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Abstract. Underground structures constitute crucial components of the transportation net-
works. Considering their significance for modern societies, their proper seismic design is of
great importance. However, this design may become very tricky, accounting of the lack of
knowledge regarding their seismic behavior. Several issues that are significantly affecting
this behavior (i.e. earth pressures on the structure, seismic shear stresses around the struc-
ture, complex deformation modes for rectangular structures during shaking etc.) are still
open. The problem is wider for the non-circular (i.e. rectangular) structures, were the soil-
structure interaction effects are expected to be maximized. The paper presents representative
experimental results from a test case of a series of dynamic centrifuge tests that were per-
formed on rectangular tunnels embedded in dry sand. The tests were carried out at the centri-
fuge facility of the University of Cambridge, within the Transnational Task of the SERIES EU
research program. The presented test case is also numerically simulated and studied. Pre-
liminary full dynamic time history analyses of the coupled soil-tunnel system are performed,
using ABAQUS. Soil non-linearity and soil-structure interaction are modeled, following rele-
vant specifications for underground structures and tunnels. Numerical predictions are com-
pared to experimental results and discussed. Based on this comprehensive experimental and
numerical study, the seismic behavior of rectangular embedded structures is better under-
stood and modeled, consisting an important step in the development of appropriate specifica-
tions for the seismic design of rectangular shallow tunnels.
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1 INTRODUCTION

During past earthquakes, underground structures behaved generally better than near sur-
face or aboveground structure. However, several cases of extensive damage and even collapse
are reported in the literature [1], [2]. The most interesting case is that of the Daikai station in
Kobe, Japan, that collapsed during the major Hyogoken-Nambu earthquake (1995) [3],[4].
This is actually, the first well-reported case of a total collapse of a large underground structure
under seismic shaking. These recent failures revealed some important weaknesses in the cur-
rent seismic design practices.

Roof slab collapse

Column10

(b)

Figure 1: Daikai Station. (a) Collapse of the central columns of the station, [5], (c¢) Failure modes (modified af-
ter [3])

The seismic response of embedded structures to ground shaking is very distinct with re-
spect to the aboveground structures. The kinematic loading imposed on the structure from the
surrounding soil is prevailing, while the inertial effects are of secondary importance. The soil-
structure interaction effects, that are expected to be increased in cases of non-circular (i.e. rec-
tangular) embedded structures, are closely related to two crucial parameters, namely:

(1) the relative flexibility of the structure and the ground and

(i) the interface characteristics between the structure and the surrounding soil.

The exact affection of these parameters on structural seismic response is not well known.

For the evaluation of the seismic response of underground structures, several methods may
be found in the literature, ranging from uncoupled methods, simplified closed form solutions
and equivalent static analysis schemes, to the most sophisticated full dynamic analysis of the
coupled soil-structure system incorporating advanced numerical methods (i.e. [6-9] etc). The
results of these methods may substantially deviate, even under the same assumptions, indicat-
ing the lack of knowledge regarding some very crucial issues that are significantly affecting
the seismic response [10]. The lack of knowledge is even more pronounced for the non-
circular structures. The seismic earth pressures on the side walls, the seismic shear stresses
around the perimeter of the structure along with the soil-structure interface characteristics, the
complex deformation modes during the shaking (i.e. rocking for stiff structures or inward de-
formations for the flexible structures) and the affection of the soil-structure relative flexibility
on the seismic response are, among others, issues that need further study.

To this end, a comprehensive series of tests has been performed at the University of Cam-
bridge (UCAM) jointly with Aristotle University of Thessaloniki (AUTH) on square tunnel
models embedded in dry sand. The tests were carried out at the geotechnical centrifuge facil-
ity of the University of Cambridge, within the Transnational Access Task of the SERIES EU
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research program (TA project: TUNNELSEIS). The produced experimental data are used to
better understand the seismic behavior of rectangular embedded structures and also to validate
advance numerical models, improving at the end the design methods. The experimental pro-
cedure and the set up for one of the tests cases is briefly presented in the ensuing paper along
with the some representative experimental results. Numerical predictions, achieved by pre-
liminary numerical simulations of the test, are also briefly presented and compared to the ex-
perimental data.

2 DYNAMIC CENTRIFUGE TESTS

2.1 Geotechnical facility

The tests were carried out on a square aluminum tunnel-model embedded in dry sand, at
the “Turner beam centrifuge” of the University of Cambridge (Schofield Centre), under cen-
trifuge acceleration of 50g.

Earthquake input motions were applied using the Stored Angular Momentum (SAM) ac-
tuator [11], which is designed to apply sinusoidal input motions at a maximum frequency up
to 60Hz and at a maximum amplitude of 20g (in model scale).

A large Equivalent Shear Box (ESB) was used as the container for the models, having in-
side dimensions 673mm in length, 255mm in width and 427mm in depth. The box is designed
to match the shear stiffness of the contained soil for the range of shear strains of interest, in
order to minimize any soil-container interactions [12].

Figure 2: (a) Turner beam centrifuge, (b) SAM actuator, (c) ESB box

2.2 Materials

The model was made of dry uniform Hostun HN31 sand having a relative density of about
90%. The mechanical properties of the sand are tabulated in Table 1.

The tunnel model (Figure 3), manufactured from 6063A aluminum alloy, is 100mm wide
and 220mm long, having a thickness of 2mm. The aluminum alloy mechanical properties are
summarized in Table 2. According to the scale factor (N=50), the model corresponds to a
5x5%11 (m) square tunnel having an equivalent concrete lining thickness equal to 0.13m (as-
suming E = 30 GPa for the concrete). This thickness is obviously unrealistic in practice, as the
design analysis for the static loads will result in a much thicker lining. However, this selection
was necessary to achieve measurements of the lining strains. To simulate more realistically
the soil-structure interface, Hostun sand was stuck on the external face of the tunnel-model,
creating a rough surface.
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Ps (g/ cm3) €max__ €min __ dio (mm) dso (mm) dso (mm)
Hostun HN31 2.65 1.01 0.555 0.209 0.335 0.365

Table 1: Sand mechanical properties (after [13])

Unit weight, v  Elastic modulus, E Poisson  Tensile strength,
(kN/m?) (GPa) ratiov  fi, (MPa)
2.7 69.5 0.33 220

Table 2: Tunnel model mechanical properties

Figure 3: Tunnel model

2.3 Model preparation

The sand model was made using an automatic hopper system [14]. During the construction,
the tunnel and all the embedded transducers were positioned in the model. Several phases of
the model construction are presented in Figure 4. To avoid any interaction of the tunnel with
the ESB box, the tunnel was shorter than the box width. Two PVC rectangular plates were
placed at both the tunnel ends to avoid the sand entrance into the tunnel-model.

Figure 4: Model preparation
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2.4 Model set up — instrumentation

Figure 5 presents the final model layout and the instrumentation scheme. Miniature accel-
erometers were used to measure the acceleration in the soil, on the tunnel and on the ESB box.
To estimate the soil shear wave velocity profile before each earthquake, air hammer tests were
performed [15]. For this purpose, a small air-hammer was introduced close to the base of the
soil layer while a set of accelerometers were placed above it, forming an array, allowing a re-
cord of the arrival times of the waves emanating from the air-hammer. The soil surface set-
tlements were recorded in two locations using linear variable differential transformers
(LVDTs), while two position sensors were attached on the upper side of the walls of the tun-
nel to capture the vertical displacement and the possible rocking of the tunnel model. Both the
LVDTs and the POTs were attached on gantries running above the ESB box. Two miniature
total earth pressure cells were attached on the left side wall of the tunnel, allowing the meas-
urement of the soil earth pressures on the wall.
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Figure 5: Model configuration — instrumentation scheme
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Resistance strain gauges were glued on the inner and the outer face of the tunnel to meas-
ure the model strains at several locations. Four of them were measuring the axial strains at the
walls and the slabs, while four were recording the bending moment strains near the model
corners and at the middle of the roof slab. The latter strain gauge was broken during the test-
ing procedure. In the following presented results, positive values represent bending moment
with tensile stress increments for the internal lining face and tensile axial force. The gauges
cables were running from the inside face of the tunnel, to avoid any interactions with the soil-
tunnel interface. All the instruments were adequately calibrated before and checked after the
tests, as described in detail in [16].

2.5 Experimental procedure

During each flight, the centrifuge was spun up in steps stopping at 10g, 30g and 50g and
then the earthquakes were fired in a row, leaving some time between them to acquire the data.
The data was recorded at sampling frequency of 4 Hz during the swing up and at 4 kHz dur-
ing the earthquakes.

Before each shake, air-hammer tests were conducted to evaluate the new (modified) shear
wave velocity (V) profile of the soil deposit. The Vi profiles were estimated based on the
travel times of the waves, between accelerometers that are placed at known distances apart.
These distances did not change significantly after each shake, as the recorded soil settlements
were small due to the high relative density of the soil deposit. The travel times were estimated
in a simplified way from the arrivals of the waves, produced by air-hammer. To make sure
that the arrival times were adequately recorded, the DasyLab software was used as the acqui-
sition system for the air-hammer array of accelerometers, allowing for a sampling frequency
equal to 50 kHz.

The model was subjected to a total of eight “earthquakes” during two flights. The earth-
quakes were pseudo-harmonic wavelets except the last earthquake fired during the first flight
that was a sine sweep. The main characteristics of the input motions are tabulated in Table 3
both in model and prototype scale (bracketed values), while the time histories are depicted in
Figure 6.
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Figure 6: Input motions time histories
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2.6

Representative experimental results are presented in the following sections comparatively

Input type Frequency Amplitude (g) Nominal Duration (s)
Flight 1
EQ1 30 {0.6} 1.0 {0.02}
EQ2 Pseudo- 45 {0.9} 4.0 {0.08} 0.4 {20}
EQ3 Harmonic 50 {1} 6.5 {0.13} '
EQ4 50 {1} 12 {0.24}
EQS5  Sine Sweep 60 {1.2} 12 {0.24} 3.0 {150}
Flight 2
EQ6 50 {1} 5.8 {0.116} 0.4 {20}
EQ7 gs:r‘;g;‘lic 50 {1} 6.0 {0.12} 0.6 {30}
EQS8 50 {1} 11.0 {0.22} 0.5 {25}

Table 3: Input motions characteristics (bracketed values: values in prototype scale)

Experimental results

to the numerical predictions, for EQ4. The main findings are summarized in the following:

The horizontal acceleration recorded at several locations, is amplified towards the sur-
face, while, the amplification ratio with respect to the base amplitude reduces with in-
creased input motion amplitude due to the soil non-linear behavior.

Vertical acceleration-time histories recorded on the sides of the model’s roof slab were
out of phase indicating a rocking mode of vibration for the tunnel.

The tunnel’s racking distortions, computed from the acceleration-time histories, indicate
a rigid structure with respect to the surrounding soil.

Small ground settlements were recorded at the soil surface during swing up and shaking,
due to the high relative density of the studied soil deposit.

During shaking the dynamic increments of the pressures were higher for the invert slab-
side wall corner due to the larger rigidity of the model at this location compared to the
middle of the side-wall. Residual values are observed after each shake that can be
mainly attributed to the soil plastic deformations and to a small amount of soil densifica-
tion during shaking that can cause stress redistribution.

The dynamic bending moments correspond in a similar way with the recorded dynamic
earth pressures. Large residual values were detected after each shake, as a result of cu-
mulative strains during the shaking.

Smaller residuals were observed for the dynamic axial forces after shaking. These re-
siduals in addition to the previously mentioned ones are most probably due to an amount
of sliding observed on the soil-tunnel interface.

3 NUMERICAL SIMULATION

3.1

Description of the numerical model

For the numerical simulation of the test we used the generic FE code ABAQUS [18]. Full
dynamic time history analyses of the coupled soil-tunnel system were performed, under plane
strain conditions, on a prototype scale model. Appropriate scaling laws were used to convert
the computed quantities from prototype to model scale [17].
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Figure 7: Numerical model in ABAQUS

More specifically, the soil was meshed with quadratic plane-strain elements, while the
model tunnel was modeled with beam elements (Figure 7). Linear elastic behavior was as-
sumed for the model tunnel (E=69.5GPa, v=0.33), while the soil behavior was modelled with
(i) a linear visco-elastic material (equivalent linear approach), (ii) a combined equivalent lin-
ear-elastoplastic approximation, using a Mohr-Coulomb failure criterion and (iii) a modified
kinematic hardening model combined with a Von-Mises failure criterion and an associated
plastic flow rule, as presented in detail in the following. The base boundary of the model was
modelled as rigid bedrock, while kinematic constrains were introduced at the vertical bounda-
ries, forcing the opposite vertical sides to move simultaneously preventing any rotation. The
soil-tunnel interface was simulated using contact algorithms available in ABAQUS [18].
More specifically, the tangential behavior was modelled using the penalty friction formulation,
introducing a friction coefficient p=0.84, considering the stack sand on the tunnel outer face.
The normal surface behavior was adequately simulated, so to preclude penetration and allow
separation between the two media, precluding tensile strains on the soil. The input motion was
introduced at base of the model in terms of acceleration time histories, referring to the motion
recorded at the reference accelerometer (see Figure 6). The analyses were performed in two
steps; first the gravity loads were introduced, while in the second step the earthquake input
motion was applied in a dynamic step.

Representative numerical predictions in terms of accelerations, displacements, dynamic
earth pressures on the tunnel and dynamic internal forces of the tunnel lining are presented in
the following sections compared to the experimental data, for the EQ4 earthquake scenario.

3.2  Soil constitutive models

e Visco-elastic analyses

For a first series of analyses, the soil non-linear behavior was modeled with a visco-elastic
material, with properties (stiffness and damping) adequately selected, according to the shear
deformation level, estimated for each earthquake scenario by means of 1D equivalent linear
soil response analysis. The calculation was performed in the frequency domain using the code
EERA [19]. The small-strain shear modulus (Gmax) Was computed according to Hardin and
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Drenvich [20] that was found to give similar results, with the air-hammer tests (Figure 8a).
The G-y-D curves required for the analysis were estimated through a try and error procedure,
checking different curves, so to achieve the best fitting of the numerical predictions with the
experimental results (horizontal acceleration at the “free-field” array). The Gmax and the G-y-
D, finally adopted, are presented in Figure 8, along with the maximum horizontal acceleration
as computed with EERA and compared with the experimental data for EQ4 (Figure 8c).

In the 2D full dynamic analysis of the soil-tunnel system, the reduced soil shear modulus
was introduced, following the distribution with depth, as computed with EERA. For this pur-
pose, a user subroutine was encoded in ABAQUS. The damping was introduced in the
Rayleigh type formulation as a mobilized value over all the soil depth. The mechanical prop-
erties of the soil as adopted for this case are summarized in Table 4.

Vs(m/s) A/50g
00 87.5 175 262.5 350 00 0.1125 0.225 0.3375  0.45
T T T T T T
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Figure 8: (a) V,, profile estimated from Hardin and Drenvich [20] compared to the air hammer test results, (b) G-
v-D curves adopted in the analyses, (c) Comparison of the maximum horizontal acceleration along the “free field
array” as estimated from the experimental data and computed from EERA analysis for EQ4

e Combined equivalent linear-elastoplastic approximation

To account of the soil plastic response (i.e. permanent deformations, residual values for
the internal forces etc), a Mohr-Coulomb failure criterion was introduced in a second series of
analyses. The elastic stiffness was kept reduced with respect to small-strain elastic stiffness,
corresponding to the computed, from the 1D EQL response analysis, value. Regarding the
strength parameters of the sand, the values were selected according to a literature reference
for the specific fraction [21].

e Modified kinematic hardening model combined with a Von-Mises failure criterion and an

associated plastic flow rule

For the final series of analyses, the soil non-linear behavior was modeled using a kine-
matic hardening model combined with a Von-Mises failure criterion and an associated plastic
flow rule. The model is embedded in ABAQUS and modified through a user subroutine, as
presented by Anastasopoulos et al. [22], to be applicable also for sands.

According to the model, the evolution of stress is defined as:

oc=0,+a (D)
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where o, corresponds to the stress at zero plastic strain, and a, is the responsible for the ki-

nematic evolution of the yield surface in the stress space, backstress. This is performed
through a function F which defines the yield surface, as:

F=f(oc-a)-o, )

Accounting of the associated plastic flow rule, the plastic flow rule rate £” is computed as:
= OF
g" —

oo

&M = 3)
where £ is the equivalent plastic strain rate.

The evolution law comprises of an isotropic hardening component that describes the
change of the equivalent stress defining the size of the yield surface o, as a function of plas-

tic deformation and a nonlinear kinematic hardening component, which describes the transla-
tion of the yield surface in the stress space. The latter is defined as an additive combination of
a kinematic term and a relaxation term, which introduces the non-linearity. The evolution of
the kinematic component of the yield stress is described according to the following formula-
tion:
a:ci(a—a)é"' —yaz " 4)
60
where C is the initial kinematic hardening modulus (equal to the elastic stiffness) and y a pa-
rameter that describes the rate at which the kinematic hardening decreases with the increasing
plastic deformation.
The evolution of the two hardening components (isotropic and kinematic) is illustrated in
Figure 9 for unidirectional and multiaxial loading. The evolution law for the kinematic hard-
ening component implies that the backstress a is contained within a cylinder of radius equal to

J2/3C/y . Since the yield surface remains bounded, any stress point must lie within a cylin-
der of a radius /2/3c, , where o, is the maximum yield stress at saturation. To account of the
confining pressure (i.e. for sands), o, is defined as a function of the octrahedral stress and the

friction angle ¢ of the sand, as:

where, 0,,0,,0, are the principles stresses. Since o, =C/y +0,, y can be computed for cohe-

sionless soils as:

y= c ©)

o, +0,+0;) .
\/5('323)51n(p—60

The model parameters were calibrated against the small strain shear modulus distribution
and the G-y-D curves presented before. For this purpose, numerical simulations of cyclic sim-
ple shear tests were performed, for several shear strain levels, so to compute the shear
modulus degradation and the increasing damping with the increasing strain. The results of
these analyses are presented in Figure 9c, comparatively to the target G-y-D curves.
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Table 4 summarizes the mechanical properties of the sand, finally adopted for all the con-
stitutive models implemented.
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Figure 9: (a), (b) Nonlinear isotropic/kinematic hardening constitutive soil model: three-dimensional (a) and sim-
plified one-dimensional (b) representation of the hardening law, (c) Calibration of the constitutive model against
the GyD curves adopted for the specific test case

Shear modulus p Damping ¢ 1} c
G W) T (%) ) () (kPa)
Visco-elastic o 15 .
. Reduced distribution 1.63 0.333  (Rayleigh - - -
analysis
type)
Combined EQL 15
elastoplastic Reduced distribution 1.63 0.333  (Rayleigh 40 12 2
analysis type)
10
Kinematic harden- ;" 43¢ b tion 163 0333 (Rayleigh 00
ing model type) +
hysteretic

Table 4: Soil mechanical properties adopted for each analysis case
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4 EXPERIMENTAL DATA VS. NUMERICAL PREDICTIONS

In this section we present, representative numerical results compared to the experimental
data. The results are presented and discussed for EQ4 in terms of horizontal and vertical ac-
celerations, dynamic earth pressures, dynamic internal forces of the model lining and soil sur-
face settlements. They are shown at model scale, if not differently stated.

4.1 Horizontal acceleration

Figures 11-13 present windows of the computed and recorded acceleration time histories at
several locations. The numerical predictions are in very good agreement with the records,
with an exception for ACC14 (tunnel roof slab). The analysis where the kinematic hardening
model is used to describe the non-linear behavior of the sand seems to slightly over predict
the amplification of the horizontal acceleration with respect to the experimental data and the
other analyses (Figure 10), but in general the representation of the actual behavior seems to be
fair enough. The minor differences are mainly attributed to the difference between the as-
sumed soil mechanical properties (stiffness and damping) and their actual values during the
test.

The large difference between the recorded and the computed horizontal acceleration on the
roof slab (ACC14) is probably attributed to a recording error, as the analyses are reproducing
quite efficiently the acceleration both at the soil surface above the tunnel and on the other lo-
cations of the tunnel (middle of the right wall, invert slab).

4.2  Fundamental frequency of the soil deposit

Figure 14 presents the transfer functions (at prototype scale) as computed along the "free-
field" vertical array of the accelerometers, by the experimental data and the numerical analy-
ses. Both experimental and the numerical results are reasonable well compared indicating a
fundamental frequency of about 2Hz for the soil deposit.

Reference array Free Field Tunnel array
A/50g A/50g A/50g
0 0.225 0.45 0 0.225 0.45 0 0.225 0.45
T T ° T ° 22
0.1 b 0.1 b 0.1 o b
3 3 N g
g 02 1 g o2 1 g o2 @) 1
[9] [ [7]
[a] [a} [a}
0.3 E 0.3 E 0.3 E
o o
0.4 . 0.4 .

0.4

Figure 10: Maximum horizontal acceleration along vertical accelerometers arrays; Experimental data vs. numeri-
cal predictions (green circle points: experimental data, black solid line: visco-elastic analysis, red solid line:
combined EQL elastoplastic analysis, blue solid-line: kinematic hardening model)
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Figure 12: Windows of acceleration time histories for EQ4; Experimental records vs. combined EQL-
elastoplastic analysis results
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Figure 13: Windows of acceleration time histories for EQ4; Experimental records vs. kinematic hardening model
results
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Figure 14: Transfer functions along the “free field” vertical array of accelerometers for EQ4

4.3 Vertical acceleration

Small values of vertical acceleration were recorded near the soil deposit base. This is
probably attributed to the reduced parasitic yawing movement of the ESB box on the shaking
table, which is not modeled in the numerical analyses. Noticeable vertical accelerations were
recorded and also computed at the sides of the tunnel roof slab (Figure 15). In both recorded
and computed values we observe an out of phase response indicating a rocking mode of vibra-
tion for the tunnel, except the prevailing racking distortion. The reproduction of this mode of
vibration by the numerical analysis, even without the simulation of the yawing movement of
the ESB box, indicates that the yawing movement probably amplifies this behavior but in any
case it is present. It is noted that this mode of vibration is usually precluded from the simpli-
fied analysis methods.

Experimental data Numerical predictions
0.2 I 0.2 I
0.1 H 0.1 —
g
© 0 0
<
-0.1 — -01 —
ACC15 ACC16
-0.2 L -0.2 |
0.2 0.25 0.3 0.2 0.25 0.3

t(s) t(s)
Figure 15: Windows of vertical acceleration time histories for EQ4; (a) Experimental records. (b) Visco-elastic
analysis results
4.4  Soil surface settlements

Figure 16 presents the recorded and computed soil surface settlements (in model scale)
during EQ4 test. The numerical analyses generally underestimate the soil settlements, which
are anyway quite small (less than 0.6mm for this case), due to the high relative density of the
soil deposit. However it should be noticed that the experimental results maybe biased to some
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extend by the way the LVDTs are fixed to the gantries of the box and by the small bending of
these gantries caused by the strong gravity forces.

LVDT1 LVDT2
0.8 T T 0.8 I
Experimental data
Combined eql elasto—plastic approach

Kinematic hardening model
041 — 0.4

Displacement (mm)
o
Displacement (mm)
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o8 | | | 08 | | |
0 0.15 0.3 0.45 0.6 0 0.15 0.3 0.45 0.6

t(s) t(s)

Figure 16: Soil surface settlements, EQ4; Experimental records vs. numerical predictions

4.5 Dynamic earth pressures

The computed and recorded dynamic earth pressures close to the invert slab-left wall cor-
ner and at the middle of the left side wall are presented in Figure 17.
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Figure 17: Dynamic earth pressures, EQ4; Experimental records vs. numerical predictions

Looking at the experimental data, three phases may be indentified, namely a transient stage,
a steady state stage and finally a post-earthquake residual stage. During the first few cycles of
loading, seismic earth pressures are building up. Then in the steady state stage the earth pres-
sures are oscillating around a mean value. During this step, the pressures are shifting from ac-
tive to passive state due to the tunnel oscillation. Finally, in the post-earthquake stage residual
stresses are recorded on the tunnel lining. This behavior has been also reported in other simi-
lar centrifuge tests [23]. The dynamic increments of the pressures were found to be larger near
the corner, while at the middle of the side wall the increments were much smaller due to the
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flexibility of the wall at this location. Generally, this complex behavior is attributed to the soil
plastic deformations and the soil densification during shaking.

Similar observations were drawn from the numerical analyses, as the three aforementioned
stages were reproduced to some extend. The differences in terms of dynamic increments (i.e.
semi-amplitude of cycles in the time histories) and residual values are mainly attributed to
differences between the adopted soil and soil-tunnel interface mechanical properties (i.e. soil
stiffness and strength near the tunnel, interface coefficient of friction) and the actual values. It
is noted that these parameters are highly interrelated. For example, a more “rigid” connection
of the tunnel with the soil (i.e. larger coefficient of friction) can affect the soil stiffness degra-
dation near the tunnel resulting in different stress redistribution in the soil around the tunnel.
To this end, proper estimation of these parameters is of major importance.

4.6  Dynamic internal forces

The recorded and computed dynamic internal forces are presented in Figures 18-19.

Regarding the bending moments records, similar behavior to the earth pressures response
is observed, as the three aforementioned stages are also reported in this case. This cumulative
response has also been observed during dynamic centrifuge tests performed on circular tunnel
models embedded in dry sand [24]. Similar response is observed in the numerical analyses.
More specifically, both the combined EQL elasto-plastic analysis and the kinematic hardening
model, seem to reproduce the three stages mentioned before (transient stage, steady state stage
and post-earthquake residual stage), with the latter predicting much higher residual values af-
ter shaking.
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Figure 18: Dynamic internal forces, EQ4; Experimental records vs numerical predictions for the combined EQL
elasto-plastic model
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Residual values were also observed for the axial forces. These residuals, that were gener-
ally smaller than the bending moment ones, found to be larger at the slabs. They can be attrib-
uted to the small soil densification as well as to the possible sliding effects on the soil-tunnel
interface and to some extent to the soil non-linear behavior.

It is also important to notice that the dynamic axial forces recorded and computed on the
sidewalls of the model, were out of phase (Figure 20), indicating again the rocking mode of
vibration for the tunnel, as also mentioned for the vertical accelerations.
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Figure 19: Dynamic internal forces, EQ4; Experimental records vs. numerical predictions for the kinematic hard-
ening model
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Figure 20: Time windows of the recorded and computed dynamic axial forces of the side walls; Case A: Com-
bined EQL elasto-plastic analysis, Case B: Combined EQL elasto-plastic analysis — full slip conditions

Similar to the earth pressures, the differences between the recorded response and the nu-
merical predictions are attributed to the differences between the adopted and the actual values
of the soil and soil-tunnel interface mechanical properties and to some extend to their interre-
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lation. To check this hypothesis, we run the combined EQL elastoplastic analysis assuming
full slip conditions for the soil-tunnel interface (no shear stress is transferred from soil to the
tunnel). Figure 21 compares the recorded internal forces with the numerical predictions for
this case. It can be observed that the dynamic increments of the axial forces are highly re-
duced with respect to the previous case (finite slip conditions), while the computed bending
moments come closer the experimental data. The interrelation of the soil non-linear behavior
and the soil-tunnel interface characteristics can also be observed in Figure 22, where the soil
plastic strains as computed by the non-linear analyses are presented on the deformed shaped
models. Actually, we can see differences on the soil plastic deformations distributions around
the tunnel for the different assumptions regarding the soil-tunnel interface. For the full-slip
conditions the soil plastic deformations are smaller near the walls and larger above the tunnel,
with respect to the finite slip case.

5 CONCLUSIONS

The paper presented some representative results from a test of a series of dynamic centri-
fuge tests that were conducted on a square tunnel model embedded in dry sand. The case was
also numerically modeled using different models for the soil behavior and soil-tunnel inter-
face properties. Numerical predictions were compared to the experimental data. The main
conclusions drawn may be summarized in the following:
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Figure 21: Dynamic internal forces, EQ4; Experimental records vs. numerical predictions for the combined eql
elasto-plastic model assuming full slip conditions
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Figure 22: Soil plastic strains around the tunnel: (a) Combined EQL elasto-plastic analysis, (b) Kinematic hard-
ening model, (c) Combined EQL elasto-plastic analysis — full slip conditions

e The horizontal accelerations recorded at several locations, are amplified towards the sur-
face. This amplification was efficiently reproduced by the numerical analyses.

e Vertical acceleration-time histories recorded on the sides of the model’s roof slab were
out of phase indicating a rocking mode of vibration for the tunnel. This response was
verified by the numerical analysis.

e The recorded earth pressure increments are higher at the slab-wall corner due to the lar-
ger rigidity of the model at this location compared to the middle of the wall. Residual
values were observed after each shake that can be attributed to the soil plastic deforma-
tions and to a small amount of soil densification during shaking that can cause stress re-
distribution. This general trend was also numerically reproduced.

e The dynamic bending moments follow the same trend as for the dynamic earth pressures.
Large residual values were detected after each shake, as a result of cumulative strains
during the shaking.

e Smaller residuals were observed for the dynamic axial forces after shaking. In addition
to the aforementioned parameters that can cause these residual values, a small amount of
sliding on the soil-tunnel interface is also affecting this behavior.

e The numerical models used herein, generally reproduced the general trends observed
from the recorded dynamic internal forces. The differences between the computed and
the recorded values are attributed to the differences between the adopted soil and soil-
tunnel interface mechanical properties compared to the actual values and to some extend
to their interrelations. Errors related with the records (i.e. calibration of the instruments)
can also cause differences to some extend.

e Generally, we concluded that numerical models may reproduce accurately, considering
all kind of uncertainties involved, the recorded response of a rectangular tunnel in the
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centrifuge. Further analysis of the recorded data and better evaluation of the soil and
structure properties during shaking are expected to provide even better insight of the
complex behavior of this kind of structures.
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