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Abstract

This paper proposes an analytical method based on drained solutions of cavity expansion and
contraction in a unified clay and sand model to investigate tunnel-soil-pile interactions. Cavity
expansion analyses are used to evaluate the effects of pile installation on ground stresses and to
determine pile end bearing capacity and the distribution of shaft friction. Cavity contraction
methods were adopted to replicate the tunnel convergence-confinement response using the
singularity and image method for ground loss and ovalization of a shallow tunnel in a semi-
infinite medium. A 2D model was developed which evaluates changes in mean stress and
specific volume during pile installation and tunnel excavation. Outcomes from the developed
analytical approach are compared against data from centrifuge tests in silica sand; results
demonstrate that trends in pile load capacity degradation, mobilized safety factor, and tunneling
induced pile settlement can be satisfactorily predicted for the case of a tunnel excavated beneath
a pile with a constant service load. Criteria based on pile capacity, safety factor, and settlement
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are proposed which can be used to determine a critical tunnel volume loss or evaluate pile safety
level. The paper contributes to the understanding of tunnel-soil-structure interaction
mechanisms and provides an efficient means of conducting a preliminary risk assessment of

tunnel-pile interaction.

Keywords: tunnel-soil-pile interaction, cavity expansion, pile capacity, safety factor, pile

settlement

Introduction

Tunneling has an important role in urban construction to address the rapidly increasing demands
and utilization of underground space, especially for transportation systems in congested urban
areas (Mair, 2008; Kolymbas, 2008). Tunnelling induced ground movements are arguably
inevitable given that excavations lead to stress release within the surrounding soil (Peck, 1969;
Mair, 1979; Attewell et al., 1986; Gonzalez and Sagaseta, 2001; Marshall et al., 2012; Zhou,
2014; Mo and Yu, 2017b; Franza et al., 2019; Zhang et al., 2020). Both ground movements and
stress release can have significant impacts on the serviceability and stability of surrounding
structures (Burland et al., 1977). In urban areas, pile foundations often support superstructures,
and it is common for new tunnel construction to occur in the proximity of existing piles. The
tunnel-soil-pile interaction problem therefore becomes an issue of concern for engineers tasked
with avoiding tunneling induced damages (Loganathan et al., 2000; Marshall and Mair, 2011;

He et al., 2013; Basile, 2014).

Field trials in London clay have demonstrated that piles located directly above a tunnel
experience much larger settlement than the ground, and the influence is largely dependent on
the pile tip location in relation to the tunnel (Selemetas, 2005). Results of centrifuge tests have
provided additional observations of the response of piles around new tunnels (Loganathan et
al., 2000; Jacobsz, 2002; Williamson, 2014); a schematic of the influence zones around a new
tunnel was provided by Jacobsz et al. (2004) based on tunneling induced pile settlement. The

critical tunnel volume loss associated with pile failure was then evaluated according to the
2
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location of the pile tip within the influence zones. Further studies have reported that the tunnel-
soil-pile interaction is also related to (1) soil type and drainage condition; (2) tunnel diameter
and volume loss; and (3) pile length, roughness, and installation approach (Zhang et al., 2011;
Dias and Bezuijen, 2015; Williamson et al., 2017; Franza and Marshall, 2017; Dias and

Bezuijen, 2018; Franza and Marshall, 2018; Zhang et al., 2018, 2019).

Although numerical methods can simulate complex tunnel-soil-structure interaction problems
(Mroueh and Shahrour, 2002; Zhang and Zhang, 2013; Jongpradist et al., 2013), their use in
industry is constrained by issues related to model complexity, necessary computational time,
and for tunneling-related problems, their ability to replicate greenfield settlements.
Alternatively, analytical solutions have been developed for the estimation of tunneling induced
ground movements and tunnel-soil-pile interactions, which are well suited to the simplified
methods often used in practice, especially for preliminary design and risk assessment purposes
(Loganathan and Poulos, 1998; Huang et al., 2009; Marshall, 2012). Conventional two-stage
analytical approaches adopt a given input of greenfield soil movements to estimate pile
responses using Winkler-based methods, and neglect the effect of stress relaxation and the
interactions between the tunnel and pile (Basile, 2014; Franza et al. 2017). The cavity expansion
method has been used to provide elasto-plastic analyses of tunnel-pile interactions by
combining cavity expansion and contraction solutions in Mohr-Coulomb materials (Marshall,
2012, 2013; Marshall and Haji, 2015). However, the current analyses are only valid for perfectly
plastic materials without consideration of void ratio changes, and the prediction of tunneling

induced pile settlement is not provided.

To further develop the available tunnel-soil-pile interaction analyses based on cavity expansion
methods, this paper presents an analytical method based on cavity expansion theory in
association with critical state soil mechanics (Schofield and Wroth, 1968). A unified clay and
sand model (Yu, 1998) is adopted in this study, which introduced two additional material
constants into the standard Cam-clay models to simulate behaviour of both clay and sand. The
drained cavity expansion and contraction solutions in the unified clay and sand model,
developed by Mo and Yu (2018) and Yu et al. (2019), are employed to establish geometric and
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mechanical models for both pile installation and tunnel excavation. Pile stability is evaluated
based on a non-linear load-settlement response, and tunneling induced ground settlement is
determined based on solutions for shallow tunnels using a singularity and image method. As
such, the effect of tunneling on pile capacity degradation, mobilized safety factor, and pile
settlements are investigated. Analytical predictions are compared against available centrifuge
test data for verification of the proposed method, and criteria for evaluation of critical tunnel
volume loss are proposed. The proposed analytical approach provides a computationally
inexpensive means of conducting preliminary risk assessments for the case of single piles with

a constant service load that are affected by tunneling.

Drained cavity expansion and contraction solutions in CASM

Following the concepts of critical state soil mechanics, a unified state parameter model was
proposed by Yu (1998) aiming to capture the overall behavior of both clay and sand under
various drainage and loading conditions (referred to as CASM: clay and sand model). The
standard Cam-clay model was extended with two additional material constants (i.e. spacing
ratio r* and stress-state coefficient n) and reformulated in terms of the state parameter &,
which serves as a key parameter for the behaviour of sands and over-consolidated clays (Been
and Jefferies, 1985). Compared to the original Cam-clay model, the non-associated flow rule
of CASM enables the prediction of peak deviatoric stress before critical state, the behavior for
soils on the ‘dry side’ can be improved, and the softening and dilatancy of granular materials is
captured. The extension to sandy soils also fits well to the drained analysis in this study for
piling and tunneling problems in sands. Additionally, the standard Cam-clay models can be
fully recovered, and the relative simplicity of CASM provides benefits in relation to further
extension of the model and potential use within practical engineering applications. Note that
the adopted CASM model cannot predict all features of soils, and further developments with
additional model constants should be conducted to consider plastic deformations within the

state boundary surface, anisotropy and destructuration of specific soils under various loading



109

110
111
112
113
114
115
116
117
118

119
120
121
122
123
124
125
126

127

128

129

130
131
132
133

134

conditions.

Analytical solutions for drained expansion of both spherical and cylindrical cavities using
CASM were provided by Mo and Yu (2018). Correspondingly, the contraction solutions can be
readily obtained by modifying the expansion solutions with an unloading process, which is
typically adopted for the analysis of underground excavations or tunnels in geomaterials (Yu et
al., 2019). The solutions were derived considering large deformations in the plastic stage
together with logarithmic strain definitions, eventually providing distributions and evolutions
of stresses and strains around a cavity with an arbitrary expansion or contraction process. Fully
drained analysis is applied in this paper, neglecting the effect of pore water pressure, and

compression positive notation is used throughout.

In this paper, results from a series of reference tests for both cavity expansion and contraction
are provided to illustrate the stress paths and volumetric evolution of the surrounding soil. A
parameter m is used to distinguish the spherical and cylindrical scenarios in this study, i.e.
m =1 for a cylindrical cavity and m = 2 for a spherical cavity. A set of reference constants
are selected to model the behavior of Leighton Buzzard Fraction E sand based on Hu (2015),
as follows: elastic constants (k = 0.005, u = 0.16); critical state constants (M, 1 = 0.025,
I' = 1.8); CASM constants (r* = 33, n = 2.0), where M is determined from the constant-

volume friction angle of conventional triaxial tests ¢, = 32° following Eq. (1).

2(m+1)sin ¢

- (m+1)—-{-(m—1) sin ¢ (1)
where
s = {(l)tx (spherical) d¢ _{ 1 (expansion)
es T 11.125¢, (cylindrical) ™ * T =1 (contraction)

For determination of soil state, relative density is used to estimate the initial void ratio ey,
according to epq = 1.014 and e,,;,, = 0.613 (after Franza, 2016). The initial state
parameter is determined as &, =vy+ Alnpy — ', where p( is the initial mean stress
condition. When the derived initial isotropic over-consolidation ratio Ry, = r*/exp[&y/(A —
k)] is less than 1, the magnitude of initial specific volume vy = ey + 1 is modified to keep
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the soil as normally consolidated.

Fig. 1 presents the results of cavity expansion and contraction analyses for both spherical and
cylindrical scenarios in a soil with Ry = 1.1 and pj = 120kPa (i.e. &, = 0.068 and v, =
1.744). Note that the calculation of expansion was formulated as a displacement control
sequencing of the loading process with a/a, (a is the radius of cavity; subscript 0 indicates
the initial value) ranging from 1 to 20, while the contraction process was programmed as a
pressure control sequencing of the unloading process, with cavity pressure oy, decreasing
from p{ to 1 kPa (the reference stress applied in critical state soil mechanics). The mean and

deviatoric stresses for symmetric cavity problems are defined as

! !
, _ ortmeog ,
=, = 0, —
p 1+m ’ q r

g 2)

where o, and oy are radial and tangential stresses, respectively. Fig. 1(a,b) show the stress
pathsin q — p' space for both spherical and cylindrical cavity expansion and contraction. The
critical states are reached during the expansion process, and the stress state after unloading
tends to approach the origin. Correspondingly, the evolution of specific volume is shown in
v —p’ space in Fig. 1(c,d). Cavity expansion leads to a decrease of void ratio (densification),
whereas cavity contraction has little effect on specific volume. The normalized cavity pressure
0r.qa/Po versus a/a, data in Fig. 1(e,f) shows that the spherical case causes a larger change

of cavity pressure for a given change in cavity size compared to the cylindrical case.

Cavity expansion-contraction based method for tunnel-soil-pile

interaction

Geometric and mechanical models

The tunnel-soil-pile interaction is simplified as a two-dimensional problem with a circular
tunnel under the vicinity of a single cylindrical pile, following the approach of Marshall and

Haji (2015), as shown in Fig. 2. The problem assumes that the single pile with radius 7, is
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installed at depth to pile tip z,, and a circular tunnel with radius 7; is then excavated at a depth
to its axis level z;. The geometric distance between the tunnel center and pile tip is described

by the horizontal distance x;, and vertical distance z;, = z; — z,, thus distance d;) =

/xtpz + z¢p%. The 2D model in Fig. 2 is assumed as a critical scenario to consider the

interactions between tunnel and pile within the 2D plane. However, a single pile is an
axisymmetric (or quasi-axisymmetric) structure, and the tunnel is typically taken as a plane-
strain model ignoring the effects of excavation process. The tunnel-soil-pile interactions are
therefore considered through the changes in mean stress and void ratio fields of the 2D plane
to evaluate separately the influence of the processes of piling and tunneling, which is consistent
with Marshall (2012), Marshall and Haji (2015) and Marshall et al. (2020). This hybrid 2D
model assures a simple approach for analyzing the complex problem, thus the 3D effects
associated with the responses of excavation process require further developments and

validations to confirm the feasibility.

In this paper, the tunnel is located under the pile tip level to examine, in particular, the influence
of tunneling on the degradation of pile load capacity and vertical settlement. The tunnel-soil-
pile interaction problem is analyzed using a mechanical model based on the combination of
cavity expansion and contraction analyses. The interaction between the pile and tunnel is
determined based on predicted changes to the surrounding soil (e.g. mean stress and void ratio)
caused by both pile installation and tunnel volume loss. A calculation flow chart is provided in
Fig. 3; reference to Stages and Steps in the subsequent text relate to Fig. 3. Correspondingly, a
Matlab-based program is formulated following the calculation procedure of Fig. 3 to realize the
analysis of the tunnel-soil-pile interaction problem. After setting the initial conditions (Stage
1), the pile is installed and changes to the mean stress and void ratio fields are calculated (Stage
2). Both installation resistance and pile load capacity are estimated using spherical cavity
expansion in Stage 2. Tunnel excavation is simulated in Stage 3 by cylindrical cavity
contraction, and the updated soil states are then used for the re-evaluation of pile capacity and
settlement. Note that the concept of cavity expansion/contraction is embedded in the whole
calculation process, which will be explained in detail in the following sections.
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Pile installation and load capacity

Installation of displacement piles (i.e. driven or jacked) will cause significant changes to the
stress profile in the surrounding soil. In Step 2.1 from Fig. 3, the installation resistance is
assumed to be equivalent to the cone tip resistance of a CPT (cone penetration test) at a certain
depth (White and Bolton, 2005), and is estimated by spherical expansion of a cavity from an
initial size comparable to that of the mean soil particle size to that of the size of the pile or
probe. The cavity pressure P, s, approaches a critical state value for large expansion, which
is used to estimate the cone tip resistance q. following Ladanyi and Johnson (1974) and

Suzuki and Lehane (2015).

qc = Faspn (1 + \/§tan ¢tx) 3)

Pile shaft friction 7, isthen determined in Step 2.2 using the CPT-based design method UWA-

05 for driven closed-ended piles in siliceous sand (Lehane et al., 2005):

oy,s(z) = 0.03-q.-

max (% 2)_0'5 + Aa;d] (4a)
15(2) = 0y4(2) - tan &¢ (4b)
where oy is the normal stress along the shaft surface, b, is pile diameter, and
Ao)q = 2G - Ay/ry, Ay ~0.02mm, & ~ ¢y — 5°

It is worth noting that Aoy, is calculated based on elastic cylindrical cavity expansion, and
Ay is used to consider the dilatant expansion of the shear band around pile shaft. §; is the
interface friction angle after Randolph et al. (1994), assumed as ¢;, — 5°. According to Mo
and Yu (2017a), the shear modulus is defined as follows, which varies with the local stress

condition and specific volume:

_ @+m)Q-2p)vpr
T 2[1+(m-Dulk Q)

where u is the Poisson’s ratio.

For predictions of mean stress and void ratio fields in Step 2.3, the soil is separated into two
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regions (i.e. below pile tip and above pile tip), and their changes from each step are simply
combined to yield the cumulative fields. Spherical cavity expansion at the pile tip is used for
predictions below the pile tip, whereas cylindrical cavity expansion along the pile shaft is used

above the pile tip. Details of the calculations in each region are provided in the following.

As the initial states around the pile tip (i.e. p(')_tip and v ;) are adopted for the spherical
cavity expansion calculation with the assumption of isotropic conditions, the changes of mean
stress and specific volume in the surrounding soil below the pile tip require modification based

on a simple proportional criterion to their in-situ states:

A !
Ap' =T Ay =y, (6)

- Pé,tip Votip
where Ap;ph and Avg,p, are obtained from the spherical cavity expansion results according
to the distance to pile tip, and py and v, are the current states of mean stress and specific
volume of a soil element. Note that the in-situ states are only used for the steps related to pile
installation (Steps 2.1 and 2.2); updated stress and specific volume fields are used for estimation

of pile capacity (Step 2.4) and during tunneling (Stage 3).

The distribution of mean stress above the pile tip after pile installation is estimated using the

obtained normal stress on the pile shaft oy¢ (Eq. 4a), following the pattern obtained from
elastic cylindrical cavity expansion (i.e. o] =p{ + (01,5 — o) - (rp /r)2 ). The void ratio
distribution within soil horizons up to the pile tip depth are set to be identical to that at the pile
tip depth (for example, see Fig. 4b). For non-displacement (bored) piles, stress and void ratio

around the pile are assumed to remain unchanged during pile installation, and the shaft friction

is calculated as T4 = 0y ' Ko - tan &y (K is the at-rest lateral earth pressure coefficient).

In Step 2.4, pile end bearing capacity is predicted by spherical expansion of a cavity with initial
radius 7,. The magnitude of expansion was set to 10% (i.e. to 1.1 r,), relating to the
determination of pile capacity for a settlement equivalent to 10% of the pile diameter (Lehane
et al., 2005; White and Bolton, 2005). The correlation between pile end bearing capacity and

spherical cavity pressure from Vesic (1977) and Randolph et al. (1994) was adopted in this
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study.
gt = Pgspn - (1 + tan a tan ¢y,) where a = 45° 4+ ¢, /2 @)

Pile end bearing capacity is strongly dependent on the soil stress field, which is modified by
the actions of both pile installation and tunnel volume loss. To account for pile installation
effects, the initial stress condition for the spherical cavity expansion from 7, to 1.1 7, in Step
2.4 was assumed as the average value within the plastic zone of soil around the pile tip from
the pile installation spherical cavity expansion analysis (i.e. Step 2.1). Pile load capacity is then

obtained as:
Q = Qtip + Osnhast =qt-7r-rp2+fozp‘csdz-n-bp where bp =2mn ()
Tunneling and tunnel-soil-pile interaction

Cylindrical cavity contraction is used to simulate the process of tunneling, providing the
convergence-confinement curve (Step 3.1). The effect of the tunnel face can be analyzed by
spherical cavity contraction; however this paper focuses on a two dimensional model taking the
tunnel as a cylindrical tube. Note that the initial stress and specific volume are assumed as the
average value from the updated stress and specific volume fields from Stage 2 within the range
of 57, from the tunnel center. The cavity contraction solution provides information on soil
response in terms of both stress state and tunneling induced ground deformations. Regarding a
shallow tunnel in a semi-infinite medium, the conventional concentric displacement field
around a cavity does not provide an accurate representation of real ground displacements
around shallow tunnels (Logonathan and Poulos, 1998). To account for this, an elastic solution
for compressible material based on a singularity and image method, generalized from Sagaseta
(1987) and proposed by Verruijt and Booker (1996), was adopted for the calculation of
displacements. Both ground loss and ovalization of the tunnel are considered in the solution,
and the modification of Strack (2002) was applied in this study to remove the tangential
displacements at the cavity boundary. Therefore, for a certain tunnel volume loss V;;, the
displacement field provided by the elastic solution is employed to evaluate the relative soil

movements, which are then used to calculate the changes of mean stress and void ratio based
10
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on elastic-plastic cavity contraction analysis (Step 3.2; an example demonstrating this process
is provided in the next section). As was done for the pile installation stage, a stress reduction
ratio is applied to the current stress field (after pile installation), and specific volume is changed

accordingly:

Apéyl / Avey
= "Po 5 Av=—="v, )

- !
po,tun Vo,tun

Ap'

With the updated stress and void ratio fields, the pile end bearing capacity is re-evaluated in
Step 3.3. Again assuming an initial state based on the average values within the plastic region
around the pile tip during the installation process, the post-tunneling pile end bearing capacity
qey: 1s determined from spherical cavity expansion. For the estimation of shaft friction of
displacement piles after tunneling, the reduced cone tip resistance is assumed to be equivalent
to the reduced pile end bearing capacity (i.e. q.y; ~ q¢y;). Additionally, tunnel volume loss
leads to the reduction of stresses and increase of void ratio around the pile shaft, as well as the
reduction of soil shear stiffness. The reduced pile load capacity is referred to as Qy; = Qgip i +
Qshart,vi- To represent the pile load capacity degradation, the reduction factor for total capacity

is defined as:

Ro = Qvi/Qo (10)

Underground excavation induces ground movements, and the stress relaxation in the
surrounding soil can reduce the capacity of adjacent piles. Therefore, tunneling induced pile
settlement Sp;;¢1; in Step 3.4 is considered as a combination of two components: (1) tunnel
volume loss induced ground settlement, s;y,, and (2) pile capacity degradation induced pile
settlement, s, ;. Tunneling induced ground settlement s; ; is estimated from the vertical
component of the ground displacement field at the pile tip based on the analytical solution for
shallow tunnels using the singularity and image method (Strack, 2002). For the prediction of
post-tunneling soil strength-loss induced settlement s, y;, the non-linear pile load-settlement

response was assumed as a hyperbolic asymptote curve, following Chin (1971):

8G

_ s/bp
4 m(1—u)

= Tkts/buas T where k; =

(1)
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Note that G is estimated from the updated stress field caused by the variation of tunnel volume
loss using Eq. (5). Therefore, with a constant pile service load (Pypqq = Qo/SFy, SFy is the

initial safety factor), the initial settlement is determined as:

max(Pload_QshaftvO)
TTp?

_ qe/ki
ki)

Sp =
0 de/dservo—1

where Gserv,o =

(12)

After tunnel volume loss, the safety factor is reduced to SFy; = Qyi/Pioad,> and the post-

tunnelling settlement is calculated as:

devi/kivi

max(Pload_Qshaft,Vlzo) (13)
=
atyvi/Aservyvi—1

7.2
Ty

'bp where Gserpyi =

Post-tunneling pile strength induced settlement is estimated as s,y; = s; — Sg, and the total

post-tunneling pile settlement is calculated as:

Spitevi = S1vi + Savi (14)

Note that the work presented in this paper focuses on tunnel interaction with single piles with
a constant load applied to the pile. The analysis does not consider pile interactions within a
group or load redistribution due to a connected superstructure, which can have an impact on the

tunnel-pile interactions (Franza and Marshall, 2019).

Comparison with centrifuge test data

Results from centrifuge tests of tunneling under a single pile are used for a verification exercise
of the proposed analytical solutions for tunnel-soil-pile interaction. Three independent test
series in dry silica sand with different relative densities were conducted by Jacobsz (2002),
Marshall (2009), and Franza (2016), using a similar technique for the simulation of tunnel
volume loss. Centrifuge test results are presented here in model scale unless otherwise stated.
Leighton Buzzard Fraction E sand with an average particle size of dgy = 0.122 mm was used
in all centrifuge tests. The soil model parameters presented in the previous section were used
for the sand. The unit weight of the soil was determined based on the initial void ratio, and the

initial mean stress condition at depth z was pgo =7V -z Ny - (1 + 2K;)/3, where N, is the
12
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centrifuge scaling factor and K, = 0.5. Results from dense sand tests are presented first to
illustrate the calculation process and to compare with results from Marshall (2009).
Comparisons with loose sand tests (Franza, 2016) and medium dense sand tests (Jacobsz, 2002)
are then provided. Note that only results for displacement (driven) piles are presented here, and
a constant load was applied to each single pile, with initial safety factor evaluated based on the

measured resistance during the driving of the pile.
Dense sand tests

Dense sand tests with relative density Di = 90% were carried out by Marshall (2009); the
centrifuge model properties are shown in Table 1. After replicating the initial stress field within
the centrifuge model, the initial void ratio was kept as ey, = 0.653, and the initial specific
volume field was generated by the relation vq = eq + 1 (Step 1.3). Note that the initial state

parameter &; increases with depth.

Test TP1-P1, in which the tunnel is located directly below the pile (i.e. x;;, = 0), is taken as an
example to illustrate the calculation steps following the proposed method in the previous
section and Fig. 3. Additionally, a worked example for TP1-P1 is provided in the
“Supplementary Materials” to provide details in the step-by-step calculation. To consider the
pilling induced changes in the stress field following the steps in the subsection of “Pile
installation and load capacity”, Fig. 4a shows the mean stress field after pile installation (Step
2.3). The stress concentration is mostly located in the vicinity of the pile, especially around the
pile tip, which is consistent with experimental observations of piling induced soil deformation
(White and Bolton, 2004; Marshall and Mair, 2011). Stress levels around the pile shaft are also
increased by installation, but with a much lower magnitude, which relates well to the effect of
stress reduction at the pile shoulder (White and Bolton, 2004). The plastic region of spherical
cavity expansion for pile installation is about 40 mm, which is smaller than the distance to the
tunnel lining d;;, = dy, — 1 = 55 mm, and the influence of pile installation at the location of
the tunnel is therefore limited. On the other hand, the void ratio of the surrounding soil is
decreased due to piling induced densification of the soil, as shown with the change of specific

volume field in Fig. 4b. For this displacement pile, the penetration resistance at the pile tip is
13
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predicted to be q. = 4.87 MPa (Step 2.1), while the pile tip load capacity is 599 N and the
pile-shaft capacity is about 780 N (Step 2.4). The total estimated pile capacity is therefore

1379 N, compared to the experimental measurement of 1790 N (Marshall et al., 2020).

In Stage 3 of the method, tunnel excavation is simulated by cylindrical cavity contraction, and
in this case cavity pressure was decreased from its initial stress condition pg 1, = 151.9 kPa.
The equivalent tunnel volume loss V;, can be determined as [1 — (a/ag)?] X 100%. The
cavity contraction response is shown in Fig. 5, which is typically referred to as a confinement-
convergence curve (Step 3.1), where the tunnel pressure oy, is normalised by the initial
pressure within the tunnel (in the centrifuge experiments, this was set to be the vertical stress
at the depth of the tunnel axis). The predicted ultimate value V;,; = 1.76% indicates tunnel
convergence without support. The predicted cavity pressure is shown to reduce faster than what
was observed in the experiment. This may be related to the adequacy of the applied critical state
model, or that soil arching phenomena caused by tunneling (Franza and Marshall, 2019) are not
well replicated. Fig. 6 shows the change of mean stress and specific volume with respect to
normalized soil movement u, /r. The mean stress decreases and specific volume increases with
tunnel excavation after a soil movement of about u,/r = 0.0015, which indicates the

initiation of the plastic stage in the soil around the excavation.

Although the cavity contraction in CASM has shown its ability to predict soil behavior around
tunnels by Mo and Yu (2017b), the effects of the free ground surface for shallow tunnels were
neglected, and modifications are required to account for the uniform convergence, ovalization
and vertical translation (Gonzalez and Sagaseta, 2001). In terms of the cavity contraction in a
half-infinite space to include the surface effects, the closed-form solutions are limited to the
linearly elastic materials, following Verruijt and Booker (1996). Therefore, as a compromised
approach, the tunnel excavation problem is taken as a displacement-controlled process, and the
displacement field at the ultimate tunnel volume loss is obtained based on the elastic solution
in a semi-infinite medium (Strack, 2002). The displacement-induced changes are then predicted
from the elasto-plastic cavity contraction response according to the magnitude of deformation.
Note that this approach contains some arbitrary assumptions that may cause undesirable errors,
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and further adjustments can be applied to improve the predictions for shallow tunnels. As shown
in Fig. 7, both vertical displacement and normalized displacement (u,. /) contours indicate that
the soil above the tunnel experiences the largest deformation. The pattern above the tunnel in
Fig. 7a is similar to that of centrifuge tests of greenfield tunneling (e.g. Marshall, 2009;
Marshall et al. 2012; Franza et al., 2019). The normalized displacement in Fig. 7b is used to
estimate the change of mean stress and void ratio of the surrounding soil based on the curves
in Fig. 6, which represent the soil response due to cavity contraction. The normalized soil
displacement at the pile tip is u,./r = 0.0035, which is larger than the critical value of w,/r =
0.0015 from Fig. 5, indicating that the soil at the pile tip is in a plastic state at the specified
magnitude of tunnel volume loss. Based on the critical value of w,/r = 0.0015 for this
scenario, Fig. 7b also indicates that over half of the pile is located in the plastic region when
the tunnel is fully unloaded (V;,,;; = 1.76%). The mean stress and change in specific volume
at this stage of tunnel volume loss are presented in Fig. 8. Compared to the stress field after pile
installation (Fig. 4a), the stress reduction in Fig. 8a at V;,;; is significant, however a small
area with relatively high stresses still exists close to the pile tip compared to the in-situ stress
field. The change of specific volume (Fig. 8b) shows that the soil becomes looser due to tunnel
excavation, however the area around the pile tip retains a negative change in specific volume

(soil densification) from the pile installation stage.

For a given magnitude of tunnel volume loss, the mean stress and specific volume fields are
predicted in Step 3.2 and the shear stiffness is updated using Eq. (6). The pile end bearing
capacity q.y; is re-calculated based on Eq. (7) in Step 3.3, and the foundation stiffness k;;
is obtained by updating the shear stiffness from Eq. (11). The degradation of the pile load-
settlement curve is shown in Fig. 9a following Step 3.4. With an increase of tunnel volume loss,
both g;y; and k;y, decrease, and the updated load-settlement curve represents a virtual pile
loading test which can be used for the estimation of pile settlement s, ;. Before tunneling, the
pile shaft capacity is Qspaft,0 = 780 N and the pile tip load capacity is 599 N, hence to get
the required initial safety factor SF, = 1.65 to match the TP1-P1 centrifuge test (see Table 1),

a service load at the pile head of 835.6 N is required. Shaft capacity is mobilized at much

15



400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416

417
418
419
420
421
422

423

424

425

426

smaller displacements than end bearing capacity, hence it was assumed that only Qy —
Qshast,o = 835.6 — 780 = 55.6 N of load was carried by the pile tip (tip stress of about
490 kPa) prior to tunneling. This implies an initial normalized settlement s,/b, = 0.0035
based on Eq. (12), which is negligible (see g — s curve before tunnelling shown in Fig. 9a).
When the tunnel volume loss reaches 1.0%, for example, the pile tip stress increases to about
2500 kPa (gservy1 = max(Pioga — Qshasev,0)/(m - 1,%)) according to Eq. (13), and the
normalized settlement is s;/b, = 0.0659 from the corresponding pile load-settlement curve
(i.e. dark blue line in Fig. 9a). The pile capacity degradation induced pile settlement at V;, =
1.0% is thus calculated as s, ; = s; — 5o = 0.75 mm (equivalent to 6.25% pile diameter and
56 mm in prototype scale). Together with the tunneling induced ground settlement at the pile
tip (Fig. 7a), the total tunneling induced pile settlement is Spjey; = Sy + Sz & 1.04 mm
(8.7% pile diameter; 78 mm at porotype scale). A further increase of tunnel volume loss
significantly accelerates the pile movements due to the degradation of the load-settlement curve
and the increase of pile tip stress. The decrease of pile load capacity components (tip, shaft, and
total) with tunnel volume loss are provided in Fig. 9b, showing that the trend of degradation of
the pile tip and shaft are very similar, with a reduction of 59.6% and 65.1%, respectively, at

ultimate tunnel volume loss V;,;; = 1.76%.

The predicted ground and pile settlements with tunnel volume loss are presented in Fig. 10a-b,
with comparisons to centrifuge data from Marshall (2009). Generally, the predicted greenfield
soil displacements are comparable with the experimental data, and the predicted tunneling
induced pile settlement agrees well with experimental data, though pile failure in the
experiment was more brittle than predicted. The variation of the reduction factor for total pile
capacity R, with V;; is provided in Fig. 10c.

As a recommendation for critical tunnel volume loss, Marshall (2012) and Marshall and Haji
(2015) proposed that a value of Rg = 0.85 could be used (based on the experimental data that

was considered). Based on this somewhat empirical pile capacity criterion, a critical tunnel

volume loss is obtained for test TP1-P1: Vlf’RQ = 0.80% (as shown in Fig. 10c). This criterion
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is relatively conservative, as also indicated by Marshall et al. (2020), and the predicted

normalized pile settlement is less than 0.03 for TP1-P1.

Considering the initial pile safety factor, a criterion for critical tunnel volume loss based on the
post-tunneling safety factor was suggested by Franza and Marshall (2018) and Marshall et al.
(2020). This criterion requires a critical post-tunneling safety factor SF/, where a value of 1.0

indicates the initiation of pile failure. For test TP1-P1, the critical tunnel volume loss based on

the safety factor criterion I/zf SF s determined from the Ry —V;; curve when R, gp =

SF/ [SFy = 1/SFy = 0.61. The value of V/*** for TP1-P1 is 1.2% (see Fig. 10c).

The above criteria are applied only when the degradation of pile capacity with tunnel volume
loss is obtained. The mobilized pile capacity is difficult to measure in experimental or field
tests, whereas a more direct measurement is related to tunneling induced pile settlements. A
pile displacement or serviceability criterion can also be used based on the tunneling induced
pile settlement. A critical normalized pile settlement of s/ /by = 0.1 is used here, which
follows from the criterion of pile loading tests for determination of pile capacity. This critical
settlement may relate to overly large displacements for cases with stringent serviceability limit
state criteria (e.g. s/ < 20 mm as suggested by Jacobsz et al., 2004), however the value can

be modified within the suggested approach depending on the application. The obtained critical
tunnel volume loss based on the stated pile settlement criterion Vlf * is 1.04% for test TP1-P1.

Experimentally, pile failure was deemed to occur at the location of a distinct increase in

magnitude of slope or curvature of the pile settlement versus tunnel volume loss curve, giving

an experimental critical tunnel volume loss of I/zf XP = 0.92%, based on Marshall et al. (2020).

The resulting safety factor at Vlf ** is around 1.15, illustrating how the analytical approach can

provide information of pile stability when applying the criterion based on pile settlements. Note
that this outcome is strictly related to the assumed input of greenfield settlement profile and

should not be generalized.

In terms of the empirical parameters in the criteria for evaluating the stability of piles, a
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sensitivity study for TP1-P1 is presented in Fig. 11 to examine their viability. The variations of
Rqy, SF and s/b, against the tunnel volume loss are jointly shown in Fig. 11a, where the
influence of empirical parameters for critical criteria can be found from the curves. It is noted
that the critical reduction factor for total pile capacity R, = 0.85 tends to yields conservative
results of corresponding pile safety factor and settlement, and pile settlements are extremely
large when the safety factor reduces to 1. The pile settlement criterion with s/b, = 0.1
provides a balanced estimation of critical situation with SF ~ 1.2 and R, = 0.6. Fig. 11b
shows the linear correlation between R, and SF, as well as the variation of s/b,, against Ry,.
The three indices indicate the tunneling induced influences in terms of pile capacity, safety
factor and pile settlement, and they should be integrated to conduct evaluations for design. For
practical use in a particular case, the empirical parameters in the criteria can be further adjusted

to provide a comprehensive assessment of the tunnel-pile interaction.

The influence of tunnel-pile location on the mean stress and specific volume results is illustrated
in Fig. 12 using the three dense sand centrifuge test scenarios from Table 1. Fig. 13 shows
predictions of tunneling induced pile settlements and pile capacity reduction factors for the
same tests, and compares results with the available experimental data. It can be seen that the
contours of Ap’and Av are heavily dependent on the tunnel-pile location. When the pile is
installed within the influence zone of tunneling for tests TP1-P1 and TP2-P1, the pile stability
is significantly affected by the tunnel, as indicated in Fig. 13. The predicted pile settlement for
TP2-P1 in Fig. 13a does not match the experimental data well after about 1% tunnel volume

loss, however the trend is sensible an is this case the prediction is conservative. Applying the

empirical pile capacity criterion for test TP2-P1 (i.e. Rg = 0.85), the critical tunnel volume
loss V;f RQ is 1.51%, as indicated in Fig. 13b. In comparison, the experimental data shows

Vlf “*P = 2.4% for TP2-P1. The analysis also indicates that the tunnel converges at a tunnel

volume loss of approximately 1.75%, at which the predicted normalized pile settlement is less
than the required value of 0.1 to apply the pile settlement criterion. However, based on the

expected degradation trends (shown as extended portions of the predicted lines in Fig. 13a and
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b), estimations of V;f SF ~ 2.13% and I/zf % 1.96% for TP2-P1 were obtained. The pile in

TP1-P2 is not affected by tunneling because of its relative distance from the tunnel, which is
demonstrated in the experimental and analytical results. When the pile is located beyond the
plastic region of soil caused by tunneling, pile settlements are due solely to the tunneling

induced ground movement, s ;.

The above comparison with centrifuge data of dense sand tests provides a reasonable validation
of the proposed cavity expansion-contraction based method for tunnel-soil-pile interaction. The
analytical approach provides a rational method for predicting critical tunnel volume loss based
on either a pile capacity or serviceability criterion. Again, it is important to note that the
outcomes of the serviceability criterion are directly related to the assumed input of greenfield
settlements, hence the results here should only be generally applied with appropriate judgement,

or specific analyses using the described approach should be conducted.
Loose sand and medium dense sand tests

Further verification of the proposed method is presented in this section with comparisons to
loose and medium dense sand centrifuge tests. Franza (2016) conducted the loose sand tests
with D = 30% (i.e. ey = 0.8937); the model parameters are listed in Table 2 with variations
of horizontal offset x;, and initial safety factor SF,. The Test ID is according to the pile
position and SFy, e.g. ‘P1SF1.5’ represents a test with a pile installed at Position 1 (x;, =

0 mm) and loaded with SFy; = 1.5.

The predicted results for the loose sand tests are presented in Fig. 14, along with the centrifuge
test data from Franza (2016). Fig. 13a-c show the greenfield ground settlements at the positions
of the pile head (i.e. ground surface) and pile tip. The decrease of ground settlement with
horizontal offset is predicted reasonably well, however the analytical input of the variation of
greenfield settlement with depth could be improved. The settlement at the pile tip has the larger

influence on predictions, and it shows relatively good agreement with experiments.

The tunneling induced pile settlements for piles with SFy = 1.5 and 2.5 are illustrated in Fig.

14d-f, showing that the initial safety factor plays an important role during tunnel excavation.
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For tests with x;,, < 75 mm, piles with higher SF, show signs of failure at a larger tunnel
volume loss than those with lower SF;, in agreement with the experimental results. Although
the comparisons give similar trends of tunneling induced pile settlement, the predictions
underestimate the tunneling effect, which may be attributed to the modification of void ratio to
maintain the ‘normally-consolidated’ state in the calculations. A high value of initial void ratio
is kept as constant for the loose sand, while the stress condition increases and the over-
consolidation ratio decreases with depth. As required in the critical state model (over-
consolidation ratio is not less than 1.0), the initial void ratio for deeper soil is modified based

on the normal compression curve, leading to a denser state of sand.

The pile capacity degradation curves are provided in Fig. 14g-i, and the critical values of tunnel

volume loss using the three criteria presented earlier are indicated (also given in Table 2). These

results indicate the empirical pile capacity criterion (i.e. Rg = 0.85) gives the best fit to the

experimental results for the loose sand tests, however this is not an ideal outcome since R(’;

does not take into account the initial pile safety factor, which clearly has an effect.

For loose sands, the predictions of initial soil states and model parameters become difficult, and
the actual failure mechanisms might be different to those implied within the proposed analytical
model, leading to the inconsistency of experimental and analytical results of tunneling induced
pile settlement. On the other hand, it is also difficult to prepare a uniform loose sample in
centrifuge tests, and disturbance due to model preparation and centrifuge spin-up could lead to
some inconsistencies in the experimental data. Despite the differences between experimental
and analytical data, the results indicate that the suitability of the analytical method in loose
sands requires improvement, either in terms of the applied soil model or the adopted model

parameters.

Experimental data of medium dense sand tests with Dp = 76% (i.e. ey = 0.709) were
reported by Jacobsz (2002); Table 3 provides details of the centrifuge tests with information on
pile depth, horizontal offset, and initial safety factor. The predictions of ground settlement, pile
settlement and pile capacity degradation are shown in Fig. 15. The analytical predictions of pile
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settlement are generally satisfactory. The pile capacity criterion (when Rg = 0.85) is overly

conservative in this case, whereas critical values of tunnel volume loss based on pile settlement

and safety factor criteria are slightly higher than the experimental values.

Summary

The experimental and analytical results from all tests (including dense, medium-dense, and
loose) where the piles are located relatively close to the tunnel illustrate that the tunneling
induced pile settlement is considerably larger than the greenfield ground settlement, indicating

that the pile settlement is strongly affected by the degradation of pile capacity.

For the scenario of tunneling under an existing pile, the state of the pile can be assessed in terms
of criteria relating to pile capacity, safety factor, and settlement. The suggested cavity
expansion-contraction based method has shown its ability to provide a rational approach for

obtaining predictions in all these respects. The three criteria can be summarized as follows:
(1) Empirical pile capacity criterion: R/ > 0.85;

(2) Safety factor criterion: R gp X SFy = SFf =1.0;
3) Pile settlement criterion: s/ /b, < 0.1 adopted in this study.
P

[/lfJRQ

The empirical pile capacity criterion is used to determine , which is limited since it does

not consider initial pile safety factor, which has an important effect on pile response to tunneling;

the method does, however, provide generally conservative predictions. Correspondingly, Vlf SE

and Vlf S are obtained according to the safety factor and pile settlement criteria, respectively.

The empirical parameters in these criteria could be further refined based on more case study

data and sensitivity analyses.

The proposed analytical method outcomes have demonstrated that the pile capacity degradation,

mobilized safety factor, and tunneling induced pile settlement can be predicted for the case of
21
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tunnels excavated beneath single piles with a constant service load. The verification exercise
demonstrated that the performance of the analytical predictions was variable; further work is
needed to calibrate/modify the approach to achieve better predictions. Nevertheless, the method
provides a computationally efficient analytical approach for predicting the critical status and

stability of a pile affected by tunneling.

The study presented in this paper is limited to the 2D model presented in Fig. 2, which is
assumed to be the critical plane of tunnel-soil-pile interaction. The approach presented here
could be extended to consider a three-dimensional analysis to investigate the effects of the
excavation face advancement and tunnel lining installation, as well as the coupling effects with
pile groups and a superstructure. Moreover, the proposed analytical method requires further
verification for undrained analysis of tunneling in clays. It should also be noted that, in the
current study, the pile was treated as a rigid body, neglecting compression and deflection during
pile installation and tunnel excavation; the proposed analytical method could also be modified

to consider these considerations.

The proposed method may be useful within preliminary design stages of new tunnels below
existing piles. The suggested analyses can provide guidance to evaluate the influence of the
tunnel on pile settlement and performance, help to determine an optimal tunnel plan and profile,
or suggest whether additional, more elaborate numerical analyses are warranted. In the risk
assessment, the analysis of tunneling induced safety factor for piles can be included within
acceptability risk criteria for tunnel construction. Relevant mitigation measures can also be

considered to examine the risk reduction effect by using the proposed safety factor criterion.

Conclusions

Drained solutions of cavity expansion and contraction using the unified clay and sand model,
providing stress-strain variation around cavities with large-deformation analyses, were applied
in this study to investigate the effect of new tunnel construction in the proximity of an existing

pile. Spherical cavity expansion was adopted to estimate the changes of mean stress and specific
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volume in the soil during pile installation. The soil states at the pile tip were then assessed for
the prediction of pile end bearing capacity, pile foundation stiffness, and thus the non-linear
load-settlement response. A CPT-based design method was used for estimation of pile shaft
friction, with consideration of elastic cylindrical cavity expansion caused by shear band dilation
around the pile shaft. Tunnel convergence-confinement response was obtained by cylindrical
cavity contraction, and the soil deformation was modified based on the singularity and image
method for ground loss and ovalization of a shallow tunnel in a semi-infinite medium. The
tunnel-soil-pile interaction model was established in a 2D plane by evaluating mean stress and

specific volume changes during pile installation and tunnel excavation.

Outcomes from the cavity expansion-contraction based method for tunnel-soil-pile interaction
were compared against centrifuge test data using dense, medium dense, and loose sands. Three

criteria were proposed for consideration of the pile state: (1) an empirical pile capacity
criterion: Ré = 0.85; (2) a safety factor criterion: Ry gp X SFy = 1.0; and (3) a pile settlement
criterion: s’/ b, < 0.1. These three criteria were used to evaluate critical tunnel volume losses
(Vlf RC Vlf SF and Vlf *%). The empirical pile capacity criterion does not account for initial pile

safety factor, however it is relatively conservative. The safety factor and settlement criteria
provide an enhanced evaluation of the pile state, however further work is needed to

calibrate/modify the developed methodology to gain more confidence in the outcomes.
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Notation

ay, a initial and current cavity radius

€o initial void ratio
€maxs €min maximum and minimum void ratio
G shear modulus

Ky at-rest lateral stress coefficient
k; foundation stiffness
m parameter to distinguish spherical and cylindrical scenarios
Ny centrifuge scaling factor

Py spn spherical cavity pressure

Pioaa pile service load

P, q mean and deviatoric stresses

p('),tl-p, Vo tip initial states around the pile tip
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Po,tun> Vo, tun

Q
Qv
qc
qt

qtvi

SF,
SFf
SFy;

Spilevi
Vit

initial states at depth of tunnel center

pile load capacity

pile load capacity after tunnel volume loss

cone tip resistance

pile end bearing capacity

pile end bearing capacity after tunnel volume loss

initial isotropic over-consolidation ratio

reduction factor of pile load capacity

critical degradation of pile load capacity

critical pile load capacity degradation based on safety factor criterion

critical pile load capacity degradation based on pile settlement

criterion

spacing ratio and stress-state coefficient

pile radius and pile diameter

tunnel radius

initial safety factor

critical safety factor

safety factor after tunnel volume loss

tunneling induced pile settlement

tunnel volume loss

critical tunnel volume loss at pile failure based on experimental data
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Vi

Xtp, Ztp
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Oy, Og
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Orss Tg
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bex

619

620 References

critical tunnel volume loss based on pile load capacity criterion

critical tunnel volume loss based on safety factor criterion

critical tunnel volume loss based on pile settlement criterion

ultimate tunnel volume loss at convergence without support

horizontal and vertical distance of tunnel-pile

pile depth

depth of tunnel center

expansion of shear band around pile shaft

additional stress induced by shear band expansion

interface friction angle

parameter to unify the expansion and contraction

elastic constants

specific volume, = e + 1

initial specific volume, = ey + 1

state parameter

radial and tangential stresses

horizontal stress and shaft friction

critical state friction angle

constant-volume friction angle of conventional triaxial tests
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764  Tables

765 Table 1. Properties of dense sand centrifuge tests from Marshall (2009) and predicted critical

766 tunnel volume loss

TestID  zp, mm Xy, mm SF, Vlf.exp, A sz'RQa o, Vlf,SF, A sz'S, %

TP1-P1 96 0 1.65 0.92 0.80 1.20 1.04
TP2-P1 92 61 1.64 2.40 1.51 2.13" 1.96"
TP1-P2 91 130 1.56 DNF DNF DNF DNF

Note: soil relative density D, = 90%; centrifuge scaling factor N, = 75; pile diameter b, =
12 mm; tunnel radius 7, = 31 mm; tunnel axis depth z, = 182 mm; DNF=Did Not Fail at

Vit = 5%; * for estimated value.

767

768 Table 2. Properties of loose sand centrifuge tests from Franza (2016) and predicted critical tunnel

769 volume loss
xtpa
Test ID SFy v/ % IRy v w v %
mm
P1SF1.5 1.5 0.25 1.50 1.26
0 0.44
P1SF2.5 2.5 34 DNF 3.53
P2SF1.5 1.5 1 3.72 3.03
75 1.00
P2SF2.5 2.5 DNF DNF DNF
P3SF1.5 1.5 DNF DNF DNF
150 2.83
P3SF2.5 2.5 DNF DNF DNF

Note: Soil relative density D, = 30%; Centrifuge scaling factor N, = 60; Pile
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diameter b, = 13 mm, pile depth z, = 150 mm; Tunnel radius 7z = 45 mm; Tunnel

axis depth z, = 225 mm; DNF=Did Not Fail at V;, = 5%.

770

771 Table 3. Properties of medium dense sand tests based on centrifuge data after Jacobsz (2002) and

772 predicted critical tunnel volume loss
Zp,
Test ID Xip,mm  SF, D, vl o VIR o vl o vt %
mm
SWJ20 200 2.53 79% 2.20 0.85 2.97 2.71
0
SWJ21 225 1.52 79% 0.70 0.41 0.81 0.75
SWJo1 252 2.27 76% 1.65 0.79 3.05 2.86
50
SWIJ05 202 1.60 76% 1.50 1.20 2.36 2.15

Note: Soil relative density D, =~ 76% — 79%; Centrifuge scaling factor N, = 75; Pile
diameter b, = 12 mm; Tunnel radius 7, = 30 mm; Tunnel axis depth z, = 286 mm;

DNF=Did Not Fail at V;; = 5%.
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List of Figure Captions

Fig. 1. Results of cavity expansion and contraction: (a,b) stress pathsin g — p’ space; (c,d) specific
volume during expansion and contraction; (e) cavity pressure-expansion curves, (f) cavity

pressure-contraction curves

Fig. 2. Geometric model of tunnel-soil-pile interaction problem

Fig. 3. Calculation flow chart of tunnel-soil-pile interaction problem

Fig. 4. Soil states after pile installation: (a) mean stress field; (b) change of v

Fig. 5. Cavity contraction-based tunnel pressure against tunnel volume loss

Fig. 6. Changes of soil states with respect to normalized soil movement according to cavity

contraction model

Fig. 7. Soil deformation after tunnel excavation: (a) vertical displacement; (b) normalized

displacement

Fig. 8. Soil state after pile installation and tunnel excavation: (a) mean stress field; (b) change of

specific volume, v

Fig. 9. Pile response to tunnel excavation: (a) degradation of pile load-settlement curves; (b)

decrease of pile load capacity components with tunnel volume loss (in model scale)

Fig. 10. Results of tunnel-soil-pile interaction: (a) tunneling induced ground settlement; (b)

tunneling induced pile settlement; (c) tunneling induced degradation of pile capacity

Fig. 11. Sensitivity study for critical criteria: (a) variations of Ry, SF and s/b, against tunnel
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volume loss; (b) correlations between Ry, SF and s/b,

Fig. 12. Changes of mean stress (a-c) and specific volume (d-f) due to pile installation and tunnel

excavation: (a,d) TP1-P1; (b,e) TP2-P1; (c,f) TP1-P2

Fig. 13. Comparison of predictions with dense sand experimental data for x;;, = 0 mm (TP1-P1),

61 mm (TP2-P1), and 130 mm (TP1-P2): (a) pile settlement; (b) degradation of pile capacity

Fig. 14. Comparison of predictions with centrifuge data for loose sand tests with x;, = 0 mm,
75 mm and 150 mm: (a-c) ground settlement; (d-f) pile settlement; (g-1) degradation of pile

capacity

Fig. 15. Comparison of predictions with centrifuge data for medium dense sand tests with x;;, =
0 mm and 50 mm: (a-b) ground settlement; (c-d) pile settlement; (e-f) degradation of pile

capacity
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(a) Mean stress field after piling (b) Change of v after piling
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Cavity expansion-contraction based method for tunnel-soil-pile interaction in a

unified clay and sand model: drained analysis

Pin-Qiang Mo, Alec M. Marshall and Yong Fang

Supplementary Materials

Worked example for TP1-P1

This supplementary file presents a worked example for TP1-P1, showing the step-by-step
calculation for the tunnel-soil-pile interaction problem. The calculation follows the flow chart

in Fig. 3 of the main paper.

S1 Initial condition and inputs

S1.1 Geometric model

Fig. 2 and Table 1 provide the geometric information of TP1-P1, where the pile is located above

the tunnel crown with x;, = 0. The other geometric parameters include: pile length z,
96 mm, pile diameter b, = 12 mm; tunnel radius 7, = 31 mm, tunnel axis depth z, =

182 mm.
S1.2 Soil parameters and initial states

Soil parameters in the CASM model are determined in Section 2 for Leighton Buzzard sand,
following Hu (2015): elastic constants (k = 0.005, u = 0.16); critical state constants (M, A =
0.025, I' = 1.8); CASM constants (r* = 33, n = 2.0); ¢, = 32° The critical stress ratio

M is determined by Eq. (1).

The soil initial states include: void ratio and stress condition. (1) Void ratio. For Leighton
Buzzard Fraction E sand, the average particle size is dsy = 0.122 mm, e, , = 1.014 and

emin = 0.613 (after Franza, 2016). Regarding to the dense sand test of TP1-P1, soil relative
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density D, = 90%, and the initial void ratio is ey = 0.653. (2) Stress condition. The initial
mean stress condition at depth z is poo =y -z Ny-(1+2K;)/3, where N, is the

centrifuge scaling factor with Ny =75 and K, ~ 0.5.
S1.3 Initial mean stress and void ratio fields

Fig. S1 shows the initial mean stress and void ratio fields.

(@) Initial stress field before piling and tunneling (b) Initial v field before piling
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Fig. S1 Initial mean stress and specific volume fields before piling

S2 Pile installation

S2.1 Tip resistance for displacement pile

When the displacement pile is installed, spherical cavity expansion is used to estimate the
penetration resistance and the induced changes around the pile tip with its initial stress condition
p(’,’tip = 75.1 kPa. To represent the pile installation, the spherical cavity with its initial radius
ag = dso/2 is expanded to the size of the pile radius a =7, = b,,/2 = 6 mm, and the cavity
expansion pressure according to Mo and Yu (2018) is taken to relate to the pile tip resistance
during installation based on Eq. (3). In this case, cavity pressure P, o, = 1258.9 kPa and tip

resistance g, = 4870.9 kPa.
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S2.2 Shaft friction for displacement pile

The normal stress on the pile shaft oy ¢ and the pile shaft friction 74 are estimated by Eq. (4),
according to Lehane et al. (2005). The distributions of normal stress and shaft friction along the

pile shaft are shown in Fig. S2.

Normal stress and Shaft friction (kPa)

0 0 100 200 300 400
20
E 40
e
% 60
(@)
—6— Normal stress
30 —8— Shaft friction
100t

Fig. S2 Distributions of normal stress and shaft friction along the pile shaft
S2.3 Updated mean stress and void ratio fields

This step calculates the changes of mean stress and void ratio after pile installation. The soil
below the pile tip is affected by the spherical cavity expansion, and the soil above the pile tip

is estimated using elastic cylindrical cavity expansion.

For soil above the pile tip, the stress distribution at a given depth is obtained from the pattern
of elastic cylindrical cavity expansion (i.e. o, = pg + (07,5 — Po) * (rp / r)z), for estimating the
changes of mean stress around the pile shaft, while the void ratio is not changed around the pile
shaft. For soil below the pile tip, spherical cavity expansion from Mo and Yu (2018) provides
the changes of p’ and v within the plastic region, which are concentrically distributed. After
modification by Eq. (6), the changes Ap’ and Av show reasonable results in Fig. S3(a-b).
After pile installation, the updated mean stress and specific volume fields can then be obtained,

as shown in Fig. S3(c-d). Note that Fig. S3(b-c) are shown in Fig. 4 of the paper.
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(a) Changes of stress field after piling  (b) Changes of specific volume field after piling
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Fig. S3 Changes and cumulative stress and specific volume fields after piling

S2.4 Pile bearing capacity
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The pile end bearing capacity after installation is also estimated based on spherical cavity

expansion, but the cavity radius is expanded from the pile radius to 110% of pile radius (i.e.

a, = 6 mm, a = 6.6 mm). At the position of the pile end, the initial stress condition is

assumed as the average value within the plastic zone of soil around the pile tip from the pile

4
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installation. The calculated cavity pressure is then used to determine the pile bearing capacity
following Eq. (7). For TP1-P1, the pile bearing capacity q, = 5294.7 kPa. In terms of the pile
load capacity, Eq. (8) is used to determine the pile tip capacity Q; = 598.8 N, pile shaft

capacity Qspqrr = 780 N and total pile capacity @ = 1378.8 N.

S3 Tunnel volume loss

S3.1 Tunnel convergence-confinement curve

Firstly, the initial stress and specific volume are assumed as the average value from the updated
stress and specific volume fields in Fig. S3(c-d) within the range of 5 7 from the tunnel centre,

giving pg run = 151.9kPaand eg 4y, = 0.652.

Cylindrical cavity contraction (Yu et al., 2019) provides the tunnel convergence-confinement
curve, as shown in Fig. 5. For a soil element around the cavity, the changes of mean stress and
specific volume are related to the normalized displacement towards the center of the tunnel, as

presented in Fig. 6.
S3.2 Updated mean stress and void ratio fields

The displacement profile from cavity contraction solution of Yu et al. (2019) is concentric to
the cavity center, which is only valid for deep tunnels, whereas the tunnels in urban areas are
normally buried at shallow depths with influences of ground surface. Therefore, the
elastoplastic solution of Yu et al. (2019) needs to be modified to consider the surface effects.
As this study takes the tunnel volume loss as a key parameter to analyze the tunnel-pile
interaction, the problem is displacement-controlled, and the tunneling induced displacement
field is thus vital to the analyses. To overcome the limitations on displacement fields for a
shallow tunnel, the elastic solution of Strack (2002) is used to calculate a tunneling-induced
displacement field. The approximate solution follows the model of Verruijt and Booker (1996),
and considers both ground loss and ovalization (see Fig. S4), as well as the third part to
eliminate the shear stress at the surface using the Fourier transform method. Both vertical

displacement and normalized displacement (u,./7) contours are shown in Fig. 7.
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(a) Ground loss (b) Ovalization (c) Image solution for a singularity

Fig. S4 Calculation model for deformation of a tunnel in an elastic half plane, following

Verruijt and Booker (1996) and Strack (2002)

For each soil element in Fig. 7(b), the magnitude of normalized displacement is taken to project
the relevant changes Apéyl and Av.,,; from the curves in Fig. 6. As the initial states vary with
locations, the changes Apc,, and Av,, are modified to yield Ap" and Av at all soil
elements, following Eq. (9). Then, the contours by tunneling and by both piling and tunneling
can be plotted until the ultimate volume loss V), = 1.76%, as shown in Fig. S5. The

cumulative stress field after piling and tunneling is shown in Fig. 8(a).
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(a) Changes of stress field by tunneling (b) Changes of v field by tunneling
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Fig. S5 Changes and cumulative stress and specific volume fields by: (a-b) tunneling; (c-d)

piling and tunneling
S3.3 Reduced pile bearing capacity and R,

At any tunnel volume loss, the steps in S2.4 are repeated based on the current stress and specific
volume fields to estimate the mobilized pile bearing capacity. Then, the variations of Qyp,

Qshare and Q with tunnel volume loss can be obtained, as presented in Fig. 9(b). The
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reduction factor for total capacity is then determined by Ry = Qy;/Qo.
S3.4 Estimation of tunneling induced settlement

The tunneling induced settlement is calculated by Spiey; = Sq,v1 + Sz,v1, Where sy, is the
induced ground settlement and s, y; is caused by the degradation of pile capacity. s;,; can
be estimated from the contour of Fig. 7(a). s, ; needs to evaluate the load-settlement response
by Eq. (10). Note that q; is calculated from S3.3 and k; is estimated based on the updated

stress and specific volume fields.

The initial safety factor SF, = 1.65 is applied to match the TP1-P1 centrifuge test, which is
equivalent to a service load at the pile head of 835.6 N. As the initial shaft capacity is
Qshast,o = 780N, so/b, = 0.0035 based on Eq. (11). When the tunnel volume loss reaches
1.0%, for example, the pile tip stress increases to about 2500 kPa (qseryy; = max(Pload -
Qshaftvi O) / (n . rpz)) according to Eq. (12), and the normalized settlement is s;/b, =
0.0659 from the corresponding pile load-settlement curve (i.e. dark blue line in Fig. 9a). The
pile capacity degradation induced pile settlement at V;, = 1.0% is thus calculated as s, y; =
s; — Sg = 0.75 mm. Together with the tunneling induced ground settlement at the pile tip (Fig.

7a), the total tunneling induced pile settlement is Sp;ie 1 = S1,v1 + Sz & 1.04 mm.

This worked example for TP1-P1 is provided to show details on the calculations. Note that
some data, models, or code that support the findings of this study are available from the first

author or the corresponding author upon reasonable request.
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