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A hybrid MC-HS model for 3D analysis of tunnelling under piled structures
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Abstract.  In this paper, a comparative study of the effects of soil modelling on the interaction between tunnelling in soft soil
and adjacent piled structure is presented. Several three-dimensional finite element analyses are performed to study the
deformation of pile caps and piles as well as tunnel internal forces during the construction of an underground tunnel. The soil is
modelled by two material models: the simple, yet approximate Mohr Coulomb (MC) vyield criterion; and the complex, but
reasonable hardening soil (HS) model with hyperbolic relation between stress and strain. For the former model, two different
values of the soil stiffness modulus (Es, or E,,) as well as two profiles of stiffness variation with depth (constant and linearly
increasing) were used in attempts to improve its prediction. As these four attempts did not succeed, a hybrid representation in
which the hardening soil is used for soil located at the highly-strained zones while the Mohr Coulomb model is utilized
elsewhere was investigated. This hybrid representation, which is a compromise between rigorous and simple solutions yielded
results that compare well with those of the hardening soil model. The compared results include pile cap movements, pile
deformation, and tunnel internal forces. Problem symmetry is utilized and, therefore, one symmetric half of the soil medium, the
tunnel boring machine, the face pressure, the final tunnel lining, the pile caps, and the piles are modelled in several construction

phases.
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1. Introduction

Analysing the structure-foundation-soil interaction
during tunnelling operation in a single coupled analysis is
cumbersome. Realistic analysis of such systems can only be
done using full, three-dimensional models that properly
simulate the presence of existing structure, its foundation,
appropriate material behaviour, and the tunnelling operation
(Augarde et al. 1995, Chen et al. 1999 among others).

In general, numerical modelling contributed greatly in
understanding the performance of shield tunnelling
(Katzenbach and Breth 1981, Clough and Leca 1989,
Addenbrooke 1996). Previous works investigated the effect
of several factors that affect the tunnel soil pile interaction
(Poulos 1979, Lee et al. 1992, Loganathan and Poulos
1998, Chen et al. 2000, Loganathan et al. 2000, Loganathan
et al. 2001, Lee and Ng 2005, Pang 2006, Lee and Chiang
2007, Cheng et al. 2007, Yang et al. 2011, Linlong et al.
2012, Lee 2013, Ng et al. 2013, Zidan and Ramadan 2016,
2015).

Soil-structure interaction research studies attempt to
simulate the behaviour of soil as it occurs in the field. To
this end, few constitutive models are available: elastic,
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elasto-plastic (e.g., Mohr-Coulomb), hardening soil, etc.
(Zidan 2012, Ardakani et al. 2014, Mohammad and
Tavakoli 2014, Moradi and Abbasnejad 2015). Obviously,
the accuracy of soil-structure interaction simulations is
controlled by the adopted soil stress-strain relationship and
the correctness of the assumed numeric values for the
model parameters. This statement is further elaborated
below.

Samuel et al. (2013) compared the performance of
braced excavation predicted by both the Mohr Coulomb
(MC), and hardening soil (HS) constitutive models to the
observed in-situ diaphragm wall deflections. According to
their results, the HS model provided a competent result in
comparison to observed diaphragm deflections, but the MC
model significantly underestimated the diaphragm wall
deflections.

A similar outcome was reported by Kahlstrom (2013)
who performed a comparison of the MC and the HS
material models of Plaxis-2D in estimating the primary
consolidation behaviour of soft clay. His results indicated
that performing design with the MC material model is
inadequate while the most accurate results, when compared
to actual survey measurements, were achieved when
computing with the soft soil material model. Furthermore,
in their study of tunnel excavation in week rocks, Dong and
Anagnostou (2013) stated that the MC yield criterion fails
to map the non-linear stress-strain behaviour and the stress
dependency of stiffness observed in triaxial testing on
typical weak tectonized rocks such as kakirites. Besides,
they reported that a modified HS model predicts the
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behaviour of week rocks under different stress levels better
than the MC model.

It is clear from the above that the accuracy of the
numerical solutions of geotechnical problems heavily
depends on the appropriateness of the constitutive model
adopted to simulate soil behaviour. The frequent use of the
HS model in the more recent literature is credited to two
basic reasons: (1) the HS model produces the most accurate
results for deformations; and (2) it is possible to calibrate
the input parameters for the HS model using the results of
triaxial tests. Besides, while the Mohr-Coulomb model
adopts a bilinear, elastic-plastic relationship between stress
and strain; the Hardening-Soil model utilizes a hyperbolic
relationship between the axial strain and the deviatoric
stress. In the HS model, the nonlinear relationship between
stress and strain is affected by the soil confining pressure
which varies with depth. Study of the above cited papers
and others indicates that the HS is a reliable model for
simulating soil nonlinearity particularly in problems where
soil deformation is of primary concern. Nevertheless, use of
the MC model has been driven by its simplicity and small
computational efforts.

Despite the apparent inadequacy of the MC model as
compared to both the predictions of the HS model and field
measurements; it has been adopted in many tunnel analysis
studies. Examples of such studies include Mroueh and
Shahrour (2002) who investigated the interaction between
tunnelling and adjacent structures in soft soils using three-
dimensional finite element method,;

Xiang et al. (2013) who studied the effect of tunnelling
in clayey and sandy soil on urban piled overpass structures
of Beijing metro station; and Vahdatirad et al. (2010) who
investigated the effect of boring the tunnel of Tabriz, Iran
on an underground commercial center located on the tunnel
passage. However, most recent studies on the tunnelling
effects on nearby piles and structures used the hardening
soil model (HS) (e.g., Lee et al. 2009, Mica et al. 2009, and
Zidan and Ramadan 2015). Thus, in the analysis of the
interaction between tunnelling and adjacent structures,
some studies used the MC model while other adopted the
HS one. Studies that compare the MC and HS models in the
analysis of tunnelling near adjacent structures are scarce.

This paper compares the use of the simplified Mohr-
Coulomb (MC) model to that of the more reasonable
hardening soil (HS) model in the analysis of structure-
foundation-pile-soil interaction during tunnelling operation.

The results of the MC model are compared to the results
of the HS model obtained by Zidan and Ramadan (2015).
The tunnelling process is simulated in several stages by
progressive removal of elements in presence of the various
structure elements (piles, pile caps, columns, etc.). Besides,
interface elements are employed to model the possible
sliding and/or separation between piles and soil.

In addition to the analysis using HS model, the analyses
are repeated four times using different MC models (MC-1
to MC-4). These four MC models result from the
permutation in the adopted Young’s modulus (Esy Or E)
and the assumed profile of stiffness variation with depth
(constant or linearly increasing). Besides, two hybrid
simulations in which the HS model is used for soil located
at the highly-strained zones and the MC model is utilized

elsewhere are proposed and investigated. These hybrid or
Modified Mohr-Column representations (MMC-1 and
MMC-2) adopt Esp and differ only in the soil stiffness
profile (constant and linearly increasing, respectively).
Results obtained from all six models are compared together
and are evaluated in light of the HS model results.

Table 1 Numerical values adopted for soil parameters

P Effective Angle of Angle of Dry unit  Saturated unit
arameter - . o X . "
cohesion internal friction dilatancy weight weight
Symbol c' (0 o 74 Vsat
(unit) (kPa) 40 v() (NI (kNi)
Value 5 25 0 17 20
secant unloading . ,
Parameter Young’s oedometer reloading Poisson’s tunnel face
modulus ratio pressure
modulus modulus
S(yu ’;‘ﬁ;" Efl(Pa)  E™(kPa) E™!, (kPa) v pl(kPa)
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2. Numerical modelling

Numerical simulations are performed by means of the
finite element program plaxis 3d tunnel (Brinkgreve and

Vermeer 2000). Data and analysis assumptions follow Zidan
and Ramadan (2015), and are briefly summarized below for
the sake of completeness. Due to symmetry of the analysed
problem, only one half of the tunnel-soil-structure system is
analysed. Analysis of the tunnelling-structure interaction
problem is performed in two stages. The first stage
determines the initial stresses in the soil mass and is
performed in drained condition prior to the tunnel
construction. It is performed considering the self-weight of
both the soil and the structure. In the second stage, the
analysis is performed under undrained condition. The
displacements are reset to zero before starting of the tunnel
installation to ensure that all deformations referred to
hereafter are only a result of the tunnel construction.

The soil media is modelled using 15-node triangular
prism elements and the initial effective stress is generated
by means of the k, procedure. Table 1 lists the adopted
numerical values for the soil material model parameters.
These values agree with the results of triaxial tests
performed at Cairo University’s soil laboratory for several
clayey soil sites in Egypt. In plaxis 3d tunnel program, the
undrained analysis is modelled by effective stress analysis
using effective parameters. It follows Terzaghi’s principal in
which the total stress ¢ is given by

— . . . . —
Oxx=0 xxt 0w, Oy=0 F 0w, 0;,=0 70w, Oxy=0 xy; Oy7=0 yz, 0ix=0 zx(l)

where (o & ¢'ii) and (ojj & o';j) are total and effective axial
stresses and shear stresses, respectively, while , is the
pore water pressure. The above relations realize the fact that
water does not sustain any shear stresses. In plaxis, the
undrained behaviour is determined using the input effective
model parameters. For more details on the soil material
model, soil parameters, and undrained analysis, the reader
may refer to plaxis manual.

By mean of 15-node volume elements, the tunnel lining,
square piles, pile caps, beams, columns and slabs are
assigned with specific weight »=25 kN/m® Young's
modulus E=2x10" kN/m? and Poisson's ratio v=0.2. The
tunnel geometry are given by: diameter D=5 m, lining
thickness t=0.35 m and depth below ground surface H=3D.
The model dimension and the structure geometry under
consideration are presented in Figs. 1-3.

Referring to Fig. 3, the position of piled structure with
regard to the tunnel is defined as:

z* =distance from tunnel face to the front edge of pile
cap,

Li, =tunnel face progress (distance) in each stage,

yp =distance from bottom of pile cap to any point on the
pile length.

L =length of pile.

As shown in the Fig. 2, each pile cap contains four piles.
Two piles (P1 and P2) are selected to discuss the behaviour
of other piles in the group. For the assumed super-structure,
each pile carries 91 kN. The mesh presented in Fig. 5,
which includes 8550 elements and 42970 nodes, is used for
finite element analyses. The lateral boundaries of the model
are located at a distance of 5D (25 m) from the tunnel centre
(see Fig. 1). Due to the huge number of elements and nodes
in the current 3D model, a refined mesh is adopted around
the tunnel and piles while a coarse mesh is adopted far
away from the highly-strained area. In order to simulate the
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progressive removal of elements, each construction segment
(Li,) is simulated by three stages. These three stages are:
soil removal by the tunnelling boring machine (TBM);
grouting; and final lining (Fig. 4). The analysis is done in
19 stages. In the first stage, the model is analysed under the
effect of piled structure prior to the tunnelling process. The
remaining 18 stages simulate the segmental construction of
the tunnel (pouring, grouting, and lining) as shown in Fig.
5.

3. Types of conducted analyses

Table 2 shows the types of analyses conducted in this
study. The system is first analyzed using the more
reasonable hardening soil (HS) model, whose results are
considered as the reference for other models. Then, the
system analysis is repeated four times using different Mohr-
Column models (MC-1 to MC-4). These four MC models
result from the permutation in the adopted Young’s modulus
(Eso or Ey) and the assumed profile of stiffness variation
with depth (constant or linearly increasing). Finally, two
hybrid simulations in which the HS model is used for soil
located at the highly-strained zones and the MC model is
utilized elsewhere are proposed and investigated. These
hybrid or Modified Mohr-Column representations (MMC-1
and MMC-2) adopt Espand differ only in the soil stiffness
profile (constant for MMC-1 and linearly increasing for
MMC-2).

Models MC-2 and MC-4 are represented through the

option in plaxis that specifies a stiffness that varies linearly
with depth. Two inputs are needed: a reference stiffness E.e
at a reference depth y,; and a rate of increment in stiffness
per unit depth E;.. At the reference confining pressure
Prei=100 kPa, the same values as used for E™'s, and E™, in
the HS model are assigned to the MC-2 and MC-4 models,
respectively. Table 3 shows the reference values and the
stiffness increments for the cases of MC-2 and MC-4.
As will be shown later herein, the performance of all Mohr
Coulomb (MC) models was not satisfactory in comparison
with the reference HS model. Consequently, two hybrid
models (MMC-1 and MMC-2) were proposed. In these
models, the more accurate HS model is utilized in the high
strained zones while the less accurate MC model is used in
the less-strained zones. In this way, we could: (1) decrease
computational time without sacrificing a great deal in the
accuracy of results; and (2) reduce the amount of soil tests
in the less-strained zones to those needed to determine the
MC parameters only. Thus, compared to the HS model, the
MMC models result in savings in both computational time
and soil exploration costs.

Different scenarios may be suggested for selecting the
high- and low-strained zones. Based on results of the HS
model, the simple, yet efficient selection scenario shown in
Fig. 6(a) is adopted. In Fig. 6(a), the soil elements within
the foot prints of the superstructure, its foundation, and the
tunnel are assigned with the HS model while the rest
volume of soil is modelled using MC. This simple selection
scenario keeps the hybrid model attractive for practicing
engineers. Nevertheless, more efficient scenarios could be
proposed based on refined criteria (e.g., considering a
specific value of strain ratio to failure strain as a threshold).
Such scenarios could lead to minimum computational time,

Table 2 Types of analyses

Analysis type Analysis ID
Hardening-soil model. HS
Mohr-Coulomb with Es, constant with depth. MC-1
Mohr-Coulomb with Esy linearly increasing. MC-2
Mohr-Coulomb with E, constant with depth. MC-3
Mohr-Coulomb with E,; linearly increasing. MC-4
Modified Mohr-Coulomb with Es, constant with depth (Hardening-
. . Lo MMC-1
soil model is used in highly-stressed zone).
Modified Mohr-Coulomb with Es, linearly increasing with depth MMC-2

(Hardening-soil model is used in highly-stressed zone).

Table 3 Reference stiffness values for models MC-2 and
MC-4

Analysis type Eve (kPa) Yret (M)* Einc (kPa)
MC-2 527 2 83
MC-4 1317 2 209

*E et IS assigned above s, While below y, the stiffness is
given by, E= Erert(VrerY)Einc

L BN B B |
s R BN
i e e

HS MC

| I

(a) Selecting zones with HS and MC soil models for the
hybrid analyses: MMC-1 and MMC-2

Sec. A-A
Ema=0.00329

(b) Strain distribution obtained from the HS model analysis
for the steady state condition
Fig. 6 Selecting zones and Strain distribution obtained
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but may render the analysis less-attractive or impractical.

To justify the simple scenario suggested for selecting the
high- and low-strained zones, various horizontal sections
along the width of model are selected as shown in Fig. 6(a).
Fig. 6(b) shows the strain distribution at the horizontal
sections (or planes) identified in Fig. 6(a) as obtained from
the HS model analysis for the steady state condition. It is
evident from Fig. 6(b) that the soil model assignment
(HS/MC) shown in Fig. 6(a) is reasonable since the strain
values in the soil mass represented by the MC are
sufficiently small. This argument is further supported by the
distribution of vertical displacement presented in Fig. 7
which reasonably small displacement values in the domain
modelled using the MC soil material model in the proposed
MMC models.

4. Effect of tunnelling on soil deformation

Figs. 8(a)-8(c) present the displacements of ground
surface for the steady state condition (i.e., after tunnelling is
completed) in the transverse (uy), vertical (uy), and
longitudinal (u,) directions, respectively, for the seven
models described in Table 2. The effect of the super-
structure presence on the ground surface deformations in
the vicinity of the structure foundation is obvious from
these figures. Besides, noticeable changes among results of
different constitutive models are evident. Fig. 8(a) shows
that the structure presence almost eliminates the transverse
displacement in its vicinity. It is seen from Fig. 8(a) that the
transverse displacement (uy) is fairly predicted by all
models at structure foundation, but all MC models fail to
produce accurate values away of the structure zone. The
error in uy associated with the use of MC constitutive
relation (models MC-1 to MC-4) ranges from 30% to 80%.
However, the proposed MMC models gave good estimates
of uy with less than 10% difference.
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Fig. 8 Ground surface displacements after tunnelling

It is clear from Fig. 8(b) that the correct settlement
profile uy (at ground surface) obtained using the HS model
has a flat shape in the vicinity of the structure foundation,
followed by a sudden reduction at the pile cap outer edge,
and decreases monotonically afterwards. Such behaviour
could not be predicted by the various MC models (MC-1 to
MC-4), but is fairly estimated by the proposed modified
models (MC-1 and MC-2). Finally, Fig. 8(c) indicates that
the behaviour of the various approximate models in
predicting the surface displacement in tunnel longitudinal
direction uz is similar to their performance in predicting ux
and uy. It is found that the type of soil modelling adopted in
the analysis has a great effect on soil displacements both in
value and distribution. The MC models fail to give reliable
estimates, but the proposed modified models (MMC-1 and
MMC-2) vyielded reasonable approximation to the HS
model results.
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Fig. 9 Effect of soil modelling on the pile cap displacements
during tunnelling

5. Effect of tunnelling on pile caps

Fig. 9(a) and 9(b) show variation of the longitudinal
displacement (u,) of pile cap (FA) and the differential
settlement (d,) between pile caps FA and FB, respectively,
due to tunnel construction progress for the seven studied
constitutive models. The lateral displacement (u,) under
structure foundation is not shown as it is very small due to
having the tunnel axis at the centre of the building in this
study. Both u, and d, increase as the tunnel face approaches
the pile cap and reach their maxima when the tunnel face
crosses the pile cap and they decrease monotonically
afterwards. Fig. 9(a)-9(b) highlight the significant effect of
soil modelling on the pile cap displacement in z and y
directions. For example, the maximum longitudinal
displacement (u,) varies from 3mm to 19 mm while the
maximum differential settlement (dy) changes from 2 to 11
mm due to various soil material models. The two MC
models with E, (MC-3 & MC-4) give very poor results
(about 25% of the results from the reference HS model).
Besides, predictions obtained using MC models with Esg
(MC-1 & MC-2) are either too-high or too-low compared to
the reference HS model results. Finally, the best results are
obtained using the proposed hybrid analysis with (MMC-2
model) where the difference from the HS model is less than
20% and 10% for u, and d,, respectively. Again, the results
obtained using constant stiffness profile are generally better
than those obtained assuming the stiffness (represented by
either E,; or Esp) to increase linearly with depth.

6. Effect of tunnelling on piles
6.1 General behaviour of piles response

Now, we look at the deformation of piles due to tunnel
construction as predicted by the various soil models. Figs.
10 and 11 present the pile deformation in the “transverse”
XY plane (uy) for piles P1 and P2, respectively, at various
stages of tunnel construction defined by the distance from
tunnel face to the axis of pile, zp. In general, Figs. 10 and
11 show that when the tunnel face is approaching the pile,
the pile transverse deflection (u,) increases as the tunnelling
operation advances and that the maximum value of u,
occurs in the middle third of the pile. Moreover, the value
of (uy) increases with depth until its maximum value (at a
depth of about 0.6 times L), then u, decreases significantly
with depth. After the tunnel face passes the pile location, the
transverse deflection in the pile middle third decreases with
the progress of tunnel construction and the maximum value
shifts position to the pile tip. The piles deflect in double- or
triple-curvature during tunnelling and the piles curvature
continues to increase even after the tunnel face passes by
the piles location. Therefore, higher internal forces develop
in the piles after the tunnelling operation passes the
structure location.

The distribution of the pile deflection in direction of the
tunnel longitudinal axis (i.e., u,) for piles P1 and P2 are
displayed in Figs. 12 and 13. For the more accurate HS
model, as the tunnel face progresses towards the structure,
(u,) increases and has its highest value at pile heads.
However, after tunnelling operation passes the pile location,
values of u, at pile heads decrease while the values at pile
tips increase with the progress in tunnelling away of the
structure. At the end of tunnel construction, the deflections
at pile tips are higher than those at pile heads. Comparing
Figs. 10 and 11 to Figs. 12 and 13 shows that while the pile
deflections along the tunnel longitudinal axis (u,) are higher
than the transverse ones (u,), the curvatures- and
consequently the bending moments and shear forces- are
higher in the transverse direction (i.e., in the XY plane). For
more details on general piles behaviour including pile
internal forces, refer to Zidan and Ramadan (2015).

6.2 Effect of soil modelling on piles flexural response

It is obvious from Figs. 10-13 that when the soil media
is modelled by the MC criterion (MC-1 to MC-4), the pile
deformation is grossly exaggerated compared to that
obtained by the HS constitutive model. Errors in MC
prediction of pile deformation as large as 200% are
observed with similarly-high errors in pile curvature
(bending moments). However, a much better predictions of
pile deformation could be obtained using the proposed
hybrid models (MMC-1 & MMC-2). While the pile
deflections predicted by MMC-1 and MMC-2 show a
moderate agreement with the results obtained by the HS
model, the pile curvatures, and consequently the pile
bending moments, reveal a much better agreement.
Besides, the hybrid model with Es, constant with depth
(MMC-1) gives results that are generally closer to the HS
results than does the hybrid model with Esy linearly
increasing with depth.
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Fig. 12 Deformation of pile (P1) in z-direction during

tunnelling tunnelling

(d) at 2'/D=6.62

Fig. 13 Deformation of pile (P2) in z-direction during
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Mumax=45 kKN.m/m

Nmax=609 kN/m

(b) Normal force distribution

Fig. 16 Steady-state distributions of internal forces in tunnel
lining shown for the case of HS model

6.3 Effect of soil modelling on pile axial forces

The construction of tunnelling alters the soil vertical
displacements (settlement) beneath the piled structure. This
consequently affects the axial response of piles. Fig. 14(a)
and 14(b) present the steady-state axial response (i.e.,
vertical displacement distribution) of piles P1 and P2,
respectively, obtained from the eight considered soil
models. Both figures show that the MC models fail to
match the HS model results, while the two MMC models
give results that fairly compare with the HS results. Thus,
the rest of this section focuses on the results of the HS and
the MMC-1 models only.

The changes in axial deformation due to tunnelling
along pile length indicate that tunnel construction produces
additional axial loads in piles. These additional axial loads
are presented in Figs. 15(a) and 15(b) at two construction
stages: tunnelling directly under the structure (z*/D=0.11);
and end of tunnelling (z*/D=6.62) for piles P1 and P2,
respectively. Fig. 15(a) shows that high compressive force
(= 350kN) develops at the tip of pile P1, which is the closer
to the tunnel, at z*/D=0.11; then this force increases with
tunnelling progress post the structure, and reaches about
600kN at end of tunnelling (z*/D=6.62). However, the axial
force at the head of this is tension with moderate values at
z*/D=0.11 but changes to compression at end of tunnelling.
(z*/D=6.62). The response of pile P2, which is the more
distant from the tunnel differs from that of P1 as can be
seen from Fig. 15(b). The additional axial load in P2 at both
construction stages is compressive along the pile full length
and has its peak within the pile middle half. Besides,
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Table 4 Maximum steady state bending moment (M) and
normal force (Na) in tunnel lining for various soil models

Model type HS MC-1 MC-2 MC-3 MC-4 MMC-1 MMC-2
Miax (KN.m/m) 45 773 83 63 69 50 50.7
Nimax (KN/m) 609 648.6 656 642 650 607 608

contrarily to P1, the compressive load in P2 decreases with
tunnelling progress post the structure. The compressive
axial forces induced in piles due to tunnelling results from
soil volumes that hang onto the piles after partially losing
their support when the underneath soil is removed with
tunnelling process. It worth noting that the developed pile
axial loads are quiet significant in comparison to the piles
axial capacity and the actual “initial” loads existing in piles
prior to tunnelling. In the presented example, the initial
axial load sustained by one pile was 91 kN at the pile head
and 73 kN at the tip (i.e., about 20% of the initial load is
carried by skin friction while about 80% is resisted by end
bearing.

7. Effect of soil modelling on tunnel internal forces

Fig. 16 presents the distributions of the steady-state
bending moment and normal force in tunnel lining obtained
using the HS model. Results of all other soil models were
qualitatively similar to those shown in Fig. 16. Thus, Table
4 compares values of the maximum bending moment and
axial force induced in tunnel lining for the different soil
material models described in table 2. The maximum values
of bending moment and normal force obtained by the
various MC models (MC-1 to Mc-4) are about (40% to
84%) and (5% to 8%), respectively, larger than the HS
model results. Nonetheless, the maximum values of bending
moment obtained by the MMC-1 and MMC-2 models are
about 11% to 13% larger than the HS model results, while
the predictions of normal force by these proposed methods
differ from those calculated using the HS model by less
than 1%. It is, therefore, clear that the proposed hybrid
models give lining internal forces that are in good
agreement with their corresponding HS results, while the
MC models fail again to give sufficiently accurate results
particularly for the lining bending moments.

8. Conclusions

An extensive three-dimensional numerical study is
conducted to evaluate the effects of soil material modelling
on the structural analysis of tunnelling in soft soils adjacent
to piled structures. Seven soil material models are
investigated: the reasonable hardening soil model (HS)
which is considered as the reference case; four approximate
Mohr Coulomb models (MC-1 to MC-4); and two proposed
hybrid models (MMC-1 and MMC-2) in which the
hardening soil constitutive relation is used for soil at the
local, highly-strained zones while the Mohr Coulomb
criterion is utilized elsewhere The assessed results include
ground surface and pile cap movements, pile deformation,
and tunnel lining internal forces. Based on the analysis of
output results for the investigated cases, the following

remarks are drawn.

« The selection of soil constitutive relation has an
important effect on the results of three-dimensional tunnel-
soil-pile-structure interaction analysis. Noticeable changes
among analysis results of different soil models are found in
soil deformation, pile cap settlement, pile response, and
tunnel lining internal forces. However, the amount of
change varies with the analysis parameter of interest.

+ All models based on Mohr Coulomb alone failed to
produce acceptable results for both system deformation and
internal forces and showed differences of up to 80% from
the reference HS model results. There are two exceptions:
the tunnel lining normal forces differed from the HS model
estimates by up to 8% only; and the errors in pile response
exceeded 100%.

+ The Mohr Coulomb models were also unable to
produce some of the system response features. In particular,
these models could not produce the sudden reduction in the
settlement profile at ground surface that occurred at the pile
cap outer edge.

* The various results obtained using the proposed hybrid
models are practically reasonable as they differ from the
reference HS model results by less than 13% and 20% for
system deformation and internal forces, respectively.

e Thus, the proposed hybrid model, which is a
compromise between complex and simple solutions, could
be of importance to practice engineers as it: (1) decreases
computational time (by 27% in the case study problem);
and (2) reduces the cost of soil testing (by determining the
MC parameters only in the less-strained zones).
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