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1 INTRODUCTION 
 
The performance of deep excavation is significantly 
affected by the shoring wall stiffness and the type of 
the used lateral support. Numerical simulations are 
widely used to evaluate the problem. It is well estab-
lished that the accuracy of the numerical simulations 
depends significantly on the constitutive soil model 
used and the selection of the appropriate model pa-
rameters. It is well known that cantilever walls com-
monly produce high values for the settlement profiles 
near the deep excavation. The laterally supported 
walls either by struts, pre-stressed ground anchors or 
soil nails produces relatively lower values for the set-
tlement profiles. In this study, various parameters for 
the shoring system shall be considered as different in-
ertias for the walls, different axial stiffness’s for the 
struts, different pre-stressing forces for the ground an-
chors and different lengths for the soil nails. 

 
 

2 METHODOLOGY AND MATERIAL 
PARAMETERS 

 
For the purpose of illustration and better understand-
ing, different excavation depths are considered. For 
case of cantilever walls, 8 m high excavation is 
adopted. For cases of strutted, anchored and nailed 
walls, 14 m high excavation is considered in order to 
highlight the effect of the type of lateral supports on 

larger settlement values. The shoring systems se-
lected in this study yields to accepted safety factors 
and straining actions. PLAXIS is used to carry out the 
finite element simulations considering it as a plane 
strain problem and accounting for the long-term be-
haviour using drained conditions. The numerical sim-
ulations are performed considering MC-model and 
HS-model. Primary objective of the study is to bring 
out the implications of the use of different soil mod-
els. Dense sand is considered in the study. No ground 
water table is considered in the study, so that the set-
tlement profiles results only from the excavation 
works and not from lowering the ground water table. 
The simulation of external live loads shall not be nec-
essary as the study focuses on the effect of type of 
lateral supports on the settlement profiles. 

2.1 Mohr-coulomb Model (MC-model) 

MC–model is elastic perfectly plastic model, which 
combines Hooke’s law and the coulomb failure crite-
rion. It is a first order model for soils that has a limi-
tation in terms of prediction of the deformation be-
haviour before failure (Callisto et al. 1999). The soil 
parameters for MC-model are summarized in table 1. 
 
Table 1. Soil parameters for Mohr Coulomb model 

Value Soil parameter 

1.5E5 Modulus of Elasticity E50 (kN/m2) 
38 Angle of shearing resistance f’ (degrees) 
1 Drained cohesion C’ (kN/m2) 

0.30 Poisson’s ratio u 
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2.2 Hardening-Soil Model (HS-model) 

HS-model is an advanced soil model capable of sim-
ulating both cohesive and non-cohesive soil (Schanz 
et al. 1999). Similar to MC-model, failure in HS-
model is defined by means of Mohr-Coulomb failure 
criterion. Unlike the MC-model, The HS-model ac-
counts for the increase in stiffness with pressure. The 
model uses a power law formulation for stress de-
pendent stiffness. The soil parameters for HS-model 
are summarized in Table 2 (Brinkgreve 2010). 
 
Table 2. Soil parameters for Hardening soil model 

Value Soil parameter 

5.0E4 Triaxial loading stiffness E50 (kN/m2) 
2.0E5 Triaxial unloading stiffness Eur (kN/m2) 
5.8E4 Odometer loading stiffness Eoed (kN/m2) 
0.50 power m parameter 
0.90 failure ratio Rf 
100 Reference stress for stiffness’s Pref 
38 Angle of shearing resistance f’ (degrees) 
1 Drained cohesion C’ (kN/m2) 

0.20 Poisson’s ratio u 

 
 
3 FINITE ELEMENT SIMULATIONS 
 
As mentioned earlier, the excavation is modelled as a 
plane strain problem and long-term behaviour is sim-
ulated using drained analysis conditions. Medium 
mesh density is adopted globally. Mesh boundaries 
are placed far enough to minimise the influence of 
mesh boundaries on the results of the numerical sim-
ulations. The proposed shoring systems consider the 
walls, struts, anchors and nails. The simulation of 
each element shall be discussed as below. 

3.1 The walls 

The walls are be simulated as a plate element, which 
requires both the axial stiffness EA and the flexural 
rigidity (bending stiffness) EI. The wall sections is se-
lected to simulate wide variation of walls inertia. The 
interface element is set to value 0.60 (Brinkgreeve & 
Shen 2011). The wall sections considered in the study 
are summarized in Table 3. 
 
Table 3. Shoring walls parameters 

 Wall type EI (kN.m2/m) EA (kN/m) 

Sheet pile (PU-18) 7.73E04 3.26E06 
Sheet pile (PU-22) 9.89E04 3.66E06 
Sheet pile (PU-28) 1.29E05 4.32E06 
Sheet pile (PU-32) 1.45E05 4.84E06 
Diaphragm wall 60 cm 3.60E05 1.20E07 
Diaphragm wall 80 cm 8.52E05 1.60E07 
Diaphragm wall 100 cm 1.67E06 2.00E07 

3.2 The struts 

The struts are simulated as a fixed end node anchor, 
which requires both the axial stiffness EA and equiv-
alent length. The strut sections are selected to simu-
late wide variation of strut axial stiffness. Four struts 
sections are selected to consider different material 

(concrete/steel), different cross section areas, as well 
as different equivalent lengths. The struts are placed 
at spacing 2 m horizontally. The struts sections con-
sidered in the study are summarized in Table 4. 
 
Table 4. Struts parameters and properties 

Strut ID Dimensions 
Length 

(m) 
EA/L 

(kN/m) 

Strut-1 (S1) 
(steel) 

Pipe section 
(outer diameter = 15 cm, 

thickness = 6 mm) 
10 54259.2 

Strut-2 (S2) 
(concrete) 

Square section 
(depth = width = 40 cm) 

10 320000 

Strut-3 (S3) 
(steel) 

Pipe section 
(outer diameter = 60 cm, 

thickness = 15 mm) 
4 1377675 

Strut-4 (S4) 
(concrete) 

Square section 
(depth = width = 100 cm) 

4 5000000 

3.3 The pre-stressed ground anchors 

The pre-stressed ground anchor consists of free length 
and grouted length. The free length is simulated as 
node-to-node anchor, while the grouted length is sim-
ulated as geogrid. The free length is located outside 
the active failure surface measured from the tip of the 
wall with a distance not less than 10% of the retained 
height (Design manual by US department of transpor-
tation). The bond length is designed to ensure that the 
friction stress along the bond length can carry the ten-
sion force in the anchor with accepted safety margins 
(Design manual by US department of transportation). 
The pre-stressed ground anchors is simulated consid-
ering different pre-stressing forces to assess its effect 
on the settlement profile near deep excavation. The 
anchors are placed at spacing 2 m horizontally. The 
parameters of the pre-stressed ground anchor are 
summarized in table 5. 
 
Table 5. Pre-stressed ground anchor parameters 

No. of 
strands 

Free 
length (m) 

Grouted 
length (m) 

Angle to HZ.  
(degrees) 

EA 
(kN/m) 

5 9 9 30 7.00E04 

3.4 The soil nailing 

The nails are simulated as a plate element. The plate 
structural elements are rectangular in shape with 
width equal to 1 m in out-of-plane direction. Since, 
the soil nails are circular in cross-section and placed 
at designed horizontal spacing, it is necessary to de-
termine equivalent axial and bending stiffness’s for 
the correct simulation of circular soil nails as rectan-
gular plate structural elements. For the grouted nails, 
equivalent modulus of elasticity Eeq shall be deter-
mined accounting for the contribution of elastic stiff-
ness’s of both grout cover as well as reinforcement 
bar (Vikas 2010). Nail lengths ranging from 60% to 
100% of the retained height is considered in the anal-
ysis. Table 6 shows the proposed configuration for the 
nailing system. Table 7 shows the calculated parame-
ters for nails simulation. 
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Table 6. Proposed configuration for the nailing system 
E nail 
(kPa) 

E grout 
(kPa) 

Dia. nail 
(mm) 

Dia. Hole 
(mm) 

Hz spacing 
(m) 

2.00E+08 2.20E+07 20 100 1 

 
Table 7. The calculated parameters for nails simulation. 

Area 
hole 
(cm2) 

Area 
nail 

(cm2) 

Area 
grout 
(cm2) 

E equ. 
(kPa) 

EA 
(kN/m) 

EI 
(kN.m2/m) 

78.5 3.14 75.36 2.912E07 228592 142.87 

 
 

4 MODEL RESULTS 
 
Four different models are considered as shown below 
in Figures 1, 3, 9 and 14. The models and the analysis 
results shall be discussed as follows. 

4.1 The cantilever system 

 
Figure 1. Cantilever model configuration 

 
Cantilever system is considered in the study for exca-
vation 8 m high with 6 m embedment for the wall. 
Relation is plotted between the normalized maximum 
settlement near the wall (Sv/H) and the normalized 
stiffness of the wall (EI/PaH4). The results of this re-
lation considering both Mohr-coulomb model and 
hardening soil model are shown in Figure 2. 

 
Figure 2. Relation between normalized maximum settlement and 
normalized wall stiffness for cantilever walls 

 
The above relations show that the value of maximum 
settlements in case of cantilever walls decreases sig-
nificantly, for both soil models, until normalized stiff-
ness value (EI/PaH4) equals 1 (at H = 8.0 m), which 
corresponds D-Wall 0.60 m thickness. For higher 

stiffness values of walls, the effect on the maximum 
settlement is almost insignificant. 

4.2 The strutted system 

 
Figure 3. Strutted model configuration 

 
The strutted system is considered in the study for ex-
cavation 14 m high with 8 m embedment for the wall. 
The strut is considered at depth 2 m in the study. The 
analysis considers both high and low inertia walls, 
which are sheet pile wall PU-18 and D-wall 1.0 m 
thickness. Figures 4 and 5 show settlement profile for 
strutted sheet pile wall PU-18 and D-wall 1.0m thick-
ness respectively using the different struts types in 
case of Mohr-coulomb soil model. 
 

 
Figure 4. Settlement profile for strutted wall PU-18 considering 
Mohr-coulomb model 

 

 
Figure 5. Settlement profile for strutted wall D-wall 1.0m thick-
ness considering Mohr-coulomb model 

 
Hardening soil model is also considered for strutted 
walls. Figures 6 and 7 show the settlement profile for 
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strutted wall PU-18 and D-wall 1.0m thickness re-
spectively using the different struts types in case of 
Hardening soil model. 
 

 
Figure 6. Settlement profile for strutted wall PU-18 considering 
Hardening soil model 

 

 
Figure 7. Settlement profile for strutted D-wall 1.0m thickness 
considering Hardening soil model 

 
The above figures indicate slight changes in the val-
ues of the settlement profile near the deep excavation 
using different struts for the low inertia wall PU-18 
and high inertia wall D-wall 1.0 m thickness (most 
profiles almost coincide). 

The above figures for the strutted walls also show 
the effect of the wall stiffness on the settlement pro-
file. In case of the Mohr coulomb model, the maxi-
mum value of settlement in case of the low inertia 
wall PU-18 is more than 10 times the maximum value 
of settlement in case of high inertia wall D-wall 1.0m 
thickness. Also, for the hardening soil model, the 
maximum value of settlement in case of the low iner-
tia wall PU-18 is almost 8 times the maximum value 
of settlement in case of high inertia wall D-wall 1.0m 
thickness. This means that the inertia of the wall has 
the main considerable effect on the settlement profile 
near the deep excavation in case of strutted walls. Re-
lation is plotted between the normalized maximum 
settlement near the strutted wall (Sv/H) and the nor-
malized stiffness of the wall (EI/PaH4). This relation 
can be summarized as per Figure 8 for both Mohr cou-
lomb model and hardening soil model respectively 
considering strut 2. 

 

 
 

 
Figure 8. Relation between normalized maximum settlement and 
normalized wall stiffness for strutted walls 

 
The above figure shows that the value of maximum 
settlements in case of strutted walls decreases signif-
icantly, for both soil models, until normalized stiff-
ness value (EI/PaH4) equals 0.1 (at H = 14.0 m), which 
corresponds D-Wall 0.60 m thickness. For higher 
stiffness values of walls, the effect on the maximum 
settlement is almost insignificant. 

4.3 The anchored system 

 
Figure 9. Anchored model configuration 

 
The anchored system is considered in the study for 
excavation 14 m high with 8 m embedment for the 
wall. The anchor is considered at depth 2 m in the 
study. The analysis considers different pre-stressing 
forces for both high and low inertia walls, which are 
sheet pile wall PU-18 and diaphragm wall 1.0 m 
thickness. Figures 10 and 11 show settlement profile 
for anchored sheet pile wall PU-18 and diaphragm 
wall 1.0m thickness, respectively using different pre-
stressing forces in case of Mohr-coulomb model. 

 

 
Figure 10. Settlement profile for anchored wall PU-18 consider-
ing Mohr-coulomb model 
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Figure 11. Settlement profile for anchored D-wall 1.0m thick-
ness considering Mohr-coulomb model 

 
Hardening soil model is also considered for anchored 
walls. Figures 12 and 13 show the settlement profile 
for anchored wall PU-18 and D-wall 1.0m thickness 
respectively using different pre-stressing forces. 

 

 
Figure 12. Settlement profile for anchored wall PU-18 consider-
ing hardening soil model 

 

 
Figure 13. Settlement profile for anchored D-wall 1.0m thick-
ness considering Hardening soil model 

 
The above figures for the anchored walls shows the 
effect of the pre-stressing force on the settlement pro-
file. The behaviour of the settlement profile for both 
low and high inertia walls is not the same. For the D-
wall 1.0m thickness, the settlement profile decreases 
significantly until pre-stressing force ratio about 90%. 
Higher pre-stressing forces slightly affects the settle-
ment profile. For PU-18, the settlement profile con-
tinues to decrease significantly for higher ranges of 
pre-stressing forces. 

The above figures for the anchored walls also 
show the effect of the pre-stressing force ratio on the 
anchor final force. For D-wall 1.0m thickness with 
pre-stressing force ratios below 90%, the anchor final 
force is slightly affected by the value of the pre-stress-
ing forces. For pre-stressing force ratios above 90%, 
the value of the anchor final force is highly affected 

by the value of the pre-stressing force. For PU-18, the 
anchor final force is slightly affected by the pre-
stressing forces until higher pre-stressing ranges. 

Indeed the pre-stressing forces of the anchors have 
clear and significant implications on the anchor final 
forces and/or the settlement profile. In other words, 
the high contribution of the pre-stressing force on the 
settlement profile is associated with slight effect on 
the anchors final forces, while high contribution of 
pre-stressing force on the anchor final force is associ-
ated with slight effect on the settlement profile. 

4.4 The nailed system 

 
Figure 14. Nailed model configuration 

 
The nailed system is considered in the study for exca-
vation 14 m high with 8 m embedment for the wall. 
Six nails are considered at depths 2, 4, 6, 8, 10 and 
12 m. The analysis shall consider different nail 
lengths for both high and low inertia walls, which are 
sheet pile wall PU-18 and diaphragm wall 1.0m thick-
ness. Figures 15 and 16 show settlement profile for 
nailed sheet pile wall PU-18 and diaphragm wall 
1.0m thickness, respectively using different nail 
lengths in case of Mohr-coulomb soil model. 

 
Figure 15. Settlement profile for nailed wall PU-18 considering 
Mohr coulomb model 

 
Figure 16. Settlement profile for nailed D-Wall 1.0 m thickness 
considering Mohr coulomb model 
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Hardening soil model is also considered for nailed 
walls. Figures 17 and 18 show the settlement profile 
for nailed walls PU-18 and D-wall 1.0m thickness, re-
spectively using different nails lengths. 
 

 
Figure 17. Settlement profile for nailed wall PU-18 considering 
Hardening soil model 

 

 
Figure 18. Settlement profile for nailed D-Wall 1.0m thickness 
considering Hardening soil model 

 
The above figures for the nailed walls show the effect 
of the nail length on the settlement profile. According 
to the Mohr coulomb model, the settlement profile is 
almost constant at nail length higher than 70 % of the 
retained height (profiles almost coincides). For the 
hardening soil model, the settlement profile is almost 
constant at nail length higher than 85 % of the re-
tained height. It worth to mention that in case of the 
nailed walls, the settlement profile is slightly affected 
by the inertia of the wall. 

 

 
5 CONCLUSIONS 

 

This study provides a finite element study for cantile-

ver walls, strutted walls, anchored walls and nailed 

walls. The study considers different factors for these 

systems. These systems yield to accepted safety fac-

tors and straining actions. The study provides com-

parison of the use of MC model and HS model. The 

study considers dry dense sand layer. The conclusions 

can be summarized as follows: 
- For the cantilever walls with excavation depth 8 m, 

the maximum value of settlement decreases signif-
icantly until normalized stiffness value (EI/PaH4) 

equals 1 (at H = 8.0 m), which corresponds D-Wall 
0.60 m thickness. 

- For strutted walls with excavation depth 14 m, the 
settlement profile shows slight change using dif-
ferent struts with variable normal stiffness. The 
wall inertia affects significantly the settlement pro-
file, the maximum value of settlement decreases 
significantly until normalized stiffness value 
(EI/PaH4) equals 0.1 (at H = 14.0 m), which corre-
sponds D-Wall 0.60 m thickness. 

- For anchored walls with excavation depth 14 m, 
the settlement profile in case of D-wall 1.0 m 
thickness decreases significantly until pre-stress-
ing forces about 90 %, higher pre-stressing forces 
have slight effect on the settlement profile, in case 
of PU-18, the settlement profile shows significant 
change until higher ranges of pre-stressing forces. 

- For nailed walls with excavation 14 m, the settle-
ment profile decreases significantly until nail 
length 70 % to 85 % of the retained height. Higher 
nail lengths show insignificant effect on the settle-
ment profile. The wall stiffness has insignificant 
effect on the settlement profile of the nailed walls. 

The above study and conclusions consider specific 

conditions in terms of soil stratigraphy, excavation 

depth, as well as global safety factors. These conclu-

sions may differ in case of different conditions for the 

study. Further study may be required to study the ef-

fect of these different conditions on the above conclu-

sions. 
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