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ARTICLE INFO ABSTRACT

Keywords: In bored tunnel design, most recent structural design models for tunnel linings concentrate on the behaviour of
Structure the tunnel lining in the long-term. The load on the tunnel lining in these models is derived from the original soil
Tunnel stresses, often simplified for a single homogeneous layer. Field observations show that higher loads may occur in
Soft soils

the initial hours after the assembly, that might effect the tunnel lining and that soil layers with different stiff-
nesses may have a negative impact on the internal forces of the tunnel lining. This paper proposes a new model
for these early construction stages and also includes a more accurate model which explicitly models the impact
of multilayered soils. The change of internal forces in the tunnel lining from the initial construction time to the
long-term is investigated with this model. Validations with field observations and other analysis results at time of
construction and the long-term confirm that the new structural analysis models can accurately predict internal
forces in the tunnel lining. The analysis results also show that internal forces in the tunnel lining have an

increasing trend in time and become stable in the long-term and accord with field observations.

1. Introduction

The increased use of Tunnel Boring Machines (TBMs) in con-
structing (urban) underground space (Broere, 2016) combined with the
fact that most of the world urban population resides in coastal and delta
areas, with often soft soil conditions, means that increasingly tunnels
are bored in soft layered soils and with decreasing cover. Besides as-
sessment of face stability, surface settlement and resulting damage to
buildings (Vu, 2016), structural analysis of the tunnel lining remains an
important issue in tunnelling design. However, the common simplifi-
cations of homogeneous soil conditions and homogeneous stress con-
ditions in most structural design methods are less applicable for tunnels
with limited cover in soft soils. There is a number of structural design
models for the tunnel lining commonly used encompassing both ana-
lytical models and numerical models. The first analysis method for an
elastic continuum was proposed by Schmid (1926). Morgan (1961)
introduced an analytical continuum model, which considers the ellip-
tical deformation of the tunnel lining. Then, Schulze and Duddeck
(1964) produced a bedded ring model for analysing the case of shallow
tunnels. Windels (1966) further developed the model proposed by
Schulze and Duddeck (1964) by taking into account the second order of
the series expansion of the analytical solution and the deformation of
the tunnel lining in the construction stage. A design model for a circular

tunnel in an elastic continuum with geometrical nonlinearity was pre-
sented by Windels (1967). The model proposed by Morgan (1961) was
corrected by Muir Wood (1975) by taking into account the tangential
stresses; however, the radial deformations of the tunnel lining due to
these stresses were neglected. In 1976, Muir Wood (1976) solved this
problem. The basis for the common tunnel design models used in
practice and guidelines (ITA-WG2, 2000) were introduced by Duddeck
and Erdmann (1985), including a bedded-beam model without a re-
duction of ground pressure at the crown and a continuum model. In the
bedded-beam model, the interaction between tunnel lining and the
surrounding soil is presented by bedding springs. In the continuum
model, this interaction is included automatically. Blom (2002) ex-
tended a beam model to take into account the effects of longitudinal
joints and soil reactions to estimate the deformation of the tunnel
lining. Oreste (2007) applied a hyperstatic reaction method to derive
the internal forces in the tunnel lining with a finite element method
(FEM) framework for the case of tunnelling in rock. Even though the
interaction between tunnel lining and surrounding medium through
Winkler springs is simulated in this model, only radial pressures are
considered. A further model, which includes the tangential pressures,
was developed by Do et al. (2014). Recently, an adaptation of Do et al.
(2014) model has been proposed by Vu et al. (2017) for shallow tunnels
in soft soils. The comparison of the analytical results derived from this
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model and Duddeck and Erdmann (1985) in Vu et al. (2017) with
various depths of the tunnel shows that the new model is not only
applicable in the case of shallow tunnelling and aligns closer to field
observations, but also can be applied in the cases of tunnelling with
moderate and deep depth.

Although many models have been proposed for tunnel design since
1926, most of these models focus on the long-term behaviours and in-
clude assumptions of the actual loading on the tunnel lining and in-
teractions between the lining and surrounding soils that are valid for
long-term loading conditions (Duddeck and Erdmann, 1985; Vu et al.,
2017). In the long-term, when the grout in the tail void hardened, the
tunnel lining is often considered supported directly by the soil with
stresses in the soil dependent on the stress state prior to tunnelling. In
practice, at the start of segment assembly, the lining is surrounded by
injected grout just behind the TBM. Field data show that high pressures
on the tunnel lining and large strain development occur in initial hours
after assembly of tunnel segments (van Oosterhout, 2003; Bezuijen and
Talmon, 2004; Talmon and Bezuijen, 2009). The other problem is that
even most recent models only investigate the behaviour of the tunnel
lining in a homogeneous soil and with load conditions relevant for the
long-term stage. An effort to analyze the case of a tunnel in a multi-
layered soil was carried by Bakker (2000). However, this analysis was
carried out with an approximate method by modifying the multilayered
soil parameters to an approximate homogeneous soil. This might lead to
inaccurate predictions of deformation and internal forces when the
tunnel is in different soil layers. A numerical simulation using a 3D FE
model, where the advance process of tunnelling in a two layered soil
condition including the TBM advancement steps, ring-wise assembly,
grout hardening process and also consolidation is modelled, will yield
more detailed and more accurate results. For example, Nini¢ and
Meschke (2017) show that such an approach is possible, but also that
for engineering practice it is still less applicable due to high computa-
tional load and the required large number of input parameters. As such
a simpler framework is still preferred for design purposes.

In order to prevent any damage on the tunnel lining, a careful as-
sessment of the tunnel lining deformations and loads is needed from the
time of construction to the long-term. This paper looks into a method to
calculate internal forces in the long-term for a situation with multi-
layered soil conditions and in the tunnel lining in various construction
stages as well as investigates the change of these internal forces in time.

2. Structural analysis for tunnel linings in the long-term

Recent models in tunnelling design, e.g Duddeck and Erdmann
(1985), ITA-WG2 (2000), Do et al. (2014) and Vu et al. (2017), often
assume a tunnel in homogeneous soil conditions. Especially, in soft soils
with variable soil stiffnesses, this obviously leads to imprecise predic-
tions for internal forces in the tunnel lining due to the inaccurate values
of the interactions between the tunnel lining and the surrounding soils
and the soil loading at particular points of the tunnel lining. To that
end, we extend the structural model proposed in Vu et al. (2017)
(Figs. 1 and 2) to the case of a multilayered soil as can be seen in Fig. 3.
The lining is represented by a frame work based on the finite element
(FE) model described by Do et al. (2014) and Vu et al. (2017) which is
used to derive internal forces in the tunnel lining (Fig. 2).

In this model, the load at each node on the tunnel lining frame
depends on the depth of the calculated ith node and which soil layer it
is located. In detail, the depth of the ith node z; is given by:

Zi = (H + RCOSei) (l)

The vertical soil pressures at the ith node on the tunnel lining in the jth
layer can be estimated as:

j-1
i = D YuHm + @—H)y;

m=1

(2)
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where H, and y,, are the depth and the weight unit of the mth layer (see
Fig. 3).

The horizontal soil pressure at the ith node on the tunnel lining oy ; is
given by:

O, = Kjoi

3

where K; is the coefficient of horizontal effective stress at rest of the jth
layer. Adapting to the method indicated in Vu et al. (2017), the initial
radial ground reaction stiffness of the jth layer 7, is estimated as:

1 g

1+v R

Drjo =B
e &)
where E; and v; is Young’s modulus and Poisson’s ratio of the jth layer
and in accordance with Do et al. (2014) 8 = 2 is used here.
The relationship between tangential spring stiffness 7, and normal
spring stiffness 7, is (Vu et al., 2017):
_1
=g ®)
The maximum radial reaction pressure p,;;, of the jth layer can be

calculated as:
3 ZCjcos¢j 1+ sinqoj

pn,j,lim -

AO'j,conf

1 —sincpj 1 —sinqoj

(6)

where ¢;,¢; are cohesion, the friction angle of the jth layer.
The confining pressure on the tunnel perimeter Agj, is estimated
as:

Opi + Ovi Vi

Ac; =
'j,conf P l—Vj

)

and the stiffness of the radial springs k,; and tangential springs k;; of
the ith node of the frame is:

. [Lici + L;
kn,i — nn‘j’i[ i 12 1]

« | Li-1 + L;
ks,i = 7)&,-,,-[ - 12 L]

_ P jtim _ Pnjjim Li, + L
B Pujjim T Dno%nji 2 ®)

_ ps,j,lim (1
5s,j,i
where J,; and &y, are the radial and tangential deformations of the ith

node in the jth layer.
Similar to Do et al. (2014) and Vu et al. (2017), in this multilayered
soil model, the analysis frame used consists of 360 elements re-

presenting a 1° segment. The condition that the radial springs are only
active in the compression condition is still applied.

ps,}',lim L1+ L;
Dsjiim + Ms0%sji 2 ()]

3. Structural design model for tunnel linings in construction
stages

During TBM tunnelling, when precast segments are placed, the ad-
vance of the shield creates an annular cavity between the segments and
the surrounding soil. This is due to the TBM’s shape and the overcut. In
order to minimize the movement of surrounding soil into the gap, grout
is injected rapidly at the tail of the TBM. The injected grout induces
pressures on the tunnel lining and the soil around. This grout pressure
changes in different construction stages as shown in field data in, for
example, Groene Hart Tunnel, Sophia Rail Tunnel and Botlek Railway
Tunnel, in the Netherlands (van Oosterhout, 2003; Bezuijen and
Talmon, 2004; Talmon and Bezuijen, 2009). Field data show that the
peak value of grout pressures and the development of strains often
occur in initial hours after the assembly of segments. This might lead to
potential high internal forces in the tunnel lining and result in damages
of the tunnel lining. A structural assessment for the tunnel lining in
construction stages, therefore, can not be neglected. This part of the
paper introduces a structural design model for construction stages of
the tunnel lining.
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Oh
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Fig. 1. Structural design model for tunnels in the long-term (Vu et al., 2017).

Based on the structural model in Section 2, analysis of construction
stages is included as shown in Fig. 4. At the time of construction, it is
assumed that the tunnel lining is surrounded by fluid grout instead of
the soil. The tunnel lining at this moment is directly loaded by grout
pressures.

The applicable range of grouting pressures on the tunnel lining that
might occur in the time of construction is estimated here from the
stability analysis in Vu et al. (2015). Since the grouting pressures re-
duce along the tunnel lining in time as the grout hardens, the grouting
pressures are derived from the initial grout pressure by taking an ap-
propriate percentage of the initial support pressures at the tail in ana-
lysis for each construction stage, as can be seen in Fig. 5. Field data
from Groene Hart Tunnel, Sophia Rail Tunnel and Botlek Railway
Tunnel in van Oosterhout (2003), Bezuijen and Talmon (2004) and
Talmon and Bezuijen (2009) shows that after peak values in the initial
hours after assembly of the segments, the pressure on the tunnel lining
trends towards the initial soil stresses, which are used in long-term
calculation as indicated in recent models as Duddeck and Erdmann

Node i+1

kn

ks

EsJs| EsAs

(1985), ITA-WG2 (2000), Do et al. (2014) and Vu et al. (2017).
Therefore, it can be assumed that in the hardening phase of the grout,
the tunnel lining is loaded by grout pressure and after grout hardening,
the hardened grout can be considered as a part of lining segments and
the tunnel lining is loaded by initial soil stress in the long-term.

In the construction stage model, the spring stiffness is estimated by
interactions between the grout and the tunnel lining. The method of
calculating the interaction between the tunnel lining and surrounding
medium in Vu et al. (2017) is adapted for the case of the tunnel lining
surrounded by the grout. The grout stiffness is derived from calcula-
tions in Kasper and Meschke (2004) and experimental data as indicated
in Hashimoto et al. (2005), such that the apparent stiffness of the grout
ng"r is calculated as:

% pgr,lim
T =75 [1

where p,, ;,, is the maximum reaction pressure that the grout can offer

pgr,lim
pgr,lim + ngr,Oa (10)

Frame element i

normal spring

tangential spring

Frame element i-1

Node i-1

Fig. 2. FE model for structural analysis for tunnels in Vu et al. (2017).
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layer 1°

layer 2™

Fig. 3. A tunnel lining in multilayered soil condition.
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C grouting pressure
H
—
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Fig. 4. Grouting pressures around the tunnel lining.

and 7,,, is the stiffness of the grout, derived from the modulus of
elasticity of the grout during the construction stage.
The radial grout reaction stiffness 7, ,, , is estimated as:

1By
1+ v R

Drgro = B
r.gr,0 (11)
where Eg, is the elastic modulus of the grout at the construction stage
and v, is Poisson’s ratio of the grout.
The relationship between tangential spring stiffness 7, and normal
spring stiffness 7, is:

1

=3 (2

The maximum radial reaction pressure p,,, ;,, in Eq. (10) can be given

19

by:

2cgrcO8@,, 1 + sing,,

Pogriim = Ay conf

1-sing,, 1-sing,, (13)

where cg, is cohesion of the grout, ¢, is the friction angle of the grout
and Ady, c,ns is the confining pressure on the tunnel perimeter estimated
as:

op, + o,
2 1=,

v,
8r
Acgr,conf = — (14)
The maximum shear reaction pressure on the tunnel lining p,,, ;,, is

given by:

_optoy
= 2 tang,,

ps,gr,lim (1 5)

The stiffness of the radial springs k,; and tangential springs k;; in each
elements of the frame is:

k= }7* [Li—l + Li] _ P gr im _ Do griim Li 1+ L;
" et 2 5",1' pn,grvlim + nn,oaﬂi 2
(16)
ko = 77* [Li—l + Li] _ P griim 1 P griim Liy+ L;
s : -
et 2 53,1' ps,gr,lim + 773,055,1' 2 (] 7)

where L; is the distance between the ith node and the (i + 1)th node
(see Fig. 2).

4. Validations with case studies
4.1. A tunnel in multilayered soil

In order to validate the proposed multilayered soil model, a case
study of the Second Heinenoord Tunnel, the Netherlands, which was
extensively documented in Bakker (2000, 2003) and Vu et al. (2017) is
used. This tunnel with an outer diameter of 8.3 m was constructed
below the Oude Maas river in Rotterdam in the period from 1996 to
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input parameters as shown in Fig. 6 and Table 1. Results derived from
the proposed multilayered soil model are compared with the results
from models proposed in Duddeck and Erdmann (1985) and Vu et al.
(2017), a 3D FEM analysis using ANSYS in Bakker (2000), a 2D Plaxis
FEM model in Bakker (2003) and the field data after 330 days as shown
in Figs. 7 and 8.

Fig. 7 presents a comparison of bending moments from the field
data and the bending moments derived from Duddeck and Erdmann
(1985), Vu et al. (2017), Bakker (2003) 2D Plaxis model, Bakker (2000)
ANSYS model and the new multilayered soil model. It can be seen that
the bending moments estimated from these models share a trend with
the observed data. The bending moments derived from the new mul-
tilayered soil model, Duddeck and Erdmann (1985), Vu et al. (2017)
and Bakker (2000) ANSYS model all correspond well with the peak in a
highest bending moment observed in the field data at the location of
166° on the tunnel’s cross-section. The bending moments derived by

| —
TBM — | — |
segment
T T,
Fig. 5. Time steps of tunnel segment assembly.
m.v +2.50 h.w +1.00
_NAP T OA+OB+1 _ __
-1.50
H=16.25m
-5.75
-10.00
— ——
-17.25
32
-20.75 [32]

Fig. 6. Cross-section of the measured location in the North Bank in Second
Heinenoord Tunnel (figure adapted by authors from Bakker (2003)).

1999. The monitoring was carried out in this project at two measure-
ment locations on the North Bank and on the South Bank. Measurement
instruments were installed in all seven elements of a ring in order to
derive the stress distribution in the ring. Internal forces in the tunnel
lining were measured by using strain gauges during the construction.
Field observations were performed with a cross-section of the tunnel on
the North Bank where the tunnel axis is located at about 16.25 m below
the surface with a tunnel diameter of 8.3 m (see Fig. 6) at the time steps
of 9 days and 330 days after assembly of the lining segments. Calcula-

Bakker (2003) are more in line with the low bending moment observed
is most other points of the cross-section.

In the comparison of normal forces as shown in Fig. 8, the normal
forces derived from the new multilayered soil model show a similar
variation as the analytical results estimated from Duddeck and
Erdmann (1985), Vu et al. (2017) and Bakker (2003) 2D Plaxis model
but a larger offset. Interestingly, most of the observed peaks of normal
force in the field data are close to the normal forces derived from the
new multilayered soil model while there exists a marked difference
between the field data and results derived from Bakker (2003) which
significantly underestimates the normal forces. Normal forces derived
from the proposed model are close to the field data observations with
peak normal forces from observed field data underestimated less than

| N X R ¢ X 10%, whereas,for other models, these are more than 25%
tions are carried out with the proposed multilayered soil model with the ’ ’ ’
Table 1
Description of layers and soil parameters for the North Bank of the Second Heinenoord Tunnel (Data from Bakker (2000)).
Symbol Soil type Top of layer  Unit weight ¥, Undrained shear Cohesion ¢’ Friction angle  Possion’s ratio Elastic Earth pressure
(m) N.A.P Olary) (KN /m3) strength ¢, (kPa) (kPa) PPrme (deg.) v (=) modulus E coefficient Ko (-)
(MPa)
OA + OB +1 Mixture of +2.50 17.2(16.5) - 3 27 0.34 5.2 0.58
sand and clay
3 Sand, local -1.50 19.5 - 0 35 0.3 26 0.47
parts of clay
Sand with clay —5.75 19 - 0 33 0.31 25 0.47
18 Sand, local —10.00 20.5 - 0 36.5 0.3 40 0.45
parts of clay
32 Sand, gravel —-17.25 20.5 - 0 36.5 0.3 60 0.5

Note: OA,OB = man-made fills; N.A.P. = Nieuw Amsterdam Peil (Dutch reference level, approx. mean sea level).

20
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Multilayered soil model
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“N 0 ee Vu et al.(2017) model /]
""""" Duddeck and Erdmann (1985) model |
—%— Observed data after 330 days
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Fig. 7. Validation of bending moments in Second Heinenoord Tunnel after 330 days.
T T T T T
2 - -
1.8
1.6
1.4
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=12
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o
el
S 1
E
o)
Z 08
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Multilayered soil model
————— Vu et al.(2017) model
o2k [ +——-—— Duddeck and Erdmann (1985) model | _|
—O— Bakker(2003)-Plaxis
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0 1 1 1 1 1
0 60 120 180 240 300 360
Orientation (degree)

Fig. 8. Validation of normal forces in Second Heinenoord Tunnel after 330 days.
underestimated. The new multilayered soil model can predict potential Minodel,max/Mobsmax  between the maximum modelled over maximum
normal forces in the lining more conservatively than the other models. observed bending moments near the crown of the tunnel (around 180°)

Table 2 lists the overall agreement between model results and ob- and Npodel,max/ Nobs,max fOr the normal forces for the peak values.
served data as overall coefficients of determination Ry, and Ry for Ry and R are given by:

bending moments and normal forces to give an indication of the global
fit between model and observed data. It also shows the ratio

21
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Table 2
Agreements between model results and observed lining behaviour at Second
Heinenoord Tunnel for the various models.

Model RI%/I for M Mmodel,max/Mobs,max RI%I for N Nmodel,max/ Nobs,max

After 9 days

Multilayered 0.667 1.105 —9.34 0.715
After 330 days
Multilayered 0.337 0.985 —10.52 1.068
Vu et al. 0.346 1.079 —5.33 0.773
(2017)
Duddeck and 0.416 1.388 -10.19  0.707
Erdmann
(1985)
Bakker (2003) 0.260 0.313 —49.78 0.484
Plaxis
Bakker (2000) 0.398 1.318 - -
ANSYS
FEM
R2 -1 z (Mmodel,i_ obs,i)2
M = ——
Z (Mmodel,i_ model)2 (18)
Rz =1 E (Nmodel,i_ obs,i)2
N = —
Z (Nmodel,i_ model)2 (19)
where

1
Mmodel = - Z Mmodel,i
niS (20)

n
Nmodel = % z Nmodel,l
i=1 21
Except for the Plaxis model in Bakker (2003), all models over-
estimate the average bending moments M, and underestimate the
maximum normal forces N. The multilayer model is somewhat more
conservative in these respects than similar models for a first estimate of
maximum M and N. For a more detailed analysis, a 3D or multi-ring FE
model would be needed. However, the poor overall correspondence
between models and field observations, as highlighted by the low R
values for bending moments and the extremely poor, negative, values
for normal forces, indicates most probably that installation effects play

Tunnelling and Underground Space Technology 78 (2018) 16-26

a major role in the acting lining forces.

Based on these validations, it can be concluded that the predicted
internal forces derived from the new multilayered soil model are gen-
erally in accordance with the field data and are more conservative than
the other models.

4.2. For multiple construction stages

The validation of the model for construction stages is performed
with two case studies of Second Heinenoord Tunnel and Botlek Railway
Tunnel, in the Netherlands (Bakker, 2000, 2003; Blom, 2002).

4.2.1. Second Heinenoord Tunnel

The validation for the construction stage model is carried out with
the case of Second Heinenoord Tunnel as indicated above (see in Fig. 6)
at 9 days after assembly of the tunnel segments with the description of
soil layers and soil parameters of the case study of Second Heinenoord
Tunnel shown in Table 1. At this time, the grout stiffness Eg = 3MPa
and the grout pressures at the top and the bottom of the tunnel in the
model is equal to the initial soil pressures at these points. The internal
forces derived from the construction stage model are compared to field
data in Bakker (2003).

Figs. 9 and 10 show a comparison between bending moments and
normal forces derived from the construction stage model and observed
data. It can be seen that the bending moments derived from the con-
struction stage model are in line with the observed data in Fig. 9. The
peak bending moment at 166° is nearly equal to the bending moment
estimated by the model. The bending moments of this peak increase
from 0.15 to 0.2 MN m between 9 and 330 days as can be observed from
Fig. 7. The construction stage model can well predict the bending
moments in this case.

The plot of normal forces in Fig. 10 also shows a good agreement
between the normal forces calculated from the construction stage
model and field data. Most of the field data is close to the analysis
results, although the correspondence is not as respective as for the
bending moments.

4.2.2. Botlek Railway Tunnel
Further validation for the construction stage model is performed
with a case study of the Botlek Railway Tunnel in the Netherlands. This

0.2

Construction stage model

—¥— Observed data (Bakker, 2003)

02k I I
0 60 120

180 240 300 360

Orientation (degree)

Fig. 9. Validation of bending moments in Second Heinenoord Tunnel after 9 days.
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0 60 120 180 240 300 360
Orientation (degree)
Fig. 10. Validation of normal forces in Second Heinenoord Tunnel after 9 days.
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18/18A
-13.98
16/17
-18.0 !
1 9/31
BT L 981 |=
22T

{—-—0-

I — (32—

Fig. 11. Geometry of Botlek Railway Tunnel.

is a shield driven tunnel below the river Oude Maas in Rotterdam, with
two tubes of 1800 m length. The external diameter of the tunnel lining is
9.45 m with a thickness of 0.40 m. A ring in the Botlek Railway Tunnel
consists of 7 segments and a keystone. Structural health monitoring
instruments were installed in the northern tube in order to monitor
structural behaviour of the tunnel lining. The monitoring work con-
centrated on the initial steps of the tunnel lining from the assembly of
the ring in the TBM to the following days when the tunnel lining is
loaded by liquid grout. The monitoring consisted of strain measure-
ments both in tangential and axial directions. The monitoring results
show that the assembly and the subsequent first day are the most sig-
nificant in the strain development in a tunnel lining.

The geometry of Botlek Railway Tunnel in this analysis are shown in
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Fig. 11 and Table 3. The tunnel is located H = 25 m below the surface
with the water level at H,, = 2.3 m below the surface and input soil
parameters as shown in Table 3.

The analysis is carried out at three moments after the assembly of
the segments in the TBM and compared with observed data in Blom
(2002) at T = 350 (5h 50 min), T = 750 (12 h 30 min) and T = 7500 min
(5days 5h).

At T = 350 min, grout pressures are modelled equal to the maximum
support pressures at the top and the bottom of the tunnel lining as
derived from Vu et al. (2015), as the tunnel lining is at the tail of the
TBM. From the observed field data, grout pressures at the time step
T = 750 min can be calculated as about 85% of the maximum support
pressures at the top and the bottom of the tunnel lining used in the time
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Table 3
Description of layers and soil parameters for the Botlek Railway Tunnel (Data from Feddema (2002)).
Symbol Soil type Top of layer ~ Unit weight y,,,  Undrained shear Cohesion ¢’ Friction angle  Possion’s ratio  Elastic modulus Earth pressure
(m) N.A.P Olary) (KN/m3) strength ¢, (kPa) (kPa) ¢’ (deg.) v (=) E (MPa) coefficient Ko (-)
OA Sand/clay +2.30 17(15.3) - 3.5 25 0.2 8 0.62
17 Clay with sand -9.48 19 - 5 27.5 0.2 8 0.54
18/184 Holoceen sand/ —13.98 19 - 0 34.5 0.2 19 0.58
clayey sand
16/17  Clay, sandy clay =~ —18 17 - 7.5 23.8 0.2 7.7 0.58
9/31 Clay, silt local —18.3 11 - 10 25 0.2 3.75 0.36
parts of clay
32 Pleistoceen sand, —-27.4 20 - 0 34 0.2 54 0.46
gravel

Note: OA = man-made fills; N.A.P. = Nieuw Amsterdam Peil (Dutch reference level, approx. mean sea level).
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Fig. 12. Validation of bending moments in Botlek Railway Tunnel.
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step T = 350 min. The observed data in Botlek Tunnel, Groene Hart
Tunnel and Sophia Rail Tunnel (Bezuijen and Talmon, 2004; Talmon
and Bezuijen, 2009) show that the grout pressure becomes close to the
initial soil pressure after two days from the assembly. Grout pressures at
the top and bottom of the tunnel lining used to analyse at T = 7500 min
in the model, therefore, are equal to the initial soil pressures at these
points.

The grout stiffness is estimated as indicated by Meschke et al.
(1996) and from the data in Hashimoto et al. (2005). The stiffness of the
grout E,, at the time steps T = 350 min,750 min and 7500 min is taken
equal to 0.125 MPa, 0.2 MPa, and 2.0 MPa, respectively.

A comparison of the bending moments is shown in Fig. 12. This
figure shows that bending moments derived from the proposed model
have the same trend and are close to the field data at the time steps
T =350 min and T = 750 min for most points in the tunnel cross-sec-
tion. For the peak observed value near 6 = 210° Myogel,max/ Mobs,max Ta-
tios of 1.0 and 0.96 are derived. At the time step T = 7500 min, the
observed bending moments at the bottom of the tunnel lining are still
close to the predicted bending moments derived from the model al-
though there is an overestimation of the bending moments at the sides
and crown of the tunnel, up to a Myodel,max/Mobsmax ratio of 2.75.

Fig. 13 shows a comparison of normal forces. Overall, normal forces
from the proposed model exceed the field data observations with peak
normal forces from observed field data overestimated less than 20% but
average normal force overestimated roughly 50%. For T = 350,750 and
7500 min Niyodel,max/ Nobs max Tatios of 1.14, 0.95 and 1.35 respectively are
derived. When comparing to the Second Heinenoord Tunnel case, we
see an overestimate of the predicted normal forces, but again the pro-
posed model reliably predicts the value of the bending moments in
different construction stages.

These results show that the proposed model can satisfactorily pre-
dict bending moments and to a lesser extent normal forces of the lining
in different construction stages.

5. Changes of internal forces from the time of construction to the
long-term

In order to understand the change of the internal forces in the tunnel
lining from the time of construction to the long-term, analytical results
derived from Duddeck and Erdmann (1985) and Vu et al. (2017), the
construction stage model and the multilayered soil model are combined
with field data in the case study of Second Heinenoord Tunnel at time
steps of 9 days and 330 days.

Fig. 14 shows the change of bending moments in the tunnel lining. It
can be seen that from 9 to 330days after assembly, the observed
bending moment in the tunnel lining shows a slight increase. This in-
crease is also found in the new model, although it is far more pro-
nounced there. The new model would correspond well with peak
measured bending moments in this case. Just after segment assembly,
the lining is surrounded by the injected grout and is under grout
pressure. After the hardening of the grout, it can be considered that the
grout becomes a part of the lining and the lining-grout system is loaded
by the initial soil pressures.

Fig. 15 shows the change of normal forces in the tunnel lining at
these times. It can be seen from this figure that the normal forces de-
rived from the construction stage model are close to the normal forces
derived from Duddeck and Erdmann (1985) and Vu et al. (2017) and
also have a good agreement with the values in field data. Meanwhile,
the normal forces derived from the multilayered long-term model are
close to the high observed normal force in field data. The increase of
normal forces calculated between the construction stage and the long-
term is also seen in the field data at the cross-section. This means that
proposed models in this paper can predict internal forces in the tunnel
lining from the construction stages to the permanent stage and are more
accurate for short-term loading than earlier models as well as are still
conservative with respect to long-term loading conditions.
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6. Conclusion

The tunnel lining should be designed for both the short-term con-
struction stages and the long-term because field data show high pres-
sures and strain development in the initial hours after segment as-
sembly. Taking into account the interaction between the tunnel lining
and surrounding grout and multiple soil layers, this paper derives in-
ternal forces in the tunnel lining not only for construction stages but
also for the long-term. The analysis shows a good agreement between
the results derived from the new models and field data and shows that
the impact of accurately including short-term load conditions such as
liquid grout in the tail void has a more significant impact on internal
forces in the lining than including multilayered soils. It is also shown
that internal forces in the tunnel lining increase in time after the initial
grout loading and become stable in the long-term. The new combined
model provides a conservative estimate for the long-term load that is
comparable with similar models and in current tunnel design practice.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.tust.2018.04.017.
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