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A 3D FE model for excavation analysis

K.J. Bakker

Delft University of Technology & Plaxis BV, Delft, The Netherlands

ABSTRACT: Due to urbanization and an increasing density of our cities the need for underground construction
and deep excavations in the city environment is also increasing. For the design of deep excavations one needs
to have models that are suitable, accurate and with respect to the economy of use, easy to handle. Sometimes
this leads to conflicting demands. In this paper, first the requirements for a FE model for excavation analysis are
discussed. Secondly requirements with respect to material modelling and its effect to the calculated deformations
will be discussed, including these with respect to the topology and to the boundary conditions for a model.
Subsequently some basic features of an easy to use computer code are proposed, and finally based on a case-study
3D effects in excavation analysis are discussed.

1 INTRODUCTION

Due to the increasing density of our cities, there is
a tendency to construct higher buildings with deeper
foundations, bringing about underground car parks
and other facilities in the basements. The depth of the
foundation of these buildings tends to increase also,
bringing forth the need for larger and stronger soil
support systems. The tendency towards deeper foun-
dations is both triggered by a need for the stronger in
practice deeper soil layers for the foundation, and the
desire to create space for facilities.

Experience learns that the higher the building the
more efficiency is gained in creating underground
space, as for the deep foundations if positioned below
the groundwater table the uplift force due to buoyancy
will take part of the weight.

Figure 1. A complex deep excavation (Acknowledgement
to Prof. S.A. Tan).

In general there may be a dozen of reasons to cre-
ate underground space for buildings, to create utility
rooms and car parks, etc. Besides that there is a ten-
dency to put public utility functions such as stations
and public space, shopping areas and even theatres
underground.

2 MODELLING AN EXCAVATION

If one builds underground space, either as a part of
a higher building or in other cases as a purpose in
itself, one has to solve different problems. To begin
with, it is assumed that if one builds in a city, there
is insufficient space to have an open excavation with
sloping shoulders; in that case one needs to put in a soil
support structure, a soil retaining system. In addition to
that, if the excavation is below the groundwater table,
one has to dewater the excavation to be able to work in
the dry.That means that the strength, deformations and
stability of the soil retaining wall needs to be evaluated
and the dewatering to be designed.

In some cities in the Netherlands, a classic open
dewatering by pumping wells is not allowed anymore.
The reasons for this are the possible negative effects
such as irreversible deformation of adjacent buildings
and/or settlements that might occur. In that situation
the acceptance of a pressure dewatering might depend
on the geohydrological situation. Then one might con-
sider a water sealing in the excavation before the
excavation can be pumped dry. Such a water sealing
might be an underwater concrete floor, a gel injection,
a jet grout floor (experiences are not that good, leak-
ages cannot totally be excluded), or sealing with a
watertight geo-foil with a sand ballast.
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The soil retaining wall needs to be supported either
by a strutting and girder system or by anchoring. What-
ever system is preferred, it needs to be designed both
for strength, deformations and stability. Therefore it
is necessary to model equilibrium of forces and the
deformations in the system. One needs to ascertain
that the system is stable, i.e. apart from equilibrium
of forces in the structural parts; also equilibrium of
forces in the soil needs to be stable.

The deeper an excavation, the larger the area that
needs to be taken into account with respect to defor-
mations and stability. This increases the necessity to
analyse and evaluate the effects of excavation activi-
ties on neighbouring buildings. Due to the depth and
sometimes also due to the complex shape of the exca-
vation i.e. if the area available for the new building is
enclosed by other buildings and also if the available
area is not rectangular, 3D effects become more and
more important.

Up to now it is a common practice to design the
retaining wall with either an empirical model, a sub-
grade reaction model or a 2D Finite Element model. If
the design is further based on equilibrium of stresses
and sufficient distance between the design level and
the ultimate bearing capacity of the wall is taken,
such an analysis can be considered as conservative
and therefore acceptable with respect to strength. Prin-
cipally if the excavation increases in depth or has a
more complex shape, there is not much of a problem;
the retaining structure can be dimensioned for these
forces. For the deformations and for stability this might
be different.

Depending on the ratio between length and width
of an excavation the calculated deformation might be
over- or under-predicted. Especially for the case that
we look at the corners in an excavation, see Fig 2;
neglect of the stiffening effect of an outward corner
might lead to a too conservative approach, whereas for
an inward corner an analysis of the anchoring system
based on 2D analysis might overlook the fact that the
weight of the soil body cannot be accounted for twice.

Figure 2. Anchored retaining wall; inward corners and
outward corners in an excavation.

Apart from that, the stability of such a corner depends
on the anchor system and also on the stiffening effect
of the retaining wall and the girders that will be loaded
in its plane. For a sheet pile wall with very low hor-
izontal stiffness the stability will be less than for a
deep wall.

Such complexities related to the shape of the exca-
vation and the type of anchoring or strutting; (single or
a multi level) might lead to the choice for a 3D model.

In engineering practice, the choice for a 3D anal-
ysis is often related to questions with respect to
deformations. One wants to know more accurately the
deformations of the retaining wall, surface settlements
or the deformation effect of an excavation on an
existing building. For specific situations one might
want to know the stability or deformation of an exist-
ing building close to the excavation. If there is a
need for deformation analysis, one must remember
that there are two mechanisms that can contribute to
deformations;

(1) The release of stresses; due to removal of soil,
i.e. weight from the excavation which will cause a
global heave effect in the area, see Fig 3.

(2) Due to the flexibility of the wall and it’s strut-
ting or anchoring there will be stress relieve,
deformations and settlements behind the wall, see
Fig 10.

Observations from the past have learned that any defor-
mation of the wall will also lead to deformations at the
soil surface, i.e. settlement in the direct vicinity of the
wall of the same order. It is generally acknowledged
that for the analysis of the loads on a retaining struc-
ture, a Mohr Coulomb model suffices. However, if an
adequate prediction of the deformations is desired,
better results might be found with a higher order
soil model, taking more implicitly into account the
difference in stiffness between loading and unloading.

2.1 Requirements to the modelling of
an excavation

In order that the model may predict realistic deforma-
tions and a reliable stress distribution for the retaining
structure it is necessary to hold on to some basic
requirements for the meshing of such a model.

Figure 3. Heave due to stress relieve in the underground.
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Nowadays it is a standard setting to put kinematical
boundary conditions both at the bottom of the mesh
and at the sides, and free boundary conditions at the
soil surface, apart from the loading that is related to
the structure being analysed.

For the bottom of the mesh no displacements are
assumed whereas at the sides of the mesh no horizontal
displacements are assumed in combination with free
vertical sliding.

In order to get,

(a) realistic deformations; both of the wall as well as
for the surface settlements, for evaluation of the
serviceability limit state,

(b) a sufficient ratio between the characteristic design
state and the ultimate limit state(s),

it is required that feasible plastic zones need to be
located well within the mesh; i.e. the classical active
zone behind the wall, characterized by a shear surface
with an inclination of α = 45◦

+ ϕ/2 and β = 45◦
−

ϕ/2 at the toe of the wall should fit in the mesh.
It is customary to assume that the passive wedge is

contained within the mesh, if one takes a width of 3 to 5
times the embedding d, see Fig 4. Afterwards, the user
has to check his result if this is achieved. Moreover;
to have a realistic prediction of both the deflection of
the wall and the surface settlements, at the “active”
side of the wall, the zone to be modelled needs to be
even wider, as the settlement trough is more related to
elastic strains than to plastic zones.

h

d

min 2 à 3 x hmin 3- 5 d

min h

Figure 4. Meshing requirements for the modelling of exca-
vations.

Settlement behind a sheetpile wall

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0 0.5 1 1.5 2 2.5 3

relative distance x/h

re
la

ti
v
e 

d
is

p
la

ce
m

en
t 

d
v
/d

h

Clay

Sand low stiff

Sand medium stiff

Sand Higher friction

Figure 5. Settlement curves behind a retained wall.

For a realistic prediction of the surface settlement
behind the wall, it is advised to model at least 2.5 to
3 times h (with h here is meant the length of the wall
from surface level), in order to model the settlement
trough, see Fig 4 and Fig 5.

Further, in order to calculate a realistic heave in
the excavation, the depth below the retaining wall it is
advised to take at least 1 times the length h of the wall
below the wall.

In addition to the requirements to meshing, the pro-
gram needs to offer options to facilitate the evaluation
of stability.Apart from the option of strength reduction
of the soil; e.g. φ-c reduction, in order to evaluate the
mechanical stability in shearing, the program needs
also to have options to evaluate hydraulic heave.There-
fore one needs to have control on groundwater heads,
and/or gradients in groundwater head in order to check
on the uplift stability of the soil within the excavation.

2.2 Deformations and stability of an excavation

With respect to the deformations calculated for an
excavation; see Fig 3 and Fig 10 one needs to be aware
of the sensitivity of these deformations calculated to
the constitutive model for the soil.

On the one hand it has been recognized quite
early that the stresses on a retaining wall are mainly
governed by the strength of the soil, which explains the
success of Blum’s (1931) model for sheet pile design.
On the other hand it has to be understood that for a
more reliable prediction of the deformations it is much
less the strength parameters than the initial in-situ
stresses and the stiffness parameters of the soil that are
determinate for the result. This effect can be illustrated
with a simple model analysis, making variations with
the material behaviour for single anchored/strutted
retaining wall, i.e. the analysis of the settlement
troughs behind that wall, as illustrated in Fig 5.

The analyses to produce Fig 5 were performed for
different materials, ranging from soft clay up to stiff
sand.Varying the material parameters, one can observe
that the relative depth of the settlement is hardly influ-
enced by the stiffness behaviour, whereas the width of
the zone at soil surface that settles varies much more,
from relatively wide for a clay material, up to much
more narrow and localized for sand with a high stiff-
ness and a high friction angle; it is mainly the soil
stiffness that governs the width of the settlements at
the soil surface behind the wall.

This result is consistent with empirical measure-
ments such as published by Peck (1969) and also
similar to the width of a settlement trough that develops
due to bored tunnelling, see Bakker (2003).

From the latter analysis it was concluded that an
adequate modelling of stiffness behaviour might be
the answer to a better fit between calculation and
observation.
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2.3 Material modelling

In general soil retaining walls are used for excavations.
Due to the deflection of the wall the main stress path
behind the retaining wall is unloading. And as elastic
behaviour in unloading/reloading might be remarkably
stiffer than in first loading we have a need for a material
model that is able to describe this behaviour.

The Mohr Coulomb model must be regarded here as
“too simple” for a realistic modelling of deformations.
For an analysis that is mainly aimed at establishing
the bending moments and stress distribution, the result
might be “acceptable”. Again, Blum’s assumption was
that the stiffness difference between the structure and
the soil is large enough, that for a realistic design
of the wall Rankine theory is sufficient to model the
extreme loads on the wall. For a realistic analysis of
the deformations the MC model must be regarded as
“unsuitable” and too crude a material model.

In contradiction, the Hardening Soil model is more
suitable for the description of unloading behaviour,
making difference between the Young’s modulus in
primary loading and in unloading/reloading. For the
sheet-piling test in Rotterdam, the better results where
derived with a combination of the Hardening Soil
model in combination with a consolidation analy-
sis, switching to the Soft Soil Creep model, for the
long-term behaviour, see Kort (2002).

2.3.1 Drained or undrained analysis
In general for a safe analysis of an excavation a drained
analysis should be proposed. Because the main load-
ing path is unloading, on average the isotropic stresses
are lowering; assuming frictional behaviour this means
that the soil strength will depend on the level of consol-
idation, and will be a function of time. This effect can
be regarded as common knowledge; for minor exca-
vation works, e.g. for the construction of sewers, if
the works are performed relatively fast it is observed
that for small excavation depths the soil is able to stand
up for sufficiently enough time without any horizontal
support, even if the material is sand. However if there
is a delay even for a short period such as a week, the
excavation may start to cave in due to consolidation
and evaporation effects.

It must be remembered that in contradiction to the
construction of e.g. embankments and dikes, where the
main stress path is loading and where an undrained
analysis is a safe approach, for an excavation it is
the other way round, here a drained analysis is the
safe approach. In the Netherlands therefore, for the
design of retaining walls, it is quite customary to
assume drained soil behaviour for the design. It is real-
ized however, that for countries with quite a different
geology, e.g. showing large deposits of fine clay at the
soil surface, with quite a long consolidation time, expe-
rience learns that a drained analysis is too conservative.

3 A 3D FE PROGRAM FOR EXCAVATIONS

At present one has the option to do a 2D FE analysis for
an excavation, or if the excavation is important and/or
we have a construction work with complex shape, one
may consider a 3D analysis, either using general pur-
pose or application oriented software. At present the
market does not offer a special 3D computer code for
excavations. However in order to get an idea about the
possible characteristics of a feasible application ori-
ented computer code for excavations an inventory was
made on the characteristic that such a program would
need to have.

To begin with one needs to model the underground.
Which means that based on the available informa-
tion, quite often based on borehole or CPT profiles
one needs to model the geometry of the layering in
the underground. For an implicit solution in the user
interface of the computer code, the easiest way to
achieve this is by input with Soil profile informa-
tion in distinct points, in addition with some sort of
interpolation/extrapolation technique, see Fig 6.

A further advantage would be a flexible unstruc-
tured 3D mesh generator, giving the necessary flexi-
bility in modelling various different three dimensional
forms. In contradistinction to e.g. prismatic or brick
elements that are often used in structured meshes,

Figure 6. 3D modelling of the underground using Soil
profile information at distinct positions.

Prisma element Tetrahedron element

Figure 7. 3D finite elements.
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tetrahedron elements see Fig 7, offer much more
flexibility.

In order that the deformation will be well predicted
the material model needs to account for the differences
in stiffness in loading and unloading, which can make
a distinct difference. In addition the extension with a
description of small strain behaviour may even further
improve the accuracy of any deformation predictions.

In addition to these issues, for a suitable analysis of
undrained behaviour the possibility of a consolidation
analysis is thought to be necessary. Alternatively one
could do a drained analysis in order to be at the safe
side with respect to the loading effects on the retained
wall. As for most excavations in engineering practice
dewatering is an important issue, groundwater flow
would be an advantage.

For the structural parts in the retaining wall, the
program should to be able to model both isotropic as
well as anisotropic material behaviour. Modelling a
steel sheet-pile wall, with an isotropic plate element
would overlook the distinct differences in flexibility
in longitudinal and transverse direction. With the con-
sequence that any horizontal arching effects that might
occur with rectangular excavations, see Fig 10, would
be ill analysed.

3.1 3D effects

Some of the questions arising if a 3D package for exca-
vations is developed might be; (1) what is the amount
of 3D effects on the deformations; e.g. depending on
the length of an excavation, and (2) what might be the
effect of any arching effects in 3D on the structural
forces, if these are accounted for in 3D, or not.

In the example shown in section 4 of this paper,
an L shaped excavation will be discussed. One of the
issues being discussed will be whether the length of
the longest wall is long enough in order that, for a
customary design, the wall could have been analysed
with a 2D model. Apart from arching effects in the
vertical cross section that have been discussed in liter-
ature frequently, the question arises, what the arching
effects might be in plan view. These effects might lead
to non homogenous distribution of the loading of the
struts even with a regular spacing of the struts. A 3D
analysis might give insight in the relative influence of
this effect as a function of the ratio between length and
width of an excavation.

4 EXAMPLE

In order to illustrate the advantages of a special 3D
program for excavation, here the results of such an
analysis for an L shaped excavation of limited dimen-
sions are given. The dimensions of the cross section of
the excavation are indicated in Fig 8, and are charac-
terized as an excavation with a maximum depth of 7 m

and a width of 10 m. The plan view of the excavation
with the further dimensions and the distribution of the
struts are given in Fig 9. The geology for this exam-
ple is chosen relatively simple and exists of a layer of
about of 10 m of loose sand, on top of 5 m of clay. Fur-
ther down this layer is positioned on top of a layer of
relatively dense Pleistocene sand, at a depth of 15 m.
The groundwater table is at the soil surface and a strut
layer is positioned at a depth of 1 m below the soil sur-
face. A wet excavation in stages, first 1 m to position
the struts, than an excavation up to 4 m and finally up
to 7 m is performed. After that an underwater concrete
floor is made and after that the building pit can be
dewatered, if necessary.

In order to verify the results of the 3D analysis, also
a 2D analysis for these soil conditions was performed.
The results that are compared and presented are taken
for the situation after wet excavation up to −7 m below
soil surface. The 2D results are indicated in Fig 10,
giving the deformations in cross section and the distri-
bution of the bending moment; Mmax = 28 kNm/m,
with a maximum deflection of 0.065 m. If we com-
pare this with the 3D analysis, we find that there must
have been some arching effects as in 3D the maxi-
mum deflection is about 60% of the 2D result, i.e.
0.039 m, whereas the maximum bending moment is
quite similar to the 3D result, i.e. about 26 kNm/m.

Apparently the difference between a 2D and a 3D
analysis are more distinct with respect to deformations
than with respect to stresses.

10 m

7 mUpper sand

Clay

φ = 31 

c = 1

E50 = 50000

Eur = 150000

c = 5
φ = 25  
E50 = 10000

Stiff sand

10 m

5 m

1 mStrut

Eur = 20000

Figure 8. Cross section of excavation.

22 m

12 m

8
 m

1
0
 m

Figure 9. Plan view of excavation.
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Figure 10. Vertical cross section with deformations in 2D
analysis; Wet excavation up to 7 m minus. Max horizontal
deflection is 35 mm.

Figure 11. The horizontal displacement of the retaining wall
at −4 level from the 3D analysis.

If we evaluate the 3D deformations, e.g. at −4 level,
see Fig 11, we can observe that the maximum of these
are only reached at the middle of the long side of the
excavation, which means that for the other sides the
deformations are influenced by 3D effects.

One might suggest that for a zone approximately
as wide as the excavation depth, there is a stiffening
effect of the corners of the excavation.

In order to further illustrate the deformations of
the wall, the deformations of the wall in 3D view
are presented in Fig 12. Such a presentation might be
used in order to get a better understanding of the 3D
behaviour and to facilitate for a better choice where to
look for stress distributions in vertical cross sections
of the wall.

Figure 12. Deformed mesh of retaining wall.

5 CONCLUDING REMARKS

The case study presented in this paper illustrates the
possibilities of 3D analysis for excavations.

The case shows that due to 3D effects in the retain-
ing wall large reductions may occur with respect to
deformations and consequently in stresses.

In the example given here the horizontal support is
by a strut system, which is a limitation.

The modelling of anchors would enable to analyse
the complex 3D behaviour of an inward corner where
anchors are sometime positioned criss-cross through
each other. The complex loading of the soil in these
inward corners is expected to have its effect on the
deformation and stability of such a corner.

In general an anchored wall may behave much less
stiff in comparison to strutted walls. It is to be expected
that the advantages of 3D analysis for anchored walls
are even more distinct than for strutted walls.
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