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1 INTRODUCTION

Numerical methods have gained increasing impor-
tance in the geotechnical profession and are widely
used for solving problems in practical engineering.
Traditionally the main emphasis of numerical analy-
sis has been on calculating displacements and stresses
in the ground and internal forces in structural ele-
ments. However, more recently numerical methods
are also employed to assess the ultimate limit state of
a geotechnical structure. Although in principle possi-
ble there are a number of issues which have to be 
considered when performing an ULS-analysis with
numerical methods such as the finite element method
or the finite difference method. For example type of
element used and discretisation are more important
than in serviceability analysis (SLS) and of course the
question arises how to introduce partial or global fac-
tors of safety in correspondence with existing codes
of practice and relevant standards, the requirements
of which have to be fulfilled in an approved design.

The latter is of particular importance in Europe
when the EC7, which introduces the concept of par-
tial factors of safety, will come into operation in the
near future. In EC7 various design approaches have
been identified. They differ in the way the partial fac-
tors of safety are applied to soil strength, resistance
and different types of loads (actions). It seems that,
although numerical methods are mentioned in EC7 as

a possible design tool, not all of the design approaches
can be applied in a straightforward way within the
framework of numerical modelling for all types of
problems. Up to now the problem is not extensively
discussed in the literature, exceptions are e.g. Bauduin,
de Vos & Simpson (2000), Simpson (2000), Bauduin,
de Vos & Frank (2003) and Schweiger (2005).

In addition to the problem of appropriate considera-
tion of safety factors a number of modelling assump-
tions have to be made for a numerical analysis. Most of
them are not explicitly specified in codes of practice
or are based on experience made with limit equilib-
rium calculations which are not necessarily applica-
ble in the same manner in a finite element analysis. 
A good example for this is wall friction, which is well
defined in limit equilibrium analysis but the numerical
results may be significantly influenced by the element
type a particular code uses for modelling interfaces.
Thus many modelling details are left to the user and
therefore results obtained for the same problems may
differ significantly depending on individual experience.
This has been demonstrated in a number of benchmark
exercises (see e.g. Schweiger 1998 and 2000). In this
paper, first the design approaches as defined in EC7
will be briefly recalled. Then the results submitted for
the benchmark problem will be discussed and finally
additional analyses, addressing in particular the issue
of determination of the required embedment depth by
means of finite element analysis, are presented.
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2 EC7 DESIGN APPROACHES

Eurocode7 allows for three different design approaches
DA1, DA2 and DA3 which differ in the application of
the partial factors of safety on actions, soil properties
and resistances. EC7 states:

“It is to be verified that a limit state of rupture or
excessive deformation will not occur with the sets
of partial factors”.

The factors are given in Tables 1 and 2 for all three
approaches. It is noted that 2 separate analyses are
required for design approach 1. The problem which
arises for numerical analyses is also immediately
apparent because DA1/1 and DA2 require permanent
unfavourable actions to be factored by a partial factor
of safety, e.g. the earth pressure acting on retaining
structures. This is not possible in a numerical analysis
because the earth pressure is result and not input.
However, there is a way around it because EC7 also
states that instead of applying a partial factor on the
action itself it may be applied to the “effects of the
action”, e.g. the bending moment in a retaining wall.

3 SPECIFICATION OF ERTC7 BENCHMARK

The benchmark is a deep excavation problem sup-
ported by a single strut. The geometry is depicted in
Figure 1. The significant difference to examples previ-
ously examined by various working groups around
Europe (Orr 2005) is that it was the intention here 
to solve this problem, including determination of 
the required embedment depth (!), by means of numeri-
cal methods, although a check by simple limit equilib-
rium calculations was certainly recommended. As the

emphasis is on the ULS design and not on the service-
ability limit state (SLS) only parameters required for
simple elastic-perfectly plastic analysis have been pro-
vided (Table 3). These parameters have to be consid-
ered as characteristic values and not design values.

The following construction steps should be mod-
elled in the numerical analysis:

– initial phase (K0 � 0.5)
– activation of diaphragm wall (wished-in-place)
– activation of surcharge loads
– excavation step 1 to level �2.0 m
– activation of strut at level �1.50 m, excavation

step 2 to level �4.0 m
– groundwater lowering inside excavation to

level �6.0 m
– excavation step 3 to level �6.0 m.

The surcharge of 10 kPa is a permanent load, the sur-
charge of 50 kPa is a variable load. Bedrock was
assumed at a depth of 20 m below ground surface. The
axial stiffness of the strut was set to EA � 1.5E6 kN/m.

Results to be provided:

– Embedment depth of wall
– Design bending moment for the wall
– Design strut force.

On purpose it was not specified how the water draw-
down inside the excavation should be taken into
account because different codes and standards would
allow different assumptions. The same argument
holds for wall friction because individual national
standards would have different requirements. The

4

Table 1. Partial factors for actions according to EC7.

Design approach Permanent unfavourable Variable

DA1/1 1.35 1.50
DA1/2 1.00 1.30
DA2 1.35 1.50
DA3-Geot. 1.00 1.30
DA3-Struct. 1.35 1.50

Table 2. Partial factors for soil properties and passive
resistance according to EC7.

Passive 
Design approach tan �� c� cu resistance

DA1/1 1.00 1.00 1.00 1.00
DA1/2 1.25 1.25 1.40 1.00
DA2 1.00 1.00 1.00 1.40
DA3-Geot. 1.25 1.25 1.40 1.00

Figure 1. Geometry of benchmark example.

Table 3. Material properties for soil and wall.

E � �� c� �
(kN/m2) (–) (°) (kN/m2) (kN/m3)

Soil 30 000 0.3 27.5 10 20/19
Wall 3.0E7 0.18 – – 24



choice of the dilatancy angle, rarely given in a con-
ventional geotechnical report, is also left to the user
in most cases and was therefore not given.

4 SUBMITTED RESULTS

4.1 Notes on individual submissions

13 results have been submitted, but as mentioned pre-
viously not all of them have provided the results in the
form as specified. Because all entries are considered
in the comparison presented in this paper a very brief
summary of individual assumptions – as far as
described by the authors – is given in the following.
This should help explaining – at least to some extent –
the differences observed in the results.

No.1: gives no information at all on analysis.
No.2: provides results for EC7 design approaches DA2

and DA3, uses different wall friction on active and
passive side (2/3� and 1/3�). Partial factor of 1.4
on soil weight on active side (does not conform to
EC7 � possibly national annex (Italy)).

No.3: does not apply any safety factors, wall friction
0.9�.

No.4: provides finite element and limit equilibrium
results, global safety factor applied, stiffness of strut/
per unit length of excavation obviously different
from specification, wall friction 0.8�.

No.5: compares finite element and beam spring results,
loads, soil weight and strength parameters factored
(similar to DA3) but with different factors than in
EC7, cohesion and friction angle have different par-
tial factors, wall friction 0.3�, refers to Russian code
of practice.

No.6: applies Dutch CUR-method, which has some
similarity with design approaches in EC7 but with
different partial factors, wall friction 2/3�.

No.7: load factors on service loads according to British
(1.4) or Australian standards (1.5), partial factor on
soil strength of 1.2, provides additional results with
subgrade reaction method, wall friction 2/3�.

No.8: provides finite difference and subgrade reaction
analyses under various assumptions (e.g. undrained
conditions), wall friction 2/3� and 1/3�, does not
explicitly provide design results, no safety factor
given or applied to actions or parameters.

No.9: a second submission applying the Dutch CUR-
method, wall friction 2/3�.

No.10: compares EC7 design approaches DA2 and
DA3 with partial factors according to EC7 and EAB
(German recommendation for deep excavations)
respectively, wall friction 0.5�, assumes stiffness
increasing with depth.

No.11: does not apply a particular code but determines
embedment from finite element analysis employing
the strength reduction technique on the basis of a

global factor of safety of 1.5, design bending
moment obtained from calculated value at final exca-
vation step multiplied by 1.5, wall friction 0.5�.

No.12: does not apply a particular code but determines
embedment from finite element analysis employing
the strength reduction technique on the basis of a
global factor of safety of 2.0, wall friction 2/3�,
Drucker-Prager failure criterion for soil.

No.13: assumes in an alternative calculation capillary
cohesion above groundwater level (determined from
seepage analysis), design approach DA3 according
to EC7 and analysis with characteristic soil param-
eters, wall friction 2/3�.

The lowering of the groundwater table was taken
into account by means of phreatic levels by No.3, 5, 9,
10 and No.6, 7, 11 performed an additional interpola-
tion in order to achieve continuous pore pressures at
the base of the wall. No.4, 8, 12 and 13 performed a
seepage analysis.

4.2 Results

Figure 2 shows the variation in embedment depth 
of all entries. As indicated in the previous section
some submissions provided more than one solution
(depending on assumptions made) and this is why
there is more than one result plotted in these cases. It
follows that the minimum embedment depth is 1.8 m
and the maximum 5.5 m, but there is a tendency
towards an embedment depth between 3.0 and 4.0 m.

The maximum embedment depth of No.4 (5.5 m) is
obtained by conventional analysis applying a global fac-
tor of safety � � 1.5. The same embedment depth has
been used in the numerical analysis. No.3 indicated a
factor of safety of 1.76, No.2 factored the soil weight
and No.12 obtained a factor of safety from strength
reduction technique of 2.0. Thus these higher embed-
ment depths can be explained by higher safety levels as
compared to the other submissions. At the lower end
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Figure 2. Embedment length – all entries.



(embedment depths around 2 m) it is found that these
results are obtained from numerical analyses, either by
means of a strength reduction technique or by factoring
soil strength parameters. However, No.7 employed a
factor of safety of � � 1.2 which is lower than in EC7.
No.13 indicated that the low depth is possible only by
modelling the groundwater lowering by means of a 
2-phase flow formulation resulting in suction effects
above groundwater. From comments provided it can be
concluded these two authors would not have designed 
a wall for a real project with this low embedment depth.

Only 3 authors explicitly used EC7 for their analysis
(DA2 and DA3), 3 authors used an approach similar
to EC7 but with different partial factors of safety. It is
somewhat encouraging to see that except for No.2
(where the soil weight was factored) the embedment
depth is between 3.0 and 4.0 m despite differences in
assumptions of partial factors and wall friction. No.10
investigated the difference between DA2 and DA3
and obtained a slightly shorter wall with DA3.

Figure 3 shows bending moments and there we
find a difference of approx. 300% but this includes

values which are obviously not ULS-design values.
This is however not surprising considering the different
assumptions made in the various analyses. If we con-
sider again the EC7 and related approaches (i.e. No. 5,
6, 9, 10 and 13) we see a range from 201 to 278 kNm/m
for DA3. DA2 results in approximately 20% higher
bending moments. If we multiply obvious SLS-bending
moments by a partial factor of 1.35 we find that results
also fall in this range.

A similar picture is obtained for strut forces (Figure
4). Considering all solutions submitted the range is from
60 to 363 kN/m (including values representing SLS)
and in this case also the EC7 and related approaches
show a significant difference with the minimum being
194 and the maximum force being 363 kN/m.

5 ADDITIONAL ANALYSES

5.1 Geometry and assumptions

In this section some additional results from analyses
performed in order to elaborate on the differences
observed in the benchmark exercise as well as on the
EC7 design approaches are presented. The finite code
Plaxis (Brinkgreve 2002) is used and the finite element
mesh, consisting of 15-noded triangles, follows from
Figure 5. The fine mesh was chosen in order to mini-
mize the discretisation error when calculating the fac-
tor of safety by means of the strength reduction
technique. The diaphragm wall is modelled by contin-
uum elements and a soft beam has been added in the
centreline for easy evaluation of bending moments.
Wall friction has been assumed as 2/3� and the dila-
tancy angle 	 is 0. The groundwater lowering inside
the excavation has been modelled by creating a phreatic
surface just underneath the excavation and by inter-
polating the water pressure down to the bottom of the
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wall so that there is no discontinuity of pore water
pressure at the base of the wall.

Two EC7 design approaches have been investigated,
namely DA2 and DA3. DA3 is straightforward because
soil strength is factored by the partial factor given in
Table 2 and the surface loads by the partial factors given
in Table 1. For DA2 it is slightly more complicated
because the earth pressure (permanent unfavourable
load) cannot be factored and therefore the partial fac-
tors of safety are applied on the “effects of the action”,
namely the resulting bending moment, strut force and
passive earth pressure. An additional slight inconven-
ience arises due to the fact that different partial fac-
tors have to be applied on permanent and variable
loads. This has been taken into account by multiply-
ing the permanent surface load by 1.11 (1.5/1.35).

5.2 Results

In order to determine the embedment depth analyses
were performed with different wall lengths. Starting
with an embedment depth of 5 m the wall was short-
ened in 0.5 m intervals and for each wall length a new
analysis was performed. Horizontal displacements of
the base of the wall, bending moments, strut forces
and the factor of safety, obtained by means of a strength
reduction technique, were evaluated. Figure 6 shows
the increase of horizontal deformation of the base of
the wall when decreasing the length of the wall for
DA2, DA3 and for an analysis with characteristic
parameters. The characteristic analysis and DA2 is
almost the same because the only difference is the
factor of 1.11 for the variable load in DA2. Numerical
convergence could not be achieved for an embedment
depth of 1.5 m for DA2 and characteristic parameters
and a depth of 3.0 m for DA3 respectively.

Figure 7 plots the safety factor obtained from a
strength reduction technique, again for different embed-
ment depths. Again values for DA2 and characteristic
parameters do not vary much and values for DA3 are

much smaller because the soil strength is already fac-
tored at the beginning of the analysis. Figure 7 fea-
tures an additional line, namely the value obtained for
DA2 divided by the partial factor which has been put
on the strength parameters in DA3. They compare
well for embedment depths between 3.5 and 4.5 m but
for factors around or below 1 they differ. To some
extent this can be attributed to details of the iteration
procedure and convergence settings which become
more sensitive for states at or very near to failure. No
attempt has been made to achieve a closer matching
by tightening tolerance factors because this was not
the main goal of this investigation.

Figure 8 plots bending moments vs embedment
depths. It is interesting to see that the design bending
moment of DA2 (which is the result of the DA2 analy-
sis multiplied by the partial factor of 1.35) coincides
with DA3 for an embedment depth of 4 m but is sig-
nificantly different for 3.5 and 4.5 m. The same holds
for the strut forces (Figure 9), with DA3 resulting in
higher strut forces than DA2 where the resulting force
is factored.
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When applying DA2 an additional check has to be
made with respect to the passive resistance for which
a partial factor of 1.4 (see Table 2) has to be applied.
One way of checking this is to compare the passive
earth pressure obtained from the finite element analy-
sis (multiplied by the partial factor of 1.35), denoted
Epassive design calc. in Table 4 to the maximum theoretical
passive pressure divided by 1.4 (Epassiv design allow.).
This corresponds roughly to consider a mobilisation
of 50% of the passive resistance which is sometimes
assumed in practical design. Of course different theo-
retical solutions can be used to obtain the maximum
passive resistance but here Coulomb’s solution is
employed for simplicity.

From Table 4 follows that the required embedment
depth is around 3.0 m for DA2, which is less than for
DA3 where a minimum embedment depth of approx-
imately 3.5 m is required for a factor of safety �1.0
(Figure 7). However this result is considered to be
quite acceptable given the various modelling assump-
tions involved in the two approaches. It is worth men-
tioning though that submission No.10 obtained
slightly higher embedment depths with DA2 but this
could be due to the fact that No.10 used a lower wall
friction which might have a more pronounced influ-
ence in DA2 than in DA3.

6 CONCLUSION

The results from a benchmark exercise addressing the
design of a diaphragm wall for a deep excavation
problem have been presented. Unfortunately not all of
the submissions provided their results in form of
design values but discussed the influence of various
modelling assumptions without a clear statement on
what they would use for design.

However the results gave some valuable insight
into the way design calculations are performed in dif-
ferent countries applying their respective codes of
practice and standards and the differences in results
are not surprising and not larger than in similar exer-
cises which have been performed using conventional
limit equilibrium analysis (Orr 2005). It can be con-
sidered encouraging that the calculated embedment
depth based on numerical analysis applying EC7
design approaches are within reasonable limits.
Differences in bending moments and strut forces are
less encouraging and clearly show the need for rec-
ommendations of good practice in numerical model-
ling in geotechnical engineering.

Finally some additional studies have been presented
comparing DA2 and DA3 in more detail.
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Table 4. Check of passive resistance depending on embed-
ment depth (DA2).

Embedment depth Epassive design calc./Epassive design allow.

4.5 1.18
4.0 1.12
3.5 1.06
3.0 1.01
2.5 0.99
2.0 0.98


	Welcome page
	Table of contents
	Author index
	Search
	Help
	Shortcut keys
	Page up
	Page down
	First page
	Last page
	Previous paper
	Next paper
	Zoom In
	Zoom Out
	Print




