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ABSTRACT: This paper intends to describe the integration of physical and numerical modelling, focusing on
tunnels under seismic actions. It shows how numerical calculations can be used in association with centrifuge
testing to model different aspects of tunnel behaviour during earthquakes. The scope of the paper has been
limited to a few aspects, mainly concerning the change of internal forces in the tunnel lining during shaking
and the effect of soil liquefaction. The interaction between a tunnel and a building in a soil layer undergoing
liqguefaction has also been taken into account.

1 INTRODUCTION

The behaviour of tunnels under seismic action and their vulnerability to earthquakes is a topic that has received
increasing attention in recent years. However, evidence of tunnel behaviour during natural events of ground
shaking can be observed only after an earthquake occurs. The analysis of the problem based on post-
earthquake reconnaissance only may give an incomplete picture of the problem.

The study of seismic vulnerability of tunnels is therefore a typical field where small scale physical modelling
in a centrifuge finds a useful opportunity of application. In fact, artificial ground shaking can be produced in a
centrifuge that simulates natural earthquakes in a ground layer surrounding a model tunnel. Hence, the
complex interaction mechanism that arises between the tunnel structure and the surrounding soil during
shaking can be reproduced in the model. Several studies have been based on centrifuge testing on reduced
scale models of tunnels in sand (e.g. Cilingir & Madabhushi, 2011; Lanzano et al., 2012; Tsinidis et al. 2015,
2016a,b,c). They have provided experimental data on the changes of structural forces in a tunnel lining
undergoing ground shaking. A few studies have also modelled in a centrifuge the effects on tunnels of
earthquake-induced ground failure such as fault displacement (e.g. Baziar et al., 2014) or soil liquefaction (e.g.
Chou et al., 2010; Chian et al., 2014).

On the other hand, numerical modelling has often served as a tool for analysing the problem or validating
simplified analytical solutions (e.g. Kontoe et al., 2014). However, it is well acknowledged that when high quality
centrifuge test data are available, they can also be used to validate the results of numerical modelling (Zeghal
et al., 2014). For instance, for circular tunnels under seismic loading several numerical studies originated from
a set of centrifuge tests specifically designed for that purpose and a comparison among experimental data and
numerical results achieved using different constitutive models and numerical algorithms provided a deeper
insight into the problem (Bilotta et al., 2014).

An integrated approach, including both physical and numerical modelling, also relying on an accurate soil
characterization, appears therefore the most reliable tool to analyse boundary value problems involving
dynamic conditions and complex soil behaviour. Such an approach, for instance, inspired validation exercises
such as VELACS (Arulanandan & Scott, 1993) that has represented for many years a benchmark for the study of
seismic-induced soil liquefaction. More recently the LEAP exercise has been launched that further implements
the same idea (Kutter et al., 2017).

Large research projects such as the abovementioned concerning soil liquefaction require however a
significant financial support. This can be provided from public funding agencies or private sponsors, probably



focusing on broad and impacting research streams only. Less appealing problems, that receive lower attention,
might be excluded from the benefit of such a combined approach. Repositories of the experimental data that
are produced by different facilities for different purposes all over the world, play in this case a fundamental
role.

This paper intends to describe the integration of physical and numerical modelling from the point of view of
numerical modellers. Focusing on the dynamic behaviour of tunnels, and in particular on the internal forces in
the tunnel lining, the use of the centrifuge results to calibrate a numerical model and extend the scope of
application is shown in section 2 and section 3. In the former the results of centrifuge testing are boosted by
including numerically the effect of a construction process for tunnelling and a more complex structural
behaviour of the lining. In section 3 the back-analysis of the centrifuge test in dry sand is used in association
with the results of cyclic simple shear testing in undrained conditions, for the calibration of a constitutive model
suitable for modelling pore-water pressure build-up in undrained conditions. The effect on the lining of the
excess pore-pressure arising during shaking is analysed. Finally, in section 4 the process is reversed from
numerical analysis to centrifuge modelling. The calibration carried out in the previous sections is used to
perform a preliminary analysis of tunnel-building interaction in liquefiable soil, in order to design a series of
centrifuge tests.

2 INTERNAL FORCES IN A TUNNEL LINING
2.1 Background

Internal forces in the tunnel lining change during earthquakes. They can be calculated following several
approaches (Hashash et al., 2001; Pitilakis & Tsinidis, 2014). Pseudo-static or uncoupled dynamic analyses are
usually carried out in routine design. Full dynamic analysis, that is including dynamic soil-structure interaction,
must be performed however, if the influence of the existing stress state around the tunnel has to be considered.
Moreover, the latter may include the irreversible behaviour of soil that is likely to produce permanent ground
deformation during shaking. Since the tunnel construction process may affect the static conditions before
shaking, numerical analyses can include this aspect. Compared to plane strain, three-dimensional models
permit the construction phases to be simulated in a more accurate fashion, including geometrical details of the
lining that may affect its structural behaviour (for instance the segmental layout of precast lining). The effect
of seismic waves propagating in any direction can be also analysed in a three-dimensional numerical model.

On the other hand, direct measurements of the effect of the complex interaction between a tunnel lining

model and the surrounding soil during ground shaking can be achieved in centrifuge tests. This enables a large
amount of experimental data to be collected and used for validation of numerical analyses.
As part of a research within the ReLUIS project funded by the Italian Civil Protection Department, a series of
centrifuge tests were carried out at the Schofield Centre of the University of Cambridge on circular tunnel in
dry sand, undergoing dynamic excitation (Lanzano et al., 2012). Internal forces (bending moments and hoop
forces) in the tunnel lining were measured during shakings. Hence, experimental evidence was gained on a
problem that had been previously explored via analytical solutions (mainly based on the elastic theory) and
numerical modelling only.

Such tests, which are briefly recalled in the next section 2.2, were later used as an experimental benchmark
for numerical modelling, aimed at extending the scope of the study. In fact, three-dimensional finite element
analyses were performed that take into account the non-linear and irreversible soil behaviour. The tunnel
excavation process, that is neglected in the centrifuge tests, was modelled to achieve a realistic state of stress
effect before shaking. Moreover, the segmental layout of a precast tunnel lining was modelled, although with
a few simplifying assumptions (Fabozzi, 2017).

2.2 Experimental benchmark

The experimental benchmark used for validating the numerical model of a rather shallow tunnel (C/D=2) in
dense sand is the centrifuge model T3 (Figure 1), described in details by Lanzano et al. (2012).
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Figure 1. Model T3: (a) experimental layout; (b) measured time histories of bending moments and hoop forces (modified after
Lanzano et al., 2012).

In the model (Fig. 1a), an aluminium tube (diameter D = 75 mm, thickness t = 0.5 mm, cover C = 150 mm)
representing a circular tunnel is embedded in a layer of dry Leighton Buzzard sand (fraction E), pluviated in the
container at a relative density of 75% (Figure 1). The tube is instrumented with strain gauges in four positions
alongits transverse section (indicated as NE, NW, SW and SE in Fig.1a). After spin up at 80g, a series of pseudo-
harmonic signals of increasing amplitude and frequency was applied at the base of the model. The time histories
of bending moment, M, and hoop forces, N measured during four subsequent dynamic events are shown in
Fig. 1b at the model scale (Lanzano et al., 2012). It is worth noticing that permanent increments of internal
forces arose in the tunnel lining after each events. These seem well correlated to the progressive densification
of the sand layer that was observed in the experiments.

2.3 Numerical modelling

Numerical analyses were performed at prototype scale, using a scaling factor N=80. Hence, the corresponding
tunnel diameter is assumed 6 m, the tunnel axis depth is 15 m and the lining thickness is comparable to that of
a concrete lining about 0.06 m thick.

The numerical model has been implemented in the finite element code Plaxis 3D (Brinkgreve et al., 2016).
The mesh is shown in Figure 2.

While the height of the model is 23.2 m, that is 80 times the relevant size at model scale, its width is larger
than that and equal to 200 m, to minimise the influence of lateral boundaries. A reference section at the mid-
span of the tunnel was assumed to be compared to the experimental results. Hence, in order to guarantee
plane strain conditions in the reference section, the size of the model along the axis of the tunnel was assumed
as long as 150 m. The vertical sides of the mesh were fixed in the horizontal direction in static condition; viscous
dashpots were applied during shaking.

The time history of acceleration recorded by the accelerometer ACC13 at the base of the centrifuge model
(see Figure 1) was scaled up to prototype scale and band-pass filtered (15—-130 Hz) in order to reduce the its
high-frequency content. This signal (with nominal frequency 0.375 Hz and nominal amplitude 0.05 g) was
applied as dynamic input at the base of the model.



Figure 2. Numerical mesh

The lining is an elastic plate (EA=2.8-10° kN/m; EI=3.7-10?> kNm?/m) with a very smooth interface (the interface
factor was assumed as Rint = 0.05).

The sand has been modelled using the Hardening Soil with small strain overlay constitutive model (Schanz et
al., 1999; Benz et al., 2009), with the parameters shown in Table 1, derived by Lanzano et al. (2016).

Table 1. HS-small model parameters (Lanzano et al., 2016).

sand
© 38.6°
1) 8.2°
¢’ (kPa) 0.01
E*Cres(MPa) 18.6
E°¢d, ¢ (MPa) 20.5
EYer(MPa) 62.2
Vo.7 0.60E3
Go (MPa) 72.7
Pref (kPa) 100
m 0.4

This elastic-plastic with isotropic hardening soil model is able to reproduce the decay of shear stiffness with
strain level from very small strain and the increase of hysteretic damping. The initial damping ratio at very small
strain was modelled through a Rayleigh formulation (azr= 0.0668; 6r= 0.704 1073).

Figure 3a compares the time history of acceleration measured in the test by ACC9 with the corresponding
computed results. In Figure 3b the corresponding response spectra at 5% of damping are shown. The dynamic
response computed for the soil layer is close to the measurements, although there is evidence of a slight over-
amplification of the signal at high frequencies, as observed also by Amorosi et al. (2014) in similar analyses.
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Figure 3. ACC9, experimental and computed (a) time history of acceleration and (b) response spectra.



Once validated against centrifuge results, the same 3D model was used to analyse the behaviour in the same
sand of a different tunnel lining. This is a reinforced concrete lining with thickness t = 0.3 m (EA = 10.5E% kN/m;
El = 78.75E3 kNm?/m; Rint = 0.7) and diameter D=6 m.

A set of natural input signals was applied as time histories of acceleration at the base of the mesh. A few
results of the study (Fabozzi, 2017) are presented in sections 2.4 and 2.5: the influence of the construction
process on the seismic response of the tunnel is discussed in the former while the latter analyses the influence
of the presence of joints in the segmental lining.

2.4 Pre-seismic conditions induced by tunnel construction

The influence of the construction process has been taken into account with reference to typical mechanized
tunnelling with an earth pressure balance machine. Details of the procedure are described by Fabozzi & Bilotta
(2016) and will not be discussed here. The seismic excitation was applied to the numerical model at the state
of stress corresponding to the end of construction. Table 2 shows the main characteristics of the input signals
applied as time history of acceleration at the base of the model. They are natural time histories of acceleration
recorded on a rigid outcropping bedrock (soil type A according to EC8). Their mean response spectrum matches
the Eurocode EC8—-1 spectrum for ground type A (rock).

Table 2. Natural signals

Earthquake event Date My PGA
- - g

Norcia 30/10/2016 6.5 0.78
Avej 22/06/2006 6.5 0.5

South Iceland (aftshck) 21/06/2000 6.4 0.36
Northridge 17/01/1994 6.7 0.68
Tirana 09/01/1988 5.9 0.33
Friuli 06/05/1976 6.5 0.35

As an example, Figure 4a shows one of the time histories of acceleration applied at the base of the model. It is
the record of the Norcia earthquake in Central Italy on 30/10/2016 (M=6.5). In Figure 4b the corresponding
normalized Fourier spectrum is shown.

In all the analyses that have been carried out, permanent changes of internal forces in the lining at the end

of shaking were calculated. In some cases, they reach values as high as 30% of the maximum transient change
during shaking. As an example, in Figure 5 a pair of time histories calculated for the input signal of the Norcia
Earthquake (see Figure 4) are shown. They are the time histories of the increment of bending moment (a) and
hoop force (b) calculated at the point NE of the reference central section of the tunnel lining.
The experimental evidence obtained by Lanzano et al. (2012) and shown in Fig. 1b are therefore confirmed in
part by numerical modelling on a different lining and for different characteristics of ground shaking: permanent
changes of internal forces are calculated at the end of shaking, as observed in the experiments, although they
do not exceed the transient changes calculated during the event. It should also be remarked that, in order to
capture such an effect a suitable elastic-plastic constitutive model for soil must be adopted, as in this case.
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Figure 4. Norcia earthquake 2016 (M =6.5): (a) time history; (b) Normalized Fourier spectrum
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Figure 5. Time histories of the increment of internal forces in the point NE: (a) bending moment; (b) hoop force (Norcia
earthquake).



200
100
0
-100
-200

Bendimg@oment
(kNm/m)

0 60 120 180 240 300 360

O (degrees) (a)

()]

S

@] sne
= E 7~
g2 '

£ =
P4
0 60 120 180 240 300 360
O (degrees) (b)

S

S

©

C

£

2

®

S

0 60 120 180 240 300 360
O (degrees)

—Pre-shaking@vithout@xcavation® —Pre-shaking@vith@xcavation
Post-shaking@vithout@xcavation - - Post-shaking@vith@xcavation

(c)
Figure 6. Distribution along the transverse reference section of (a) bending moment, (b) hoop force, (c) longitudinal force: static
‘pre-shaking’ (continuous lines) and ‘post-shaking’ (dashed lines), Norcia earthquake.

Figure 6 shows the distributions of internal forces in the tunnel lining calculated under static conditions prior
to (continuous lines) and at the end of shaking (dashed line). Such distributions of bending moment (Fig. 6a),
hoop force (Fig. 6b) and longitudinal force (Fig. 6¢c) were calculated in the transverse reference section, both
after simulation of the tunnel construction process (black lines) and for an ideal “wished-in-place” tunnel (grey
lines).

As one would expect, the stress change due to the excavation produces lower bending moments (Fig. 6a)
and normal forces (Fig. 6b) in the tunnel lining, than in a wished-in-place tunnel. Furthermore, the latter is
almost not loaded in longitudinal direction (Fig. 6c).

It is worth noting that, although the maximum values of pre-shaking internal forces (continuous lines) are
quite different, such differences reduce after shaking (dashed lines). This implicitly means that the calculated
permanent changes of internal forces depend on the pre-seismic conditions: when the excavation process is
modelled they are larger than in the case of the wished-in-place tunnel. The effect of the construction stages
on the seismic behaviour of the tunnel lining is therefore evidenced by such numerical results.

2.5 Segmental layout of the tunnel lining

Mechanised tunnelling in soft ground is usually associated with the use of a pre-cast concrete segmental lining
to withstand external loads from interaction with the surrounding soil. Due to such a segmental layout the
structural demand of the lining under static conditions is usually lower, because its flexural and axial stiffness
is lower compared to a continuous lining of the same thickness.



The same numerical model that was described in section 2.4 was improved to introduce a segmental lining.
The segments were modelled as elastic volumes of reinforced concrete with the same thickness as the
continuous lining (EA = 10.5E® kN/m; EI = 78.75E3 kNm?/m). Following Fabozzi (2017), the longitudinal joints
between the segments were modelled as elastic-plastic elements (thickness = 0.30 m, width = 0.30 m): the
values adopted for their mechanical parameters are shown in Table 3. Interface elements with the same
behaviour were assumed to represent the transverse joints between rings. Figure 7 shows details of the
structural model. The excavation stage was not modelled.

Table 3. Model parameters for the lining (Fabozzi, 2017)

Y E % c @
(kN/m3)  (GPa) (kPa)
segments 25 35 0.15 - -
joints 25 6 0.15 9000 42
‘:— \‘.
-1
’ e ———
oy Y —
oy
L]
SOy
. —
Dy -
LSy
]
| - T
S
¢~ ‘ﬁ

Figure 7. Detail of the numerical model of segmental lining
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Figure 8. Distribution along the transverse reference section of (a) bending moment, (b) hoop force at the end of shaking:
continuous vs. segmental lining (Norcia earthquake).



A lower structural requirement for the segmental lining compared to the continuous lining is evident also at
the end of shaking. In Figure 8, the distributions of bending moment (Fig. 8a) and hoop force (Fig. 8b) in the
transverse section at the end of shaking are shown.

The lower values of structural forces in the segments correspond to a larger deformability of the lining system
at the joints, where relative displacements and rotation might be expected to occur.

Figure 9 shows the time histories of relative rotation between segments during shaking, calculated in the
joints located at 45°, 135°, 225°, and 315° about the horizontal tunnel axis. At the end of shaking permanent
relative rotations remain between segments. The magnitude of such permanent rotations is sometimes rather
close to the peak values calculated during shaking. This result indicates a possible weakness of the segmental
lining at the joints, where the rubber gaskets that guarantee water-tightness of real linings might be dislocated
at the end of an earthquake.

The results in terms of relative rotations for the whole set of input signals shown in Table 2 are plotted in
Figure 10. In Figure 10a a linear trend can be observed for the logarithm of the calculated peak relative rotation
between segments versus the value of the peak ground acceleration of the input signal (PGA). It is worth noting
(Figure 10b) that as far as the peak relative rotation increases (with increasing PGA), the permanent relative
rotation increases faster. The ratio between the permanent and the peak rotation increases from as low as 10%
until almost one half for the stronger earthquakes.
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Figure 9. Time histories of relative rotation between segments during shaking (Norcia Earthquake).
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Figure 10. Peak relative rotation vs. peak ground acceleration (a) and permanent relative rotation vs. peak relative rotation (b), all
input signals in Table 2.

This further highlights the influence of the non-linear behaviour of the surrounding soil on the value of
permanent rotations experienced by the segmental lining at the end of shaking.



2.6 Remarks

The numerical analyses presented in this section were calibrated on a single benchmark centrifuge test and
then extended to model more complex cases in terms of the geometry of the lining. The numerical model also
allowed a straightforward application of natural input signals and a consideration of the influence of
construction process on the seismic demand of the tunnel lining.

It is worth noting that an earthquake can hit a tunnel several years after construction, hence different “pre-
seismic” conditions can be considered. Moreover, in earthquake-prone regions, the same tunnel may be
subjected to sequences of seismic events, with variable intensity and effects. Hence, the influence of the “initial
state” should be considered in the assessment of tunnel vulnerability.

Moreover, the numerical results from the segmental layout may create some concerns for tunnel linings in
highly permeable soils, where an excessive rotation of joints may produce loss of water-tightness. This aspect
may deserve attention in design and, at the same time, requires further experimental and numerical
investigation.

3 TUNNELS IN LIQUEFIABLE SOIL
3.1 Background

Soil liquefaction may induce buoyancy of underground structures such as tanks, tunnels and pipelines. This is
triggered when high excess water pressures develop, as those induced by strong motions. Several cases of uplift
of underground tanks and pipelines have been observed in the past.

Although little evidence of liquefaction-induced damage to tunnels exists, physical modelling has shown that
the high mobility of liquefied soil near surface would encourage floatation of very shallow or immersed tunnels.
As a matter of fact, the uplift behaviour of underground structures caused by liquefaction has often been
studied by physical models: for instance 1-g shaking table models of buried box structures, sewers and pipes
and relevant possible mitigation measures (Koseki et al., 1997; Otsubo et al., 2014; Watanabe et al., 2016) or
centrifuge models of tunnel of different shapes embedded in sand layers of different density, with several
overburden and groundwater level (Yang et al. 2004; Chou et al, 2010; Chian and Madabushi, 2011; Chian &
Madabhushi, 2012; Chian et al., 2014).

Experimental evidence has indicated that both the width of the underground structure and the depth of the
liquefied layer have a large influence on the uplift displacement.

In general, physical modelling has been useful to collect important information and quantitative data on the
phenomenon. In fact, although many numerical tools have been developed in the last decades to assess sail
liquefaction, prediction of soil behaviour after liquefaction is still a challenging task. Hence, physical modelling
has a further important role, that is to validate numerical models that can be used later for sensitivity analysis.

In this section, it is shown how starting from the back-analysis of the results of a centrifuge test on a model
tunnel in dry sand undergoing shaking, the behaviour of the same tunnel in sand that has been saturated can
be modelled numerically. The centrifuge model T4, described in detail by Lanzano et al. (2012), was used as an
experimental benchmark. This centrifuge model has the same layout as model T3 in Figure 1, although the sand
layer was looser (D=40%).

The UBC3D-PLM constitutive model (Beaty & Byrne, 1998; Galavi et al., 2013) was used to represent the
sand. It includes hardening plasticity and strain dependency of stiffness and damping. Hence it is able to capture
the permanent deformation of the ground and changes in internal forces in the tunnel lining due to dynamic
loading. Moreover, in undrained conditions it models the pore pressure build-up that may produce soil
liquefaction and tunnel uplift.

The model is available in the 2D finite element code Plaxis (Brinkgreve et al., 2016) that has been used for
the analyses. It was calibrated on the results of laboratory tests on the sand used in the centrifuge test along
monotonic (Lanzano et al., 2016) and cyclic (Mele et al., 2018) stress paths.



3.2 Numerical analyses

A plane strain numerical model was defined in Plaxis 2D (Brinkgreve et al., 2016), at prototype scale. Tied
degrees of freedom’ between vertical sides were used as boundary conditions to simulate the laminar box
behaviour during shaking. The nodes at the base of the finite element model were fixed in the vertical direction
and a time history of acceleration was applied in the horizontal direction. The input signal applied at the base
of the model is a pseudo-harmonic signal with nominal frequency 0.375 Hz and nominal amplitude 0.05 g at
prototype scale. It was obtained after scaling up and filtering of the record of the base accelerometer in the
centrifuge model ACC13 (see Figure 1).

3.3 Model calibration

The UBC3D-PLM is an elastoplastic constitutive model, which is a generalized formulation of the original
UBCSAND model proposed for cyclic loading by Beaty & Byrne (1998). The model uses isotropic hardening and
a simplified kinematic hardening rule for primary and secondary yield surfaces respectively, in order to take
into account the effect of soil densification and transition to the liquefied state during undrained cyclic loading.

Table 3. UBC3D-PLM model parameters

sand

(p’cv 320
o 35.5°
¢’ (kPa) 0.01
Keg 300
Keés 360
KPs 180
Me 0.5
Ne 0.5
Np 0.4
Rf 0.93
N3160 7.36
fachard 1.6
facpost 1.0

The constitutive model is capable of modelling cyclic liquefaction for different stress paths (Galavi et al., 2013).
Table 3 reports the input parameters used in the UBC3D-PLM model. The calibration of the model mechanical
parameters was performed by Colamarino et al. (2017) using the results of laboratory tests on the sand used
in the centrifuge test along monotonic (Lanzano et al., 2016) and cyclic (Mele et al., 2018) stress paths.

3.4 Response of the model with dry sand

The numerical results are compared to the centrifuge test results in terms of time history of acceleration and
the relevant response spectrum, 1.6 m below the ground surface (position of ACC9 in Figure 1) at prototype
scale (Figure 11). For the sake of comparison, here and in the following figures, the experimental results of the
centrifuge test are scaled up to prototype scale.

0.1 0.5
0.05 —num —exp 0.4
" 0 EU.3
© 8 0.2

-0.05 “
0.1
0.1 0

10 30 ts(o) 70 90 0.0 2.0 4.0 6.0 8.0
S
(a) T(s) (b)

Figure 11. Simulated vs. experimental acceleration at 1.6 m under the surface (ACC9): time history of acceleration (a) and response
spectra (b).



Other relevant comparisons between recorded data and simulation results are reported in terms of vertical
displacements and bending moment in Figure 12a and b, respectively.

The main features of the experimental data are well-reproduced by the numerical predictions, both in terms
of amplitude and frequency content, although an amplification larger than measured is calculated around 0.6
s, that is close to the natural period of the soil layer. Here, the agreement between the measured and the
calculated amplitude achieved by using the UBC3D-PLM model is worse than by using HS-small model in similar
conditions (see Figure 3). This might be in part due to the different amount of damping that the two constitutive
models generate in stress-strain cycles.

Figure 12a shows that the numerical model computes settlement at ground surface since the very beginning
of the analysis, before 10 s, that is when the amplitude of the input signal is still negligible. In the same time a
slight increase of bending moment is calculated (Fig. 12b). On one hand this confirms the influence of sand
densification (hence plastic volumetric deformation) on the permanent change of internal forces in the lining;
on the other it also shows that the numerical model tends to overpredict the plastic volumetric strain during
shaking. As a consequence, the residual value of bending moment that is calculated at the end of shaking is
even larger than the experimental value, although the corresponding transient cyclic changes are very similar
(Fig. 12b).
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Figure 12. Simulated vs. experimental time histories of (a) settlement at the surface (LVDT 059) and (b) bending moment in the
tunnel lining at position NE
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3.5 Response of numerical model in saturated sand

The same input motion was applied at the bottom of the mesh modelling the soil as completely saturated. In
this condition, significant excess pore pressure developed in the soil layer above the tunnel, although full
liguefaction was not triggered, due to the low amplitude of the input signal. The excess pore pressure ratio, ry,
defined as the ratio between the generated excess pore pressure and the initial effective vertical stress, did not
exceed 0.77 (Figure 13).

Differences in the internal forces between dry and saturated conditions are shown in Figure 14.

This figure shows that the hoop force increased at both control points (NE and SE) in saturated sand
compared to dry sand (Figure 14a,b), while bending moment increased in the upper part (NE) of the tunnel
cross section and decreased in the lower part (SE).



Figure 13. Excess pore pressure ratio at the end of shaking.
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Figure 14. (a, b) Hoop force and (c, d) bending moment time histories along the tunnel on dry versus saturated soil conditions at (a,
c) NE and (b, d) SE point.



This indicates that the pore pressure build-up, associated with changes in effective stresses, affects the
distribution of internal forces in the tunnel lining.

In general, a larger change of hoop force is induced in the lining during ground shaking if soil liquefaction
approaches. The effect on bending moment depends on the position along the lining. However, for such a lining
(the very flexible one used in the experiment) the values of bending moments are very low.

In order to evaluate the preliminary remarks that emerge on the basis of the comparison in Figure 14, the
tunnel lining was changed, as in section 2.3, to a thicker reinforced concrete lining (EA = 10.5E% kN/m; El =
78.75E3 kNm?2/m).

Moreover, the numerical analyses were performed by applying at the base of the mesh the same signal ‘EQ1’
recorded in the centrifuge, two more signals obtained simply by scaling up ‘EQ1’ to twice (2x’) and three times
(‘3x’) its amplitude, and additionally the six natural signals shown in Table 2.

An overview of the analyses is given in Table 4.

The peak acceleration of the input signal (amaxb), peak acceleration calculated at the ground surface (amaxs),
the maximum change of bending moment (AM) and hoop force (AN) in the tunnel lining at the end of shaking
and the maximum uplift of the tunnel (u,m.) are shown in the table. The last column of Table 4 also reports the
average thickness of a continuous layer of soil (if any) where a value of the excess pore pressure ratio r,>0.8
was calculated.

Table 4. Overview of the analyses

thickness
input Amaxb Amaxs AM AN Uymax  Fe>0.8
g g kNm/m  kN/m m m

EQl 0.054 0.114 43 126 0.004 -
2x (EQ1) 0.108 0.13 131 235 0.033 4
3x (EQ1) 0.162 0.197 132 210 0.238 7.5

Tirana 0.33 0.214 127 232 0.019 3
Friuli 0.35 0.25 137 240 0.026 3
Southlceland  0.36  0.315 139 234 0.087 -
Avej 0.5 0.339 189 246 0.061 -
Northridge 0.68 0.233 154 254  0.337 8
Norcia 0.78 0.26 150 233 0.128

In Figure 15 the time history of acceleration at the base of the model (grey line) is compared with that calculated
at the surface (black line) for two cases from Table 4: ‘Norcia’ and ‘Northridge” input. The achievement of
liguefaction in the soil layer can be noticed in both cases.
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Figure 15. Time histories of acceleration at the base and at surface: input signal Norcia (a) and Northridge (b).
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Initially the signal is amplified (up to about 0.2 g, that is at about 2.5 s for ‘Norcia’ and 4 s for ‘Northridge’) at
the surface compared to the base, then liquefaction occurs and the liquefied soil acts as an isolating layer: the
amplitude of acceleration at the surface is lower than at the base from this point onwards. Figure 16 shows the
distribution of the excess pore pressure ratio ry at the end of shaking in both cases. The shading has been
limited to the range 0.8 <r, <1. It can be observed that a continuous horizontal layer of soil near to the surface
is very close to liquefaction if not liquefied. Moreover, the tunnel itself is partially interacting with liquefied sail,
although deeper than the shallow liquefied horizontal layer (C/D=2).
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Figure 16. Shadings of r,>0.8: input signal Norcia (a) and Northridge (b).

In Figure 17 the ratio between peak acceleration at the surface and that at the base is plotted against the
peak acceleration at the base, for all the input signals shown in Table 4. It can be noticed that in the cases where
the peak acceleration of the input signal is lower than 0.2 g, such a ratio is higher than 1, indicating
amplification, while for higher values of peak acceleration the ratio is lower than 1, indicating that de-
amplification occurred.
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Figure 17. Ratio between peak acceleration at surface and at the base vs. peak acceleration at the base (all signals).

In all cases de-amplification is caused by liquefaction occurring near the ground surface. The depth of the tunnel
in the ground layer does not affect the dynamic response of the soil, as shown in the figure.

The effect of soil liquefaction on the tunnel lining is analysed by looking at the maximum changes of hoop
force and bending moment at the end of shaking (Table 4 and Figure 18a, b).
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Figure 18. Maximum change of hoop force (a) and bending moment (b) in the lining at the end of shaking (all signals).
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Figure 19. Maximum vertical displacement of the tunnel at the end of shaking (all signals, C/D=2).

Figure 18 indicates that when the ground amplification prevails (for this ground conditions when amaxb< 0.2 g
according to Figure 17) larger changes of internal forces arise for increasing amplitude of shaking. This trend is
more evident for deeper tunnels (C/D=2). On the other hand, when liquefaction prevails (when amaxb > 0.2 g),
the change of internal forces is independent from the amplitude of the base acceleration.

In terms of permanent displacements induced by soil liquefaction, it is worth noting that the calculations
were performed by imposing undrained conditions. Pore-pressure build-up during shaking produces a very
limited uplift of the tunnel, unless the soil liquefies and the liquefied ground interact with the tunnel, such as
in the cases of Figure 16.

In Figure 19 the calculated uplift of the tunnel at the end of shaking is plotted as a function of the average
thickness of a liquefied layer. This has been assumed to be a shallow continuous horizontal layer with r,>0.8
(see forinstance the shaded areas in Figure 16). The trend in the figure shows that large amounts of liquefaction
in the cover soil layer of the tunnel produces significant uplift of a shallow tunnel, although the cover upon
diameter ratio is not too low (C/D=2). Similar trends were obtained for shallower tunnels (C/D = 0.5 and 1) using
the pseudo-harmonic input signal only (that is ‘EQ1’, ‘2x’, ‘3x’ in Table 4) and are shown in Figure 20. Although
the numerical results are limited, the effect of lower overburden can be read. The shallower the tunnel the



larger the uplift associated with the mobility of the surrounding liquefied soil, as observed experimentally by
Chian and Madabhushi (2011) in the centrifuge.
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Figure 20. Maximum vertical displacement of the tunnel at the end of shaking (‘EQ1’, 2x’, ‘3x’)

3.6 Remarks

This section has shown how an advanced effective stress constitutive model, able to capture the cyclic behaviour
of sand in both drained and undrained conditions, has been adapted to back-analyse a centrifuge test in dry
sand in order to model afterwards a similar problem in saturated sand. The constitutive model has been
calibrated using the results of laboratory tests carried out in monotonic and cyclic loading.

After comparing the numerical simulation in dry and saturated conditions, the numerical model has been
used to extend the study to different conditions in terms of lining thickness, tunnel cover, input signal. This
provided an insight into the behaviour of a shallow tunnel in a liquefiable sand layer. A form of limiting threshold
to the change of internal forces induced by ground shaking in the tunnel lining has been observed in the
numerical results once soil liquefaction occurs. At the same time, the influence of the overburden cover on the
upliftinduced at the tunnel in cases of extensive liquefaction has been discussed on the basis of the calculations.
Due to the lack of existing measurements for real cases, experimental campaigns using centrifuge modelling
would be highly beneficial to corroborate or debate similar results.

4 TUNNEL-BUILDING INTERACTION IN LIQUEFIABLE SOIL
4.1 Background

Although uplift mechanisms for an underground structure experiencing soil liquefaction have been identified
experimentally and numerically by several authors, the interaction of such mechanisms and the associated
displacements of the underground structure with those induced in aboveground structures that may be
founded nearby have not yet been investigated.

In urban areas shallow tunnels are likely to be close to the foundations of buildings and easily interact with
them during earthquakes (i.e. Soil-Structure- Underground Structure-Interaction, SSUSI). Hence, the reciprocal
influence of a tunnel and an adjacent building in the presence of soil liquefaction may be important.

Recent centrifuge testing on the behaviour of buildings founded in liquefiable ground layers has shown that
smaller net excess pore pressures are generated within the liquefiable layer under a structure by increasing the
contact pressure and height/width ratio of the building (Karimi & Dashti, 2016). Other studies have shown the
reciprocal influence of adjacent buildings, affecting non-uniform settlement during liquefaction (Yasuda, 2014).

How the uplift mechanism of an adjacent underground facility is influenced by the presence of the building
and how the floating of the underground structure can affect the tilt and settlement of the building are both
aspects that deserve attention.

This problem appears rather important considering the rapid extension of the built environment, both above-
and underground, to areas that may be subjected to risk of liquefaction. Hence an insight into such a problem
may well contribute to increase the resilience of urban environment to natural hazards.

The project STILUS, within the framework of the European funded network SERA (Seismology and Earthquake
Engineering Research Infrastructure Alliance for Europe) intends to investigate this problem through a series
of centrifuge tests.



In order to plan the centrifuge tests, a preliminary numerical study of tunnel-structure interaction in
liquefiable soil was carried out as described in the following sections 4.2 and 4.3. A circular transverse section
(modelling a bored tunnel) and a rectangular framed section (modelling a cut-and-cover tunnel) were taken
into account at this preliminary stage, since they may be likely to occur in the urban environment.

4.2 Circular tunnel

The numerical calculations were carried out using the same layout as shown in Figure 1, that has been analysed
in section 3. The numerical model and the input signal used were the same as described in that section, being
the problem modelled using the UBC3D-PLM model for the soil (Galavi et al., 2013). A simple structure was
added in the model mimicking a two-storey building as shown in Figure 21 (Colamarino, 2017).

Figure 21. Numerical mesh (prototype scale).

The building consists of a two-floors (3 m high each) and a basement (2 m deep). The building rests to one side
of the tunnel as shown in the figure.

The building frame was modelled using linear elastic beam elements. Two different material datasets were
used, one for the basement (El = 1.6x10°, kNm?/m, EA = 1.2x10” kN/m) and the other for the rest of the building
(El = 6.75x10* kNm?/m, EA = 1.6x10° kN/m). The mass assigned per unit length to the beam elements takes into
account also the presence of the floors and the walls.

The same set of input signals as in the previous section was used in order to compare the results to the
“greenfield” conditions considered in that section. Figure 22 shows the highest values of excess pore pressure
ratio (r,>0.8) calculated in undrained conditions at the end of the shaking for the three input signals ‘EQ1’ (Fig.
22a), ‘2x'(Fig. 22b) and ‘3x’ (Fig. 22c). Insets in the same figure show the corresponding deformed
configurations at the end of shaking.

As soon as the amplitude of the signal increases, larger areas of the sand layer are affected by liquefaction
or are approaching it (r,>0.8). It is worth noticing that for ‘EQ1’ (Fig. 22a) the highest values of ry are distributed
in the area of maximum shear stresses around the building foundation. Instead, no evidence of liquefaction
was observed in the results of the corresponding greenfield analysis in section 3 (r,<0.8, see Figure 13). The
larger amplitude of the “2x” input signal (Fig. 22b) produces a continuous layer of shallow soil approaching
liquefaction.

The influence of the building is still visible in this distribution but liquefaction does not affect the soil around
the tunnel (C/D=2). When subjected to an even stronger shaking, a larger thickness of soil approached
liquefaction (Fig. 22c). Compared to the corresponding greenfield analysis, the influence of the stresses induced
by the building is evident both in terms of deviator and mean stress: calculated pore-pressure build-up are
higher at the corners of the foundation due to initial higher shear stresses and lower towards the centre, where
the mean stresses prevail. In this case liquefaction areas reached the tunnel below.

The building settles and tilts. Both settlement and tilt are influenced by the distribution of excess pore
pressure around the foundation, that affects the degree of mobilization of shear strength in the foundation
ground. However, when liquefaction reaches the tunnel depth, an increased uplift of the tunnel affects the
building movements and the building starts to counter-rotate.



(a)
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Figure 22. Excess pore pressure ratio distribution and mesh deformation (magnification 2) at the end of shakings (a) ‘EQ1’, (b) ‘2x’
and (c) ‘3x.’



Figures 23 and 24 show the time histories of settlement and excess pore pressure calculated at point G and
| (see Figure 21) with input signals “EQ1” and “3x”. For the weaker “EQ1”, the larger positive excess pore
pressure that arises around point G (Fig. 23b) produces a larger settlement of the building on that side at the
end of shaking (Fig. 23a).

On the other hand, for the stronger “3x”, although negative excess pore pressure develop around point | (fig.
24b), the buildings settles more on the right side (fig. 24a), indicating an interaction with the uplift of the tunnel
on the left side.
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Figure 23. Time histories of settlement (a) and excess pore pressure (b) at the foundation level (‘EQ1').
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Figure 24. Time histories of settlement (a) and excess pore pressure (b) at the foundation level (‘3x').



Tables 5a and 5b summarize the results achieved in the analyses with C/D=2. Positive tilt is assumed counter-
clockwise.

Table 5a. Overview of the analyses with C/D=2

inpUt dmaxb  dmax,s EM EIN
g g kNm/m  kN/m
EQl 0.054 0.098 52 118

2x (EQ1) 0.108 0.139 146 250
3x (EQ1) 0.162 0.203 172 235
Northridge 0.68 0.249 242 301
Norcia 0.78 0.318 164 200

Table 5b. Overview of the analyses with C/D=2

tunnel thickness  building building

input max uplift r>0.8  maxsettimt maxtilt
m m m rad

EQ1 0.003 - 0.23 0.032
2x (EQ1) 0.023 3 0.709 -0.026
3x (EQ1) 0.168 7 2 -0.142
Northridge 0.175 8 1.29 -0.017
Norcia 0.146 6.5 0.793 0.021

In Figure 25 the maximum value of uplift of the tunnel axis is plotted for different values of the ratio C/D as
a function of the average thickness of a continuous horizontal layer of soil where the excess pore pressure ratio
ru is larger than 0.8. As in section 3, such a value has been assumed as a proxy for the effect of liquefaction in
the ground layer. In the same figure two curves are shown that represent the trends calculated for C/D=2 and
C/D=0.5 in the analyses without buildings (section 3).
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Figure 25. Tunnel max uplift in the analyses with building compared to corresponding trends calculated in analyses without.

Although with some scatter, the trends are the same in both sets of analyses (with and without buildings),
indicating a minor effect of the presence of a building on the amount of tunnel uplift, providing that similar
distributions of pore pressure build-up affect the soil surrounding the tunnel.
Trends of increasing building settlement and tilt can be observed in Figure 26 and 27. Very low values of average
thickness of the layer with r,>0.8 (close to zero) indicate that liquefaction occurs only in the proximity of the
foundation of the building (e.g. Fig. 22a). This corresponds to limited settlement, although non-negligible. Much
larger settlement is calculated when liquefaction is approached in larger volumes of soil, as for instance in the
cases shown in Fig. 22b-c.

Correspondingly, it might be noted that in Figure 27 there is a decreasing trend of tilt towards negative values
as the average thickness of the layer with ry>0.8 increases. Hence, a larger pore-pressure build-up generally



induces the foundation to rotate clockwise. This indicates the effect of the upheaval associated with the tunnel
buoyancy on the left side of the building.
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Figure 26. Building max settlement.
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Figure 27. Building max tilt.

In Figure 28 the change of hoop force (a) and bending moment (b) in the tunnel lining at the end of shaking is
plotted as a function of the peak acceleration of the input signal at the base of the model. Trend lines for the
case C/D=2 are shown as dashed lines and compared with similar trend lines from Fig. 18 for the ‘greenfield’
cases, that is without the building (dotted lines). The change of hoop force N induced by pore-pressure build-
up is independent of the presence of the building. On the contrary, the change of bending moment is generally
larger than in the ‘greenfield” case. This finds justification in the less uniform distribution of stresses induced
around the tunnel by the presence of the building (compare for instance values of ry: for ‘greenfield’ conditions
in Fig. 16b with ‘building” conditions in Fig. 22c).
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Figure 28. Maximum change of hoop force (a) and bending moment (b) in the lining at the end of shaking: all analyses in Table 5
compared to trend lines in Fig. 18 (no building).



4.3 Rectangular tunnel

In order to analyse a typical case of a cut-and-cover tunnel in an urban environment, a rectangular section has
been assumed, as shown in Figure 29. The same liquefiable sand layer and the same building as in section 4.2
are modelled.

Table 6 shows an overview of the analyses that have been carried out. The legend for the input signals has
been given in Table 4. A set of analyses with input signals of increasing amplitude was carried out in ‘greenfield’
conditions (Table 6a), to study the effect on the dynamic response and the pore-pressure build-up of the
presence of the tunnel. Similarly, a set of analyses was carried out for models with a building and without a
tunnel (Table 6b). Finally, the tunnel-building interaction was analysed with two sets of numerical models with
both structures (Table 6¢). In the former the building was located on the edge of the tunnel, with a distance to
cover ratio, d/C=0 (Fig. 29a). In the latter, the building was located at a distance d=5 m on the right side of the
tunnel, corresponding to d/C=1.7 (Fig. 29b).

The tunnel was very shallow, with a cover C=3m, compared to the depth of the basement (2 m).
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Figure 29. Models of rectangular tunnel with building: (a) building on the edge of the tunnel (d/C=0), (b) building at a distance d=5m
(d/C=1.7).



Table 6a. Overview of ‘greenfield’ analyses without building

tunnel thickness
input max uplift ro>0.8
m m
EQ1 0.529 -
2x (EQ1) 0.998 2
3x (EQ1) 1.000 2
Northridge 1.300 12

Table 6b. Overview of the analyses without tunnel.

thickness  building building
input re>0.8 maxsettimt maxtilt
m m rad
EQ1 3 0.572 0.058
2x (EQ1) 5 1.02 -0.009
3x (EQ1) 7 2.38 -0.1077
Northridge 7 1.2 -0.042

Table 6¢c. Overview of the analyses with tunnel and building.

d/C=0
tunnel thickness  building building
input max uplift r.>0.8 max settimt max tilt
m m m rad
EQl 0.095 1 0.23 -0.005
Northridge 0.421 12 1.32 -0.236
d/C=1.7
tunnel thickness  building building
input max uplift re>0.8  maxsettimt max tilt
m m m rad
EQ1 0.419 - 0.414 0.034
Northridge 1.340 8 1.72 -0.090

The dynamic response of the soil layer in ‘greenfield’ conditions (no building) with and without this tunnel is
shown in Figure 30. In the figure the ratio between the peak acceleration at the surface and at the base is
plotted against the peak acceleration at the base. It can be noticed that the presence of the larger rectangular
tunnel reduces the amplification at the ground surface compared to the circular tunnel. In all cases the dynamic
amplification calculated in “free-field’ in the corresponding analyses without a tunnel is much larger.

The differences between the curves reduce as the peak ground acceleration increases, when de-amplification
occurs due to soil liquefaction, as discussed in section 3.5.
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Figure 30. Ratio between peak acceleration at surface and at the base vs. peak acceleration at the base: with and without
rectangular tunnel and comparison with trend for circular tunnel.
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Figure 31. Excess pore pressure ratio distribution at the end of shaking ‘Northridge’: (a) ‘no tunnel’, (b) ‘d/C=0".

The presence of the building affects the distribution of excess pore pressure, as shown in section 4.2. This is
confirmed by the analyses without a tunnel as shown in Figure 31a. Here the continuity of the horizontal layer
approaching liquefaction is broken below the building due to the higher effective mean stresses.

The presence of the tunnel further affects the distribution of excess pore pressure, as can be seen from the
comparison between Fig. 31a and Fig. 31b.

It is worth noting that liquefaction is confined most in the free-field areas at the right side of the building and
the left side of the tunnel. However isolated liquefied soil volumes are identified below the tunnel, above the
tunnel roof and between the tunnel and the building foundations. In the latter area the distribution of excess
pore pressure depends on the relative distance d/C.

In Figure 32 the calculated values of building maximum settlement are plotted.
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Figure 32. Max settlement of the building.
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Figure 33. Max tilt vs. max settlement: analyses with building.

In the figure a trend of increasing settlement of the building with the average thickness of the layer approaching
liquefaction is observed, although with some scatter. The presence of the tunnel reduces the calculated
settlement of the building. Such a reduction is more evident for the shallower and larger rectangular tunnels
than for the deeper and smaller circular tunnels.

The calculated tilt and settlement of the building at the end of shaking are plotted one against each otherin
Figure 33. Despite some scatter, the plot shows a certain degree of correlation among the two quantities.

4.4 Remarks

This section has described a preliminary numerical study of tunnel-structure interaction in liquefiable soil. This
study has been carried out to identify patterns of deformation that should be expected to occur in centrifuge
tests to be carried out in a research project concerning such a problem.
The results have clearly shown how the distribution of excess pore pressure induced by shaking in undrained
conditions is affected by the presence of the tunnel and of the building.

The relative distance between the two structures (here expressed in terms of ratio d/C of the horizontal
distance between the tunnel wall and the building basement upon the tunnel cover) influences the solution
both in terms of tunnel lining deformation and of building displacements. Consequence are observed in the
distribution of internal forces in the tunnel lining and in the final configuration of the building.

A number of indications for implementing the physical modelling have been suggested by the results of the
numerical analyses.

As far as the distribution of internal forces is concerned, since the analyses show that it is influenced by the
presence of the building, it would be important to have a large number of measuring points along the tunnel
lining, to get an experimental insight into this problem.

Furthermore, since building tilt is expected by the analyses, non-contact laser displacement transducers
might be used in the centrifuge to measure such a tilt. They will be then associated to conventional transducers
(LVDTs).

Moreover, the distribution of calculated ground movements induced by soil liquefaction may help to define
areas where the addition of finer content (down to the nanoscale) may reduce the mobility of the soil. On the
experimental side, this show the potential benefit of using digital imaging and particle image velocimetry in
centrifuge tests, through a transparent side of the model container.

The numerical results also show that the tunnel uplift is driven by the increase of pore pressure below the
tunnel invert and the concurrent reduction of effective stresses (and shear resistance) in the cover. Hence the
safety factor against uplift is reduced. This will considered in the layout of the centrifuge tests by deploying
transducers to measure pore pressures where the analyses show that a significant build-up may develop.

The calculated distribution of excess pore pressure induced around the tunnel and the building basement
may also be useful to identify where mitigation techniques that may locally reduce pore-pressure build-up (for
instance: drainage, densification, induced partial saturation) would be most effective against the effects of soil
liquefaction and should be implemented in the tests.



Nevertheless, it should be pointed out that the results of the numerical predictions should be considered
with care. Although the potential of the constitutive model used, and of other models of similar complexity, to
predict pore pressure build-up and to identify the occurrence of soil liquefaction has been shown in several
studies, their accuracy in predicting the deformation of soil approaching or experiencing liquefaction and large
strain is still a matter of study. Hence the need to run tests on physical models, thus achieving an experimental
assessment of the behaviour of the soil and interacting structures (tunnel and building) in such conditions.
CONCLUSIONS

This work has illustrated how numerical calculations can be used in association with centrifuge testing to model
different aspects of tunnel behaviour during earthquakes. The scope of the paper has been limited to a few
aspects, mainly concerning the change of internal forces in the tunnel lining during shaking and the effect of
soil liquefaction. Tunnel-building interaction during shaking in liquefaction prone soil has also been
investigated. However, those analysed are only examples of a larger number of applications where an
integrated experimental-numerical modelling approach can be followed.

The point of view of this paperis on purpose slightly biased towards the numerical modellers that may benefit
of centrifuge tests to calibrate their models. The use of centrifuge testing (and physical models in general)
should be considered as complementing laboratory testing on single elements when it comes to study specific
aspects of boundary value problems. Indeed the possibility of evaluating numerical models using well-defined
and controlled experiments increase the reliability of any numerical study where advanced constitutive models
are used.

On the other hand, experimental activities may benefit significantly from a preliminary numerical study that
helps to define the scope of testing and the key aspects that the physical model should be able to reproduce.
This permits efficient use of resources, possibly reducing the number of experiments, to focus effective efforts
on the specified target.

The main achievements of this work are only partial and deserve further investigation. However, they help
to show how a combined use of physical and numerical modelling is necessary to analyse earthquake-induced
effects on tunnels and other similar subsystems of civil infrastructures
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