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Abstract
Long sheet pile walls are constructed in the cities as an integrated part of deep excavations for
e.g. parking lots, pumping stations, reservoirs, and cut and cover tunnels. To minimise costs,
the strength of the soil needs to be determined in the best possible way. The drained strength
of clay expressed by c and ϕ  is often estimated as c10% = 10% · cu , and found by estimations
based on the soil describtion, respectively. However, due to possible slicken slides and tension
cracks, c = 0 is used on the back side of the sheet pile wall. This reduces the strength
signiﬁcantly. A parametric study is made on the effective cohesion to investigate the inﬂuence
of c when designing sheet pile walls. Aalborg Clay is used as a case material. The parametric
study is made in both a commercial ﬁnite element program and by use of Brinch Hansen’s
earth pressure theory. In both studies, the analyses are made based on soil pressures only. The
ﬁnite element analyses show that the safety factors increase with increasing cohesion. The
safety factor is deﬁned as the ratio of the surface load applied on the back side to the surface
load applied at failure. Brinch Hansen’s earth pressure theory indicates that the height, anchor
force, and the maximum bending moment in the wall can be lowered signiﬁcantly when the
effective cohesion is increased above zero. However, as the cohesion increases, the drop in
the moment levels off, which implies that the beneﬁt obtained from investigations increasing
the cohesion more than c10% is small.

1

Introduction

Sheet pile walls are generally used in quay
constructions and temporary work applications. In the later years, an increasing number of underground constructions have been
established in the cities. The depth of the excavation is increasing, which causes problems
for the engineers; they need to design increasingly longer retaining walls to make deep excavations possible. 1 2 3
When designing sheet pile walls in clay,

both the short and long-term condition must
be considered. In the long-term condition,
the undrained strength of the clay is applied.
The undrained strength is normally estimated
from the insitu vane test conducted together
with the normal site investigation.
The short-term condition is investigated
by applying a drained strength to the soil,
which for clay generally implies an effective
internal angle of friction ϕ  and an effective
cohesion c . These parameters can be found
by a triaxial test. However, these tests are
both time consuming and expensive.

1 Graduate Student, Dept.

of Civil Engineering, Aalborg University, Denmark.
2 Assistant Professor, M.Sc., Dept. of Civil Engineering, Aalborg University, Denmark.
3 Specialist in Geotechnical Engineering, Ph.D.,
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To overcome this, the drained strength parameters are often estimated. The effective
cohesion is generally found as c10% = 10% ·
cu , while ϕ  is estimated from the soil description.
1
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The soil might have slicken slides or
be ﬁssured due to tension in the soil, and
these characteristics will reduce the soil
strength. These tension cracks will especially
be present on the back side of a sheet pile
wall. Normal Danish practice is to let the
effective cohesion be zero on the back side,
from surface level to excavation level. Here,
excavation level is the level to which the soil
is removed on the front side of the sheet pile
wall.
The effective cohesion is normally set as
zero on the back side of the wall for design
purpose of all sheet pile walls, independent
on the depth of the tension cracks. The purpose of this paper is to investigate the beneﬁts
obtained if an effective cohesion of c10% is applied on the back side of the wall. Further, it
is tried to evaluate the beneﬁts obtained if cohesions larger than c10% are applied.
As a case study, sheet pile walls in Aalborg
Clay are investigated. The strength of Aalborg Clay is deﬁned by Iversen et al. (2010),
and the results concerning constants value of
ck = 13kPa, ϕk = 28.1o and cuk = 100.8kPa
are used. The drained strength is found by
use of the MIT-plot (Lade, 2003), for which
reason this material is referred to as the MITmaterial.
The depth of a tension crack is calculated
in the drained state to 4.3m (Dansk Ingeniørforening, 1984). The case study considers
both a free and an anchored wall. The excavation level is 5m for the free wall and 12m
for the anchored wall. Using c = 0 on the
back side to excavation level due to tension
cracks is a very conservative estimate for the
anchored sheet pile wall.
Two cases of sheet pile walls are investigated (i) one where the soil surrounding
the wall is deﬁned as a homogeneous, nonlayered soil and (ii) one where the drained
shear strength is set equal to zero on the back
side of the wall from the surface to excavation level. Both these cases are investigated
for a free and an anchored wall, which give
four cases in total. All cases are investigated
2

for soil pressures only, as the models are constructed with no difference in water pressure
between the front and the back side of the
sheet pile wall.

2

Numerical Model

The numerical analyses are made by use of
the commercial FEM program P LAXIS v.
9.02 (P LAXIS b.v., 2010). The models are
all based on a similar geometrical model.
The overall geometry can be seen in Fig. 1.
The horizontal and vertical dimensions of the
model are 45m and 40m, respectively.
The dimensions of the model are chosen
so that the failure mechanism for the sheet
pile wall will be unaffected by any boundaries. Furthermore, the horizontal width is
chosen so that the extension of the surface
load behind the sheet pile wall can be considered inﬁnite. The vertical width is chosen so
it is possible to maintain the overall geometry
even for long sheet pile walls.
Standard ﬁxities are applied to the boundaries of the model. According to Brinkgreve
(2008) this implies ux = 0 for geometry lines
with the lowest and highest x-value and ux =
uy = 0 for the geometry line with the lowest
y-value.
The model is constructed as a plane strain
model. The acceleration in the y-direction is
set to 9.8m/s2 , i.e. normal gravity is used.
The mesh is constructed by 15-node triangular elements. The global coarseness of the
mesh is chosen to "medium" in all models,
which is shown to be sufﬁcient in an analysis of convergence. Furthermore, the mesh
around the sheet pile wall is reﬁned once.
These settings of the mesh provides between
316 and 431 elements. The model containing most elements is the anchored sheet pile
wall with c = 0 on the back side to excavation level. Fewest elements are found in the
non-layered model of a free sheet pile wall.
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Plaxis models for the parametric analyses on the free and the anchored sheet pile wall,

The ground water level is placed in level
with the surface before excavation on the
front and back side. This placement is kept
after excavation, and in this way the analyses
are made only regarding the soil pressure and
do not include any difference in water pressure or gradients due to ground water ﬂow.
The sheet pile wall is modelled to be very
stiff compared to the soil material. In this
way, failure does not occur due to large deformations of e.g. the top of the wall. The
properties for the sheet pile wall can be seen
in Tab. 1. To avoid reduction of the normal
stiffness, Poisson’s ratio is set equal to zero
(Brinkgreve, 2008).
Table 1: Input parameters for the sheet pile wall.
Type of material
Normal stiffness
Flexural rigidity
Equivalent thickness
Weight
Poisson’s ratio

Elastic
7.5 · 106 kN/m
1.0 · 106 kNm2 /m
1.265m
10kN/m/m
0

To model the soil-to-wall interaction, interfaces are placed around the wall. To
avoid any high peaks in stresses and strains,
the interface is extended 1m below the wall
(Brinkgreve, 2008). Generally, the interface
is assigned the same properties as the surrounding soil layers, where the reduction factor for the strength of the interface Rinter is
set to 0.67. However, the strength of the extended part should not be reduced due to a
manual setting for Rinter , and a special ma-

terial is assigned to the extension. The settings correspond to the surrounding soil material but with Rinter set as rigid.
Two different soil materials are deﬁned:
one corresponding to the strength found by
Iversen et al. (2010) (MIT-material) and one
calibrated to a load-displacement curve from
a triaxial test on Aalborg Clay, using the "soiltest"-modulus in P LAXIS. A triaxial test from
the Friis project, described by Iversen et al.
(2010), is used to calibrate the material settings.
Both the stiffness, the unit weight, and
the permeability are of minor importance as
the analyses are made with respect to failure
only and do not include ground water ﬂow.
For the MIT-material, all these parameters are
estimated. For the calibrated material only
the unit weight and the permeability are estimated as the stiffness is calibrated to be E50 ,
according to the triaxial load-displacement
curve. The deﬁned materials can be seen in
Tab. 2. The materials deﬁned in this table are
referred to as the original materials.
In addition to these materials, two materials are deﬁned as cohesionless. Both materials are based on those described in Tab. 2 and
only the cohesion is changed to c = 0.2kPa
as it is recommended not to use c = 0 in
P LAXIS (Brinkgreve, 2008). However, using
c = 0.2kPa still leads to the cohesion being
much smaller and close to zero compared to
the other materials, and it is therefore fair to
3
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Table 2:

Input parameters for the soil material.

MIT-material Calibrated material
Model type Mohr-Coulomb Mohr-Coulomb
Behaviour
Drained
Drained
γunsat [kN/m3 ] 17
17
20
γsat [kN/m3 ] 20
kx [m/day]
0.001
0.001
ky [m/day]
0.001
0.001
Ere f [kPa]
20000
28000
ν [−]
0.3
0.3
c [kPa]
13
9
ϕ  [o ]
28.1
28.7
ψ [o ]
0
0
Rinter [−]
0.67
0.67

consider these materials to be cohesionless.
The anchor is modelled as an inclined soil
anchor with an inclination of 32o with horizontal. The free and the ﬁxed length is 9.4m
and 5.8m, respectively. The free part is modelled as an elastic anchor rod with a Young’s
modulus of 2 · 105 kN. The ﬁxed part is modelled as a geogrid with a Young’s modulus
of 1 · 105 kN. The anchor is pre-stressed to
200kN/m. In this way, failure will be due to
insufﬁcient soil strength and not due to large
deformations of the top of the sheet pile wall.
The calculation is deﬁned as staged construction phases succeeded by safety calculations. The staged construction is made to
match a true excavation process; the surface
load is applied and the sheet pile wall is installed. Hereafter the layers are removed from
top towards the bottom. In the anchored
model, the anchor is placed and pre-stressed
in the stage after the ﬁrst layer is removed, cf.
Fig. 1.
Two safety calculations are applied. The
ﬁrst SFϕ−c calculates the safety as the strength
in the soil to the critical strength at failure, i.e.
a reduction of both ϕ  and c is introduced.
The second SFMload deﬁnes the safety factor
as the working load to the failure load, i.e.
the surface load is increased and involves no
change in the strength parameters. Increasing
the surface load is done by the ∑ Mload function in P LAXIS.
Before using the ∑ Mload function it is
4

tested for the following: (i) failure (magnitude of the failure load and the shape of
the failure mechanism) must match what can
manually be obtained by increasing the surface load, (ii) SFMload must converge towards
results obtained for the ϕ-c reduction, and the
curve must be smooth, i.e. lower safety factors must be obtained for higher values of the
input load, and (iii) the results must be considered independent of the input parameters
for the ∑ Mload -function.
For a free sheet pile wall, safety factors
obtained by the ΣMload -function give smooth
convergence curves. The failure load is
only vaguely dependent on the input values,
when the input value varies from 5 − 20kN/m
higher than the reached value. For higher input values, the reached value differs.
For an anchored sheet pile wall it is observed that the ΣMload function is more stable compared to the free sheet pile wall. For
the free walls, collapse of the soil body is observed to occur due to deformations in the top
of the wall. This is prevented in the anchored
models where the anchor minimises the deformations in the top of the wall. A thesis is
that collapse of the soil body due to this occurs in a more distinct way, compared to the
free wall. However, this thesis has not been
proved.
The failure loads calculated as qinput ·
∑ Mload are found to be constant for varying
input of the surface load. Only for one value
of the input load, the failure load is found to
be remarkably low. No explanation is found
for this outcome. Further, the failure load is
less dependent on the input load compared to
the free sheet pile wall.

Table 3:

Overview of the eight models.

MIT-material
Calibrated material
Free wall
MIT-material

c =0
Calibrated material
MIT-material
Non-layered
Calibrated material
Anchored wall
MIT-material

c =0
Calibrated material
Non-layered
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Eight models are investigated in total, cf.
Tab. 3, with the geometry as seen in Fig. 1
and the material settings as seen in Tab. 2.

3

Results

The "Parametric Variation"-function described by Brinkgreve (2008) is used to
conduct the parametric analyses of the effective cohesion. First, the length of a sheet pile
wall in the given soil conditions is found by
means of S POOKS (GEO, 2010). Hereafter
the FEM-model is constructed with the given
height of the wall. However, to be able to
compare the results, one length is chosen for
each model type.
When the geometry of the model is made,
the stability is veriﬁed for each model as described for the ∑ Mload -function, cf. Section
2. Generally, all models show stability towards the total multiplier function. However,
the free sheet pile wall is somewhat less stable, especially for the models concerning the
calibrated material, where the progress of the
calibration curve is found to be different and
the results are found to depend on the input
value to ∑ Mload .
In this analysis P LAXIS is previously
found to be unstable, when calculations are
performed on constructions far from failure.
The input for the surface load is therefore

chosen so that SFϕ−c ≈ 1.2, which according to EN1997-1 DK NA:2008 is the partial coefﬁcient introduced for drained soil
strength (European Committee for Standardization, 2008). To ease the comparison of
the results, the models could have been built
with matching surface load, but this might
cause problems when conducting the parametric analysis as some constructions would
be far from failure.
A brief review of the results can be seen in
Tab. 4. Generally, it is found that the MIT material provides a safer construction, as more
surface load can be applied to obtain the same
SFϕ−c . This can be explained by the difference in strength parameters, where the MITmaterial has a 30% higher cohesion but only
a 2% lower internal angle of friction. Furthermore, it is found that the non-layered case has
a higher safety factor compared to the case
with c = 0 on the back side to excavation
level.
The parametric analysis is conducted for
the eight models, cf. Tab. 3. First results
are presented for the free sheet pile wall, cf.
Fig. 2. The results obtained by the ∑ Mload function are used to see the variation of the
safety factor with increasing effective cohesion within each model, and for all four models SFMload is found to increase linearly with
increasing cohesion.
Some deviation from the linear variation
is found for the models with c = 0 to excavation level, when the cohesion is raised to 10 −

Table 4: Results from the parametric analysis.

4.0
3.5
3.0

SFMload []

MIT Calibrated
Free (non-layered)
q[kN/m3 ] 45
30
SFϕ−c
1.2025 1.1971
h = 8m
SFMload 1.5939 1.4296
Free (c = 0)
q[kN/m3 ] 35
27
SFϕ−c
1.2049 1.2037
h = 9.5m
SFMload 1.7837 1.7254
Anchored (non-layered) q[kN/m3 ] 21
10
SFϕ−c
1.2016 1.1905
h = 15m
SFMload 3.3724 7.3102
Anchored (c = 0)
q[kN/m3 ] 10
10
SFϕ−c
1.1722 1.1069
h = 15m
SFMload 6.9482 4.3316

2.5
2.0
1.5
1.0
0.5
05
0.0
0

5

10

15

20

25

Cohesion,c'[kPa]
MITc'=0

Calibratedc'=0

MITnonlayered

Calibratednonlayered

Figure 2: Parametric analysis for the free sheet pile

wall. The vertical lines indicate the area in which
the two models with c = 0 on the back side provides
deviating results.
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20kPa, marked with black lines in the ﬁgure.
In the parametric analysis, the cohesion is increased far above this value, and the overall
conclusion is a linear variation. The results
from this analysis are not illustrated. The deviation for cohesions around 10 − 20kPa cannot be explained, and it is assumed that a
numerical ill-condition occurs here. Furthermore, these two models were found to be dependent on the input for ∑ Mload , which might
explain some of the deviation.

SFMc
Mc []

To compare the safety factors of the models, the parametric analysis is conducted with
SFϕ−c , cf. Fig. 3. There is a linear dependency with increasing cohesion but the function also reduces ϕ  and the inﬂuence of increasing the cohesion cannot be found from
this ﬁgure only.
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
4

2

0

2

4

6

8

10

Calibratedc'=0

MITnonlayered

Calibratednonlayered

Figure 3: Parametric analysis for the free sheet pile

wall.

The cohesions for the two deﬁned materials are different. To be able to compare the
results from the non-layered case, it is necessary to create an equal reference. This is
done by subtracting the deﬁned cohesion, cf.
Tab. 2, from the cohesion used in the model.
This implies that 0 on the abscissa refers to
the cohesions deﬁned for the original models.
1 refers to the deﬁned cohesion plus one, i.e.
10kPa and 14kPa for the calibrated and MITmaterial, respectively, and so on.
In the non-layered case, the MIT-material
is found to have a larger safety factor for the
original material settings. This can be explained by the difference in effective cohesion
having a larger effect on the ratio than the corresponding difference in internal angle of friction. As the effective cohesion is increased for
6

In the case with c = 0 on the back side to
excavation level, the safety factors for the two
models are more or less the same. However,
when the cohesion in the layer above excavation level on the back side is increased to values above 6kPa, the calibrated material provides the largest SFϕ−c . It is not possible to
compare the non-layered case to the case with
c = 0 on the back side to excavation level
as the models are constructed with a different
height of the wall.
The inﬂuence on the maximum bending
moment and height of an increasing cohesion is investigated by use of S POOKS (GEO,
2010), cf. Fig. 4 and 5. Generally, the height
is found to decrease linearly with an increasing cohesion, and the maximum bending moment is found to decrease with a polynomial.

12

Cohesion,c'[kPa]
MITc'=0

both models, the relative difference between
the cohesions is decreased, and the difference
in the internal angle of friction is of greater inﬂuence. When the effective cohesion in both
models is increased with more than 2kPa, the
calibrated material provides the largest SFϕ−c .

Normal Danish practice is to estimate the
effective cohesion as 10% of the undrained
shear strength. The undrained shear strength
is found by Iversen et al. (2010) as an average
to cu,k = 100.8kPa, and c10%,k is calculated
to be 10.1kPa. Introducing the partial coefﬁcient for the drained shear strength reduces
the value to c10%,d = 8.4kPa. This strength is
marked with a vertical black line in the ﬁgures. Furthermore, this value corresponds approximately to the cohesions found for both
the MIT- and the calibrated material.
Applying an effective strength on the back
side of the sheet pile wall of c10%,d instead
of 0kPa implies a reduction in the maximum
bending moment. In the studied case where
Aalborg Clay is used, the reduction on the
moment is approximately 83% for the nonlayered case and 74% for the case with c =
0 on the back side to excavation level, cf.
Tab. 5. The case study shows that the height
can be reduced with 20% and 35% for the
case with c = 0 on the back side to excavation

Height,h[m]
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Figure 4: Parametric analysis of the height for the free sheet pile wall. The vertical black line indicates c10%,d .
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Figure 5: Parametric analysis of the maximum bending moment for a free sheet pile wall. The vertical black

line indicates c10%,d .

14.0

level and the non-layered case, respectively.

The corresponding analyses are made for
an anchored sheet pile wall. The anchor is
pre-stressed to 200kN/m. The ﬁrst parametric
analysis is made with SFMload , cf. Fig. 6. This
analysis shows a linear variation of SFMload
with the cohesion as found for the free sheet
pile wall.

SFMload []

10.0
8.0
6.0
4.0
2.0
20
0.0
0

MITc'=0

SFϕ−c obtained for the two materials are
equal in the case with c = 0 on the back side

10

15

20

Calibratedc'=0

MITnonlayered

Calibratednonlayered

Figure 6: Parametric analysis on SFMload for the free
sheet pile wall.
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
5

For comparison of the two materials, the
analysis is made with SFϕ−c , cf. Fig. 7. As
for the free sheet pile wall, the abscissa is
changed for the non-layered case, and 0 refers
to the reference cohesion deﬁned by Iversen
et al. (2010). Furthermore, SFϕ−c is adjusted
to 1.2 for the original material settings.

5

Cohesion,c'[kPa]

SFMc
Mc []

The maximum bending moment is also
calculated by means of P LAXIS, applying the
height found by S POOKS for the corresponding cohesion to each model. The bending
moments are generally found to be smaller
compared to those found by S POOKS, but the
tendency with a polynomial decrease in the
bending moment is the same.

12.0

0

5

10

15

Cohesion,c'[kPa]
MITc'=0

Calibratedc'=0

MITnonlayered

Calibratednonlayered

Figure 7: Parametric analysis on SFϕ−c for the free
sheet pile wall.

to excavation level. This indicates that the
magnitude of the cohesion in the layers below excavation level is of minor importance
for SFϕ−c of anchored sheet pile walls.
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Table 5: Results from the parametric analysis in Spooks. Aalborg Clay is used as a case material, and the
results only reect the decrease found for this material. The dierence indicates how much the maximum
bending moment, height, and anchor force can be lowered if an eective cohesion of c10% is applied on the
back side compared to using c = 0.
Non-layered
Free wall

c = 0
Non-layered

Anchored wall
c = 0

Anchorforce[kN/m]

Difference
83%
35%
74%
20%
67%
14%
29%
57%
5%
21%

Maximum bending moment
Height
Maximum bending moment
Height
Maximum bending moment
Height
Anchor force
Maximum bending moment
Height
Anchor force

300
250
200
150
100
50
0
0

2

4

6

8

10

12

14

16

18

20

Cohesion,c'[kPa]
MITnonlayered

Calibratednonlayered

MITc'=0

Calibratedc'=0

Figure 8: Parametric analysis of the anchor force for an anchored sheet pile wall. The vertical black line
indicates c10%,d .

A small difference is found in the case
with non-layered soil where the MIT-material
is found to provide a larger safety factor for
cohesions equal to or lower than the reference
cohesion. For cohesions higher than the reference cohesion, the calibrated material provides the largest SFϕ−c . As for the free sheet
pile wall, this difference can be explained by
the relative difference between the effective
cohesions decreasing as the cohesions are increased. This makes the internal angle of friction more important for the strength.
The practical meaning of an increased cohesion is investigated by S POOKS for the anchor force, maximum bending moment and
height, cf. Fig. 8, 9, and 10, respectively. The
vertical black line indicates c10%,d = 8.4kPa.
In S POOKS several failure mechanisms can
be chosen. Here, the failure mechanism
corresponding to one yield hinge is chosen
(Ovesen et al., 2007).
The effect of the increased cohesion is
8

found to be largest for the maximum bending moment when the cohesion is increased
from zero. The case study using Aalborg Clay
shows that applying an effective cohesion of
c10% = 8.4kPa lowers the maximum bending
moment with 57% and 67% for the case with
c = 0 on back side and non-layered case, respectively, cf. Tab. 5. For the anchor force
the reduction is found to 21 − 30%, lowest for
the case with c = 0 on the back side to excavation level. The height can be reduced by
5 − 14%, lowest for the case with c = 0 on
the back side to excavation level.
The maximum bending moment in the
sheet pile wall in Aalborg Clay is also found
by means of P LAXIS. The model is constructed with the height found by S POOKS for
the corresponding cohesion. The progress of
the maximum bending moment with increasing cohesion is still found to be polynomial,
however, with a much smaller curvature, and
the beneﬁt of increasing the cohesion is not as
pronounced as found by means of S POOKS.
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Figure 9: Parametric analysis of the maximum bending moment for an anchored sheet pile wall. The vertical

black line indicates c10%,d .
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Figure 10: Parametric analysis of the height for an anchored sheet pile wall. The vertical black line indicates
c10%,d .

4

Discussion of Results

The case study shows that the safety factors,
deﬁned as the surface load to the critical surface load, increase linearly when the effective
cohesion is increased, both for free and anchored sheet pile walls, and both for layered
and non-layered stratiﬁcations. The analysis
is only conducted for cohesions near the cohesion for the original model, i.e. 9kPa and
13kPa for the non-layered models, and cohesions between 0kPa and 15kPa in the case
with c = 0 on the back side to excavation
level. This approach is chosen as P LAXIS
previously in these analyses has shown to be
unstable in evaluation of the safety factor for
constructions far from failure.
In one case (free sheet pile wall with c = 0
on the back side to excavation level) the cohesion is increased from zero to 80kPa in the
parametric analysis on SFMload . This analysis
shows linear variation between the safety factor and the cohesion in the entire interval, indicating that the linear variation applies even
when the cohesion is increased high above the
material settings for the original model.

The linear variation indicates that SFMload
of a structure will increase with increasing cohesion.
SFϕ−c calculated for the two different materials are approximately the same. However,
for cohesions decreased below the reference
value, the MIT-material has a higher SFϕ−c as
a higher effective cohesion provides a larger
effect on SFϕ−c compared to difference in the
internal angle of friction. When the cohesion is increased above the reference value,
the calibrated material provides a larger safety
factor as the cohesion is of minor importance
for SFϕ−c and a larger internal angle of friction provides a stronger material.
The difference between the internal angles
of friction for the two materials are calculated
to 2.1%, and the MIT-material has the lowest
internal angle of friction. To counterbalance
the difference in the internal angle of friction,
the cohesion must be 27 − 30% higher to obtain the same safety factor. For differences in
the cohesion higher than 27 − 30%, the MITmaterial has the largest SFϕ−c , while the calibrated material has a larger SFϕ−c for lower
differences.
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Furthermore, analyses in S POOKS show
that the height decreases linearly with increasing effective cohesion. For both a free
and an anchored wall, the maximum bending
moment decreases with a polynomial. This
implies that the drop in maximum bending
moment is largest when the cohesion is raised
from zero to c10% . Hereafter, the decrease is
not distinct. For an anchored sheet pile wall
the anchor force also decreases as a polynomial.
Seen from a ﬁnancial perspective, large
savings can be made by investigating whether
an effective cohesion of c10% can be applied
instead of choosing the conservative value
and use c = 0kPa on the back side of the wall
to excavation level. This could for instance
be the case if the depth of tension cracks was
investigated further, and c = 0kPa only was
applied on the part where these tension cracks
were present. However, precision adjustment
of 1 − 2kPa of effective cohesions above c10%
is of minor importance for the cost of a sheet
pile wall as neither the height, the maximum
bending moment, nor the anchor force can be
lowered particularly.

5

Conclusions

For the models with c = 0 on the back side
of the wall, equal values of SFϕ−c are obtained for the two materials both for a free
and an anchored sheet pile wall. Comparing SFϕ−c calculated for the non-layered case
shows that the MIT-material provides a higher
safety factor in the original deﬁnition. Decreasing the cohesion for both materials still
provides the highest safety factor for the MITmaterial, while an increase in the cohesion for
both materials will provide higher safety factors for the calibrated material.
The difference between the internal angles of friction is 2.1%, which for the MITmaterial must be counterbalanced by a 27 −
30% larger cohesion to keep the MIT-material
with the largest SFϕ−c .
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The parametric analyses on free and anchored sheet pile walls show that the safety
factor increases linearly with increasing cohesion for both material deﬁnitions. This linear
variation is generally found by varying the cohesion around the original cohesion, i.e. from
0kPa to 20kPa. However, in one analysis the
cohesion is increased up to 80kPa, showing
linear variation in the entire interval.
The practical meaning of increased effective cohesion is investigated by means of
S POOKS, and it is found that the height of
sheet pile walls decreases linearly with increasing cohesion, while both the maximum
bending moment and the anchor force for anchored walls decrease with a polynomial. The
decrease is found to be the largest for small
effective cohesions, and the maximum bending moment can be decreased by up to 84%
if the cohesion is raised from 0kPa to c10% .
However, for cohesions larger than c10% the
beneﬁt in lowering the height, bending moment, or anchor force from adjusting the cohesion is smaller. Effort should not be put into
smaller adjustments of the cohesion if it is already found to be larger than 10% of cu .
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