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Abstract.

To protect adjacent buildings is a major concern for the construction of excavation in urban areas. In practice, the

impacts on neighboring pile-supported buildings are normally minimized by limiting the deflection of earth retaining wall.
Existing deflection criteria, however, are often empirical. In this work, we employ an analytical model to relate the wall
deflection of braced excavation to the response of adjacent pile-supported buildings and thus forming a theoretical tool for
determining the allowable deformation of excavation support structures based on the tolerance of buildings to distortion. The
model combines closed-form excavation-induced free-field soil movements with elastic continuum solution that explicitly
accounts for the interactions between raft, piles, and soils. Following validation against field model test and finite element
simulation, the model is utilized to reveal the correspondence between the angular distortion of pile-supported buildings and the
maximum retaining wall deflection under different combinations of excavation geometry, soil properties, and parameters of pile
foundation potentially encountered in practice. A dimensionless factor composed of these influencing variables is proposed, and
its correlation with the ratio of the building angular distortion over the maximum retaining wall deflection provides a rational
way to determine the serviceability limit states of braced excavation.
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1. Introduction

The motivation of this work comes from the
construction of deep excavation in wurban areas,
where potential damage to adjacent facilities caused by
excavation-induced soil movements is a major concern
(Boscardin and Cording 1989, Boone et al. 1999, Ou ef al.
2000, Zheng et al. 2017, Lee et al. 2018, Houhou et al.
2019, Hsiung 2019, Nam et al. 2020, Harahap and Ou
2020). In congested cities, excavations are commonly
planned in the proximity of high-rise buildings that are
normally supported by pile or piled raft foundations (Finno
et al. 1991, Goh et al. 2003, Liyanapathirana and
Nishanthan 2016, Korff et al. 2016, Shi et al. 2019, Soomro
et al. 2019). Often in practice, ground movements caused
by the excavation and the consequent damage to pile-
supported buildings are controlled indirectly by limiting the
deformation of earth retaining structure, noticeably the
lateral deflection of earth retaining wall. The simplicity of
this approach makes it appealing in practice, but its
effectiveness strongly depends on the employed criteria for
earth retaining wall deflection. Existing criteria,
nevertheless, are often purely empirical or established by
considering only the safety of the excavation. Accordingly,
our objective here is to develop a rational and theoretically
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sound approach for determining the allowable wall
deflections of braced excavation based on the tolerance of
adjacent pile-supported buildings to distortion.

The intrigue and complexity of the targeted problem rest
on the nonlinearity of soil stress-strain characteristics (in
particular the variation of stiffness at small strain levels of 1
x 107 to 1 x 107%) (Jardin et al. 1986, Kim and Finno 2012,
Ng et al. 2020, Dong et al. 2016), the interactions involving
multi-agencies including soils and different structural
components (e.g., excavation support structures, pile and
raft of building foundation). All these factors result in that
the modelling of this problem poses considerable
challenges. Currently, the analyses of such engineering
problem have largely relied on numerical techniques such
as finite element method (FEM) (Finno et al. 1991, Burlon
et al. 2013, Chai et al. 2014, Chowdhury et al. 2016,
Soomro ef al. 2019, Mansouri and Asghari-Kaljahi 2019,
Harahap and Ou 2020). The advantages of this method rest
on the capacities to consider complex soil behaviour and the
evolving boundary conditions that follow construction
sequences. Accurate FEM simulations normally require an
extensive database to determine soil model parameters (e.g.,
Whittle er al. (1993), Dong et al. (2016), Pedro et al.
(2017)) and considerable expertise on numerical methods.
In many engineering projects, these prerequisites, however,
are either unwarranted and infeasible. Under such
conditions, theoretically sound yet simplified models which
only require simple material parameters may be more
appropriate choices (e.g., Hsiao et al. (2008), Schuster et al.
(2009)). These analytical tools achieve a balance between
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accuracy and efficiency by focusing on the critical
interactions between soil and structures and between
structural components, and by incorporating soil behaviour
that is representative within characteristic strain or stress
ranges pertaining to the problems at hands. As a
consequence, despite the inevitable simplifications, these
analytical models can approximate high-fidelity simulations
with an acceptable level of errors (Loganathan ef al. 2001,
Xu and Poulos 2001, Mu et al. 2012) and thus play an
important role in both industry and academia. In this work,
we will present a simple analytical model for assessing the
response of piled raft foundation subjected to adjacent
excavations. This model is further employed to devise a tool
for determining the allowable retaining wall deflection in
accordance with the tolerance of adjacent buildings to
distortion

The analytical model described in the following falls in
the category of displacement-controlled two-stage models
(see Xu and Poulos (2001), Loganathan et al. (2001), Mu et
al. (2012)). Specifically, a closed-form expression of free-
field soil movements caused by excavation (i.e., the soil
movements that would occur without the presence of pile
foundation) is incorporated into an elastic continuum
solution, through which the response of pile foundation
subjected to prescribed soil displacement field is evaluated.
The adopted soil displacements field accounts for the small-
strain behavior of soils, while the load transfer and
deformation compatibility between soil-pile, pile-pile, pile-
raft, and raft-soils are explicitly considered in the
continuum model. Field model test and FEM simulation are
used to verify the model. Subsequently, the model is applied
to study the correspondence between the angular distortion
of pile-supported buildings and the deformation of earth
retaining walls under different combinations of excavation
geometries, soil properties and pile foundation parameters.
Based on the latter analyses, a dimensionless factor
composed by these variables is defined based on the roles of
these variables in affecting building distortion. The
correlation between this composite factor and the ratio of
building angular distortion over the maximum retaining
wall deflection provides a rational way to determine the
serviceability limit states of braced excavation adjacent to
buildings supported by pile foundation.

2. Model formulation

Fig. 1 sketches the problem studied in this work, where
a rectangular excavation is constructed in the vicinity of a
piled raft foundation. The ground movements caused by the
excavation lead to additional deformations and internal
forces of the pile foundation. The proposed analytical
model utilizes a displacement-based, two-stage modelling
methodology. During the first stage, free-field soil
movements induced by braced excavation is calculated,
which is imposed to pile foundation during the second stage
to evaluate its response. To manage the complexity of the
problem, the following key assumptions are made:

1. Free-field soil movements are along planes
perpendicular to the retaining wall (i.e., parallel to the x-z

plane in Fig. 1), and the out-of-plane soil movements (i.e.,
along y direction) is neglected. Consequently, only the
response of pile and raft parallel to the x-z plane is
considered. Such simplification is made as the soil
movements perpendicular to retaining wall are usually
significantly greater than that along the wall direction
(Burland et al. 1977, Finno and Bryson 2002, Leung ef al.
2003).

2. The piles are considered as elastic beams, while the
soils as layered elastic continuum. As will become clear in
the following, such proposition allows utilizing existing
elasticity solutions and the principle of superposition for a
linear system. These theories will be the bases of an
analytical model that can quickly compute the response of
piled raft due to the soil movements caused by deep
excavation. Many existing studies have shown that this
elasticity method can be reasonable approximation, given
that the strain levels of soils are relatively small (Liang et
al. 2017, Loganathan et al. 2001, Park 2004, Pinto and
Whittle 2014, Leung et al. 2010), such as those induced by
braced deep excavation focused in this work (Jardin et al.
1986, Whittle et al. 1993, Burland 1989).

3. There is no slippage and separation at the connections
between piles and the raft, at the interfaces between soils
and piles, and between soils and the raft. The “no
slippage/separation” assumption implies that the interfaces
between soils and raft/piles are rough such that the relative
movements along these interfaces are negligible relative to
the deformation within soils. This assumption can be
considered reasonable when the raft and piles are made of
reinforced concretes as commonly seen in engineering
practice. This type of construction materials can develop
considerably strong bonds at their interfaces with soils
(Potyondy 1961, Brumund and Leonards 1973).

Note that the model formulation given as follows
closely resembles those described by the authors (Mu et al.
2012) for analysing the problems of piles adjacent to
tunnelling.

2.1 Excavation-induced free-field soil movements

The excavation-induced free-field soil movements are
calculated from the closed-form expression proposed by the
authors (Mu and Huang 2016):

2
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where u(x,y,z) and w(x,y,z) denote horizontal and vertical
soil displacements along the planes perpendicular to the
retaining wall, respectively (note that the employed
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Fig. 1 Schematics illustrating the problem of piled raft deforming due to soil movements caused by adjacent deep excavation.

Cartesian coordinate x, y, and z is shown in Fig. 1 and the
origin is at the top of the center line of the retaining wall).
In these equations, #max is the maximum lateral deflection of
the earth retaining wall, i.e. the focused indicator for the
deformation of earth retaining system. R = L[0.069 In(H/L)
+ 1.03]/2 is the equivalent excavation length, and H, L, D
the excavation depth, the retaining wall length, and the
embedded depth (see Fig. 1). The coefficients a, by, cv, a-,
b., and c. are functions of the spatial coordinates of soils
and the sizes of the excavation:

a =1+ exp(—lO.47&+O.76)
b, = exp(—6.45%+2.76)

c, = exp(—2.86ﬁ+ 2.64)

. 3)
a, =1+ exp(—1.56ﬁ -1.68)

b, = exp(—2.56%+1.02)
c, = exp(—2.09%+1.75)

The construction of Eqgs. (1) and (2) involves fitting the
results of finite element simulations based on the well-
established Hardening Soil Small model (Benz 2007). This
model explicitly considers the non-linear variation of soil
stiffness at small strains that has proven to be critical in
accurately assessing the ground movements associated with
deep excavations (Jardin et al. 1986, Atkinson 2000). The
usefulness of these equations is highlighted by the fact that
the free-field soil displacements can be estimated
immediately once the maximum retaining wall deflection is
known.

2.2 Response of piled-raft

In the second stage of the analysis, the response of
piled-raft subjected to the displacement field of Egs. (1) and
(2) is computed. For this purpose, an elastic continuum
solution including soils, pile, raft as interaction agencies is
developed. In the model, the general force equilibrium of
the raft can be represented by

R:iJiPﬁZﬂ;'iSi 4)
1= ]=

where the vector R ={T,M,Q} contains the external
shear force 7, moment M and axial force Q acting on the
raft that are transferred from the building, while the first
and second parts of the RHS of Eq. (4) denote the forces
transferred from the connected piles and underlying soils,

respectively. In particular, the vector P, Z{Ti ) Mi,Qi}T
denotes the internal forces transferred from the i pile of the

. . S s T .
total m piles, while the vector S; ={T j ,Qj} contains

the shear and normal forces transferred from the j* soil

element out of the totally n soil elements that interact with
the raft, as illustrated in Fig. 2(a). The matrixes J, and

I, are functions of coordinates of the piles and soil

elements:
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Fig. 2 Schematics illustrating the statics and kinematics of piled raft: (a) force equilibrium of the raft subjected to external
actions and internal forces transferred between raft and piles, and between raft and underlying soils and (b) rigid-body
motions of the raft and the corresponding displacements compatibility between different raft elements

1 0
=10 X—-Xx (6)
0 1

In Egs. (5) and (6), x; and x; denote the x coordinate of
the i pile and j™ soil element, respectively, while x; is the x
coordinate of a reference raft element (see Fig. 2) to
compute the moments generated by axial (normal) forces
(i.e., Qiand ).

By assuming that no separation is allowed between raft,
pile heads and the attached soils, we obtain the following
compatibility conditions:

Uy =Ug +Ug
erk = Hsk + efk

Wy = Wy, + Wy

(7

As shown in Fig. 2(b), wux, 64 and wy denote the
horizontal movement, rotation and vertical settlement of the
k™ raft element, while the subscript sk and fk indicate the
motions of pile heads (or soil elements) attached to the k™
raft element, due to the soil movements of Egs. (1) and (2)
and force transfer, respectively. Here the total number of
raft elements equals to m + n, i.e., the summation of the
number of piles m and the number of underlying soil
elements n. Fig. 1 illustrates how the number of these
elements is determined. Specifically, the raft is discretized
by a mesh with square elements, whose size coincides with
the diameter of piles. The soil domain underlying the raft is
discretized by the elements of the same size. Accordingly,
the number of soil elements is equal to the total number of
raft elements minus the number of piles (i.e., those raft
elements that are connected to piles rather than in contact
with soils). This method to discretize the raft and soils has
the advantage that it can be relatively straightforwardly
extended to piled raft with different plan-view
configurations and number of piles.

We further assume that the raft only exhibits rigid-body
motions. Accordingly, the motions of raft elements u, 0«
and wy in Eq. (7) can be fully specified by knowing the
rotation of the raft as well as the horizontal and vertical

displacements of a reference element along on the raft, as
shown in Fig. 2(b). The latter can be expressed as

urk = url
grk = erl
Wy =W, + (Xk - Xl)erk

®)

where 6,1 is degree of rotation of the raft, u,; and w,1 denote
the horizontal and vertical movements of the reference raft
element, while x; and x; are the x coordinate of the
reference and the k™ raft element, respectively. It should be
noted that the rigid body assumption can be considered
reasonable for typical rafts in engineering practice, which
are often composed of reinforced concrete structures with
relatively large heights (Reul and Randolph 2003, Sinha
and Hanna 2017, Poulos 2001, Prakoso and Kulhawy
2001). The high stiffness of the raft relative to that of the
soils and piles can result in that the deformation of the raft
is much small compared with that within piles and soils. On
the other hand, it should be noted that this rigid body
assumption might not be appropriate for piled rafts with
considerably large plan-view dimensions, where the
compliance of the raft might need to be considered in the
analysis.

By substituting Eq. (8) into (7), we obtain 3m + 3n
equations. By assuming that the rotation rigidity of soil
elements attached to the raft is negligible (i.e., the equation
O, = Og + Oy is only evaluated for pile heads), we further
reduce the number of equations to 3m+2n. The latter,
assembled with the raft force equilibrium of Eq. (4), leads
to a system of 3m + 2n + 3 equations with the same
numbers of unknowns (i.e., the internal forces T;, M; and Q;
for m piles, the internal forces T°; and Q*; for n attached soil
elements, the external forces 7, M, and Q, or equivalently
the movements of the reference raft element 6,, 1,1 and w;).
Such linear system can be expressed as the following
compact matrix form:

R J 1| 0]|(pP
J'U-G;=|A C 0[iS 9)
1I"U-K D B 0f||U
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where the sub-vector P ={P,,...,P,,...,P.} contains
the internal forces at pile heads (i.e., P,,={T;,M,,Q, }T )
Ss={s,,....S e Sn}T includes the transferred forces

between the raft and wunderlying soil elements (i.e.,
S, :{'l'js,st}T ), R={T,M,Q} denotes the external

forces and moments acting on the raft that are transferred
from the superstructure. Accordingly, the first row of Eq.
(9) describes the force equilibrium of the raft. The product
JTU in the second row evaluates the movements of the raft
elements that are attached to pile heads (i.e., also the pile
head movements) by employing the rigid-body motion of
Eq. (8). The displacements and rotation of the reference raft

U={u,,0,,w.} , while

J=[J,,...,J;,...,d,,] denotes the transformation matrix

element are given in
with J; defined in Eq. (5). The sub-vector (3 contains

the movements of pile heads solely due to excavation-
induced displacement field, in that

G={G,,...G,,...G,} with G, ={ug,6,,w,} .

Accordingly, the vector JTU — G gives the movements of

si?

pile heads due to the internal axial force, shear force and
moment transferred between the raft, piles and surface soil
elements, i.e., those included in P and S. The matrices A
and B in Eq. (9) are the flexibility matrices that related pile
head motions to the internal forces mentioned above, and
their expressions will be discussed in the following.
Similarly, the operation |Tyy evaluates the vertical and

horizontal displacements of the raft elements that are
supported by soils (also the displacements of these soil
elements), and the components of the transformation matrix

I=[l,,....,1;,....1,] is given in Eq. (6). The sub-vector

. K. ={ug,w}
K={Kyo Ko K witn =8 Wed

denotes the movements of these underlying soil elements
induced by excavation, while |Ty_K gives the

displacements of these soil elements due to internal forces
contained in P and S. C and D denote the corresponding
flexibility matrices.

Mu et al. (2012) analyse the response of pile group in
layered elastic continuum induced by prescribed soil
movements and show that the element of the vector G can
be expressed as

[1— 3 p;:j

k=1,k=#i

o.-0, = a1 5 | (10)
k

=1k#i

k=1k=i

where U’ ,0°, and ng denote the motions at the head of

si > Vsi 2

the /" pile caused by excavation-induced soil displacements

. . . . ik ik
when interactions between piles are ignored. pl'JS, pés,

and p\i,ffs are pile-pile interaction factors that account for
the reduction on pile movements due to the presence of
other piles. To obtain the values of ufi ,6?3 , and ng , We
solve the response of a standalone pile by finite difference
method combined with the displacement and stress
solutions for asymmetric loads in layered elastic continuum.
The pile-pile interaction factors are evaluated by using the
same approach but with respect to a pair of piles. Detailed
solution procedures are well documented in Poulos and
Davis (1980), Mu et al. (2012).

Similarly, the element of the vector {K}is given by

ug (1—2735 j
k=1

u,
K; :{WSJ}: (11)

W [1—27Wj§]
=)

Here the quantities ugj and ng denote vertical and

horizontal displacements of the ;" soil elements beneath the
raft caused by excavation. Again, the superscript O indicates
that such soil movements ignore the presence of piles, thus
can be directly evaluated from Egs. (1) and (2). y, u‘Sk and

V. V{I'; are pile-soil interaction factors that account for the
reduced soil displacements due to the presence of piles. We
obtain these factors by solving the system consisting of a
single pile and layered elastic medium (Mu et al. 2012).
The matrix A itself can be partitioned into m x m blocks
(here m is the number of piles). Each block A,, defines the
motions of the p™ pile head, including horizontal and
vertical displacements and rotations, due to unit axial force,
moment, and shear force acting on the g™ pile heads:

alu?  afiul 0
ag e amby 0 p#q
0 0 alwg
qu: pq 0 pq 0 b pk, 0 pk (0 (12)
au;  afyuy 0 o |orur aguy 0
ane? amdy 0 |- Y ok o6y 0 | p=g
0 0 alwl| Mo 0 wiwg

where u? and u& denote the horizontal displacement
of the head of a standalone pile subjected to unit shear force
and unit moment acting the head, respectively; 6’T0 and

19,8, indicate the rotation of the head of the standalone pile
subjected to the unit shear force and unit moment,

. 0 .
respectively; and Wq denotes the vertical settlement of the

standalone pile due to unit axial force acting on the pile
head. These pile head movements can be solved from the
linear system composed of a single elastic pile beam
embedded in layered elastic continuum, and form the base

solutions. The factors ™ and @™ are scaling factors
operating on these base solutions to account for the pile-pile

interactions. In particular, ¢ " denotes the scaling factor to
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attain the pile head movements associated with the p™ pile
induced by the internal forces acting on the the g™ pile.
Accordingly, a??=1 when p=q. The factors w”* describe the
shielding effects, i.e., the reduction of active soil
movements (e.g., those induced by deep excavation of Egs.
(1) and (2)) due to the presence of piles (Lam et al. 2013,
Huang et al. 2009). In particular, the superscript pk
indicates the attenuation of soil displacements at the
location of the p™ pile due to the presence of the k™ pile.
Note that Eq. (12) implies that such reduction on soil
movements is included only in the diagonal components of
the flexibility matrix of Eq. (12) (i.e., p=q), which relates
the displacements and internal forces of the same pile. This
is because these shielding effects are only needed to be
accounted for for one time for each pile. The factors o4
and @ can be evaluated by analysing a pair of piles
embedded in elastic medium following the procedures
documented in Mu et al. (2012).

The matrix B is used to compute the displacements of
the soil elements beneath the raft due to the forces
transferred between the raft and the soils. Similar to the
matrix A, we can partition B into n % n blocks, with n the
total number of soil elements. Each of these blocks, B4,
quantifies the movements of the p™ soil elements due to unit
normal and shear forces acting on the ¢™ soil element:

&fuy 0
I: TO T Pdyp,0 P4
_ wQ "'sQ ( 1 3)
" u,?l'q u ST 0 i é’u?l'k u ST O _
0o g, &l 0 crw,| P

where the base solutions UST denotes the horizontal

displacements of a soil surface element when subjected to a
unit shear force, while WSQ represents the vertical

displacements of a soil element when a unit axial force is
acting on it. These base solutions are used, in combination

with the scaling factors &P, to obtain the displacements
of the p soil element in response to the forces acting on the
g™ soil element. The factors I Pkaccount for the shielding

effects on the p™ soil element due to the presence of the k™
pile. Similar to the inclusion of sheilding effects for pile
displacements (see Eq. (12)), these effects are only needed
to be accounted for once for each soil element (i.e., when

0 0
p=¢). The base solutions Ust and Wso can be obtained by
solving the response of an elastic medium subjected to

pointed loads, while the scaling factors &P and ¢ Pk can

be evaluated by analysing the linear system composed by a
single pile embedded in an elastic medium. For detailed
solution procedures, we refer the readers to existing
literatures such as Mu et al. (2012).

The matrices C and D describe the coupling between
piles and surface soil elements. C can be partitioned into m
x n blocks, with each block C,, defining the motions of the
p™ pile head due to the normal and shear force acting on the
g™ soil element:

Table 1 Model input parameters and their values for the
baseline case in parametric study

Parameters Unit Value
Excavation depth, H m 10
Embedment depth, D m 10
Excavation length, L m 40

Young’s Modulus of soils, £ MPa 24
Poisson’s ratio of soil, v / 0.3
Young’s Modulus of pile, £, GPa 30
Poisson’s ratio of pile, v, / 0.167
Pile length, / m 25
Pile diameter, d m 0.8
Raft-excavation spacing, s m 32
Pile spacing, so m 24
Bru; 0
Co=|Brtr O (14)
0 Aigwg

The matrix D can be partitioned into # x m blocks. Each
of these blocks, D, quantities the displacements of the p
soil elements due to internal forces acting on the g™ pile
head:
D — KUF')IE‘UST Kupl\l/]l ugT O (15)
. 0 0 KWy,

The scaling factors P9 and P can be obtained by

solving the interaction between a single pile and soil
elements lying on the top surface of an elastic continuum in
accordance with the procedures described in Mu et al.
(2012).

2.3 Model input parameters

Table 1 summarizes the input parameters for the
analytical model described above. Note that the pile spacing
is center-to-center distance, while the raft-excavation
spacing is the distance between the edge of the excavation
to the center of the raft along the direction perpendicular to
the retaining wall.

3. Model verification

The two-stage model described above is implemented in
a Fortran code, hereafter will be referred to as APPR. The
verification of the model is performed with respect to the
examples of single pile and piled raft adjacent to excavation
as follows.

3.1 Response of single pile adjacent to excavation

Goh et al. (2003) report the results of a full-scale, three-
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Fig. 3 Soil profile and test configuration in the field test of the response of single pile adjacent to a braced excavation (Goh
et al. 2003). Note that the Young’s modulus of soils E; are converted from the reported SPT N values or unconfined

compressive strength C,, while the Poisson’s ratio v, = 0.3 is assumed for all soil strata
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Fig. 4 Comparison between measured and computed pile response: (a) lateral deflection and (b) bending moment

dimensional field model test on the response of a single pile
induced by a nearby excavation, as sketched in Fig. 3. The
excavation is 16 m deep, made into five soil strata, and is
supported by a 0.8 m thick diaphragm wall and six struts.
The 1 m diameter pile is 46 m long and 3 m away from the
retaining wall. Fig. 3 provides the basic mechanical
properties of soil layers involved, as well as the derived soil
parameters in accordance with the correlations suggested by
Goh et al. (1997). Fig. 4 compares the measured and
computed pile lateral deflection and bending moment that
correspond to a maximum wall deflection #max of 29 mm. A
reasonably good agreement is seen, even if the computed
location with zero bending moment is lower than that
observed.

3.2 Response of piled raft adjacent to excavation

Field measurements or model tests concerning the

response of piled raft caused by adjacent braced excavation
are scarce in the literature. Thus, a three-dimensional finite
element simulation is performed to assess the proposed
model. As shown in Fig. 5, the excavation is 15 m deep and
made through strata consisting of six layers of clay. The
support system is composed of a 0.91 m thick and 21 m
long slurry wall and five concrete struts. A square-shaped
raft is connected to four 0.8 m diameter and 25 m length
pile, and the space between pile center is 2.4m. The center
of the raft is 4.2 m away from the excavation. Simulations
are carried out in Plaxis 3D using the hardening soil model
with small-strain stiffness. A detailed discussion of soil
parameters and FEM modelling procedures can be found in
Mu and Huang (2016). The response of the piled raft
computed using the proposed model and FEM are compared
in Fig. 6, which corresponds to a maximum retaining wall
deflection umax of 30 mm. The soil and pile parameters used
in the analytical model are provided in Fig. 5. It is seen that
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Fig. 5 Soil profile and test configuration in the synthetic case study of the response of piled-raft adjacent to a braced
excavation
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Fig. 6 Comparison between computed pile response by FEM and the proposed analytical model (APPR): (a) vertical
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the results obtained by using the simplified model computed as the ratio of the differential settlement between
reasonably match that computed by FEM. As an important the front and back piles over their distance is 1.8%0 (FEM)
indicator of foundation movements, the rotation of the raft and 1.7%o (the analytical model). Nevertheless, quantitative
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mismatches can also be observed, like the depths of peak
axial force and peak bending moments are respectively
overestimated and underestimated by the simple model.

4. Determination of allowable
deflection

retaining wall

The analytical model described above is capable of
relating the deformations of excavation support structures to
the response of adjacent pile foundation. In this section, we
will show how such a model can be utilized to construct a
simple approach enabling practicing engineers to estimate
the allowable deformations of earth retaining structures
based on the tolerance of adjacent pile-supported buildings
to distortion. Following engineering practice, we select the
maximum wall deflection umax as the deformation indicator
of earth retaining structures, while the one for buildings is
the angular distortion at the foundation level J, as its
magnitude is closed related to building damage (Skempton
and MacDonald 1956, Wroth and Burland 1974, Boscardin
and Cording 1989, Finno and Bryson 2002, Dalgic et al.
2018). In the following, a closed-form correlation between
0 and umax will be formed such that one can assess the
allowable retaining wall deflections by knowing the
tolerance to distortion of the buildings under protection.
Because the correspondence between the deformations of
earth retaining system and nearby buildings depends on
various factors, like excavation geometries, soil properties,
and pile parameters, we construct the correlation mentioned
above by performing a parametric analysis. The influencing
variables considered include excavation depth H and length
L, Young’s modulus of soil £, and pile E,, pile length /,
diameter d, spacing so and the distance from the excavation
s. Table 1 summarizes the values of these parameters that
correspond to the baseline case. In the analyses, we assume
that the embedded depth of the retaining wall is equal to the
excavation depth, as commonly adopted in practice, and the
Poisson’s ratio of soil and pile is constant. The maximum
deflection of the retaining wall umax ranges from 0.5%H to
4%H.

Typical building foundations normally can consist of a
large number of piles and feature highly variable plan-view
shapes. Therefore, a generic piled foundation is required
before we can draw any general correlation between 0 and
umax that is applicable to different engineering projects. In
this analysis, a building foundation composed of a square-
shaped raft and four piles is considered (see Fig. 1). This
pile group is the minimal element enabling the evaluation of
the building angular distortion along two mutually
orthogonal directions. Accordingly, the angular distortion
discussed in the following can be interpreted as an indicator
of local building deformation, which can be critical for
structures with a large footprint. Three pile head constraints
are considered here, including free-head pile group (i.e., no
raft), capped-head pile group (i.e., the raft is not touching
the ground surface), and piled raft (i.e., the raft contacts the
ground surface). In particular, the free-head pile group and
capped-head pile group can be modelled by assigning the
matrices P=0, S=0 and S=0, respectively, to Eq. (9).

Fig. 7 presents the typical results generated by the

0.06
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-0.01 P IR I S I S IS Y
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Fig. 7 Example of results computed from the parametric
analysis (here the influence of Young’s modulus of soil is
presented). Note that Epasic denotes the Young’s modulus
of soils that corresponds to the baseline case given in
Table 1

parametric analyses, where there exists an approximately
linear relation between the building angular distortion ¢ and
the maximum retaining wall deflection umax. This trend is
seen from other sets of results, which allows us to focus on
the influences of different variables on the ratio ¢/umax, as
depicted in Fig. 8 (note that the dimensionless group
(0H)/umax 1s used in organizing the data and hereafter will
be referred to as normalized angular distortion). Fig. 8
shows that, in general, the normalized angular distortion
decreases with the increase in the pile modulus, pile
diameter, pile length, and the spacing between piles, and
with the decrease in the distance between the building
foundation and the excavation. In the contrast, the angular
distortion becomes larger when soil is stiffer (this finding
seems to be counterintuitive at first sight and can be
attributed to the fact that the piles have to comply with
prescribed soil movements and stiffer soil will imply greater
soil reactions acting on the piles), or when the excavation
depth or length is greater. Due to complex soil-structure
interactions, there are exceptions to the general rules
described above. For example, the angular distortion that
corresponds to the free-head pile group increases when the
piles become stiffer (see Fig. 8(a)) or when soil becomes
softer (see Fig. 8(b)). A possible explanation is that the piles
in free-head pile group can deform more independently to
each other than that in a pile group with a raft, and thus the
increase in the stiffness of piles relative to the surrounding
soil will enhance the differential settlements between
individual piles induced by non-uniform ground movements
caused by excavation.

Based on the general trends described above, we
propose a dimensionless composite factor

E dl,s,s’
|, =22 (16)
E.LH

and correlate it with the normalized angular distortion
computed in the parametric study, as shown in Fig. 9. The
scattered data clouds of 165 cases fall within a band, whose
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Fig. 8 Normalized angular distortion under varying: (a) pile modulus, (b) soil modulus, (c) pile diameter, (d) pile length, (e)
excavation depth, (f) excavation length, (g) pile spacing and (h) distance between excavation and pile foundation

bandwidth is considered acceptable for engineering
practice, given the number of influencing factors involved.
The boundaries of the band are given by

=2log(1,)+2 (a7)
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Fig. 9 Correlation between composite factor Ir and
normalized angular distortion

Table 2 Allowable angular distortion for different
combinations of building and foundation types (BH*:
Building height)

DGJ08-11-2010 Finno and Skempton and

Type of building/foundation (2010) Bryson MacDonald
(2002) (1956)
Masonry struct.ures /strip 0,004 NA 1300
foundation
Frame structures
/independent foundation 0.003 1/1000 1300
Frame structures /raft 0.004 1/1000 1300
foundation
Frame structures /pile ) 063 604 171000 NA
foundation
High-rise building
(BH*<100m) /pile 0.002~0.004 NA NA
foundation
High-rise building
(BH>100m) /pile 0.001~0.002 NA NA
foundation
Tower building (BH<100m) 0.005~0.008 NA NA
/pile foundation
Tower building (BH>100m) 0.002~0.004 NA NA
/pile foundation
and
oH|_ 3og(l )+3 (18)
- |=-= ; _
5 2

max

Accordingly, the range of allowable retaining wall
deflection that corresponds to given angular distortions of
pile-supported buildings can be estimated through

H H
u = ~

allowable 3 3 3 2
—glog(lf)+5 —glog(lf)+g

where Jaiowable and Uaiiowable denote the allowable angular
distortion of the buildings under protection and
corresponding allowable retaining wall deflection. The
former information can be found in the literature or design
codes. Examples of angular distortion criteria for various
types of buildings and foundations are given in Table 2.

5a|lowable (1 9)

5. Conclusions

This paper presents a method to determine the allowable
retaining wall deflection of braced excavation from the
perspective of protecting adjacent pile-supported buildings.
A simple analytical model is given to relate the maximum
retaining wall deflection to the foundation movements of
adjacent buildings. This is achieved by combining a closed-
form expression of excavation-induced free-field soil
movements with an elastic continuum solution where the
response of pile foundation subjected to prescribed soil
displacement field is computed. The analytical model is
verified against field model test and FEM simulation. A
parametric analysis is performed by using the model, where
the relation between the maximum retaining wall deflection
and the angular distortion of pile-supported buildings under
varying excavation geometries, soil properties, and pile
parameters is studied. A dimensionless factor composed of
these variables is defined based on their roles revealed from
the parametric analysis, and a correlation between the
composite factor and the building angular distortion
normalized by the maximum wall deflection is formed. The
latter provides a rational way to determine the allowable
deformation of earth retaining structures in accordance with
the tolerance of adjacent pile-supported buildings to
distortion.

It should be emphasized that the current work represents
a first step towards the development of simple yet
theoretically sound approaches for determining the
serviceability limit states for the construction of braced
excavation in urban areas. In view of the complexity of the
focused soil-structure interaction problem, there are aspects
of the proposed model that should be improved in the
future. For example, currently, the raft foundation is
assumed to be rigid in the analytical model and its
displacements coincide with the underlying soils and
attached piles. Because the stiffness of raft in relative to the
underlying soil may significantly impact the deformation
pattern of buildings, the influences on the proposed
correlation induced by the rigidity of raft should be
investigated in the future. Further steps should be
undertaken also to reduce the scattering in the correlation
concerning building angular distortion, possibly by refining
the composite factor (e.g., to incorporate the types of pile-
raft connection). Lastly, unlike the proposed analytical
model, we do not yet have field measurements enabling the
validation of the correlation between the building angular
distortion and the composite factor. The collection of field
data for assessing and/or improving the correlation,
therefore, will be a topic for future research.
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