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A B S T R A C T

This paper investigates the response of pile foundations to deep-excavations. An elastoplastic two-stage model
is used to study the response of pile groups (with free- or rigidly capped-heads) and of piled structures
(grade beams or bearing walls), considering piles embedded in either uniform or layered ground. The model
is validated using results of analytical solutions, as well as data from centrifuge tests and from real case
histories. Then, a parametric study investigates excavation-induced displacements and internal forces of piles,
and deformations of the superstructure. Soil–pile transfer mechanisms and pile–superstructure interactions
are analysed for various foundations and ground conditions, with results showing that settlements and slopes
between piles are larger for floating piles than for end-bearing piles. Results show that rigidly capped piles and
semi-flexible piled structures cause bending moments at the foundation heads that increase with the excavation-
induced slope between piles, whereas the risk for tensile failure of piles is low. Also, results indicate that
the superstructure stiffness is more relevant to decrease the slope and deflection ratio of foundations when
composed of floating piles, compared to end-bearing piles. Finally, modelling end-bearing piles embedded in
a stiff base using hinged connections to such stiff base may not be appropriate.
1. Introduction

There is an increasing demand for deep-excavations (i.e., considered
herein as vertical excavations requiring the support of a retaining
wall, such as a diaphragm wall, that extends below the excavation
bottom and that is constructed/installed prior to such excavation)
for infrastructure development and the construction of new buildings,
particularly in congested urban areas. As shown in Fig. 1a, the dis-
placement of the retaining wall supporting a deep-excavation results
inevitably in ground movements that can affect nearby piles and their
superstructure. Thus, excavations can increase the deformation and
loads of piles supporting nearby buildings or other infrastructure, hence
leading to risks for their integrity (e.g., damage at pile head-to-cap con-
nections) or to serviceability losses in the superstructure (e.g., cracking
in non-structural infills). While pile distress can be evaluated directly
from internal forces, displacements (maximum settlement) and defor-
mation parameters (deflection ratio, bay slope) shown in Fig. 1 can be
used to estimate serviceability losses in the superstructure.

Recent case histories illustrated the threat posed by deep–excavat-
ions conducted near piles and buildings. Excavation-induced lateral
movements can result in large deflections of piles (Finno et al., 1991;
Goh et al., 2003), while Tan et al. (2016) reported settlements of 40mm

∗ Corresponding author.
E-mail address: anfr@cae.au.dk (A. Franza).

for buildings founded on short piles adjacent to a subway station exca-
vation. Also, Korff et al. (2016) monitored distortions of piled buildings
due to excavation-induced settlements, while Finno and Bryson (2002)
and Son and Cording (2005) demonstrated that excavation-induced
settlements led to the cracking of bearing–walls and non–structural
infills in buildings with shallow foundations. Although Goh and Mair
(2014) indicated that the stiffness of a superstructure (e.g., building)
founded on shallow foundations could decrease its distortion levels,
there is a lack of studies that addressed the role of the (piled) building
stiffness in the excavation–pile–structure interaction. Furthermore, for
ultimate limit state assessments, the unlikely scenario of unexpected
failure of the retaining wall bracing system, and the subsequent large
ground movements, should also be considered by engineers (Tan et al.,
2018). Hence, developing design methods to estimate the behaviour
of single pile and pile groups next to deep-excavations is important
for geotechnical engineers. Such design methods should account for
(i) the depth of the retaining wall relative to the pile length and (ii)
the distribution of soil resistance along the pile. For (i), ‘relatively
short piles’ and ‘relatively long piles’ are associated with wall-to-pile
lengths ratios of 𝐻𝑤∕𝐿𝑝 ≥ 1 and 𝐻𝑤∕𝐿𝑝 < 1, respectively, as shown in
Fig. 1a. Note that the wall depth 𝐻𝑤 (rather than the excavation depth
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Notation

𝑏𝑏 Equivalent beam cross-sectional width
𝑐𝑢 Undrained shear strength of soil
𝑑𝑏 Equivalent beam cross-sectional depth
𝑑𝑝 Pile diameter
𝜈𝑠 Poisson’s ratio for soil
𝜈𝑝 Poisson’s ratio of pile
𝜔𝑚𝑎𝑥 Maximum slope of the superstructure
𝑞𝑏 Ultimate base stress
𝜌ℎ𝑜𝑔 Relative bending stiffness parameters
𝑠𝑚𝑎𝑥 Maximum differential settlement in piled

structure
𝑠𝑝 Pile spacing
𝜎𝑒𝑥𝑐ℎ Excavation-induced horizontal pressure
𝜎𝑝𝑜𝑠ℎ Post-excavation horizontal pressure
𝜏 Shaft friction
𝜏𝑝𝑜𝑠 Post-excavation shaft friction
𝜏𝑓 Shaft ultimate friction
𝑢𝑥 Horizontal displacement of pile
𝑢𝑒𝑥𝑐𝑥 Excavation-induced horizontal

displacement of pile
𝑢𝑧 Vertical displacement
𝑢𝑒𝑥𝑐𝑧 Excavation-induced vertical displacement
𝑥 Horizontal spatial coordinate
𝑧 Depth, measured from ground surface
𝛥𝑏𝑙𝑑𝑔
ℎ𝑜𝑔 Relative building deflection in hogging

region
𝛥𝑔𝑓
ℎ𝑜𝑔 Relative greenfield deflection in hogging

region
𝐷𝑅𝑏𝑙𝑑𝑔

ℎ𝑜𝑔 Deflection ratio in hogging region of the
building

𝐷𝑅𝑔𝑓
ℎ𝑜𝑔 Deflection ratio in hogging region of the

greenfield settlement trough
𝐸𝐼 Bending stiffness of building
𝐸𝑝 Young’s modulus of pile
𝐸𝑠 Young’s modulus of soil
𝐸𝑠𝑠 Young’s modulus of superstructure
𝐻 Excavation depth
𝐻𝑤 Wall length
𝐿 Building width
𝐿𝑒 Pile embedding depth
𝐿𝑏𝑙𝑑𝑔
ℎ𝑜𝑔 Transverse length of hogging region of

building settlement trough
𝐿𝑔𝑓
ℎ𝑜𝑔 Transverse length of hogging region of

greenfield settlement trough
𝐿𝑝 Pile length
𝑀 Pile bending moment
𝑀𝑒𝑥𝑐 Excavation-induced bending moment
𝑀𝐷𝑅

ℎ𝑜𝑔 Modification factor in hogging region of
building settlement trough

𝑀𝑝𝑜𝑠 Post-excavation bending moment
𝑁 Axial force
𝑁𝑒𝑥𝑐 Excavation-induced axial force
𝑁𝑒𝑥𝑐

𝑏 Excavation-induced base force
𝑁𝑝𝑜𝑠 Post-excavation axial force

𝐻) is adopted in this paper to conduct the analyses and to identify
relatively low and short piles; this is because typical excavation and
support conditions frequently lead to similar excavation depths being
2

𝑁𝑝𝑜𝑠
𝑚𝑎𝑥 Maximum post-excavation axial force of

pile in pile group
𝑃𝑏 Pile base reaction load
𝑃0 Pre-excavation service load at the pile head
𝑃𝑢 Ultimate horizontal pressures of soil
𝑄𝑏 Ultimate capacity of pile base
𝑄𝑟 Pile base capacity as a percentage of total

capacity
𝑄𝑠,1 Ultimate capacity of pile shaft in the top

layer
𝑄𝑡𝑜𝑡 Maximum capacity of pile
𝑆𝐹0 Initial safety factor
𝑆𝑝,1 Pile space in pile group
𝑆𝑝,2 Pile space in piled structure
𝑋𝑝,1 Offset of the front pile
GF Greenfield
EL Elastic
EP Elastoplastic
SP Single pile
PG Pile group
PS Piled structure

associated with similar wall depths, while horizontal displacements
also occur for the embedded part of the wall, hence making it a
more relevant parameter to consider in our analyses. For (ii), piles can
be considered within a range varying from ‘floating piles’ (i.e., piles
entirely embedded in a relatively uniform soil, so that shaft resistance
is dominant) to ‘end-bearing piles’ (i.e., with tips embedded in a deep
stiff layer where most of the pile’s load capacity is mobilised).

2. Background

In the last two decades, experimental evidence of the detrimen-
tal effects of deep-excavations on nearby pile foundations has been
collected. Centrifuge testing has been used to evaluate the response
of single piles (Leung et al., 2000, 2006; Ong et al., 2006) and of
pile groups (Leung et al., 2003; Choudhury et al., 2008; Ong et al.,
2009). All were ‘end-bearing’ piles with no applied working load and
considered unsupported excavations in both soft clay and sand. These
experimental results show that lateral deflections and bending moments
of piles reduce considerably with their distance to the retaining wall.
Also, the response of capped pile groups (in comparison to single piles)
is characterised by lower maximum horizontal displacements of the
front pile, close to the excavation, due to the restraining action of
rear piles through the cap; however, this group response can lead to
large bending moments at the pile–cap connection. Also, ‘end-bearing’
piles underwent in several cases horizontal movements larger than
their settlements. On the other hand, pile settlements can be significant
for ‘floating’ piles (Ng et al., 2017) and centrifuge tests of propped
excavations next to a loaded ‘floating’ pile in uniform sand indicated
that the pile head condition seems not to affect the pile settlement,
whereas it significantly influences the bending moment in the upper
part of the pile. Yet, there is a lack of understanding of piled structures
affected by excavations.

Also, advanced numerical modelling has been limited to single piles
and pile groups with a rigid cap. For instance, Liyanapathirana and
Nishanthan (2016) parametrically studied the effects of excavations
on the lateral response of single piles, concluding on the importance
of excavation depth and pile head fixity on pile behaviour. Shakeel
and Ng (2018) conducted 3D coupled consolidation analyses to gain
insight into the axial and flexural response of pile groups embedded in
uniform clays, displaying the importance of the relative location of the
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Fig. 1. (a) Problem of pile foundations adjacent to a deep-excavation; (b) maximum settlement and slope of the superstructure; (c) excavation-induced deflections of the
superstructure.
pile toe in relation to the final excavation level. Pile groups experience
higher settlement and tilting if the pile toes are located closer to the
final excavation level, while a significantly higher bending moment is
induced when the pile toes are located well below the final excavation
level than when at the final excavation level. A similar parametric
study in uniform clays was carried out by Soomro et al. (2019) for
‘floating’ single piles with constant head load, detailing the impact
of displacement restraints of the pile head on bending movements
and of working load level on settlements. The excellent agreement
between numerical simulations and centrifuge tests also demonstrated
that advanced numerical analyses could reliably model this problem.
However, it also requires considerable computational and time efforts
along with a careful choice of soil constitutive models. Therefore, it
may not always be suitable during preliminary design stages or for
sensitivity studies dealing with many excavation and support systems
(and thus ground movement distributions) next to piled structures.

Experimental and numerical evidence suggests the importance of
considering the stiffness of both the ground (that could be layered) and
the structures above the piles (caps, grade beams/slabs, or the build-
ing), since they can significantly affect deformations and displacements
of piles. For this, models capable of accounting for both excavation
and superstructure effects, such as simplified two-stage interaction
models, are needed. In these models, the greenfield soil movements
(i.e. displacements in the absence of existing foundations near the deep-
excavations) are estimated first; subsequently, the soil–pile–structure
system is subjected to a set of ‘active’ external and live loads and,
then, to equivalent ‘passive’ loads (the latter resulting in the greenfield
movements when no foundation is present). To describe soil–pile and
pile–soil–pile interactions, either the half-space theory (Poulos, 1989;
Xu and Poulos, 2001) or the Pasternak/Winkler soil model (Kitiyodom
et al., 2005; Huang et al., 2009; Zhang et al., 2011; Liu et al., 2020) may
be used to capture the ground mass flexibility, while accounting for
perfect compatibility or localised soil yielding in the near-pile region.
Beam theory may be used to describe the structural response of piles.
The condensed stiffness matrix approach can easily account for any
structure (caps, frames, walls), when assumed linear elastic. Although
two-stage methods have been extensively used to evaluate the effects of
tunnelling on piles and pile groups (Chen et al., 1999; Loganathan et al.,
2001; Franza et al., 2021a), previous applications to deep-excavation
problems are mostly limited to single pile analyses: Poulos and Chen
(1997) used a linear elastic boundary element model; Zhang et al.
3

(2011) and Korff et al. (2016) proposed a Winkler-based analysis that
considers nonlinear load transfer mechanisms between the pile and
the soil. For pile groups, Liang et al. (2013) studied axially loaded
pile groups subjected to lateral soil movement by using a Winker soil
model for single piles and Mindlin’s interaction factors for pile–soil–pile
interactions. Mu et al. (2020) developed a two-stage method to predict
the pile–raft (vertical and lateral) response due to deep-excavations,
but the method is limited to elastic conditions. However, to the authors’
knowledge, the coupled vertical and lateral response of pile foundations
near to subsequent deep-excavations has not yet been investigated with
elastoplastic two-stage models.

3. Scope

Considering the lack of a systematic study of excavation-induced
effects on pile groups and piled structures in layered grounds, this
paper aims to (i) evaluate the applicability of two-stage elastoplastic
excavation–pile–structure interaction models (COMPILE Model) for this
problem; and (ii) to characterise the influence of main input parameters
on both types of foundations to deep-excavations in layered ground.
First, the model was validated through comparison with BEM results,
with experimental results and with data from relevant case histories.
Next, parametric studies are conducted to investigate the effects of sev-
eral aspects – wall depth, foundation geometry, structure and ground
properties, etc. – on the excavation–pile–structure interaction response,
with particular attention to induced displacements, pile structural dis-
tress, and structural deformations. Finally, the effect of the depth of
embedding of ‘end-bearing’ piles into a stiffer deep layer is investigated.
Considering the scope and limitations of the adopted model, findings
are used to provide guidance to engineers on critical aspects to be
considered during design of deep-excavations adjacent to existing deep
foundations, rather than to quantify the effects of deep-excavations for
specific cases or to provide design charts.

4. Elastoplastic interaction model

The three-dimensional two-stage model for excavation–soil–pile–
structure interaction (Franza et al., 2021b) is adopted to investigate the
effects of deep-excavations on piles and piled structures. In Stage 1 with
active loads, the external and live actions are applied to the pile heads,
and the foundation–structure system is solved for the pre-excavation
state. Then, in Stage 2 with passive loads, the effects of excavation-
induced greenfield movements on the foundation-structure system are
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evaluated to compute post-excavation foundation displacements and
internal forces. Excavation-induced displacements and internal forces
are inferred from the variation between Stages 1 and 2.

4.1. Estimation of greenfield soil movements

Input soil movements describing the greenfield displacement field
are either estimated from numerical modelling, experimental results,
field information or computed analytically. In particular, for the para-
metric study in this paper, the superposition of singularities of cavity
method is adopted, for which the deflection of the diaphragm wall is
associated with a distributed ground loss is implemented as in Xu and
Poulos (2000) and Zhang et al. (2011). Horizontal 𝑢𝐺𝐹

𝑥 and vertical
𝐺𝐹
𝑧 greenfield soil movements are obtained from Eq. (1) by integrating
nfinitesimal ground losses along the wall depth, using the displacement
ield of Sagaseta (1987) for point sinks in an incompressible half-space.

𝐺𝐹
𝑥 = ∫
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2
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(1)

where 𝑟1 =
√

𝑥2 + (𝑧 − ℎ)2; 𝑟2 =
√

𝑥2 + (𝑧 + ℎ)2; ℎ is the integration
variable; 𝐻𝑤 is the diaphragm wall depth; 𝑥 is the horizontal dis-
tance to the diaphragm wall; 𝑧 is the depth to the ground surface;
and 𝑓 (ℎ) is the deflection of the diaphragm wall (i.e., its horizontal
isplacement profile). Although input greenfield displacements can be
stimated numerically or analytically in plane-strain conditions, note
hat the COMPILE model solves the soil–pile-structure interaction as a
hree-dimensional boundary problem, as discussed later.

.2. Analysis of soil–pile–structure interaction

The three-dimensional interaction model of Franza et al. (2021b),
hich was validated for tunnelling scenarios, is used. It assumes beams

or the vertical piles, elastic isotropic half-space models for the soil
either uniform or layered), and localised soil yielding at the pile–
oil interface. The structure consists of a rigid cap, a grade slab, or a
asonry bearing wall, and all are modelled as a beam not in contact
ith the ground surface. From the half-space theory, the flexibility

unctions describing the relationship between the loads applied along
he pile and the displacements of the half-space in the three spatial
irections are obtained integrating the point–load solutions of Mindlin
1936) and Ai et al. (2002) along the pile boundary, hence overcoming
imitations of Winkler models and interaction factors. It follows that
he soil–pile and pile–soil–pile interaction mechanisms (along a given
ile and between different piles) are linear elastic. This is a standard
ssumption in previous two-stage analyses, which has also been proved
s reasonable in practice, based on case history and experimental data.

A perfectly-plastic interface, consisting of sliders, is interposed be-
ween the beam axis and the half-space to limit vertical and horizontal
orces when ultimate shaft friction, base pressure, or lateral pressure
re mobilised. These sliders capture, at a macro-scale, the effects of
hear bands, slippage, or gap formation along the pile shaft and beneath
ts base. This localised plasticity approach for soil yielding along the
ile is commonly adopted in foundation engineering (see e.g., Chow
1986) for vertical loads or Chen et al. (1999) for tunnelling). The
imit forces of the vertical and horizontal sliders are defined by inte-
rating the yielding stresses at the shaft and base: namely, negative
nd positive shaft friction, lateral shaft pressure, ultimate base pressure
nd no tensile capacity at the pile base. Importantly, differently for
unnelling in which lateral soil–pile interaction is mostly elastic (Basile,
014), plastic sliders in the horizontal direction can play a role (as
ater discussed) because of possible large excavation-induced horizontal
round movements.
4

Fig. 2. Single pile adjacent to a deep-excavation considered by Poulos and Chen
(1997).

The solution is obtained using the Finite Element Method approach,
discretising the foundation in finite elements and computing the soil,
foundation and superstructure matrices in correspondence with the
nodal locations of the foundation. Linear elastic (EL) and elastoplastic
(EP) analyses are performed: in the EL analyses, perfect compatibility
is imposed between the pile and the continuum; in the EP analyses, the
soil yielding at the pile–soil interface is considered by activating sliders.
For further details of the model, refer to Franza et al. (2021b).

5. Model applicability to deep-excavations

The elastoplastic interaction model is validated by comparison with
elastic Boundary Element Method (BEM) results (Poulos and Chen,
1997), centrifuge measurements (Ong et al., 2006, 2009) and field
monitoring data (Korff et al., 2016) of deep-excavations.

5.1. Comparison with a linear elastic model (single pile)

The EL predictions of the proposed model are evaluated first using
elastic BEM results of Poulos and Chen (1997) as a benchmark. Fig. 2
shows the considered scenario, consisting of a braced diaphragm wall
of height 𝐻𝑤 = 13m next to a free-head, unloaded, ‘end-bearing’
single pile, with its shaft in soft clay and its base constrained by the
rigid bedrock, with translations restricted and rotations allowed (the
impact of the rotational constraint is investigated later). The pile has
𝑑𝑝 = 0.5m, 𝐿𝑝 = 22m; 𝐸𝑝 = 30GPa and its offset from the wall is 1m.
The clay has 𝐸𝑠 = 16MPa and 𝜈𝑠 = 0.5 (undrained). The input greenfield
horizontal movements at the pile location are selected from plane-strain
numerical simulations after (Poulos and Chen, 1997).

For the intermediate excavation depths of 6m and 8m, Fig. 3a shows
the greenfield horizontal movements, while Fig. 3b and c compare
the computed EL excavation-induced deflections (negative towards the
excavation) and bending moments (negative when the tensile fibre is on
the excavation side) of the pile against the BEM elastic results of Poulos
and Chen (1997). Despite minor differences within the upper 5m of
the pile, the agreement between the two elastic models in terms of
predicted pile deflection is excellent; the proposed model is capable
of accounting for the complex distribution of bending moments and
for the bedrock effect (no horizontal displacement of the base) thanks
to the layered half-space theory adopted. As expected, the pile lateral
movements and bending moments increase (more than twice) with the
advancement of the excavation depth from 6m to 8m; interestingly, the
bending moment distribution changes its shape, although the largest
maximum bending moment is negative for both cases (with tensile fibre
facing the excavation). Note that no bending moments are induced at
the pile head due to the free-head conditions; this differs from capped

or connected piles (as later discussed in the text).
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Fig. 3. Soil movements and pile response induced by the adjacent excavation: (a) greenfield and (b) pile horizontal displacements; (c) pile bending moments.
Fig. 4. (a) Centrifuge test configurations (Ong et al., 2006, 2009) (prototype scale). (b) Adopted ground model.
5.2. Comparison with centrifuge results (single pile and pile groups)

The reliability of the interaction model for excavations adjacent to
piles is evaluated using centrifuge measurements from Ong et al. (2006,
2009), replicating a shallow excavation close to ‘end-bearing’ single
piles and pile groups in layered ground.

Fig. 4 shows the scenarios modelled in the physical testing. The
stratigraphy consists of a 6.5m thick clay layer on top of a 6.0m
thick sand layer resting on a rigid base. For the overconsolidated but
soft kaolin clay, the undrained shear strength 𝑐𝑢 linearly increases
from approximately 6 kPa to 10 kPa between depths of 2m and 6.5m;
however, post-excavation strength dropped to 1 kPa for the top 2m of
soil (Ong et al., 2006). The 1.2 m excavation in clay is retained by a
cantilever wall with a total height 𝐻𝑤 of 8 m and with its tip reaching
the underlying sand layer. Piles with length 𝐿𝑝 = 12.5m, diameter 𝑑𝑝
= 0.6m, and Young’s modulus 𝐸𝑝 = 35GPa have their tip resting on
the rigid base and they are located with their axes at either 3m or 5m
offset from the wall, and with a spacing of 2m within the 2 × 2 pile
group.

To solve the excavation–pile interaction, horizontal movements
measured at locations of pile axes during a greenfield test by Ong
et al. (2006) were used as input, while greenfield settlements were
neglected in these analyses. For the continuum ground model, five
elastic layers were adopted, as shown in Fig. 4b, whose Young’s moduli
were estimated considering 𝐸𝑠 = 150𝑐𝑢 and 𝐸𝑠 = 6𝑧 for the clay
and sand strata, respectively, where 𝑧 is the depth from the surface
5

to the mid-layer depth. Also, in the perfectly-plastic EP analyses, the
ultimate horizontal pressures along the shaft in clay were taken as
𝑃𝑢(𝑧) = min[2(1+𝑧∕𝑑𝑝)𝑐𝑢, 9𝑐𝑢] and the pile shaft resistance was assumed
as 𝜏𝑓 = 𝑐𝑢. For the ultimate horizontal pressures in sand, no yielding is
assumed due to relatively large values of 𝑃𝑢.

Fig. 5a and b compare, for the model and the experimental data,
the deflections and bending moments induced along the front single
pile; the agreement is excellent, particularly when horizontal yielding
is considered in the clay. To clarify the role of lateral soil yielding,
Fig. 5c shows measured and calculated horizontal soil pressures acting
on the pile. Soil pressures predicted by the EP model agree well with
measured data at the top 7 m of the pile, despite minor differences
along the bottom of the pile. Also, the interaction model captures
the spike in the horizontal stresses at the clay–sand interface, which
is typical in horizontal pile–soil interaction problems with a sudden
change in ground stiffness (Ong et al., 2006).

Next, Fig. 6 shows the response of the pile groups to the excavation,
when both free-head and rigidly capped-head conditions are tested.
Fig. 6a displays that, for free-head conditions, the deflection of the front
pile is greater than for the rear one so that, consequently, greater bend-
ing moments occur for the front free-head pile than for the rear one, as
shown in Fig. 6b. On the other hand, this differential head deflection
is prevented by the cap action in Fig. 6c, leading to a change in the
curvature of the upper part of piles and, thus, to excavation-induced
bending moments in the upper region of the piles. The agreement
between both models is also good for the pile group case, with minor



Computers and Geotechnics 153 (2023) 105075C. Zheng et al.

d
t
f
d
e
c
t

f
w
d
s
t
a

Fig. 5. Analyses of Ong et al. (2006, 2009) centrifuge test. Excavation effects on the single pile located 3m behind wall: (a) lateral displacements, (b) bending moments, and (c)
soil pressure.
Fig. 6. Excavation effects on the pile groups: free-head (a)–(b) and (c)–(d) capped foundation.
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ifferences only. The difference in the free-head deflections may be due
o the greenfield soil input employed in the two-stage solution not being
ully representative of the tests, which suffered large greenfield soil
eformations (leading to surface displacements of 30mm for a shallow
xcavation of 1.2m); the difference in the bending moment for the
apped case could be due to the rotational fixity being only partial in
he experiments (Choudhury et al., 2008).

Centrifuge tests from Ong et al. (2006, 2009) —in which the offset
rom the retaining wall to the single pile or to the two-pile group
as reduced from 3m to 1m— were also simulated; see supplemental
ata in Figures S1 and S2. The two-stage predictions also compared
atisfactorily with the centrifuge results for this reduced (1m) offset;
his partly supports the model applicability under close spacing of piles
nd the retaining wall.
6

.3. Comparison with field monitoring data (piled building)

In-situ measurements from Amsterdam (Korff, 2013; Korff and Mair,
013b; Korff et al., 2016) are considered to evaluate the response of
iled buildings to an excavation extending beneath their foundation
evel, as shown in Fig. 7. Settlement data of three-storey wall-bearing
asonry buildings founded on wooden pile rows (so-called Amsterdam

foundation) are available, which can be related to greenfield surface
and subsurface ground movements. In particular, this paper focuses
on Buildings 122, 124, and 126, adjacent to the excavation in a way
such that they can be treated as a continuous façade (Korff, 2013).
For these buildings, the thickness of the masonry walls varied on their
location (height or storey) within the building, so that it increased

from 220mm at the top of the buildings to 330mm at ground level, and
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Fig. 7. (a) Cross section of Ceintuurbaan Station with soil profile (Korff et al., 2016); (b) Schematic illustration of building adjacent to excavation in Amsterdam.
reaching 440mm at the foundation level. For their foundation, the pile
embedment length is 𝐿𝑝 = 12m, pile diameter 𝑑𝑝 = 0.18m, and 𝐸𝑝 =
8GPa. As shown in Fig. 7a, the ground stratigraphy at Ceintuurbaan
Station is layered. There is a man-made soil fill of 3m thickness above
the soft Holocene clay, and a peat layer (extending to a depth of 11m),
which overlays one dense fine-to-medium sand layer (the ‘‘first sand
layer’’, extending to 11.5 − 12.5m depth) and a heterogeneous layer
of sandy clay, clayey sand, and silt (‘‘the Allerøod’’, extending to 25m
depth), followed by a stiff clay layer (‘‘the Eem clay’’, extending to 50m
depth) and ‘‘the 3rd sand layer’’ (Korff, 2013; Korff and Mair, 2013a).

In the interaction model, greenfield movements were estimated by
linearly interpolating monitoring data from Korff et al. (2016) at the
surface and at the pile tip depth. The ground model is simplified to
a two-layered half-space, similarly to Korff (2013), for which the first
layer has thickness 𝐻𝑠,1 = 11.5m, 𝜈𝑠,1 = 0.3 and 𝐸𝑠,1 = 4MPa, and
the second layer has 𝜈𝑠,2 = 0.25 and 𝐸𝑠,2 = 31MPa, see Fig. 7b.
Piles are modelled as beam elements. The ultimate shaft resistances
of the piles are set to 𝜏𝑓,1 = 9.4 kPa and 𝜏𝑓,2 = 61.9 kPa for the two
layers, respectively, and the ultimate tip resistance of the piles are set
to 𝑞𝑏 = 3930 kPa. With these values, the working loads at the pile
heads result in a safety factor 𝑆𝐹0 = 1.62 (Korff et al., 2016). The
building structure (grade beam and bearing wall) is assumed to be
elevated from the ground surface, as mechanically schematised by a
beam fixed to the pile heads and having equivalent bending stiffness,
𝐸𝐼 , ranging between 0.075GNm2 and 0.743GNm2 (respectively, for the
strip foundation alone and the 3 storey wall with openings combined
with the strip foundation).

Excavation-induced pile head settlements are analysed in Fig. 8.
Monitored pile settlements are compared against results computed
using the EP two-stage model with an equivalent beam for the strip
foundation alone, or with the building wall resting on the strip founda-
tion; for comparison, greenfield movements at the surface and pile base
are also shown. Predicted settlements agree with field data, slightly
overestimating the level of the settlement far away from the excavation
(e.g., Building 126). The effect of the equivalent bending stiffness
𝐸𝐼 on the settlement level is nearly negligible, although it affects
excavation-induced distortions.

To illustrate this, Fig. 9 evaluates the hogging building distortions
for different 𝐸𝐼 values, and plots the modification factor 𝑀𝐷𝑅

ℎ𝑜𝑔 =
𝐷𝑅𝑏𝑙𝑑𝑔

ℎ𝑜𝑔 ∕𝐷𝑅𝑔𝑓
ℎ𝑜𝑔 (which normalises the building hogging deflection ratio

by the corresponding greenfield value at the ground surface) as a
3

7

function of the relative bending stiffness parameter 𝜌ℎ𝑜𝑔 = 𝐸𝐼∕𝐸𝑠𝐿ℎ𝑜𝑔
Fig. 8. Comparison with deep-excavation-induced settlements of Buildings 122–126.

(which normalised the superstructure bending stiffness by the founda-
tion stiffness, where 𝐸𝑠 is the weighted average of the soil Young’s
modulus above the excavation level, assumed equal to 18MPa at the
Ceintuurbaan station (Korff, 2013), and 𝐿ℎ𝑜𝑔 is the length of the
building in the greenfield hogging zone). Fig. 9 suggests that the
interaction model slightly underestimates the 𝑀𝐷𝑅

ℎ𝑜𝑔 modification factor
values associated with the field data and that the building acted as a
rather flexible superstructure, with an equivalent stiffness given by the
strip beam alone.

6. Study of vertical and lateral pile responses in layered soil

This section presents a parametric study to illustrate ground and
structural aspects that can significantly affect the excavation-induced
impact on adjacent deep foundations. These analyses extend the work
of Zheng et al. (2021a,b), which were limited to ‘floating’ piles.

Two deep-excavations designs are considered next to varying struc-
tures. Fig. 10 displays all considered scenarios, within which piles
are always arranged transversely to the excavation and in a two-layer
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Fig. 9. Modification factors versus relative building stiffness for Buildings 122–126 in
the hogging zone.

stratigraphy of clay soil whereas retaining walls reach down to either
the pile tip depth (𝐻𝑤,1 = 15m) or well below it (𝐻𝑤,2 = 30m)
or 𝐻𝑤∕𝐿𝑝 ratios of 1 and 2, respectively. The excavation affects pile
oundations composed of piles having length 𝐿𝑝 = 15m, diameter 𝑑𝑝 =
0.5m, and Young’s modulus 𝐸𝑝 = 30GPa: namely, (i) single piles (SP;
Fig. 10a); (ii) two-pile and four-pile groups (2-PG and 4-PG; Fig. 10b–
c); and (iii) piled structures (PS; Fig. 10d). All pile groups PG and piled
structures PS were also analysed for ‘free-head’ and ‘rigid cap’ head
conditions. Piles are numbered in progressive order with increasing
distance from the wall (e.g., 1–4 for the PS). The offset of the front
Pile 1 is set to 𝑋𝑝,1 = 3m if not specified otherwise; thus, the position
f the front Pile 1 in PG and PS analyses is identical to the position
f the single pile in SP cases. The spacing between piles is 𝑠𝑝,1 = 1.5m

(𝑠𝑝 = 3𝑑𝑝) and 𝑠𝑝,2 = 6m (𝑠𝑝 = 12𝑑𝑝) for the pile group (PG) and piled
structures (PS), respectively. Table 1 summarises Young’s modulus 𝐸𝑠𝑠
of the beam, tied to the pile heads, used to model three different piles
superstructures (PS): a grade beam (GB), a one-storey wall bearing
building (B1), and a three storey one (B3). For all superstructures, the
service load is 𝑃0 = 542 kN and, consequently, different pile vertical
capacities 𝑄𝑡𝑜𝑡 and safety factors 𝑆𝐹0 = 𝑄𝑡𝑜𝑡∕𝑃0 (within the range
2–3.5) are associated with the three ground conditions (as discussed
later).

Three stratigraphies are considered, all with clay soils and with an
upper layer thickness of 𝐻𝑠,1 = 13.5m. They correspond to: (i) a uniform
medium-stiffness clay (sMeMe), (ii) a very soft upper layer above a stiff
bottom layer (sSoSt), (iii) a medium-stiffness upper layer above a stiff
clay (sMeSt). The upper stratum is indicated as Layer 1 (𝐸𝑠,1; 𝜈𝑠,1) while
the bottom one is Layer 2 (𝐸𝑠,2; 𝜈𝑠,2). For the soft, medium-stiff, and
stiff clays 𝐸𝑠,𝑖 = 1, 16, and 100MPa, respectively. For all layers, the
following values are considered: Poisson’s ratio 𝜈𝑠,𝑖 = 0.5, undrained
shear strength 𝑐𝑢,𝑖 = 𝐸𝑠,𝑖∕400, shaft yielding strength 𝜏𝑓,𝑖 = 𝑐𝑢,𝑖, and
ultimate base stress 𝑞𝑏 = 9𝑐𝑢,2.

Table 2 summarises the three stratigraphies and the corresponding
total ultimate capacities (𝑄𝑡𝑜𝑡) of the piles foundation for each case,
when ultimate stresses are mobilised. Note that the base capacity (𝑄𝑏)
is 7% of the total capacity for the sMeMe (uniform) case, 41% for
the sSoSt case with a soft upper layer, and 23% for the sMeSt case
with the medium upper layer. Also, note that the base-to-total capacity
ratio is lower than the ratio 𝑃𝑏∕𝑃0 between the base and head loads
inferred from EL analyses of single piles (see Table 2). Thus, piles can
be considered as floating when embedded in the uniform sMeMe soil,
as intermediate for the sMeSt case, and as end-bearing for the sSoSt case.

Excavation-induced greenfield movements are estimated from
Eq. (1) assuming a parabolic deflection for the wall and an average
8

lateral displacement of 0.1%𝐻𝑤.
Table 1
Properties of the beam for the three piled structures PS.

Label 𝐸𝑠𝑠 (GPa) 𝑑𝑏 (m) 𝑏𝑏 (m)

GB 30 0.5 0.5
B1 3 0.5 3
B3 3 0.5 9

6.1. Single piles

Single piles (SP) are used to investigate the effect of ground con-
ditions on excavation–pile interactions; analyses conducted considered
two wall lengths 𝐻𝑤,1 = 15m and 𝐻𝑤,2 = 30m adjacent to 15m piles,
and all three stratigraphies. Figs. 11 and 12 display computed SP results
for relatively long (𝐻𝑤∕𝐿𝑝 = 1) and relatively short (𝐻𝑤∕𝐿𝑝 = 2) piles,
respectively; in particular, is shows the excavation-induced vertical
and horizontal displacements (𝑢𝑒𝑥𝑐𝑧 and 𝑢𝑒𝑥𝑐𝑥 ) the pile axial forces and
moments (𝑁𝑒𝑥𝑐 and 𝑀𝑒𝑥𝑐); as well as the post-excavation axial force
(𝑁𝑝𝑜𝑠), shaft friction (𝜏𝑝𝑜𝑠), and horizontal pressure (𝜎𝑝𝑜𝑠ℎ ).

For both excavations, the largest settlements 𝑢𝑒𝑥𝑐𝑧 in Figs. 11a
and 12a are induced in the ‘floating’ piles embedded in the uniform
sMeMe soil, in which the pile–soil interaction along the shaft dominates
behaviour, since it provides the largest percentage of shaft capacity
in relation to total capacity. Contrarily, ‘end-bearing’ piles within
the sSoSt soil settle less than the other cases, and very close to the
greenfield vertical movements at the pile tip level, because their soil–
pile interaction is controlled by the stiff bottom layer. Settlements of
‘intermediate’ piles are bounded by the ‘floating’ and ‘end-bearing’
cases. Thus, the ground stiffness profile along the pile controls the
resulting settlements.

The largest excavation-induced compressive axial forces 𝑁𝑒𝑥𝑐 are
induced in the ‘intermediate’ case because the sMeSt stratigraphy mo-
bilises the largest 𝜏𝑒𝑥𝑐 shaft friction and base reaction 𝑁𝑏

𝑒𝑥𝑐 , whereas
the shaft friction 𝜏𝑒𝑥𝑐 mobilised by the soft soil along the ‘end-bearing’
pile leads to minimal variation in axial forces 𝑁𝑝𝑜𝑠. Consistently with
Korff et al. (2016), no tensile axial forces 𝑁𝑝𝑜𝑠 occur along the ‘floating’
or the ‘end-bearing’ single piles (SP) after the excavation.

Limiting the shaft friction in the EP analyses (as compared to the
EL analyses) increased the settlements of all ‘floating’ and relatively
short ‘intermediate’ piles, whereas it reduced settlements of longer
‘intermediate’ piles and produced a minimal settlement variation in
the ‘end-bearing’ piles. Also, note that soil yielding (𝜏𝑝𝑜𝑠 = 𝜏𝑓 ) occurs
at different depths in Figs. 11d and 12d. This happens at the lower
and upper parts of the ‘floating’ and ‘intermediate’ piles, respectively,
where greenfield settlements are smallest and largest. Therefore, soil
yielding is not necessarily relevant for ‘intermediate’ and ‘end-bearing’
foundations.

Finally, the flexural deflection 𝑢𝑒𝑥𝑐𝑥 and associated bending moments
𝑀𝑒𝑥𝑐 of ‘floating’ and ‘intermediate’ piles are nearly identical, while
the displacement profile 𝑢𝑒𝑥𝑐𝑥 is smoother for the ‘end-bearing’ piles,
hence producing smaller bending moments, as shown in Figs. 11e–f
and 12e–f. This is because flexural distortions are controlled by the
stiffness of the upper layer, which acts to passively deform the pile
through the largest excavation-induced horizontal movement 𝑢𝑒𝑥𝑐𝑥 , as
confirmed by Figs. 11g and 12g in which horizontal reaction stresses
𝜎𝑝𝑜𝑠ℎ are low in the soft clay of the sSoSt case. Overall, bending moments
𝑀𝑒𝑥𝑐 of all single piles (SP) are lower than 60 kNm and, thus, their
flexural distortions are modest and the likelihood of lateral soil yielding
is negligible when the average lateral displacement of the wall is equal
to or lower than 0.1%𝐻𝑤.

Comparing results for the two wall depths considered, it is observed
that the vertical and lateral responses are qualitatively similar (compare
Figs. 11 and 12), except for the observation that larger settlements are
induced by the deeper wall excavation (giving greater compression ax-
ial force) and that different greenfield horizontal displacement profiles
are produced (but associated with similar pile bending profiles in terms
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Fig. 10. Parametric study of relatively short (𝐻𝑤,1∕𝐿𝑝 = 1) and long (𝐻𝑤,2∕𝐿𝑝 = 2) piles: (a) single piles; (b)–(c) 2 and 4 pile groups; (d) piled structures. Note that, for simplicity,
nly the deeper wall of 𝐻𝑤,2 length is shown in the figure.
Table 2
Considered stratigraphies and corresponding pile bearing capacity.

Label 𝜏𝑓,1; 𝜏𝑓,2 𝑞𝑏 𝑄𝑟 = 𝑄𝑏∕𝑄𝑡𝑜𝑡 𝑄𝑠,1∕𝑄𝑡𝑜𝑡 𝑃𝑏∕𝑃0 from EL 𝑆𝐹0

sMeMe 40 kPa, 40 kPa 9 × 40 kPa 7.0% 83.7% 10% 2
sSoSt 2.5 kPa, 250 kPa 9 × 250 kPa 40.8% 4.9% 61.1% 2
sMeSt 40 kPa, 250 kPa 9 × 250 kPa 23.5% 45.1% 32.7% 3.5
Fig. 11. Analyses of relatively long single pile (SP) for 𝐻𝑤,1 = 15m (𝐻𝑤∕𝐿𝑝 = 1).
of risk assessment). These differences do not play a large role in the
distress of single piles SP; however, the influence of 𝐻𝑤∕𝐿𝑃 should
e considered for capped groups PG and piled structures PS (as later
iscussed).

.2. Rigidly capped– and free–head pile groups

This section addresses foundations with a rigid elevated cap, and it
ompares results with free-head analyses: namely, two pile and four
ile groups (2-PG; 4-PG) and piled structures (PS). Figs. 13 and 14
how, respectively for relatively long (𝐻𝑤∕𝐿𝑝 = 1) and short (𝐻𝑤∕𝐿𝑝 =
2) piles, excavation-induced vertical 𝑢𝑒𝑥𝑐𝑧 and horizontal 𝑢𝑒𝑥𝑐𝑥 displace-

ents (including surface greenfield values) and post-excavation axial
orces 𝑁𝑝𝑜𝑠 and bending moments 𝑀𝑝𝑜𝑠 along the piles, as computed
9

from the elastoplastic analyses (EP). Also, results for the front Pile 1 are
displayed in Fig. 15 for the case with relatively short piles (𝐻𝑤,2 = 30m;
see supplemental data in Figure S3 for the case with relatively long
piles, with 𝐻𝑤,1 = 15m).

Excavation-induced settlements of free-head pile groups (PG) in
Figs. 13 and 14 are smaller than the surface greenfield values and,
as it happened with single piles, they vary with the stiffness profile
of the ground. Consequently, for all capped foundations considered in
the PS and PG analyses, settlements, differential settlements, and slopes
between piles are larger for the ‘floating’ piles than for ‘intermediate’
and ‘end-bearing’ piles. Interestingly, different shapes of the settlement
profile occur at the free-head group (or fully flexible superstructure) de-
pending on the wall depth 𝐻𝑤 and on the soil properties. In particular,
purely hogging settlement profiles are associated with both relatively
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Fig. 12. Analyses of relatively short single pile (SP) for 𝐻𝑤,2 = 30m (𝐻𝑤∕𝐿𝑝 = 2).
short and long ‘floating’ piles (𝐻𝑤∕𝐿𝑝 = 1 and 2). On the other hand,
‘intermediate’ and ‘end-bearing’ piles settle with sagging distributions
at the relatively long piles (𝐻𝑤∕𝐿𝑝 = 1) but they follow hogging profiles
for relatively short piles (𝐻𝑤∕𝐿𝑝 = 2). The kinematic constrains of the
cap causes all pile heads to settle linearly with the horizontal offset, by
uplifting/downdragging piles that, under free-head conditions, would
settle more/less than the capped group (e.g., for the piled structure (PS)
in Fig. 14c, external piles 1 and 4 are uplifted and central piles 2 and
3 are downdragged). In the horizontal direction, free-head horizontal
movements 𝑢𝑒𝑥𝑐𝑥 are similar to the surface greenfield profile, whereas
the cap imposes identical horizontal displacements 𝑢𝑒𝑥𝑐𝑥 of all heads
due to its stiffness, that acts by averaging greenfield surface values (see
Fig. 14c).

Next, post-excavation axial forces and bending moments are ad-
dressed. Note that the post-excavation bending moments at the head
node are zero for free-head conditions, while their axial forces are
nearly equal to the external service load. In Figs. 13 and 14, the differ-
ence in the vertical head forces 𝑁𝑝𝑜𝑠 between free- and capped-heads
is due to the kinematic cap action that redistributed axial head forces
between piles: downdragged piles are additionally loaded; uplifted piles
are unloaded. This vertical load redistribution depends on the ground
stratigraphy for all PG and PS foundations: it is greater for the ‘floating’
than for the ‘end-bearing’ piles due to larger free-head settlements
of ‘floating’ piles. Despite load redistribution, 𝑁𝑝𝑜𝑠 are compressive
following the excavation and, thus, there is a low risk for tensile failure
of piles next to excavations.

With respect to flexural distress, bending curvature of piles is caused
by the combined cap effect of preventing relative horizontal displace-
ments and imposing identical rotations to all piles (see Fig. 15b).
Bending moments 𝑀𝑝𝑜𝑠 in Fig. 15d confirm that, as for tunnel–soil–
pile interaction (Loganathan et al., 2001; Kitiyodom et al., 2005), the
cap action induces bending moments localised in the upper part of the
pile (this mechanism is later discussed for semi-flexible piled structures
PS). More importantly, as shown in Figs. 13 and 14, 𝑀𝑝𝑜𝑠 at the pile
heads tend to be larger for the ‘floating’ foundations, particularly for
10

the closely spaced pile groups PG. This is partly due to the larger
excavation-induced slope of the foundation leading to cap head rota-
tions being restrained by the lateral soil reaction along the pile. Thus,
pile groups with a rigid superstructure may undergo a greater risk of
head bending failure for large values of the excavation-induced slope
between the pile heads.

Under the assumption of a fixed average wall deflection, wall depths
reaching significantly below the pile tip elevation (𝐻𝑤∕𝐿𝑝 = 2) in-
creased the detrimental effects on piles, as compared with shallower
walls and excavations (𝐻𝑤∕𝐿𝑝 = 1). In particular, following greenfield
trends, the tilt and settlement of capped piles increased with 𝐻𝑤∕𝐿𝑝
leading to larger vertical load redistributions and bending moments
within pile groups (e.g., 𝑢𝑒𝑥𝑐𝑧,𝑚𝑎𝑥 due to 𝐻𝑤,2 of Pile #1 in 4-PS is 3.63
times the value caused by 𝐻𝑤,1).

Finally, the influence of soil yielding on pile head displacements
and forces is considered. Fig. 16 plots elastic (EL) vs elastoplastic
(EP) values for both excavation depths. Considering that ultimate lat-
eral pressures were not reached in the parametric study, limiting the
shaft friction in the EP analyses increased significantly the excavation-
induced settlements and bending moments only for ‘floating’ founda-
tions in which the wall length matched the pile tip level (𝐻𝑤∕𝐿𝑃 = 1).
For the remaining scenarios, when ultimate lateral pressures are not
mobilised, linear elastic EL analyses provided results either identical or
slightly conservative, as compared with elastoplastic EP analyses. Also,
Fig. 16 confirms that ground conditions played a greater role on settle-
ments and bending moments than the role of horizontal movements at
the surface level.

6.3. Piled structure

Results for the piled structures PS (including grade beam, one- and
three-storey buildings) are compared against analyses for free- and
capped-heads to explore the impact of semi-flexible superstructures.
Displacements and forces computed at the heads of the piled structures
PS are shown in Fig. 17 for the deeper excavation 𝐻𝑤,2 = 30m
(𝐻𝑤∕𝐿𝑃 = 2) in uniform soil (sMeMe). This excavation scenario is

associated with the largest absolute and differential settlements of the
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Fig. 13. Excavation-induced movements and post-excavation forces at the pile heads
predicted by EP analyses, for relatively long piles with 𝐻𝑤∕𝐿𝑝 = 1: (a) two pile group;
b) four pile group; (c) piled structures.

ree–head PS (see Fig. 14) and, thus, with potential for superstructure
eformations. Supplemental Figures S4 and S5 show the subsurface
esponse of Piles #1 and #2, closest to the excavation. Furthermore,
ig. 18a and b show results of the full parametric study (covering all
xcavation depths and all piled structures); in particular, they show,
espectively, the excavation-induced maximum slopes between piles,
𝑚𝑎𝑥, and the hogging deflection ratio, 𝐷𝑅𝑏𝑙𝑑𝑔

ℎ𝑜𝑔 . Fig. 18c and d com-
are predictions computed with the elastic (EL) and elastoplastic (EP)
odels.

Fig. 18a shows that increasing the flexural stiffness of the super-
tructure significantly decreases the maximum slope between piles,
𝑚𝑎𝑥, as compared with the case with free-head conditions; also, it
educes the deflection ratio 𝐷𝑅𝑏𝑙𝑑𝑔

ℎ𝑜𝑔 , as shown in Fig. 18b. Note that
11

he grade beam GB and three-storey building B3 cause distributions of
Fig. 14. Excavation-induced movements and post-excavation forces at the pile heads
predicted by EP analyses, for relatively short piles with 𝐻𝑤∕𝐿𝑝 = 2: (a) two pile group;
(b) four pile group; (c) piled structures.

excavation-induced axial forces 𝑁𝑒𝑥𝑐 (and, thus, of maximum slope)
that are similar to the free- and capped-head cases, respectively. On
the other hand, both the flexible and the stiff superstructures cause
bending moments of the pile heads 𝑀𝑒𝑥𝑐 which are about as large
as those computed for the rigidly capped-heads, with slightly greater
𝑀𝑒𝑥𝑐 values at the buildings B1 and B3 than at the capped-heads.
Thus, although building deformations may decrease with the stiffness
of the superstructure, the risk for bending failure of piles should still be
assessed for both flexible grade beams and for stiff buildings. Finally,
as for rigidly capped-heads, the variation in the axial forces 𝑁𝑒𝑥𝑐 of
piles supporting the semi-flexible PS propagates along the pile shafts,
whereas the difference in bending moments profiles 𝑀𝑒𝑥𝑐 is localised
at the pile heads (see Figures S4 and S5).
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Fig. 15. Responses of Pile #1 within the piled structures PS founded on relatively short
iles (𝐻𝑤∕𝐿𝑝 = 2) in a two-layered soil with a deep-excavation reaching below the pile

tip, 𝐻𝑤,2 = 30m.

More importantly, Fig. 18a and b show that increasing the build-
ing stiffness can minimise the hogging deflection ratio and reduce
the excavation-induced slope, 𝜔𝑚𝑎𝑥, of piled structures with ‘floating’
piles, whereas the superstructure action has a marginal influence with
‘end-bearing’ piles. Fig. 18c and d confirm that, as it occurred for
capped-piles, linear elastic EL analyses underestimate the excavation-
induced maximum slope and hogging deflection ratio of piled structures
on ‘floating’ piles in uniform soil (sMeMe). Finally, when comparing the
two excavation depths (𝐻𝑤∕𝐿𝑃 = 1 and 2), Fig. 18 shows that extend-
ing the deep wall and its excavation below the pile tip level (𝐻𝑤∕𝐿𝑃 =
2, as compared to 𝐻𝑤∕𝐿𝑃 = 1) increases the slope and hogging
deflection ratio in all soil conditions, due to larger excavation-induced
movements of the ground.

7. Embedment of end-bearing piles

Previous research on excavations close to ‘end-bearing’ piles sel-
dom considered that their tip may be fully restrained by the stiff
bottom layer, and a hinged connection has been often employed. How-
ever, this rotational boundary condition may not always be a realistic
assumption, as discussed below.

The influence of the embedment length 𝐿𝑒 of ‘end-bearing’ piles into
the stiff layer within which the pile tip is introduced is studied next,
using elastic analyses (EL) of a relatively shallow excavation relative
to the pile length, as shown in Fig. 19. Piles are founded in a bottom
layer whose stiffness covers a range from stiff soils to rocks (Young’s
modulus 𝐸𝑠,2 of 160MPa and 16GPa, respectively). All scenarios differ
from the case of Poulos and Chen (1997), because they considered a
hinged tip and rigid bedrock at 22m depth; however, the remaining
mechanical parameters are assumed as in Poulos and Chen (1997), as
listed in Fig. 19. Fig. 20a and b present excavation-induced horizontal
displacements and bending moments for 𝐿 = 3m considering either
12

𝑒

Fig. 16. Comparison of maximum elastic (EL) and elastoplastic (EP) excavation-
induced displacements and internal forces at the pile heads: (left) 𝐻𝑤,1 = 15m, giving
𝐻𝑤∕𝐿𝑝 = 1 and hence representing relatively long piles; (right) 𝐻𝑤,2 = 30m, giving
𝐻𝑤∕𝐿𝑝 = 2 and representing relatively short piles.

stiff clay or rock at the bottom (with 𝐸𝑠,2 = 160MPa or 16GPa. Results
obtained for different embedments 𝐿𝑒 = [1m; 2m; 3m] into the stiff
layer are shown in Fig. 20c and d. For comparison, results obtained for
the case of no embedment 𝐿𝑒 = 0 (i.e., hinged condition at the depth
of 22m) are also shown.

As shown in Fig. 20a and c, there are minimal differences in the
horizontal displacements 𝑢𝑒𝑥𝑐𝑥 between cases with and without embed-
ment; such small differences occur around the bottom interface, and
are due to the rotational restraint, which is nearly perfect for 𝐿𝑒 = 2m
in the case of stiff clay (𝐸𝑠,2 = 160MPa) and for 𝐿𝑒 = 1m in the
bedrock (𝐸𝑠,2 = 16GPa). More importantly, as displayed in Fig. 20b
and d, the partial or perfect rotational restraint led to the development
of a bending moment at the interface between both layers, which, in
absolute value (signs are different), is about as large as the bending
moments at mid-pile depth; bending moments in the upper part of the
pile are not affected by the embedment conditions. To achieve a perfect
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Fig. 17. For the EP analyses, excavation-induced movements and post-excavation forces
at the pile heads of piled structures PS in the uniform ground (sMeMe) for 𝐻𝑤,2 = 30m
giving 𝐻𝑤∕𝐿𝑝 = 2.

Fig. 18. (a)–(b) Piled structure deformation parameters and comparison between
elastic and (c)–(d) elastoplastic maximum values.

rotational fixity, 𝐿𝑒 = 2𝑑𝑝 is sufficient when 𝐸𝑠,2∕𝐸𝑠,1 = 1000, whereas
n embedment length of at least 𝐿𝑒 = 4𝑑𝑝 is needed for 𝐸𝑠,2∕𝐸𝑠,1 = 10.
artial rotational fixity associated with stiff clay and two diameter
mbedment (𝐿𝑒 = 2𝑑𝑝; 𝐸𝑠,2∕𝐸𝑠,1 = 10) caused bending moments at
he interface between layers that are only slightly smaller than those
ssociated with perfect fixity. Therefore, the hinged base modelling is
ot appropriate when 𝐿𝑒 ≥ 2𝑑𝑝 and 𝐸𝑠,2∕𝐸𝑠,1 ≥ 10 (i.e., for most ‘end-
earing’ pile scenarios), so that fixed base conditions should be adopted
or a conservative assessment.
13
Fig. 19. Configuration and basic parameters of single pile adjacent to deep-excavation.

Fig. 20. Elastic response of ‘end-bearing’ pile with varying embedment conditions in
the stiff bottom layer.

8. Conclusions

This study compares the responses to deep-excavations of a single
pile, pile groups and piled structures in layered grounds. The method
used is a coupled continuum-based model (COMPILE), which was
validated by extensive comparison with analytical, experimental, and
field data. Then, an extensive parametric study was conducted to assess
the influence of different design variables – wall depth in relation
to pile length, ground properties, superstructure stiffness, etc. – on
the foundation response. Results indicated that the pile and structural
behaviour should be assessed in design by considering the soil–pile–
structure interaction and the layered soil condition. Also, fully linear
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elastic solutions neglecting soil yielding may underestimate the settle-
ments and bending moments of ‘floating’ piles, and they may also be
inadequate for conservative evaluation of the structural response (slope
and deflection ratio). Although the model was validated for different
wall deflection shapes, the parametric study is limited to parabolic wall
deflection shapes, which are used as a reasonable first approximation
for anchored/propped deep-excavations. From this set of analyses, the
following conclusions are drawn:

1. Model results confirmed prior knowledge on the response of
piles near to deep-excavations in layered soil, and on how such
response is affected by the wall depth relative to the pile tip
level. ‘End-bearing’ piles have relatively small settlements, that
follow the movements of the base layer, while ‘floating’ and
‘intermediate’ piles settle more than ‘end-bearing’ piles. Also, it
was confirmed that, for a given foundation design, larger pile
settlements should be expected if the retaining wall extends
below the pile tip depth. Novel insights provided by this work
are that the occurrence of frictional soil yielding along the shaft
(i) plays a minor role for ‘end-bearing’ piles, (ii) it can increase
settlements of ‘floating’ piles, while (iii) trends are nonlinear
for ‘intermediate’ piles. In contrast, (iv) flexural deformations
of piles are controlled by the stiffness of the upper soil layer,
where horizontal soil movements are largest, and (v) the effect
of lateral soil yielding is negligible in all soil conditions and
considered excavations with low wall deflection levels (𝛽 =
0.1%𝐻𝑤) nowadays achieved in construction.

2. For both rigidly capped- and free-head pile groups, settlements,
differential settlements, and slopes between piles are larger for
‘floating’ piles than for ‘intermediate’ and ‘end-bearing’ founda-
tions. Results from elastoplastic analyses indicated that limit-
ing the shaft friction significantly increased excavation-induced
settlements and bending moments only for ‘floating’ foundations.

3. In relation to the response of capped groups and stiff piled struc-
tures to adjacent deep-excavations, the kinematic restriction
imposed by the rigid superstructure causes bending moments
at the pile heads, while its influence to redistribute the axial
head force is limited. Thus, a stiff superstructure may cause
bending failure at the head of piles, particularly for large values
of excavation-induced slope between piles, while the risk for
tensile failure of piles due to nearby deep-excavations is low.

4. For flexible superstructures, deformation modes may depend on
both the layered ground conditions and on the relative position
of the pile tip with respect to the wall depth, with pure hogging
deformation at the pile heads for ‘floating’ foundations and
partly sagging settlement profiles for ‘end-bearing’ and ‘inter-
mediate’ piles. When foundations have axially stiff elements
connecting pile heads (e.g. grade beams, raft), analyses indicated
the risk for bending distress at the pile heads regardless of
the bending stiffness of the superstructure due to horizontal
greenfield movements varying between piles and the foundation
restraining differential horizontal displacements. Also, the inter-
action model allowed us to evaluate how the bending stiffness
of the superstructure affects pile settlements, so that increasing
such bending stiffness decreases both the hogging deflection
ratio and the excavation-induced slope of ‘floating’ piled struc-
tures, whereas the effect of such superstructure stiffness increase
is expected to be marginal on the slope and deflection of ‘end-
bearing’ piles. Evidence was provided that linear elastic analyses
combined with free-head conditions employed in previous stud-
ies may underestimate the magnitude of pile and structural
deformations, especially for ‘floating’ piles in uniform soil.

5. The parametric study of the influence of embedment length of
‘end-bearing’ piles into stiff ground or in bedrock illustrated that
a sufficient pile embedment length (e.g., greater than two pile
14

diameters into a base layer at least 10 times stiffer) can lead to a
a partial or perfect rotational restrain of the pile bottom. Thus,
modelling ‘end-bearing’ piles with a hinged base located at the
top of the bottom stiff layer is not appropriate: this hinged base
modelling neglects the risk for high bending moments concen-
trating at the interface between soft and stiff layers, which could
lead to pile structural failure. Instead, fixed based modelling
should be preferred for a conservative assessment.

There are advantages and limitations associated with application of
wo-stage methods to the problem of deep-excavation effects on piles.
ne clear advantage is simplicity: in future applications, following

he validation in this paper, the proposed two-stage soil–pile-structure
nteraction model (or similar approaches) could be combined with
nalytical or numerical methods for estimation of 2D greenfield move-
ents, and then used for the preliminary design of new excavations,

ypassing the need for complex 3D numerical models of excavation-
oil–pile systems. Possible limitations are (i) that this method neglects
he effect of the existing structure, and of its foundation, on the
xcavation-induced wall deflection; (ii) that the linear elastic half-space
heory with constant Young’s modulus employed does not consider soil
ielding when estimating greenfield movements, and it does not allow
ne to consider complex patterns of stiffness degradation, associated
ith shear strain distributions next to the wall and between piles and

he wall. Thus, engineering judgement is needed to select the soil’s
ecant Young’s modulus to be employed in these models. Furthermore,
iii) variations in effective stress and their effect on pile limit shaft
riction and base pressure are not considered. Although this paper
xtensively validates the practical applicability of the model employed
gainst benchmark physical and numerical results, these fundamental
ssumptions and their associated limitations should be considered by
ngineers when the method is employed in practice.
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