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a b s t r a c t

The construction of tunnels in soft ground causes short and long term ground deformations resulting
from the disturbance of the virgin stress state of the soil and the changing pore water conditions. In par-
ticular in urban tunneling, in each stage of the construction process, interactions between the construc-
tion process, the soil and existing building infrastructure need to be evaluated to limit the risk of damage
on existing buildings and to decide on appropriate mitigation measures. Besides conventional tunneling,
mechanized tunneling is a well established and flexible technology in particular in urban areas, which
allows for tunnel advances in a wide range of soils and difficult conditions. The paper presents a finite
element model for the simulation of interactions between mechanized tunnel construction, the sur-
rounding soil and existing buildings resting on pile foundations in the framework of a process-oriented
simulation model for mechanized tunneling. The performance of the model is demonstrated by means of
selected prototype analyses. As a consequence of the high computational demand connected with this
type of spatio-temporal simulations, problem specific parallelization techniques are investigated to
increase the numerical efficiency of the numerical analyses.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Tunneling in urban environment has become an essential part of
infrastructural development worldwide. In this context, the protec-
tion of vulnerable buildings from damaging effects of the tunnel con-
struction is a challenge, in particular in soft ground conditions and
tunneling with low overburdens. Besides conventional tunneling,
mechanized tunneling is a well established and flexible technology
in particular in urban areas, which allows for tunnel advances with
small cover depths and in different geotechnical conditions includ-
ing water saturated soft soils. In soft, partially or fully saturated
ground conditions, the tunnel construction process causes short
and long term ground deformations resulting from the disturbance
of the virgin stress state of the soil and the changing pore water con-
ditions. During the construction process in urban tunneling, interac-
tions between the construction process and the environment need to
be evaluated to limit the risk of damage on existing buildings and to
decide on appropriate mitigation measures. To this end, realistic
numerical models able to appropriately consider the interactions be-
tween the mechanized tunneling process, the soil and existing sur-
face structures and their foundations during the complete
construction process are required. For an adequate representation
of the interactions of the tunneling process with the built environ-

ment, a number of submodels have to be combined: a realistic model
of the tunneling process including the various support methods, a
ground model that captures the main characteristics of the ground
behavior under tunneling-induced disturbance, and a model for
the aboveground structures and their foundations taking into
account frictional contact with the ground. In mechanized tunnel-
ing, the tunneling process involves various components (the tunnel
boring machine (TBM), the soil and groundwater conditions, lining,
steering via the hydraulic jacks, tail void grouting and various types
of face support) and their relatively complex mutual (time-depen-
dent) interactions. In conventional tunneling by means of the New
Austrian Tunneling Method (NATM), besides the staged excavation
process, the interactions between the supporting shotcrete shell
and grouted anchors and the ground need to be considered.

Although the continuous increase of computing power and the
considerable progress in computational modeling have stimulated
the development of numerical simulation models in tunneling
since the early 1980s, compared to the large number of models
developed in the context of NATM tunneling (see, e.g. [1] and ref-
erences therein), only a limited number of fully three-dimensional
numerical models exist for shield tunneling due to its considerably
more complex nature, see, e.g. [2–5]. A prototype for a process-ori-
ented three-dimensional finite element model for simulations of
shield-driven tunnels in soft, water-saturated soil has been
proposed in [6] and successfully used for systematic numerical
studies of interactions in mechanized tunneling [7]. This model
has been recently extended for the process-oriented simulation
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of shield-driven tunnels in partially saturated soft soils (see, e.g.
[8], using a more advanced, flexible software architecture, an auto-
matic model generator [9], a more suitable elasto-plastic model for
soft ground conditions [10] and a three-phase model for soft soils
to represent face support by means of compressed air in addition
to general partially saturated conditions [11]. This model is
augmented by components to account for piles embedded in the
ground at arbitrary positions and orientations to consider interac-
tions between the tunneling process and existing structures on pile
foundations. Here, the interactions between the pile foundation
and the surrounding soil is characterized by the coupling of
deformations along the interface and at the tip of the pile, and by
possible relative slip deformations between the piles and the soil.

Several finite element models have been proposed for the rep-
resentation of soil–pile interactions. In an early approach by Desai
and Appel [12] volume elements for both soil and piles, con-
nected by a thin layer of interface elements have been used. This
method, however, requires compatibility of both finite element
meshes and hence a rather fine discretization of the soil in the
vicinity of the pile. More recent formulations apply surface-to-
surface contact conditions [13–15] or define a void in the soil
mesh of the dimensions of the pile that is attached to beam ele-
ments by means of node-to-surface contact conditions to account
for the soil–pile interactions [16]. Although these approaches do
not require compatible discretizations for the piles and the soil,
these formulations still require a priori consideration of the loca-
tion and orientation of the piles in the geometrical setup of the
model. An embedded pile formulation proposed by Sadek and
Shahrour [17] accounts for piles as beam elements that are dis-
cretized independently from the soil. Their interaction with the
soil is modeled by detecting intersections of soil and pile ele-
ments and inserting interface nodes. Since only one pile may
intersect with a finite soil element, the discretization effort is
considerable in case of pile groups.

In the paper, a recently developed embedded pile formulation is
presented in the context of modeling interactions between the tun-
neling process and existing buildings resting on pile groups. The
pile element allows to consider frictional contact between piles
and the soil surface and pile tip resistance along arbitrarily ori-
ented piles embedded within soil elements. As an advantage com-
pared to existing models, the current formulation does not require
the geometry nor the discretization of the soil to be compatible
with the layout of the piles. All interaction conditions are enforced
in control points of the embedded beam elements forming the
piles. The developed embedded pile formulation can also be used
to represent rock reinforcement by means of anchors or pipe roofs
within the ground surrounding the excavation domain in conven-
tional tunneling [18]. This feature is also addressed in this paper.

To reduce the large computation times connected with the
complex process-dependent simulation model, parallelization
techniques on shared and distributed memory systems have been
developed [19], adopting parallelization strategies to the non-stan-
dard finite element technology applied in the simulation model.

The remainder of the paper is organized as follows: Section 2
contains a summary of the main features of the numerical simula-
tion model for shield tunneling employed for the presented analy-
ses. The extension of this model using a frictional embedded pile
formulation is described in Section 3. Two numerical examples
are presented to demonstrate the capabilities to model the interac-
tion between machine driven tunnel construction underneath a
high-rise reinforced concrete building and the use of the embedded
pile formulation for modeling rock reinforcement in conventional
tunneling. Finally, Section 4 addresses parallelization techniques
employed to speed up the computation times for the computation-
ally highly demanding simulation model.

2. Computational simulation model for mechanized tunneling

The main components of a finite element model for shield driven
tunneling have been presented in [20,21,11]. Therefore, the model
is only briefly described here. It has been implemented in the ob-
ject-oriented finite element framework KRATOS [22] and is denoted
as ekate (Enhanced Kratos for Advanced Tunneling Engineering).
Its main design goal is to provide an efficient yet realistic simulation
environment for all interaction processes occurring during machine
driven tunnel construction. It includes all relevant components of
the mechanized tunneling process as sub-models, representing
the partially or fully saturated ground, the tunnel boring machine
(TBM), the tunnel lining, hydraulic thrust jacks and the tail void gro-
uting, which are interacting with each other by means of algorith-
mic coupling. The ground model is formulated within the
framework of the theory of porous media and accounts for the cou-
pling between the deformations of the solid phase and two fluid
pressures (incompressible liquid and compressible air phases) ta-
ken as primary variables. Fluid flow through the pores is described
using Darcy’s law in combination with the concept of relative per-
meabilities, using the soil–water characteristic curve (SWCC)
according to VAN GENUCHTEN. The material behavior of the soil skeleton
is modeled by means of a nonlinear elasto-plastic constitutive law
for clays and sands, proposed in [10]. Quadratic (linear) approxima-
tions are used for the approximations of the displacements (pore
fluid and air pressures). A detailed description of the multi-phase
model for partially saturated soils and its spatial and temporal dis-
cretization is given in [23].

Fig. 1 shows the main components involved in mechanized tun-
neling (left) and their representation in the finite element model
(right). The TBM is modeled as an independent, deformable body
connected along the shield skin to the soil by means of frictional
contact conditions; the weight of the structural and machinery
parts of the machine are accounted for. The segmented tunnel lin-
ing is represented by volume elements that are step-wise activated
during the process simulation. The segmentation of the lining is ac-
counted for by means of a homogenized stiffness reduction accord-
ing to [24]. The lining tube is furthermore used as counter-bearing
for the hydraulic jacks thrusting forward the shield machine. The
hydraulic jacks, represented by truss elements take the front sur-
face of the least activated lining segment as the counter-baring
for the hydraulic jacks thrusting forward the shield machine by
means of prescribed strains induced in the elements. The elonga-
tion of each jack element is controlled by a steering algorithm that
allows for counter-steering against weight-induced dropping of
the TBM to keep the path of the machine on the prescribed tunnel
alignment. The simulation of the advancing process for arbitrary
alignments requires a continuous adaption of the finite element
mesh in the vicinity of the tunnel face in conjunction with the
steering algorithm for the TBM advance and appropriate algo-
rithms for the transfer of internal variables. A new technique to
automatize the process of mesh generation utilizing a hybrid mesh
approach in which a new computational mesh in the vicinity of the
tunnel face is automatically generated within the advancing pro-
cess, is introduced (Fig. 2a). To model the pressurized grouting
mortar used to fill the gap between lining and ground, a two-phase
(hygro-mechanical) formulation similar to the one used for the
ground model is applied. Here, the grouting pressure is applied
as pore water pressure to the fresh mortar. Stiffening of the grout-
ing mortar is considered while the pore water pressure may dissi-
pate according to an infiltration process into the surrounding
ground. The heading face support can be adapted to the require-
ments posed by the specific TBM. Depending on the type of face
support in hydro- and earth-pressure balance shields the pore
water pressure, and the total or effective stresses mechanical pres-
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