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Abstract

In the present work, important aspects of time-dependent nonlinear 3D finite element (FE) models for deep tunnel advance by the
New Austrian Tunneling Method (NATM), characterized by repeated sequences of excavation, securing, and idle periods, are discussed
on the example of a 3D finite element model of a stretch of the Brenner Base Tunnel, which is currently constructed between Austria and
Italy. Nonlinear material models are utilized for representing the surrounding rock mass and the shotcrete shell. Based on the finite ele-
ment model, strategies for the efficient implementation into a parallel distributed memory numerical code are proposed. They are essen-
tial to achieve reasonable computation times for numerical simulations of tunneling based on large 3D FE models. In particular, the
implementation of the construction procedure, parallel computing and communication specific details, and efficient linear solvers for
the global equation system within the incremental-iterative Newton–Raphson scheme are addressed. Furthermore, possible extensions
of the material models for rock mass and shotcrete, used in the 3D FE model, are presented. They concern (i) a gradient-enhanced model
for transversely isotropic rock and rock mass, taking into account hardening and softening behavior and (ii) the extension of the shot-
crete model to nonlinear creep and damage due to creep. The possible benefits of the model extensions in numerical simulations of tun-
neling by the NATM are discussed.
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1 Introduction

In the past years, increased computer power, improved
constitutive models, enhanced implementation strategies,
as well as refined computational models contributed to
an extended applicability of computational methods in
the planning and design of underground structures. These
developments are still ongoing, and the present contribu-
tion highlights a selection of recent advances focusing on
nonlinear constitutive modelling of rock and shotcrete as
well as on implementation strategies for tunnel construc-
tion processes.
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Traditionally, due to their simplicity and limited
computer-power requirements, 2D plane strain models in
conjunction with stress release schemes were the predomi-
nant modelling approach in practice. As long as the stress
release schemes are optimally configured, these relatively
simple models can be used to predict ground displacements
reasonably well (Svoboda & Masin, 2011; Janin et al.,
2015).

However, meanwhile, a number of studies comparing
2D and 3D simulation results revealed that nonlinear 3D
modelling approaches have the potential to overcome cer-
tain deficiencies associated with the 2D approach. For tun-
nels with a moderate amount of overburden excavated in
sandy and clayey ground, the authors of Shahin et al.
(2019) explicitly emphasize the requirement of a 3D
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analysis considering the tunnel construction process. For
deep tunnel excavations with high overburden, it was
shown in Neuner et al. (2020b) that longitudinal stresses
in the lining cannot be represented accurately in a 2D
approach. Further 3D simulations of deep tunnels with
an overburden of more than 900 m can also be found in
Volderauer et al. (2012).

In particular in the context of the New Austrian Tunnel-
ing Method (NATM), 3D models are a straightforward
way to avoid the assumption of a stress release scheme,
which is inherent to simplified 2D models (Lombardi,
1971; Schweiger et al., 1997; Karakus, 2007; Schreter
et al., 2018b). Furthermore, they allow to investigate the
impact of different excavation and construction sequences
in NATM tunneling (Vitali et al., 2022; Weifner &
Bergmeister, 2020), and they allow to consider individual
steel anchors and steel arches. In addition, 3D models are
well suited to represent the pronounced 3D stress and
deformation state in the vicinity of the tunnel face by non-
linear triaxial material models for the rock mass, and the
shotcrete.

Both, for NATM and mechanized tunneling, 3D simula-
tions provide a valuable tool for studying interactions
between newly constructed tunnels and adjacent structures,
both underground and on the surface. For instance, they
can be used to investigate the interactions between parallel
twin tunnels, crossing or overpassing tunnels (Weifner &
Bergmeister, 2020; Chortis & Kavvadas, 2021b; Do et al.,
2014, 2015, 2016; Jin et al., 2019). 3D simulation models
can also be used for the simulation of tunnel intersections
(Chortis & Kavvadas, 2021a), as well as for the modelling
of interactions of the excavation of shallow tunnels with
pile foundations of adjacent buildings or bridges
(Meschke et al., 2013; Liu et al., 2014).

In addition 3D approaches using nonlinear constitutive
relations for modelling ground behavior are perfectly sui-
ted for studying the 3D interaction effects between tunnel
boring machines and surrounding ground in mechanized
tunneling, see, for instance, Kavvadas et al. (2017); Zhao
et al. (2012, 2014, 2015); Abdollahi et al. (2019). These
examples comprise applications with different types of tun-
nel boring machines, including earth pressure balance tun-
nel boring machines and double shield tunnel boring
machines. Compared to numerical simulations of NATM
excavation, numerical simulations of mechanized tunneling
are associated with additional complexity as in models for
mechanized tunneling the interactions between rock mass,
tunnel boring machine and lining have to be considered.

In summary, 3D simulations of tunneling using nonlin-
ear material models are becoming more and more popular.
However, such 3D models are computationally expensive,
and thus model efficiency plays an important role. This is
especially true if sophisticated rock models are used, or if
time-dependent effects like creep and aging of shotcrete
are considered. They increase the temporal resolution
requirements, and therefore further increase the computa-
tional workload associated with 3D FE models.
In the literature, the topic of model efficiency has been
addressed for instance in Vitali et al. (2018) by optimizing
numerical models for deep tunneling with respect to
domain size and mesh properties. The computational effi-
ciency for the simulation of tunneling in urban areas is also
addressed in Ninić et al. (2019) in the context of a multi-
level Building Information Modelling (BIM) framework.
The use of different levels of detail for different components
can effectively reduce model size, and thus decrease compu-
tational costs. A high computational workload can also be
dealt with by applying parallelization techniques. In that
respect, shared memory parallelism, which is the estab-
lished approach for use on workstations, and parallelism
for distributed memory machines, suitable for cluster appli-
cations, have to be distinguished. The latter, more powerful
approach, is based on domain decomposition methods.
Among the reviewed literature, the distributed memory
parallelism is addressed only in Meschke et al. (2013) and
Ninić et al. (2019).

In the present study, the example of a numerical model
of a specific stretch of the Brenner Base Tunnel (Neuner
et al., 2020b), which was excavated using the NATM,
serves for discussing recent developments of computational
models and constitutive equations. The model was thor-
oughly validated by a comparison of the evolution of com-
puted displacements during tunnel advance with
measurement data obtained from inclinometer chains and
from geodetic measurements. It is perfectly suited as a basis
for the aims of the present contribution as it involves the
modelling of the nonlinear behavior of rock mass under
high confining pressure and a detailed continuum represen-
tation of the shotcrete lining, considering the maturing and
creep behavior of shotcrete.

The specific aims of the paper are summarized in the
following: Firstly, the present paper refers to the compu-
tational strategy for large-scale 3D nonlinear finite ele-
ment simulations of tunnel advance by the NATM. The
implementation of routines in a finite element program,
specifically required for modeling the cyclic excavation
and securing process, and for considering the effects of
the latter on the discretized weak form of the equilibrium
equations, will be addressed. In this context, special atten-
tion will be paid to challenges for the implementation in a
distributed-memory parallel code environment. In this
context, the interactions between domain decomposition
and the modelling of the excavation processes will be
discussed.

Secondly, an efficient solution procedure for the large
system of linear equations, which has to be solved repeat-
edly for each excavation and securing step in the context
of Newton’s method for satisfying the weak form of the
equilibrium equations in an iterative manner will be dis-
cussed. The utilization of a distributed-memory parallel
code environment and of an efficient solution procedure
for the large system of linear equations is essential to
achieve reasonable computation times for numerical simu-
lations of tunneling based on large 3D FE models.
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Thirdly, possible extensions of the constitutive models
for rock and shotcrete are presented. They comprise the
extension of the isotropic rock model used in Neuner
et al. (2020b) to transversely isotropic material behavior
of rock, and a further development of the respective shot-
crete model used in Neuner et al. (2020b), enabling an
enhanced representation of nonlinear creep of shotcrete.
The potential benefits of the latter extensions in case of
pronounced transversely isotropic behavior of the rock
mass or in case of high stress levels in the shotcrete lining
are demonstrated.

The subsequent sections of the paper are organized as
follows. In the next section, the numerical simulation of
deep tunneling by the NATM, documented in Neuner
et al. (2020b), is briefly summarized. It constitutes the basis
for describing the computational strategy, presented in Sec-
tion 3, and for potential further improvements of the
numerical model by extending the constitutive models for
rock and shotcrete, presented in Section 4. The paper is
closed with a concluding summary in Section 5.

2 Large-scale 3D numerical simulation of deep tunneling by

the NATM

The Brenner Base Tunnel (BBT), currently constructed
between Austria and Italy, represents the central part of
the so-called SCAN-MED corridor of the European trans-
port network, linking cities in northern and southern Eur-
ope with central European cities. It is constructed by a
combination of different tunneling methods. Both mecha-
nized tunneling and drill and blast methods like the NATM
are used. Because the length of the BBT is 64 km, several
access tunnels are required.

The tunnel stretch under consideration is part of an
access tunnel to the BBT close to Innsbruck, which is dri-
ven by the NATM in rock mass classified as Innsbruck
quartz phyllite. The overburden of the tunnel stretch is
950 m, the excavation diameter is 8.5 m and the thickness
of the shotcrete lining is 20 cm. The dimensions of the dis-
cretized domain, shown in Fig. 1, are 80 m in the direction
of tunnel advance and 100 m in the horizontal and vertical
direction perpendicular to the tunnel axis. As the vertical
plane, containing the tunnel axis, is a symmetry plane, only
the right half of the tunnel and the surrounding rock mass
are discretized, i.e., the respective dimension is only 50 m.
Throughout the computation, homogeneous Dirichlet
boundary conditions are imposed in normal direction on
all six outer boundary surfaces of the rectangular cuboid
containing the computational domain. A hydrostatic initial
stress field is set, for which the mean normal stress varies
linearly in vertical direction according to a geostatic pres-
sure distribution resulting from a constant specific weight
of the rock mass of 27 kN/m3. At the level of the tunnel
axis, 950 m below the top surface, a mean normal stress
of �25:7MPa is attained. Imposing a hydrostatic stress
state corresponds to the assumption that the lateral stress
coefficient is equal to one, which is reported in Schreter
et al. (2018a) to be in good agreement with the geological
survey at the excavation site. The construction time for
one round length of 1 m is 8 h. Tunnel advance is simulated
from x ¼ 0 m up to x ¼ 40 m. Within this region the FE
mesh consists of 10 vertical slices per round length, whereas
for x > 40 m the FE mesh consists of vertical slices of 1 m
length in x-direction each. Altogether, in the initial state
the FE mesh is characterized by 551 100 trilinear hexahe-
dral elements, 517 409 nodes and, thus, 1 552 227 degrees
of freedom. Hence, the dimensions and the number of
the degrees of freedom are slightly larger than those in
the original publication (Neuner et al., 2020b), whereas
the remaining model parameters, initial and boundary con-
ditions are identical. In Fig. 1, a detail of the FE mesh is
depicted after completion of 16 excavation and securing
rounds, assuming full face excavation. For every excava-
tion round, the model geometry features a circumferential
gap of 20 cm between the most recently installed shotcrete
segment and the tunnel face (Fig. 1). This avoids an unre-
alistic perfect bond of the tunnel face with the shotcrete
lining.

Points A and B in Fig. 1, both located at x ¼ 15:5 m, are
used for comparing the evolution of measured and com-
puted vertical displacements during tunnel advance. Point
A is located on the interface between rock mass and shot-
crete lining, whereas the location of point B corresponds
to the position of the installed inclinometer chain, 1 m
above the respective interface.

Nonlinear material behavior of the rock mass and time-
dependent nonlinear material behavior of shotcrete were
taken into account on the basis of the constitutive models,
which will be briefly reviewed in the subsequent
subsections.

2.1 Linear-elastic perfectly-plastic model for rock mass

For the rock mass, a linear-elastic perfectly-plastic mate-
rial model is employed. Accordingly, the stress–strain rela-
tion is given as

r ¼ C : ðe� epÞ; ð1Þ
with C denoting the elasticity tensor, which depends on
Young’s modulus E and Poisson’s ratio m; e the strain ten-
sor and ep the plastic part of the latter.

The yield function for delimiting the elastic domain is
based on the strength criterion by Hoek and Brown
(1980) and is formulated in the smooth representation
according to Menetrey and Willam (1995) as

f ðrm; q; hÞ ¼
ffiffiffi
3

2
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as a function of the three invariants of the stress tensor, i.e.,
the mean stress rm, the deviatoric radius q and the Lode
angle h. f cu denotes the uniaxial compressive strength, m0



Fig. 1. (a) 3D computational model after 16 excavation and securing rounds, when the tunnel face reaches the measurement section, containing points
A andB; (b) the installed segments of the shotcrete lining are depicted in color.
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is the friction parameter, and rðh; eÞ is the Willam–Warnke
function according to Willam and Warnke (1975) with the
eccentricity parameter e chosen as 0.51. Parameters mb=mi

and s are two reduction factors accounting for the influence
of discontinuities in the rock mass, parameterized by the
Geological Strength Index (GSI) and the disturbance fac-
tor D (Hoek et al., 2002). The fixed yield surface in the
principal stress space according to Eq. (2) is depicted in
Fig. 2(a) and the dependence of the yield surface on the
GSI is illustrated in Fig. 2(b).

The evolution of the plastic strain is described by a non-
associated flow rule
_ep ¼ @gðrm; q; hÞ
@r

; ð3Þ
Fig. 2. (a) Yield surface according to the strength criterion by Hoek and Brow
for undisturbed rock mass (D ¼ 0).
based on a smooth Mohr–Coulomb plastic potential func-
tion (Menetrey & Willam, 1995)

gðrm; q; hÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�c tanwð Þ2 þ rðh; egÞ 3� sinw

4 cosw
q

� �2
s

þ rm tanw; ð4Þ
with the cohesion c, the dilation angle w and the deviatoric
eccentricity parameter

eg ¼ 3� sinwð Þ= 3þ sinwð Þ; ð5Þ
determining the shape of g in deviatoric planes. The merid-
ional eccentricity parameter �, chosen as 0.1, ensures a dif-
ferentiable intersection of the isosurfaces of the plastic
potential with the hydrostatic axis. Furthermore, the
n (1980) and (b) meridional section of the yield surface in terms of the GSI
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numerical robustness during plastic behavior is improved
by a viscoplastic extension, based on a Duvaut-Lions for-
mulation (Simo et al., 1988) with a relaxation time of
1 � 10�7 h. The employed parameters of the Hoek–Brown
model for representing Innsbruck quartz phyllite rock mass
are summarized in Table 1. They were calibrated based on
triaxial compression tests on specimens of Innsbruck
quartz phyllite, sampled at the tunnel site, and a geological
survey, as reported in Schreter et al. (2018a).
2.2 SCDP model for the shotcrete lining

The time-dependent, nonlinear material behavior of
shotcrete is represented by the shotcrete damage plasticity
model (SCDP) according to Neuner et al. (2017b, 2018).
In the following, the basic framework is reviewed briefly,
whereas for a detailed explanation of the model and the
calibration procedure the reader is referred to the respec-
tive publications. The time-dependent evolution of material
properties, such as stiffness and strength, hardening and
softening material behavior, linear and nonlinear creep,
and shrinkage are described on the basis of the combina-
tion of the theories of solidification, plasticity and contin-
uum damage mechanics.

The stress–strain relation is expressed as

r ¼ ð1� xÞ�r ¼ ð1� xÞC : eel ¼
ð1� xÞC : ðe� ep � eve � ef � eshrÞ; ð6Þ
in which r and �r denote the nominal stress (force per total
area) and the effective stress (force per intact area), respec-
tively, x is an isotropic scalar damage parameter, and C
represents the fourth order stiffness tensor. According to
Eq. (6), the total strain tensor e is decomposed into the
instantaneous elastic strain eel ¼ e� ep � eve � ef � eshr,
the plastic strain ep, the viscoelastic (governing short term
creep) strain eve, the flow (contributing to long term creep)
strain ef and the shrinkage strain eshr.

The evolution of the plastic strain ep and the damage
parameter x are described according to the damage-
plasticity concrete model by Grassl and Jirásek (2006),
modified to account for the evolution of the material prop-
erties of shotcrete (Neuner et al., 2017b) due to hydration.
The evolution of the elastic strain eel and the creep strain
components eve and ef is described by an extension of the
solidification theory (Bažant & Prasannan, 1989) as
Table 1
Material parameters for Innsbruck quartz phyllite.

E m f cu m0 w e GSI D

(MPa) (–) (MPa) (–) (�) (–) (–) (–)

56 670 0.21 42 12 11.6 0.51 40 0
_eelðtÞ ¼ C�1 : _�rðtÞ ¼ q1C
�1
m : _�rðtÞ;

_eveðtÞ ¼ F ð�rðtÞ;tÞ
vscðtÞ

R t
0

d
dtUðt � t0ÞC�1

m : d�rðt0Þ;
_efðtÞ ¼ q4 F ð�rðtÞ;tÞ

ðtÞef C�1
m : �rðtÞ;

ð7Þ

where q1 ¼ 0:6
Eð28Þ denotes the instantaneous compliance

parameter computed from the Young’s modulus at the

shotcrete age of 28 d, Eð28Þ, C m is the dimensionless fourth
order unit stiffness tensor depending on Poisson’s ratio m
(Jirásek & Bažant, 2002), function vscðtÞ describes the solid-
ified volume at time t, and d

dtUðt � t0Þ is the viscoelastic

compliance rate of the log-power law (Bažant &
Prasannan, 1989). F ð�rðtÞ; tÞ is a stress-dependent amplify-
ing function for representing nonlinear creep, and parame-
ters q4 and ef control the evolution of the flow strain. For
representing nonlinear creep in multiaxial stress states,
F ð�rðtÞ; tÞ is determined as a function of the invariant �J 2

of the effective stress tensor �r and the current uniaxial com-
pressive strength f cuðtÞ as
F ð�rðtÞ; tÞ ¼ 1þ sð�rðtÞ; tÞ2; with sð�rðtÞ; tÞ

¼ min

ffiffiffiffiffiffiffiffi
3�J 2

p
f cuðtÞ

; 1

 !
: ð8Þ

The solidified volume vscðtÞ is defined as

vscðtÞ ¼ vIscðtÞ ¼ rv þ av t þ bv t2 if t < tT;

vIIscðtÞ ¼ cv
ðt�tTÞevþdv

otherwise:

(
ð9Þ

Following the procedure in Neuner et al. (2018), model
parameters av; bv; cv, and dv can be related directly to the
Young’s modulus at the shotcrete ages of 1 d and 28 d,

denoted as Eð1Þ and Eð28Þ, whereas rv; ev, and tT are assumed
as constant model parameters.

The remaining material parameters of the model are the
uniaxial compressive strength at the shotcrete ages of 1d

and 28d, denoted as f ð1Þ
cu and f ð28Þ

cu , and the time-
independent ratios of (i) the uniaxial compressive yield
stress to the uniaxial compressive strength, f cy=f cu, (ii)

the uniaxial tensile strength to the uniaxial compressive
strength, f tu=f cu, and (iii) the biaxial compressive strength
to the uniaxial compressive strength, f cb=f cu. The evolu-
tion of the uniaxial compressive strength f cuðtÞ due to
hydration is described by an empirical time function, based

on the experimentally determined values of f ð1Þ
cu and f ð28Þ

cu .
Furthermore, the time-dependent decreasing ductility is
determined from the experimental values of the plastic
strain at peak stress in uniaxial compression at the shot-

crete ages of 1 h, 8 h and 24 h, epð1Þcpu ; e
pð8Þ
cpu and epð24Þcpu , respec-

tively. For regularizing the softening behavior in the finite
element model by means of the crack band approach, the

specific mode I fracture energy Gð28Þ
fI , determined at the

shotcrete age of 28 d, is employed, following the approach
proposed in Valentini and Hofstetter (2013); Neuner et al.,
(2017c).
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Lastly, the evolution of the shrinkage strain is modeled,
using the approach proposed by the American Concrete
Institute (ACI) committee 209 (ACI Committee, 1992), in
terms of the ultimate shrinkage strain eshr1 and a time-
dependent function with the shrinkage half-time parameter
tshr50 .

The material parameters used in the numerical simula-
tions were calibrated based on a comprehensive experimen-
tal program (Neuner et al., 2017a, 2018), for which
specimens were sampled at the construction site of the
BBT. The respective material parameters are summarized
in Table 2.

2.3 Selected numerical results

Figure 3 contains comparisons of the predicted vertical
displacements with the corresponding in situ measurement
data at the measurement section in the central part of the
domain, located at x = 15.5 m. The latter was chosen to
eliminate interference of the numerical results by boundary
effects. For point A, located at the tunnel crown, geodetic
measurement data and for point B, 1 m above the tunnel
crown, records from the inclinometer chains are consid-
ered. Figure 3(a) refers to the displacements before the tun-
nel face approaches the measurement section, whereas in
Fig. 3(b) the displacements after the tunnel face has passed
the measurement section are depicted. Very good agree-
ment of the measured and computed displacements can
be stated until the tunnel face passed the measurement sec-
tion by 10 m. With the tunnel face advancing further the
difference between measured and computed displacements
increases up to 5 mm. Figure 4 shows the computed stress
path in the shotcrete lining at point A at the tunnel crown
of the measurement section for the advancing tunnel face
together with the evolution of the strength envelope of
hydrating shotcrete. As can be seen, the utilization of shot-
crete with ongoing tunnel advance is well within the
strength envelope evolving with the increasing shotcrete
age at the measurement section.

3 Efficient implementation strategy of the excavation and

securing steps for numerical simulations of tunnel advance by

the NATM

In the following, a general framework for a distributed-
memory parallel implementation of cyclically performed
excavation and securing steps is presented. For this pur-
pose, Fig. 5 sketches the essential procedures which have
to be provided. Specific routines are implemented into an
Table 2
Material parameters for the SCDP model, calibrated from experimental data

Eð1Þ (MPa) Eð28Þ (MPa) q4 (MPa�1) m (–)

13 943 21 537 34 � 10�6 0.21

f cb=f cu (–) f tu=f cu (–) eshr1 (–) tshr50 (h)

1.16 0.1 �0.0019 8645
existing finite element code for structural mechanics. The
object-oriented code is written in C++ using an open
source Message Passing Interface implementation (Open
MPI) for message passing (The Open MPI Project, 2022).
The described implementation was used to generate both,
the results presented in the previous section, as well as
the results presented in Neuner et al. (2020b).

Examples for timings obtained on a distributed-memory
cluster using the herein presented implementation are
reported in Neuner et al. (2020b). The respective runs were
executed using 80 cores on a cluster of Intel Xeon E5-2690
v4 CPUs. Computation times were found to be strongly
dependent on the geological strength index. For instance,
for a value of GSI ¼ 40, 87 h were required to perform
30 excavation steps and the subsequent idle periods which
were used to study the time-dependent system response. In
comparison, for values of GSI P 70, less than 15 h were
required.

In order to understand the following explanations, it
will be important to distinguish between element numbers
and element objects. The numbers are unique identifiers
for the element objects, while the element objects contain
all element data as well as capabilities for evaluating the
element residual and the element tangent matrix. Similarly,
the node numbers are unique identifiers for the node
objects. The latter store, among other information, node
coordinates and the values of all unknowns are associated
with the node. Although the implementation process will
be described for a certain software, the presented concepts
can equally be realized in other finite element software
packages with similar capabilities. However, since nodes
and elements will be eliminated in the excavation process,
it is highly recommended that the FE-software supports
unstructured meshes for which the element and node iden-
tifiers do not need to be consecutive.

The in–house finite element program, which is used as a
basis for the implementation of routines for the simulation
of the tunnel advance, was originally developed in the con-
text of multifield modeling (Gamnitzer & Hofstetter, 2016).
Therefore, it is not only well suited for single-field prob-
lems, as they are in the focus of the present section, but
it is also capable of accommodating nonlocal damage or
generalized continuum models (Neuner et al., 2020a).

With respect to parallelism, the presented implementa-
tion is based on an element-based partitioning scheme,
i.e. a non-overlapping domain decomposition. This means
that, at all times, a non-overlapping (disjoint) distribution
of element objects is maintained across the running pro-
cesses. The total volume of all element objects managed
(Neuner et al., 2017a, 2018).

ef (–) f ð1Þ
cu (MPa) f ð28Þ

cu (MPa) f cy=f cu (–)

1.22 18.56 40.85 0.1

epð1Þcpu (–) epð8Þcpu (–) epð24Þcpu (–) Gð28Þ
fI ðN=mmÞ

�0.03 �0.0007 �0.0007 0.1



Fig. 3. Comparison of the computed and measured vertical displacements at the measurement section. (a) 1 m above the tunnel crown before the tunnel
face attains the measurement section and (b) at the tunnel crown after the tunnel face has passed the measurement section.

Fig. 4. Evolution of the strength envelope of shotcrete during hydration together with the evolution of the stress path in the shotcrete lining due to the
advancing tunnel face.
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by a certain process defines the subdomain associated with
it. In this context, process boundaries are defined as the
regions where elements associated with one process are
adjacent to elements handled by other processes. Node
objects and corresponding degrees of freedom are dupli-
cated on process-boundaries using an owner-node/ghost-
node strategy. This means that every time when an
unknown is computed for an owner-node, which is
uniquely defined, the respective values will be synchronized
for all corresponding off-process ghost-nodes in a commu-
nication step. Each time when the global tangent stiffness
matrix and residual force vector are evaluated, each ele-
ment stiffness matrix and element residual force vector
are evaluated only once for the element-owning process,
and sub-matrices and sub-residuals are assembled. These
per process locally assembled parts are overlapping for
degrees of freedom on the process boundary. They are
assembled to the global tangent stiffness matrix and resid-
ual force vector in a further communication step. In the
present context, this is done using third-party software,
i.e. using the Epetra_FECrsMatrix and the Epetra_FEVec-
tor objects provided by the Trilinos/Epetra package



Fig. 5. 3D tunnel simulation in a finite element program. Flowchart visualizing the computational process and description of the main procedures
involved in the process.
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(Heroux et al., 2005). Nevertheless, other third-party soft-
ware packages, like PETSc (Balay et al., 2022), have similar
parallel matrix and vector support, and would be equally
well suited for this purpose.

In this context, the parallel efficiency strongly depends
on two factors: Firstly, in order to minimize the amount
of ghosted unknowns and therefore necessary communica-
tion, the number of cut interconnections between elements
across process boundaries needs to be as small as possible.
Secondly, at the same time, each process subdomain should
contain a similar number of elements. The corresponding
layout is commonly determined using a graph-
partitioning software, such as ParMETIS (Karypis &
Schloegel, 2011). For a standard structural mechanics
application, which does not include excavation steps, this
is done only once, at the beginning of the computation.

As can be seen from the example, 3D simulations of tun-
neling by the NATM usually come along with large finite
element meshes and multiple excavation rounds, i.e. geom-
etry changes which require the application of suitable equi-
librium balancing node forces. This results in long
computation times, and it is therefore desirable to have



P. Gamnitzer et al. / Underground Space 14 (2024) 357–376 365
an automated process which does not require user interac-
tion to perform the model changes on runtime.

Furthermore, challenges arise during the installation of
the shotcrete lining. A naive approach would be to activate
new elements in a region where rock elements are deleted
during the construction process, using node coordinates
defined with respect to the undeformed configuration for
all nodes of the shotcrete lining. This, however, would yield
non-matching displacements of rock and tunnel lining in
the deformed state.

A simple alternative, which avoids undesired gaps or
overlaps, would be to use node coordinates defined with
respect to the undeformed configuration only for the inte-
rior of the shotcrete lining, while using the updated node
coordinates of the displaced nodes at the time of the instal-
lation of the shotcrete lining on the rock-shotcrete
interface.

This approach is appropriate as long as shell-element
representations are employed for the shotcrete lining, as
the instances (Chortis & Kavvadas, 2021a; Zhao et al.,
2012, 2015). In this case, there exists a one to one matching
between lining nodes and interface nodes, and the
approach presented in the following degenerates to the
conventional approach.

However the situation is significantly more involved if
high resolution continuum representations are used for
the lining, especially in the presence of large deformations.
This can be further illustrated using the results presented in
the previous section. Therein, the displacements of the tun-
nel wall were reported to reach up to 2 cm prior to the
installation of the shotcrete lining. In this case the
described simplified approach would cause considerable
thickness variations in the by design 20 cm thick shotcrete
lining. For fine meshes, this could even cause invalid ele-
ment definitions next to the rock-shotcrete interface.

An Ad-hoc workaround is proposed for instance in
Abaqus (2015). This approach however involves the addi-
tion of a duplicate set of continuously active dummy ele-
ments on top of the yet inactive lining elements. These
dummy elements are included only to keep track of the
interior nodes of the lining elements prior to their installa-
tion. The user has to generate these elements, and choose
their material properties such that their influence on the
stress solution in the active domain can be neglected.

In the following, we propose an improvement of this
Ad-hoc strategy. The new strategy allows to define contin-
uum element meshes for the shotcrete lining prior to the
computation, which automatically match the deformed
tunnel geometry at the time they are installed. Benefits of
the proposed method are (i) its suitability for large defor-
mations, and (ii) the omission of user-defined extra ele-
ments with negligible stiffness. For the proposed
approach, the impact of the lining elements, which are
not yet installed, on the rock mass is zero by design.

In summary, the goal is to provide a tool for the simu-
lation of excavation and securing steps which requires a
minimum of user interaction. At the same time, the tool
should be designed such that it reuses a maximum of pre-
existing code structure available in a standard FE-
implementation. Section 3.1 provides information on how
this can be achieved for the excavation process, and Sec-
tion 3.2 illustrates how this can be done for the securing
process. Furthermore, the importance of performing a
load-rebalancing upon element deletion for a distributed
memory parallel implementation of the excavation process
is highlighted in Section 3.3. The employed linear solution
strategy is discussed in Section 3.4.

3.1 Implementation of the element removal process

For each excavation round, all element numbers of
elements to be deleted are provided in lists. As soon as
an excavation round is triggered in the computation,
i.e. every 8 h in the present case, the list of elements
to be deleted in this step is communicated to all pro-
cesses. Then, the implementation generates a complete
set of numbers of nodes which are connected to at least
one element that will remain in the mesh after this exca-
vation round, i.e. whose element identifier is not found
in the provided set of element numbers to be deleted
in this round. This step requires communication to
account for inter-process connectivities. The obtained
set of node numbers contains all numbers of nodes
which are to remain in the mesh.

After that, for each process, a list of node numbers,
which belong to elements that will be deleted in this exca-
vation round, are generated. Then, if they are not found
in the set of node numbers that remain in the mesh, all
node IDs from this list are moved to a separate list of node
numbers of nodes to be deleted. All node numbers which
have not been moved to the separate list are thus identified
as node numbers of nodes located on the excavation inter-
face, i.e., node numbers of nodes which will be associated
with a new equilibrium balancing node force later on. All
required searches are efficiently implemented using the
std::set associative container from the C++ standard tem-
plate library. The process is illustrated in Fig. 6 for a gen-
eric 2D example.

Once the list of node numbers to be deleted has been
obtained, the respective node objects, as well as the element
objects to be deleted in this excavation round, are physi-
cally removed from the discretization. An updated distribu-
tion of elements among the processes is determined, again
by applying graph partitioning software to the recomputed
element graph. The elements are then redistributed to the
processes according to the updated layout. An updated
numbering of degrees of freedom is generated, as well as
a corresponding, reduced-size linear system. All these steps,
from graph partitioning to linear system generation, can be
realized by calling the same routines which were already
used for the respective purpose at the beginning of the
simulation.



Fig. 6. Implemented steps for the element deletion process. Visualization for a generic sample mesh.
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3.2 Installation of securing measures

While the excavation process involves element and node
deletion, i.e., changes in the mesh, the approach chosen for
the addition of securing measures is different. It assumes
that all parts, which will be installed at some point during
the computation, are already present in the mesh from the
very beginning of the simulation. The mesh is generated
such that the elements for rock and lining are overlapping
in space, but they can be connected to separate node
objects, except on the rock-lining interface (see the visual-
ization in Fig. 7). The lining elements to be installed later
are initially associated with a linear-elastic pseudo-
stiffness, and they participate in the solution process of
the structural problem. However, all such parts, like shot-
crete lining segments which have not been installed yet, are
only uni-directionally coupled to the active part of the
domain. This means that, as long as they are not installed,
they do not exert forces on the actual active domain. The
active domain however exerts forces on the inactive secur-
ing measures along the interface of the active domain and
the inactive shotcrete lining segments, enforcing them to
follow the deformation of the active regions. In a practical
implementation, this is achieved by modifying the element
tangent and residual contributions for inactive elements
connected to active nodes. For such elements, every line
Fig. 7. Abstract visualization of required mesh input data. All elements to be de
to be activated later on are connected to rock mass nodes on the rock-mass s
in the element tangent stiffness matrix and every entry of
the residual force vector is set to be zero for every unknown
belonging to a node contained in the active part of the
domain. Therefore, although all inactive elements have a
finite pseudo-stiffness, they nevertheless do not affect the
solution in the active domain. In that sense, although not
exploited in the computation, the subsystem of the active
domain can be solved independently of the linear subsys-
tem of the inactive domain. The interface displacements
determined by the solution of the subsystem of the active
region can be understood as a prescribed Dirichlet bound-
ary condition for the elasticity problem in the inactive
region. Consequently, the latter is also referred to as the
pseudo-structure part of the structural problem. The effi-
ciency of the method is improved by solving the pseudo-
structure problem only in newly excavated regions for the
part of the lining which is going to be installed next. In this
case, if matching meshes are used for tunnel lining and
rock, no separate node objects are required for rock and
lining. As soon as a rock element is deleted, its nodes are
free for use in the solution of the pseudo-structure
problem.

The described procedure corresponds to a pseudo-
structure mesh update algorithm for the inactive part of
the domain. Such pseudo-structure approaches are quite
popular for computing the mesh-motion in Arbitrary
leted or activated are defined prior to the computation. Shotcrete elements
hotcrete-lining interface.
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Lagrangian–Eulerian (ALE) algorithms for fluid–structure
interaction (Johnson & Tezduyar, 1994; Tezduyar, 2001;
Wall et al., 2006). The presented method was inspired by
these ideas.

The implementation of the securing process is designed
such that it is completely independent of the element removal
step. This allows to reuse the implementation for further
applications like the placement of concrete overlays in struc-
tural engineering, or other construction processes. The inter-
face between active and inactive elements is in general not
equivalent to the excavation surface. For instance in the con-
sidered example, a gap of 20 cm exists between tunnel face
and shotcrete lining. Furthermore, the interface between
active and inactive regionsmight contain parts not connected
to the rock mass but to previously installed shotcrete lining.
The interface is determined by the procedure visualized in
Fig. 8, which is based on the same idea which is also used
to determine the current excavation surface.

In each securing step, as soon as an element is activated,
all stresses at the element’s integration points are reset to
zero. Furthermore, the element material is changed from
the linear-elastic pseudo-stiffness to the actual stiffness
according to the shotcrete model.
3.3 Challenges in parallel computing for simulations of

tunneling by the NATM

In the present example, 3100 trilinear elements are
deleted from the mesh in every excavation round. Assum-
ing 40 excavation rounds this amounts to a total of
124 000 deleted hexahedral elements during the computa-
tion, which is 22.5% of the initial number of elements.
For an example job running on 30 processes, the initial ele-
ment distribution features 16 292 to 19 231, on average 18
370 elements, per process. The initial element distribution
is visualized in Fig. 9(a). It is therefore possible that almost
all elements hosted by a process will be deleted, generating
Fig. 8. Visualization of steps implemented to identify th
a severe load imbalance. Therefore, element redistribution
as mentioned in Section 3.1 is required to preserve the qual-
ity of the initially obtained load balancing. Figure 10
proofs the effectiveness of the implemented redistribution
process.

3.4 Linear solution strategy

Performing 3D nonlinear finite element simulations of
tunnel advance by the NATM means that a very large
number of linear systems need to be solved in the course
of a computation. For instance, in the solution of the
example from Section 2, a total of 29 577 linear solver calls
were performed. Therefore, the efficiency of the overall
computational approach is strongly dependent on the effi-
ciency of the linear solution process.

Carefully configured preconditioned iterative Krylov
methods are a valuable tool in this context. They offer fast
solution times, a limited memory footprint, and are well
suited for distributed-memory applications (Saad, 2003).
Below, a suitable setup is derived which gives excellent per-
formance for the simulation of excavation and securing
steps of NATM tunneling.

The specific choice of the actual Krylov method is based
on the observation that, due to the use of non-associated
plasticity models, the systems are expected to be asymmet-
ric. Further asymmetry in the system is introduced by the
treatment of the inactive domains. Therefore, the gener-
alised minimal residual (GMRES) method (Saad &
Schultz, 1986), which is suitable for asymmetric problems,
was chosen in the present context.

For the convergence checks, an absolute tolerance of

10�4 kN was selected for the unscaled residual in the linear
solution, which is an order of magnitude smaller than the
absolute tolerance selected for the nonlinear iteration.
For comparison, the characteristic magnitude of the initial
nonlinear residual in the Newton iteration of the first time
e interface between active and inactive subregions.



Fig. 9. (a) Initial element distribution (color per process id) and (b) Redistributed elements (color per process id) after the excavation.

Fig. 10. (a) Number of elements owned by process (initial distribution) and (b) number of elements owned by process after 40 excavation rounds.
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step of each excavation round is in the order of 105 kN. For
relaxation steps, for which the initial nonlinear residual is
significantly smaller, the linear tolerance is still at least
three orders of magnitude smaller than the initial nonlinear
residual. The maximum size of the Krylov space was set as
400 basis vectors. On average, in the considered example,
119 iterations were performed per linear solution. No
GMRES restarts were required during the computation,
i.e., the iteration count never exceeded the maximum size
of the Krylov space.

The employed preconditioning is based on a smoothed-
aggregation algebraic multigrid method (Vaněk et al.,
1996). Specifically, the multigrid (ML) implementation
from the Trilinos package (Gee et al., 2006) is used. For
the example from Section 2, a four level hierarchy was
selected with Chebyshev polynomial smoothing of order
six on the fine and intermediate levels. The coarsest level
was configured with a direct solver, as it is usually done
for multigrid methods.

Chebyshev smoothers need an estimate of the largest
eigenvalue and an estimate for the lower end of the high
energy modes. The former was computed using a power-
iteration, and the latter can be estimated by dividing the
computed largest eigenvalue by a fixed number (Adams
et al., 2003). For the performed tunneling simulations, val-
ues for this fixed number in the range of 200 to 300 worked
well.

It is interesting to observe that in this setup, the compu-
tational kernels, i.e., the most important operation during
the linear solution process, are sparse-matrix vector prod-
ucts, both for the GMRES-algorithm and the multigrid
smoothers.
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4 Possible extensions of the constitutive models for rock and

shotcrete

In Section 2, the constitutive model for rock mass has
been formulated for isotropic linear-elastic perfectly-
plastic material behavior. Hence, features of the rock mass
behavior, like strain hardening, strain softening and degra-
dation of stiffness or transversely isotropic material behav-
ior, typically observed in experimentally determined stress–
strain curves of rock specimens, are neglected. In the pre-
sent section, an extension of the rock model is presented
taking into account those characteristics of the material
behavior of rock. Furthermore, in the shotcrete model, pre-
sented in Section 2, drying creep and drying shrinkage are
neglected and nonlinear creep is modelled only in a simpli-
fied manner, ignoring damage due to creep. This is the
motivation for the proposal of an extended shotcrete model
in the present section.
4.1 Extension of the material model for rock mass

In the linear-elastic perfectly-plastic constitutive model
for rock mass, presented in Section 2, plastic deformation
as well as a reduction of the strength parameters of intact
rock due to discontinuities in rock mass, is taken into
account. However, essential characteristics of rock behav-
ior, such as strain hardening in the pre-peak regime and
strain softening in the post-peak region, accompanied by
a degradation of the material stiffness, are neglected. In
order to overcome those shortcomings, in Unteregger
et al. (2015) the rock model, described in Section 2, was
extended to a rock damage plasticity (RDP) model by cou-
pling the theories of plasticity and damage mechanics. In
addition, depending on the origin of a specific rock type,
inherent structures such as stratification planes in sedimen-
tary rocks, foliation planes in metamorphic rocks or flow
structures in igneous rocks lead to an inherent transversely
isotropic material behavior. Thus, a further extension of
the RDP model for considering transversely isotropic
material behavior was presented in Mader et al. (2022a),
which is reviewed briefly in the following.

For considering the evolution of the plastic strain tensor
in the strain hardening regime, the yield function Eq. (2) of
the rock model, introduced in Section 2, is extended to

f rm; q; h; qhðapÞ
� � ¼ 1�qhðapÞ
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It depends on a hardening law qhðapÞ, which describes the
evolution of a normalized hardening parameter qh as a
function of a strain-like hardening variable ap (Grassl &
Jirásek, 2006). Hence, as shown in Fig. 11, the yield func-
tion Eq. (10) evolves in the principal stress space from
the initial yield surface f ðr; qhðap ¼ 0ÞÞ ¼ 0 at the limit of
linear elastic material behavior up to the ultimate yield sur-
face at peak stress f ðr; qhðap ¼ 1ÞÞ ¼ 0. The latter corre-
sponds to the smooth version of the Hoek–Brown
strength criterion Eq. (2).

Similar to the yield surface, also the plastic potential
function Eq. (4) of the linear-elastic perfectly-plastic rock
model is replaced by a hardening plastic potential function
gðrm; q; h; qhðapÞÞ, resulting in the non-associated flow rule

_ep ¼ _k
@gðrm; q; h; qhðapÞÞ

@r
: ð11Þ

Furthermore, the degradation of stiffness and strength
in the strain softening region of the stress–strain curves is
taken into account by an isotropic damage law (Grassl &
Jirásek, 2006). For this purpose, the stress–strain relation
Eq. (1) is replaced by the stress–strain relation used for
the SCDP model Eq. (6), omitting the time-dependent
parts of the strain tensor eve; ef and eshr, obtained as

r ¼ ð1� xÞ�r ¼ ð1� xÞC : ðe� epÞ: ð12Þ
The evolution of x is described as a function of the damage
driving variable ad as

xðadÞ ¼ 1� expð�ad=�FÞ; ð13Þ
where �F denotes the softening parameter, which determi-
nes the slope of the softening curve at ad ¼ 0. The evolu-
tion of ad is initiated at peak stress, i.e. at ap ¼ 1. It is
described by a rate equation, which depends on the volu-
metric plastic strain rate. As plastic strains only evolve at
the undamaged part of the material, the yield function
Eq. (10) and the flow rule Eq. (11) are reformulated in
terms of the effective stress tensor �r, resulting in

f ð�rm; �q; �h; qhðapÞÞ ¼ 0; ð14Þ
and

_ep ¼ _k
@gð�rm; �q; �h; qhðapÞÞ

@�r
: ð15Þ

The RDP model presented so far, is formulated for iso-
tropic material behavior. In order to extend the isotropic
constitutive model to orthotropic material behavior, or in
the present context to the special case of transversely iso-
tropic material behavior, in the recent study Mader et al.
(2022a) the approach by Boehler (1970) turned out as the
most versatile approach. It is characterized by a linear
mapping of the effective stress tensor �r of the transversely
isotropic material into a fictitious isotropic configuration,
indicated by the superscript *:

�r� ¼ P : �r; ð16Þ
with

P ¼ Eð1Þ þ cðEð2Þ þ F þ dGÞ ð17Þ
denoting the fourth order linear mapping tensor with the
anisotropy parameters c and d for transversely isotropic
materials. These parameters are linked to the uniaxial com-
pressive strength of intact rock perpendicular to the planes



Fig. 11. Evolving yield surface Eq. (10) of the RDP model.
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of isotropy, the uniaxial compressive strength in the planes
of isotropic material behavior, the shear strength in planes
perpendicular to the planes of isotropy and the shear
strength in the planes of isotropy. The sub-tensors

Eð1Þ;Eð2Þ;F and G describe the influence of the stratifica-
tion planes on the material behavior. More information
on the latter is provided, e.g., in Bryant and Sun (2019),
Walpole (1984), Mader et al. (2022a). The yield function
f and the plastic potential g are then formulated in terms
of the mapped effective stress tensor �r� instead of �r.
Accordingly, the yield function Eq. (14) and the non-
associated flow rule Eq. (15) are replaced by

f ð�r�
m; �q

�; �h�; qhðapÞÞ ¼ 0; ð18Þ
and

_ep ¼ _k
@gð�r�

m; �q
�; �h�; qhðapÞÞ
@�r� :

@�r�

@�r

¼ _kP :
@gð�r�

m; �q
�; �h�; qhðapÞÞ
@�r� : ð19Þ

The material parameters of the transversely isotropic
damage plasticity model for rock, listed in Table 3, were
calibrated in Mader et al. (2022b) from experimental
results of triaxial compression tests for Innsbruck quartz
phyllite, performed by Blümel (2014) on specimens from
Table 3
Material parameters of the transversely isotropic rock damage plasticity mo
experimental data by Blümel (2014).

E1 E2 m12 m23 G12 f ð1Þ
cu

(MPa) (MPa) (–) (–) (MPa) (MPa)

45 000 39 000 0.254 0.165 17 000 63.91 1

Ch Dh Gh Hh c d
(–) (–) (–) (–) (–) (–)

8.817 1.0�10�6 0.0 1.529 1.529 1.201
a construction site of the BBT. In this table,
E1;E2; m12; m23 and G12 denote the five independent elasticity
parameters with the subscript 1 referring to the axis of
material symmetry and the subscripts 2 and 3 referring to
the plane of isotropic material behavior. f cy denotes the

uniaxial compressive yield strength, mg1 is the dilatancy
parameter, Ah – Hh are the six parameters for controlling
the hardening behavior, and SA and SB are the two param-
eters for controlling the softening behavior. The remaining
parameters have been introduced before. The superscript (1)

denotes that the respective quantity is measured for loading
perpendicular to the stratification planes of layered rock
mass, i.e., in direction of the axis of material symmetry.
A detailed description of the calibration procedure is pro-
vided in Mader et al. (2022b).

In the experimental program, tests with three different
directions of axial loading with respect to the inclination
angle of the stratification planes, i.e., b ¼ 0�; 60� and 90�,
were carried out, each for three different confining pres-
sures r0 ¼ 12:5; 25:0 and 37:5 MPa. The parameter calibra-
tion was carried out by means of a three-dimensional finite
element model of the specimens by determining a best fit of
the computed and the experimentally determined devia-
toric stress–strain curves, measured in tests with identical
values of r0 and b. Compared to commonly used single-
element tests for this purpose, the 3D simulations also cap-
ture structural effects, such as non-uniform strain distribu-
tions associated with the formation of shear bands.

For obtaining mesh-independent results in the strain
softening regime, an over-nonlocal implicit gradient
enhancement of the damage driving variable ad was applied
(Schreter et al., 2018a). For this purpose, the local damage
driving variable ad in (13) is replaced by the over-nonlocal
softening variable

âd ¼ m�ad þ ð1� mÞad; ð20Þ

where m denotes a weighting parameter and �ad represents
the nonlocal counterpart of ad, which is implicitly deter-
mined by the screened Poisson equation

ad ¼ �ad � l2r2 �ad; ð21Þ

with l denoting an internal length scale parameter, chosen
to be 2.5 mm for this simulation. Respective mesh refine-
ment studies for showing the capabilities of the gradient
del, calibrated for intact Innsbruck quartz-phyllite on the basis of the

m0 e mg1 f ð1Þ
cy Ah Bh

(–) (–) (–) (MPa) (–) (–)

9.98 0.51 6.77 25.5 9.5�10�3 1.0�10�3

SA SB �
ð1Þ
f GSI D

(–) (–) (–) (–) (–)

20 1 3.4�10�4 100 0



Fig. 12. Comparison of experimentally determined and computed deviatoric stress–strain curves of the triaxial compression tests on Innsbruck quartz
phyllite for inclination angles of the stratification planes b ¼ 0� (blue), 60� (gray) and 90� (orange), each for the confining pressures of (a) r0 ¼ 12:5 MPa,
(b) r0 ¼ 25 MPa and (c) r0 ¼ 37:5 MPa.
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enhanced regularization method are provided, e.g., in
Schreter et al. (2018a); Mader et al. (2023).

In Fig. 12, the computed constitutive response is com-
pared to the respective experimental results by Blümel
(2014) for the three different inclination angles b, each for
the three different values of r0. In particular, the deviatoric
stress, i.e., the axial stress minus the confining pressure, is
plotted as a function of the axial strain e33. Note that all
stress–strain relations, depicted in Fig. 12, were computed
on the basis of one single set of material parameters for
the whole range of inclination angles and confining pres-
sures. The scatter of the experimental results is indicated
by the colored regions, and the computed response is
depicted by the colored continuous curves. It can be seen
that, despite of the large scatter of some experimental
results, the computed stress–strain diagrams are in good
agreement with the corresponding experimentally deter-
mined material response.

Summarizing, the presented extensions of the rock
model used in Section 2 to (i) strain hardening and strain
softening accompanied by degradation of the material stiff-
ness and (ii) transversely isotropic material behavior, are
essential for a detailed representation of the complex mate-
rial behavior of layered rock and rock mass. Especially in
the context of numerical simulations of tunneling by the
NATM, the deformation behavior and the load-bearing
capacity of the surrounding rock mass is significantly influ-
enced by softening material behavior, resulting in an
increase in the displacements compared to an elasto-
plastic rock model without softening as demonstrated in
Schreter et al. (2018b). In addition, the deformation pat-
tern and the formation of shear bands due to softening
behavior in layered rock mass significantly depend on the
orientation of the stratification or foliation planes. For
deep tunneling in layered rock mass, this results in a dis-
tinct asymmetric deformation pattern of the tunnel cross
section, as demonstrated in Mader et al. (2022b) for Inns-
bruck quartz phyllite.
4.2 Extension of the SCDP model for shotcrete

The SCDP model (Neuner et al., 2017b), presented in
Section 2, for modeling the mechanical behavior of the
shotcrete lining is an advanced model capturing important
time-dependent nonlinear aspects of the young, hydrating
material. However, nonlinear creep due to high sustained
loads is taken into account according to Eq. (8) only in a
simplified manner, and damage due to creep, commonly
denoted as tertiary creep, is not considered at all. Further-
more, additional creep and shrinkage effects due to drying
are neglected, as the model is based on the solidification
theory (Bažant & Prasannan, 1989) and the approach by
the ACI Committee (1992).

Recently, in Dummer et al. (2022) an extension of the
SCDP model was presented for concrete, in which the men-
tioned shortcomings are eliminated. The extended model
was developed, calibrated and validated based on experi-
mental data from the literature, and its good performance
was demonstrated in a comprehensive numerical study.
Herein, the extended model is briefly reviewed and, for
the first time, the calibration, based on a recently con-
ducted comprehensive experimental program on wet mix
shotcrete, is presented.

For the extended model, according to the B4 model by
Bažant et al. (2015), the stress–strain relation Eq. (6) is
complemented by the drying creep strain edc as
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r ¼ ð1� xÞ�r ¼ ð1� xÞC : eel ¼
ð1� xÞC : ðe� ep � eve � ef � eshr � edcÞ: ð22Þ

The evolution of edc is described as

e
_ dcðtÞ ¼ q5

F ðr�; tÞ
expðp5H=2Þ

Z t

0

U
_

dðt; t0; t0ÞC�1
m : d r

�ðt0Þ; ð23Þ

where the drying creep compliance parameter is q5, the
parameter p5H is depending on the cement type (Bažant

et al., 2015), _Udðt; t0; t0Þ is the dimensionless drying creep
compliance rate and t0 is representing the shotcrete age at
the beginning of drying. Additionally, for describing the
evolution of the viscoelastic strain eve in Eq. (7), the solid-
ified volume function vscðtÞ is replaced by

vðtÞ ¼ k0
t

� �0:5

þ q3
q2

 !�1

; ð24Þ

originally proposed in Bažant and Prasannan (1989), which
depends on the compliance parameters q2 and q3, and with
k0 ¼ 1 d.

Furthermore, in contrast to the basic SCDP model
(Neuner et al., 2017b), presented in Section 2.2, following
the B4 model (Bažant et al., 2015), the drying shrinkage
strain is considered. To this end, the total shrinkage strain
eshr is computed as the sum of the autogenous shrinkage
strain eshr;au and the drying shrinkage strain eshr;d

(Dummer et al., 2022).
The second improvement over the basic SCDP model

concerns the consideration of nonlinear creep due to high
sustained, multiaxial stresses. An improved model is
obtained by using the strength envelope of the model. To
this end, a novel amplification function, replacing function
Eq. (8), is introduced as

F ðr�; tÞ ¼ 1þ acrUð�r; tÞ2; ð25Þ
with 0 6 Uð�r; tÞ 6 1 denoting a measure of the degree of
material utilization, it is computed as

Uð�r; tÞ ¼ h1þ f pð�r; qh ¼ 1; tÞi; ð26Þ
with the Macauly brackets denoting the positive part of the
expression enclosed by the angle brackets, f pð�r; qh ¼ 1; tÞ
denoting the normalized yield function for the fully hard-
ened state, and acr denoting a material parameter for scal-
ing the influence of the degree of material utilization on the
creep strain rate. The creep amplification factor F ð�r; tÞ is
illustrated in Fig. 13 for plane stress states as well as for
the stress path in uniaxial compression.

The third improvement over the basic SCDP model con-
cerns tertiary creep of shotcrete: In addition to the evolu-
tion of material damage due to plastic deformation after
attaining peak stress, the evolution of material damage x
in Eq. (6) due to high sustained acting stress is considered
in the extended model. To this end, in the damage law

x ¼ 1� exp �bdð Þ; ð27Þ
the evolution of the exponent bd is computed by integrating
_bd ¼ _ad
�F

þ 1

sf
Uð�r; tÞnf ; ð28Þ

with the first term referring to damage due to softening
behavior, driven by the accumulation of plastic deforma-
tion after attaining peak stress as in the original SCDP
model, and the second, additional term to damage due to
creep. The second term depends on the degree of material
utilization Uð�r; tÞ and the material parameters sf and nf .

For representing the constitutive behavior of a modern
wet mix shotcrete composition, the extended model is cali-
brated on the basis of the comprehensive experimental data
presented in Smaniotto et al. (2022a). The scope of this
experimental program comprised (i) the evolution of mate-
rial properties like strength, stiffness and ductility during
hydration, (ii) the temperature evolution due to hydration,
(iii) the evolution of the basic and drying creep strain of
shotcrete for loading at ages between 10 h and 7 d to
40%–80% of the uniaxial compressive strength at loading,
(iv) the evolution of the autogenous and drying shrinkage
strain, (v) the evolution of the porosity and water content
in the pores, (vi) the determination of the desorption iso-
therm. The experimental program is unique, as all tests
were performed (i) for the same shotcrete mixture
SpC25/30(56) II J2 XA1 XC4 RV0.70 GK8, (ii) on speci-
mens of the same shape and size, i.e., cylindrical specimens
with a diameter of 100 mm, (iii) using the same sealing
technique for all sealed specimens, and (iv) for identical
drying conditions for all drying specimens, (v) by applying
the same load in the creep tests to sealed and drying spec-
imens at the same shotcrete age, and (vi) using the same
measurement devices. Hence, the test data provides a con-
sistent set of experimental data for calibrating shotcrete
models. The calibration of the extended shotcrete model
is carried out according to the sequential steps, described
in Dummer et al. (2023). The resulting material parameters
for the extended shotcrete model are summarized in
Table 4.

Figure 14 shows a comparison of the measured evolu-
tion of the creep strain in the creep tests documented in
Smaniotto et al. (2022a), together with the computed ones
using the basic SCDP model and the extended shotcrete
model, both calibrated using the experimental data pro-
vided in Smaniotto et al. (2022b, 2022a). For the basic
SCDP model, reasonable agreement between experimental
results and the computed response is observed for moder-
ate stress levels in sealed conditions. However, drying
effects are not considered in the formulation of the basic
SCDP model, and thus, the different creep behavior in
sealed and drying conditions cannot be captured. Further-
more, since nonlinear creep behavior under high stress
levels is only considered by a rather simple approach and
damage due to creep is neglected at all, the basic SCDP
model fails to represent realistically the evolution of creep
strain under high stress levels. In contrast, the computed
response of the extended shotcrete model is in very good
agreement with the experimental data for the various load



Fig. 13. (a) Illustration of the creep amplification factor for plane stress states, and (b) for the stress path in uniaxial compression.

Table 4
Material parameters for the extended shotcrete model calibrated on the basis of the experimental results from Smaniotto et al. (2022b, 2022a).

sshr;d n q1 q2 q3 q4 q5 acr sf nf
(d) (–) (1/MPa) (1/MPa) (1/MPa) (1/MPa) (1/MPa) (–) (h) (–)

40 0.14 15 � 10�6 115 � 10�6 40 � 10�6 7.5 � 10�6 1400 � 10�6 7 1 � 10�3 16

Fig. 14. Comparison of the experimental results (Smaniotto et al., 2022a) of the creep tests on sealed and unsealed shotcrete specimens, loaded with
moderate and high stress levels at shotcrete ages (a) 10 h, (b) 2 d, and (c) 7 d with the respective response computed by the basic SCDP model and the.
extended model.
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levels, shotcrete ages at loading, and ambient conditions.
In particular for the tests loaded at material ages of 2
and 7 d, for the high levels of sustained compressive stres-
ses amounting to approximately 80% of the uniaxial com-
pressive strength at loading, failure due to creep, as
observed in the experiments, is predicted by the model.
By contrast, for the tests loaded at 10 h, failure does not
occur, which is explained by the rapid increase of the mate-
rial strength at this early age, reducing the load level dras-
tically within a short time span. Furthermore, the
additional drying creep effects for the unsealed specimens
which do not fail become apparent, which is captured real-
istically by the extended model.

In conclusion, compared to the basic SCDP model, the
extended model provides a substantially improved capabil-
ity for representing nonlinear creep and failure due to creep
of shotcrete. This is of particular importance for predicting
the deformations and the possible failure due to creep for
highly utilized tunnel sections.
5 Summary and conclusion

A large scale, nonlinear time-dependent 3D numerical
simulation of a cyclically performed tunnel advance by
the NATM was reviewed. For this simulation, a linear-
elastic perfectly-plastic model for the rock mass was
employed, as well as a time-dependent shotcrete model
on the basis of a combination of the theory of plasticity,
continuum damage mechanics, and the solidification
theory.

The reviewed computation was used to describe key
challenges for the realization of such cyclically performed
excavation and securing processes in a distributed-
memory finite element software. Practical guidelines for
the implementation of excavation-specific routines were
provided. In particular, the following key aspects were
addressed:

(i) the implementation of the element removal process,
which involves load rebalancing to maintain parallel
efficiency;

(ii) the development of routines to facilitate the installa-
tion of securing measures in the deformed setting by
adopting techniques from mesh update strategies
used for flow problems with moving boundaries;

(iii) the efficient treatment of the large number of linear
systems arising in the course of the computation by
a preconditioned iterative Krylov method, which
exhibits excellent performance in the considered tun-
neling simulation.

Furthermore, potential extensions of the employed consti-
tutive models for rock mass and shotcrete were proposed
and the possible benefits of the latter in the context of
numerical simulations of tunneling by the NATM were
pointed out.
Regarding the model for the rock mass, possible exten-
sions concerned the consideration of.

(i) strain hardening in the pre-peak regime;
(ii) strain softening in the post-peak region together with

stiffness degradation;
(iii) transversely isotropic material behavior, based on a

mapping of the effective stress tensor of the trans-
versely isotropic material into a fictitious isotropic
configuration.

As the deformation patterns in numerical simulations of
tunneling by the NATM are significantly influenced by the
softening material behavior as well as by a stratification of
the surrounding rock mass, these enhancements are essen-
tial for detailed predictions of the load-bearing capacity of
tunnels.

Regarding the shotcrete model, possible extensions con-
cerned the consideration of.

(i) creep and shrinkage effects due to drying;
(ii) nonlinear creep due to high sustained, multiaxial

stresses by introducing the degree of material utiliza-
tion as a function of the current value of the normal-
ized yield function;

(iii) the representation of tertiary creep of shotcrete by
accounting for damage due to creep.

By employing the proposed extended shotcrete model in
numerical simulations of tunnel advance, a more realistic
representation of the deformations, the load-bearing
capacity, and the possible failure of the shotcrete lining,
is expected.

In summary, the present review highlights that scientific
progress in the field of numerical modelling of deep tunnel
advance by the NATM results from developments in vari-
ous, quite different fields, ranging from the implementation
strategy of the excavation and securing steps according to
the NATM, over efficient solution procedures for the
resulting large system of linearized equations, which has
to be solved numerous times, to advanced material models.
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