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Tassements de surface d’excavations retenues
avec des ancrages précontraints
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ABSTRACT: Retaining structures in urban environment with prestressed anchors on piles are studied and
some important factors affecting the settlement distribution are investigated, mainly by 3D F.E. analyses. The
influence of lock-off forces, Po of prestressed anchors is investigated through the normalized parameter
ΣPo/Sh∙γ∙Η2 (Sh the horizontal distance of the piles and γ the unit weight). Two representative soil types are
examined, simulating weathered weak rock and very stiff O.C.clay, while comparative analyses are carried out
using in Plaxis programs, mainly the Hardening Soil or the linearly elastic-perfectly plastic models. The
variation of normalized surface settlements at the cross section in the middle of the excavation is presented and
discussed in conjunction with the shape of profile (sagging or hogging). It is concluded that the triaxial
conditions strongly affect the distribution of vertical displacements, mainly when L/H ≤ 2.5. The results are
compared with the predictions of well-known semi-empirical methods and several trends are confirmed
concerning the influence of various important parameters.
RÉSUMÉ: Le cas des structures de retenue en milieu urbain avec des ancrages précontraints sur pieux est
examiné et quelques facteurs importants affectant la distribution de tassements sont examinés, principalement
par des analyses 3D F.E. L'influence des forces de la tension, Po des ancres précontraintes est également étudiée
à l'aide du paramètre normalisé ΣPo/Sh∙γ∙Η2 (Sh la distance horizontale des pieux et γ le poids volumique). Deux
types de sols représentatifs sont examinés, simulant des roches décomposées, altérées et des argiles
surconsolidées, tandis que des analyses comparatives sont principalement effectuées en utilisant les
programmes Plaxis, majoritairement le modèle Hardening (HSM) ou du linéairement élastique-plastique. La
variation des tassements normalisés de la section transversale au milieu de l'excavation est présentée et discutée
en conjonction avec la forme du profil. On peut conclure que les conditions triaxiales affectent fortement la
distribution des déplacements verticaux, principalement dans les cas où L/H ≤ 2.5. Les résultats sont comparés
aux prévisions de méthodes semi-empiriques bien connues et plusieurs tendances se confirment concernant
l'influence de divers paramètres importants.
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n rows on the piles at vertical distances
Sv = H/(n+1). Although analyses were carried
out for heights of excavation H = 9-18 m and
n = 2-5, results are presented for the typical case
H = 12 m and n = 3 (Figure 1b).

1 INTRODUCTION
Surface settlement profiles induced by
excavations in urban environment are of great
importance. The assessment of impact to
adjacent surface structures or public facilities
presupposes the prediction of the distribution of
surface displacements. Settlement profiles can
be generally classified into the following types:
Spandrel (or hogging) type (I), where the
maximum surface settlement develops at the
crest and concave (or sagging) type (II), where
the maxs is observed at a distance away from the
face of the retaining structure. Empirical or
semi-empirical methods for predicting both
types of settlement profile have been presented
in the past, as for example by Peck (1969),
Bowles (1988), Clough et al (1989), Clough and
O’Rourkee (1990), Ou et al (1993). Simplified
models were also proposed for ground surface
settlement (i.e. Kung et al, 2007). Finite element
solutions under 2D conditions were reported,
mainly for specific cases (i.e. Schweiger 1998,
2000, Zhao et al, 2018). However, published
research of retaining structures under 3D
conditions is rather limited (for example
Zdrackovic et al, 2005, Bakker, 2006,
Papadopoulou and Sofianos, 2016).
In the present paper the case of retaining
structures with prestressed anchors is
investigated with 3D F.E. analyses and results
referring to the effects of some important factors
on the surface settlements are presented and
discussed.

a)

b)
Figure 1. a) Geometrical data of the excavation,
b) 3D F.E. mesh and anchors simulation
Table 1.Typical parameters used in the analyses
Description
Value
Height of the
12
excavation (m)
Number of anchors
3
per row
Horizontal distance of
3.0
anchors, Sh (m)
Inclination angle of the
20°
anchors (deg.)
Fixed anchor length,
6.0
Lf (m)
Design resistance of the
anchors, Ra,d (kN)
A
105
B
210
C
420
D
840

2 PROBLEM DEFINITION AND
SIMULATION DETAILS
2.1 Retaining structure
The basic geometrical model is given in Figure
1a, illustrating a typical deep excavation case in
urban environment. The retaining wall consists
of series of concrete piles and a thin layer of
spread concrete in-between them above the
excavation level, while the anchors are placed in
ECSMGE-2019 – Proceedings

The design resistance of anchors varies
between Ra,d = 105-840 kN, while the
prestressing force in each case is assumed as
Po = 0.8∙Ra,d. The typical geometrical parameters
used in the present paper are given in Table 1.
2
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Table 2. Geotechnical parameters according to Hardening Soil Model
Description
Unit weight
Elastic parameters
Strength parameters
γ
E50ref
Eurref
νur
m
φ°
c΄
Rint
(kN/m3)
(kPa)
(MPa)
(MPa)
HS1:Weathered
22
75
225
0.2
0.65
37.5°
15 0.3-1
weak rock
HS2: Very stiff
20
25
75
0.2
0.65
10°
50 0.3-1
O.C. clay

distribution of surface settlements (s settlement
at distance x from the face of excavation). On
the other hand, settlements in the litterature were
usually normalized in terms of the height H of
excavation (s/H). It may be emphasized that
most of the field data and measurements
supporting the relevant proposals refer to braced
excavations under 2D conditions.
Taking into account that settlements are
obviously related to the basic deformability
parameters E50ref or E (HSM or LE-PL) and they
should be proportional to H2 rather than H, the
adopted normalization in the present paper is
according to eq.(1):

The 3D analyses are performed with the F.E.
program Plaxis 3D-Foundation, while the
comparative 2D ones with Plaxis 2D-V.9. In
both programs the F.E. mesh was consisted of
15-node elements and the interface between
structural elements and soil is simulated by
interface elements.

2.2 Soil types and parameters
Following the HSM (Isotropic Hardening,
Schanz et al, 1999), two soil types are
considered, the HS1, weathered weak rock with
low cohesion and high angle of internal friction,
of which the geotechnical behaviour approaches
the cohesionless type, and the soil HS2, very
stiff clay with low angle of internal friction, of
which the behaviour approaches the purely
cohesive type.
For comparison reasons, the simple linearly
elastic-perfectly plastic, according to MohrCoulomb model is used (LE-PL), where the
similar soil types S1 and S2 are used, having the
same strength parameters and constant modulus
of elasticity E = E50ref. The geotechnical
parameters are presented in Table 2. The factor
Rint indicates the roughness of interface and is
assumed equal to 1.0 above the excavation level
and 0.3-1.0 below it.

3.
FACTORS
AFFECTING
SETTLEMENT DISTRIBUTION

𝛦

(1)

3.2 Effect of the prestress forces
One of the most important parameters
influencing the development of settlements is
the global safety factor, SF. Evidently, the
design resistance of anchors, Ra,d drastically
affects the global safety factor. In order to
investigate this parameter, the following
normalization was applied:
𝛴𝑅𝑎,𝑑

R* = 𝑆

ℎ ∙𝛾∙𝛨

THE

2

(2)

Where ΣRa,d the sum of design resistances per
row and Sh the horizontal axial distance of the
piles.
Moreover, prestress forces of each anchor, Po
influence the surface settlements and their
effects can be illustrated through the normalized
sum of forces, according to eq.(3):

3.1 The development of surface settlements
Empirical and semi-empirical models proposed
at the past simple bilinear or trilinear diagrams
s/maxs−x/H, in order to approach the
IGS

𝑟𝑒𝑓

50
s* = s ∙ ( 𝛾∙𝛨
2)

3

ECSMGE-2019 - Proceedings

B.1 - Foundations, excavations and earth retaining structure
𝛴𝑃𝑜
2
ℎ ∙𝛾∙𝛨

P* = 𝑆

0

of coefficient at rest K = Ko, relating the
horizontal in situ effective stresses with vertical
ones. Using the simpler model LE-PL (unique,
constant modulus of elasticity for both loading
and unloading), it may be expected that for
higher K, higher settlements correspond due to
the release of horizontal stresses. On the
contrary, in case of Hardening Soil Model,
higher in situ horizontal stresses σ΄3 correspond
to higher K, thus the deformability modulus E50
increases. As a result, in any case, it is not clear
if higher value of coefficent K caused higher
settlements.

(3)
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Figure 2. Distribution of settlements, 2D, K = 0.7:
a) Soil HS1, b) Soil HS2

Indicative results from 2D analyses are
presented in Figure 2, from which the following
can be concluded:
i) As it was expected for increasing P*, surface
settlements are reduced for both soil types HS1
and HS2. The excessive settlements in case of
the «cohesionless» type HS1 for the lower P*
(anchors A) is mainly attributed to the low safety factor (SF = 1.15 only).
ii) For anchors A, B, C, the sagging shape of
deformation (II) is clearly shown with an
inflection point at distances x/H = 1.0-1.25.

b)

0,05

2D, HS2, m = 0.65

0,1
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0,2
0,25
0,3
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0,35
0,4

NORMALIZED DISTANCE FROM THE FACE, x/H

Figure 3. Effect of the coefficient K at rest on the
settlements distribution, 2D analyses, anchors B:
a) Soil HS1 (P* = 0.027), b) Soil HS2 (P* = 0.029)

From Figure 3, it may be noted that the
settlements for the higher values K = 0.7-1 are
almost identical, while quite significant
differences resulted from the K = 0.5. In any
case, for both soil types, the sagging type (II) of

3.3 Effect of the coefficent K
Comparative diagrams s*−x/H are presented in
Figure 3 from 2D F.E. analyses and three values
ECSMGE-2019 – Proceedings
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The diagrams s*−x/H for a narrow excavation
with L/H = 1 are presented in Figure 5, from
which the following are pinpointed:
i) The shape of the deformed surface (at the
middle of excavation) for anchors A,B,C
correspond to sagging, as well as in case of
L/H = 2.5. On the contrary, for higher prestress
force (anchors D) hogging is developed.
Moreover, for the soil type HS1 heave (and not
settlements) is observed at a distance away from
the crest. ii) The differences of s* in the
diagrams for anchors A, B, C are not significant,
especially in case of soil type HS2 and
consequently it can be concluded that the effects
of prestress forces (and the relevant
characteristic resistances) decrease with the
decrease of ratio L/H.

surface deformation of K develops and the
inflection point is observed at distances
x/H = 1.0-1.25, approximately.

3.4 Results of 3D F.E. analyses
The analyses are carried out for various ratios
L/H (L length of the excavation) and rectangular
plan view (B = L). The results of L/H = 2.50 are
presented in Figure 4, referring to settlements s
and normalized values s* along the vertical
section at the axis of symmetry (where
maximum displacements are developed).For
both soil types HS1 and HS2 sagging is appeared
for anchors A, B, C (P* = 0.027-0.117). The
high value s* in case of HS1 and anchors A is
mainly attributed to the low safety factor. For
the high prestress forces corresponding to
anchors D, hogging is developed (with
maximum settlement at the crest).
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Figure 4. Distribution of settlements, L/H = 2.5,
K = 0.7: a) Soil HS1, b) Soil HS2
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Figure 6 illustrates the effect of 3D conditions
on the s*−x/H diagrams for the indicative case
of soil type HS2 and anchors B.
0

0,5

1

1,5

2

The settlements s for very high length L,
approaching 2D conditions are constant along it,
while for 3D conditions the maximum
settlements at the middle are presented, so a
direct comparison is not representative.
Evidently, the normalized settlements s* with
decreasing L/H, also decrease. However, in
some cases of HS1, the values for L/H = 2.5 are
similar or even slightly higher than those for 2D
conditions, but for the narrow excavation
L/H = 1, these values are significantly lower.
The distribution on settlements on the surface
under 3D conditions and the variation of s along
the crest is illustrated in shadings in Figure 7,
for two values L/H (Soil HS2).

2,5

NORMALIZED SETTLEMENT, s*

0
0,05
0,1
0,15

HS2, ANCHORS B, K = 0.7

0,2
0,25

2D
L/H = 2.5
L/H = 1

0,3
0,35
0,4

NORMALIZED DISTANCE FROM THE FACE, x/H

4. COMPARISONS AND COMMENTS

Figure 6. Effect of the 3D conditions on the
settlement distribution: Soil HS2

4.1 The effects of modelling
The influence of different modelling
assumptions was discussed by Poulos et al
(2001), which put emphasis on the validity of
the simple linear elastic-perfectly plastic models
for analysing the displacement pattern around
deep excavations. Comparative analyses using
the (unsuitable in this case) model LE-PL and
assuming that E = E50ref resulted in considerable
lower s and s* values, mainly owed to the
unrealistic heave at the bottom of the
excavations and the unavoidable effects on
surface settlements. On the other hand, a
conceptual question arises from the introduction
of many additional uncertainties, where
analysing by complicated or sophisticated
models. Nevertheless, in excavation problems, it
is absolutely necessary, at least, to differentiate
the moduli of elasticity for loading and
unloading.
In case of retaining structure by anchored
piles under 2D conditions, the modelling of the
part of piles below the excavation level as
continuous wall and not as individual structural
elements (as in 3D), also affects the surface

a)

b)
Figure 7. Distribution of settlements from 3D
analyses in shadings: a) L/H = 1.0, b) L/H = 2.50
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crest is now lower, for both soil types, ranging
from xm = (0.1 to 0.3)∙H approximately, where
the lower values correspond to the lowest value
L/H = 1.
ii) The primary zone of influence extends up to a
distance x = (0.75−1.25)∙H, in most cases, being
lower for HS1 and the narrower excavation.

displacements. This case has been discussed by
Papadopoulou and Sofianos (2016).

4.2 Zone of influence
Several investigations suggested that the
primary zone of influence is extended to a
distance x = 2H away from the crest (i.e. Clough
and O’ Rourkee, 1990, Ou and Hsieh 2011).
However, the relevant measurements refer
mainly to braced excavations in sands or soft
clays. In the present work, it is assumed that the
so-called primary zone of influence is extended
after the inflection point and up to a distance,
where
s
=
0.2maxs,
approximately.
Representative
diagrams
of
normalized
settlement s/maxs−x/H from 2D analyses and
anchors A,B,C are cumulatively presented in
Figure 8, where the following can be deduced:
i) The distance, where the maxs develops, varies
in the range of xm = (0.3-0.4)∙H.
ii) The primary zone of influence depends on the
soil type and varies between (1.2−1.5)∙H for HS1
and (1.5-2.0)∙H for HS2.
0

NORMALIZED DISTANCE FROM THE FACE, x/H
0

SETTLEMENT RATIO, s/maxs

0,8
0,9
1
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0,6

HS1-1, L/H= 2.5, A
HS1-2, L/H = 2.5, B
HS1-3, L/H = 1, A
HS1-4, L/H = 1, C
HS2-5, L/H = 2.5, A
HS2-6, L/H = 2.5, C
HS2-7, L/H = 1, A
HS2-8, L/H = 1, C

The normalization of surface settlements, s*, is
achieved in terms of H2 and not H, according to
eq.(1). The settlement profile (s* vs x/H)
depends on parameters, as the soil type, the
normalized prestressing force of the anchors, P*,
and the available global safety factor. For usual
forces P* (anchors A, B, C) a sagging type of
settlement profile resulted from 3D and 2D F.E.
analyses, using the Hardening Soil Model in the
Plaxis programs. On the contrary, high
prestressing forces (D) results in hogging shape.
Three dimensional conditions affect the
settlements, s*, when L/H is less than 2.5 and
the primary zone of influence.

HS1-1, B, K = 0.5
HS1-2, B, K = 0.7
HS1-3, B, K = 1
HS2-4, B, K = 0.5
HS2-5, B, K = 0.7
HS2-6, A, K = 0.7
HS2-7, C, K = 0.7

Figure 8. Cumulative presentation of representative
diagrams (s/maxs)−(x/H) from 2D F.E. analyses

From Figure 9 presenting diagrams resulted
from 3D F.E. analyses (L/H ≤ 2.5) the following
can be drawn: i) The distance of maxs from the
IGS
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