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Abstract

In the design of machine driven tunnels, the loadings acting on the segmental
lining are often adopted according to simplified assumptions, which improperly
reflect the actual loading on the linings developing during the construction of a
bored tunnel. A coupled 3D Finite Element model of the tunnel advancement pro-
cess including the ring-wise installation of the lining and the hardening process
of the grouting material serves as the basis for the analysis of the actual spatio-
temporal evolution of the loading on the lining during tunnel construction. The
distribution of the loadings in the different construction phases is calculated using
a modified surface-to-surface contact condition imposed between the solidifying
grouting material in the tail gap and the lining elements. An extensive parametric
study investigates the influence of the initial grouting pressure, the pressure gradi-
ent, the temporal stiffness evolution, the soil permeability as well as the interface
conditions between the grouting material and the tunnel shell on the temporal
evolution of the loading on linings.
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1. Introduction

In mechanized tunneling, the tunnel shell is installed ring-wise during the still
stand of the Tunnel Boring Machine (TBM) by assembling individual lining seg-
ments through an erector (19). The tunnel shell is in contact with the surrounding
soil via the grouting mortar, injected into the tail gap between the outside face of
the lining and the soil immediately after ring installation. As the front face of the
new lining ring is used as the support for pushing the TBM forward by hydraulic
jacks after each ring installation, tunnel linings in machine driven tunnel construc-
tion are subjected to construction loadings (the jack forces) in addition to the time
variant loadings acting along the outside surface due to the pressurized grouting
mortar, whose stiffness increases and eventually transfers the stresses from the
ground and the groundwater to the lining.

In engineering practice, the design of tunnel linings is in general based upon
analytical solutions or simplified numerical models. Analytical solutions typically
are based upon the following assumptions: (a) 2D plane strain assumption, (b) the
soil stresses are equal to in-situ stress in the undistributed ground, (c) the soil and
lining are elastic materials, (d) the lining has a perfect circular geometry, (e) the
soil-structure interaction is neglected and (f) the internal forces in radial and tan-
gential directions are independent from the forces in axial direction (23; 9; 6). In
more advanced semi- analytical structural analysis models some of the oversimpli-
fications addressed above are accounted for by considering non-linear ground be-
havior (14), soil-structure interaction effects by means of numerically determined
ground reaction curves (10), staged beam construction and longitudinal bending
moments (31) as well as non-linear longitudinal and ring joints (5). However,
evidently, analytical and semi-analytical models have limitations in regards to a
realistic incorporation of all relevant interactions between the tunnel shell and the
surrounding soil.

Often Finite Element (FE) models are used for the analysis of tunnel linings,
representing the lining by structural elements (beam, shell or solid elements), bed-
ded on elastic springs to represent the soil resistance, considering design loads
provided by guidelines (2; 13; 28; 15; 8). The International Tunneling Association
(ITA) published Guidelines for the Design of Shield Tunnel Lining in 2000 (12),
suggesting to consider the following design loads: geostatical loads, thrust jacking
loads, trailer and other service loads, secondary grouting loads, dead load, storage
and erection loads. The geostatical loads include the effective in situ stresses in
undisturbed state, the water pressure, the dead load of the lining, surcharge load
(road and railway traffic load and buildings weight) and subgrade reaction, which
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depends on the ground stiffness and rigidity of lining. Although the guidelines
suggest the consideration of construction loads such as thrust forces of hydraulic
jacks, back-fill grouting, erector operation and segment transport loads, the tem-
poral changes of the loading conditions during different construction phases are
not considered in existing empirical load models. Due to the changing stiffness of
the grouting mortar with time, the stress distribution around the tunnel lining and,
consequently, the loadings acting on the lining structure are affected. Also, the
dissipation of water pressures, which constitutes a strongly time-dependent pro-
cess primarily controlled by the soil permeability, affects the loading conditions.
Investigation of the changing loading conditions during the construction phase by
means of numerical simulations is the main subject of the present paper.

Despite the fact that constant monitoring is usually performed during the tun-
nel advance, only in few cases the loads affecting the segments are measured
for closed-type shield tunnels. In (17) is given an overview of ten projects, during
which the earth and the water pressure acting on the tunnel lining in the circumfer-
ential direction have been measured for tunnels in sandy soils, clayey soils, gravel
in both alluvium and diluvium. The general conclusion drawn form the analysis
of measured data, is that the earth pressure developed during the construction,
as well as the steady state condition depend on (a) the ground conditions, (b)
the ground water table, (c) tunneling-induced deformations of the ground, (d) the
magnitude of the back-fill grouting pressure, (e) the operational control, (f) con-
struction phase and (g) the tunnel alignment.

400

300

200

100

0

100

200

300

400
330 30

90

150210

270
0100200300400

approx. 0 h
approx. 1.5 h
approx. 7.5h

approx. 9 h
approx. 13 h

a) b)

pr
es

su
re

 [k
P

a]

[kPa]

0.0 1.5
0

50

100

150

200

250

300

350

400

A

A B

B
C

C

D

D

E

E
F

F

G
H

H
G

pressure 
sensors

10.5
time [h]

4.5 7.5 13.0

ad
va

nc
e

di
si

pa
tio

n

Figure 1: Results from measurements of the evolution of the grouting pressure in time: a) grouting
pressures for pressure sensors A–H from the Sophia Rail tunnel; b) pressures at different construc-
tion stages (Figure adapted by authors from (3)).
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As regards to short term loading on tunnel linings due to the pressurization
of the tail gap, results from monitoring are evaluated in (11; 17; 3). As shown
in Figure 1, containing measurements from the Sophia Rail tunnel in the Nether-
lands (3), the loading on the lining is constantly changing during construction. It
was observed, that the grouting pressure increases during the drilling time and de-
creases during the standstill due to “bleeding” of the grouting (i.e. infiltration), as
highlighted in Figure 1. Furthermore, fluctuations of the grouting pressure occur
due to the changing volume of the tail gap, as was observed in particular during
the advancement of a curved tunnel alignment (4).

As the actual loadings acting on the tunnel linings in mechanized tunneling ex-
perience significant changes in time, there is evidently a need for a more detailed
investigation of the actual distribution of the loadings acting on tunnel linings
during the construction process and their temporal evolution resulting from the
interactions of the lining with the tail void grouting, the surrounding soil, and the
TBM advancement. Therefore, in this paper the evolution of the loadings acting
on tunnel linings is evaluated by means of a process-oriented simulation model
for mechanized tunneling (25; 26). This simulation model realistically considers
all construction stages as well as all relevant components and time-dependent pro-
cesses (groundwater flow, hydration of cement-based grouting mortars) involved
in the tunneling process and is therefore well suited for the evaluation of the load-
ings on the linings. The earth and water pressure is obtained through a contact
interface imposed between the lining and the grouting mortar in each step of the
tunnel construction process. The pressure changes continuously from the moment
of the ring installation to its steady state.

The remainder of the paper is organized as follows: Section 2 contains a brief
summary of the numerical simulation model used for the evaluation of the loading
on the lining and the lining forces. The effect of the soil and grout properties and
of selected process parameters on the induced loadings on the tunnel lining and
their temporal evolution are discussed in Section 3. In Section 4 the influence
of the properties of the interface between the lining and the grouting mortar is
investigated. The findings from this computational study and their consequences
for the lining design are summarized in the Conclusions.
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2. Computational model for soil-structure interaction in mechanized tunnel-
ing

2.1. Simulation model for mechanized tunneling
For the numerical simulation of machine driven tunnel advance the process-

oriented 3D simulation model ekate proposed in (25; 22) is employed. It is based
upon the object-oriented FE framework KRATOS (7) and takes into consideration
all important components of the shield tunneling processes and their mutual in-
teractions (1). The components of this simulation model are shown in Figure 2.
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Figure 2: Finite element model for shield tunneling ekate and its components: (1) surrounding
soil, (2) TBM, (3) segmented lining, (4) pressurized grouting material with time-dependent prop-
erties, (5) hydraulic jacks used for the advancement of the TBM, and (6) frictional contact between
the shield skin and the soil.

The Tunnel Boring Machine (TBM) is represented as a deformable body mov-
ing through the soil and interacting with the ground through frictional surface-to-
surface contact, allowing that the deformation of the soil naturally follows the real,
tapered geometry of the TBM and captures the effect of overcutting. The tunnel
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advance is modeled by means of deactivation of soil elements and installation of
tunnel lining and grouting elements while at the same time the TBM is advanced
by hydraulic jacks thrust. The soil is modeled as a two (three)-phase fully (par-
tially) saturated material (25), accounting for the solid, the pore water and pore air
as distinct phases according to the theory of mixtures. In the analyses contained
in this paper, fully saturated conditions are assumed. Hence, the total stresses are
obtained according to

σ = σ
′− Ipw, (1)

with σ ′ as the effective stresses of the soil skeleton and pw as the pore water
pressure (25). For the modeling of the inelastic soil behavior, two types of elasto-
plastic constitutive models are available (the Drucker-Prager and the Clay and
Sand Model (33)). To provide the stability of the tunnel face and to reduce ground
loss behind the tapered shield, a face support pressure and the grouting pressure
are applied at the tunnel face and in the steering gap, respectively.

2.1.1. Two-field finite element formulation
For both fully saturated soft soils as well as for the modeling of the grout-

ing mortar a two-field finite element formulation is implemented. The governing
equations of this model are given by the weak formulation of the mass balance
equation δWw for the water flow in the pore space of the soil and the grout, re-
spectively, and the weak form of the equilibrium equation δWm:

δWw = δWw,int−δWw,ext = 0 , δWm = δWm,int−δWm,ext = 0 , (2)

with

δWw,int =
∫
Ω

δ pwI : ε̇ dΩ , δWw,ext =
∫
Ω

δ∇pw ·qdΩ−
∫
Γq

δ pwq∗ dΓq

δWm,int =
∫
Ω

δε :
(
σ
′+ Ipw

)
dΩ , δWm,ext =

∫
Ω

δu ·ρgdΩ−
∫

Γσ

δu · t∗ dΓσ .(3)

ε denotes the strain tensor, q the pore water flow and q∗ the prescribed flow
through the boundary. σ is the total stress tensor, ρ the density of the mixture, g
the gravitational acceleration and t∗ the traction vector. pw and u denote the pore
water pressure and the displacements of the soil and the grouting, respectively.
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2.2. Tail void grouting
The annular gap between the segmented lining tube and the excavation bound-

ary, illustrated in Figure 3, is filled with a pressurized grouting mortar modeled
as a fully saturated two-phase material with a hydrating matrix phase, considering
the temporal evolution of the elastic stiffness and the permeability of the cemen-
titious grout (21). This two-phase element is based upon the weak form of the
balance of momentum and the balance of fluid mass occupying the pore volume
in conjunction with a time variant constitutive model for the solidifying grouting
material, linearized geometrical relations and the Darcy law governing the fluid
flow in the grouting material. As the transition of cementitious grouting mortar
from a liquid to solid state plays a crucial role in maintaining the stress state of the
surrounding soil and controlling the settlements, a constitutive model is applied
that accounts for the time-dependent material behavior of grouting mortar in the
simulation model.

lining
grouting mortar

shield seal 

soil 

shield tail 

grout flow

infiltration

Figure 3: Tail gap grouting: sketch of the grouting of the annular gap between the lining and the
surrounding soil with a pressurized mortar injected through the shield skin.

2.2.1. Solidification model for the grouting material
Within the simulation model, the pressurization of the grouting mortar is ac-

counted for by using a two-phase formulation accounting for the effective stresses
σ ′ in the gradually stiffening solid phase and for the liquid pressure p of the fluid
phase. The changing material properties resulting from hydration of cementitious
grouting mortars are represented by time-dependent material properties for the
stiffness and the permeability. The formulation is based on a model for shotcrete
proposed by (21), where the total strain ε is split into the elastic strain εe and an
irreversible strain due to time-dependent solidification ε t :

ε = ε
e + ε

t (4)
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The stiffening effect observed in grouting materials is incorporated in a 3D
hyperelastic law by means of a time-dependent function of the stored energy

W (εe, t) =
1
2
(
ε− ε

t) : C28 :
(
ε− ε

t) . (5)

where C28 is the elastic stiffness tensor after 28 days and ε t are irreversible aging
induced strains (21). Introducing a time-dependent material tensor

C= C(28) E(t)
E(28)

, (6)

the effective stresses at a certain time instant tn+1 is derived from the stored energy
function Eq.(5) as

σ
′
n+1 = C(28) :

(
εn+1− ε

t
n+1
)
, (7)

with the irreversible aging-induced strains determined as

ε
t
n+1 = ε

t
n +(1− ξ

E(28)∆t
)∆ε, (8)

with ξ =
∫ tn+1

tn E(t)dt determined from integration of the time dependent elastic
modulus within the time interval [tn, tn+1]. The time dependent stress-strain be-
havior of the grouting mortar is based upon the time variant formulation for the
elastic modulus, which according to (21), is defined as E(t)= βE(t)E(28). The
coefficient βE(t) is given as:

βE(t) =


β I

E = cEt +dEt2 for t ≤ tE ,
β II

E = (aE − bE
tE−∆tE

)−0.5 for tE < t ≤ 672h ,
β III

E = 1.0 for t > 672h .

In the expression for βE(t), the parameters aE , bE , dE , and cE depend on the ratio
E(1)/E(28), the initial time interval tE for hydration of grouting mortar and the
time step ∆tE (see (21) for details).

During hydration of cementitious grouting mortars, the permeability of the
porous material changes. In the model, an exponential relation between the initial
permeability of the grouting mortar k(0) and the permeability after 28 days k(28) is
used:

k(t) = (k(0)− k(28))e−βgrout t + k(28), (9)

with the transition coefficient βgrout adjusted to experimental results. For the nu-
merical studies in this paper the following values of the parameters describing
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Figure 4: Evolution of the elastic stiffness of the grouting mortar in time.

time-variant permeability of the grouting mortar are adopted: k(0) = 10−4 m/s,
k(28) = 10−8 m/s and βgrout = 0.0535. This formulation allows to account for the
pressurization of the grout during stepwise installation of the lining rings and pre-
scription of equivalent pressure boundary conditions at the front side of the finite
elements representing the grouting material in the tail gap.

2.2.2. Numerical tests of the constitutive model for the grouting mortar
The constitutive model for the grouting mortar is investigated for different

loading paths and hydration properties of the material. To this end, uniaxial load-
ing is applied in z-direction on the top face of a two-phase quadrilateral finite
element (Figure 5(left)) with the displacements fixed in lateral direction. In this
study, the stiffness of the grouting material after 28 days and the ratio of the stiff-
ness after 1 and 28 days are assumed as E28 = 5.25MPa and E1/E28 = 0.6, re-
spectively.

In a first analysis, the element is applied to four different scenarios for the tem-
poral evolution of the axial loading Fz(t) prescribed in the parametrized format:

Fz(t) =
1− e−α· 2π

28 ·t

1− e−α·2π
(10)

Figure 5a shows the four different temporal loading paths applied to the grouting
element with a final axial load of 10 kPa prescribed in z-direction. The resulting
temporal evolution of the axial deformations in Figure 5b shows, that the loading
history has significant influence on the nonlinear evolution of the deformations.
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Figure 5: Constitutive model for grouting mortar: a) Four scenarios for the temporal evolution of
the axial loading applied to the grouting element ; b) resulting axial deformation of the grouting
element for different loading scenarios ; c) Three scenarios for the temporal evolution of the stiff-
ness of the grouting mortar; d) resulting axial deformation of the grouting element for different
hydration scenarios (loading case α=10).

In a second parametric study, the effect of the evolution of the grouting stiff-
ness is investigated. Figure 5c shows the temporal evolution of the Young’s
modulus E(t) for three different parameters ∆tE used in the expression for E(t)
(∆tE = 6h, representing a slow stiffening characteristics, ∆tE = 4h, representing
a moderate and ∆tE = 2h, representing a rapid stiffening of the grouting mortar).

In all cases, the hydration time tE is 8 h. The grout element is subjected to
the time-dependent load given in Eqn. 10 with the final load level of 10 kPa and
α = 10. Figure 5d contains the resulting temporal axial deformation for the three
stiffening characteristics. A strong influence of the stiffness evolution on the tem-
poral development and the asymptotic level of the axial deformations is observed.
The asymptotic deformations for the slowest stiffening (∆tE = 6h) is approxi-
mately 16 times larger as compared to the rapid stiffening (∆tE = 2h).
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2.3. Loadings acting on the tunnel lining
As the simulation model ekate includes all relevant components involved in

mechanized tunneling and their mutual interactions, this model can be used as a
solid foundation to extract the loadings acting on the lining. The acting loadings
on lining can be broadly divided into longitudinal loadings induced by the hy-
draulic jacks and loadings along the circumference of the tunnel structure induced
by the pressure from the grouting mortar and the surrounding soil, respectively
(see Figure 6).

lining TBM

jack forces

earth,water and 
grouting pressure

Figure 6: Construction induced loading and the grouting pressure, earth pressure and the ground-
water pressure acting on linings in mechanized tunneling.

The construction induced loads due to the high concentrated jack forces acting
directly on the front face of the concrete segments may cause local damage (crack-
ing and spalling) (5) with a detrimental effect on the durability. The loadings act-
ing along the outer circumference of the tunnel lining, caused by the pressurized
grouting mortar and the soil stresses and the groundwater pressure, determine the
global structural behavior of the system. For the proper evaluation of the normal
and tangential tractions acting on the outer surface of the lining in the various con-
struction stages a surface-to-surface contact model is used in the computational
simulation model ekate.

2.3.1. Surface-to-surface contact formulation
Contact between the two-phase finite elements representing the grouting mor-

tar and the lining rings is accomplished by means of a surface-to-surface contact
formulation introduced by (18). The contact formulation imposes a geometric
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constraint between the contacting (”slave”) body (the lining elements) and the
contacted (”master”) body (the grouting elements) which controls the interaction
between the two bodies with independent deformations. This allows to consider
different interface conditions between the grout and the tunnel shell. In this paper,
frictionless and fully bonded conditions are investigated.

The surface-to-surface contact algorithm is based on the fulfillment of the con-
tact constraint at each quadrature point on the so-called slave contact surface. The
physical requirement of impenetrability is stated in a discrete manner in terms of
the gap g (see Figure 7) between the quadrature points of the slave surface x1 and
their closest point projection on the master surface x2:

g(x1) =−ν(x1−x2(x1)) (11)

Herein the gap g(x1) is denoted to be positive if penetration occurs and the out-

-g

uT

tT

tN

b) c)

x2

x1

τ2

a)

τ1

ν

Γ1

Γ2

Γ1

Γ2

= slave

= master 

Figure 7: Geometrical representation of surface-to-surface contact: a) Contact partners in de-
formed configuration; b) Definition of relative normal displacement (gap g) and relative tangential
displacement ut ; c) Contact forces.

ward normal ν is computed explicitly and held fixed during the solution within a
time step. The second constraint assumes compressive interactions between the
contacting bodies. Both impenetrability and compressibility constraint are stated
in terms of Kuhn-Tucker optimality conditions.

In the context of a nonlinear finite element analysis of the tunnel advance,
the augmented LAGRANGE method (18) is used to solve the constrained prob-
lem consisting of a two-fold scheme: first, while solving the global equilibrium
equation iteratively, fulfillment of the contact constraint is enforced by penalizing
a violation with a high penalty potential. Secondly, after solution of the global
equilibrium, the LAGRANGE multiplier used to express the contact force is up-
dated. This scheme can be repeated until the violation of the contact constraint
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satisfies a pre-defined criterion. By use of the augmented LAGRANGE method,
the contact potential is expressed in terms of the contact forces λN and the contact
gap g as:

Π
contact =

1,2

∑
i

∫
Γi

c

[
1

2eN
〈λN + eNg〉2 + 1

2eN
λN

2
]
. (12)

eN is the penalty parameter (see, e.g. (32)). Taking the variation of Eq. 12, an
expression for the virtual work associated with the contact forces is obtained. The
contact normal force tN acting between the quadrature points on the lining element
facets and their closest point projection on the grouting element facets is computed
according to (30) as:

tN = 〈λN + eNg〉 (13)

In the finite element formulation, the weak form of the mechanical problem ac-
cording to Eq.2 is complemented by the virtual work of the contact forces:

δWm = δWm,int−δWm,ext +δWc = 0 , (14)

with
δWc =

∫
Γ
(b)
c

[tNδg+ tTt δ ,uT ]dΓ (15)

as the contribution of the contact forces to the virtual work. δg and δuT are the
normal and tangential virtual displacements at the contact interface. Details on
the implementation of the surface-to-surface contact used in the simulation model
ekate can be found in (24).

2.3.2. Earth and water pressure acting on linings
To obtain the normal contact pressure acting on the tunnel lining, the contact

interface is imposed on the interacting surfaces of the lining and grouting as shown
in Figure 8a. The inner surface of the grouting is defined as the master surface,
while the outer surface of the lining is defined as the slave contact surface. Here,
the focus is on the contact pressure in direction normal to the surface. Forces
acting in tangential direction along the outside face of the lining are considered in
Section 4. The acting earth and water pressures are obtained as follows:{

tN = 〈λN + eNg〉 for total earth pressure,
p f luid for water pressure. (16)

tN denotes the normal traction; the nodal fluid pressure p f luid is transferred to the
quadrature points on the slave surface.
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Figure 8: Contact condition between lining and grouting surface: a) discretization of the FE model;
b) illustration of the grouting and lining mesh interacting through surface-to-surface contact and
resulting contact stress.

X
Y

Z r

θ

h

σyy

σzz

σxx

σyz

σyx

σxy

σzyσzx

σxz

σrr

σθθ

σθθ

σxx

σxθ

σxr σrθ

σθx

σθr

σrx

X θ

r
X

θ

r

X
Y

Z
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To evaluate the structural response of the lining shell resulting from the time-
variant loadings induced by the construction process and the grouting, earth and
water pressures, the normal forces (N) and bending moments (M), are computed
by integration of the stresses in the finite elements representing the lining struc-
ture. The stresses in lining structure, calculated in the cartesian (X ,Y,Z) coordi-
nate system are transformed to cylindrical coordinates (x,r,θ ) as shown in Figure
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9. The integration of the transformed stresses leads to structural forces:

N =

h
2∫

− h
2

σθθ dz and M =

h
2∫

− h
2

σθθ zdz (17)

where σθθ are stresses acting in tangential direction. Automated conversion of
stresses from cartesian to cylindrical coordinate system and calculation of struc-
tural forces for a chosen set of rings is enabled by implementing a Lining Force
Utility in the framework of ekate. A verification analysis of the load transfer
model from the soil through the grouting element to the lining based upon a sim-
plified benchmark problem is contained in the Appendix 6.1.

2.4. Loadings acting on linings in steady state: Comparison with in situ stress
state

Before proceeding to the 3D tunnel advancement analyses, a 2D plane strain
model is created to evaluate the earth pressure acting on the tunnel lining in the
steady state. The same tunnel diameter (d= 9.475 m) and overburden (11.5 m)
as well as thickness of the linings (t= 0,45 m) as used later in the advancement
simulations in Section 3 are adopted. However, here the grouting material is not
yet considered, i.e. the surrounding soil is transferring the in situ stresses directly
onto the lining shell as illustrated in Figure 10 (Case 2). The static earth pressure
acting on the tunnel lining is compared with the in situ earth pressure acting along
the excavation boundary as shown in Figure 10 (Case 1). Using the previously
described contact algorithm, the normal contact pressure acting on the circumfer-
ential excavation boundary is evaluated. The material properties of the soil layers
used for this study are summarized in Table 1.

Figure 10 shows the distribution of the total normal contact pressure acting
along the installed lining ring (Case 2) and along the excavation boundary in the
in situ state (Case 1). The figure demonstrates the considerable influence of the
soil-structure interaction on the shape of the total normal pressure acting on the
tunnel lining. The magnitude of the normal contact stresses acting on the invert of
the lining is considerably smaller as compared to the in situ stress conditions due
to the excavated volume of the soil.

For comparison, an analysis is performed, with the soil subgrade reaction rep-
resented by elastic springs and the calculated in situ stress applied as external
distributed loading, neglecting the soil-structure interaction and the weight of the
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Figure 10: Influence of the presence of the tunnel structure on the loading along the lining bound-
ary: Distribution of the total normal contact pressure acting along the installed lining ring and
along the excavation boundary in the in situ state.

excavated soil (Figure 11a). According to (16), the stiffness of the spring is as-
sumed to depend on the stiffness of the soil E, the Poison’s ratio ν and the radius
of the tunnel lining r:

Ks =
E
r

1−ν

(1+ν)(1−2ν)
(18)

The finite element discretization of the lining ring and the material parameters
for the spring model (Figure 11a) are identical to the soil-structure model (Figure
11b). The soil properties given in Table 1 are used to determine the stiffness of the
elastic springs Ks. The loading applied to the lining for the elastic bedding model
corresponds to the in situ stresses in the soil (Fig 10, blue line).

Figure 12 contains a comparison of the structural forces (normal force (N) and
bending moments (M)) in the lining for the elastic bedding and the soil-structure
interaction finite element model. Figure 12a shows that the elastic bedding model
overestimates the maximum normal forces (N) by approximately 20% in the vicin-
ity of the invert as a consequence of differences in the distribution of the loading
acting on the lining (Figure 10). However, the bending moments (M) in the lining
are twice the magnitude for the engineering bedding model as compared to the FE
soil-structure interaction model, which evidently leads to a conservative design of
the reinforcement in the linings.

16



soil 2

pw

soil 1

a) b)Elastic bedding model 2D FE  model 

pw

Ks

Figure 11: Finite element models for calculation of structural forces: a) elastic bedding model b)
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Figure 12: Normal forces (left) and bending moments (right) from the elastic bedding finite ele-
ment model and the 2D soil-structure finite element model according to Figure 11.

3. Process-oriented 3D FE simulation for evaluation of time-variant loading
on linings during tunnel construction

The surface-to-surface contact between the interacting surfaces of the grouting
and lining elements is applied to obtain the normal contact (earth) pressure and the
water pressure acting on the lining shell during the advancement of a shield driven
tunnel from computational simulations. First, in Subsection 2.4, the loading acting
on the tunnel lining in steady state is compared with the in situ loadings obtained
by means of analytical solutions. Subsequently, Subsection 3.1 contains results
from a parametric study conducted to evaluate the magnitude and the change of
the pressure acting on the lining for different magnitudes and gradients of the
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grouting pressure, permeabilities of the soil and time-dependent properties of the
grouting mortar during a tunnel advance in soft, water saturated soils. To this
end, a simulation model based on project data of the Wehrhahn line metro in
Düsseldorf (20) is employed.
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TBM advance

observed 
ring

soil 2

soil 1

Figure 13: Simulation model for evaluation of loading on lining: a) Geometry and finite element
discretization of the model; b) example for computed normal contact stresses acting on the lining
evolving in time.

The geometry of the tunnel and the section of the soil considered in the simu-
lations as well as the finite element discretization is illustrated in Figure 13. The
subsoil consists of two soil layers: low terrace of the river Rhine with sand and
gravel of the quaternary (16.2 m thickness); tertiary with slightly silty and medium
sandy to silty fine sand (47.5 m thickness). The tunnel is excavated under an over-
burden of 11.5 m.

The water saturated soil is discretized by 27-node hexahedral two-phase fi-
nite elements with a quadratic approximation of the displacements and linear ap-
proximations of the liquid pressure. In this model, the shield machine, the hy-
draulic jacks and the segmented lining are considered as separate components.
The TBM has a cutting wheel of 9.475 m diameter and a length of 9.42 m with
slightly tapered geometry while the lining has a circular shape with a outer diam-
eter of 4.60 m and a thickness of 0.45 m. The lining is modeled using kinematic
linear elements, while the TBM is discretized using kinematic nonlinear Total
Lagrangian hexahedral elements, both with a quadratic approximation of the dis-
placements. The gap between the excavated soil boundary and the lining with a
width of 0.145 m, evolving behind the shield machine, is filled with the grouting
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material, modeled by installation of the two-phase grouting elements and consid-
ering the solidification behavior as described in Section 2.2.1. It should be noted,
that due to stress-free installation, the actual size of the gap, which is filled with
the pressurized fluid, depends on the deformation of the soil. All parameters used
in the numerical analysis are summarized in Table 1. The model contains 6328
finite elements and 125647 degrees of freedom. For the assessment of the quality
of the numerical solution in terms of spatial and temporal discretization we refer
to Appendix 6.2.

The simulated tunnel advance consists of 32 excavation steps of 1.5 m length
each. In the initial step, the shield with a length of 9.42 m is embedded in the soil
for 8 steps, with the first two lining rings and one grouting ring installed behind
the TBM. Subsequently, the stepwise TBM advance, the soil excavation and the
installation of the lining and grouting elements with corresponding boundary con-
ditions, is performed within 24 steps.The in situ stresses in the soil due to gravity
are imposed, where the magnitude of the horizontal earth pressures is determined
by means of the coefficient K0 =

ν

1−ν
. In the simulation of the stepwise excava-

tion, the contact condition between the grouting and the lining interacting surfaces
is simultaneously activated. The shield machine is thrust forward in five succes-
sive advancement steps of 0.3 m and 360 seconds each. After the advancement
of the TBM, the lining and grouting rings are installed, the heading and grouting
pressures are applied. During the stillstand period (1800 s), the consolidation pro-
cess is considered by applying time increments in 10 successive steps, adopting a
logarithmic distribution of time intervals. The face support pressure is prescribed
as 150 kPa at the tunnel axis, with a linear gradient of 10 kPa/m over the height.

In the following simulation scenarios, the influence of the grouting pressure,
the gradient of grouting pressure, the soil permeability and the effect of time-
dependent properties of grouting material is investigated. These parameters are
defined for each set of simulations, while the other material properties of the
model components are adopted according to Table 1. The normal pressure tN
acting on the tunnel lining in different construction stages according to the simu-
lation model is visualized on the right hand side of Figure 13.

3.1. Influence of the magnitude of grouting pressure
In this subsection, the influence of the magnitude of the grouting pressure on

the spatio-temporal evolution of the loading of the lining shell is investigated.
The level of the grouting pressure is prescribed at discrete locations along the
front face of the finite elements representing the tail void gap. Two scenarios are
investigated: pg = 150 kPa, which approximately corresponds to the hydrostatic
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Parameters Soil 1 Soil 2 Lining Grout Machine
Model DP DP LE GM LE
Young’s Modulus — E [MPa] 50 100 30000 50 210000
Hardening modulus — [MPa] 14.5 39 - - -
Poisson ratio — ν [-] 0.25 0.25 0.2 0.45 0.15
Density — ρ [Kg/m3] 1732.0 2038 2500 2000 7600
Porosity [-] 0.2 0.2 - 0.2 -
Cohesion [kPa] 75 75 - - -
Friction angle — ϕ [◦] 30 35 - - -
Permeability [m/s] 10−6(−4,−8) 10−6(−4,−8) - 0.0001 -
Stiffness ratio— E(1)/E(28) [−] - - - 0.6 -
Hydration time— tE [h] - - - 8 -
Hydration parameter— tE [h] - - - 6(4) -
DP:elastoplastic Drucker-Prager model; LE: Linear elastic model; GM: Aging grouting mortar

model

Table 1: Material parameters used in the simulation model.

water pressure at the centroid of the tunnel cross section (Figure 14) and pg =
300 kPa, which represents a level significantly larger than the hydrostatic water
pressure (Figure 15). The gradient of the pressure remains constant at 10 kPa/m.
The permeability of both soil layers is assumed as ks=10−6 m/s.
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Figure 14: Spatio-temporal evolution of the earth pressure and the water pressure acting on the
tunnel lining for a low grouting pressure (pg=150 kPa).
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Figure 15: Spatio-temporal evolution of the earth and the water pressure acting on the tunnel lining
for a high grouting pressure (pg=300 kPa).

For the lower value of the grouting pressure (pg=150 kPa), the resulting earth
pressure on the tunnel does not change significantly in time since the gradient
of the applied averaged grouting pressure and the hydrostatic water pressure -
constituting the driving force for the infiltration of grouting water into the soil -
is small. As a relatively high soil permeability of ks=10−6 m/s is assumed, the
change of water pressure dissipates quickly to a steady state.

In the second scenario, where an average grouting pressure of 300 kPa with a
gradient of 10 kPa is applied, the resulting earth pressure and the temporal change
are considerably larger than in the first example. The water pressure dissipates
from the applied level of the grouting pressure to the hydrostatic stress state.
While the water pressure in both cases converges to the hydrostatic state, the final
(steady state) total earth pressure acting on the tunnel lining is larger if the applied
grouting pressure is larger and does not converge to the in situ earth pressure as is
generally assumed. This implies that the loading history plays a role in the tempo-
ral evolution of the loadings acting on the lining! This effect, which is caused by
the change of the stiffness of the grouting in time is associated with the “freezing”
of deformations. This will be further investigated in Subsection 3.2.

Figure 16 contains the distribution of the normal forces (N) and bending mo-
ments (M) for both investigated grouting pressures (pg= 150 and 300 kPa) at
steady state. As expected, the induced normal forces are much higher for high
grouting pressure. While for the larger grouting pressure the distribution of the
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Figure 16: Long term normal forces and bending moments in the tunnel lining at steady state for
two different levels of the grouting pressure.

bending moments is more or less symmetric, a more asymmetric distribution with
a smaller moment recorded at the tunnel crown is obtained from the analysis with
pg= 150 kPa.

3.2. Influence of the grouting pressure distribution
Since the previous study has shown, that the initial grouting pressure has an

effect on the final loading on the lining after consolidation processes have reached
a steady state, we further investigate the question on the ”memory effect” of the
pressure transferred to the lining via the stiffening grouting material. To this end,
the evolution of the earth and water pressure in time is evaluated for a grouting
pressure at the tunnel axis pg = 300 kPa, adopting, two scenarios for the pressure
gradient over the height of the tunnel. One case refers to a positive gradient of
15 kPa/m (Figure 17 left, Figure 18 left) while in the second scenario a negative
(non-physical) gradient of -15 kPa/m (Figure 17 right and Figure 18 right ) of the
grouting pressure is assumed. The soil permeability is assumed as ks= 10−6 m/s.

As far as the evolution of the water pressure is concerned, a comparison of the
left and right hand side of Figure 18 shows, that the distribution of the water pres-
sure strongly follows the prescribed grouting pressure boundary condition in the
first step, and consequently differs significantly for a positive (left) and negative
(right) gradient of the grouting pressure. However, the water pressure dissipates
in time and converges to the hydrostatic stress state after three days, independent
of the initially prescribed grouting pressure conditions.

Figure 17 contains the evolution of the earth pressure acting on the tunnel
lining for the two grouting pressure scenarios (positive gradient in Figure 17 left
and negative pressure gradient in Figure 17 right). Immediately after grouting,
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different distributions of the applied grouting pressure: Left: grouting pressure gradient 15 kPa/m;
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Figure 18: Spatio-temporal evolution of the water pressure acting on the tunnel lining for two
different distributions of the applied grouting pressure: Left: grouting pressure gradient 15 kPa/m;
right: grouting pressure gradient of -15 kPa/m.

the loading distribution is, similar to the water pressure, significantly affected
by the applied grouting pressure conditions. Interestingly, however, while also
dissipating in time, the (total) earth pressure does not converge to the same value
even when the consolidation and infiltration processes in the soil and the grouting
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Figure 19: Normal forces and bending moments in tunnel lining for the final stage of the loading
for two gradients of the grouting pressure (pg= 15 and -15 kPa).

mortar have reached a steady state! Following the distribution of the loading,
one obtains the difference in structural forces in the lining for the steady state in
Figure 19.

This is a consequence of the effect of the loading history on the time variant
stiffening of the grouting mortar and the stress distribution in the soil. The material
solidification of the grouting mortar is connected, according to Subsection 2.2.1,
with aging induced strains. These strains evolve in time and contain information
on the complete loading process. Since a coupled hydro-mechanical is employed,
the interaction between the grouting pressure and the ground water is implicitly
considered, and the history of both mechanical as well as hydraulic processes have
an influence on the final loading of the tunnel shell. A different loading history in
these two examples leads to strain “freezing” under different loading conditions
and consequently to a different final total stress state around the lining, although
the water pressures finally always dissipate to the hydrostatic stress state. The
same effect is apparent in the first parametric study, where the influence of the
magnitude of the grouting pressure is investigated (see Subsection 3.1).

3.3. Influence of soil permeability
In the second parametric study, the influence of the soil permeability on the

distribution of the loading on linings in different construction phases is investi-
gated. The grouting pressure is assumed as gp = 300 kPa at the tunnel axis with a
gradient of linear change of 10 kPa/m in both cases. Two different soil permeabil-
ities are considered: ks=10−4 m/s, denoted as high permeability soil (Figure 20)
and ks = 10−8 m/s, denoted as low permeability soil (Figure 21), respectively.
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Figure 21: Spatio-temporal evolution of the earth and water pressure acting on the tunnel lining
for soil with low permeability (ks=10−8 m/s).

In the case of high permeability, the water pressure dissipates almost immedi-
ately (Figure 20 right). As a consequence, the total normal pressure acting on the
tunnel lining is not developed in full capacity as compared to low permeable soils,
shown on the left hand side of Figures 20 and 21, respectively. This observation
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Figure 22: Long-term normal forces and bending moments in tunnel lining at steady state for two
different soil permeabilities ks.

is in agreement with (11), where it was noticed that the measured pressures were
lower than predicted in the design stage for a tunnel constructed in sand.

From Figure 21 (left) it is observed, that in case of a tunnel drive in low perme-
able soil, the resulting earth pressure acting on the lining is significantly higher as
compared to the high permeable soil conditions (see Figure 20 (left)). This refers
to the early stages as well as to the long term situation at steady state.

Figure 22 shows the distribution of the normal force N and bending moment
M at steady state of the two examined cases. As the loading on the lining is
larger for tunneling in soils with a low permeability, also the normal forces are
considerably larger as compared to soils with low permeability. However, slightly
larger bending moments are observed for the case of high soil permeability due
to the larger influence of the earth pressure as compared to the grouting pressure,
connected with a larger ovalization of the tunnel structure.

3.4. Effect of time dependent properties of the grouting material
The fourth study investigates the influence of the stiffening characteristics of

the grouting material on the temporal evolution of the spatial distribution of the
loadings acting on the lining. The grouting pressure at the tunnel axis is assumed
as pg=300 kPa , with a gradient of 10 kPa/m over the height, and a soil permeabil-
ity of ks=10−6 m/s. Two cases are analyzed: In one simulation, the properties of
the grouting material are considered as time-dependent with the same parameters
as assumed previously in Section 3.1; In a second case, the grouting was modeled
as a fully saturated porous material, with a constant elastic stiffness E = 0.5MPa
and a permeability of kg=10−6 m/s.
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The temporal evolution of the earth pressure acting on the lining according to
a tunnel advancement simulation is plotted for the initial, intermediate and sta-
tionary state in Figure 23 (left) for time-dependent grouting material properties
and for time-independent properties in Figure 23 (right).
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Figure 23: Spatio-temporal evolution of the earth pressure acting on the lining for two different
models of the grout material: left – solidification model according to Subsection 2.2.1; right –
constant grout stiffness Eg=0.5 MPa.
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Figure 24: Long term normal forces and bending moments in tunnel lining at steady state for two
different models of the grout material (constant and time-variant elastic stiffness Eg).

Comparing the two results, it becomes apparent that consideration of the time
dependent characteristics in the numerical model plays an important role and leads
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to considerably different distribution of the loadings acting on the tunnel lining
during the different construction phases as well as for the steady state. The grout-
ing model, when considering a time-dependent stiffness of the grouting material
(see Section 2.2), represents a quasi-fluid state in the initial state after applying
the grouting pressure. In the initial step, the stiffness of the grouting material with
time-dependent properties is approximately 5×103 times smaller as compared to
the material with a constant Young’s modulus. This allows for the pressurization
of the tail gap grouting in full capacity, leading to higher total normal stresses act-
ing on the tunnel lining. For the detail explanation of the mechanisms evolving,
we refer to the Appendix 6.

Figure 24 shows the consequences of the different loading distributions ob-
tained from the two scenarios for the grouting mortar on the distribution of the
structural forces in the lining structure. Considerably larger normal forces are
recorded for the time-variant material properties of the grouting mortar as com-
pared to the assumption of a constant stiffness.

4. Effect of interface properties between the lining shell and the tail void
grouting

In Subsection 2.3 the interface between the lining and the grouting was defined
such that only the normal contact pressure tN is transferred through the contact in-
terface. This assumption is motivated by the fact that at the moment of grouting
injection, the grout material has fluid-like and therefore does not transfer shear
forces. As shown in the previous Section, the maximum magnitude of the pres-
sures acting on the lining shell is observed immediately after the application of
the tail gap grouting, when the material is still in a liquid state, and therefore, the
previous assumption is valid in early stages of the construction process. It is also
supported by the German recommendations for the design of segments linings
(29). However, during hydration of the grouting mortar and infiltration of the pore
water, the material stiffens and a bond between the grouting and lining material
establishes gradually.

To obtain an insight on role of the transfer of tangential forces between the
grout and the lining along the outside face of the tunnel shell, we now assume a full
bond between the lining and the grout in the numerical simulations documented
in this Section and compare the obtained results with the case of a frictionless
interface. To this end, a tying condition is introduced by means of the LAGRANGE

multipliers method to enable the evaluation of tangential reaction forces acting
along the lining structure.
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4.1. Tying between lining and grouting along the grout-lining interface
The tying constraint between the grouting and lining elements along their in-

terface is accomplished by means of the LAGRANGE multiplier method. The
constraints are imposed between the outer lining surface, denoted as the “slave
surface” and the inner grouting surface, denoted as the “master surface” (see Fig-
ure 25a). The contact constraints are fulfilled at each quadrature point on the
so-called slave contact surface.

a) b) λZ

λY

tN

tT

λX

λY

Γ1= slave

Γ2= master

λZ

Figure 25: a) Tying constraint between lining and grouting interface and resulting LAGRANGE
multipliers ; b) Transformation to traction forces in polar coordinates—normal forces and tangen-
tial forces.

The LAGRANGE multiplier method (32) introduces a vector of additional un-
knowns λ , the so-called discrete LAGRANGE multipliers corresponding to the
number of constraints (noc). Adding the constraints G(u1,2) in the total potential
Π(u1,2) results in the following extended potential ΠLM(u1,2):

ΠLM(u1,2,λ ) = Π(u1,2)+
noc

∑
j

λ jG j(u1,2) (19)

The solution of Eqn. 19 constitutes a saddle point of the extended potential ΠLM,
i.e. the solution is a maximum of ΠLM with respect to the LAGRANGE multipliers
λ and a minimum with respect to the displacements u (27). In the framework of
the finite element method, the linearized form of the variational problem is given
as: [

Ku1,2

LM +Kλ
LM CT

C 0

]
·
[

δu1,2

δλ

]
=

[
−ru1,2

LM
−rλ

LM

]
, (20)
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with the internal force vectors

ru1,2

LM =
∂ΠLM

∂u
and rλ

LM = G(u) , (21)

and the components of the global system matrix given as:

Ku1,2

LM =
∂ 2Π(u)

∂u2 , Kλ
LM =

noc

∑
j

λ j
∂ 2G j(u)

∂u2 and C =
∂G j(u)

∂u
. (22)

The Lagrange multipliers λ j are equivalent to the reaction force between two con-
strained surfaces (Figure 25b), and therefore can be directly used as a measure of
the loadings acting on the tunnel lining after transformation to a polar coordinate
system to obtain the normal pressure (tN) and the tangential traction forces (tT ).

4.2. Influence of the interface condition on the distribution of the loadings on
tunnel lining in steady state conditions

In this subsection, the loadings acting on the lining structure in the final state
i.e. after consolidation processes have reached a steady state, are compared for
frictionless and fully bonded interface conditions (see Subsections 2.3 and 4.1).

The first example is related to the 2D analysis of the soil-tunnel interaction in
steady state conditions as described in Subsection 2.4 without consideration of a
time-dependent grout material and the construction process (see Figure 26).

Figure 26b compares the normal and tangential loadings transferred along a
fully bonded interface (dotted lines) with the normal pressure transferred along a
frictionless interface (line with squares). One observes, that non-negligible shear
loadings (tT ) are transferred to the lining shell in case of a fully bonded interface,
which also affects the distribution of the normal loading (tN).

Next, the scenarios investigated previously in Section 3 for a frictionless lining-
grout interface in the context of 3D simulations of the staged tunnel construction
process, taking into account all time-dependent processes such as step-wise TBM
advance and construction of lining shell, consolidation of the soil and time depen-
dent stiffening of the grout, are now re-analyzed for the case of a fully bonded
lining-grout interface. The results for the frictionless and the fully bonded case
are compared for the steady state for different assumptions concerning the grout-
ing pressure (analogous to Subsection 3.1), the grouting pressure gradient over
the height (analogous to Subsection 3.2), the soil permeability (analogous to Sub-
section 3.3) and the time (in)dependent grouting properties (analogous to Subsec-
tion 3.4).
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Figure 27: Comparison between frictionless conditions (normal contact) and fully bonded con-
ditions (tying) for two levels of the average grouting pressure (pg= 150 kPa and 300 kPa (see
Subsection 3.1)).

Figure 27 shows the results from advancement simulations for two different
levels of the grouting pressure (pg= 150 kPa and 300 kPa) for frictionless and fully
bonded interface conditions. For both pressure levels, only a marginal difference
between the results for the normal pressure (tN) acting on the lining is observed.
Also, the tangential forces (tT ) induced in the fully bonded case are negligible.

When comparing the results for two different gradients of the applied grouting
pressure over the height, again the influence of the interface conditions is marginal
(see Figure 28).

Similar, a negligible effect of the interface properties is obtained from the
numerical simulations assuming two values of the soil permeability (ks=10−4 and

31



-50

0

50

100

150

200

250

300

0 45 90 135 180
Θ [°]

t 
[k

Pa
]

gp=300 kPa        k=10-6 m/s        grad =-15 kPa/mgp=300 kPa        k=10-6 m/s        grad =15 kPa/m

-50

0

50

100

150

200

250

300

0 45 90 135 180

t 
[k

N
/m

2
]

Θ [°]

tN- slip
tN- tying
tT- tying

tN- slip
tN- tying
tT- tying

Figure 28: Comparison between frictionless conditions (normal contact) and fully bonded con-
ditions (tying) for two gradients of the grouting pressure over the height (d pg/dz= 15 kPa/m and
−15 kPa/m (see Subsection 3.2)).
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Figure 29: Comparison between frictionless conditions (normal contact) and fully bonded condi-
tions (tying) for two soil permeabilities (ks=104 m/s and ks= 108 m/s (see Subsection 3.3)).

10−8 m/s (see Figure 29).
Figure 30 shows the results from advancement simulations assuming a con-

stant (non-physical, time-independent) elastic stiffness of the grouting material
(Eg=0.5 MPa). In this case, the influence of the interface conditions on the distri-
bution of the normal pressure (tN) is more pronounced as compared to the previous
scenarios. Obviously, if the evolution of inelastic aging induced strains ε t of the
grouting material is not considered and consequently the grouting stiffness is sig-
nificantly larger during the installation stage, the loading induced on the lining
becomes more dependent on interface properties.

Figure 31 summarizes the final normal pressure loadings acting on the lining
of the tunnel after all consolidation processes have reached a steady state obtained
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Figure 31: Range of the normal pressure (tN) acting on the tunnel lining obtained from all scenarios
investigated in Subsection 4.2.

from all scenarios investigated in this Subsection. This figure shows, that the
loading on lining in the steady state does not necessarily converge to the in situ
state, but strongly depends on the hydraulic soil properties and the applied support
measures. For the specific tunnel example used as the basis for this comparative
analysis, a difference of ≈ 75 kPa between the minimum and maximum normal
lining pressure is recorded in Figure 31.
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5. Conclusions

In the paper selected factors influencing the spatial and temporal evolution
of the loadings on the tunnel lining during mechanized tunnel construction have
been analyzed numerically. It attempts to provide an answer to the question, if
the loadings acting on the lining, after the consolidation process has reached a
steady state, is eventually only controlled by the in situ earth pressure, how this
loading evolves in time and to which extent it depends on grouting pressure, the
soil permeability and the evolution of the grouting stiffness.

To this end, a process-oriented 3D finite element model for the numerical sim-
ulation of the tunnel advancement process in mechanized tunneling, which ac-
counts for the stepwise advancement of TBM, ring-wise installation of the lining
structure and the filling of the tail void by a pressurized (solidifying) grouting
material, whose stiffness and permeability evolve with time, as well as for soil
consolidation, is employed. The consideration of all relevant time dependent ef-
fects and their interactions in a simulation model for mechanized tunneling is the
prerequisite to obtain reliable data on the temporal evolution and spatial distribu-
tion of surface forces acting on the lining in various construction phases and in
the final state.

For the accurate extraction of the traction forces acting along the interface
between the lining shell and the grouting material, a contact formulation was em-
ployed. In addition to frictionless interface conditions, also a fully bonded state
was considered by applying tangential constraints by means of the Lagrange mul-
tiplier method.

From a comparison of results of tunnel advance simulation with frictionless
and with fully bonded interface conditions, it was found, that after reaching a
steady state of the consolidation and hydration processes in the soil and the grout-
ing, only a marginal influence on the distribution of the loading on the lining was
found. Hence, it is concluded, that the tangential (frictional) forces along the
tunnel lining may be neglected.

However, it was shown that the loading acting on the tunnel lining depends,
besides on the (in situ) earth and the water pressure, strongly on the grouting pres-
sure initially applied at the shield tail to fill the tail gap after the installation of a
new ring. Besides the magnitude of the pressure at the tunnel axis, also the spatial
distribution (i.e. the gradient) of the grouting pressure has an influence on the
final distribution of the normal pressure acting on the tunnel lining. Furthermore,
a considerable dependence of the loadings acting on the tunnel lining on the per-
meability of the soil was observed in comparative computational simulations of
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different scenarios both during construction as well as in the final state, after the
soil consolidation has reached a steady state.

It is therefore concluded, that the final state of loadings acting on tunnel lin-
ings is not only controlled by the in situ state and the water pressure in the soil
but also by the grouting process, the stiffening characteristics of the grouting mor-
tar and the hydraulic properties of the surrounding soil. The stiffening of the
grouting materials is connected with aging induced (permanent) strains and re-
lated ”frozen” deformations, which depend on the loading history. Since a cou-
pled hydro-mechanical model is employed, the interaction between the grouting
pressure and the ground water is implicitly considered, and therefore the history
of both mechanical and hydraulic processes have an influence on the final load-
ing of the tunnel shell. Hence, different loading conditions (such as the initial
grouting pressure or different infiltration times from the annular gap into the soil),
although the water pressures finally always dissipates to the hydrostatic stress state
in the soil, lead to different final states of effective stresses around the lining and,
consequently, to different total normal loadings acting on the tunnel lining.

The finding, that the loadings acting on tunnel linings in the steady state may
differ significantly from the in situ state has consequences for tunneling engineer-
ing, as currently the in situ earth pressure is used as the basis for engineering
analysis and design of tunnel linings.
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6. Appendix

6.1. Analysis of the load transfer trough grouting elements
The contact formulation developed for the computation of surface forces act-

ing on the tunnel lining is verified by means of two benchmark tests. In the first
test illustrated in Figure 32, the transfer of the load from the top surface through a
rigid body to the bottom contact surface for a purely mechanical case is analyzed.
The geometry and finite element mesh of the benchmark test are presented in Fig-
ure 32a, the DIRICHLET boundary conditions are depicted in Figure 32b, and the
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Figure 32: Verification of the contact model for a purely mechanical problem – load transfer
through a stiff body to the lining (slave contact) surface: a) Finite element mesh of the benchmark
example; b) boundary conditions of the model; c) loading (surface load of −10 kPa) and contact
condition; d) normal contact force acting on the slave surface.

NEUMANN boundary conditions, i.e. the load on the top surface of the (grouting)
element as well as the contact condition on the bottom surface of the element are
shown in Figure 32c. The top element has a large stiffness (E2=1014 N/m2) in
comparison to the support element (E1=107 N/m2). In this test, the body expe-
riences rigid motion due to the acting loads, which enables a full transfer of the
force applied on top to the bottom face, where the contact condition is applied.
Figure 32d shows the normal contact force, which, as expected, is identical to the
applied force on the top of the grouting element.

In the second example, the top element is defined as a coupled two-phase fully
saturated element exposed to surface water pressure on the top surface (see Figure
33b). In the coupled problem, the deformation of the body and, consequently the
total stresses and the transferred total normal stresses depend on both mechanical
and hydraulic properties of the body.

For the verification of the implemented model, three cases are investigated: i)
transfer of the load through a body with a very small mechanical stiffness (quasi
fluid), ii) transfer of the load through a body with a stiffness equal to the contacted

39



10000

0

8000

6000

4000

2000

Normalvcontactv
stressv[Pa]

X

Z
Y

FixvXYZ

FixvY

FixvX

FixvZ

a) watervpressure
10000vPa
contactvslave

E2

b)

E1=107

E2=E1=107E2=101d) e)

c)
Watervpressurev[Pa]

E2=1014f)

Figure 33: Verification of the contact model for a coupled-hydro mechanical problem—load trans-
fer through a fully saturated porous material to the lining (slave contact) surface: a) DIRICHLET
boundary conditions for the displacements ; b) loading (surface pressure of 10 kPa) and con-
tact condition; c) constant water pressure in the body due to applied (no flow) boundary condi-
tions; d) contact pressure due to load transfer through the body with very small stiffness (quasi
fluid); e) contact pressure due to pressure transfer trough the body with moderately large stiffness
E2=107 N/m2; f) contact pressure due to pressure transfer through the body with high stiffness
E2=1014 N/m2.

body and iii) the transfer of the load through an almost undeformable (rigid) body.
Since the boundary conditions applied in this study do not allow for water flow,
in all three cases the resulting water pressure in the top element is constant and
equal to the applied pressure (see Figure 33c).

In case (i), if a liquid pressure is applied on the body with almost zero stiffness,
the resulting normal contact pressure on the bottom is equal to the applied pressure
(total stress is equal to water pressure, see Figure 33d). Cases (ii) constitutes a
coupled hydro-mechanical problem. In this cases, the normal contact pressure at
the lining surface is reduced (Figure 33e). In the case of the rigid body (case (iii)),
the transferred surface normal force is almost zero (Figure 33f). The mechanism
of the development of the resulting stresses is explained in Figure 34.
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Figure 34: Schematic illustration of the hydro-mechanical stress transfer mechanism: a) Body with
very low stiffness corresponding to the example shown in Figure 33d; b) Body with an infinitely
high stiffness corresponding to the example shown in Figure 33f.

6.2. Assessment of quality of chosen spatial and temporal discretization
To assess the quality of the numerical solution in terms of the chosen element

size and time discretization, we have performed consolidation analyses of a col-
umn containing five finite elements using the two-phase soil model introduced in
Section 3, which represents a vertical column in the tunnel model emanating from
the tail gap towards the surface (Fig. 35). The height of the column (h = 10m)
corresponds to the overburden and the element size approximately corresponds
to the discretization used in the tunnel model. A water water pw=0 and a top
surface load of t = 1 kPa are applied as boundary conditions at the top face and
zero flux conditions are assumed at the bottom. The soil is assumed to be linear
elastic with Youngs modulus of 50 MPa, Poissons ratio ν = 0.3 and permeability
ks = 10−6ms, corresponding to the upper soil layer. Also the same time discetiza-
tion as used in the tunnel model was applied in this test. For this 1D consolidation

t=1 kPa pw=0

Figure 35: The discretization of the tunnel model and consolidation test model and boundary
conditions of the consolidation test model.
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problem the analytical solution according to Terzaghi (see e.g. (34)) is taken as
the exact reference solution. The temporal evolution of the displacements and
the spatial distribution of the pressure along the height according to the analyt-
ical solution for six different time instants are contained in Figure 36 . As can
be observed from this figure, the spatial and temporal disretization used in this
paper leads to an excellent agreement between numerical and analytical solution
for the consolidation induced deformations, due to the quadratic approximation
of displacements. Since a liner approximation of the liquid pressure is used, the
quality of the reproduced water pressures for different time steps is less accurate,
however still acceptable.
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Figure 36: TERZAGHI’s consolidation test: Development of surface settlements of the top surface
in time and water pressure distribution in the soil column for different time steps.
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