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ABSTRACT: The behaviour of a deep excavation is especially influenced by the strength and deformability
of the soil located in front of the retaining walls, below the bottom of the excavation. In fine-grained, lowpermeability soils, it is usually assumed that the excavation is carried out in undrained conditions, resulting
in a significant decrease of the pore water pressures. This effect is beneficial, because the effective stresses
are kept nearly at their initial values, but has a transient nature: depending on the problem layout, on the soil
permeability and on the rapidity of the construction process, the negative excess pore pressure may dissipate
in a time span comparable to that needed to complete the construction. For design purposes, it is essential to
consider reasonable values of the pore water pressures, to ensure a satisfactory performance of the construction
avoiding at the same time excessive conservatism. This paper illustrates the results of a parametric study, in which
finite-element analyses were carried out to evaluate the excess pore water pressures induced by excavations and
to asses the effects of their variation with time. The mechanical behaviour of the clayey soils was described
using a constitutive model based on hardening plasticity, that is reasonably accurate in simulating the generation
of excess pore water pressures in undrained conditions. The results of this study are used to provide practical
indications about the values of excess pore water pressures to be considered for design.

1

INTRODUCTION

It is commonly assumed that deep excavations carried
out in fine-grained deposits, characterized by a low
permeability, occur in undrained conditions. A restriction of drainage is generally beneficial for excavations,
because it results in negative excess pore water pressure and therefore in a larger available soil strength.
But this beneficial effect is only temporary, since the
progressive dissipation of the excess pore water pressures has a detrimental effect on the behaviour of the
excavation. On the other hand, once the bottom of
the excavation has been reached, the additional forces
in the retaining structures produced by the equalisation of the pore water pressures can be contrasted by
the installation of supplementary structural elements,
such as base slabs, additional props, etc. Therefore, the
designer of a deep excavation in a fine-grained deposit
needs to consider carefully the beneficial effects of
the excess pore pressures generated during the excavation, and to evaluate the possible effects of their
partial dissipation in relationship with the construction sequence and with the possibility of modifying
the structural layout of the retaining system. Evidence
of the detrimental effect of time on the behaviour of
deep excavations in low-permeability soils is well documented in the scientific literature (e.g.: Koutsoftas
et al. 2000, Rampello & Callisto 2008).
Values of pore water pressures larger than expected
may also occur as an effect of a partial or total loss of

the suction induced by the total stress release below the
bottom of the excavation. This effect may be induced
quite rapidly by the local presence of coarser soil, or by
the availability of free water at the excavation bottom.
Similarly to the equalisation of the excess pore water
pressures, a loss of suction produces an increase in
the pore water pressures and hence has a unfavourable
effect.
From the above discussion it follows that the actual
values of the pore water pressures may be different
from those assumed in ideally undrained conditions
and that this variability needs to be incorporated into
a robust design procedure. The common practice of
using the undrained soil strength Su to describe the soil
behaviour in undrained conditions is for many aspects
unsafe (Callisto 2011) and obviously is not adequate
to incorporate any change in the pore water pressure resulting from the phenomena described above: a
procedure based on effective stresses is in order.
In principle, an effective-stress-based finite element
analysis employing an adequate constitutive model
may be able to evaluate the correct pore water pressures
occurring in undrained or partially drained conditions. In many cases, however, simpler design tools are
employed, in which the distribution of pore pressures
must be introduced explicitly by the user. This is certainly the case when the sub-grade reaction methods
are used, but a direct input of the pore water pressure
can also be preferable when dealing with numerical analyses that employ relatively simple constitutive
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Figure 1. Schematic effective stress paths followed by soil
elements in front and behind a retaining wall: (a) drained
conditions; (b) undrained conditions; Ka and Kp are the active
and passive Rankine coefficients; K0 is the coefficient of
earth pressure at rest.

models and that cannot simulate adequately the coupled consolidation process that leads to the dissipation
of the excess pore water pressures, or the loss of
suction.
Based on the above consideration, the present paper
illustrates the principal results obtained from a parametric study of deep excavations in clayey soils, based
on advanced finite element analyses, in which the
generation and dissipation of the excess pore water
pressure has been directly investigated. The study is
formulated in rigorous non-dimensional terms, contributing to the general validity of the analysis results;
it is principally aimed to provide the designer with
suitable distributions of the pore water pressures to
be used in the analysis of similar deep excavations,
and to show how the internal forces and the displacements of the retaining structures are influenced by a
loss of suction and by the progressive dissipation of
the excess pore water pressure induced in undrained
conditions.
2

STRESS PATHS IN OPEN EXCAVATIONS

Soil elements located behind or in front of a wall
retaining an open excavation experience very different stress-paths. Figure 1.a depicts the schematic stress
paths undergone by elements A and B in drained
conditions, in the hypothesis that the principal stress
directions are vertical and horizontal. For element A,
located behind the retaining wall, the vertical effective
stress σv′ is about constant, and the excavation produces
a reduction in the horizontal effective stress σh′ . The
stress path of element B, located below the bottom of
the excavation, is mainly influenced by the reduction
of vertical stress σv′ resulting from the excavation,
while the corresponding changes in horizontal stress
play a minor role; therefore, the stress path for element
B may be though of as a reduction of σv′ with an about
constant value of σh′ ; if element B is close enough to
the excavation bottom, then the vertical stress tends
to a very low value and this implies the mobilization
of the soil strength, with the stress path following the
Mohr-Coulomb criterion.

The response of the same soil elements in undrained
conditions is depicted in Figure 1.b. In fact, the stress
paths followed in this conditions are a response of the
constitutive model to the impeded volumetric strains.
In the hypothesis that the pre-failure behaviour of the
soil is isotropic elastic, the stress paths for a plane
strain conditions have a constant value of σv′ + σh′ and
the undrained stress paths are OA and OB in Figure
1.b. These undrained stress paths differ from the corresponding drained paths OA′ and OB′ due to the occurrence of the negative excess pore water pressures u,
and therefore lie quite far from the failure envelope. A
progressive dissipation of u causes the stress states
to follow paths like AA′ and BB′ , getting much closer
to the failure conditions and producing unfavourable
effects on the behaviour of the excavation.
3 ANALYSIS PROCEDURE
Finite element calculations were carried out in plane
strain, simulating the construction of a deep excavation, shown in Figure 2, with a width 2b and a depth H
retained by diaphragm walls and by five propping levels installed progressively during the excavation, with
a vertical spacing i. The soil profile includes a layer
of made ground MG, and a thick clay deposit C resting on a stiff, coarse-grained layer G. The water table
is located at the bottom of the MG layer. The finite
element mesh has an extension l away from the wall
and an overall depth S, the bottom boundary being
located at the contact of the clay deposit with the stiff
G layer. The diaphragm walls have a bending stiffness
EI, while the props have an axial stiffness EA and are
pin-connected to the wall. Additional dimensions of
the excavation are shown in Figure 2.
The mechanical behaviour of the soil was described
with the Hardening Soil constitutive model (Schanz
et al., 1999) implemented in the finite element code
Plaxis 2012. The elastic behaviour is isotropic and
is described by a stress dependent Young’s modulus
defined as:

were σ3′ is the minimum principal effective stress, c′
is the effective cohesion, ϕ′ is the angle of shearing
resistance and pref = 100 kPa is a reference pressure;
E ref and m are model parameters. The model has a
deviatoric (fs ) and a volumetric (fv ) yield surface with
independent isotropic hardening depending on deviatoric plastic strain γp and volumetric plastic strain εvp .
The deviatoric hardening rule is related to parameter
′
E50
, while the volumetric one is controlled by parame′
ter Eoed
. Both of them are given by expression similar
to eq. (1) but, in contrast to E ′ , express a plastic stiffness. The flow rule is associated for states lying on
the surface fv , while a non-associated flow rule is used
for states on the surface fs . The ability of the constitutive model to reproduce the undrained response of
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Figure 2. Layout of the excavation and results of the reference undrained analysis.
Table 1. Definition of the non-dimensional groups and values used in the reference analysis.
H
S
0.35
m
0.8

S1
S
0.07

d
H
0.55

b
H
0.30

l
H
6.40

H
i
5.0

EI
γi4
1.62 × 103

EA
γbi
3.5 × 104

c
γH
3 · 10−3

tan ϕC′

tan ϕC′
′
tan ϕMG
0.67

tan δMG
′
tan ϕMG
0.67

tan δC
tan ϕC′
0.67

POP
γS
0.07

pref
γH
0.33

0.466

a medium-soft clay along the compression and extension paths of Figure 1 was checked by calibrating the
model parameters and initial conditions, as reported in
Table 1, on undrained triaxial compression and extension tests published by Callisto et al. (2002). Figure 3
shows that the stress paths predicted by the constitutive
model are in a good agreement with the experimental
ones.
The excavation problem was formulated in rigorous
non-dimensional terms, finding that it is controlled
by 24 non-dimensional groups: these are listed in
Table 1, that reports also the values used for this
groups in the reference analysis. Obviously, the finite
element models had dimensions: specifically, the reference model was obtained from the non-dimensional
values of Table I assuming H = 15 m, a soil unit
weight γ = 20 kN/m3 and a coefficient of permeability kC = 10−9 . In Table 1, symbols with the subscript
‘MG’refer to the top layer of made ground, while those
with a subscript ‘C’ are for the fine-grained deposit;
the quantity POP is an erosion stress that defines the

ref
E50,C

ref
E50,MG

γw H
79.3

ECref
ref
E50,C
2.50

2.90

γ
γw
2.0

kMG
kC
104

Smax
γH
>0.5

ref
E50,C

ref
EMG
ref
E50,MG
3.0

T=

ref
kC E50,C
γw H 2

t

0

overconsolidation ratio for the C layer. The excavation
was simulated in steps: each excavation stage was preceded by the construction of the propping level located
immediately above the excavated soil. It was assumed
that the first stage of the excavation, down to the depth
of the second propping level, is slow enough to allow
full drainage of the clayey deposit. This simulates a
commonly encountered low efficiency of the construction activities during the first stages of the work. For
the remaining excavation stages it was assumed that
the response of the clayey deposit is fully undrained.

4

RESULTS OBTAINED IN UNDRAINED
CONDITIONS

Figure 2 shows the profiles of the non-dimensional
results obtained for the last two excavation phases (No.
6 and No. 7), that is, the non-dimensional horizontal
displacement dx , bending moment M and axial force
in props N . For the last excavations phases, Figure 2
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Figure 5. Computed relation between the average values of
α and the ratio b/h in undrained conditions.
Figure 3. Experimental and numerical stress paths obtained
in undrained compression and extension tests on Pisa Clay.

Figure 4. Contour lines of the excess pore pressure ratio α
for two different values of the width to height ratio b/H , in
undrained conditions.

shows also the results obtained in an analysis aimed to
validate the derivation of the non-dimensional groups:
a different model was defined having a different
height, H = 21 m, but respecting the same values of the
non-dimensional groups listed in Table 1; the figure
shows that the non-dimensional results are practically coincident with those evaluated in the reference
analysis.
Care was taken to control that the results are
credible. For instance, assuming that the maximum settlement of the ground surface behind the excavation is
about equal to the corresponding horizontal displacement of the wall dx (e.g. Mana & Clough 1984), a
maximum value of dx of about 0.1% of the excavation
height is well within the data published by Clough &
O’Rourke (1990).
Figure 4 shows the contour lines of the excess pore
water pressure ratio, defined as α = u/σv , where
σv is the notional reduction in the vertical total
stress associated to the entire soil depth excavated in
undrained conditions, and u is the corresponding
reduction in pore water pressure. The contour plots
are shown for b/H equal to 0.25 and 1, respectively,

and refer to the completion of the undrained excavation. It can be seen that the reduction of the pore water
pressures is maximum in the soil close to the bottom
of the excavation, where it is larger than 0.8 σv . For
the case with a larger value of b/H , the reduction of the
pore-water pressure is more significant, as it extends to
larger soil zones. As the initial values of u are proportional to the water unit weight and σv is proportional
to the soil unit weight, values of α larger than 0.8 typically imply that the pore water pressures in the soil
close to the bottom of an excavation are negative; the
absolute value of the negative pore water pressure is
termed ‘suction’ and is denoted by the symbol s.
Average values of α were computed in the zones
delimited by the dashed lines in Figure 4, relative to the
soil located immediately below the excavation bottom,
or behind the retaining wall. Repeating the analysis
for six different values of b/H ranging from 0.2 to 1,
and using the results obtained for all the excavation
stages, the average values of α can be related to the
ratio b/h, where h is the vertical distance between the
current excavation level and the toe of the wall. This
relationship is plotted in Figure 5; it shows that all the
data describe a unique relationship between α and b/h:
for the soil located below the excavation level, α is seen
to increase with b/h, approaching the constant value of
about 0.7 as b/h be comes larger than one. For the soil
located behind the retaining wall, α is less variable and
increases only up to about 0.15. The results of Figure 5
appear to be quite general, and the plot can be readily
used for an approximate estimate of the distribution of
the excess pore water pressure produced in undrained
conditions for any excavation stage.
Starting from the reference model, the numerical
analysis was repeated by limiting the soil suction s to
different values denoted by the symbol smax . The effect
of different limiting values of the soil suction on the
response of the excavation is illustrated by Figure 6,
where X represents either the horizontal displacement
or the internal forces. As a general result, a reduction
in the allowable value for the soil suction is detrimental
for the behaviour of the excavation: in the extreme case
that the soil cannot retain any suction (smax = 0) the
displacements and internal forces increase by 20–30%,
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Figure 6. Effect of the limiting suction value on the displacements and internal forces for the retaining structures.

Figure 8. Isochrones of the horizontal displacement and the
bending moments for different values of the time factor T .

Figure 7. (a,c) contour lines of the excess pore pressure ratio
α, and (b,d) contour lines of the mobilized strength ratio, for
T = 0.05 (a,b) and for T = 0.2 (c,d).

with the exception of the negative bending moments
(M − ) that show a 50% increase. It is interesting to
observe that if the maximum allowable suction is larger
than a critical value of about 0.15γH , the behaviour
of the excavation is practically unchanged.

5

EFFECTS OF PARTIAL DRAINAGE

Starting from the final stage of the excavation, coupled consolidation analyses were carried out to asses
the effect of the progressive equalisation of the excess

pore water pressure generated in the undrained excavation stages. In non-dimensional terms, the time elapsed
from the undrained excavation is quantified by the time
factor T as defined in the last cell of Table 1, where
the symbol k denotes the coefficient of permeability.
Results are shown for values of T equal to 0, 0.05, and
0.2, corresponding to the undrained conditions and, for
the reference model, to consolidation times of 3 and 12
months, respectively. Figure 7 shows the contour lines
of α = u/σv for T = 0.05 and 0.2, together with
the corresponding contours of a strength factor τ/τf ,
defined as the ratio of the mobilised to the available
shear strength. The figure shows that, as the excess
pore water pressures dissipate, the zones in which the
strength is fully mobilised extend progressively to the
whole soil located between the excavation level and
the toe of the wall, and also to a portion of soil situated behind the retaining wall. In turn, the progressive
mobilisation of the soil strength causes an increase in
the displacements and in the wall internal forces, as
shown in Figure 8: the toe of the wall displaces into
the excavation and the negative bending moment at the
last propping level increases substantially. If the usual
safety margins are used to design the structural section of the wall in undrained conditions, the increase
in M shown in Figure 8 for T = 0.2 probably implies
the attainment of the wall bending capacity.
Figure 9 shows, for the reference analysis case, the
decrease of the average values of α = u/σv with
the time factor T ; this plot can be used, together with
the graph of Figure 5, to estimate the excess pore
water pressure at a specific time instant following an
undrained excavation. A way to assess the severity of
the consequences deriving from the partial dissipation
of the excess pore water pressure is to define, for a
given quantity X , its change X (T ) with T relative
to the variation X∞ deriving from the full dissipation of the excess pore water pressures, that is, to
the attainment of drained conditions. This is shown in
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Figure 9. Decrease of the average values of the excess pore
pressure ratio α for increasing time factor T .

Figure 10. Effect of consolidation on the relative change of
displacements and internal forces for the retaining structures.

CONCLUSIONS

Excavations in fine-grained, low permeability soil
deposits are influenced decisively by the excess pore
water pressures that develop during the construction
sequences. Therefore, the design of any excavation in
these soils should consider explicitly and prudently
the values of the excess pore water pressures that
may be relied upon, contemplating possible adverse
scenarios deriving from their partial dissipation. The
above issues can be dealt with only performing analyses based on effective stresses, in which the excess
pore water pressures are either a response of appropriate constitutive models, or a deliberate designer’s
choice, based of some previous experience. The analyses presented in this paper provide an illustration of
the main phenomena influencing the distribution of
the pore-water pressures in the soil interacting with
an excavation; they are also effective in describing
the detrimental effects associated to the loss of suction and to the progressive time-dependent dissipation
of the excess pore water pressures. Being formulated
in rigorous non-dimensional terms, the results of the
present study can be used to derive information relative
to other cases, different in geometry and mechanical
properties. Specifically, average values of the excess
pore water pressure coefficient α = u/σv are provided for undrained conditions (Figure 5) and for
different values of the time factor T (Figure 9). The values of the pore water pressures deriving from α may
be proficiently incorporated into an effective-stressbased analysis to evaluate the effect of partial drainage.
Furthermore, the results of Figures 6 and 10 provide a
direct appreciation of the effects of loss of suction and
consolidation on the displacement and internal forces
in the retaining structures.
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