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ARTICLE INFO ABSTRACT

Keywords: Different calculation methods and modeling strategies are commonly used in engineering practice to predict the
TBM internal forces in segmental tunnel linings. Accordingly, the calculation results can differ. The present paper
Structural design compares internal forces resulting from five state-of-the-art calculation models, of which three continuum models
FEM L and two bedded beam models, to new in-situ measurements of internal forces at the recently built TBM tunnel for
Structural monitoring | . . .
In-situ measurements the U5 metro line in Frankfurt, Germany, and discusses agreements and differences. Hereby, a generally good
Simulation agreement is found for the normal forces. The predictions of the bending moments are satisfying, but there are
some discrepancies. It is shown that it might be necessary to consider assembly imperfections in the calculation
models to improve the agreement between the calculation results and the measurements. Also, the differences
between the calculation methods themselves are addressed. It is analyzed that generally continuum models give
more realistic internal forces, but that also bedded beam models can have advantages, e.g. when large parametric
studies are required. Finally, recommendations are given regarding the application of calculation models for

structural design.

1. Introduction

In TBM tunneling, a segmental tunnel lining is formed by assembling
reinforced or steel fiber concrete segments into rings. The structural
design of the segments needs to ensure their stability, serviceability, and
durability. This requires predicting the internal forces and the stresses
related to them in the lining accurately (enough). However, these pre-
dictions are challenging engineering tasks due to several reasons. On the
one hand, the nature of the segmented structure requires that several
complex interactions occur between the components involved: between
the single segments (“longitudinal joints™), between neighboring rings
(“ring or circumferential joints”), and between lining and soil (“soil-
lining interface”). It can be challenging to determine realistic charac-
teristics for interactions and interfaces to model and simulate these in-
teractions and their effects accurately. Consequentially, this adversely
affects the accuracy of calculation results. On the other hand, incom-
plete knowledge of parameters, e.g., of the surrounding soil — which
causes the main loading — and time-dependent mechanisms, contribute
to the uncertainties and inaccuracies regarding the predicted stresses
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and internal forces in segmental linings.

Nevertheless, shield-driven tunneling has experienced significant
technical progress over the last few decades, especially regarding me-
chanical engineering (Fischer et al., 2014). Tunnels can now be realized
very variably under almost all geological and hydrological situations
and the most complex boundary conditions (Thewes, 2014), e.g. in
densely populated urban areas with low overburden (Schade et al.,
2023) or with high diameters (Griibl, 2012), and this development al-
lows them to contribute more to a sustainable and efficient infrastruc-
ture (Bobylev et al., 2023; Sauer, 2016).

Because the boundary conditions can be quite complex, reliable and
accurate predictions regarding the structural behavior of segmental
linings are necessary. This includes stresses and internal forces in the
linings, which are addressed in this paper, but also the influence of
shield-driven tunneling on other structures e.g. in settlement pre-
dictions. Inaccurate or erroneous calculations can lead to interruptions
of construction works, delays in construction progress, increased costs,
damage and subsequent refurbishments, reduced durability, and in
extreme cases to danger for people.
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Significant technical developments regarding the calculation
methods for segmental tunnel linings have also occurred over the last
few decades to ensure flawless tunnel linings (Fischer et al., 2014;
Meschke, 2014). Modern calculation methods can accurately consider
many aspects and mechanisms of shield-driven tunneling and segmented
linings. Their level of detail can reach up to the time-dependent three-
dimensional simulation of the complete construction procedure
(Marwan, 2019; Marwan et al., 2021; Meschke et al., 2023) and consider
highly complex situations (Zaheri and Ranjbarnia, 2021; Zaheri and
Ranjbarnia, 2022; Zaheri et al., 2022), which, however, is not always
suited for common practical applications.

However, although modern calculation methods are widely used in
engineering practice, their results have rarely been compared to in-situ
measurements due to limited available measurement data. In a recent
long-term monitoring campaign that is presented in section 3 and was
carried out by two of the authors, new measurement data regarding the
internal forces in a segmental tunnel lining was gained and validated by
complementary laboratory tests. This paper compares the results of
different calculation models that align with the state-of-the-art to these
measurement data. The study concerns the long-term, final state internal
forces, the normal forces and the bending moments.

2. Calculation methods

Nowadays, in engineering practice, two general types of calculation
methods are common and widely used for the structural design of the
lining itself: “continuum models” and “bedded beam (or also frame)
models”. Further analytical and strongly simplified methods are some-
times suited for validations and to get quick results. Due to their high
degree of simplification, they are not part of this paper.

In continuum models (e.g. Do and Dias, 2017; Moller, 2006;
Kolymbas, 2008), the lining and the soil are modeled explicitly. Gravity
causes loads that act on the lining (“passive loading™). With continuum
models it is possible to simulate the development of stresses in and de-
formations of the soil and the lining. The lining itself can be modeled
with a one-dimensional (1D) beam chain (e.g. Do, 2014) or with its real
geometry (e.g. Marwan, 2019). In 1D lining models, the behavior of
longitudinal joints can be considered with rotational springs according
to JanBen (1983), who adopted the concrete hinge relationship of
Leonhardt and Reimann (1966) for segmental linings; in higher di-
mensionalities, interface elements or contact formulations can be
applied (Marwan, 2019), or they can generally be neglected if other
aspects are of interest (e.g. Smarslik et al., 2017). The interaction be-
tween the lining and the soil is either modeled explicitly with interface
elements or contact formulations, or is considered rigid.

In contrast, numerical bedded beam models (e.g. Behnen et al., 2013,
2015; Fischer et al., 2014; Oreste, 2007), commonly represent the lining
with a chain of one- (1D) or two-dimensional (2D) beams. In these
models, the “soil” — or, more accurately, the soil-lining interaction — is
modeled with independent springs (Duddeck, 1980). Consequently, the
loads acting on the lining must be applied directly (“active loading™).
The effect of the longitudinal joint can be modeled similarly to contin-
uum models.

Various state-of-the-art, international recommendations and guide-
lines (ACI, 2020; BMVI, 2022; DAUB, 2014, 2024; DB-Netze, 2014;
DGGT, 2014a; ITA, 2019; OVBB, 2009) generally do allow the utiliza-
tion of both methods in structural design and both have been used
successfully. Some of them recommend the usage of continuum models
in soft soil or in the case of complex geometries or loadings (ACI, 2020;
DAUB, 2024; OVBB, 2009). Further various, justifiable modeling ap-
proaches and strategies are possible within the two methods.

Both calculation methods can be applied for two (2D) — and three-
dimensional (3D) simulations. In 3D simulations, also the longitudinal
interactions of neighboring rings can be considered. In most cases, a 2D
model with plane strain conditions is sufficient (Bakhshi and Nasri,
2014a, 2014b; DAUB, 2024; DGGT, 2014b; ITA, 2019) and, if relevant,
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3D effects as ground relaxations following excavation can be considered
with suitable deconfinement methods (Meschke, 2014). 3D models are,
however, required if spatial mechanisms, concentrated loads, or local
geometry changes, as in cross-passage areas, occur and influence the
tunnel lining (DAUB, 2024; Klappers et al., 2006; OVBB, 2009). Also, if
the early stages are of interest and the construction procedure is simu-
lated explicitly, 3D models are required (ACI, 2020; Bakhshi and Nasri,
2014b; DAUB, 2024; OVBB 2009). Despite the developments in com-
puter technology, full 3D models still nowadays require an elevated
calculation time and are, therefore, not always suited for engineering
practice, particularly for large parametric studies (DAUB, 2024). This is
why, although the structural behavior of a tunnel is three-dimensional
(Arnau and Molins, 2012), 2D and “quasi/pseudo-3D” calculations are
widely used (Do and Dias, 2017) and are also the main concern of this

paper.
3. The studied case

In Frankfurt (Main), Germany, the U5 metro line was extended by an
840 m long shield-driven tunnel to connect a newly built city district to
the city’s public transport network (Budach et al., 2020). In the eastern
part, the tunnel route (Fig. 1) crosses an area with several existing and
planned skyscrapers that are about to be constructed in the upcoming
years. In particular, a 175 m tall skyscraper will be built on the route and
will eventually be positioned right above the tunnel. In this area, with a
ratio of overburden to diameter of about 1.95, the U5 can be considered
a shallow tunnel. It will be strongly affected by the skyscraper con-
struction and the corresponding excavation pits. This was also observed
in preceding calculations (ARGE SBEV, 2017). Therefore, to survey the
structural behavior of the tunnel before, during, and after the skyscraper
construction, a structural monitoring campaign was applied to the lining
by two of the authors, during which the measurement data for the an-
alyses in this paper was gained. The monitoring campaign and the
relevant results are summarized subsequently. More details can be found
in Rauch and Fischer (2022, 2023, 2024a).

The lining of the U5 consists of six reinforced concrete segments of
equal size placed in a staggered configuration with a 30-degree offset
between subsequent rings. The segments are named clockwise with
letters from A to E and keystone K (Fig. 1). The lining has an inner
diameter of 5.90 m, a thickness of 45 cm, and a single ring length of 1.20
m. The longitudinal joints are of plane shape. Their contact surface has a
width of 25 cm, and its center line is aligned with the segment’s center
line. The ring joints are also plane. The contact between two rings occurs
through twelve plywood packers. Two of them are placed on each seg-
ment’s side and positioned in line with the tunnel boring machine’s
(TBM) jacks. Bolts are used as assembly aids but are removed after some
days and are not part of the final state lining. The segment’s concrete is a
C45, with a Young’s modulus of about 36000 N/mm2. The bending
reinforcement consists of 13 B500 steel bars with a diameter of 14 mm.
The annular gap of about 15 cm, formed due to the excavation overcut,
was filled under pressure with a bi-component grout.

Two tunnel sections (A and B) of the U5 were equipped with sensors
to observe the development of normal forces and bending moments in
the lining. The main instrumentation (Fig. 1) consisted of embedded
strain sensors. In each monitored section, 13 vibrating wire transducers
(VWT) and 26 strain gauges (SG) were positioned in the circumferential
direction, and another 8 VWT in the longitudinal direction. At the
VWT’s positions also the temperature was recorded. The lining’s de-
formations were measured to validate the strain measurement data. The
amount of actual measurements in the sections was different. Therefore,
for the analyses in this paper, only the better-equipped section B is
considered. The measurements at both sections were initiated right after
the ring assembly to register the complete loading history. Measure-
ments at section B started in May 2021.

The geotechnical and structural situations of section B are shown in
Fig. 1. The values of the soil parameters are given in section 4. Section B
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Fig. 1. U5 metro line. Left: overview of the eastern part of the U5 extension and instrumentation (VWT=vibrating wire transducer, SG=strain gauge,

C=circumferential, L=longitudinal); right: the geotechnical and structural situation

is surrounded by a Miocene clay layer, the so-called “Frankfurt Clay”,
which is overlain by a sand layer and is positioned below the ground-
water table. At the time of this study, an old existing building is posi-
tioned on the ground surface. This building will later be demolished for
the planned skyscraper. The axial distance between the two tubes is
about 18.40 m, corresponding to 2.7 times the tunnel’s outer diameter.
It was measured that the interaction between the two tubes is small at
this distance. This was also previously shown by studies of Do et al.
(2014a). Therefore, in the subsequent calculations, only a single tube is
simulated, neglecting the presence of the other one.

The development of the internal forces reaches a stable, final state
with low changing rates after about one year of measurements (Fig. 2
and Fig. 3). Afterward, the internal forces remain relatively stable and
are only slightly influenced by measurement inaccuracies and seasonal
temperature effects. Therefore, for this study, the point in time corre-
sponding to the final state was set to 365 days after the ring assembly.

The observed internal forces after 365 days at several positions along
the tunnel’s circumference at section B are shown in the right subfigures
of Fig. 2 and Fig. 3, including a 95 percent error band that results, e.g.,
from the sensors’ measurement inaccuracies. These values are used for
the study presented in this paper.
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Fig. 2. Measured normal forces. Left: development over time starting right after ring
365 days with a 95 percent error band.

at section B, investigated in this study.

The normal forces (Fig. 2) are quite regularly distributed. Values
between —920 kN/m and —1200 kN/m (compression) are measured,
with an average value (“normal force level”) of —1010 kN/m. The
bending moments (Fig. 3) fluctuate along the lining’s circumference.
The measured values range from 92 kN/m to —123 kN/m. Positive
bending moments with positive tensile stresses at the intrados are found
in the crown and negative bending moments with tensile stresses at the
extrados at the side walls. This is expected for a tunnel in soft soil with a
coefficient of lateral earth pressure ko smaller than one, as in this case.
The tunnel invert was not equipped with sensors. The bending moment
distribution is not exactly symmetric with respect to the vertical and
horizontal axis but is slightly rotated clockwise according to the posi-
tions of the longitudinal joints in the segmental ring.

During the monitoring, not only the internal forces along (or
tangential) to the lining’s circumference (“tangential internal forces™),
which are mainly addressed in this paper, were measured, but also the
longitudinal normal forces in the direction of TBM advance (longitudi-
nal tunnel axis) (see also Fig. 1). These forces, which are introduced into
the lining by the thrust forces during tunnel construction, through
friction cause an interaction of neighboring segments in the longitudinal
direction that influences the structural behavior by increasing the

-2000 _
Day 365
2022
~1750 15.05.2022
~1500 -
Z 1250
3
£ 1000 {
=
E‘ }
£ -750
z
90° 500 0°
250 90°
0= T T T T . !

T T
0 45 90 135 180 225 270 315 360
Position [°]

assembly; right: normal forces distributed along the lining’s circumference after
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Fig. 3. Measured bending moments. Left: development over time starting right after ring assembly; right: bending moments distributed along the lining’s

circumference after 365 days with a 95 percent error band.

lining’s stiffness. Their long-term behavior has been widely discussed in
literature (e.g. Arnau et al., 2011; Gil Lorenzo, 2019). At U5, it was
found that it is likely that the longitudinal forces (TBM jack induced)
vanish during the tunnel’s lifetime due to the long-term concrete
behavior, creep and shrinkage, and temperature effects. This possibility
is also pointed out in DAUB (2024) and DGGT (2014b). However, it
remained unclear if the lining finds a new equilibrium before the lon-
gitudinal forces vanish and, therefore, if it “conserves” the early-stage
effects of longitudinal ring coupling. Since it is unlikely, but not
excluded, that longitudinal forces did not vanish or that a new

Table 1
Characteristics of the developed models.

equilibrium was found before the longitudinal forces vanished, the re-
sults of 3D models, including longitudinal ring interaction, are also
considered in this study.

4. Developed calculation models and adopted modeling
strategies

According to the geotechnical situation of the U5 metro tunnel and
the findings during the monitoring campaign, a calculation model must,
at minimum, explicitly include the effects of segmentation and the

Model  Calculation Model dimensionality Lining Longitudinal joints Soil constitutive Deconf. Soil-lining interaction
method model method
M1 Continuum 2D, plane strain conditions 2D shell with real Interfaces” reproducing Mohr-Coulomb : ccM 2 Interfaces” with
model geometry the moment-rotation lin.-elastic, perf.- with factor  tensional cut-off 7
relation of Janfen (1983) plastic A
with yield function
constant soil
stiffness
M2 2D, plane strain, one One layer of 192 Rotational springs, Hardening Soil ¥ SRM © Single, connecting
longitudinal layer straight shell (2D) reproducing the moment- stress-dep., with factor  springs with tensional
elements, assigned rotation relation of Janfen  elastoplastic Br cut-off 7
cross-section values (1983) suited for soft soil
M3 3D (“pseudo 3D” V), with As in Model M2, but ten yield funct. of M.-
ten longitudinal layers and layers Coul.
longitudinal ring interaction different stiffnesses
for loading, re-/
unloading
plastic deformations
can occur before
failure
M4 Bedded beam 2D, plane strain 96 straight beam (1D) - - Independent, non-
M5 model 3D (“quasi-3D”), two elements with assigned - linear springs with
segmental rings incl. cross-section values tensional cut-off
longitudinal ring interaction
D see Fig. 5.
2)

3

7

seeMoller (2006).
4 gee Schanz et al. (1999).
5 Convergence-confinement method.

) Stiffness-reduction method.
7)

<

exceeds soil stiffness (Behnen et al. 2013).

set according to FLAC manual (2019) and Zaheri et al. (2020).

By avoiding an unplanned load-bearing of the grout this prohibits unloading of the lining unwanted in structural design (DAUB 2024); assumption: grout stiffness
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longitudinal joints, as well as groundwater effects, to predict final state
internal forces. Due to the likely loss of longitudinal forces, a 2D model
with plane strain conditions seems generally sufficient.

Five different models, M1 to M5 (Table 1) that consider these aspects
and are in line with the mentioned state-of-the-art and, therefore, suit-
able for engineering practice were set up and are presented sub-
sequentially. Their results are compared to the measurement data in
section 5. For Model M1, the software package of FLAC 8.1 (Itasca,
2019), with a finite difference formulation (FDM), and for Model M2 to
M5, the software package of Sofistik 2023 (Sofistik, 2023), with a finite
element formulation (FEM), were used for this purpose.

4.1. General aspects and continuum models

All continuum models, M1, M2, and M3, include three main simu-
lation steps: calculating the initial soil stress state under gravity, ground
relaxation due to the excavation, and the lining installation and its
loading. The effects of construction on ground relaxation are considered
by two deconfinement methods (Table 1 and Fig. 4): the convergence-
confinement-method (CCM) and the stiffness-reduction-method (SRM)
(Do et al., 2014b; Do and Dias, 2017; Janin et al., 2015; Meschke, 2014).
The CCM simulates ground relaxation through pressures o, which
counteract the excavated soil pressures and are reduced by (I- 4,) prior
to lining installation and then removed. In the SRM, the soil stiffness E
in the excavation area is reduced by f, before removing the soil ele-
ments. Because shield-driven tunneling prevents major relaxations in
the soil, the relaxation should not be set too high (e.g. Ahrens et al.,
1982a; DAUB, 2014; DGGT, 2014b).

The soil layers are modeled according to Fig. 1, with the character-
istics in Tables 1 to 3. The soil properties were available from the U5
geotechnical site report (CDM Smith, 2017). The effects of groundwater
are included in the models. The concrete lining is modeled according to
Tables 1 and 4 with a linear-elastic material law. In the models M2 to
M5, the circular geometry is approximated with a sufficient number of
straight elements, according to Ahrens et al. (1982a). Reinforcement has
no significant effect in the expected stress range and is therefore
neglected in this study.

The soil-lining interaction is modelled according to Table 1. As it is
questionable if a significant tangential soil-lining interaction occurs due
to the potentially low shear stiffness of the grout mortar and the low
tangential bond between soil, grout, and lining (Ahrens et al., 1982a;
Duddeck, 1980), the influence and the value of the tangential interac-
tion are part of the study in this paper and addressed in the subsequent
sections. Two cases are applied:

— “(Full) slip case” with no tangential interaction, as assumed e.g. by
Schotte (2016) or Winselmann et al. (2000).

— “(Full) bond case” with full tangential interaction, as (additionally to
the slip case) assumed e.g. by Arnau (2012), DAUB (2014), DGGT
(2014b), and Kamper et al. (2016).

According to Moller (2006), the 2D model dimensions were chosen
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large enough to avoid an impact of the boundaries on the structural
behavior of the tunnel itself. The distance between the tunnel invert and
the bottom boundary is 31.7 m, and the distance between the horizontal
boundaries is 70.0 m. Following sensitivity analyses, model M1 con-
sisted of approximately 26,394 zones, model M2 of approximately
37,801 elements, and model M3 of approximately 377,626 elements.

In model M3 and model M5, additional interfaces occur in the ring
joints, which are modeled according to Klappers et al. (2006), with
prestressed, single springs at the positions of the packers and a tensional
cut-off. The corresponding material parameters were available from the
U5 structural design report (ARGE SBEV, 2017) and can be found in
Table 4.

The required time for one calculation of the continuum model with
the presented configuration can reach up to about 24 h, which is
significantly more than for a bedded beam model, which is presented in
the next section.

4.2. Additional specific aspects for bedded beam model

The bedded beam models M4 and M5 are set up according to Fig. 1
and Tables 1, 2, and 4. The general remarks from section 4.1 also apply
to the bedded beam models. However, some additional, specific aspects
are presented subsequently.

Fig. 6 shows a bedded beam model, similar to model M4. An angle of
+ 45 degrees around the (shallow) tunnel crown remains unbedded
(Ahrens et al., 1982a). In the bond case, tangential springs (not shown in
Fig. 6) with a ratio of tangential to radial spring stiffness of 0.3 (e.g. Do,
2014; Plizzari and Tiberti, 2006; JSCE, 2007 as cited in ITA, 2019) are
modeled perpendicular to the radial springs. In the slip case, a negligible
tangential stiffness of 2.5 percent is applied to improve numerical sta-
bility (DAUB 2024). The active loading is set similarly as in ARGE SBEV
(2017). In the bond case, also the tangential load components are
applied. The corresponding calculation steps are shown in the Appendix.
The (quasi-) 3D Model M5, respectively, consists of two equal rings that
are coupled in the same way as in model M3. The segments are modeled
with half of their real length.

The calculation time of a 2D or 3D bedded beam model is generally
below 60 s and, therefore, significantly shorter compared to a contin-
uum model.

4.3. Consideration of geometric imperfections

Next to the mentioned parameters, the assembly quality can also
have an impact on the internal forces (Schotte, 2016). Therefore, a
subsequent part of this paper includes considerations and calculations
regarding the effects of geometrical assembly imperfections in longitu-
dinal joints (Fig. 7) on internal forces. Their appearance is undoubted,
and it has also been explicitly measured (Schotte et al., 2015; Schotte,
2016) that the ring assembly is not exactly perfect in many cases, which
is the primary cause of longitudinal joint imperfections. In this paper,
the effects of geometric imperfections are simulated for bedded beam
models. The detailed development and validation of the applied

Fig. 4. Deconfinement methods and corresponding formulas. Left: the convergence confinement method (CCM); right: stiffness reduction method (SRM).
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Table 2 Table 4
Soil parameters used in the numerical models. Further specific calculation parameters.
Clay (around the tunnel) Sand (overlying layer) Parameter Value Comment
Parameter Bandwidth Studied Bandwidth Studied Young’s Modulus 36,000 Determined through laboratory
from value(s) from value(s) concrete C45 [N/mm2] tests performed by the authors
geotechn. geotechn. Poisson ratio concrete 0.2
report report Radial soil-lining 9000 for E;.=45  For model M1 only
: 3 2
Oedometric 2945 /75 457,75 60 /120 60 interface [N/mm’] 2/[5N£(‘) o E —
5 'S T
mgdulu§ E;[MN/ 75 MN/m?
m’] .(prlmary Radial soil-lining spring 1.1E6 For models M2 and M3 only
loading / un-, . 3
N stiffness [kN/m?]
relt?a‘dlng) Longitudinal spring 1.5E6 For models M3 and M5, acc. to
Coefficient of 0.57-0.75 — 0.58 (low) 0.43 N L
lateral earth 067 snffnes: in ring joint Klappers et al. (2006) and ARGE
. [kKN/m”] SBEV (2017)
pressure ko [-] (medlux.n) . Shear spring stiffness in 0.6E6 For models M3 and M5, acc. to
. X 0.74 (high) ring joint [kN/m?] Klappers et al. (2006) and ARGE
Poisson Ratio [-] 0.4 0.35 S
Dry density yary, [t/ 1.27 1.97 SBEV (2017)
m? 4 : ' Radial elastic spring _ 10*& _ For models M4 and M5, for a
Saturated density 178 216 stiffness [kN/m>] R shallow tunnel acc. to Duddeck
3 ’ ’ 14173 (1980).
Ysar [t/mM7]
Density under 0.78 1.16
buoyancy y’ [t/
m3] -
Cohesion ¢ [kN/ 15-25 20 0 Ovo
m?] Owoo: = [~ 191 kN/m’ Oyoe =
Friction angle ¢ [°] ~ 15-25 15, 20, 25 32.5-37.5 35 215 kN/m? T - 122 kN/m?
Dilation 6 [°] 0 5 Gho
Porosity [-] 0.52 0.19 NQ LN /ym2
Permeability [m/s] 5e-8 le-3 128 k?r—l)]“]
D Es = 45 MN/m? is the recommended value for structural design (bedded /
beam). |
2 used for bedded beam models. /_)
/
|
Table 3 \
Parameters for the Hardening Soil constitutive model. /l_> \‘
Parameter Clay (around tunnel) Sand (overlying layer) / /
Eso,rer [MN/m?] 35 50 /
Eoedreg [MN/m?] 35 50 [ 5l
Eur [MN/m?] 105 125 /
m [-] 1.0 0.5 /
Pres [KN/m?] 100 100 /
v 11 0.2 0.25 |
Ohis0oc =
161 kN/m?
procedure to consider geometrical longitudinal joint imperfections is A\ Guis0 =
explained in Rauch and Fischer (2024b) and briefly summarized G0 = 96 KN/m? | 186 kN/m?
subsequently. .

The effects of geometric joint imperfections are considered by
modifying the moment-rotation-relation of JanBen (1983) (Fig. 7) for
perfectly assembled longitudinal joints. In its original version, the
moment-rotation-relation of JanBen (1983) simulates the opening of a
longitudinal joint. An elastic material behavior is assumed, and the
relation is reversible. To consider longitudinal joint imperfections due to

Fig. 6. Model M4. Geometry and applied active loading due to earth pressure,
water pressure, and the old existing building loads on bedded beam model.
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Fig. 7. Consideration of geometric longitudinal joint imperfections. Left: misalignment a, and relative rotation Aa between two adjoining segments; right: modi-
fication (bottom) of the original moment-rotation relation by JanRen (1983) for perfect assemblies (top) to simulate the effects of longitudinal joint imperfections;
redrawn and modified from Rauch and Fischer (2024b).

assembly inaccuracies, the origin of the relation is moved by the preliminary validation study, it was found that the influence of mis-
magnitude of initial, imperfect joint openings Aa along the x-axis. alignments on the internal forces is small compared to rotational
Additional misalignments are neglected in this case. However, in a imperfections.
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Fig. 8. Normal force levels. Obtained by the calculation models M1, M2 and M4 under the variation of: ko, the parameters for ground relaxation and the tangential
interaction case; and compared to in-situ measurements.



F. Rauch et al.
5. Comparison of calculated and measured internal forces

Subsequently, the agreements and differences between measure-
ments and calculations regarding the internal forces in the stable, final
state (365 days after ring assembly) are presented and discussed. The
analysis is constructed step-by-step, descending from global to local,
namely the normal force level, the normal force distribution, the peak
bending moments and stresses, and the bending moment distributions.

5.1. Normal force level

The normal force level is the average of normal forces along the
lining’s circumference, giving an impression of the total loads borne by
the lining. For the sake of comparability, the normal force level is not
calculated along the full 360 degrees, but at the invert an angle of + 30
degrees is excluded, as no sensors were placed there (see sensor posi-
tions in Fig. 2). The measured normal force level after 365 days was
—1010 kN/m (negative in compression).

The calculation results of the models M1, M2, and M4 were consid-
ered for this analysis. Longitudinal ring coupling in the ring joints does
not affect the normal force level, and therefore, the results of the models
M3 and M5 are not shown. E; was kept constant at 45 N/mm? in all
calculations. Fig. 8 shows calculated normal force levels with good
agreements compared to the measurement. The following can be noted:

— A good agreement between calculated and measured normal force
levels can be found for reasonable and realistic parameter settings.

— The normal force level in the lining is — next to the overburden’s
weight, which is fixed in this study — most influenced by the pa-
rameters considering ground relaxation before excavation, which
have to be chosen carefully. The available measurement data allows
to calibrate them, which is done subsequently.

— Due to the analysis of bending moments that is shown later, ky-values
above the medium value of 0.67 will appear unlikely and are not
further considered in the subsequent sections. For low to medium k-
values (between 0.58 and 0.67) in model M1 with the CCM, a good
agreement between 99.0 percent and 104.4 percent of measured and
calculated normal force levels is found if (1-4,) is between 0.85 and
0.90. This is slightly higher but close to the value of (1-1,) = 0.8, for
which a good agreement between 2D and full-3D internal forces was
found by Do and Dias (2017) for the final state. For model M2 with
the SRM, the calculated values range between 98.0 and 99.9 percent
of the measurements, if f, is 0.675 or slightly higher. Due to this
agreement, (1-4,) is set to 0.85 and 0.90, and S, to 0.675 in the
subsequent sections.

— The normal force level of the model M4 also shows a good agreement
with the measurements. The agreement is between 97.1 and 103.4
percent for low and medium koy-values. Consequently, this supports
the applied active loads, presented in section 4.2 and calculated in
the Appendix.

— The impact of changing between the slip case and the bond case is
stronger in the model M4 (bedded beam model) compared to model
M1 (continuum model), and contrary. This is further discussed in
section 6.

5.2. Normal force distribution

The measured normal force distribution is quite regular along the
lining’s circumference (Fig. 2). The calculation results of all models, M1
to M5, were considered to investigate the agreement between calculated
and measured normal force distributions. Fig. 9 shows three calculation
results with the best agreement to the measurements. All three apply the
slip case and E; = 45 N/mm?. Quantitatively, the three corresponding
rooted sums of squared errors are 160 (M1), 175 (M2), and 174 (M4).
The grey area indicates the envelope of all calculation results. The
analysis of the distributions yields the following results:
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Fig. 9. Normal force distributions. Comparison of measured and calculated
normal force distributions: measurements, three best-fitting calculation results
(all slip cases and E; = 45 N/mm?) and bandwidth of all calculated normal force
distributions (grey area).

— Generally, a good agreement between calculated and measured
normal force distributions is found for almost all models with suited
values for the ground relaxation parameters.

— The three best-fitting cases, obviously, also have a good agreement
regarding the normal force levels: 97.3 percent (M1), 98.0 percent
(M2), and 97.2 percent (M4).

— The best agreement is found for slip cases. Applying the bond case
results in a stronger fluctuation of normal forces along the linings’
circumference (not shown in Fig. 9). In the bond case, the absolute
normal forces are lower in the crown and higher on the side walls.
With the available data, it is not possible to address this topic defi-
nitely. However, the slightly better agreement for the slip cases is in
line with other reports (e.g. Blom, 2002; DAUB, 2014; Schotte,
2016).

- No significant influence of the applied constitutive law for the soil is
found.

— In the 3D models M3 and M5 (not shown in Fig. 9), contact forces are
locally introduced in the ring joints at the positions of the packers.
They influence the normal force distributions. However, these effects
are moderate under the applied values of kg and E;.

5.3. Peaks of bending moments and stresses

The peak bending moments and particularly the peak stresses are
values of importance for the structural design. Calculation results of the
models M1 to M5 are compared to the measured peak bending moments
and peak stresses in tension (positive values) and in compression
(negative). Different parameter configurations using the complete
bandwidths (Table 2) are considered. The values for the ground relax-
ation parameters are set as in section 5.2. The results obtained and the
measurement values are shown in Fig. 10 and Fig. 11. The following is
found regarding the peak bending moments (Fig. 10):

— The measured peak bending moments are quite large compared to
the calculations and cannot be reached with high ko-values, as
already mentioned previously. Only with low ky-values it is possible
to reach the measured peak bending moment, because, as expected,
lower ky-values lead to higher peak bending moments. In model M1
(slip case) changing from a medium to a low ky-value increases the
peak bending moment by 22.8 percent. The results of three varia-
tions of model M1 and one of model M5 exceed the measured peak
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Fig. 10. Peak bending moments. Obtained by the calculation models M1 to M5 under the variation of: ko, the parameters for ground relaxation, the longitudinal ring
interaction and the tangential interaction case; and compared to in-situ measurements.
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Fig. 11. Peak stresses. Obtained by the calculation models M1 to M5 under the variation of: ko, the parameters for ground relaxation, the longitudinal ring
interaction and the tangential interaction case; and compared to in-situ measurements. Positive values mean tension, negative values mean compression.

bending moments by a maximum of 8.9 percent. All the other studied — Next to the kp-value and the longitudinal ring interaction, the se-
models underestimate the actually measured peak bending moment. lection of the constitutive law of the soil influences the peak bending
— The 3D models M3 and M5 show increased peak bending moments moments. Linear-elastic laws, as in model M1 (where no limit stage is
compared to their 2D counterparts M2 and M4. This is due to the 3D reached), M4, and M5, lead to increased peak bending moments. And
longitudinal ring joint interaction, which leads to a stiffer system. in fact, the highest values are found for these models.
The magnitude of the increase depends on the contact forces, which — To compare, the calculated peak bending moments of the three best-
again depend on the possible/constraint deformations. In model M3, fitting models for the normal force distributions (Fig. 9) reach 103.2
the peak is increased by 36.0 percent for a medium ko and by 48.7 percent (M1), 61.0 percent (M2) and 52.0 percent (M4) of the
percent for a low ky because lower ko-values cause higher measured peak bending moments. This discrepancy is addressed in
deformations. section 5.4.
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The peak stresses are an indicator of the utilization ratio of the lining.
It is, therefore, essential to predict them accurately enough. The analysis
allowed the following observations regarding the agreement between
calculated and measured peak stresses (Fig. 11):

— As expected, like the peak bending moments, higher stresses are
found for lower ko-values, in the case of 3D longitudinal ring inter-
action, with lower E;, and for models with linear-elastic laws for the
soil. In almost all cases the maximum stress values are found for the
same models as at the peak bending moments.

— The calculated stresses barely reach the measured values. In tension,
the highest stresses of 1.67 N/mm? are found for model M1 (slip
case) with a low kyp-value, E; = 45 N/mm?, and (1-4,) = 0.9. In ten-
sion, this is the only model that reaches the maximum measured
stresses of 1.65 N/mm?2. Generally, the highest tensional stresses are
found for the models M1, M4, and M5 with a low kg-value in the bond
case. In many other calculations, no tension occurs.

— In compression, the highest calculated stresses of —6.57 N/mm? are
found for model M5 (bond case) with a low kg-value, exceeding the
minimum observed stresses of —5.63 N/mm?. Several other models
also exceed this value, at maximum by 16.5 percent.

5.4. Bending moment distribution

As for the normal forces, the calculated bending moment distribu-
tions are compared to the measurements, which show fluctuating
bending moments along the lining’s circumference (Fig. 3). The same
models and variations as in section 5.3 are investigated. Fig. 12 shows
the obtained calculation results and the measured bending moment
distribution. It includes the three calculated bending moment distribu-
tions with the best agreement compared to the measurements. The
corresponding rooted sums of squared errors are 139 (both variations of
M1) and 140 (M2). To summarize, the agreement between calculated
and measured bending moment distributions is satisfying, but it is not as
good as for the normal forces. In detail, the following observations are
made:

— Qualitatively, all calculated distributions and the measurements are
similar. Positive bending moments occur at the crown and the invert,
while they are negative at the sidewalls. The distributions change
signs four times.
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Measurement with
95 % crror band

150

Calculated bandwidth for M1-M5
for low and medium Ko-values

100 -
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Fig. 12. Bending moment distributions. Comparison of measured and calcu-
lated bending moment distributions: measurements, three best-fitting calcula-
tion results (all E; = 45 N/mm?) and bandwidth of all calculated normal force
distributions (grey area).

10

Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 154 (2024) 106084

— Similar to the measurements, in most calculated distributions, the
peaks are slightly rotated clockwise (not shown in Fig. 12). This is
due to the positions of the longitudinal joints, which are not sym-
metrical to the vertical axis (Fig. 1).

— The three best-fitting models and parameter combinations in Fig. 12
(subsequently “M—best—fits”) are not the same, that match the
measured peak bending moments and stresses the best (see section
5.3). They neither are the calculation models with the best-fitting
normal force distributions (subsequently “N-best-fits”) (see section
5.2). Regarding the bending moment distribution, the “N-best-fits”
reach a rooted sum of squared errors of 155, 149, and 166, which is
only slightly worse compared to the “M—best—fits”. On the other
hand, regarding the normal force distributions, the “M—best—fits”
reach rooted sums of squared errors of 290, 205, and 244, which is
between 17 and 81 percent worse compared to the “N-best-fits”.
Consequently, the “N-best-fits” appear more reliable. Due to the lack
of measurement data, it cannot be definitively excluded that the
“M—best—fits” are realistic combinations. However, because of the
elevated deviations in the normal force distributions, it seems likely
that there might be an additional mechanism that has an (improving)
impact on the agreement between calculated and measured bending
moments. Consequently, this would improve the bending moment
agreement of the “N-best-fits”. This is discussed in the next section
5.5.

— Next to the three best-fitting models in Fig. 12, several further
decently agreeing models are found that include longitudinal ring
coupling (models M3 and M5, not shown). As mentioned in section 3,
however, it is likely that the longitudinal forces will vanish with time
and will not contribute to the structural behavior of the final stage.
Nevertheless, even if they vanish, it is possible that through a new
equilibrium that was established before, some of the effects of lon-
gitudinal joint coupling are “conserved” into the final state situation.
Therefore, in any case, the agreement between calculations and
measurement may be improved if longitudinal ring coupling is
(partially) considered.

5.5. The effect of longitudinal joint imperfections

Although many different calculations were carried out, no (near-)
“perfect” agreements were found between measurements and calcula-
tions. Normal forces have a very good agreement, while bending mo-
ments agree less. One reason therefore could be that up to this point only
a perfectly circular lining following a perfect ring assembly was
considered. Although it is common knowledge that assembly imperfec-
tions occur, assuming perfectly circular linings is the state-of-the-art,
and it is not common to consider the effect of geometrical imperfec-
tions on the global internal forces explicitly. However, it is recom-
mended to consider them for local situations, such as tensile splitting
forces or partially concentrated compression stresses (DAUB 2024).

When longitudinal joint imperfections are introduced, the internal
forces, particularly the bending moments, can change significantly. At
U5 assembly imperfections were not measured explicitly. Therefore,
potential values were determined by a back-analysis in order to analyze
and illustrate their effects. The range of input values for the back-
analysis was set considering limit values for assembly accuracy re-
ported in guidelines and literature. Table 5 contains these limit values
according to Baumann (1992), Cavalaro et al. (2011), DAUB (2024), ITA
(2019), OVBB (2009), Schotte et al. (2015), and Schotte (2016).

Table 5
Considered limit values for assembly imperfections.

Parameter Limit value
Misalignment + 10 mm
Segment rotation +0.3°

Initial ovalization 0.5 percent of inner diameter
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Additionally, the geometrical compatibility was checked in a geomet-
rically realistic volume model to ensure that no overlapping occurred.

To visualize the effect of longitudinal joint imperfections on the in-
ternal forces, Fig. 13 shows the internal forces for three selected
imperfect models M4, calculated with the method presented in section
4.3, compared to the results of a perfectly circular model M4 and the in-
situ measurements at U5. In this case, a low ko-value and the slip case
were assumed.

Table 6 shows the corresponding geometrical configuration of the
imperfect models. The following observations can be made:

— Geometrical longitudinal joint imperfections have no relevant in-
fluence on the normal forces.

— The imperfections significantly influence the bending moments due
to the changed load introduction in the segments’ longitudinal joints.

— Although the three imperfect models in Fig. 13 have different values
of imperfections, they give similar results.

— The bending moment distribution agrees better with the measured
distribution if longitudinal joint imperfections are considered. The
rooted sum of squared errors is reduced from 167 for the perfectly
circular model to values between 140 and 143 for the imperfect
models.

— At U5, geometric imperfections were not measured. Therefore, only
their general effects and relevance can be shown in this study.
However, it should be noted that considering longitudinal joint im-
perfections leads to higher (global) stresses within the lining. In the
case of Fig. 13, stresses in compression are increased by 26.2 to 33.9
percent if imperfections of Table 6 are considered. On the other
hand, tensional stresses appear in the imperfect models which is not
the case for the perfectly circular model. Therefore, this may be
relevant for structural design, and a more extensive study on the
relevance of longitudinal joint imperfections will be carried out and
published later.

6. Continuum models vs. Bedded beam models

When comparing the results of the applied calculation models to
each other, it can be observed that the calculation results of continuum
models and bedded beam models are not equal — because, in fact, the
models and their approaches are different, e.g., regarding load appli-
cation and soil-lining interaction. From the calculation results presented
in section 5, the following can be noted:

— All models give quite similar results for the normal forces.

— In the case of the shallow U5, the results of model M1, on average,
give the highest stresses. However, the peak stresses are reached with
model M5, which is why the bedded beam models would conse-
quentially be relevant for design here (Fig. 11). However, this is only
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the case for low kyp-values and could, therefore, be inverted under
different boundary conditions. It appears impossible to define a-
priori, which model will give the most conservative results. In
Fig. 11, it can also be observed that while the stress peaks of models
M1, M2, and M3 are quite similar, the differences between the stress
peaks of different models M4 and M5 are larger. This is attributed to
the fact that bedded beam models depend on fewer parameters and
are, therefore, more sensitive to parameter changes. Consequently, it
might be recommendable to consider wider parameter bandwidths
when using bedded beam models, and contrarily, it seems likely that
if there is less knowledge of the tunnel’s boundary conditions, the
bedded beam models will give more conservative results due to the
broader considered bandwidth. This should, however, be investi-
gated in further studies.

— Bedded beam models and the resulting internal forces are more
sensitive to changes of kg-values, which are a key calculation
parameter. On average, the peak stresses change by 18.2 percent in
model M1 and by 22.3 percent in model M4 if the ko-value is
modified.

— The biggest difference is found regarding the tangential soil lining
interaction (slip and bond). While in continuum models the slip cases
give slightly higher peak moments and stresses (on average by 8.0 to
11.0 percent), it is the opposite for the bedded beam models (the
magnitudes can more than double). This difference is likely due to
the differing load application and possible redistributions in the
continuum models. Such redistributions cannot occur in the bedded
beam models (Behnen et al., 2013), and therefore, the tangential
components are simply not applied. Consequently, when using
bedded beam models, the bond cases should be considered.

From the analyses in this paper, definitively answering the question
of which model is more “realistic” is difficult. However, it should be
remembered that the concept and the formulas for bedded beam models
were derived from continuum models for deep tunnels and then adapted
to shallow tunnels (Ahrens et al., 1982a). Consequently, and also
because of the higher degree of detailing, it is justifiable to assume that
continuum models are more realistic. This is supported by the findings
shown in section 5, in which continuum models, in some cases, gave a
slightly better agreement to the in-situ measurements. However, it
should be considered that further modeling strategies exist within con-
tinuum models (and also within bedded beam models) that might have a
different agreement. Nevertheless, bedded beam models still have some
advantages on their side: the soil parameters required for bedded beam
models are determined more easily (Ahrens et al., 1982b), and the
calculation time is much lower, which is an advantage in parametric
studies, which — also following the findings here — should be part of any
tunnel design.
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Fig. 13. Effect of geometrical longitudinal joint imperfections: on normal forces (left), bending moments (center) and stresses (right) for three imperfect models M4

compared to a perfectly circular model M4 and the measurements.
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Table 6
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Applied geometric configurations of imperfect models: rotations of segments and misalignments of longitudinal joints.

Model Segment rotations [°] Joint misalignment [mm]

A B C D E K A/B B/C C/D D/E E/K K/A
Imp 1 0.087 0.068 0.024 0.085 0.168 -0.017 2.9 4.1 2.5 1.9 1.1 0.1
Imp 2 —0.088 —-0.011 —0.048 0.039 —0.046 —0.085 2.1 7.8 0.8 5.0 3.2 9.9
Imp 3 -0.15 0.010 0.066 —0.067 —0.069 0.066 1.6 7.6 1.6 3.4 2.8 8.3

7. Conclusions

Five different calculation models, three continuum models and two
bedded beam models, with several different state-of-the-art modeling
strategies and various, realistic parameter combinations were applied to
the case of the newly built segmental tunnel lining of the extension of the
U5 metro line in Frankfurt (Main), Germany. This paper compares their
calculated final state internal forces to in-situ measured internal forces
at the U5.

A good agreement between measurements and calculations can be
found for the normal forces for many different models. Although the
general agreement is worse for the bending moments, the agreement is
satisfying for some models with suited parameter combinations. Their
measured qualitative distribution can be reproduced well in calcula-
tions, while the quantitative comparisons show some differences. In
many cases, the calculated peak bending moments stay below the
measurements. This also holds for the lining’s stresses. However, some
parameter combinations — sometimes at the edge of the possible realistic
parameter bandwidth — give calculated stress magnitudes similar to the
measurements.

When calculating global internal forces, a perfectly circular lining,
without geometric assembly imperfections, is mostly assumed in struc-
tural analyses. It was shown, however, that taking geometric imper-
fections under consideration has a significant effect on the internal
forces, particularly on the bending moments, and can lead to an
improved agreement between calculations and measurements.

Finally, the following conclusions can be drawn regarding the
applied calculation models for their applicability in the engineering
practice:

— Generally, when considering the possible parameter bandwidth, all
studied state-of-the-art calculation methods can give the results
relevant for structural design with an acceptable accuracy.

— From the findings presented in this paper, it seems likely that con-
tinuum models give more realistic results compared to bedded beam
models for the investigated type of shallow tunnel. However, it is
difficult to determine a priori which model configuration and
parameter combination will give the most realistic results. Conse-
quently, parametric studies that cover the possible realistic band-
widths of relevant geotechnical parameters are essential. To enable
this with reasonable effort, calculation times should be low enough.
The latter favors smaller models over larger three-dimensional
models. Following this, it appears recommendable to use 2D and
pseudo-3D continuum models in structural design for situations and
boundary conditions similar to those studied in this paper (e.g. final-
state, no local geometry or load changes as cross-passages, no in-
teractions with neighboring linings, shallow tunnel etc.).

— The ratio of lateral to vertical earth pressure k¢ is probably the most
relevant parameter for calculations in structural design. The poten-
tial bandwidth, particularly below medium values, should be
included carefully in the parametric study. Moreover, in continuum
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models, the constitutive model for the soil should be selected care-
fully. Applying the Mohr-Coulomb model with a linear-elastic,
perfectly plastic behavior mostly led to more conservative results
compared to the Hardening Soil model.

— It remained unsolved to which extent (early-stage) 3D longitudinal
ring coupling, in reality, influences the final state internal forces.
Since longitudinal ring coupling can have a significant impact on the
lining’s stresses the effects of ring coupling should be included in the
parametric studies for structural design, e.g. by pseudo-3D calcula-
tions. The same holds for the tangential interaction. Therefore, both
the slip cases and the bond cases should be studied, particularly
when using bedded beam models. Focus on these two parameters
should also be part of future measurements and investigations.

It was also shown that neglecting the effects of geometric imper-
fections on the internal forces leads to non-conservative and probably
less realistic results. Further studies will address this topic and investi-
gate if, under which boundary conditions and how such geometric im-
perfections should be explicitly considered in structural design. For
future measurement campaigns, it is recommended to explicitly measure
geometric imperfections during and after assembly.
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Fig. 6 shows the bedded beam model’s geometry and (active) loading. The active loading is set similarly as in ARGE SBEV (2017), and its

calculation is presented subsequently.

The vertical earth pressure is calculated according to the geotechnical situation of Fig. 1 and the specific weight of the soil layers (Table 2). Because
of the shallow position, the complete overburden is applied as an active load. Exemplarily, the loads are calculated in Equations 1 to 11 for a kp-value
of 0.58 (low). To account for buoyancy and the unloading due to excavation (parameter B in Equation (4), a reduced vertical earth pressure o, is
applied to the lower half of the lining as in ARGE SBEV (2017). The horizontal earth pressure oy, is calculated by multiplying the non-reduced vertical
earth pressure o, by k. The earth pressure is then split into a radial and a tangential component. While the radial component is always applied, the
tangential component is applied depending on the case (slip/bond), as the loading situation must be compatible with the bedding (Behnen et al.,

2013). The water pressure oy, always only acts radially.

Gv = Ov building +’Ysand,dry*h1 +y,sand*h2 + Y/clay*hii (1)
kN kN kN
Gyoc = 75kN/m? + 193—*0.4m+11.4—*3.8m+ 7.7—*8.425m = 190.9 kN/m? (2)
m m m
2 kN )
Ovoo = 190.9kN/m® + 7.7 —*3.175m = 215.4kN/m 3)
y 36.3m?*( 10X 4 7.7k
Aou™ Yy + Aou™y kN ( m? m?
Oy180° = Oy —B=10,0° — OUWTMOUCMY = 190.9E - 68 = 96.4kN/m? 4
. kN 5
Ono° = Oy *Ko = 190.9F”0.67 =127.9kN/m )
P kN N )
Oh1so° = (Ov0° +D*Y cjay) Ko = (IQO'QE +6.35m*7.7kN/m?)*0.67 = 160.7 kN/m 6)
kN )
Oy = 1OE *(3.8m + 8.425m) = 122.25kN/m %)
kN )
Ow,180° = 1OE *(3.8m + 8.425m + 2*3.175m) = 185.75kN/m (8)
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