORIZONTAL REINFORCEMENT

Two excavation problems are dealt with the reinforcement of the soil by horizontal reinforcing
material (e.g. nailing). Firstly the soil is reinforced with horizontal reinforcement alone, that is,
without any facing material on the vertical sides. Secondly, the vertical cut face is covered by a
set of rigid facing panels attached to several reinforcements. Both the cases are illustrated in Fig.
6.3. In both the types, the numbers of reinforcements are three and six, respectively, representing
the coarse and the close spacing.
The computed factors of safety corresponding to all these individual examples are tabulated in
Table.6.1. Obviously, the densely reinforced soil with rigid panel facing, produced the highest
safety factor. The densely reinforced soil without facing material exhibits higher safety factor
compared to the soil with panel facing attached to the coarse spaced reinforcements. It reveals
that the spacing of reinforcements is also important in addition to the existence of a facing
material.

(a) Three reinforcements without facing

(b) Six reinforcements without facing

(c) Three reinforcements with facing

(d) Six reinforcements with facing

Figure 6.3

Effect of horizontal reinforcements on the velocity field of the soil mass.
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Table 6.1
Types

Computed safety factor for the horizontal reinforcement cases
Factor of Safety, Fs

Unreinforced case
Three Reinforcements without facing
Three Reinforcements connected to facing
Six Reinforcements without facing
Six Reinforcements connected to facing

6.5

1.000
1.126
1.133
1.203
1.207

EXAMPLE 2: VERTICAL REINFORCING MEMBERS

Rigid reinforcements, e.g. 'I' shaped steel-sections, sheet piles; have been embedded vertically to
resist the lateral earth pressure developed due to the excavation of a clay ground. These
reinforcements are embedded into the soil before commencing the ground excavation work. The
horizontal reinforcements, in the previous examples, resist the lateral earth pressure by developing
the tensile force in reinforcements because of the soil-reinforcement interactions; likewise, the
rigid vertical reinforcements resist the earth pressure through the bending resistance developed
along the length. Such vertical members are, therefore, considered flexural members (bending
elements). These rigid flexural sheet piles are modeled by imposing the "no-length change" along
with the "no-bending" conditions. These constraint conditions are incorporated into the RPFEM
and all the numerical examples presented in this section are also based on the RPFEM.
In this example, firstly, the effect of the reinforcement length on the soil mass at the limit state
is investigated; subsequently effect of the reinforcement position is studied. At the end of this
section, the effect of multiple reinforcements is compared with these former two cases.

6.5.1

Effect of Reinforcement Length

Firstly, a single reinforcement is vertically embedded into the soil mass at different lateral
positions. The computed factor of safety for the excavation problems with a single reinforcement
positioned at lu=1.5m (away from the front face) is presented in Fig.6.4. The reinforcement up to
3m height does not exhibit any noticeable changes in the factor of safety of the soil mass. As the
reinforcement height is further increased beyond 3m, the safety factor linearly increases with
respect to length increment as shown in Fig.6.4. The computations are made for the
reinforcement length of maximum 13m. Additional computation of the factor of safety is carried
out for the multiple reinforcement cases. Figure 6.4 reveals that the soil reinforced with multiple
reinforcements resembles similarity with the single reinforcement case. The rate of increase of
factor of safety with increasing reinforcement height in multiple (two or three) reinforcement case

_ 137 _

is higher than the former example. Even then, the absolute increase in the factor of safety, for all
the examples explained so far, is convincing because the maximum increment is about 20% higher
than the unreinforced excavation problem.

Figure 6.4

(a)

lv=5 m

Variation in the factor of safety of the soil mass with respect to
the changes in the reinforcement length.

(b) Reinforcement Length, lv=7 m

(c)

lv=13 m

Figure 6.5 Effect of reinforcement length on the plastic flow of the soil mass at limit state.
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The computed nodal velocity vectors corresponding to single reinforcement with lengths
lv=5m, 7m and 13m cases are presented in Fig.6.5. If the lower end of the reinforcements is
above the toe, then the slip (passing through the toe) type failure mode is distinct. The failure
mode is gradually changed to heaving of the trench floor as the reinforcement extends below the
toe. It is clear through the velocity field presented in Fig. 6.5. For short reinforcements, the
velocity vectors on the trench floor are not significantly large and are relatively large on the cut
above toe. For very long reinforcement, relative magnitude of the velocity vectors is reversed, i.e.
velocities on the vertical face get smaller, and velocities on the trench floor become vertical and
have large magnitude. This demonstrate that a long rigid reinforcement is effective on resisting the
lateral earth pressure developed due to excavation of the ground, such resistance directly comes
from the flexural (bending) rigidity of the vertical piles.
Axial tensile force distributions in the reinforcements plotted in Fig. 6.6(a), correspond to
various reinforcement lengths: 3m, 5m, 7m...... and 13m. When the reinforcements are shorter
(=5m) than the depth of excavation, then the axial force distribution along reinforcements have
peaks close to lower end of the reinforcements. The length of reinforcement when extended
downward beyond the toe level, the positions of such peaks approach close to the toe level. The
magnitude of the axial forces along reinforcements also gradually increases as the reinforcement
length is extended.

(a) Axial Force Distributions

Figure 6.6

(b) Bending moment distributions

Effect of reinforcement length on the axial force and bending moment
distributions along the reinforcement length.
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Likewise, the bending moment on the reinforcement also increases as the reinforcement length
increases (Fig. 6.6b). The shorter reinforcements (=5m) show bending with convex (tension side)
on the trench side, and the longer reinforcements (=7m) exhibit bending towards the trench that is
reverse to the former case. The reason for the short reinforcements (=5m) not showing any effect
on the factor of safety (Fig.6.4) may be attributed to such (reverse) bending characteristics of the
reinforcements. Soil exhibits some sort of clamping effect on reinforcements extending below toe,
thus, the reinforcements act like a simple beam with yielding support. This bears similarity with the
conventional analysis.

6.5.2

Effect of Multiple Reinforcements

Multiple reinforcements are embedded into the soil. Firstly, two reinforcements are embedded at
lu=0.5m and 2.5 m, then, three reinforcements at lu=0.5m, 1.5 m and 2.5 m are embedded. The
effect of length of multiple reinforcements (2 and 3 numbers) on the safety factor of soil mass
have been already illustrated in the previous subsection (i.e. Fig.6.4). The examples described in
this section have only one set of reinforcement length, lv=13m. These two examples are
compared with the excavation problem having single 13 m long reinforcement discussed in the
preceding sub-section (Fig. 6.7).
The safety factor, the nodal velocities, the axial force and the bending moments are computed.
Computed safety factors are presented in Table 6.2. The safety factor variation between two
reinforcements case and single reinforcement case is not as significant as compared with the
difference between the single reinforcement case and the unreinforced excavation. Likewise, the
factor of safety in the three-reinforcement case remains almost equal to the two-reinforcement
case.
The velocity fields (see Figs. 6.8a & 6.9a) in these aforesaid multiple reinforcements (two or
three numbers) cases do not exhibit any significant differences from the single reinforcement case
(Fig. 6.7a). The axial force distribution observed in the single reinforcement example, placed at
lu=0.5 m is almost similar to the reinforcement placed at the same position (lu=0.5m) in the two
or three reinforcement cases (Fig. 6.8~6.9).
The bending moment results shown ni Figs.6.8 (b~c) are quite interesting. In the multiple
reinforcement cases, the farthest reinforcement exhibits the highest bending moment compared to
the reinforcements embedded close to the excavation. The bending moment in reinforcements
embedded close to the face is almost nil, thus the total bending moment is resisted by the outer
reinforcement placed at lu=2.5m away from the front face in the two reinforcement case. The
pattern of bending moment distribution in the three-reinforcement case is also similar to the two
reinforcements case. The two reinforcements close to the face (lu=0.5m and 1.5m) do not exhibit
any significant resistance to the bending moment.
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Table 6.2
Types

Computed safety factor for the vertical reinforcement cases
Factor of Safety, Fs

Unreinforced case
Single Reinforcements at lu=0.5 m
Two Reinforcements at lu=0.5 and 2.5m
Three Reinforcements at lu=0.5, 1.5 & 2.5m

1.000
1.126
1.133
1.207

(a) Velocity Field

(b) Axial Force Distributions.

Figure 6.7

(c) Bending Moment Distributions.

Velocity field of the soil mass, axial force and bending moment
distributions along a reinforcement embedded at lu=0.5m.
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(a) Velocity Field

(b) Axial Force Distributions.

Figure 6.8

(c) Bending Moment Distributions.

Multiple reinforcements induced effects on velocity field of the soil mass, axial
force and bending moment distributions along reinforcements. (tworeinforcements case)
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(a) Velocity Field

(b) Axial Force Distributions.
Figure 6.9

(c) Bending Moment Distributions.

Multiple reinforcements induced effects on velocity field of the soil mass, axial
force and bending moment distributions along reinforcements. (threereinforcements case)
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6.5.3

Effect of Lateral Position of Reinforcement

In order to observe the effect of lateral position of the reinforcement, the position of a single 13m
long vertical reinforcement is moved in the lateral direction. At first its position is on the edge
(vertical face of the excavation), lu=0.0 m in Fig. 6.1a, and the farthest position is 4.5 m away
from the vertical face. Thus there were altogether nine positions, i.e. lu= 0.0, 0.5m, 1.0m, 1.5m,
2.0m, 2.5m, 3.0m, 3.75m and 4.5m (ref. Fig. 6.1a)
The computed factor of safety for all these positions is presented in Fig. 6.10. The factor of
safety for the reinforcement positions upto ul = 3m (i.e., lu=0~3m) remained almost constant.
Moving the reinforcement position further beyond 3m (away from the face) results gradual
decrease in the factor of safety of the soil mass, which finally behaves like an unreinforced plain
excavation problem.

Figure 6.10

Variation in the safety factor with respect to different
lateral positions, lu (m) of reinforcement.

The computed nodal velocity vectors corresponding to lu=0.5, 3.0m and 4.5 m are presented
in Fig. 6.11. Reinforcements embedded close to the excavation, restrains velocity vectors around
the face. Moving the reinforcement position away from the cut face extends the failure region.
Likewise, the velocities on the trench floor get smaller. Further movement of the reinforcement
virtually tends to behave like an unreinforced soil where the plastic flow of the soil mass at the
limit state is significant only above the toe, i.e., comparing the Fig. 6.2 with 6.11(c).
The axial force and the bending moment distributions along the reinforcements are plotted in
Fig. 6.12. Similarly, the peak values in the distributions corresponding to each reinforcement
positions are presented in Fig. 6.13. These figures reveals that the axial force in the reinforcement
gradually increases when the reinforcement position is moved away from the excavation face
while the bending moment distribution along the reinforcement increases in reverse order, that is,
the bending moment distributions corresponding to the reinforcement positions close to the slope
face have higher magnitudes. This latter feature may be attributed to the lateral earth pressure
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causing the bending. The lateral earth pressure on the reinforcements positioned close to the outer
boundary approaches the earth pressure at rest condition (K o). In such cases, net lateral earth
pressure acting on either side of reinforcements is negligible.
Overall conclusion is that the reinforcement which offer high flexural resistance should be
positioned as close to the excavation face as possible, and the reinforcements which do not resist
bending moment but offer high resistance to the axial force should be placed little away from the
excavation face (nearly at the point intersected by a line inclined 60o to horizontal and passing
through the toe.)

Figure 6.11 Effect of lateral positioning of reinforcement on the plastic flow of soil mass.

(a) Axial Force Distributions.

Figure 6.12

(b) Bending Moment Distributions.

Effect of the lateral position of a vertical reinforcement on the axial force and
bending moment distributions along its length.
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Figure 6.13

Variation in the peak values in the axial force and bending moment
distributions with respect to different lateral positions, lu (m) of the
reinforcements.

6.7 SUMMARY AND CONCLUDING REMARKS.
The following conclusions are drawn through the present study.
1) Unreinforced plain excavation problem at the limit state exhibits slip failure surface passing
through the bottom of the excavation.
2) Reinforcing the excavation by horizontal reinforcements (e.g. nailing) increases the safety
factor of the soil mass. Reinforcement spacing is important in improving the overall safety
factor of the soil mass while it provides additional safety against local failure of soil close to
the excavation face.
3) Performance of the vertical reinforcements depends on the length and the position of the
reinforcements. The reinforcements should be longer than the depth of excavation and very
long reinforcements restrain the plastic flow of soil (at limit state) around the cut face,
provided the reinforcements are close to the vertical cut. The reinforcements close to the face
resists the lateral earth pressure due to the bending resistance and if the position is moved
away from the face then the reinforcements exhibit high axial force while decreasing the
bending effect. Thus, the reinforcements placed close to face must offer high flexural
resistance and the reinforcements far away from face should offer high resistance to axial
force, but the flexural resistance may not be so essential.
4) The failure mode of the soil is heaving when long reinforcements are embedded close to the
excavation face, and moving the reinforcements away from face exhibits slip failure mode on
the soil mass above the toe just like in the case of the unreinforced plain excavation problems.
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CHAPTER

7.1

VII

CONCLUSIONS

CONCLUSIONS

The existing methods for the analysis and the design of reinforced soil structures show a wide
spectrum. Realizing the need of a unique, simple and a realistic tool for the analysis and design of
simple to complex reinforced soil structures, a method which presents a new concept of
computation of bearing capacity/safety factor, distribution of axial and shear (/bending) forces as
well as velocity vectors and stress distribution in reinforced soil structures, is presented and is
demonstrated through some typical soil engineering problems and a set of prototype model test
results.
The detailed conclusions presented below are drawn through the present study in addition to
the concluding remarks made under the individual chapters.
1. The mechanism of the reinforcement and the facing can be modeled by introducing the two
new linear constraint conditions, "no-length change" and "no-bending", in the energy
functions. Lagrange multipliers corresponding to these constraint conditions represent the
axial force and the shear force (/bending moment) in the reinforcing material per unit length,
respectively.
2. The improvement on the safety factor is quite high in the frictional soil (c-φ) compared to the
purely cohesive clay.
3. The reinforcement acts like a soil anchor in the frictional (c-φ) soil due to significantly high
stress concentrations and can be explained through the velocity and the axial force
distributions. The assumption of same axial force distribution pattern irrespective of the fill
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material (clay or sandy) in the conventional method of analysis is not acceptable (at-least
theoretically) and could be the main reason behind the conservatism in these design and
analysis methods. The reinforcement force depends on the mean confining pressure,
therefore, the reinforcement force should be considered as an internal stress developed due
to the soil-reinforcement interaction.
4. The effect of the rigidity of a facing material can be explained by the bending moment
developed in the facing.
5. The model test results clearly show that there is a substantial change in the response of the
soil to the applied stresses when the soil media is reinforced. Mode of the lateral and the
vertical displacement of the soil mass from the initial loading to the failure stage are
significantly improved by the reinforcements.
The effectiveness of the soil reinforcement (with and without facing) can be explained
through the first tangent line in the footing pressure-settlement relationship and the failure load.
6. Through the numerical investigations on the behavior of a clay excavation problem, a new
concept on the positioning of vertical reinforcements has been recommended depending on
the reinforcement types. The reinforcements exhibiting high resistance to the axial force
should be positioned away while the reinforcements exhibiting high bending resistance be
positioned close to the excavation.
Overall, the proposed methodology exhibits promising features and wide applicability for the
analysis and design of complex reinforced soil structures. It provides enough confidence for the
practicing engineers so that this methodology may be adopted in the practice for the analysis and
design of the real reinforced soil structures.
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