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Abstract The scopes of this work are to study the

mechanisms of load transfer and the deformations of the

ground during slurry trenching and concreting in dry sand

and to evaluate their effects on service structural loads,

wall deflections and ground displacements behind the wall

caused by subsequent excavation. A series of three-

dimensional finite element analyses was carried out mod-

elling the installation of diaphragm walls consisting of

panels of different length. The soil was modelled as either

linearly elastic-perfectly plastic or incrementally non-lin-

ear (hypoplastic) with elastic strain range. Plane strain

analyses of diaphragm walls of identical cross section were

also carried out in which wall installation was either

modelled or the wall was wished in place (WIP). The

analyses predict ground movements consistent with the

experimental observations both in magnitude and trend.

The results also show that the maximum horizontal wall

deflections and structural loads reduce with increasing

panel aspect ratio towards a minimum which is about twice

the value computed for WIP analyses. Panel aspect ratios

should be larger than about three to take advantage of the

three-dimensional effects. The pattern and magnitude of

surface vertical displacements obtained from linearly

elastic-perfectly plastic analyses, no matter whether three-

or two-dimensional, are unrealistic.

Keywords Constitutive relations � Deformation �
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List of symbols

B Excavation width

c0 Shear strength at zero effective stress

E Young’s modulus

ec0 Critical void ratio at zero pressure

ed0 Minimum void ratio at zero pressure

ei0 Maximum void ratio at zero pressure

G Shear modulus

Gsec Mobilised secant shear modulus

h Excavation depth

H Total wall height

hc Critical depth

hs Granulate hardness

K0 Coefficient of earth pressure at rest

Ka Active earth pressure coefficient

Kp Passive earth pressure coefficient

L Panel length

M Bending moment

mR, mT Ratios of characteristic stiffness

N Axial load in the prop

n Exponent regulating the decrease of voids ratio

with mean effective stress

p0 Mean effective stress

q, q0 Deviatoric stress and initial deviatoric stress

R Size of elastic range

t Panel thickness

u Horizontal displacement orthogonal to the wall

w Vertical displacement
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x Distance from the centre of the primary panel

along the wall

y Distance from the edge of the trench orthogonal

to the wall

z Depth below ground level

Z Thickness of sand layer

a, b Exponents in scalar factors accounting for

barotropy and picnotropy

bR, v Exponents regulating transition between

different deformation modes

es, es0 Shear strain and initial shear strain

ev Volume strain

c Soil bulk unit weight

cb Unit weight of bentonite slurry

cc Unit weight of fresh concrete

u0 Peak friction angle

u0c Critical friction angle

r0h Horizontal effective stress

r0v Vertical effective stress

w Angle of dilatancy

1 Introduction

The construction of underground infrastructures often

requires open excavations to be carried out in close vicinity

of existing structures. In these conditions, the main design

requirement is that of limiting ground deformations caused

by excavation. In the last decades, significant advances in

the areas of excavation design, construction and analysis

have been achieved both for the theoretical and techno-

logical aspects; in the field of analysis, the increased

availability of commercial computer programs has made

the prediction of ground movements using numerical

analyses more widespread.

Despite the fact that the finite element method permits to

model the whole sequence of operations occurring during

construction of deep excavations, the installation of dia-

phragm walls is still often ignored in the analyses, although

it is now widely accepted that the effects associated with

slurry trenching and concreting can cause significant dis-

placements of the surrounding ground, of the same order of

magnitude as those caused by subsequent excavation in

front of the wall, and influence the behaviour of the

retaining structure during the main excavation stage.

Published data show that the maximum settlement con-

nected to wall installation can reach values of up to 0.15%

and extend to a distance of up to twice the maximum depth

of the trench [5].

Most past work on installation effects, including full

scale monitoring of structures [21, 40] centrifuge testing

[2, 35] and numerical modelling [14, 15, 24, 34], has

concentrated on the case of heavily overconsolidated

deposits, where the in situ horizontal effective stress is

generally larger than the vertical effective stress. In these

conditions, wall installation tends to reduce the lateral

effective stress in the soil near the wall [21, 40], causing

substantial ground movements towards the trench that add

to those associated with the main excavation stage.

Moreover, if installation is not modelled, computed values

of prop forces and bending moments are quite high, as, in

the analyses, high lateral pressures on the retained side of

the wall persist after excavation in front of the wall, that is,

the pressure behind the wall does not reach its active value

[32]. As installation reduces the applied stresses on the

retained side, it reduces prop or anchor forces, and bending

moments as both observed in the field [41] and obtained by

numerical analyses [15, 16].

Only relatively recently has the case of coarse-grained

deposits or soft clays, with low values of the coefficient of

earth pressure at rest, been examined [23, 36, 37]. This

time, the variation of the state of stress induced in the

ground during wall installation might correspond to an

increase of the initial horizontal stress at the boundary of

the trench, from its in situ value to the hydrostatic pressure

of the bentonite slurry, and then to a value approximating

to the hydrostatic pressure of the wet concrete, at least in

the upper 5–10 m of the wall [10, 15]. During this process,

the faces of the trench will deform outwards and it is likely

that some heave will be induced in the surrounding ground,

before the main excavation stage. As a matter of fact,

outwards displacements of the surrounding ground and

small amounts of surface heave have been recorded during

the concreting stages of diaphragm walls in soft clay

[10, 20] and sand [42]. The increase of the state of hori-

zontal stress on the retained side, towards a value that is

closer to the passive condition, should also cause an

increase in the final values of excavation induced settle-

ments, wall deflections and service structural loads.

Plane strain numerical analyses of installation of dia-

phragm walls are not realistic as, during the excavation of

panels of finite length supported by slurry and the sub-

sequent phases of placing and hardening of concrete, three-

dimensional effects can be very significant both for stress

transfer and ground deformation. Modelling the installation

of a diaphragm wall in plane strain overpredicts the mag-

nitude of soil displacements and the degree and extent of

horizontal stress change [8, 15, 25, 34]. Three-dimensional

modelling of wall installation [14, 36] and carefully

instrumented case histories [30] has shown that the mag-

nitude of displacements and stress changes around the

trench depend strongly on panel dimensions.

The scope of this paper is to study the mechanisms of

load transfer and the deformations of the ground during

slurry trenching and concreting in sand and to evaluate
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their effects on service structural loads, wall deflections

and ground displacements behind the wall caused by

subsequent excavation. The problem examined refers to

an ideal case, which permits to isolate the effect of mod-

elling the installation stage and of some constitutive

assumptions from the many other factors playing a major

role in the successful prediction of the performance of real

excavations.

A series of three-dimensional finite element analyses

were carried out, modelling the installation and the sub-

sequent behaviour of diaphragm walls consisting of panels

of different length, supported by one prop at the top, in a

layer of medium dense dry sand. The soil was modelled as

either linear elastic perfectly plastic with Mohr–Coulomb

failure criterion or using an incrementally non-linear

hypoplastic model with elastic strain range [27]. For

comparison, plane strain analyses were also carried out in

which the wall was wished in place (WIP).

2 Finite element analyses

A series of numerical analyses of a long rectangular

excavation of width B = 12 m and depth h = 5 or 10 m, in

a layer of medium dense dry sand with a unit weight

c = 18 kN/m3 and a thickness Z = 18 m, were carried out

(see Fig. 1). The excavation was retained by concrete

diaphragm walls with one level of support at the top, of

total height H = 7 or 13 m, and thickness t = 0.5 or 0.7 m,

respectively. The diaphragm walls were either WIP or their

installation explicitly modelled (WIM) in three-dimen-

sional analyses of slurry trenching and concreting of panels

of different length L = 1, 2.5, and 4 m, or in plane strain

(L ? ?).

Figure 2 shows the typical three-dimensional finite

element mesh used in the study, consisting of 20-node

quadratic brick elements. The mesh is 50 m wide and has a

variable length equal to the dimension of one panel, L. The

base of the mesh is fixed so as to prevent displacements in

all directions. The displacements of all vertical boundaries

of the mesh normal to the boundary are set to zero. The

left-hand boundary corresponds to the plane of symmetry

along the centre line of the excavation at a distance B/2

from the wall; the right-hand vertical boundary is at a

distance from the wall of more than three times its total

height, H, and is considered sufficiently remote not to

influence wall behaviour. The mesh includes only two half

panels. As the lateral boundaries of the mesh also corre-

spond to planes of symmetry, installation of half the first

panel corresponds to simultaneous installation of all odd

panels, while installation of half the adjacent panel corre-

sponds to simultaneous placement of all even panels.

For the plane strain analyses, a two-dimensional mesh

consisting of 8-node biquadratic elements, identical in

cross section to the three-dimensional mesh shown in

Fig. 2, was used.

2.1 Constitutive models and material properties

One of the most important idealisations in the numerical

analysis of boundary value problems is the choice of an

appropriate constitutive model for the soil, which, in

principle, should be able to reproduce the main features of

soil behaviour such as irreversibility, non-linearity and

stress-history dependence. Numerical analyses in which

linear elastic plastic behaviour is assumed generally fail to

predict the observed pattern of ground movements around

excavations [3]. Although relatively simple and easy to

implement, non-linear elastic plastic formulations (see e.g.

[18, 38]) suffer from a number of shortcomings (see e.g.

[33]). An alternative to variable moduli elastic plastic

models is to adopt generalised plasticity formulations

capable to reproduce the observed incremental non-line-

arity even for stress states well inside a bounding surface

L

tB 

h

H

Z

Fig. 1 Problem geometry

50

18

L

B

L

Fig. 2 Three-dimensional finite element mesh
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[29]; for this purpose, many models have been proposed to

date within the framework of bounding surface plasticity

(e.g. [6, 7]) or kinematic hardening plasticity (e.g. [1, 39]).

A completely different approach is followed by hypo-

plastic, or incrementally non-linear, constitutive models

(see e.g. [19]), in which there is a continuously non-linear

dependence of the tangent stiffness tensor on the strain rate

direction. Unlike incrementally non-linear plasticity theo-

ries, in hypoplastic formulations, a non-linear and irre-

versible response is obtained without the need of a

decomposition of the strain tensor. Hypoplastic models

have been shown to perform very well for deformations on

monotonic loading paths; however, application to small

amplitude stress or strain cycles revealed some defects,

connected to the inability to reproduce the observed high

stiffness on stress reversals and the excessive accumulation

of deformation predicted for small amplitude stress cycles.

An extension of a hypoplastic model for cohesionless

soils originally developed by von Wolffersdorff [44] was

proposed by Niemunis and Herle [27] to include an elastic

strain range. In this model, the high stiffness of the soil on

changes of the strain path is dealt with by an additional

tensorial state variable, called intergranular strain, repre-

senting the deformation of the interface layer between the

grains. The elastic region is formulated in strain space, and

stiffness depends on rotations of the strain path; on total

strain path reversal, the soil exhibits a quasi-elastic stiff-

ness within a small-strain range of the order of 10-2%.

The original model by von Wolffersdorff [44] requires

eight material parameters independent of stress state

and relative density, namely: (1) the critical friction angle,

uc, (2) the granulate hardness, hs, with the dimension of

stress, used as a reference pressure, (3) the exponent n,

regulating the decrease of the minimum, critical and

maximum void ratio with increasing mean effective stress

from their values at zero pressure, (4) ed0, (5) ec0, and (6)

ei0, and two exponents (7) a and (8) b, which appear in

the two scalar factors that take into account the depen-

dence of material behaviour on mean effective stress and

voids ratio, respectively.

Five additional constants are required for the small-

strain extension of the model, of which three, that is, the

size of the elastic range, R, and two ratios of characteristic

stiffnesses, mR and mT, have a clear physical meaning and

two, bR and v, are exponents related to the transition

between different deformation modes (intergranular strain

and grain rearrangement). The complete set of parameters

for the hypoplastic model, obtained by Niemunis and Herle

[27] for medium dense Hoechstetten sand, is given in

Table 1. A small shear strength at zero effective stress,

c0 = 5 kPa, was also specified since, if a value of zero is

used, a limit state condition would occur at the soil surface,

causing numerical difficulties; this was obtained adding to

the components of the stress tensor r0ij a constant value

(=c0/tan u0�dij). The reader is referred to Niemunis and

Herle [27] for the constitutive equations and to Herle and

Gudehus [17] for the experimental procedures to determine

the values of the parameters.

For comparison, the same problem was also analysed

modelling the soil as an isotropic linear elastic perfectly

plastic material with Mohr–Coulomb failure envelope and

non-associated flow rule (w = 0). As the mathematical

structure and the physical meaning of the relevant param-

eters of the two constitutive models are different, the

problem arises of the selection of appropriate parameters to

render the comparison meaningful. In this case, the hypo-

plastic predictions of material behaviour were considered

as the reference to calibrate the parameters of the simpler

Mohr–Coulomb model. These were obtained fitting the

response of the hypoplastic model in numerical drained

triaxial compression tests at increasing confining pressures,

yielding a peak friction angle, u0 = 35� and a cohesion,

c0 = 9 kPa. The shear stiffness, G, of the Mohr–Coulomb

model was taken to increase linearly with depth, from

1 MPa at surface to 8 MPa at mid-height in the sand layer.

This corresponds to a shear modulus that is about 20% of

the small-strain shear modulus of the hypoplastic model, or

a shear strain level of about 0.4%, characteristic of the

expected level of deformation during the main excavation

stage [2].

The hardened concrete was always modelled as linear

elastic, with Young’s modulus, E = 31.2 GPa, and perfect

contact was assumed between the soil and the wall. The

analyses carried out using the Mohr–Coulomb model were

repeated using interface elements at the contact between

the wall and the soil with reduced values of the strength

parameters, as detailed in the following.

2.2 Sequence of construction stages

The in situ stress state was prescribed in terms of the earth

pressure coefficient at rest r0h
�
r0v = K0 (=1 – sin u0). Wall

construction started with the excavation of the primary

Table 1 Parameters of the hypoplastic model for Hoechstetten sand

uc (�) hs (MPa) n ed0 ec0 ei0 a b R mR mT bR v

33 1,500 0.28 0.55 0.95 1.05 0.25 1 1 9 10-4 5 2 1 6
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panel under bentonite slurry, followed by placement of wet

concrete and subsequent hardening (Fig. 3). The adjacent

secondary panel was then constructed with the same pro-

cedure. This sequence of construction stages closely models

construction of the diaphragm wall by alternate placement

of primary and secondary panels if installation effects do

not extend significantly beyond a distance of one panel

length; this issue is discussed further in the following.

The excavation of each panel is modelled by removing

the soil elements corresponding to the panel and applying

to the exposed element faces the hydrostatic pressure of the

bentonite slurry acting in the trench. The applied nodal

loads correspond to a bentonite slurry with a unit weight

cb = 11 kN/m3. Additional loads are then applied, to

model a bilinear distribution of wet concrete pressure in

which full hydrostatic pressure of concrete only acts above

a critical depth hc = 5 m [22], while below this depth the

lateral pressure exerted by wet concrete is taken to be

cchc ? cb(z - hc), in which cc = 23 kN/m3 is the unit

weight of fresh concrete. The nodal loads are then removed

and linear elastic elements, representing the hardened

concrete panel, are activated in the trench. Finally, the

horizontal displacements of the node at the top of the wall

are restrained, to simulate an incompressible prop, and the

main excavation in front of the wall is carried out,

removing the soil in front of the wall in five consecutive

steps (Fig. 3e).

The results of the analyses are presented in terms of

computed stress changes at various positions around the

trench, and ground movements during wall installation,

wall deflections, surface settlements behind the wall,

bending moments and prop forces during the main exca-

vation stage. Unless otherwise stated, the presented results

are those obtained using the hypoplastic model.

3 Wall installation

Figure 4 shows the profiles of horizontal stress computed

modelling wall installation in plane strain (WIM 2D), at

distances of 0.1 and 3.75 m from the excavation, for

H = 7 m.

At the boundary of the trench (0.1 m), the horizontal

stresses increase from their original at-rest value both

during the bentonite stage and the concreting stage, while

they fall below their original value immediately beneath

Primary
panels Secondary

panels

GL ∼ 12,5 m asl GL Bentonite Slurry GL GLWet Concrete

p = γc·H + γb·(H-hc)

GL

(a) (b) (c) (d) (e)

hc

(e)(b)-(c)-(d)(a)

Fig. 3 Sequence of construction stages: a in situ stress, b slurry trenching, c concreting, d hardening of concrete and e excavation in front of the

wall
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the bottom of the trench, owing to the restraint provided by

the underlying soil. Changes in the horizontal stress are

apparent also at some distance away from its boundary

(3.75 m), although they become less significant moving

away from the trench. The stress distributions obtained

using the two constitutive models are very similar, as

expected in a stress-controlled problem.

Figure 5 shows the profiles of horizontal stress during

installation of the wall with H = 7 m, and panel length

L = 2.5 m, at a distance of 0.1 m from the trench, at the

centre and near the edge of the primary and of the sec-

ondary panels.

After installation of the primary panel, the horizontal

stresses over the depth of the trench increase in the centre

and near the edge of the primary panel, while they decrease

near the edge and in the centre of the secondary panel. Due

to lateral stress transfer, the reduction of the horizontal

stresses below the bottom of the trench is less pronounced

than in the plane strain analyses, and the horizontal stresses

recover their original values more rapidly with depth.

The horizontal stresses behind the centre and near the

edge of the primary panel reduce after installation of the

secondary panel; simultaneously, the horizontal stresses

behind the centre and near the edge of the secondary panel

increase to similar values as those attained behind the

primary panel during installation of the primary panel. At

the end of installation, the horizontal stresses behind the

centre of the secondary panel are very similar to those

obtained with the WIM 2D analyses. However, the hori-

zontal stresses behind the primary panel are smaller than

those obtained by WIM 2D analyses, particularly near the

edge where they return more or less to their at-rest values.

The results obtained for H = 13 m are qualitatively

very similar to those presented in Figs. 4 and 5 for the

shorter panels and are not discussed for brevity.

In Fig. 6, the horizontal stresses at a distance of 0.45 m

from panels with height H = 7 m and different lengths

L (=1, 2.5, 4 m) on a horizontal section at about mid-height

of the wall are plotted with distance from the centre of the

primary panel normalised by the length of the panels,

x/L. After installation of the primary panel, for longer

panels (L = 2.5 and 4 m), the horizontal stress in the

centre of the primary panel reaches the same value as that

predicted by the plane strain analyses (L ? ?), while for

the shorter panel, with L = 1 m, the horizontal stress fails

to reach the plane strain value, due to stress transfer around

the trench. At the end of the installation process, the hor-

izontal stress behind the primary panel are always signifi-

cantly lower than those computed in plane strain; for

shorter panels, where three-dimensional effects are more

pronounced, also the stresses behind the secondary panel

are smaller than those computed in plane strain.

The effects of installation on the initial stress conditions

extend beyond the distance of half panel length from the

edge of the trench. This is not entirely consistent with

previous results obtained for clays both stiff [14, 26] and

soft [36] showing that the horizontal stress returns to the

initial magnitude within between about one third and half

one panel length.

Figure 7 shows the profiles of the horizontal displace-

ments of the excavation boundary and of the vertical dis-

placements at surface calculated in the two-dimensional

analyses, immediately after excavation of the trench under
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concr. (3.75m)

(b)(a)

σ σ

Fig. 4 WIM 2D analyses, H = 7 m. Computed horizontal stress

during wall installation at 0.1 and 3.75 m from the trench, using:

a hypoplastic and b Mohr–Coulomb model
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200 0

(a)

concreting 1
concreting 2
WIM 2D

Fig. 5 WIM 3D analyses, H = 7 m, L = 2.5 m. Computed horizon-

tal stresses during wall installation at 0.1 m from the trench at:

a centre and b near the edge of panel 1, c near the edge and d centre

of panel 2
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the bentonite support slurry and immediately after con-

creting, for H = 7 m. Once again, the results obtained for

H = 13 m are qualitatively very similar to those for the

shorter panels and are not shown for brevity.

Outwards displacements and heave of the ground sur-

face are computed both for slurry trenching and concreting,

with the magnitude of ground displacements reducing

rapidly below the toe of the wall and with increasing dis-

tance from the trench, due to non-linearity of soil behav-

iour. At ground surface, vertical displacements extinguish

at a distance of about 2.5 9 H.

The trend of the horizontal displacements obtained using

the simpler Mohr–Coulomb model is similar to that com-

puted using the hypoplastic model; however, the maximum

horizontal displacement occurs at a shallower depth, and

the horizontal displacements extend slightly deeper below

the toe of the wall. The displacements computed using the

Mohr–Coulomb model are much larger than using the

hypoplastic model; in particular, unrealistic heave of the

ground surface is obtained, about 5 times that computed

using the hypoplastic model, and closer to the boundary of

the trench. This result is partly due to the fact that the

secant elastic modulus of the Mohr–Coulomb model was

evaluated at the expected strain level during the main

excavation stage, which is larger than the average defor-

mation mobilised in the soil surrounding the trench during

installation.

Figure 8 shows the profiles of maximum horizontal

displacements and of vertical displacements at surface with

distance from the boundary of the trench, all normalised by

the depth of the trench, H. To predict the same maximum

horizontal displacement at the border of the trench as from

the hypoplastic analyses, the stiffness of the Mohr–Cou-

lomb model had to be increased to about twice the original
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Fig. 6 WIM analyses, H = 7 m. Distribution of horizontal stresses along panels of different length and in plane strain at a distance of 0.45 m

from the trench and about mid-height of the wall (z = -3.25 m): a slurry trenching of primary panel, b concreting of primary panel, c slurry

trenching of secondary panel and d concreting of secondary panel
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one, approximately corresponding to the deformation level

mobilised in the installation stage (%0.2%). Still, the

reduction of the maximum horizontal displacement with

distance from the trench cannot be predicted correctly.

Also, the maximum computed heave is reduced, but it is

still about three times that computed using the hypoplastic

model.

Figure 9 shows the horizontal displacements along the

excavation boundary and the surface vertical displacements

at the centre of the primary panel, at the contact between

the two panels, and at the centre of the secondary panel, at

the end of the installation of primary and secondary panels

(H = 7 m, L = 2.5 m).

The horizontal displacements of the primary panel and

at the contact between the two panels develop during

installation of the primary panel. No further horizontal

displacements of the primary panel once cast are experi-

enced during installation of the secondary panel, while the

displacements of the secondary panel increase reaching

final values that are larger than those at the centre of the

primary panel. This leads to a non-uniform horizontal

displacement profile along the length of the wall (Fig. 10).

The horizontal displacements of the boundary of the trench

computed in the plane strain analyses are much larger than

those computed from the 3D analyses, due to the restraint

provided by the surrounding ground.

The profiles of vertical displacements at ground surface

show that, at the end of installation, at all positions, the

outwards movements of the boundary of the excavation are

accompanied by settlements near the trench and small

heave away from the trench. The corresponding Mohr–

Coulomb analyses predict surface heave at all positions.
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Figure 11 shows the final profiles of the horizontal dis-

placements of the excavation boundary and of the vertical

displacements of the ground surface, for H = 7 m and for a

range of panel lengths L (=1, 2.5, 4 m) and in plane strain

(L ? ?). The maximum outward horizontal displacement

increases with increasing panel length, moving towards the

value computed from plane strain analyses. The results of the

three-dimensional analyses indicate that near the trench, at

all positions, the ground settles by an amount that increases

with panel length. The same figure shows the results obtained

for two analyses carried out for unrealistically long panels

(L = 12 and 18 m). This time, the horizontal displacements

at the centre of the secondary panel exceed those computed

in plane strain. This is due to the fact that, while for the

primary panel the conditions immediately before installation

are the same as for 2D analyses, the conditions around the

secondary panel before installation have been altered by

construction of the primary panel.

Figure 12 shows the final profile of horizontal dis-

placements along the length of the wall at a depth of 5 m,

for H = 7 m and different lengths L (=1, 2.5, 4, 12 and

18 m) and in plane strain (L ? ?). The maximum hori-

zontal displacement at all locations increases as the length

of the panel is increased. Only with unrealistic values of

panel length (L = 12 and 18 m), the profiles of horizontal

displacements along the primary panel become closer to

one another and to the plane strain values.

Figure 13 shows the maximum horizontal displacements

at the centre of the primary and of the secondary panel,

normalised by the corresponding displacement calculated in

the plane strain analyses, as a function of the panel depth-to-

length ratio, H/L. As the panel aspect ratio, H/L, is reduced,

the maximum horizontal displacements increase at an

accelerating rate; consistently with the results obtained by

Gourvenec and Powrie [14], the curves suggest that the

panel aspect ratios, H/L, should be larger than about three to

take advantage of three-dimensional effects to minimise

ground movements.
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3.1 Comparison with a realistic sequence of panel

installation

An oscillating distribution of horizontal stress behind pri-

mary and secondary panels is obtained also from numerical

analyses in which a more realistic sequence of panel

installation is modelled. Figure 14 shows the distribution of

horizontal stress on a horizontal section at z = -3.5 m and

a distance y = 0.4 m from the wall at the end of the

installation of four panels with height H = 13 m and length

L = 2.5 m in an alternate sequence (1–2–3–4), together

with the distribution obtained simulating the installation of

only two half panels of the same dimensions in double

symmetry, as described above. The difference of computed

horizontal stress behind the secondary panel is only about

8%, confirming that the simplified approach adopted in this

study yields realistic predictions of horizontal stress distri-

butions, both qualitatively and quantitatively, despite the

fact that installation effects extend further than half panel

length from the edge of the trench. Also the horizontal

displacements computed simulating the installation of four

panels compare well with those obtained simulating the

installation of only two half panels in double symmetry

(Fig. 15). In this case, the maximum difference in the

computed horizontal displacements behind the secondary
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panel is about 16%, which is slightly larger than for hori-

zontal stress but, in our opinion, still acceptable.

4 Excavation

4.1 Evaluation of model performance

One of the main effects of wall installation is the significant

change in the in situ stresses before the main excavation

stage. For all wall lengths, both behind primary and sec-

ondary panels, wall installation tends to increase the initial

lateral effective stress in the soil near the wall, causing the

resulting stress state to be larger than the at-rest condition;

on the other hand, near the edge of the panels, the hori-

zontal effective stress is locally close to its active value,

particularly for longer panels (see Fig. 6d).

A second effect concerns the soil stiffness during

excavation and its dependence on the direction of the

effective stress path in relation to the recent stress history

[31, 39]. Figure 16 shows typical effective stress paths for

points such as A and B located below dredge line on the

excavated and the retained sides of the wall, respectively.

At both positions, wall installation should correspond to an

increase of horizontal effective stress at approximately

constant vertical effective stress. In the subsequent exca-

vation stage, for a smooth wall, a point such as B should

experience a reduction of horizontal effective stress at

approximately constant vertical effective stress, moving

towards active failure. On the other hand, for a soil element

such as A, while the vertical effective stress is reduced

during excavation, the associated change in the horizontal

effective stress results from the balance between the

reduction of horizontal stress due to unloading and the

increase of horizontal stress due to the movement of

the wall into the excavation (depending on relative flexi-

bility of the wall and type of support). As shown in Fig. 16,

the effective stress path may correspond to an increase or a

decrease of horizontal effective stress.

For the soil behind the wall, there is a reversal in the

direction of the stress path between concreting and main

excavation. This should result in a stiff response during

excavation, with the rapid mobilisation of active strength

with shear strain. For a soil element in front of the wall, the

change in the direction of the stress path between con-

creting and excavation is smaller and its response should be

significantly less stiff.

To evaluate the response of the hypoplastic model, a

series of numerical single element triaxial tests were
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carried out following the stress paths reported in Fig. 17a

in the p0:q plane, characterised by stress reversals that are

qualitatively similar to those shown in Fig. 16. Although

the deformation in the field occurs at least approximately in

plane strain, whereas the deformation in the triaxial test is

radially symmetric, it was considered that this would not

mask the effect of the recent stress history of the soil; the

differences of behaviour obtained for different stress paths

are much larger than the variation in soil stiffness resulting

from the kinematic difference between triaxial and plane

strain compression and extension [31].

All triaxial stress paths start from the in situ stress at a

depth of 12 m below ground level. After the common path

(1–2–3), there is either a reduction of horizontal effective

stress at constant vertical effective stress (3–4) or a

reduction in vertical effective stress; following Powrie

et al. [31], this was accompanied by no changes of hori-

zontal effective stress, Dr0h = 0 (3–5), or an increase of the

horizontal effective stress, Dr0h ¼ �Dr0v (3–50) or a

decrease of horizontal effective stress, Dr0h ¼ 1=2Dr0v
(3–500). The corresponding computed strain paths, in the

ev:es plane, deviatoric stress versus shear strain curves, and

mobilised secant stiffness versus shear strain amplitude, are

given in Fig. 17b, c and d, respectively. The operative

mobilised secant stiffness along each path was defined as

Gsec = (q - q0)/3(es - es0), where q0 and es0 are the val-

ues of deviatoric stress and deviatoric strain at the begin-

ning of the stress path.

For stress paths 3–5, 3–50 and 3–500, the computed strain

paths rotate clockwise relative to the strain path corre-

sponding to the previous common stage (1–2–3) and the

soil dilates to failure. The largest change of direction of the
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strain path occurs for stress path 3–500, and, accordingly,

the initial mobilised stiffness is the highest. For stress path

3–50, the computed strain path continues with nearly the

same direction as the strain path corresponding to the

previous stage; consequently, the stiffness of the soil con-

tinues to decrease from approximately the same value

mobilised at the end of the common stage. For stress path

3–4, a counter clockwise change of direction of the strain

path occurs and the soil contracts to failure. The initial

increase of stiffness is of the same order as that obtained

for stress path 3–500 but, as the soil contracts, the stiffness

continues to increase with straining until it reaches a value

that is larger than the original stiffness of the in situ soil.

Eventually, on continued straining with nearly the same

direction, the stiffness decreases. As expected, at shear

strains of the order of 10-2%, the soil experiencing a

complete reversal in the direction of the stress path

between the common loading stage and the subsequent

loading stage exhibits the stiffer response.

As the behaviour of the Mohr–Coulomb model before

failure is linearly elastic, the mobilised stiffness along all

paths is the same, and the model is unable to capture nei-

ther the high small-strain stiffness on stress reversal nor the

effects of the recent history on the mechanical response.

Figure 18a shows the stress paths computed in the WIM

2D finite element analyses carried out with the hypoplastic

model at positions A, A0, B and B0, located 12 m below

ground surface at different distances from the wall, on the

excavated and on the retained side of the wall. During wall

installation, the horizontal stress at all positions increases

to a value, which is very close to the lateral pressure

applied by bentonite and wet concrete for the soil elements

closer to the trench, and slightly smaller than this value at a

larger distance from the wall. However, stress redistribu-

tion causes the vertical stress to change from its in situ

value; these changes are larger for the soil elements that are

closer to the trench. The stress paths during excavation are

qualitatively similar to those adopted for the single element

tests, although for soil elements on the retained side, the

shear stress due to friction at the contact between the soil

and the wall causes the vertical stress to decrease as the

stress state moves towards active failure. The stress paths

followed by soil elements in front of the wall closely match

path 3–500.
During excavation, the Mohr–Coulomb model over-

predicts ground heave around the excavation; for a perfect

contact between the wall and the soil, this induces large

shear stresses in the soil around the wall. For soil ele-

ments on the retained side this produces unrealistic

increments of vertical effective stress; closer to the wall

the stress state moves towards passive failure with hardly

any change in vertical effective stress. Therefore, the

analyses carried out with the Mohr–Coulomb model were

repeated inserting in the mesh a layer of interface ele-

ments with a thickness of 0.2 m at the contact between

the wall and the soil, with reduced strength parameters

(c0 = 2 kPa and u0 = 20�). The stress paths computed

using the Mohr–Coulomb model and interface elements

are shown in Fig. 18b. For soil elements in front of the

wall, they resemble paths 3–5 or 3–50, depending on the

position of the soil element relative to the wall. The dif-

ferences with the hypoplastic predictions are likely to be

still an effect of the shear stresses induced in the soil mass

due to excessive heave.

4.2 Results

Figures 19 and 20 show the profiles of horizontal dis-

placements of the wall and vertical displacements of the

ground surface for h = 5 m and h = 10 m, respectively. In
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order to have a direct comparison with the experimental

observations, increments of displacements relative to the

end of the installation stage are reported. The displace-

ments computed at the centre of the primary and secondary

panel are the same.

Panel length has a significant effect on the magnitude of

the computed horizontal displacements of the wall. WIM

2D analyses model wall installation as the excavation of an

infinitely long slot, and therefore they overestimate instal-

lation effects and provide one bound of the results; the other

bound is represented by the results of the WIP analyses. As

the length of the panels increases, the results move closer to

those obtained by WIM 2D analyses but the predicted

deflected shape of the wall is hardly affected by panel

length.

Three-dimensional hypoplastic analyses (Figs. 19a, 20a)

predict settlements of the ground surface behind the wall

that extend to a maximum distance from the wall between

1.5 9 h and 2 9 h. As for the horizontal displacements,

panel length has a significant effect on the magnitude of the
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vertical displacements and the results are bounded by those

obtained modelling installation in plane strain and those

obtained for a WIP wall. Only for the 5 m high wall, WIP

analyses predicted a small heave close to the wall. The

extent of the surface settlement trough predicted by plane

strain analyses, both WIM 2D and WIP, is slightly larger

than that predicted by three-dimensional analyses.

The horizontal displacements obtained using the Mohr–

Coulomb model (Figs. 19b, 20b) are similar to those

obtained for the hypoplastic model, both in magnitude and

deflected shape of the wall; however, the horizontal dis-

placements of the toe of the wall predicted by the hypo-

plastic model are slightly larger than those predicted using

the Mohr–Coulomb model, probably due to the lower

stiffness of the soil elements in front of the wall. The

profile of surface displacements predicted by the Mohr–

Coulomb model is not realistic, with substantial heave

behind the wall. Also, for both depths of excavation, the

effect of panel length on the predicted vertical displace-

ments of the ground surface is less pronounced than for

hypoplastic analyses.

Figure 21 shows the profiles of vertical displacements at

ground surface computed in the finite element analyses and

some experimental observations for excavations in sand

[5]. The results obtained using the hypoplastic model and

modelling wall installation are consistent with the available

observations, both in magnitude and trend while, if

installation of the wall is not modelled, computed ground

settlements behind the wall are substantially smaller than

observed, even using the more complex non-linear model.

This is consistent with previous studies of the effects of

using non-linear constitutive models on the predicted ver-

tical displacements behind excavations [13, 43]. On the

other hand, the analyses carried out using the Mohr–Cou-

lomb model, both modelling wall installation or wishing

the wall in place, yield unrealistic values of surface heave.

Figures 22 and 23 show the bending moments computed

at the centre of the primary panel using the two constitutive

models, for h = 5 m and h = 10 m, respectively, while the

corresponding values of prop forces are summarised in

Table 2. The bending moments computed at the centre of

the secondary panel are only slightly larger than those

shown in the figures (by about 5%), notwithstanding the

fact that at the end of installation, the earth pressures

behind the secondary panel were significantly larger than

those at the back of the primary panel (see Fig. 6). This is

due to the redistribution of stress on excavation caused by

the wall stiffness. Panel length affects significantly the

results that are bounded by those obtained from WIM 2D

and WIP analyses, both in terms of bending moments and

prop forces. The bending moments computed using the

Mohr–Coulomb model are slightly larger than those com-

puted using the hypoplastic model, and the maximum value

of the bending moment occurs at a slightly deeper position

on the wall. The overall picture, however, is not signifi-

cantly different from that obtained with the hypoplastic

model.

The bending moments and the prop forces were also

computed by limit equilibrium (LE), assuming that the

active limit state is always attained in the soil on the
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retained side of the wall and that a constant proportion of

the passive effective strength, found considering the equi-

librium of moments about the prop, is mobilised along the

entire embedded length. This is consistent with combina-

tion C1 of partial factors of Design Approach DA1 of

Eurocode 7 [11] and of the new Italian technical code [28],

in which soil parameters are not factored when the struc-

tural safety has to be evaluated, while the loads or their

effects are amplified using factors larger than one. As both

codes do not permit the use of partial factors on the soil

unit weight, in the absence of external loads, the use of

DA1-C1 to evaluate the internal forces in a retaining wall

consists essentially in performing the calculations using

characteristic values of all the parameters together with a

credible estimate of the distribution of contact stress, that

is, at least respectful of equilibrium equations. Structural

safety may then be evaluated applying partial factors of

combination C1 to the effects of the loads, such as bending

moments and prop forces [4, 12].

The bending moments and the prop forces computed by

LE are also shown in Figs. 22 and 23 and included in

Table 2 for comparison. The bending moments computed

by LE are larger than those computed from WIP analyses

but always smaller than those computed from WIM anal-

yses for all panel lengths. This can be explained by the

distribution of horizontal stresses acting on the wall at the

end of excavation. Figures 24 and 25 show the computed

distribution of the horizontal stress at the centre of the

primary panel using the two constitutive models for

h = 5 m and h = 10 m, respectively. The magnitude of

the horizontal stresses at the centre of the secondary panel

is different from that at the centre of the primary panel by

an amount that depends on panel length, but the trend of

the contact stresses for the different analyses is the same.

Also included in the figures are the theoretical active and

passive stresses and the distribution of reduced passive

stress adopted along the embedded length for the LE cal-

culations. For the WIM 2D analyses, the stress acting on

the retained side of the wall at the end of excavation is still

much larger than that corresponding to the active limit

state, as wall displacements are not sufficient to reduce the

large initial stresses computed at the end of installation. On

the other hand, if the wall is WIP, the horizontal stresses

acting on the retained side of the wall at the end of exca-

vation are very close to the active value, but for the upper

part of the wall where the prop prevents horizontal

movements. A similar trend can be observed on the passive

side, where the final horizontal stresses computed at the

end of excavation for WIM 2D analyses are much larger

than those computed for a WIP wall. The distribution of

horizontal stress adopted in the LE calculations is very

close to that obtained for WIP analyses on the retained side

of the wall; however, the horizontal stresses in front of the

wall are substantially different from those obtained at the

end of WIP analyses, and this affects the computed values

of bending moment. Panel length affects significantly the

final distribution of horizontal stress computed on both

sides of the wall, and the horizontal stresses obtained from

WIM 3D analyses are bounded by those obtained from

WIM 2D and WIP analyses.

Table 2 Computed prop forces in kN/m

h (m) Constitutive

model

WIP WIM 3D

L = 1 m

WIM 3D

L = 2.5 m

WIM 3D

L = 4 m

WIM 2D LE

10 HY 112 191 204 208 303 115

MC 114 215 231 241 390

5 HY 36 72 76 78 114 31

MC 25 58 64 68 118
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Fig. 24 h = 5 m, Centre of primary panel. Computed distribution of

horizontal stresses along the wall: a hypoplastic and b Mohr–

Coulomb model
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Fig. 25 h = 10 m, Centre of primary panel. Computed distribution

of horizontal stresses along the wall: a hypoplastic and b Mohr–
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Figure 26a shows the maximum computed horizontal

displacements of the wall, normalised by the corresponding

displacement obtained from WIP analyses, as a function of

H/L. As the panel aspect ratio, H/L, is reduced the maxi-

mum displacement increases towards the value computed

with WIM 2D analyses (L ? ?), at an accelerating rate.

The normalised displacement at H/L = 0 is between 3 and

4, depending on wall height. A lower bound of about 1.7,

shown as a horizontal dashed line in Fig. 26a, can be easily

identified at large values of H/L, corresponding to the

installation of an infinity of panels of zero length. The data

indicate that a prediction carried out wishing the wall in

place underestimates the maximum wall deflections for all

panel lengths. The lower bound of 1.7 can be considered a

sort of intrinsic amplification caused by installation that is

not susceptible of further reduction.

Figure 26b, c show the maximum computed bending

moments and axial forces in the prop, normalised by the

corresponding quantity obtained from WIP analyses, as a

function of H/L, for both H = 7 m and H = 13 m. The

maximum structural loads computed from WIM 2D analyses

are about 3 times those computed from WIP analyses,

independently of wall height; lower bounds of about 1.8 and

1.7 are obtained at large values of H/L, again shown as

horizontal dashed lines in the corresponding figures. A pre-

diction carried out wishing the wall in place underestimates

the maximum bending moments and prop forces for all panel

lengths.

5 Conclusions

For underground construction in urban environment, one of

the main design requirements is that of limiting ground

deformations caused by the changes of stress due to

excavation. Ground movements, including those associated

with retaining structure installation, must therefore be

predicted with reasonable accuracy. Displacements asso-

ciated with excavations may be estimated based on

experimental observations or their magnitude predicted by

numerical analyses. Ideally, these should be three-dimen-

sional analyses, as stress transfer and ground deformation

during wall installation and subsequent excavation are

strongly three-dimensional phenomena, and should be

carried out using a constitutive model capable to reproduce

the main features of soil behaviour, such as irreversibility,

non-linearity and stress-history dependence even at small

strains.

With reference to the installation stage, the results of our

study indicate that the horizontal displacements due to

diaphragm wall installation computed numerically in plane

strain analyses may be corrected using curves similar to

those in Fig. 13 to take into account their reduction with

panel aspect ratio. However, other factors may affect the

results, such as, for example, soil properties, initial con-

ditions, presence of a pore water pressure in the field and

soil/water interaction, and further parametric studies would

be required to define the shape of a general ‘‘correction

curve’’. The results of two-dimensional numerical analyses

carried out using a simple constitutive model, such as

Mohr–Coulomb, depend critically on the adopted value of

the elastic stiffness. As the shear strain levels during the

installation stage are much smaller than those mobilised

during the main excavation, realistic predictions of hori-

zontal ground movements with linear elastic perfectly

plastic models can only be obtained using a value of

stiffness larger than that used to predict behaviour in the

subsequent excavation stage.

The results of our study indicate that only three-dimen-

sional analyses carried out with advanced constitutive

models predict surface settlements during wall installation;

two-dimensional analyses, even if carried out with advanced

constitutive models, predict surface heave behind the wall.

Two- and three-dimensional numerical analyses carried out

using the Mohr–Coulomb constitutive model always predict

substantial and unrealistic surface heave behind the wall,

even adopting relatively high values of stiffness.

Numerical analyses of the main excavation stage is

generally carried out ignoring wall installation, that is, the
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Fig. 26 a Maximum horizontal displacements, b maximum bending

moments and c axial prop forces normalised by the corresponding

quantity obtained from WIP analyses as a function of panel aspect

ratio, H/L
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wall is WIP at the beginning of the analyses. However,

wall installation has a significant effect on the subsequent

behaviour of the retaining structure as it modifies the lateral

stresses behind the wall and the recent stress history of the

soil. Three-dimensional analyses carried out with advanced

constitutive models and in which wall installation is

explicitly modelled predict surface settlements behind the

wall consistent with the experimental observations both in

magnitude and trend. A comparison of the results obtained

from analyses in which wall installation is modelled and

those where the wall is WIP, shows that it is not sufficient

to have a highly non-linear constitutive model to predict

correctly ground movements and structural loads if the

initial stress state and the recent stress history are not

included in the analyses.

The results of this work also show that the maximum

horizontal wall deflections, bending moments and prop

forces reduce with increasing panel aspect ratio, H/L,

towards a minimum value, which is about twice the cor-

responding value computed for WIP analyses. Decreasing

panel length reduces the amplification of wall deflections

and structural loads up to a panel aspect ratio of about 3; no

further improvement is obtained for larger panel aspect

ratios. Bending moments computed using LE, widely

adopted at the preliminary design stage, are always smaller

than those obtained by modelling installation.

For any given aspect ratio, the horizontal wall deflections

and structural loads due to excavation can be successfully

back analysed also with plane strain analyses in which wall

installation is not modelled and simple constitutive models

are used with appropriate selection of soil stiffness [9]. On the

contrary, the pattern and magnitude of surface vertical dis-

placements are much more influenced than wall deflections

by non-linear soil behaviour, and therefore, the results

obtained from linearly elastic-perfectly plastic analyses, no

matter whether 3D or 2D, are generally unrealistic.
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15. Gunn MJ, Clayton CRI (1992) Installation effects and their

importance in the design of earth retaining structures. Géotech-
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