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Introduction

RESEARCH OBJECTIVES

The main goal of this work is the study of the babar of the tunnels in
soils under seismic motions. Many cases of earltejudamage to
underground structures are reported in literat@een and Scholl, 1981,
Sharma & Judd, 1991; Power et al.,, 1998). In paldic during the
Hyogoken-Nambu earthquake (Kobe 17.1.1995,=W12), an intense
damage distribution was observed at the metro patetion system,
especially for the Daikai station and the tunnahly (Yoshida, 1999).

The damage surveys show that the underground stesctparticularly
the tunnels, can be considered safer than the ajprowmd structures with
reference to collapse limit states. Neverthelessthe urban areas the
serviceability of underground networks (like roagweailway, water and
gas pipelines) were severely interrupted and lidnitefter strong
earthquakes. The need to preserve their servidyathilring and after the
seismic events incremented the engineering intecestthe seismic
behaviour of the tunnels, especially in order todaip the codes
prescriptions for the design of these structures.

Experimental observation made by Okamoto et al73),9showed that
the behaviour of the tunnels during seismic moti®rgoverned by the
kinematic response of the surrounding solil ratirantby inertial forces
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arising in the structure. Therefore, in the clogmuh analytical solutions

applicable, the seismic increments of internal édsrdepend mostly on the
maximum shear strain of the soil in free-field ciiots (e.g. Hashash et
al., 2001). Also, the lining forces increments aseially function of the

stiffness ratio between the soil and the tunnej. enzien & Wu, 1998).

The closed-form expressions support a kind of giregl design
procedures, called ‘uncoupled methods’, which leaevaluate the internal
forces in two different steps: first, the calcuatiof the maximum free-
field strain and, second, the evaluation of the imarn increments of the
internal forces. These analyses are often overervasve with respect to
more complex analyses, calculating the lining fertierough an unique
soil-structure interaction model.

In ltaly, an extended research project was laundhetie April 2003,
called ReLUIS (Rete dei Laboratori Universitari di Ingegneria Sisa—
Network of University Laboratory of Seismic Engmag www.reluis.it).
The scope of this project was to support the devent of up-to-date
seismic design procedures through the experimevatation of the
computational methods.

The ReLUIS project is divided into 10 research singhe &' line is
dedicated to geotechnical systems and is entitlmabtative methods for
design of retaining structures and for assessmérdlape stability This
line is subdivided into 4 sub-line projects. Thestfisub-line project regards
the study of the behaviour of urban tunnels andimetg structures under
seismic loading.

A number of centrifuge tests on physical modelsetdining walls and
tunnels under seismic conditions has been planméaei framework of the
sub-line project. The tests were carried out tovigke® experimental data to
calibrate numerical analyses and were not meamhddel directly real
structures or earthquakes.

A contractual agreement between the ReLUIS consortand the
Cambridge University (CUTS) was set up to perforreed of centrifuge
tests at the Schofield Centre. This University ctice is equipped with
geotechnical centrifuges to run dynamic tests. Téming programme
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included 4 tunnel tests and 8 retaining wall tealisthe models aimed to
reproduce plane strain conditions. The sequencerdtruction phases was
not realistically reproduced, but the proceduresreate the models was
specified in order to include them in the numerisahulations of the

experiments.

For such problems, the physical modelling congguhaybe the unique
experimental tool available, since field-instruneghttest sites are very
costly and can give reliable results only alongesgied observation
periods. In other words, the centrifuge tests aréficial case histories’.
although very idealised with respect to actual aksoil systems. Since in
the centrifuge tests the stress conditions of @ size structures are
correctly reproduced, the results can be usedliorate and assess simple
to advanced numerical prediction models.

From the above premises, this work developed thrahgee different
stages, approximately lasting one year each:

1. Collection and study of the reference literaturg tbhe most
important research topics:
 damage case histories occurred in underground tstasc

(including tunnels and pipelines) during strong-ioot
earthquakes;

* pseudo-static methods for the calculation of thesnsie
increments of the internal forces in the tunneahly both in the
cross section and along the longitudinal axis;

* physical modelling of the soil/tunnel interactidmrdugh small
scale centrifuge tests.

2. Numerical analysis of the dynamic behaviour of silbsoth in
free-field conditions and including the tunnel inetcalculation
domain.

3. Centrifuge testing and interpretation, in closeoperation with the
hosting Cambridge University and other researchiggonvolved in
the same ReLUIS project sub-line.



4

TEXT ORGANIZATION AND SUMMARY

The text was structured in seven chapters, correipg to distinct
theoretical, numerical and experimental aspecteefesearch.

After Chapter 1, summarising the engineering issfiese problem, two
chapters of the thesis (Chapters 2, 3) were degtidat the explanation and
use of analytical methods to predict the behavadwircular tunnels during
an earthquake, comparing analyses of different ¢exitg levels. The core
part of the text (Chapters 4, 5, 6) describes #ee@ion and interpretation
of centrifuge tests on sand models, in which autarcaluminium tunnel
was placed. The calculation methods previouslystthted were finally
used in order to simulate the experimental testemrifuge (Chapter 7).

In Chapter 1 a set of case histories of damage occurred in the
underground structures during recent earthquakewialely described. The
observed cases were subdivided considering diffenerldwide areas,
which suffered severe earthquakes (Japan, Cal#fpr@ihina, Greece,
Turkey and lItaly). All the literature cases werassified using different
criteria, based on the damage entity, structurecaack type. At the end of
the chapter, some protection methods to avoid tsiralccracks in the lining
during a seismic event are briefly described.

Chapter 2explains the analytical solutions formulated tanpaote the
internal forces in the lining due to a seismic gvdihis topic is introduced
by a description of the multi-level approach foe theismic analysis of
geotechnical structures. Such methods involved uke of analytical
formulas or computer codes with increasing compyexn order to perform
reliable and conservative analyses of the seiswiltssucture interaction.
The behaviour of a circular tunnel can be studegzhgating the analysis of
the transversal section from that along the lomyial axis. From the
existing literature, several simplified closed-foaxpressions are available
to calculate the increments of internal forces wughear wave propagation
across the transversal tunnel section. These esipnss require the
knowledge of the maximum shear strain, evaluatetieatunnel depth but
in free-field conditions, and the soil/structureiffseéss ratio. Such
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approaches typically rely upon the hypotheses ahelstrain and linear
elastic homogeneous materials for both subsoiltandel lining.

In Chapter 3 the main features of the calculation codes usquetform
dynamic analyses are described. HiEeERAcode (Bardet et al. 2000) was
used to carry out 1D seismic site response anatysédeal subsoil models,
which represented different classes of soils imgeof stiffness profiles
(gravel, sand and clay). The same soil profiles redrded accelerograms
were assumed in 2D dynamic analyses using the [Ellaaon codePlaxis
8.0 (Brinkegreve 2002). The FE analyses were perforometsidering both
free-field conditions and the full tunnel/soil irdetion problem.
Preliminary linear FE analyses without the struetwrere carried out in
order to calibrate the performance of the FE caenst that oEERA The
calibrations allowed to optimise the model used tire subsequent
interaction analyses, namely: the maximum mesh, $siee characteristic
parameters of the lateral absorbing boundariesetladfecting the viscous
(Rayleigh) damping, and the factors controlling themerical (Newmark)
integration in the time domain. To model the sah#dinear behaviour, a
hybrid EERA-Plaxis procedure was followed, withiifious introduction
in the linear analyses of the degradation of skeiffiness and damping
ratio. Some FE numerical analyses were performedidering a sinusoidal
time history of acceleration as input motion, irderto give preliminary
indications on how to optimise the centrifuge expents.

Chapter 4describes the advantages and the critical aspettge use of
the centrifuge tests for the study of geotechnsailsmic engineering
problems. The difference between the centrifugellsseale tests and the
1g shaking table tests are discussed, as welleasriteria of comparison
with the field prototype behaviour. The scalingtéas for dynamic tests are
explained, showing the possible errors which maguoan the centrifuge
modelling at high “g” levels (Bilotta & Taylor 2005The level of advanced
technology to perform dynamic tests was considemgscribing the
equipments of the most important laboratories. Thain important
laboratory equipments required to carry out dynaoeictrifuge tests are a
large geotechnical centrifuge, a seismic actuatdraspecial container to
simulate the soil shaking (Kutter 1995). Some cade=entrifuge tests on
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tunnels and pipelines, which are available in dtere, were widely
described, showing the results of the experiments.

In Chapter 5the centrifuge tests carried out at the Schofigtatre are
described in detail. The operations of the geoteehrcentrifuge were
reported (Schofield 1980), including all the equgms employed as the
beam-like centrifuge, the dynamic actuator (SAMY dhe Laminar box.
The centrifuge models were realized using dry s#ebsits and a small
alloy tube, in order to simulate the tunnel. Psebhdononic horizontal
loads were applied at the base of the containegrdier to simulate the
shear wave propagation through the model. The raltaersed to build the
sample models, i.e. the Leighton Buzzard sand b@dluminium used for
the tunnel model, were characterised. The measuinstrumentation
consisted in accelerometers placed in the modaldferent depths, the
LVDT to measure the displacements of the sand sairdad strain gauges,
applied on the lining to obtain direct measuremeitke internal forces in
the dynamic phase. The instruments calibrationgmoes were explained
in detail, especially for the strain gauges, whigdre subjected to diverse
calibrations in order to obtain reliable calibratitactors. The model and
centrifuge preparation procedures were describep By step. The four
tests performed were described, considering allemthquakes fired and
the layout of the transducers. At the end of thepbér, the post-flight
observations are reported, both when the model wdsaded from the
centrifuge arm and the box was emptied.

In Chapter 6 the measurements of the instruments installede wer
reported. The LVDT results were showed for 3 outth# total 4 tests,
considering both the swing-up and dynamic phaselatements. The
digital data records were checked with manual regglmade during and
after the test phases. The horizontal acceleragoards were taken along
three instrumented alignments, two located indi@enhodel and one on the
external side of the box. An external base accaleter was used to obtain
the input motions of each fired earthquake. Thdilpsowere compared
considering different verticals, earthquakes andlefg® The acceleration
time histories were also processed in order toiotitack-analysed values
of soil parameters. The amplification function ohet base/top
accelerometers yielded a value of the mobilise@uskiffness and damping
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ratio, along different depth ranges. The stressrstioops provided

alternative estimates of the shear stiffness @m®filvhich were compared
with those resulting from the amplification funcig The strain gauges
recordings were reported both in the swing-up amihg the earthquakes.
The time histories were plotted in sequence, ireotd recognize the static
and the dynamic components of the internal forcbsioned by the

measurements. The results were compared for the ihsttumented

sections in the different models. The dynamic inwets of internal forces
were compared with analytical predictions of thexdieg moment and

hoop forces using the closed-form expressions bggN2993).

In Chapter 7 an example of numerical interpretation of a derge test
is described. Also in this case the EERA and Pl&8Xscodes were used, in
order to perform dynamic analyses with a pseuddimesr behaviour of
the sand. In a kind of ‘blind prediction’ (class,Ahe soil properties were
assumed from laboratory tests on the same sandgecaout in the
framework of the same research project. The sad ghaaracterised with a
vertical profile of initial shear stiffness and daimg ratio, and the
degradation curves of shear stiffness and dampitig with the shear strain
level. An other set of ‘back-analyses’ (class Cdptons) was carried out
using the mobilized value of shear stiffness anohmlag ratio obtained
from the interpretation of the experimental centy#d results. The results of
the ‘Class A’ and ‘Class C’ analyses were compdethe experimental
data and the results of pseudo-static predictions.
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Chapter 1

Damage case histories and protection
methods

1.1 INTRODUCTION

For a long time has been general belief that easke effects on

underground structures is not very important. Thisecause these structures
have generally experienced a low level of damagedmparison to the
surface engineering works. Nevertheless, some grmland facilities were
significantly damaged during recent strong eartkgegHashasht al 2001).
In modern urban areas, underground space has Bedrtaistore a wide range
of under-ground structures. Most underground sirest are essential to
human life and include many utilizations: pipelirfes water, sewage, gas,
electricity and telecommunication; subways; undaugd roads. For these
reason it is very important to study how tunnelge alamaged during
earthquakes to protect the human life and the ceefficiency.

1.2 CASE HISTORIES COLLECTION

Very few data are available concerning damagestenground structures
and tunnels after earthquakes before 70’s. Damageb failures were
accurately documented only after strong earthquakésr San Fernando
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earthquake (1971), ASCE (1974) published some dataut damages to
underground structures in the Los Angeles areaebl@ar in many cases an
accurate monitoring of lining cracks existing befathe earthquake was
missing. Therefore the real damage suffered bycstres during the

earthquake was unknown. After 1974 a systematia dallection of tunnel

damages concerning different earthquakes was daotig for the purpose of
recognizing common features and similar causes:

» Dowding & Rozen (1978) collected 71 cases of damage
concerning both American (7) and Japanese (6) gaaies. Such a
database includes both railway and roadway tunmals water
pipelines. Most of the cases are in compact rod), (bther in
fractured rock (11) and only 3 cases regard tuimsbil.

* Owen & Scholl (1981) updated the work by Dowding & Rozen,
collecting 127 cases of damage to underground tsmes An
important adding was from the cut-and-cover tunndemaged
during the San Francisco (1906) and San Fernand@y1j1
earthquakes. These structures were shallow and raigne
constructed in poor soil.

 Sharma & Judd (1991) enlarged the collection of the previous
Authors reaching a total number of 192 cases fadiBBrent earth-
guakes. To correlate seismic vulnerability of anelinto some
relevant factors, six parameters were examinednelurcover,
subsoil type, peak ground acceleration, magnituti¢he earth-
guake, distance from the epicentre and type afidirsupport. Most
of the damages (60%) occurred in the shallow tun(agpth lower
than 100m); some cases (42%) are from unlined tammeock.

* Poweret al. (1996) added to the data collected by Sharma & Jud
(1991), the cases of damages to underground stescaiter Kobe
(1995) and Northridge (1995) earthquakes. Theyectwd 217
cases of bored tunnels only. Most of the data & fthe tunnel
damaged during the extremely severe earthquak®bé¢ K1995).

» Corigliano (2006) completed the database of the tunnel damage
occurred during the recent earthquakes, addingldkee concerning
the Chi-Chi (1999) (Taiwan) and Niigata (2004) @apevents. A
total of 345 cases was collected for 35 earthquagessidering
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only the very strong events (Mw>7). Kobe (1995) &i<hi
(1999) events provided more than the half of thal tcases.

1.3 EXAMPLES OF DAMAGE TO UNDERGROUND
STRUCTURES

As observed from the collected cases, some worklaittas suffered
severe damage due to strong earthquakes. The subgected to the
strongest earthquakes are located on the west afatte American
Continent (Alaska, Canada, California, Mexico), thie east side of the
Asian Continent (China, Japan, Taiwan, India) alodgthe coasts of the
Mediterranean countries (Italy, Turkey, Greece). lldvang this
consideration, the cases of the damage, sufferechtdgrground structures,
were showed for some of these hard-hit countries(idstet al. 2001).

California

From 1900 to 2004, six severe earthquakes occumré€thlifornia. At the
beginning of the 20th century was the catastroptécthquake of San
Francisco (1906) with moment magnitude Mw=7.8. Thigent destroyed
completely the city of San Francisco, causing @@)0 deaths. More recently
three severe earthquakes occurred in five yeang twama Prieta in 1989
(Mw=7.1), Petrolia in 1992 (Mw=6.9) and Northridge 1994 (Mw=6.7).
Power et al. (1998) reports many cases of damagesrred during these
earthquakes (64 cases).

In order to reduce the vulnerability of tunnelsidgrthe earthquakes, many
studies have been carried out in California forbstatic and seismic design
of these structures. For instance for the constiatf the Bay Area Rapid
Transit (BART) and the Los Angeles Metro speciabiséc joints had been
designed to permit differential displacements lingtthe in-crease of stresses
in the lining.

During the Loma Prieta (1989) event such joints dagbod performance,
because the subway structures had no damages @Hashal. 2001). On the
contrary many tubes of the water supply systemesedf severe damages.
Schmidt & Hashash (1999) account for the structdamhages of the Alameda
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Tubes, two submarine tunnels of 12m diameter: these extremely cracked
due to liguefaction phenomena occurred in the nesgand.

Bardet & Davis (1999) report many cases (61) oélstgbes, which were
strongly dam-aged during the Northridge (1994)reprake. In Fig.1.1 some
drawings show the deformation of the tubes after ghismic event. They
show mechanisms of deformation which are peculfathim steel tubes: in
most cases they underwent a kind of shrivelling ttuéateral buckling for
lack of confinement.

@29 j%@%y B0
ey andond &
55@@&@@@5@@@
5 o o o

Fig.1.1: Drawing of damaged tubes during Northridggathquake
(1994) (Bardet & Davis, 1999)

Japan

The extremely strong earthquakes occurred in Japaised millions of
dead people and hundreds of crashed buildings. Tigh seismic
vulnerability, the living density and sustainedustty of Japan are the crucial
patterns that make this geographic area one ofcthatry with highest
seismic risk in the world. During severe earthqsakeany above-ground and
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under-ground structures have suffered enormous gemeven if buried

structures are generally considered safer. In 1895 catastrophic event of
Hyogoken-Nambu caused many damages to the cityobé&Klocated near the
earthquake epicentre. The main shock, with mageitmdoment Mw=6.9 and
duration of 20s caused the death of 5100 peoplettandollapse of bridges,
buildings and other civil structures. The whole Kolmetro system was
damaged, forcing the service to stop.

Sy
.|

Fig.1.2a: Damage to the Daikai Station during thebi¢ earthquake (1995)
(Yoshida, 1999)

0,

Fig.1.2b: Damage to metro tunnel segments duriegdbbe earthquake
(1995) (Yoshida, 1999)

Power et al. (1996) produced a database of obseases after the Kobe
earthquake (around 110), considering only boredéls This is an important
information to understand the impact of this eventmetro and roadway

-,
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tunnels. lida et al. (1996) and Yoshida (1999) hakewn (Fig. 1.2a) the
damage suffered by the metro station of Daikait alsove the station plat-
forms the ceiling collapsed as some supporting maki buckled. Yoshida
(1999) reports also the damage occurred in theomigiing (Fig.1.2b): they
consisted mainly in longitudinal cracks, up to 2B%0nwide, located at
0=m4+nrv2(n=0,1,2,3) along the section.

Taiwan

In 1999 a very strong earthquake occurred in tlamdsof Taiwan, causing
destructive consequences in the near Popular RemftilChina too. The Chi-
Chi earthquake, from the name of the city placeal tiee epicentre, occurred
on September 21st at 01:47 AM, with a magnitude srdriviw=7.6.

Miyajima & Hashimoto (1999) studied the data relatto the damages
suffered by the water supply system during thishepurake: cracking affected
around 0.14Km of transmission pipelines and araub8Km of service pipe-
lines. The Water Works Association of the Chinespublic estimated that
around 50% of cracking was caused by soil shakang, the other 50% was
due to slopes failure and liquefaction occurred tieatubes.

Turkey

In the same year of the Chi-Chi earthquake in Tai{iae. 1999), two
strong earthquakes occurred in the Turkish redgitw first one happened
on the 7th August (Mw=7.4) and was named Kocae8tdad the second
one, occurred in the 12th November (Mw=7.2), hach@®uzce, by the
name of the city near the epicentre. During thedasnt, some damages to
tunnel was observed by O’'Rourkéeal. (2001): they showed the case of the
Bolu tunnel, 3260 Km roadway structure which conedcthe city of
Ankara to the city of Istanbul. The internal radiuas 7m and the tunnel
was built following the New Austrian Method (NATM)During the
earthquake the tunnel was under construction. Hrthguake epicentre
was located 40Km west to the construction site. tMdgshe damage was
observed in the Ankara side (farer from the epi@gnand consisted in
collapse of the tunnel entrance and cracks alomg lithing. All the
damaged sections were under construction and bad@orary structure of
spriz-beton Higher damage (cracks and collapses) occurretiaénining
sections located in soft clay.
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Italy

In order to find and to report a case of seismimage to a tunnel in
Italy, the strong earthquake which happened inlgbi@ia region on 23rd
November 1980 was considered. The event had Coalta Gampania
(Av) as epicentre and moment magnitude Mw=6.9, ioguga total of
almost 3000 deaths. Cotecclathal. (1986) showed some cases of lining
cracks and structural collapse, occurred during #arthquake. The water
supply tunnel Pavoncelli, a large diameter struectused to transport water
from Campania to Puglia, suffered damages in mangians (fig.1.3). The
structural collapse occurred when the tunnel pabstdeen two material
of different Iythology. Moreover the high energytbe earthquake caused
fault reactivation along the long trail.

500

400 % g
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Fig.1.3: Collapsed sections of Pavoncelli Tunneiinlyi the Irpinia
earthquake (1980)(Cotecchia 1986)

1.4 DAMAGE CLASSIFICATION CRITERION

The collection work by Poweet al. (1998) provides a relatively wide
database of damages observed in tunnels whichwadeseismic loads. The
database is very heterogeneous, as very diffeasgsccan be distinguished
for type of cracks, damage level, soil and linipge.

In order to classify the behaviour of tunnels dgriearthquake, some
criterions were chosen from the literature.

Power et al. (1996) recognized three types of dusteuctures that behave
differently during the earthquakes:
» Bored tunnels
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» Cut-and-cover structures

» Steel and plastic pipelines
The database should be then subdivided accordisgco categories.

Also the damages need to be classified as Dowdirigo&en (1978) did
for the first time. They noticed three differenttpans of cracking or failure
in a tunnel, which can be also found combined:

» Ground failure such as liquefaction or landslides at tunnelgsrt

* Fault displacement

* Ground shakingr ground vibrations
Particular lythological conditions cause the onsketlamage of the first

and second type: in the first case it is necestal/ the tunnel entrance is
near a slope; in the second case the lining neegsds through an active
fault. A prudent siting can avoid these conditio@sound shaking occurs
when the tunnel crosses very poor ground. In tliseca wide cracking
appears on the lining for long stretches.

Dowding & Rozen (1978) divided their database usihgdamage level as
a criterion. They considered three damage clasgedgmage, minor damage,
damage). Huangt al. 1999 and Wangt al. 2001 added a damage level to
such classification, subdividing the second graupgwo classes (slight and
moderate).

Following the approach of Dowding & Rozen (1978)e three damage
levels are defined by using the crack width (W) dength (L), the tunnel
functionality and the need of restoration aftetleguakes:

» Class A Slight damage. L<5m W<3mm. Perfect functionalifyio
restoration needed. No service stop;

* Class B Moderate damage. L>5m W>3mm. Differential displaents
cause deep cracks, spalling and exposed reinforder@®mpromised
functionality. Service interruption until the coref# restoration with a-
seismic expedients;

* Class C Severe damage. Landslide and liquefaction. Stratctollapse
of the lining. Service stop without any possiblstogation;

Corigliano (2007) more recently subdivided 230 waide cases from 35

different earthquakes in these three classes: s@la@nage occurred only for

6 seismic events.
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1.5 SEISMIC PARAMETERS AFFECTING THE DAMAGE

Once the database is classified, it is possibleidblight the dependency
of the tunnel damages on some significant variafdasthquake parameters
or soil/structure characteristics).

Dowding & Rozen (1978) tried to correlate the dambayel with the peak
ground acceleration and the peak ground velocityhef seismic signal at
surface above the tunnel. The acceleration andccitglealues, as computed
by using attenuation laws, were plotted in a gr@pg.1.4) along the ordinal
number of the case observed. For each case thdydiféerent indicators to
distinguish the damage levels.
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Fig.1.4: PGA (a) and PGV (b) against damage level
(Dowding & Rozen, 1978)

Two PGA thresholds can be recognized in the grdpgfRig4: the first at
0.2g, which separates the cases of slight damagsq@) from the cases of
moderate damage (Class B); the second at 0.5g,tag#dtinguish the cases
of moderate damage (Class B) from the cases ofeselanage (Class C).
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This important information was confirmed by followsi Authors, showing
that severe damage occurred only for particularyng earthquakes. In fact
the 0.5g limit is very high compared to the valdkat cause damage to
above-ground structures. This notice confirms titeiive point which the
underground structures are generally safer tharallose-ground structures:
obviously, the tunnel confinement Ilimits considéyabthe structure
displacements due to seismic shaking.

Sharma & Judd (1991) extended the work of DowdinBd&zen (1978) to
other parameters which they considered crucialtifier tunnel behaviour.
Beyond the PGA, they took into account the epi@nttistance, the
magnitude, the tunnel depth, the ground type aeditliing support. In Fig.
1.5 the six histograms concerning these six vagmllre shown, where. the
distribution of the 4 levels of damage (no damadight damage, moderate
damage and severe damage) can be quantified.

It is important noticing that the deeper the tuntiet lower the damages
(Fig. 1.5a). This different behaviour is likely dbeth to the degree of
confinement and to the improvement of the groundratteristics with
depth. During the earthquake the shallow tunndfeslarger deformations
and subsequently higher stresses.

The graphs relative to rock type (Fig. 1.5b) amdnly support (Fig.
1.5c¢) suggest that higher damage occurs in compaktand for concrete
linings without reinforcements. Nevertheless, sgEphs do not clarify the
influence of the relative stiffness between sod &ning.

The graphs of PGA (Fig. 1.5f), epicentral distar{€&y. 1.5d) and
magnitude (Fig. 1.5e) confirm that the damaging@# increase with the
earthquake magnitude and reduces as the epicdigtaihce increases. It is
also confirmed that only severe earthquakes camecaevere damages to
the underground structures.
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1.6 CRACK DISTRIBUTION ALONG THE TUNNEL LINING

-
"/ cracks

(e) ()
spalling of lining
local spalling e
[ original sidewall - \\ crucls

|| eventaully bottom |
slab heave f
deformed sidewall —

@ (h)

et al. 2001)

Fig.1.6: Types of damage: sheared off lining (dppses failure (b);
longitudinal cracks (c); transverse cracks (d); lined cracks (e);
extended cracks (f); wall deformation (g); spalliofylining (h). (Wang
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Wanget al. (2001) suggest several patterns of cracking indlua® the

tunnel lining during an earthquake The eight pateare (Fig.1.6):

a)
b)

C)

d)
e)

f)

9)

h)

Sheared off liningit occurs for tunnel passing through active tsul
Slopes failure induced tunnel collapseoccurs when the tunnel runs
parallel to slopes generating landslides passiragutih the lining;
Longitudinal cracksit occurs when the tunnel is subjected to higher
deformations due to surrounding ground;

Traverse crackst occurs when the tunnel has weak joint;

Inclined cracks it occurs for a combination of longitudinal and
transversal cracks;

Extended crackst occurs when there is the partial collapseiihbs

for seismic intense deformation;

Wall deformationit occurs when there is a transverse reducti@ntdu
the invert collapse;

Spalling of lining it occurs when the transversal section completely
collapses.

Table 1.1: Links between possible factors and @dgges

Possibile factors a bc de f g h
Passing through fault zones *

Unfavourable ground conditions ° *
Interface hard-soft ground *
Nearby slope surface and portals * ok
Collapse during construction ° ° °
Lining cracks before earthquake °

Poor structural arrangements °e *
Unreinforced concrete lining ° e e ° e X
Deteriorated lining material ° °

Cavity existed behind lining * °

* decisive link ° weak link (Wangt al. 2001)
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In Tab.1.1 the possible links between causes (gesah geotechnical and
structural factors) and effects (type of damageomtng to Fig.1.6) are
reported, showing when the influence is weak orsilee.

1.7 DESIGN ISSUE

In order to summarize some considerations abousdfsmic damage to
tunnels, Yoshida (1999) gives a schematic drawihtypical conditions
inducing cracking and collapse on the lining durery earthquake (Fig.
1.7), only referred to seismic ground shaking.
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Fig.1.7: typical conditions which induce tunnel dage due to earthquakes
(Yoshida 1999)

A structural or lythological modification determseunfavourable
conditions and causes lining cracking and collapsen there is no
external or internal variations along the tunnehgditudinal axis, the
damage can occur for tunnel buried in soft soitssuich cases the most
frequent cracking pattern consists in longitudinabcks developed
longitudinally at 8=14+nrv2 (n=0,1,2,3) positions along the transverse
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section, sometimes symmetric, sometimes anti-symeneds shown by
Wanget al. (2001), reporting some observations of damagedeisrduring

the Chi-Chi earthquake (Fig.1.8).
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Fig.1.8: Longitudinal cracks: symmetric (a) or asyymmetric (b)
(Wang et al.2001)

After considering several cases of damage to unoeng structures, it
is possible to summarize as follows:

1.

no

During an earthquake underground structures suffaor damage
compared to above-ground structures. All the cracid collapses
take place only for severe earthquakes, with higigmitude and
without special a-seismic expedients. Generally fooderate
earthquakes, the static design is enough to prsteattures from
seismic motion;
Deep tunnels are safer compared to shallow tunnels;
All the structures buried in soft soils suffers tieg damage
compare to structure in rock;
Some seismic parameters have crucial influencehenstresses
arising in the structure:: peak ground acceleratitrequency
content and duration;
Damage degree increases with magnitude and desreatb
epicentral distance;
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6. Tunnels running across active faults may suffeesedamage due
to differential displacements. Wherever it is pbksi the tunnel
should not pass through active faults;

7. Some damage occurs at portals due to landslidetheagntrance.
As for the active fault, the tunnel should not pasar provisional
slopes;

8. Ground motion may be amplified upon incidence véathunnel if
wavelengths are between one and four times theetutiameter.
This observation shows that high frequencies can nii@re
dangerous than lower ones, but such frequenciesganerally
outside the range of a typical earthquake energyecd;

9. Water and gas supply system are more vulnerablepamd to
metro and road tunnels, as steel tubes have angsskdiameter
ratio lower than concrete tunnels. Most of the dgenaf such lines
occurs in saturated sand due to liquefaction;

10.Most of the metro lines and roadway tunnels arg daimaged by
extremely severe earthquakes. Some authors @idal,1996;
Yoshida, 1999), describing the damage of the nleteoof the city
of Kobe during the earthquake of 1995, show thahyrsections
suffered cracks and collapses for the absence eéismic
expedients. On the other hand some American miets had good
performance during the Loma Prieta earthquake (1388nks to
special seismic joints used in the tunnel design.

1.8 SEISMIC PROTECTION OF TUNNEL

Protective measures against seismic actions ateylarly important for
underground structures having abrupt changesuiststial stiffness or ground
conditions (Fig.1.7) as occurs for:

* connections between tunnels and buildings or ttateiions;

* junctions of tunnels of different structural madri

e passing through distinct geologic media of varystifness;

* local restraint on tunnels from movements of apety

At these locations, stiffness difference may sujjee structure to differential
movements and generate stress concentration.
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In order to avoid this stress increase the mostncom solution is to
follow differential displacements by means of secstiexible joints, that
usually consist of bended steel plates and rubbke joints have three
important goals: allowing differential movements iongitudinal and
transverse directions and relative rotation; regisio static and dynamic earth
and water loads; water tightness.

Joints are particularly useful at tunnel portats.fact tunnel portal has a
different behaviour compared to tunnel lining. Y&B74) and Hetenyi (1976)
develop methods to calculate additional stresses tduthe tunnel-portal
stiffness change. But the seismic design of thisictire has usually to
account also for the inertial effects due to thevabground structure. For the
design of the Alameda Tubes (Schméltal. 1998) two dynamic analyses
were carried out both for the running tunnel arelgbrtal structure. Therefore
the tunnel is assumed to move independently frortapstation. The allowed
displacement of the joint design is the differermween the two time
histories (tunnel and portal). Generally the londihal differential
displacement is higher than the transverse dispiané

Kawashima (2000) proposes, beyond the seismic jeoittion, an
extended isolation of tunnel from the surroundimgugd when the structure
passes through two different soil (in terms offsés) (Fig. 1.9). If a soft
layer between the underground structure and theowuwling medium is
placed, the transmission of seismic deformation tm@ymitigated., reducing
the forces in the tunnel.

/@/@7 S opeEReeT

Fig.1.9: Isolation for a shield tunnel
(Kawashima, 2000)

As an example, a 10m diameter tunnel is considénadl intersects a
discontinuity between soft and stiff soil (Fig. @1 A 200mm thick elastic
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material was provided around the tunnel. The eastdulus of the isolation
material was lower than that of the stiffer soildfactor of 1.8.0°,

Fig. 1.10b shows how the computed bending momemredses in
accordance with tunnel isolation, and has negkgibhtrements beyond 40m

from the discontinuity. The material used for secsnsolation need to be
stable to settlements and long-term use.
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Figl.10: Effect of seismic isolation: case of st{@)y bending moment
decreasing (b) (Kawashima, 2000).

In order to protect existing structures from growstdhking, an accurate
investigation of soil/lining contact is requiredhraugh sampling and
geophysical techniques. If the tunnel is in poonditon some restoration
interventions are needed. Full restoration woulguire replacing the tunnel
and adding steel reinforcements. Lining thicknessra@ase is not a good

solution, as it increases the structural stiffrasd hence the internal forces in
the lining.
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Structure protection against ground failure, i.aetgé permanent ground
deformations, is not easy to design. For conswactf a new tunnel the
lining can be simply relocated. Otherwise, desizatsgies include ground
stabilization, drainage, soil reinforcement, grogti or earth retaining

systems. Protection from structure flotation isuieed in liquefiable soils: a
structure buried in liquefiable soil during an éguake tends to move up,
developing high deformations. Schmidt and Hash&8B9) proposed the use
of cut-off walls made by sheet pile walls, stone jet grout columns

(Fig.1.11).

Barrier walls reduce the rise of excess pore watessure in the ground
under the tunnel: adding the wall makes the undergt structure wider and
the uplift more difficult. This expedient should hesed combined with
flexible joints to allow differential displacements

In order to protect underground structures agdamstslide the potential of
slope instability need to be reduced: in fact, glancannot accommodate
irreversible displacements due to slope failuren@eet al. 1996).

Design strategies for tunnels crossing active $addpend on the magnitude
and displacement of expected earthquake. If theraettions are concentrated
in a narrow zone, common retrofit design is to \gdathe tunnel across and
beyond the displacements zone. The reason of ¢hisian is to give a wide
gap to permit roads or rails restoration when tihél has high differential
translations in the active fault lining section.

San Francisco BART and Los Angeles Metro rapidditatunnel systems
were designed according to this philosophy (Hasleastl. 2001). Moreover
for BART tunnels concrete-encased steel ribs weatepi@d to provide
sufficient ductility. Under axial fault displacententhe tunnel compressions
are more damaging than tensions, causing wateownfOne more time,
flexible joints are the adequate solution (Wang3)99
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1.9 FINAL REMARKS

In the past most of the underground structures wiesgned without
seismic considerations, because generally the tsiiael a good performance
during the earthquakes compared to above-grountttstes behaviour. In
other cases, the design of buried structures wasedaout with the same
seismic considerations of above-ground structuresrder to optimize the
tunnel seismic design, a correct evaluation ofssee under seismic waves is
needed.

Performace-based seismic design should be aimddtbanaintain in
operation the tunnels during the more frequent &svérf lower intensity)
and to avoid human life losses for exceptional heprakes (of higher
intensity), according to the local seismic hazarettions. In some cases,
and almost always in presence of ground disconyinustructural
discontinuity or high potential of ground failuggrotecting measures need
to be designed.
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Chapter 2

Design of shallow tunnel under seismic
loadings

2.1 INTRODUCTION

Towns are commonly interested by the constructiénuoederground
structures: among them urban tunnels are oftenvaxed in soft ground and
at a relatively shallow depth, compared to deepenéls crossing mountain
districts.

In seismic areas the increments of stress arismigruseismic waves need
to be considered during design. The tunnel behavimder earthquake
loadings is usually studied by considering sepérdatee performance of the
transverse section and that in longitudinal dimecti

In the following paragraphs, a review of the mooenmon methods used
to calculate the seismic stresses and strainscircalar tunnel is shown. The
attention will be focused on pseudo-static methasid at the first stages of
design to calculate deformations and forces throsghple closed-form
eguations based on synthetic parameters of thafmltseismic event.
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2.2 SEISMIC DESIGN METHODS FOR GEOTECHNICAL
STRUCTURES

2.2.1 Performance based design

The codes approach considers a seismic design kasembnventional
evaluation of the seismic action, assumed constéhttime (pseudo-static).
Moreover the assessment criteria for the collajps&litions are based on the
use of a global safety factor.

The performance based design needs to evaluateetbmic response of
the system under earthquakes of different magnit@enerally a double
verification is required, referred to two differesgismic events:

 Standard Earthquake (level L1): intensity of the motion Hwvit
extremely high probability of overflow during thé&etime of the
system under examination. For this earthquakettiietare must have
a “good” performance, equivalent to the condition which the
functionality of the system is preserved;

» SevereEarthquake (level L2): intensity of the motion wiktremely
low overflow probability during the lifetime of theystem under
examination. For this earthquake the human livestrnbe protected
and the performance of the structures must befisatisoncerning the
collapse.

Also for the underground structures, and the tummelarticular, different
design criteria could be defined, following theisation of the recent codes
(EN 1998-1 2003, OPCM 3274). For the tunnels, W design levels (Wang
1993, Hashash et al 2001) were called as ‘maximurmesigd
earthquakeWIDE) and ‘operational design earthquak®E). Carrying out
a probabilistic analysis, the MDE level can be wedi using a seismic event
which have an overflow probability of 3-5% duriniget structure lifetime;
instead the event required for the ODE level hagarflow probability of
40-50%, equivalent to the half part of the verikalearthquakes during the
structure lifetime. The synthetic parameters useddefined a design
earthquake are the signal amplitude (PGA), theukaqy content and the
seismic event duration.
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The choice of the design earthquake is carriedttmatugh an analysis of
seismic hazard. The methods used in order to etitha synthetic parameter
and response spectra are (Kramer 1996, Silvesif)20

» The Deterministic Methods in these methods the earthquake, which
could produce the maximum amplitude of the grouration in the
site under examination, is searched;

 The Probabilistic Methods the goal of this methods is the
determination of the motion features based on tlegflow probability
of the interesting magnitudes.

2.2.3 Levels of seismic analysis

Different methods of analysis generally exist iderto solve a problem;
each methods have a different level of complexitgl different reliability of
the results. The problems concerning the seismigneering applied to the
geotechnical works could be studied defining thtgges of analysis of
increasing complexity degree (Silvestri & Simon2Mi03):

* Pseudo-static analysis
» Simplified dynamic analysis
* Full dynamic analysis

In the next paragraphs the three analysis methallidevnested only in
two classes: simplified and full dynamic analydisist class includes the
analysis methods which calculate the seismic sapdsstrain on the structure
in two phases: in the first phase a site respomsdysis is carried out,
consideringfree-field motion condition; in the second phase, using sfith
free-field parameters or maximum values depth ibistions obtained in the
previous step, the seismic effects on the strucfsteess and strain) are
calculated using analytical formulas or methodg #uaulate the soil as an
elasto-plastic springs bed of different stiffneSsr this reason the simplified
method could be generally calledricoupled’ and includes both the pseudo-
static and the simplified dynamic analyses. Instiedfull dynamic analyses
belong at the second methods class, in order ttudacthe so called
“coupled’ methods: the seismic effects on the structure ddo&ined in an
unique calculation step.
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The pseudo-static methods are approximate approaches to obtain the
seismic response, but should be generally preventbecause the soil
behaviour is assumed as simplified, defining syinthparameters as input
value. The input magnitude used to represent tisenge motion is the peak
ground acceleration (PGAamax,) expected on a rigid bedrock. The value of
PGA is dependent from the seismic level of theaegn which the structure
is located. The ground shaking is estimated throagimplified analysis of
the site response, in which the results are expdess terms of maximum
acceleration expected on soil surfaegafy, obtainable through the use of
amplification coefficients (S) of the bedrock vabgx

In the recent codes (EN 1998-1 2003, OPCM 3274),rput parameters,
in order to calculate the previous values, arelabls based on qualitative and
guantitative characteristics of the deposit. Theapeter generally used in
order to define and quantify the soil layer behavis the apparent shear
wave velocityCs Without direct determination of this parameter @xample
through down-hole tests), other parameters werd umserder to correlate to
Cs (for example CPT resistance, undrained sheargttieptc). Some authors
(Pitilakis et al.,2006; Bouckovalast al.,2006) showed that the values of the
coefficients proposed by the codes (EN 1998-1 2@@8)lower compared to
the values obtained from more complex analysessame soil types the
earthquake effects could be underestimated follgwhe codes.

Table 2.1: Amplification factors for soil types

Subsaoil S S
class EC8 (Ausilio et al.2007)
Al 1 1
A2 1.25 1468, .. %

r,max

1.3 1.01770&, . %2017

r,max

1.15 1.0624&, 02362

r,max

1.1 0539, 047t

r,max

1.35  1.22740, 02052

r,max

m| o O | @

In order to obtain a reasonable evaluation of tmpldication factorS
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Ausilio et al. (2007), through site response analyses deducteldematical
expressions of the factor S, as a power functionth& peak ground
acceleration on bedrock In the table 2.1 the vafaegach subsoil class are
reported (EN 1998-1 2003, OPCM 3274).

The S values are generally higher than 1, excepthi® soil class D with
bedrock acceleration higher than 0.23g. In moghefcases such values are
lower than the S value obtained from Eurocode8.

Pseudo-static analyses evaluated the total inedffdcts through an
equivalent value of acceleration, in order to takeount of the acceleration
variability with space and time. In the common dasthe seismic analyses of
soil/structure interaction are carried out almosiyousing pseudo-static
methods: the definition of a design procedure, eftge, has a remarkable
importance, in order to carry out analyses which eorrect and largely
validated by the engineering experience.

For thesimplified dynamic analyses the seismic actions are defined as a
set of time histories of acceleration recorded dredrock basea{(t)). Using
these input motions an analysis of the seismicaresp of the site (without the
structure) is carried out, in order to obtain teesmic output signal on surface
or generally at the structure depth. The SSR aesalysust be carried out
through numerical codes in order to simulate theesgropagation from the
bedrock to the desired depth. For this reason & mediable estimation of the
values of maximum total stresses, strain and a@t@a with depth is given.
These analyses permit an accurate evaluation ohthé parameters for the
soil/structure interaction analyses. Once the s#ismic response is given, a
second phase of the simplified analysis is carigd like for the pseudo-static
analysis, in order to evaluate the maximum seisfiects on the structure.

Thefull dynamic analysis is the most complete and detailed arsalgsel,
but at the same time the most intuitive: this mdthoeeds, as input
parameters, a set of acceleration time historiesgith bedrock and carries out
a seismic waves propagation analysis, solving tbeam equations, including
the geometry and the stiffness of the structurthénanalysis domain. In order
to carry out the full dynamic analyses, some nuoaércodes (Plaxis 8.0,
FLAC, ABAQUS, etc) could be used. Some of thesdwsoke solve the
propagation equations in the time domain, updasitep by step the stress-
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strain relationship, in order to take account & tion-linearity of the soll
medium. These calculation instruments are partiulsensitive to many
factors: for this reason the numerical analysis tmues validate through
theoretical formulas, life sized structures obseowaand physical models
tests.

2.3 DESIGN METHODS FOR TUNNELS IN SEISMIC ZONES

2.3.1 Seismic behaviour of underground structures

Approaching the surface, seismic waves induce séweffects in the
ground which can be divided into three categories:

» fault displacements;

» ground failure such as liquefaction and slope Ity

» ground shaking.

Accordingly, the effects of the earthquake on tusmrend underground
structures are different, as discussed in the pusvichapter. Most of the
damages on tunnels in soft ground occurs for gralraking caused by the
propagation of the shear waves.

The major factors influencing the damage from shglknclude:

» the shape, size and depth of the structure;

» the properties of the surrounding ground;

» the properties of the structure;

» the severity of ground shaking.

For most underground structures, the inertia ofstireounding soil is large
compared to the inertia of the structure. The megsents made by Okamoto
et al. (1973) of seismic response of an immersed tubeefuduring several
earthquakes show that the response of a tunnelomindted by the
surrounding ground response and not by the ingotigberties of the tunnel
structures itself.

The seismic design of underground structures isetbee based on the
prediction of the ground displacement field and @halysis of its interaction
with the structure. The emphasis on displacemeint ontrast to the design
of surface structures, which focuses on inertitdat$ of the structures itself.
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Following this criterion, some design methods fanrtels under seismic
loadings were developed, like theSeismic Deformation Method
(Kawashima, 1999), which will be illustrated lat&he behaviour of a tunnel
is usually approximated to that of an elastic besajected to deformations
imposed by surrounding ground. Three types of dedfdions (Owen &
Scholl, 1981) express the response of undergroungtgres to seismic
motions (Fig.2.1):

* Axial compression/extension

* Longitudinal bending

» Ovalling/racking

Tunned during

wWaNE molion 7
. -
-
P
py

Tunnel cross section
Iefore wave motion

Tension ('omEIi:gji_an

Wave froat

Turmel

Tumiel Before
Wave Motion

Tummcl During
Tummel Durmg ] Wave Mation
Wave Molion o

BAA A A A A bAh T

Wave Motion

Shear Wave Front Shear Wave Front

(e} Ovaling of tunnel section () Racking of tunnel section

Figure 2.1: Types of tunnel deformations duringeessic event
(Owen & Scholl, 1981)

Axial deformations in tunnels are generated bydbmponents of seismic
waves that produce motions parallel to the axisthef tunnel and cause
alternating compression and tension. Bending dedtioms are caused by the
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components of seismic waves producing particle onstperpendicular to the
longitudinal axis. Ovaling or racking deformatioshsvelop when shear waves
propagate normally, or nearly, to the tunnel asésulting in a distortion of
the cross-sectional shape of the tunnel lining.

The longitudinal and transverse deformation of ren&l will be discussed
separately.

2.4 ANALYSIS OF THE LONGITUDINAL BEHAVIOUR OF A
TUNNEL

For the seismic analysis of longitudinally extendedierground structures,
like tunnels, the horizontal propagation of surface body waves produces a
spatial incoherence of the seismic motion. Theeeftifferent segments of a
long underground structure are not subjected tes#imee motion condition at
the same instant. Namétithe propagation velocity along the tunnel axis of
lengthl, @¢the incidence angle aridthe wavelength of the plane waves, the
condition causing the motion phase displacemertiherstructure i$>L = C/f.
This condition shows that the effect of longitudipeopagation is remarkable
for lower propagation velocity and is not negligiblor lower frequencies
(Rampello, 2005).

In order to simplify the effects of seismic loadsrgy the tunnel axis, it is
possible assuming a completely coherent seisminakign other terms
different spatial segments of tunnel are subjedtedhe same signal with
different arrival time.

Consider a planar wave front advancing with sp€eaihd impinging on
the tunnel axis with an angle The sinusoidal signal is used to represent an
accelerogram with an equivalent energy content. agparent velocity of the
waves on the tunnel axis = C/cosp Compression P waves travelling in
the g direction with amplitudd, cause, along the tunnel axis, both a train of
compression waves, with amplitug,=Dpcosp and a train of shear waves
with amplitude D,=Dpsenp Shear S waves with amplitudes @an be
decomposed similarly: they produce both compresgiaves with amplitude
Ds=Dssenp along the tunnel axis, and shear waves with adous
DssD«cosg acting transversally. Finally the stresses amgplsal unless the
incidence angle is 0° or 90° (Fig. 2.2).
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Dsp=Dgsing
DssDcosy
D

p
Dps=Dpsin
< oreoss

Dpp=D pCOSg

>
>

lanar wave front

Figure 2.2. Geometry of tﬂe problem (Vanzi, 2000)

2.4.1 Free-fiedld motion

The first step to calculate the stresses on tudoelto travelling seismic
waves, is the evaluation of tHese-field deformation. The ternfree-field
refers to soil strains caused by seismic wavehemabsence of structures and
excavations. This deformation is computed ignotimg interaction between
the underground structure and the surrounding gtoproviding a first-order
estimate of the structure deformation. This apgdroam@y overestimate or
underestimate the tunnel deformation due to thier@int structure stiffness
compared to surrounding medium.

Closed-form expressions exist in literature whicim@y estimate the
tunnel strains and stresses arising in the tunmielg. The seismic wave field
is modelled as a plane wave with the same amplitu@gery tunnel segment,
differing only in their arrival time (coherence).axe scattering and three
dimensional propagation are neglected, even if ethpbenomena can
determine a variation of stress and strain aloeguhnel axis.

St. John and Zahrah (1987), using the approachesinhark (1968) for
wave propagation, develogree-field solutions for three wave types
(compression P, shear S and Rayleigh waves) immnghe tunnel. The
starting point of the analytical procedure is trguadion of planar wave
propagation irx direction through a homogeneous medium:

u(x,t) = f(x—Ct) (2.1)

In (2.1),t is the time and is the wave propagation speed in the medium. In
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order to calculate the curvature and strain invilage propagation direction,
theu(x,t) is derived toc

ou 1 0du
0%u 1 0%u
ot (2.20)

Using the equations (2.2) the strain and curvairigee-field conditions
are calculated for the three different types of egma\(P, S, and Rayleigh
waves). For example, for the compression P wawenptaximum longitudinal
strain value is:

£ = —- (2.3)

where V, is the peak ground velocity of seismic signal (biuage for
sinusoidal waves) an@, is the propagation velocity for the compression

waves. If the maximum curvature for shear wavess Sansidered, the
expression will be:
1 a

Pn  C
as is the peak ground acceleration of the seismiaasigamplitude for
sinusoidal waves) an@s is the propagation speed for shear waves. In the

general case, the P, S and Rayleigh waves propagate medium with a
generic angle of incidence on the underground ttrac In Table 2.2, the
components of deformation and curvature relevathedaifferent wave types,
their maximum values and the angles of incidencewfoich the maximum
occurs are shown (the P, S or R notation is redativcompression, shear and
Rayleigh waves).

The axial and bending deformations are combineakrder to calculate the
total longitudinal strain. The values relative torgression waves P and shear
waves S are:

(2.4)

\% a
Ean :C—pcos2 P+ rC—’;singpcos2 @ (2.5a)
p p

—_ VS H aS
—C—S|n¢cos¢+r :

s S

£ cos’ ¢ (2.5b)

as



Design of shallow tunnels under seismic loading 43

Sometimes it is difficult to evaluate which wavecisicial for the tunnel
design, but the Rayleigh waves are significant doiyshallow tunnel very far
from the seismic source.

Table 2.2: strain and curvature due to body andace waves
(St.John & Zahrah 1987)

Wave Type Longitudinal Normal strain Shear strain Curvature
strain
P waves \% \% \%
g = —P cod? [0} €n = —P sin? [0} y= P ——sin@cose 1 =—psin<pcos2 [0}
Cp Cp Cp P C}
\% Vp \%
_vp _'p 1 a
Em = 5nm_c Ym=oe - = =0385—2
p p p Pm Cp
(for@=0°) (for @=90°) (for @=45°) (for 9 135°)
S waves V, V,
g =—2sin@cosp &£, =—>siNQCcosQ y- S cos @ iz&cos?’(p
Cs Cs Cs p C52
Vs Vs Vs 1 a
€ €am = = = =%
Im = 2C. "M =, Ym 2C, o Csz
(for @=45°) (for @=45°) (for@=0°) (for p=0°)
Rayleigh waves V, V| V| . 1_a .
(compressional g = CRP co @ gy = —CRP sinfg  y= 7CRP sinQcosg 5 =7chP singcos @
component) VR VR \'j R
€m = RS €nm = EP Ym = EP L 0385LRP
Cr Cr 2Cg Pm c2
(for@=0°) (for@=0°) (for p=45°) for © [135°
(foro )
Rayleigh waves _Vgs . _ 1_ags
(shear component) €n “Cr sing Y= Cr cos@ 0 c2 cos? @
R
e =VYRs _VRrs 1 _ags
nm m — =
Cr Cr Pm C3
(for @=90°) (for@=0°) for 0= 0°
(for9=0°)
The Poisson’s ratio and dynamic modulus of a démasi be computed from measured P and S wavesgatpa
C,/Cg) -2 1 1-2v
velocities in an elastic mediumng = 1 ( ) orCp= 1 Cs: Eg = pSCIZ) M
(c ICof -1 (L-2v) (t-ve)

2.4.2 Analytical solutions (St.John & Zahrah, 1987)

In order to obtain closed-form equations to evautkte soil/structure
seismic interaction, the tunnel is considered hkeelastic beam surrounded
by an elastic medium (St.John & Zahrah, 1987). ahalytical solutions are
obtained using a quasi-static representation of shsmic actions and
neglecting the dynamic effects of the soil/struetinteraction.
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In the followings, only the shear wave S is congde the analytical
procedures are formally the same also for compmessaves P but, as some
Authors observed (St.John & Zahrah, 1987, Hasheistal.,, 2001), the
corresponding seismic strains are lower in comparis

Considering a tunnel subjected to a sinusoidal wawath wavelength.
and amplitudd® the displacements values are (Fig. 2.3):

n coswj (2.6a)

u,=D cosqosin(

u, = Dsinqosin( (2.6b)

L/ coswj

Direction of
Propagation

L2 D sindy

fu D cosd
Axis of Tunnel

o

. Licoss Axial
TS ———=| Displacement
o . FSot
u, = I sing sin( 2L copsd) orsel
=
l]l

= Transverse
Displacement
of Soil

u, = D cosp sin{2mx/L cpsd)

Figure 2.3. Displacements due to a sinusoidal sheare.

The wavelength parameterof the ideal sinusoidal signal representing the
earthquake action is defined as = TCs (Wang, 1993), wherds is the
fundamental period of the deposit, which can becutated for instance
according to Idriss and Seed (1968), &hds the propagation speed of the
shear waves.

The sinusoidal wave amplitud® comes from specific site conditions.
Generally the parametdd can be computed according to the following
expressions (Hashagh al.,2001), in which it is the only unknown quantity,
by equalling the deformations values in free-fielshditions (2.7) and the
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structure strain of an elastic beam:

. . . A
» for axial free-field deformatlons?TnD :C—Ssmwcosw (2.7a)
S
» for bending free-field deformations?':TTD :%0053 @ (2.7b)

S
Once obtained all the wave parameters, the follgverpressions of the
seismic internal forces in the tunnel lining can dmmputed (St.John &
Zahrah, 1987):

21T . 27K
N=|— AD 2.8
( 3 jsmwcosch( CO{L/cosgoJ (2.8a)
3
T :(Z—HJ cos’ ¢E, IAco{ 27% J (2.8b)
L L/cosg
2
M :(Z—HJ cos’ ¢F, IAsm( 27% j (2.8¢)
cos@

wherekE; is the Young's modulus of the structuras the second moment
of area,A is the area of the transverse section. The expres$2.8) were
obtained without considering the dynamic soil-suoe interaction.
Therefore, if the structure is stiffer than thereunding ground it distorts less,
as a consequence of the interaction.

If the structure is considered as an elastic beararoelastic soil, the static
interaction is considered and the equation to sislve

d*u

E,| dT“t =p (2.9)

where v is the structure deformation amqdis the interface stress. The
contact action at the interface between the sall the structure is modelled
through a bed of linearly elastic springs:
p= Kt(uy _ut) (2.10)

Substituting the (2.10) in the (2.9) the tunnelvedure obtained is lower
than the value of the previous calculation.. A ttun parameter can be used
to take into account this difference:



46 Chapter 2

R = 1 (2.11)

4
1+ El [Zﬂj cos' @
K, UL
Shear forces and bending moments must be redudegl the R factor in
order to obtain correct solutions. The same apjpraacused to find the
expression of the axial force from the equation:
2
E, A% =K, (u, -u,) (2.12)

A reduction factor is obtained to be multiplied the previous expression
(2.8a) for axial forces:

R, = 1 (2.13)

2
1+ EtA(ZCTj cos’ @

K

According to Egs (2.8) and (2.11), the angle thatximizes bending
moments and shear forces ¢g0°. On the other hand the condition of
maximum axial force does not follow straightforwarom Egs. (2.8) and
(2.13), but it is common assumption in design that maximum axial force
can be computed fop=45°, which corresponds to the exact maximum
condition when the soil-structure interaction igleeted (Eq.2.8).

In soft soil the structure modifies the deformatiof the surrounding
ground, therefore Egs (2.11) and (2.13), which antofor interaction, should
be used; on the other hand, in rock and stiff fo#l use of the free-field
expressions (2.8)s usually enough accurate due to the high contoést
stiffness between the tunnel and the ground.

According to Egs. (2.8), as structural stiffnesséases due to tunnel lining
reinforcements, this generally determines an irsgez the seismic loads in
the lining. In order to avoid this, flexible jointan be designed.

When the use of Egs. (2.11) and (2.13) is needwdspring constants;
and K, shall be determined. They represent the ratibsdmn the interface
soil-structure interaction loads and the correspunddisplacements.
Literature values for this constants (Wang, 1998) a function of the
wavelength of incident wave:
K =K, = 167G, (1 VS)E

G-4,) L

a

(2.14)
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where Gs andvg are the shear stiffness modulus and Poisson fiatithe
medium andl is the diameter of the circular tunnel.

This elastic coefficients must be representativehef dynamic behaviour
and the cyclic load of the sinusoidal wave.

2.4.3 Seismic deformation method (Kawashima, 1999)

A new quasi-static method was used in Japan fodéisegn of underground
fuel pipelines from the Chiba Port to the Interoadl Airport of Marita (JRA,
1976): in this method the seismic deformation @f ghound is the assumed as
the seismic action on the pipelines. In the follogviyears the method was
improved until it became the main design methodJapan for all the
underground structures under seismic conditionspwkn as ‘Seismic
Deformation Method'.

According to the method a long tunnel is modelledaa elastic beam in
elastic soil. The equations of motion in the loadihal and transverse
directions are expressed as:

a°u, (x,1) 0°u, (x,1)

M= tEAT = K {u, (xt)-u, (x,t)} (2.15)
0°u, (x,1) 0%u, (x,t) _ _
Rl T K du, 00t —u, (x. 1)} (2.16)

wherem is the mass of lining for unit lengtk;A andE;l are the axial and
bending stiffness of the tunnel sectiam; and u; are the longitudinal and
transversal displacements of sectignat the timet; ux and u, are the
displacements at the same instant t of the saibanding the same section
Ka andK;, are the elastic constants of the springs modgthe soil reaction in
the longitudinal and transversal direction. Asitiertial effects can be in most
cases neglected, the (2.15) and (2.16) can be ifgdpio the Eqgs. (2.9-2.10)
and (2.12).

To use the above formulas in design, the soil disghentsi, anduy, are
computed in the method by assuming an ideal sddrdetion of sinusoidal
shape having wavelength(Fig.2.4).
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e ... Base Rock

Figure 2.4: Ideal displacements of tunnel axis (liathima 1999)

Thefree-fielddeformation of the soil surrounding the tunnehis result of
different components due to the non homogeneousodutharacteristics, the
thickness of soft soil layers, and the signal tammacompared to the bedrock
registration. In order to take into account suclaaability, the wavelengtlh
of the idealfree-field displacement function is not the simple wavelengjth
the wave passing through the medium but rathemqaivalent value that give
a good agreement of the six seismic deformationpoments. The. adopted
value is:
2L,L,
L, +L,

Vs andVsg are the propagation velocity of the shear wavekersoil and in
the bedrock respectivel¥s is the fundamental period of soil layer, calcutate
as:

T =125)

L=

'L, =VeTo L, =V Ts (2.19)

4H,

(2.20)
Si

H; andVs; are the thickness and the shear waves propagagioaity of the
i-th sub-layer, that is for each sub-layer in whibk soil is divided. Once the
wavelength L is defined, the design value of th# displacement both in
longitudinal and transversal direction is giventbg following expression:

—u cod 72 \si 2%
u(x,t) =u, CO{ZHJSIV’( C j (2.21)
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U, is the horizontal displacement at surface and btaiped, in the

hypothesis of homogeneous soil, as:
2

u, = ?SVTS (2.22)
whereS, is the design peak ground velocity of the bedmesponse spectrum.

By substituting Eq. (2.21) in the (2.17) and (2,18 differential equation
can be solved and the axial forces and bending mtsvan the structure are
given as:

Ny =CiChp LtAUh (2.23)
N, =C.Cp IELtAG" ;GV (2.24)
M, =c,C; 4772?'“ U, (2.25)
M, = Ctvcjv@ll (2.26)

In these expressions, andN, represent the axial forces in the horizontal
and vertical directionM;,, andM, are the bending moments in the horizontal
and the vertical plane containing the tunnel afither terms appear in the
Egs. (2.23-2.26)U, and U, are the displacements at the tunnel depth, in the
horizontal and vertical directiomi,, C: andcy, are the transmission factors of
displacements from the soil to the structure, ie Hxial and transversal
components direction; finallg,, ¢ andcy are the modification factors due to
the contours conditions of the longitudinal element

The transmission factors are:

! A = K—aA; L'=+2L (2.27)

Cta 2 ’ a
E
1+ 2
AL

1 K,

o)
1+ <%
AL

c, = (2.28)
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T R . (2.29)

tv 4 \"
El,
1+ 2
AL

whereK are the spring stiffness in which the soil is nitede The axial
force (2.23) and the bending moment (2.25) expoassicombined with static
loads, are used in the design of the undergroupanése structures.

2.5 ANALYSIS OF THE TRANSVERSE SECTION OF A
TUNNEL

When a shear wave propagates perpendicularly totuheel axis the
transverse section of the tunnel is deformed: tarciunnels undergo
ovalisation, rectangular sections undergo rackidgcommon approach to
design is neglecting the asynchronous effectseridhgitudinal direction and
considering the cross section of the tunnel undane strain. In the
followings the attention will be focused on cirautannels only.

The dynamic interaction between the ground anditingg is neglected and
the maximum distortional deformation due to theasheaves is calculated in
the free-field conditions (fig.2.5). The maximum diameter chanfan ideal
circle in the elastic medium and in tfree-field conditions, is (Hashagdt al.
2001):

é =+ ymax
d 2

If the circular unlined perforation is considerdde diameter change is

dependent on the Poisson ratio of the medium:

%:iZymax(l—vs) (2.31)

(2.30)
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Continuous soil

Free-field shear straivn/

Open cavity

Free-field shear straiv\/

Figure 2.5: Shear strains of free-field and perfi@é soil (Hashash et al.
2001)

The perforated medium undergoes higher distortiam 2.31) compared to
the intact medium (Eg. 2.30), about three timegdarWhen the lining is also
considered, the maximum distortion is dependerthersoil/structure relative
stiffness: if the tunnel stiffness is lower thare tburrounding soil, then the
condition is similar to a perforated ground (E13; if the soil and structure
stiffness are comparable, the dynamic interactimesgvalues similar to the
free-fieldcondition (Eq. 2.30); finally, if the tunnel isfé&r than surrounding
medium the distortion is lower than Eq (2.30).

As the presence of a lined cavity (i.e. the tunmaéi@¢cts the deformation
field compared to thefree-field conditions, such the interaction should be
taken into account when computing the stressdsaittirting.

2.5.1 Maximum free-field shear strain

The maximum shear strain in tfree-fieldconditions at the tunnel depth is
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the input parameter for the pseudo-static calaudatf the internal forces in
the tunnel lining. Wang (1993) suggests to caleultch a strain simply as
the ratio between peak ground velocity at tunngithleand the shear wave
velocity of the soil layer, according to the wavegagation theory in an
elastic, homogenous and isotropic medium. Penzidriéu (1998) suggest to
start from a displacement profile at the time twinich the shear distortion is
maximum and calculate the maximum shear strain as:
_u(-d/2t)-u(d/2t)

max d

Kawashima (1999) suggests an even simpler horizoffieee-field
displacements distribution that has a quarter sidas$ shape (§ 2.4.3 (2.22)).

A slightly more accurate procedure, in order toceakdte the maximum
shear strain, was proposed in some recently pwdalistiorks of conference
proceedings (Bilottaet al. 2007, Bilottaet al. 2007). Theymax values were
evaluated as the ratio between the maximum shesssg . and the elastic
shear moduli G.

The shear stress profile was computed through tiffereint approaches
.The first approach uses the following expression:

(2.32)

8maxs

Tmax(@) =14(2) oy (2) (2.33)

as used in simplified approaches of the liquefacpotential (Santucci de
Magistris 2005). Beyond the vertical stress the other factors are the peak
ground acceleration on surfaagaxsand reductive coefficient which takes
into account the soil stiffness and can be comptdedstance according to
the formula by Iwasaki et al (1978):

rq(z) = 1-0.015z  (zinm) (2.34)

The peak ground acceleration at surfagg:scan be simply obtained from
the peak ground acceleration at the bedr@gky, multiplied for the site
amplification factorS (EN 1998-1 2003, NTC, 2008).

In the second approach, the shear straify(z) is calculated through the
horizontal equilibrium of a soil column, betweere tburface and the depth
as:
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Toax(2) :JZ' psa..,(2)dz (2.35)

wherep is the soil density. In the simplest applicatibe profile of maximum
acceleration can be assumed linear fexxx pat bedrock t&amax pat surface.

Using the pseudo-static approaches, linear and@riequivalent analyses
were carried out, adopting a visco-elastic behaviouthe investigated soil.
In the linear analyses, the shear modulus G wasress$ as the small strain
modulus G; in the linear equivalent analyses G was refetoed degradation
curve Gg)/Gy, depending on shear strain level. In order to wetal the
maximum strain of the soil of the linear equivalanalyses, the Ramberg &
Osgood (1943) model was considered, in which tleaisktrain was correlated
with the maximum shear stress, using the expression

R
Ymax(2) = Tmax(?) + C{TLX(Z)} (2.36)
Go Go
In the (2.36), C and R are parameters dependingp@marticular subsoil
considered, which can be calculated by fitting diegradation curve @)/Go.
The second addend of the equation (2.36) represéinéecincrement of shear
stain due to non-linearity of the soils.

2.5.2 Formulae for seismic increments of internal forcesin thelining

Some Authors have suggested formulae for the ailonl of the
increments of the internal forces in the lining doghe ground shear stram
around the tunnel; they consider the relativersts between the soil and the
structure.

According toWang (1993)the relative stiffness between the structure and
the surrounding medium is represented with two dsranless parameters:
E.d- Vtz)r
B Et @+v,)1-2v,)
6E I L+v,)
wheret; is the lining thicknessq, is the second moment of the area of the
lining section,E; and 11 are the elasticity Young’s modulus and Poissoio rat

(2.37)

(2.38)
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of the structure, anHs and v; the corresponding quantities of the surrounding
ground. Assuming full-slip conditions at the interé between the soil and the
lining, the diameter change, and the maximum inem™ of bending
moments and hoop forces are:

Ad 1
—=+=K.F 2.39
d 3 1 ymax ( )
E
Np =2 Ky —= 1y (2.40)
6 '@+v,)
E
|\/lmax = iiKl—srzymax (241)
6 ~(@d+v,)
in which:
121 -
K, =_t2d-vs) (2.42)
2F +5-6v

It is generally assumed that the full slippage leetwthe soil and the lining
occurs for very strong earthquakes (Maximum Des&igrthquakes). For more
frequent seismic events (Operational Design Eatkep)ait is generally
assumed that some friction can be developed betwesrel and soil. If the

slippage does not occur at all, the expression agfphforce modifies as
follows:

E
Nmax = iKZTmaXr = iKZ Z(TS) rymax (243a)
Vg

Fla-2,)--2,)d-S1-2.) +2

K, =1+ (2.43Db)

Fl(3-2v)+(1-2v)]] +c[2 ~8y, +a/§} +6-8,

A quantitative assessment of the tunnel flexibitgn be calculate as the
ratio between the diameter changes with and witliivee-field the tunnel.
The value is:

A 2

L (2.44)
ff

According toPenzien & Wu (1998)andPenzien (2000)the increments of
internal forces in the circular tunnel lining, dtetgeneric anglé, can be
calculated from the maximum diameter chamyeduring the earthquake
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(Tab.2.3):
Table 2.3: Seismic force (Penzien 2000)
Full slippage No slippage
M@©) __ Sl cosz(e+7—-[j __S&lA; cosz(9+1[j
d?@-v?) 4 d?@-v?) 4
N@®) _ 12514 cosz(e+ﬂj _ 24E(1A, C052(6+E]
d3@a-v?) 4 d3@-v?) 4
T _ 24ElA; seﬁZ(EHE] | 24E17, ser2(6+’—Tj
d3@-v?) 4 d3@-v?) 4
The Authors calculate the diameter change as:
A1-v,)
A =RA., =+ S/ 2.45
i ff (a,i +1) 2 yff ( )

(i=1,2 for full or no slippage conditions)

In this formula the diameter chanfgedepends on the maximufree-field
shear strainyz at the tunnel depth and on thparametera. This is
representative of the relative stiffness betweendtiucture and the ground
and has two different expressions, in the caséneffdll slip or no slippage
conditions:

12E,1,5-6v,)
a, = 3 2
d°G,@-v,)
24E,1,(3-4,)
a, = 3 2
d°G,1-v,)

(full slippage) (2.46a)

(noslippage) (2.46b)

According to the formulae in Tab. 2.3 the maximuar the bending
moment and for the hoop force in the tunnel linimgur atB=45°.

It can be noted that the formulae proposedbynzien & Wu (1998)and
Penzien (2000depend on the same parameters of those propos@édahy
(1993). Hashaskt al. (2005) compared the two analytical formulationsain
typical problem of a circular tunnel witd = 6m at a depth 15m in a
homogeneous elastic layer 30m thick.: the chanaties of the structure are
shown in the Tab.2.4; in Tab. 2.5 the charactesgsbif the ground are shown
for three typical cases.
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Table 2.4: Input lining data (Hashash et al. 2005)

Lining Value

parameter

Young’s modulus (g 24,800,000 kN/m

Area (per unit width) 0.3 Afm

Moment of inertia (1) 0.00225 tm

Lining thickness 0.3m

Weight 0

Poisson'’s ratiou) 0.2

Table 2.5: Input soil data (Hashash et al. 2005)

Saoll Value

parameter

Case 1 Young’s modulus §E 312,000 kN/rh
Poisson ratious) 0.3

Case 2 Young’s modulus §E 312,000 kN/rh
Poisson ratious) 0.49

Case 3 Young’s modulus §E 185,400 kN/rh
Poisson ratious) 0.49

Using a finite element code (Plaxis v.8.0), a dearmlysis was carried to
obtain a numerical solution as a reference for shene problem. The
conditions were: plain strain; linear elastic ligiand surrounding medium;
absence of weight; no-slip interface. In order itmutate the pseudo-static
action on the lining, a horizontal load distributiovas applied on the top
boundary. The results are plotted in Fig. 2.6.

For full slip conditions, the bending moments, h®@@nd shear forces
computed by the analytical expressions are verylairfor both formulation,
whereas for the no-slip conditions the maximum hdéoes by Penzien
(2000) (Fig.2.6a) are much lower compared thanetlamsnputed by formula
of Wang (1993). The hoop values computed accortbhng/ang (1993) are
similar to the results of the finite element coBer the bending moment and
the shear force the solutions are the same (Flg.2FRurthermore for the
bending moments the agreement between the twaawytroposed by Wang
(1993) and Penzien (2000) is rather satisfactory.
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Figure 2.6: Comparison of calculated forces of nuuoes solution (x axis)
and analytical solution (y axis) in no slippage ddions: thrust force (a) and
bending moment (b) (Hashash et al. 2005)

2.6 FINAL CONSIDERATIONS

The chapter reviews the available pseudo-statidhoakst to evaluate the
increments of internal forces in a tunnel liningytlb in the longitudinal
direction and along the cross section, during arthgaake. Some issues
should be highlighted:

* the inertia of the surrounding soil is much largean that of the lining;
the tunnel seismic response is in fact dominatetheydynamic response
of the surrounding ground.

» for the seismic analysis in the longitudinal direst the horizontal
propagation produces a spatial incoherence of éi&méc motion; in
common practice a completely coherent seismic sigressumed,;

» the usual design strategy requires evaluatingftee-field motion in
terms of the maximum displacements and the appicatf them to the
structure in a quasi-static analysis aimed to eatalalynamic interaction
forces;

* St.John & Zahrah (1987) and Kawashima (2000) dreeexpressions of
the internal forces arising along the longitudireatis of a tunnel
subjected to seismic loads: they study the turm&ngitudinal direction
as an elastic beam surrounded by elastic springs;
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* the most important deformation pattern of the csestion of a circular
tunnel is the ovalisation due to the shear wavepagating in the same
plane;

« Wang (1993), Penzien & Wu (1998) and Penzien (2080 the
expressions of the internal forces arising in thenel cross section,
depending on the relative stiffness between thieaswi the structure and
the maximunfree-fieldshear strain;

» Solutions by Penzien (2000) underestimates the fmops compared to
Wang (1993) in the conditions of no slippage atititerface. Using FEM
solutions as a benchmark it appears that solubgridenzien (2000) may
be wrong.
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Chapter 3

Numerical modelling of soil/tunnel
interaction

3.1 INTRODUCTION

The most complex level of analysis for the problems seismic
soil/structure interaction is the full dynamic aysa$. These type of analyses
are generally numerical analyses, performed thraatulation codes which
implement the finite element method or the finitéedence method. In order
to give reliable results to the user, the inpupaaters, both geotechnical and
seismic, should be reasonably obtained from a redidn analysis of the
calculation domain. Moreover the advanced constgutmodels should
describe the sufficiently approximated mechaniaidviour of the medium:
in the seismic problems the constitutive modehef $oil should incorporate a
variation law of the stiffnes§ and damping rati®, with the shear strain

In this chapter the results of dynamic interactidrihe soil/tunnel system
are explained and discussed. The basic operatibrihieo codes used to
perform dynamic analyses are reported, clarifyihg timitations and the
carried out procedure to perform reliable analySdse features of tunnel
dynamic analyses under sinusoidal input or recggliof Italian earthquakes
are accurately described, showing the results rmgeof maximum internal
forces compared with the values of parallel singadifanalyses.
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3.2 BACKGROUND OF TUNNEL FULL DYNAMIC
ANALYSES

Pakbaz & Yareevand (2005) carried out some nunlaitayses using the
codesCA2 in order to study the effect of the earthquaketloa circular
tunnels, in an elasto-plastic bi-dimensional meditifme input signal used for
the analyses was the acceleration time historiesrded during the Naghan
Fars earthquake (Mw=7,,8=0.79g), applied at the bottom of the calculation
domain. The tunnel is modelled as an elastic beantlae effect of structure
construction was not accounted; moreover the tuarisl was at 20m depth
and has a 4m diameter. Two set of parametric agslysere carried out, in
order to show the maximum stresses variation whbk peak ground
acceleration and with théexibility ratio F (Wang, 1993). Moreover the
numerical analyses were compared with the restlteemretical formulas in
order to show similarity and difference. In the.3d the results were
reported, using condition of no slippage betweehaswl tunnel
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In the fig 3.1a) and b), the internal forces of thenel varied linearly with
the maximum acceleration. In the fig 3.1c) and i) tomparison between
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numerical analyses and closed-form equations ofgN4f93) were reported:
firstly the numerical internal forces were consisteith the analytical values;
secondly the internal forces decreased with theease of ratio F. In
particular the maximum bending moment (fig 3.1djueed substantially its
value, until almost zero values; instead the maxrmmoop load (fig 3.1c) was
clearly constant for F>10. From this observationdependency of M. and
Nmax from the ratio F, the Authors proposed a modifaabf the formulas of
Wang (1993):
— 1 Em 2

F<20 M max — i(_jKl(l— R Ymax

6 +vm) (3.1)

F>20 M, = i(%)) Klﬁ RY max

In the existing literature, some numerical procedurere reported in order
to carry out full dynamic analyses. Bielakal. (2003) developed a procedure
called ‘Domain Reduction Method (DRM). The main idea of the DRM was
the division of the initial problem in two successinumerical phases. The
calculation domain was reduced to a narrow zoner riba structure,
separating an external domain from an internal diomghe first calculation
phase consisted in the substitution of the intedmahain with an equivalent
free-fielddomain. An acceleration time histories was appdiethe base of the
model and the wave propagation was evaluate alfeeisubstituted zone. In
the second phase only the reduced domain was @vadidapplying at the
boundaries a distribution of stresses equal to vialeies obtained in the
extended domaifree-fieldin the same points.

Corigliano et al(2007) improved this procedure in order to carryt ou
numerical analyses on a rock tunnel near an a€tiuk. In the fig. 3.2 the
calculation domain used in the numerical analysas showed: in the first
phase a tri-dimensional domain was consideredudet) the earthquake
generation mechanism at the source; in the secdradepa reduced bi-
dimensional domain was considered, applying atatezal boundaries a force
distribution evaluate in the previous step in thme points.
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DRM STEP I (3D Free-field analysis) DRM STEP II (2D SEM analysis)
Auxiliary problem Reduced problem
Boundary § Internal Boundary | Internal
domain Eomain
Seismic ;
l\'\lf_./l S External domain < fm:wﬂ
\:jl‘_m
a) b)

Figura 3.2: Domain Reduction Method (Coriglianca&t2007)

The internal forces values, calculated in the fiyhamic analyses, was
then compared with the expression suggested byglzoo et al. (2006): the
equations were deduced from the formulas of EinsgiSchwartz (1979),
solving the case of a shear strain applied in @iegtatic way to a soil/tunnel
system. The expression was obtained using the sgpeoach of Wang
(1993) and Penzien (2000). The comparison showegbad agreement
between numerical analyses and closed-form sokutidig.3.3); both for
maximum hoop load and bending moment.
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Figura 3.3: Comparison between M e N calculatexhfithe numerical
analyses and the closed-form solutions (Corigliahal. 2007)

3.3 OVERVIEW OF THE NUMERICAL CODES FOR
DYNAMIC TESTS

Lanzo (2005) briefly reported the characteristitsmme numerical codes,
which could perform dynamic analyses: the softwiasted in the table 3.1
have important difference about the solution of iormot equation, the
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constitutive models implementation, the dampingwalion and the effect of
the lateral adsorbent boundaries. Moreover onlyestricted part of the
software list was constituted by numerical codde &b perform soil/structure
interaction analyses (Plaxis 8.0, FLAC 4.0, etn)otder to calculate reliable
internal forces due to seismic shaking, for thesées a calibration of the
calculation domain features should be performedhi&table 3.1, then, the
codes used for the numerical analyses describdgtisnchapter is made in
evidence: the characteristics of EERA and Plaxisa8e reported in the next
sections.

Table 3.1 Numerical codes for dynamic analyses Zb&005)
Geometry | Commercial codes Analysis type Interface
SHAKE
SHAKE91 DOS
PROSHAKE TS LE
SHAKE2000 Windows
EERA
DESRA 2
DESRAMOD
D-MOD 2 ES DOS
SUMDES NL
NERA TS
DEEPSOIL Windows
CYBERQUAKE ES
QUAD4
QUADAM DOS
FLUSH s LE
QUAKE/W 5.0 Windows
2-D/3-D DYNAFLOW
GEFDYN DOS
TARA-3 ES NL
FLAC 4.0
PLAXIS 8.0
TS=total stresses; ES=effective stresses;
LE=linear equivalent; NL=non linear

1-D

Windows

3.2.1 EERA (Bardet et al.2000)

The software EERAKEquivalent-linear Earthquake site Response Anglysis
is an implementation of the equivalent-linear egutike site response
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analysis, which was previously implemented in thigioal and subsequent
versions of SHAKE (Schnabel et al., 1972; and &laad Sun, 1991). EERA
evaluates the seismic site response (SSR) of adepibsit: the medium is
modelled as a system of continuous horizontal |aybich are homogeneous,
isotropic and visco-elastic, based on a unifornfi-féce (fig.3.4).

Layer Coordinate Properties Thickness
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Fig 3.4: One-dimensional layered soil deposit sys{Bardet et al.2000)

The one-dimensional equation of motion for verticgdropagating shear
waves is:

ﬂ:pazu :Gazu n d°u
0z ot? 0z> ' o0z°0t
in which h, G, pi, i and§; are respectively the layer thickness, the shear
modulus, the unit mass, the viscosity and the dagpatio for each layer.

The viscosity and the damping ratio are linearlypatalent through the
expression:

- nw
' 2G

(3.2)

(3.3)
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The soil deposit is crossed by shear waves, intidatically to the surface
between the layers. All the numerical models ardrée-field conditions.
EERA implements the SHAKE processor in a Microgefttel file, which is
composed by the sequent worksheets:

» Earthquake

* Profile
e Matl, Mat2, Mat3, etc.
* |teration

* Acceleration, Strain, Ampli, Fourier, Spectra

In the worksheet Earthquake” the input signal can be loaded in order to
perform the ground shaking. Before the earthquakeaded, in the worksheet
was definable five entries (recognizable in bludg earthquake name; the
time stepAT, which is the time interval between the evenlgcgal data points
of the time history of input ground motion; the ided maximum acceleration,
in order to scale the input values; the maximumueancy cut-off in order to
eliminate the annoying high frequencies; the NFkimber of the points of
the Fast Fourier Transform, which is larger tha@ éarthquake points. The
input earthquake data are imported from a text figgng the command
“Process earthquake ddta

The characteristics of the soil deposit are shoinetie section Profile”,
in which the geometry and the properties are ddfiager by layer. The user
can be choose the type of the analysis to perfersecn-elastic linear or non
linear. When a linear visco-elastic analysis idqrened, each layer is defined
by the thicknes#, the maximum shear stiffne€, the value of the initial
dampingD,, the volume unit weighjs, and the apparent shear wave velocity
Cs (linearly dependent from the others parametershemVa non linear
analysis is carried out, all the previous paranseteas defined, except for the
damping ratio, which was directly defined by tB¢)) law (initial value).
Therefore for each soil layer can be defined aedhffit variation curve (in the
worksheetdviatl, Mat2, etc.) for the shear stiffne€))/Go and the damping
D()). The non linear analysis consists in an equivale&sto-elastic analysis: a
set of linear analyses are performed sequentiafigating for each step the
value of the shear stiffne€X)) and the damping ratiD(})), depending by the
convergence on shear strain reached. The locandntye of earthquake
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motion is defined by specifyin@utcrop for an outcropping rock motion, or
Insidefor a non outcropping motion (fig 3.5). In the ead Inside motion the
acceleration time histories is directly appliedret soil layered base; instead a
Outcropmotion corresponds to a acceleration time hisémplied on the soil
surface and reported at the base through a deagivobnalysis.

Rock
outcropping
Free surface motion mation
. >
2E, 2Ey

En*Fn
Bedrock motion

Incoming motion

-
EN

Fig 3.5: Outcrop or inside input motion (Bardetat2000)

In thelteration worksheet the motion equations are solved in ithguiencies
domain. Three option for the calculation are ineldidn this section: the
number of iterations, which can be increased depgruy the convergence of
the calculation; the ratio of equivalent uniformmagt R, for the effects of
earthquake duration, which is typically between @l 0.75 depending on
earthquake magnitude; the type of linear equivaleidel (SHAKE or
SHAKE91). The calculation starts clicking on themeoand ‘Calculate
Compatible Straifi The iteration procedure for equivalent lineapagach in
each layer is as follows (fig. 3.6):

» Initialize the values of Gand¢; at their small strain values

 Compute the ground response, and get the amplitafl@saximum
shear straiymax from the time histories of shear strain in eagketa

» Determine the effective shear strgia from ymax as:
yef'f = yymax (34)
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where R is the ratio of the effective shear strain to maxn shear
strain. R is specified in input and is the same for all laye

» Calculate the new equivalent linear valugs, @1d¢;,; corresponding
to the effective shear strayg.

* Repeat the steps until the differences betweerdhguted values of
shear modulus and damping ratio in two succesdemations fall
below some predetermined value in all layers.

Shear modulus
J

Damping ratio

Shear strain amplitude (logarithmic scale)

Fig 3.6: Iteration of shear modulus and dampingoatith shear strain in
equivalent linear analysis (Bardet et al.2000)

After the calculation is performed, the results evehowed as table for
each iteration, and as graphs for the profiles akimum shear stress, shear
strain and acceleration. Moreover the distributioth depth of the mobilized
G and D were graphically reported.



Numerical modelling of soil/tunnel interaction 71

In the Output worksheets the results of the catmnawere reported as
time histories or through signals transform infikguency domain at specific
layers: theAcceleration and Strain worksheets give the time histories of
acceleration, velocity and displacement or of shet&ess and strain
corresponding to a specific layer (outcrop or ie¥idn the Fourier and
Spectraworksheets the spectrum of Fast Fourier Transtamohthe response
spectrum are evaluated; in tAenpli worksheet the amplification function is
obtained as a ratio between the Fourier specttavandifferent layers. The
worksheet can be duplicated in order to obtaindbhgput data in different
layers. Once in all the worksheet the soil layembar and the type of layer
(inside or outcrop) are specified, the results green clicking on the
command Calculate Outputand “All of the Above

3.2.2 Plaxis 8.0 (Brinkgreve, 2002)

3.2.2.1 General features

The softwarePlaxis 8.0 is a finite element (FE) calculation code for
stability and deformation analysis. These comme@iae is very versatile
and largely used for the classical geotechnicablpros. The software models
real or ideal conditions having one-dimensionalbedimensional domain,
corresponding to axi-symmetric or plane strainse $bftware is divided in 4
modulus, which correspond to different phases efrthmerical analysis. The
Plaxis modulus are:

1. Input
2. Calculation
3. Output

4. Curves

In order perform a FE analysis using Plaxis 8.8,uker have to create the
model domain, assign the material properties anth& boundaries condition.
In thelnput software modulus the geometry of the model istetgahe mesh
is generated and the initial condition was set. Tiesh is composed by
triangular elements, which can have 6 or 15 nodesrder to model the
volume clusters. The 15 nodes triangle gived'@dier interpolation for the
displacements and 12 Gauss points for the numenteggration; instead the 6
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nodes triangle has only d%order integration and 3 Gauss points. In the
sectionGeneral Settingthe name and the description of the project, thaden
number and the acceleration value are defined; owerethe fundamental
dimension were fixed (distance, weight and timéje Timit of the model area
can be assigned according to the domain extension.

The FE numerical model generation starts from thengetric domain
generation, which is the graphical representatiénth@ problem under
examination. A geometric model is composed by poihihes and clusters.
Despite of this basic element, structural objeets lbe create, modelling the
geometry and the mechanical properties, in ord@etform the soil/structure
interaction and calculate the internal forces om ¢fement (tunnels, plates,
etc.). Once the problem is drawn, the boundary tiemd can be assigned by
the user, according to the library constraints;tayosing the standard fixities,
which is applied automatically according to thelgsia type, which can be
static or dynamic. Once the geometric and structse#tings are defined,
distributed (constant or linear) or concentratexti®or displacements, applied
in the created internal or external points, cannbh@duced in the calculation
domain. In theMaterial section the mechanical properties of the soiliapee
fixable: the assignable values are the unit weitig, permeability and the
stiffness-strength parameters, which are the elasbdulusk, the Poisson
ratio v, the friction angleg and the cohesior. Moreover the stiffness
parameters can be defined as linearly variable wpth. For each soil
material created can be assigned a constitutiveehreottl the soil behaviour,
assignable between drained and un-drained. For eetarial the interface
soil/structure behaviour is defined through theapaeter R, which has 1 as a
default value, but can be reduced to values almobt When an interface
element is located between the soil layer and wctsire, a material type is
assigned at the interface element and the R rapgeeslee reduction factor
applied at the elastic stiffness E. If the R=1, iferface condition are “no
slip”; if the R=0.1, the interface conditions tetad‘full slip”.

The Plaxis 8.0 software implements 6 constitutivedeis, in order to
perform different soil behaviour. Some of the aalaié models are:

* Linear Elastic Model

* Mohr-Coulomb Model

* Hardening Soill
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Each cluster of material can be pasted in a permdo&lers in order to
use the same materials in other analyses.

Also the structural elements are defined in Mhegerial section, assigning
the properties of the elemeBtate, used both for panels and tunnel structure
type. The most important input parameters are lthaifal rigidity EI and the
axial stiffness EA. From these two parametersthiekness of the structural
element is obtained from the expression:

El

deg = 125 (3.5)

Once the model features are assigned for each dgkestructural element
and before the calculation step, the domain isdddiin finite elements: the
software automatically generates the mesh, witlaoubrdinate structure. In
order to get better performance on the analysisltsgswhere the stress
variations are very high, the mesh can be moreajearsund a model point,
line or in a selected region. At the end of Inphage the initial condition is
created, performing the generation of pore pressuré effective initial
stresses. The initial stress is calculated stariiog the Ky ratio, evaluate
from the famous Jaky’s (1944) relationsip=1-senpor manually fixed by
the user; the lithostatic conditions can be alsoegated in the Calculation
phase, carrying out a plastic analysis without brads, displacements and
structures activated.

After the FE model generation, the effective caltioh is carried out,
defining the type of analysis required. In tbalculation modulus is assigned
the analysis phase, the structures and the satdagre switched on or off,
and the loads and the displacements are activaibd. calculation is
performed, solving a system of equilibrium and goegce equations in the
mesh nodes. The Plaxis code permits the executidriypes of FE analysis:

* Plastic

» Consolidation

* Phi-c reduction

e Dynamic

The Plastic option is an elasto-plastic deformation analystbe
Consolidation option considers the dissipation with time of pgmessure
increments; théhi-c reductionoption carries out a stability analysis reducing
the strength parameters in order to evaluate aysé&hetor; the Dynamic
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option consists in the application of time histeri@ loads or displacement,
corresponding to a point or a line of the modelfoBe the analysis starting,
some relevant mesh points can be selected, in todarow the variation of

some parameters with non-geometric parameters. Ealclilation phase is
divided in steps, in order to carry out the specdnalysis in progressive
increments of the variable parameters. When théysisaphase is set, the
analysis type, the starting phase, the number egsstthe iterative control
parameters should be fixed. Once all the phaseit@mds defined, the

calculation process is started; the analysis ifopeed in sequence, until the
soil does not collapse. In th#eration window, some information of
calculation process are showed, including the dimiwf the displacement in
the selected point, in order to check that theymmakorrectly goes forward.

Once a FE analysis phase is ended or stopped (thapuautomatically
due to soil collapse), the results of the calcatatcan be inspected in the
Output modulus. The parameters, which can be displayedhén whole
domain, are:

» Total or incremental displacements, velocity anceéaration;

* Total or incremental strain; Cartesian componentstatal or
incremental strain;

» Effective or total stress; Cartesian component®iall and effective
stresses; total and increments of pore pressure;

* Loads or displacements, stress or strain in thettral elements.

The analysis results was given both as throughhigap representation
(vectors, contours or shadings) and table list®e Plaxis user can create a
section in the model domain, in order to displag pinevious listed parameters
along the section line (in graph and table formpn€erning the structural
elements, the software gives the values of modanpeters, but moreover the
internal forces in the last calculation steps (hlmal, shear force and bending
moment) and the envelops of the previous ones.

The Curves modulus is used to obtain non-geometrical vanmad the
model output parameters (except for the internate®). In this sub-
programme the load or time-displacements curves sttess-strain ones, the
stress or strain paths and the time histories epldcement, velocity or
acceleration of the calculation selected points lmarmisplayed and listed. In
the mesh nodes, the value of load, displacemeltdgitye and acceleration are
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given; from the integration internal nodes the eadf stress and strain are
obtained. A total of 10 nodes and 10 integratiomfsocan be selected in the
Calculation phase, which are an important codetdition on the required
results.

3.2.2.2 Dynamic analyses

The procedure to perform dynamic analyses is fdgnsainilar to the other
types of analyses, but needs some explanationd #imadditive parameters
and conditions compared to the other analyses. derethe seismic analysis
are particular dynamic analysis, in which the wapespagation due to an
earthquake should be correctly modelled. The topidhe dynamic analyses,
discussed in this section, are:

* General settings of earthquakes problginput)
o Standard Earthquake boundaries
0 Prescribed displacements
o0 Wauve velocities
* Integration of the motion equatid@alculation)
o0 Basic equation of the dynamic behaviour
o Dynamic time, Time stepping and Dynamic sub-step
o Boundary coefficients
o Multipliers for time histories
* Results of seismic analyg@utput andCurves)
o Envelopes of the internal forces
o Time histories in the selected points

In order to perform the seismic shaking of a sayler, the dynamic loads
are applied at the bottom of a bi-dimensional madigiain, causing the
propagation of the shear waves until the surfadh@toil layer. In thénput
modulus the earthquakes problems can be perforapgadying at the model,
the “Standard Earthquake Bounddr¢SEB), which includes the creation of
adsorbent boundaries on the lateral surface ofditreain and prescribed
displacements at the bottom of the mesh. The SHEBitons always consider
a rigid bedrock, because the adsorbent boundareseat located on the
model bottom and the surface is completely refhectMoreover thé&tandard
Fixities are also generated in the SEB, in order to perfstatic analysis, but
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in the dynamic analysis are neglected. Using thetl&~general boundary
constrains are &0 for the lateral boundaries ang=0 and y=0 for the

bottom of the model. The use of prescribed displecds permits the
application of time histories of displacementsoeély or acceleration during
the Calculation phase. In the prescribed displacenmeenu, the default
conditions consider a dynamic displacement mudiplof y=0.01m and

uy=0m.

The stiffness properties of soil layer can be alsfined using the value of
compression and shear wave velocity as input paeamdherefore the
relationship betweengand G and the maximum shear stiffnesg @&d the
oedometric modulus sy are:

C. :\E; C, = /% (3.6)

In the Calculation phase the equation of the wave propagation axedol
in the time domain. The basic equation of the dywcarehaviour is:

[M Hui + [CHu}+ [k {u} ={F} (3.7)
in the (3.7), M is the mass matrix, C is the dargpmatrix, K is the stiffness
matrix, F is the displacement vector and u is tlspldcement vector. The
material damping of soil C in the calculation algon is implemented as the
Rayleigh formulation. Therefore the damping maigxcalculated as linear
combination of mass and stiffness matrices:
[C]=ag[M] +Bg[K] (3.8)
where ar and Br are the Rayleigh coefficients. The damping ratio is
associated to the j mode of vibration through tkgression:
£ :1[i+,3wjj (3.9)
2| w
The value of the damping; is not constant with the value of circular
frequency w=21f (fig.3.7) and depends of the value of the Rayleig
coefficients.



Numerical modelling of soil/tunnel interaction 77

Frequency (Hz)
100 10 1 0.1
2 T I !
Rayleigh damping
Ist mode (@ 1sec (1Hz)
b‘: 2nd mode (@ 0.1 sec (10 Hz)
Constant viscous damping,£=1%
S
ap
=]
£
E1r
[+
o
3
<}
2
5
i ’ : 3
Stiffness : \ : Mass proportional
. ’ 5 .
proportional : RN : damping
damping .~ R
O el Il
0.01 0.1 1 10
Period (sec)

Fig.3.7 Viscous damping vs circular frequency (Hesgh& Park 2002)

The value ofog andfr can be assigned in the material data sets, ctring
use the value of realistic damping because thessenaders largely affect the
soil response. The default damping conditionscare-Br =0, which should
model a un-damped scheme.

In order to solve the motion equations, an implicite integration method
is used in the software dynamic implementationpetiog to the Newmark
scheme. The expression of the displacement andityeld the time tét are:
ut™t = Ut + OtAL + (E_O‘Njut +O(NL'It+At At?

2 (3.10)
The values of the coefficientsy and By can modify the accuracy of the
numerical integration in the time domain. The Newkneoefficients cannot
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be choose independently, but a precise conditiamp®sed, in order o obtain
stable solution:
By 205

o >E(E+B jz (3.11)
N—4 2 N

The default values for the Newmark coefficients age 0.3025 and3y=
0.60, valid for a damped scheme. The default vabddRayleigh factorsor
=Br =0) and Newmark factorsuf= 0.3025 and3y= 0.60) are not coherent,
because the null material damping is not concorth Wie damped scheme
used to establish the integration coefficients.

In the Calculation modulus, some parameters shioeilldccurately defined
in each dynamic phase in order to perform a cogemic analysis. Firstly
the Dynamic Time, expressed in seconds, for eaelsgbhould be assigned,;
in this was the time step used in the dynamic logu@8 evaluated as:
a="5C (3.12)

nlm
wheret is the Dynamic Timen is the number of Additional Steps andis
the number of the Dynamic Sub-Step, which can heet® in the calculation
menu. The maximum number of Additional Steps abéelan Plaxis is 1000
and corresponds to the numbers of Curves valuethéotime histories of the
selected point. If the input signals has a numbderatues higher than 1000,
the Plaxis increases the time step of the outptd dathe time-dependent
parameters, in order to give always in output altotmber of 1000 points for
each dynamic phase. This filtering effect is gredepending on the value of
the ratio between the input points and the addili@teps and determines an
information missing, especially for the high freqag, which are cut away
over the 1/At/1000) value. Despite this data missed in the lycab output
getting, the integration of acceleration time higtes correct if the product
between the additional steps and the dynamic sjb-st equal or larger
compared to the input motion points. If the timepsit obtained in the Plaxis
calculation is different from the time step of timput signals, the software
performs the interpolation of the data, in ordeohtain an equivalent value
for the acceleration. Of course the simplest waylbtain the whole time
histories is to separate the input motion, eachigomwith a total of 1000
points, and apply the cut time history in sequence.
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A severe limitation of the time step is directlynoected with the mesh
properties. Therefore if the time step is too lacge give unreliable results
and substantial deviation. The value of the linme step, which is called
“critical”, is defined by the maximum frequency aby the coarseness of the

FE mesh. The expression is:

- B (3.13)

dcri ical
e E{L-v) B* BZ{ 1-2v 28}
a 1+ — -2 |1+ o
pl+v)i-2v)\" 4s* 2s 4 B*

in which a is factor dependent by the element type (6 orddes); B and S
are parameters directly connected to the meshEiie.time step is chosen to
obtain that a wave during a single step does noatenaodistance larger than
the minimum dimension of an element.

In the Input phase, the SEB procedure assigns laelsoproperties to the
lateral boundaries. The use of a lateral adsorbeandary is equivalent to
apply a viscous damper where were the externdlessiin order to simulate
the behaviour of a laterally infinite medium. A pon of the travelling wave
energy is adsorbed by the dampers, and the rasinseto the calculation
domain. Using the method described by Lysmer andléfnayer (1969) the
waves reflection in “narrow” calculation domain sk be limited. The
normal and shear components adsorbed by the damp#re horizontal
direction are:

In = ClpC'_’uX (3.14)
r=-c,pCgl,

In absence of adsorbent boundaries the behaviaguialent to a condition
in which the coefficients;=c,=1. The Plaxis manual suggests, in order to
obtain a reasonable waves adsorbing, the valueshéomparameters;=1 e
c,=0.25.

The seismic input can be applied through dynamidtiMiers, defined in
the Input phase, which operate as scaling factorth® value of seismic input
time histories:

Prescribed displacement (t) = Input motion (t) xndynic multiplier (3.15)

In order to activate the input motion, the dynarine histories should be
loaded in the dynamic analysis menu of the Calmramodulus. In this
window, the user can apply on the model bottomrenbaic load multiplier or
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a generic time histories. When the harmonic loaskiscted, the user should
be assigned amplitude, frequency and initial presgle of the sinusoidal
signal. When the generic time history is optionbe, input motion should be
loaded from a file, specifying the input type (d&sgEment, velocity or
acceleration), only in two formaBMCandASCIIfiles. TheSMCformat is a
standard format generated by the U.S. GeologicateyuNational Strong-
motion Program, in order to create a database dhaaakes recordings.
These files are available in the National Geoplatdiata Center (NGDC) of
the National Oceanic Atmospheric Administration (N&). The input data of
the SMC files are accelerations, expressed in cm/s2. R teason the
dynamic multiplier for the prescribed displacemshbould be fixed to 0,01m
in the Input phase. ThaSCll file can be create by a text editor, generating
two columns of data, separated by space: thedoistmn is the time variable
and the second one is the input motion, expressedara history of
acceleration, velocity or displacement. If the d&aion is defined as m/s the
prescribed displacemenj=im, instead if the acceleration is expressed in g,
the value w=9.81m. Once the file is chosen, the time histomas be
visualized Yiew button), in order to ensure that the model colyeetad the
input motion.

The results of the dynamic analyses are obtaingédeirOutput and Curves
sections. The time histories of the node and ialgpoints can be showed in
the Curves section, if some points were selectatarcalculation phase. The
acceleration value are expressed in“rafel the velocity in m/s. In the output
section the value of some parameters (acceleratigocity, displacements,
stress, strain, etc.) can be observed relativdndoldst calculation step. The
value of internal forces of a structural elememésalso reported as envelopes
of maximum and minimum values.

3.2.3 Comparison between the calculation codes

In order to summarize the dynamic performance & tionsidered
software, the basic features of the calculatioresaate briefly reported in the
table 3.2.



Numerical modelling of soil/tunnel interaction 81

Table 3.2: Comparison between EERA and Plaxis 8.0

Calculation code EERA Plaxis 8.0

Literature Bardet et al.2000 Brienkgreve 2002
Meshing Continuous layers Finite elements
Equation integration | Frequency domain Time domain

Solution type Transfer function Integration step by step
Soil material model | User G{)/G and D{) | Linear

Non linearity Linear equivalent None

Dynamic analysis Free-field Soil/Structure interaction
Boundaries Indefinitely extended | Adsorbent boundaries
Material damping Independent fronw Rayleigh formulation

The two dynamic codes has wide difference, whiclolves many aspects
from the soil modelling, the calculation algoriththe materials model and the
properties of the lateral frontiers and the dampaigp. The most important
advantage of the FE element analysis consist inpibssibility to study
seismic interaction between the soil and the atrectwhich is not included in
the EERA analyses. Therefore the Plaxis 8.0 soéwsaused for a wide range
of geotechnical application, from the consolidationstability analysis. The
main limit of the FE analysis is in the material advbto perform dynamic
analysis. The Hardening Soil model, which incorperaastic deformation for
small strain, is unable to reproduce a the degi@uaturves for the shear
modulus and the damping ratio. In order to takeoant the non-linearity, a
mixed procedure EERA-Plaxis was used to carry allitdiynamic analyses. In
the next section the procedure is described andiedpfor some cases of
study.

3.4 FULL DYNAMIC TESTS

In this section a set of seismic analyses are agaaboth in free-field and
dynamic interaction conditions. Three types of ,s@lative to different class
of materials, and three earthquake recordings s&d to perform the dynamic
analyses. A comparison between different methodanalyses on the same
soil types were reported. The analyses were caroed with the two
calculation codes, showing all the characterisbésthe analyses. All the
results were reported in some scientific papersliitgrnational and Italian
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conference (Bilotta et al.2007a; Bilotta et al. 200 Bilotta et al.2007c;
Bilotta et al.2008).

3.4.1 Soil profiles types and input signals

The numerical simulations were carried out usingehypes of soil profile
(Fig. 3.8): a 30m layer of soft clay, medium demssed and gravel were
considered, based on a half space of soft rock @O0m/s,ys=22kN/nT,
Dy=0.5%).
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Figure 3.8: Subsoil profile

In the clay profiles of fig.3.8, the un-drained helour was not accounted,
considering a one-phase material but having shelaciy values typical of a
soft clay. The g profiles and the value of an “equivalent shearevasiocity”
Cs30 are reported for each type of subsoil in fig.. Madue of G 3o was
obtained from the expression:

Coao =

30
30 © h.
i;,n%s,i

(3.15)
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The table 3.3 synthesizes the geotechnical parasngft¢he selected soils:
Table3.3 . Subsoil parameters and classificatioR@N2008)

: @ lp vy Do GCsso
U F o) wmd (6) [mis] Pe
Clay 25 30 18 25 124 D
Ssand 35 - 20 10 239 C
Gravel 44 - 21 1.0 401 B

For the dynamic analyses, the solil stiffness amdpilag curves, @)/Go e
D(y), depending on the shear strain lewelinduced by the earthquake. In
these cases literature empirical relationship wasduin order to define
G(y)/Go e D). The fig.3.9 reports the curves adopted and gbwen

For the clay, the curves suggested by Vucetic & ipqi991) with
1=30%;

* For the sand, the Seed & Idriss (1970) curves,emphted in EERA,

« For the gravel, the relation reported by StokoeOgQOfor a By =

10mm.
1 25
0.8 1 /1 20
o] ——-
® -7 s g
- 1 —clay stiffness d 7 d 5
2 0.6 - ¢ ) 7orke
o ] —— sand stiffness g
% —gravel stiffness 8
5 1 — —clay damping g
Q@ 0.4 : 10 &
= ] — —sand damping %
‘GUU)) — —gravel damping °
= |
E 0.2 _ -5
2 ] -
. = - -
e
0.0001 0.001 0.01 0.1 1

shear strain, y (%)

Fig.3.9 Shear stiffness and damping ratio degramtaturves

As a input motion, three acceleration time his®meas selected from an
Italian recording database of seismic events (2ces2008). The most severe
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earthquakes was considered (PGA>0.3g) and thelsigras scaled to 0.35g
(comparable to the real maximum acceleration), esponding to design
earthquake of the seismic zone 1, according tarseigonation of OPCM
3724 (2003) (fig.3.10). In the table 3.4 the reaagd used in the dynamic
analyses were reported:
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Fig. 3.10: Scaled recordings of the input earthcpmkScasserra 2008)
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Fig. 3.11: Fourier spectra of the input earthquakes

The selected recordings were relative to very gtrmotion, corresponding
to historical earthquakes. The frequency conterst steowed in the fig (3.11),
showing that the main frequency is lower for thar&o 270 signal (0.5Hz),
compared to the Friuli (1976) recordings (2Hz an&Hk). In all the
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considered signal the energy content was negligiaée the 10Hz.

Table 3.4: Acceleration time histories used indlgaamic analyses

Recording Earthquake PGA | Tp
[d] [s]
Sturno 270 Campano Lucano 1980.321| 2.28
Tolmezzo 00 Friuli 1976 0.325 0.50
Tolmezzo 270 Friuli 1976 0.375 0.67

The dynamic analyses were carried out using twéerift calculation
code: EERA and Plaxis, which were briefly describethe previous sections.
EERA carried out free-field one-dimensional anadyse which is considered
the non linear behaviour of the soil through a @istastic linear equivalent
analyses. Plaxis 8.0 permitted to insert the tummehe calculation domain,
carrying out bi-dimensional analyses in which weomnsidered the tunnel
behaviour in the transverse section (ovaling deédion).

3.4.2 EERA Analyses

The full dynamic analyses were carried out usidigear elastic model. In
order to take account of the stiffness and dampaig variation with the
shear strain in the soil/structure interaction gsed, preliminary analyses
were performed using EERA software. The soil peotf the fig.3.8 and the
curves of the fig 3.9 were considered as inputesin order to carry out the
EERA non-linear analyses and give the input datatfie full dynamic
analyses (Amorosi et al. 2007). The stiffness aachming ratio assigned to
the soil material in the Input phase of Plaxis 8®@ye the mobilized values
corresponding to the maximum shear strain reacheghach soil layer. The
modified profiles of shear stiffness and dampingoraepend on the initial
value of stiffness and damping, on the variation &dopted for the soil, on
the problem geometry and on the seismic event restpeak ground
acceleration, frequency content). The strategyhefgrocedure calibration of
the analysis are divided in these steps:

* The initial shear stiffness and damping ratio, theves of shear
stiffnress and damping ratio against the shear nstridie input
acceleration time history were defined;
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* A waves propagation analysis in one-dimensiotigde-field
condition were performed using the calculation c&#RA with a
visco-elastic linear equivalent behaviour;

* In the last iteration step the EERA software gibask the profile
of the mobilized shear stiffness and damping ratio;

* The value of G and D layer by layer were used agput value for
the linear visco-elastic analyses with the FE safty

» A set of free-field analyses using the FE bi-dimenal model with
the modified parameters were performed in orderntake a
comparison with the EERA results;

* Once the comparison was coherent, the tunnel wsested in the
FE model with the same features of the free-fielalgses.

The values of initial shear stiffnesg @&1d damping ratio frelative to the
input parameters of SSR analyses and the outpuesalf the corresponding
G and D mobilized were showed in the figs.3.12 aii®. The G and D value
were directly red from the degradation curvegyidG e Dy(y), for each soil
type and earthquake fired. The input motion in EERa#s applied at the base
of the soil layer as amnside recordings, which corresponded to a direct
application of the time history without deconvotutifrom the surface. In this
way the same acceleration time history was appdiethe base of the FE
model, in order to carry out analyses coherent WHRA.

The fig.3.12 showed a drastic reduction of the slsdfness modulus,
which was stronger for the stiffest material duettie shape of the gravel
degradation curve, for which @(Gy<1 also for very small shear strains. The
damping ratio values (fig.3.13) were subjected targe increase, obtaining a
D mobilized between 12% and 20% in most of the £afes for the shear
stiffness, the damping ratio increase was strofgethe gravel soils, due to
the D{y) curve adopted for this material. The new valu€&sohnd D became
input values for linear analyses using FE code iRI&0 both for free-field
and full dynamic interaction.
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3.4.3 Plaxis 8.0 analyses

In order to correctly perform the FE numerical gsak, a calibration of the
model domain were done, considering all the pararsethich influenced the
wave propagation through the mesh. These parametms determined
substantially the analysis results and were siimglgstigated. The calibration
phase was carried out in free-field conditionspider to make a comparison
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using the EERA results and verify the good perfaroesof the FE model. The
parameters considered in the calibration analyses a

» Layering of the soil profile;

» Extension of the model domain;

* Maximum mesh size;

* Rayleigh damping parameters;

* Newmark integration parameters;

The mobilized shear stiffness profile outputtedhie SSR analyses are not
constant with depth, but changed both for theah#bil profiles and the fired
earthquake. Moreover also the value of the maxinslmear stiffness GO
increased with depth, because in a homogeneousamdae stiffness
properties are variable along the soil layer dependn the local lythostatic
stress condition. Instead the initial damping ratiofile was fixed constant, as
input data, but became variable and changed rdglitalhalue, when a profile
of mobilized values was considered. In total fog ® soil types and the 3
input motions, 9 different profiles of mobilized rpaneters were used to
perform the FE numerical analyses. In order togessthe soil layering of the
EERA analyses, which consisted in 30 layers of Aigckhess, the FE domain
was subdivided in the same way, introducing, astiqarameters of each
layer, the values of mobilized G and D. In this whg comparison between
the free-field results was coherent, accountingther difference of the two
commercial codes. The bedrock was simply considaged, neglecting the
contribution of the base stiffness on the signalppgation along the soil
layer. From a set of preliminary analyses perforiogdEERA with the input
profiles, the profiles of maximum acceleration atear strain, obtained with
a bedrock of rigid and soft rock, were very similar

The software Plaxis automatically generates thehmesthe calculation
domain, but, considering the analysis to perfolm, density of the triangular
elements could be modified in some particular donmaeas. For the static
analyses the mesh is thickened in a control volutnere the stress and strain
variation is high (around the structural elemernits}he dynamic analyses the
whole soil thickness participate to the propagaténhe shear waves in the
domain. Kuhlemayer & Lysmer (1969) defined a upjoit for the mesh
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dimension, in order to perform reliable FE analy§dse maximum size of the
triangular elements is directly connect with thexmaum frequency of the
wave which correctly propagates in the meshed don@onsidering a multi-
frequency signal, as a natural recording of anhgadke, the maximum
frequency could be defined as a limit frequencyveen the significant and
negligible values, in order to consider the greatipn of the energy content
of the signal. A simple rule in order to optimizeetFE meshing was used in
the domain preparation: a minimum number of 3-Asoivas used in order to
describe the half wavelength of an element of thésls H and shear wave
velocity Gs. The expression of the maximum element size issifisr &
Kuhlemeyer, 1973):

ds< % = —;}30 (3.16)

max

in which Ggo is the average value of the shear wave velocity lans a
experience range value between 4 and 10. The maxifraquency was fixed
at 15Hz, obtaining a limit value for the elemer#esequal to 1.22m for sand
and gravel models; instead for the clay modelsnteeh was thickened in the
first upper 10 soil layers until a mesh size of36 Adopting a thin layering
of the soil bank, the refinining of the mesh, iearto respect the condition
imposed by the eq. (3.16), was very simple becthesenesh was forced by
the points of the layering. Moreover when a streeetias consider, a further
refining was performed around the structural elemen

The material damping in Plaxis is defined accordingthe Rayleigh
formulation, and the damping matrix is considersdadinear combination of
mass matrix and stiffness matrix through the coigffit ar e Br (€q.(3.8)).
The values of the Rayleigh parameters was obtaised the method of the
double frequency control: the two parameters wesei@med in order to obtain
constant damping in a range of frequency, sigmfidar the content of the
input signal. The damping factor was approximatebnstant in a range
between two natural frequency of the soil layerqlieesh & Park 2002, Lanzo
et al. 2004). The first frequency are generally fird resonance frequency;
the second frequency was the second or higher aes@requency, depending
on the main frequency of the input signal (fig.3.14 order to obtain a
correct evaluation of the damping, the main eardkguUrequency are included
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in the range of the two control frequencies. If signal frequency was lower
than the first resonance frequency of the soillalyee control frequencies are
the first and the second natural frequencies. Tithod avoids that the
damping ratio was overestimate in a frequency walersignificant for the
earthquake frequency content.
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Fig.3.14 Double frequency control method (Lanzale2004)

Beside the viscous damping, an other artificial peag occurred during
the dynamic analyses due to the integration ofdtjeations of the waves
propagation. As explained in the previous sectiBaxis 8.0 uses the
Newmark method to perform the solution of the equetin the time domain.
In the equation (3.10¢y and By, which are parameters for the integration
accuracy, were not assigned independently. In #fault settings of Plaxis
8.0, the values of the Newmark coefficients axg0.3025 and3y=0.6, but
this choice are reasonable for a damped schemeefohe these value
determines an artificial damping, which can be ea#d introducing a
dissipation parametsy, linearly dependent fromy andBy:
(L+y )

4

The default values of Newmark coefficients giveadue ofyn=0.1. Visone
(2009) proposed an evaluation of the total damjigrous and integration)
depending oyy:

1
Vn =By _E; ay = (3.17)
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$ =%{%+ (B: + VN&)wn} (3.18)

Alternatively others values couples can be assigitedhe Newmark
coefficients, respecting the condition (3.11). Thastant average acceleration
method hagn =0 and subsequentlyy=0.25 ef3y=0.5. For moderately high
values of the viscous damping the value of numkedemping is negligible
and the Plaxis 8.0 default values can be usedhéncase of low or null
viscous damping ratio, a set of calibration anays®ould be perform in order
to find the couple of Newmark parameters, starfimgn the default ones,
which limit the entity of numerical damping. Moremthe conditions of null
total damping are impossible to model using the iMavk integration scheme.

The extension of the calculation domain is the nimgtortant topic in the
calibration of a FE model. As described in the isectthe lateral boundaries
were modelled as a viscous dampers, using the Liy&nkaihlemeyer (1969)
formulation. The lateral dampers should model er&ly infinite soil layer, in
order to simulate the one dimensional propagatioth make a comparison
with EERA results. The default values of the retata parameters of the
eq.(3.14) arec;=1 e c,=0.25, suggested by Plaxis in order to simulate
reasonable adsorption and reflection of the indidesves. This assumption
was verified, making a comparison between the EERA Plaxis results
obtained in the mid-span vertical. The presenceat#ral dampers highly
influenced the motion field in the calculation domawhen different
extensions of the FE model were considered. Inrotdeobtain the better
comparison between the one-dimensional and bi-dsioaal analysis, the
lateral boundaries were gradually fixed farer fribr@ central vertical until the
results were consistent.

A set of calibration analyses on the extensionhef ¢alculation domain
were carried out. The boundaries, which was modellsing the viscous
dampers of the adsorbent frontiers, were locatddiff@rent distance from the
central vertical. The input signal, used for thébecation of the FE domain,
was the earthquake recordings of Tolmezzo 270 €rad; fig.3.10), scaled at
0.35g. The soil profile corresponded to the meddense soil type of the
fig.(3.8), considering all the initial soil charadstics. Also in this case the
analyses performed were compared to correspondidigAEanalyses, which
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were carried out using a visco-elastic linear moBekh the analysed did not
consider the soil non-linearity, because there voatg a calibration analyses
and did not model the real behaviour of the soil.
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In fig.(3.15) the comparison between the shearirsteaad acceleration
profiles, and the Fourier spectra of the surfaaelacation time history were
showed. Different values of ratio between the kaigth (B/2) and the depth
(H) of the FE domain were considered, assigningvidee of the damping
ratio (Db=1%) through the Rayleigh formulation. From the ilmation
analyses results, a good agreement, both in tefmmodile of maximum
values and surface Fourier spectrum, between tHeAE&Nd Plaxis analyses
were reached for a ratio B/2H=8. In the fig.3.16 talculation domain used
for the free-field dynamic analyses was reportdte Tateral boundaries were
moved away until 8H from the central vertical. lietlayer thickness H was
equal to 30m, the total width of the calculation ndon was
Lx=8H+8H=480m. The very extended FE model and thektheshing on
the whole domain determined a high increase ottmeputational burden.

Fig.3.16: Extension of the free-field domain
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Fig.3.17: Maximum acceleration profiles for clay),(aand (b)and gravel (c)

In the figs. (3.17) and (3.18) the comparison betwt#he EERA and Plaxis
profiles of maximum acceleration and maximum sh&aain, in free-field
conditions using the linear equivalent procedure, showed. The FE input
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profile of fig.(3.12) and (3.13), different bothrfgoil type and earthquake
input, were subjected in the Plaxis code to theesponding acceleration time
history.
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Fig.3.18: Maximum shear strain profile for clay &nd (b)and gravel (c)

The linear equivalent analyses performed by Plastiswed a good
agreement with the results of the EERA analysegeaally for the shear
strain distributions. The profiles of the TolmezZ2® and Tolmezzo 270 time
histories, obtained from the two software, was amped; in the case of
Struno 270 the results of Plaxis were slightly eliéint from EERA, but
showing a similar behaviour. The good performantdahe free-field FE
analyses, using the mixed EERA/Plaxis procedureontler to carry out
dynamic non linear analyses, showed the correcofeb® model calibration.

Once the calculation domain was set and all theitigarameters was
introduced in the dynamic analyses, the soil/stméctinteraction analyses
were performed. The tunnel, considering both itengetry and properties,
was inserted in the mid-span of the model sectionhe fig.(3.19) the mesh
used for the full dynamic analyses, represented isimplified way, was
showed, observing that the mesh was thickened drtnlining.
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The lining was modelled as plate element, 30cmktiégss and 6m
diameter, made of concrete wity=45MPa. The distribution of the internal
forces increments (bending moment and hoop forcefh angle 8 were
showed in the fig.(3.20). The graphs are refertteth@ earthquake instant in
which the deformation of the tunnel lining was nmaxim, and subsequently
the internal forces increments registered the mamimabsolute values.

The variation of the lining thickness was invedigh in the case of
Tolmezzo 00, considering different value betweeanmi@nd 130cm, in order
to consider a wide range of thickness, in which ri@st used values in the
design were included. In the fig.(3.21) the vaaatiof maximum internal
forces increments versus the lining thickness vl
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Fig.3.21: Increments of internal forces againstrgpthickness

The seismic increments of internal forces incrdass than linear with the
increasing thickness of the lining. The bending reots started from almost
zero values for very thin lining, showing a sigcdfnt increase (500kNm/m)
until 1.3m. The hoop forces variation was lowercliled in the range
between 300-400kN/m.

3.4.4 Comparison with simplified analysis

A comparison between the seismic increments ofnatdorces calculated
by means of the analytical formulation of Wang (3Pand the results of full
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dynamic finite element analyses, also performedPlaxis, were showed in
this section. A summary of the considered methddsesmic analysis are
reported in the tab (3.5).

Table 3.5: Overview of the seismic analysis metipedrmed

Vmax
Analysis Methods | &axp | &maxs Tmax Linear equivalent Minass Niax
analysis
Down-u i
Vathod | 2 (=] P20 (202
R Mmax=t%Kl(l+7:/)rzymax
Pseudo-static SCh, (@ | Tmax(z)} v,
Up-dOWI’l Anaxs GD GO Nmax:iKZ : T Vinax
Method ) T (2) =14 () ——=0,(2) 2L+v,)
no-slip conditions
Simplified EERA (Wang 1993)
dynamic Plaxis 2 SSR analysisfiee-field
Full dynamic Plaxis 3 Envelopes 0Mmax Nmax

In order to carry out non-linear analyses usingugeestatic methods, the
Ramberg & Osgood formulation (82.5.1), was usedatculate the value of
maximum shear strain. The C and R parameters oR#rmaberg & Osgood
model were evaluated from the degradation curvetherihree subsoil types
of the table, interpolating the B(GO curves. The value of the parameters are
showed in the table 3.6 (Valentino, 2006):

Table.3.6: Parameters of the Ramberg & Osgood inode
Soil C R
Clay 12000 2.24
Sand | 800000 2.63

Gravel | 8000000 2.60

The simplified dynamic analysis was performed bipngishe Wang (1993)
formulation for the no slippage conditions and assig as input théree-field
shear straiy. computed in the finite element analysis. The peesidtic
analyses were performed used the method proposedeir§, in order to
evaluate the maximum shear strain, and to obt@miaximum internal forces
using the same Wang’'s expressions. The resultseimst of maximum
increments of the bending moment and the hoop faree shown in the
Figs.3.22 and 3.23. The graphs shows a good agreebetween the full



Numerical modelling of soil/tunnel interaction

99

dynamic and the simplified dynamic analysis, intipaftar for the bending
moment, with a slight overestimation using the difi@al methods (Fig. 3.23).
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The pseudo-static approach tends to largely ovsrett the values
computed by the complete dynamic analyses. Thigesig that effects of the
kinematical interaction arise which cannot be coersd by using the pseudo-
static methods.

3.5 PARAMETRIC ANALYSES USING SINUSOIDAL INPUT

In order to programme the experimental activity,ichihis extensively
described in the next chapters, a preliminary nisakstudy of a model under
sinusoidal input motions was performed using theerical codes EERA and
Plaxis 8.0 (Bilotta et al. 2007). Performing thesemerical analyses, the
geometry and material properties of the centrifugedels were studied.
Neglecting the scaling factors used for the cemgef dynamic analyses
(Bilotta & Taylor 2005), the performed analyses everarried out at the
prototype scale.

The soil profile under examination was typical ofdgy medium dense
sand. The model thickness is 30m and the layerb&as on a rigid bedrock.
The soll stiffness properties were coincident vatie of the soil profile used
for the full dynamic analyses with natural accdieratime histories. The
general features are briefly reported: the soil l@adisco-elastic linear
behaviour, with a constant value of the dampingiag and a power function
distribution of the initial shear modulus @ith depth (fig.3.24). The value of
the Poisson ratio wav=0.25 and the average shear wave velocity
Cs3=239m/s (Class C according to NTC, 2008).

Once the calculation domain was defined, a setdrpetric analyses on a
free-field model using both the EERA and the Pla&i® software were
performed. Subsequently the Plaxis 8.0 code wad tcsgenerate numerical
domains with a tunnel with axis depth of 15m armhtter of 6m. obtaining a
coperture ratio C/D=2. The input signals were cehewith the acceleration
time histories applied in the dynamic centrifugstde consisting in sinusoids
of constant amplitude and frequency. The frequeraryge used for the
analyses, between 1.5Hz and 4.5Hz, included tlsé rasonant frequency of
the soil layer, which is equal to 2.3Hz. The anyadlé of the sinusoidal signals
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was maintained constant in the different analysebk equal to 0.35¢g, as the
event duration, which is 20s.

Vs (m/s)
0 200 400

10 A

25 4

30

Fig.3.24: Profile of g and average value

The free-field comparison between the two numerimadles about the
maximum acceleration on surface and the maximunarskgain at tunnel
depth, showed a good agreement between EERA orendional and Plaxis
8.0 bi-dimensional (fig.3.25). The FE analyses wegied out considering a
damping ratio =0, and a modified value for the Newmark parameters
(an=0.25,B5=0.5), in order to reduce the effect of the nunaritamping.

Once the numerical model was calibrated using fiedd-analyses, the full
dynamic analyses were carried out considering réiffevalues for the lining
thickness (10cm; 30cm; 70cm). A concrdRef£45MPa) tunnel was modelled
considering an elastic modulus E=38GPa and a Roissm v=0.2. In the
fig.3.26 the values of the maximum shear strairthef lining were showed,
evaluated as:

u(t,D/2)-u(t,-D/2)
D

compared with the free-field shear strain at thmesdepth.

n) = (3.20)
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Fig.3.26: Maximum racking of tunnel lining

The tunnel did not modify the value of the firssoaant frequency: the
presence of an obstacle (covered cavity) did ndérdene a substantial
variation of the dynamic features of the soil laylioreover the fig. shows
that a particular value of the lining thicknessroefuced exactly the free-field
conditions: this thickness value corresponded tn¥Ovhich had a stiffness
such as the lining and free-field shear strain vileeesame. This consideration
permitted the recognizing of two different behavjodepending on the
relative soil/structure stiffness through the timeks tunnel parameter: the
flexible lining are tunnel which have shear stiaigher compared to free-field
deformations; the tunnels have stiff lining on cang. The numerical analyses
results were considered in the definition of expemtal programme of
centrifuge tests.

FINAL REMARKS

The full dynamic analysis are a powerful tool irder to model seismic
problems, especially when a structure was insentéioe calculation domain.
These analyses are very complex, because many e@@mamust be
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accurately defined. In order to summarize the parémce and the results of
numerical analyses, the final observation of teistisn are:

The data of full numerical analyses carried outwomel in seismic
conditions are very pootr;

Most of the authors observed that the full dynaramalyses
suffered performance difficulties for the long timmkethe calculation
and for the memory occupation of the output files;

The code Plaxis 8.0 has the great advantage todaedhe tunnel in
FE domain, but is unable to perform dynamic analysicomplete
non-linearity, i.e. following a user degradatioma of the shear
stiffness and damping ratio;

The FE model needs an accurate calibration of #ileulation
domain, considering all the input parameter in matyic analyses;
The calibration showed that the FE free-field maggroduces the
one-dimensional behaviour when its width is extrigmede;

The non-linearity was accounted in the full dynanaicalysis,
introducing mobilized parameters (from EERA anadysas input
parameters for linear visco-elastic analyses;

Full dynamic analyses on soils type and earthquao®rdings
showed the effect of the kinematic interaction loa talculation of
the internal forces. These are neglected when ubkiagimplified
(pseudo-static and simplified dynamic) approacHetesign;

The full dynamic analyses using sinusoidal inputengerformed in
order to define the experimental programme of #m@rdfuge tests.
The results showed the importance of the stiffmags between the
soil and the structure.

REFERENCE

AGI. 2005. Aspetti geotecnici della progettazionezbna sismica, Patron,
Bologna, (in Italian)

Aiello V., Silvestri F., 2002, Vibrazioni prodottéla infrastrutture di
trasporto in ambiente urbano: una proposta metgodaapplicata a un caso
di studio. XXII Convegno Nazionale di GeotecnicaldPmo.



Numerical modelling of soil/tunnel interaction 105

Amorosi A. Boldini D. 2007. Modellazione numericalccomportamento
sismico trasversale di gallerie superficiali inrési argillosi, Memorie in
ricordo di Renato Ribacchi, pp.207-217.

Bardet J. P., Ichii K., Lin C. H. (2000). EERA a r@puter Program for
Equivalent-linear Earthquake site Response AnalysksLayered Soil
Deposits. Univ. of Southern California, Dep. of iICEnNg.

Bielak J., Loukakis K., Hisada Y., Yoshimura Ogmain reduction method
for three-dimensional earthquake modelling in laoadl regions.Part I:
Theory, BSSA. 93 (2), 817-824, 2003.

Bilotta E., Taylor N., 2005, Modellazione geote@nidn centrifuga.
Argomenti di Ingegneria Geotecnica. Hevelius Ealli@lian).

Bilotta E., Aiello V., Conte E., Lanzano G., Russq Santucci de Magistris
F., Silvestri F. (2006), Sollecitazioni indotte dsma in gallerie circolari
interrate, Incontro Annuale dei Ricercatori di Gaotica 2006—IARG 2006,
Pisa, 26-28 Giugno 2006

Bilotta E., Lanzano G., Russo G., Santucci de Magif., Aiello V., Conte
E., Silvestri F., Valentino M., 2007, Pseudo-staticd dynamic analyses of
tunnels in transversal and longitudinal directidfroceedings of Fourth
International Conference on Earthquake Geotechiiogineering, June 25-
28, Thessaloniki Greece.

Bilotta E., Lanzano G., Russo G. (2007). Analisilalsezione trasversale
della galleria sottoposta a sollecitazioni dinamickncontro Annuale dei
Ricercatori Geotecnici IARG, Salerno 2007

Bilotta E., Lanzano G., Russo G., Santucci de Magis$-., Silvestri F.,
2007, Methods for the seismic analysis of trans&esection of circular
tunnels in soft ground, ISSMGE-ERTC12 Workshop dV X2CSMGE,
Geotechnical Aspects of EC8, Chapter 22, MadridrSpa



106 Chapter 3

Bilotta E., Lanzano G., Russo G., Santucci de Megi&., Silvestri F., AN
EARLY-STAGE DESIGN PROCEDURE FOR CIRCULAR TUNNEL
LINING UNDER SEISMIC ACTIONS. 14WCEE. Pechino 2008

Brinkgreve R.B.J., Plaxis 2D version8. A.A. BalkerRablisher, Lisse,
2002NTC, 2008Castellani et al. 2006

Corigliano M. 2007. Seismic response of deep tumnel near-fault
conditions, pHd Thesis Technical University of Turi

Corigliano M., Scandella L., Barla G., Lai C.G.,oRecci R., (2007),
Seismic analysis of deep tunnels in weak rock:se ctudy in Southern lItaly,
Proceedings of Fourth Interna-tional Conferencé&arthquake Geotechnical
Engineering, June 25-28, Thessaloniki Greece

Einstein H. H., Schwartz C. W. (1979implified analysis for tunnel
support,Journal of the geotechnical engineering divisidig 499-518, 1979.

EN 1998-1 (2003), Eurocode 8: Design of structuce €arthquake
resistance,. Part 1. General rules, seismic ac-taond rules for buildings.
CEN European Committee for Standardisation, BreselBelgium.

Hashash Y.M.A., Park D., 2002, Viscous damping fdation and high
frequency motion propagation in non-linear sitepogse analysis. Soill
Dynamics and Earthquake Engineering 22 (2002) 6246

Jaky J. (1944), The coefficient of earth pressurdkest. Journal of the
Society of Hungarian Architects and Engineers,3§5-358.

Kramer S.L., (1996), Geotechnical Earthquake Eregimag,. 653 pp.,
Prentice-Hall, New Jersey.

Kuhimeyer R.L, Lysmer J. (1973). Finite Element Nt Accuracy for
Wave Propagation Problems, Journal of the Soil Mews and Foundation
Division, vol.99 n.5, pp. 421-427



Numerical modelling of soil/tunnel interaction 107

Lanzo G., Silvestri F., 1999, Risposta sismica llcaArgomenti di
Ingegneria Geotecnica n°10, Hevelius ed. (in lglia

Lanzo G., Pagliaroli A., D’Elia B., 2004, Influenzkella modellazione di
Rayleigh dello smorzamento viscoso nelle analigigposta sismica locale,
Atti dell’Xl Conferenza Nazionale su “L’'ingegner&smica in Italia”.

Lanzo G. (2005), Risposta sismica locale, LineedguAGl. Aspetti
geotecnici della progettazione sismica, Parte dpif®lo 6, pag. 83-98

Lanzo G. (2005), Soluzioni analitiche approssine il calcolo del moto
sismico in superficie, Linee guida AGI: Aspetti ogecnici della
progettazione sismica, Appendici, Appendice D, 33%-350

Lysmer J. Kuhlmeyer R.L, 1969, Finite dynamic maidelinfinite media, J.
of Eng. Mech. Div., ASCE: 859-877.

NTC, 2008 norme tecniche costruzioni ITA (in ltalja

Pakbaz M., Yareevand A., (2005), 2-D analysis ofutar tunnel against
earthquake loading, Tunnelling and Under-groundc8paechnology, 20,
411-417.

Penzien J., (2000), Seismically induced racking tahnel linings,
International Journal of Earthquake Engineering @trdctural Dynamics, 29,
683-691.

Ramberg W., Osgood W.R. (1943). Description ofsstrstrain curves by
three parameters. Technical Note 902, National gatyi Committee for
Aeronautics, Washington, D.C.

Scasserra G., Stewart J.P., Kayen R.E., Lanzo &08,2 Site
characterization of Italian strong motion recordmgtations Proceedings of
Conference commemorating the 1908 Messina and Bed@plabria
earthquake. Vol.1020 pp.338-345



108 Chapter 3

Seed H.B., Idriss .M. (1970). Soil moduli and dangpfactors for dynamic
response analysis. Report No. EERC70-10, Earthgaageeering Research
Center, Univ. of California, Berkeley, (California)

Stokoe K.H., 2004, Comparison of Linear and NordmeDynamic
Properties of Gravel, Sand, Silts and Clays, PvotCSDEE & Ill ICEGE,
Berkeley, USA.

Valentino M. (2006). Metodi dinamici e pseudostagier I'analisi sismica
di infrastrutture interrate. Tesi di Laurea Spastala, Universita della
Calabria.

Visone C. 2008. Performance based design of embedgtaining walls.
PdD Thesis, University of Naples “Federico II”.

Vucetic M., Dobry R. (1991). Effects of the soilapticity on cyclic
response. Journal of Geotechnical Engineering, ASQE(1):89-107.

Wang J., (1993), Seismic Design of Tunnels: A Sanfltate-of-the-art
Design Approach, Monograph 7, Parsons, Brinckeri@tfade and Douglas
Inc, New York.






Centrifuge modelling of seismic action on tunnels 110

Chapter 4

Centrifuge modelling of seismic actions on
tunnels

4.1 INTRODUCTION

Physical modelling is an important tool in order gtudy the seismic
geotechnical problems. In the last decade a nurobgrublished research
works made use of geotechnical centrifuge to aeaiysues concerning soll
liuefaction and interaction between soil and dtmec during a dynamic
event.

The usefulness of the small scale experiments efrom random features of
seismic events because the earthquakes are ndttpldd with certainty.

From the historical data of previous events sonleerable worldwide areas
are recognizable, but not knowing exactly when arthguake occurs, an
investment on field instrumentations could not dgbaek useful data in short
time. O’'Rourke et al.(2001) gave data from an ursented lining during the
Duzce earthquake (1999), located near the epicehiie tunnel was located
near Bolu, in Turkey, and as it was under consibacat the time of the
seismic event, the monitoring system was activerandrded interesting data.
They showed an ovaling deformation of the crossimecduring the

earthquake. Moreover a permanent increase of bgnuioment and hoop
forces were observed, of about 17% of the valuessored before the event..



Centrifuge modelling of seismic action on tunnels 111

Elgamalet al. (2007) computed about 15 geotechnical centrifupgepped for
dynamic tests only in Japan. Most of these equipsnere installed after the
disastrous earthquake of Kobe (1995). Other geateah centrifuges, in
which dynamic tests were carried out, are availabldSA and Europe. The
United Kingdom (Cambridge University) and FranceEACCESTA and
LPCP) are equipped with dynamic actuators in otdeshake the base of
centrifuge model during the flight.

Some problems concerning dynamic centrifuge tegtsaefly discussed
in this chapter, focusing on the scaling laws affieces, types of earthquake
actuators and special boxes used to accommodaizoht@ movement.
Moreover, some recent experimental works invohdggamic centrifuge tests
on tunnels are presented.

4.2 SCALING LAWS

Both soil stiffness and strength are strongly depen on the confining
stress, then a realistic value of in situ stressemweded to correctly evaluate
the stress-strain behaviour of soil and the dynaimteraction between the
structure and the surrounding ground.

3/
iensione
geostatica

tensione
inerziale

profondita profondita

Fig.1 - Mechanical similitude between prototype amadel
(Bilotta & Taylor, 2005)

Many Authors discussed about the scaling laws araling effects,
occurring during a centrifuge experiment (cf Scelofi 1980, Taylor 1995,
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Bilotta & Taylor 2005). The acceleration level read during the swing up of
the sample corresponds to a gravity field higheantithe Earth’s one.
Therefore the vertical stresses, always zero atrtbdel surface, change at
depth to a value N times higher than in 1g condgjan which N is the level
of centrifugal acceleration. Therefore the strdastha@ generic depthy, in the
centrifuge model (at N g)is the same at the dégtiNh,, in the prototype (at
19) (fig.4.1): the coincidence of stresses at #mes depth in the model and
the prototype is the major advantage in centrifogelelling. All the scaling
laws can be derived by means of dimensional arglysithe table 4.1 the
scaling factors for the most frequent quantitiessirowed.

Table 4.1: Scaling factors

Magnitude Scaling factors
(model/prototype)
Length 1/N
Acceleration N
Velocity 1
Density 1
Stress 1
Strain 1
Frequency N
Time (inertial effects) 1/N
Time (consolidation) 1/N

When a dynamic event is under examination, theipescaling factors
are derived from the equation of cyclic displacethevritten at prototype
scale:

Up = Ap S|n(2nf ptp) (4.1)

A, is the motion amplitude and i the signal frequency. In order to obtain
velocity, the equation (4.1) is differentiated, igty.

N~ oA codart o) (4.2)
d, PP PP -
And by further differentiating the equation (4.8)e acceleration is:
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d?u
2
dty
Considering that the length and acceleration fast@le are N and N
respectively, the conversion factor for frequenaystrbe N. Therefore using

these scaling values:
* Max displacementup = Ay = NAy, = Nup, (4.4a)

P = —(ort P Ap sinf2rt it ) (4.3)

* Max velocity:V,, =21f A, = 2anm NA, =21 Ay =Vin (4.4b)

« Max acceleration:

2 2
a, = {21t , P A, = —LG%mj NA, = % _ an (4.4c)

As a consequence, there is no scaling factor ferviHocity, which is the
same in model and prototype. In contrast with sgalactors of consolidation
time (N?), the dynamic time is scaled by'Ntherefore during the test the
dynamic duration is N time shorter compared toqggte model.

Kutter (1995) described some scaling effects gdiyeocurred during
centrifuge tests. In the dynamic tests two relewedifi@cts are considered:

» Conflict between dynamic time and consolidatioretim

In order to study liquefaction problems fine satersands are used in the
centrifuge dynamic tests. During the induced eardkg@s on flights, the
dissipation of the pore over-pressure and the dymamvent are
contemporaneous, due to relativbigh permeability of the sand. Therefore in
the clay the consolidation phenomena starts alffterdiynamic event due to
low permeability of this ground type. In order teoa unrealistic behaviour in
the saturate sands, the filtration and dynamic tsoale factor must be the
same (Bilotta & Taylor 2005). A classical solutinthe use of a pore fluid
100 times more viscous than water, but having tmes density, like the
silicon fluids. The permeability is 100 times sreall and at 100g level the
scale factor for consolidation and dynamic evesithé same.

» Particle size effect:
Following the length scale factor in the centrifugst, a sandy model
represent a gravel prototype. This simplistic cdesition caused some
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discussions on the validity of centrifuge resuksitter (1995) clarified that

inter-particle contact forces are the same in tlheehand in the prototype, if
same solil is used. Therefore these forces depentheomumbers of inter-

particle contacts per unit area, which are duebsolute particle size and not
to gravity. Some geotechnical phenomena are infle@rby particle size, as
the thickness of the shear band in strain softemagerials. In such cases
suitable trial tests need to be performed in otdeguantify the particle size
effects on the problem.

Other scale effects are described in the centrifitggture like strain rate
effects (Kutter 1995) and errors due to rotationedegration field (Schofield
1980). Kutter (1995) suggested to perform numeriaablysis of the
centrifuge models, in order to compare them witpegxmental data, at the
model scale, and to quantify the modelling scatersy because the model is
never ever a perfect simulation of the prototype.

4.3 DYNAMIC ACTUATORS AND CONTAINERS

In the early 1980s centrifuge shaking tables wesighed and developed;
many actuators were built until today using différetechnologies.
Piezoelectric, explosive and electromagnetic stsalare designed, but they
had severe limitations in the control of input roati Kutter (1995) explained
the main disadvantage for each kind of shaker.galextric shakers generate
multi-frequency shaking but only with high valudsrequency; explosive are
not able to fire earthquakes with a specific timstdries; electromagnetic
shakers showed good performance, but economidadly were not preferable
compared to other technological solutions. The npasterful and versatile
solution is an earthquake actuation through segdrdulic system. Only in
the 1990s some small servo-hydraulic actuators weveloped in Japan and
US. They exhibited good performance and, afterwandextended diffusion.
These actuators were mounted underneath the shakangentre of the mass
was located at a relative distance from the adiima of the shaker, causing
uncontrolled rocking movements of the model boxotder to avoid these
annoying effects, “second generation” actuatorsewmiounted behind the
model box. Therefore the large geotechnical cerge$ permitted positioning
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the shakers at the side of the shaking table. Mb#te recent actuators were
developed in order to limit external noise and tiota movements, as the
SAM actuator, designed at Cambridge University. Molsthese actuators
apply an input motion at the base of the model boly in one horizontal
direction; but a series of 2D shakers were recdmtiijt in order to perform
more complex dynamic problems, as for the centefof the Honk Kong
University (Sheret al., 1998), Tokyo Institute of Technology (Takemwta
al., 2002) and UC Davis (Kuttezt al. 1994 & Wilsonet al. 2004), in the
United States.

Kutter (1995) explained the importance of the femey content of the
input signal in the design of a centrifuge shakermulti-frequency input
signal gives many pieces of information on the si@posit characteristics.
Many laboratories are equipped with actuators wtdah fire only single
frequency signals. The use of sinusoidal base masigustified by a easier
understanding of the soil response. Nonethelessnhstant amplitude can give
false impression of importance of a particular sedponse aspect. A great
commitment is aimed in the technical developmentipiamic actuators in
order to perform multi-frequency input motion (Eigal et al. (2007)).

Another important issue in dynamic centrifuge tegtis the design of the
model container. The kinematic conditions at theie@ boundaries of the
soil model should permit to model the vertical @gation of shear waves in a
laterally infinite soil layer. Therefore the follewg aspects should be
considered (Kutter 1995):

1. No normal strain in the horizontal directiorthe sides of the boxes
should tend to deflect during the swing-up and tlguefaction
phenomena due to horizontal stresses modificatidramall deflection
could cause a modification of sample model (setlets and
densification)

2. No energy transfer between soil and containarorder to permit the
vertical propagation of shear waves the box siteailsl not be fixed.
Rigid boundaries could cause the creation of unalels P-waves in the
model and the modification of the motion field.
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3. Complementary shear stresses at the end of thethexox should be
designed in order to avoid rotation of the modefirdy the dynamic
phase.

Ko (1994) reported two solutions useful in order atbow horizontal
movements of the box during the vertical propagatibirstly a plastic
compound called “Duxeal” was used in many modelsroher to adsorb the
stress wave at the walls of a rigid box. This sotlutwas useful to perform
dynamic test having a strong-box with fixed sid@s. the other hand some
special boxes were designed in order to maintaionstant horizontal cross-
section, to have zero mass and zero stiffness,dawdlop complementary
shear stresses. Following these considerations,y nsitong-boxes were
realized using a series of rectangular frame oppdd (laminations). In order
to allow horizontal movements, a rubber layer dyadl bearing system was
inserted between the laminations. To study liquedacproblems, the first
rectangular laminar box was developed by Hushretnal. (1988), using a
ball bearing system to reduce friction between l#minations. Schofield &
Zeng 1992 explained the seismic behaviour of theiE&dent Shear Beam
container (ESB), built with alternating rectangulayer of aluminium and
rubber (fig.4.2).

Stiff glass sheet
Aluminium sheet glued with sand R e

=

250

\
DRI SN
R RN TR e

\
I= 880 10-5 in dural base plate

Rubber
o=y Dural
+ 0-25in BSP pipe fitting

Fig.4.2 (Teymur & Madabushi, 2003)

The design philosophy of ESB was that the wallthefcontainers had the
same deflection of and natural frequency of théisside the model. Fiegelt
al. (1994) showed the comparison between differenhgtboxes used during
dynamic tests, including rigid box, laminar box @dmand et al. 1988), ESB
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container (Schofield & Zeng 1992) and the Hingedté&IContainer (HPC).

The HPC was constructed with a series of hingesvdert the aluminium

layers in order to permit the continuity of the plexcements and avoid the
stress concentrations at the laminations stepsgl @y
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connection ramaing
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Fig.4.3 (Fiegel et al.1994; Kutter, 1995)

From the results, they observed that HPC and ESBdmailar natural
frequency, but the soil-container system of the ioamBox had a natural
period about 5% greater. The ESB box had smallempiday compared to
HPC and Laminar Container. Fiegel et al. (1994)ctafed that different
boxes had different frequency and damping charatitey in order to analyze
experimental results.

Some of the most interesting actuators and straxgdwidely used in the
past and in the present are explained in the fatigw

Japan & Honk Kong

A very large number of geotechnical centrifuge wergtalled in Japan
from the 1980s until today and some of them wengipgepd with in-flight
dynamic actuator. Fujii (1991) described the openabf a small electro-
magnetic earthquake simulator, used in the geoteghgentrifuge of the
Chuo University in Tokyo. Matsuet al. (1998) explained the features of the
dynamic geotechnical centrifuge of the Public WoiResearch Institute
(PWRI) of the Japan Construction Ministry, incluglian electro-hydraulic
shaking table. Imamurat al(1998) reported a detailed description of the
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dynamic geotechnical centrifuge of the Nishimatsongruction Society,
focusing on the actuation system of an electro-dwiilr shaker. Takemurat
al. (2002) detailed the preliminary dynamic tests ire tiyeotechnical
centrifuge of the Tokyo Institute of Technology T€th), using a horizontal-
vertical 2D in-flight shaker. Matsuda & Higuchi (@®) described the dynamic
tests equipment used for the geotechnical cen&itifghe Technical Research
Institute of Obayashi in Tokyo, including the setwaraulic shaker and the
data acquisition system.

At the Hong Kong University of Science and TechgglgHKUST) a large
geotechnical centrifuge was developed in the 1Ehénet al. 1998). The
centrifuge had an arm radius of 3.28m, a maximuoelacation of 150g for
static tests and 759 for dynamic tests, and a pdytapacity of 400g-tons
(fig.4.4).
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Fig.4.4 HKUST geotechnical centrifuge (Schen ét al.

The laboratory was equipped by three swinging ptatk, two for static
tests and one for dynamic tests, with the shakebaard. The shaker was
designed in order to control the seismic motionhorizontal and vertical
direction (2D) (fig.4.5). The actuator applied ausoidal base motion at the
bottom of the model box, with shaking frequencymestn 0 and 350Hz.



Centrifuge modelling of seismic action on tunnels 119

Return

Vertical Actuators (2) ~Accumulators (2J\®

| \ Tangential

Slip Table Actuators (2)

Supply i )

Accumulators (2) |~ k Q C
£ '0\3

Fig.4.5 Seismic actuator at the HKUST (Schen ¢t al.

A laminar container was built with 52 aluminium gs1separated by ball
bearing in order to reduce friction between theifations and accommodate
the horizontal displacements of the model durirggdiznamic tests in flight.

USA

Some University Laboratories in USA are equippedhwgeotechnical
centrifuges and are able to perform dynamic tdsetchamet al. (1991)
described the electro-hydraulic shaker for smalbtgehnical centrifuge
developed at the University of Colorado. Figueebal. (1998) explained the
equipment of geotechnical centrifuge at Case WedRaserve University in
Ohio. Van Laaket al. (1998) reported the features of the servo-hydcauli
shaker for large centrifuge designed and built @&ndRelar Polytechnic
Institute (RPI1). The Centre for Geotechnical Mol at University of
California Davis (UCD) was equipped since 1994 w#h9.1m radius
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geotechnical centrifuge (Kuttet al.,1991 1994). Moreover a servo-hydraulic
bi-axial shaking table and a laminar box for thaeaiyic tests in the centrifuge
were developed and currently used.

United Kingdom

Kutter (1982) described the features of the firstuator designed at
Cambridge University, in the United Kingdom. Thiarthquake actuator,
called Bumpy Roadwas used for more than ten years, firing a vargd
amount of different earthquakes during its lifetimi@ order to apply
earthquake motion to the model, a curved track mvaanted on the wall of
the centrifuge and a cam roller followed this tra€ke model was shaken in
circumferential direction through a crack and shafinnected to the cam
roller. The track was changeable but only two <ol tracks were
implemented. Madabhusaét al. (1998) showed the limits in the use of Bumpy
Road Actuator. Therefore this shaker had a sirmglguency input signal and
fixed duration; moreover the actuator had good qgarhnce when strong
earthquakes were fired. The use of single frequeavey a heavy limitations
when it is considered the ground behaviour acrbssrésonance frequency.
Many papers were published using the data obtaimedBumpy Road:
different problems were studied, from soil liqudfas (Schofield & Lee,
1988) to dynamic behaviour of walls (Zeng & SteedmHE993). In order to
avoid Bumpy Road limitations, a new actuator wasigteed at Cambridge
University. This new shaker was called SAM (Stofethular Momentum)
and will be extensively explained in the 85.3.2.

The Schofield Centre of the Cambridge Universitys\weguipped with a set
a different strong-boxes in order to carry out dwita tests in flight.
Madabhushet al. (1994) described a set of centrifuge tests usingid box
with adsorbent boundaries. Zeng & Schofield (196gplained the design
philosophy of the Equivalent Shear Box, used fomyndynamic tests in
centrifuge (Teymur & Madabhushi, 2003). Brenretnal. (2006) discussed
about a new container developed at the Schofieldtr€esuggested by the
work of Van Laaket al. (1994), who built a light-weight laminar box aketh
RPI of the University of New York. The new contairveas called Laminar
Box (LB) and was developed in order to have low srasd negligible inertia,
but sufficient stiffness under high levels of gtgwoo. Brennaret al. (2006)
compared the behaviour of the LB and the ESB : ttaeyied out some tests
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on dry sand models, placing a set of accelerometersy the central vertical
and near the external wall. The comparison betwhentime histories was
very good, showing similar acceleration at the bertre and near the wall,
both for LB and ESB (fig.4.6).
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Fig.4.6: acceleration time histories recorded in &Bd ESB boxes
(Brennan et al.,2006)
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LB boxes (Brennan et al.,2006)
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Fig.4.7 showed the transfer function, plotted tbgetwith the coherence,
and the phase angle. This comparison gave infoomatn the multi-
frequency content of the input signal at the bddbetwo boxes. In grey was
plotted the coherence, which was an informationttua reliability of the
amplification data: a low value of coherence cqroesled to external factors
contemporaneous to dynamic motion, which made iaimel amplification
data. At low frequency the coherence was geneladliif and the agreement
between the central and the near wall vertical reasonable. Laminar Box
amplification function showed peaks at 20Hz, 50H#d 420Hz in the near
wall column, probably due to finite inertia of tkentainer wall. In the ESB
the comparison was reasonable, but until 160Hz dbié near the wall
amplified less than the box centre soil. After 1@QHe opposite was true. In
both cases the annoying effects were slights.

France

Derkx et al. (2006) explained the equipment lodAboratoire Central des
Ponts and Chausséed PCP) in France, consisting in a geotechnical
centrifuge, an earthquake actuator, a laminar bodk a data acquisition
system.

HYDRO-ELECTRIC
POWER STATION

ELECTRONICS
OF CONTROL

SWINGING BASKET, [ COUNTER-WEIGHTS

Fig.4.8: Centrifuge of the LPCP (Derkx et al.,2006)

The LPCP has a single arm centrifuge of 5,5m raflig=}.8), a maximum
payload of 2 tons and a maximum centrifugal acedilen of 200g. The
electro-hydraulic actuator is installed in the syungy basket and can fire
single frequency signals in the frequency range2@D-Hz, in a single
direction (1D). In order to perform seismic expegmts, simulating an
infinitely extended soil layer, an equivalent shdmam box (ESB) was
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developed and used at LPCP. The ESB box has arnrsumbase-plate and
is constituted by 15 overlapped aluminium framgasated by rubber joints.
In order to reduce deformation in the direction peedicular to model
shaking, two gantries for each side are installigl4(9), including ball
bearing between box and gantry to allow model marnin the shaking
direction. On each frame two holes are made to gassor wires and measure
the horizontal displacement during the tests.

(a) (b) (©)
Fig.4.9: Laminar Box of the LPCP (Derkx et al.,2D06

Elgamal et al. (2007) briefly explained the features of geotechhi
centrifuge, used in th€entre du Commissariat a I'Energie Atomique —
Centre d’Etude Scientifiques et techniques d’Aqueg CEA — CESTA),
located near Bordeaux. The centrifuge equipmergsahte to apply vertical
and horizontal shocks, using a pneumatic system.

4.4 RESEARCH PROJECTS INVOLVING DYNAMIC
CENTRIFUGE TESTS

In the 1980s a research project was funded, innghgeven different
university equipped with geotechnical centrifugdeatn perform dynamic
tests (Caltech, UC Davis, Cambridge University, ,RRiversity of Colorado,
MIT and Princeton). The project was callMELACS, an acronym of
Verification of Liquefaction Analysis by Centrifug&udies. The first phase of
the project consisted in a comparison betweenrdiffeexperimental data on
the same model, obtained from different centriftggts. The materials, the
geometry and the boxes were the same, but the,uder shaker and the
geotechnical centrifuge were different. The congmarishowed a clear scatter
between the tests: even if the model preparationguiure was standard, there
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was a large difference in the input signals firgcdhe actuators and probably
a difference in void ratio reached in the modelse the scatter, a set of
dynamic tests involving soil liquefaction (fig.4)1@as carried out in order to
compare the data results with numerical analysis.
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Fig.4.10: experimental models performed in the VEBAentrifuge tests

Moreover some laboratory test were carried outrdento obtain the soil
characteristics at small strain (triaxial tests). the experimental data were
useful to produce “Class A” prediction of the expents. The dynamic tests
were repeated by two or more University in ordecoonpare the results. A
large scatter between the empirical data from iiffelaboratories was found
in the second phase, but this result was expeateda major complexity of
the models. The conclusion was that each test e rever a duplicate of an
other test and was considered consistent by it3éke scatter between the
empirical and numerical data, using SWANDYNE sofsyavas smaller; the
variability of experimental data was much lower rththe variability of
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analytical prediction methods. This project wasyvéwitful in order to
understand how the centrifuge experiments couldesgmt dynamic events
and reproduce the seismic interaction, showingtledl disadvantages and
advantages of small scale dynamic modelling.

In North America an extended project was launchethe October 2000
calledNEES, an acronym which means Network for Earthquakeir&gging
Simulation. NEES is a shared national network ofekperimental facilities,
collaborative tools, a centralized data repositanyd earthquake simulation
software, all linked by the Internet connectiondN&ESgrid. Together, these
resources provide the means for collaboration asdodery in the form of
more advanced research based on experimentation cantgputational
simulations of the ways buildings, bridges, utilgystems, coastal regions,
and geo-materials perform during seismic eventeaGinvestments were
carried out in order to upgrade the equipments®fdC Davis and the RPI of
the New York University.

4.5 PHYSICAL MODELLING OF TUNNEL BEHAVIOUR
DURING AN EARTHQUAKE

Onoue et al. (1994; 1998) carried out a set of centrifuge testdunnels
constructed using the “stacked-drift” method. Toostruction technique is
used for large diameter tunnels and consists iari@s of interlocking small
diameter concrete filled tunnels, called driftspstwucted prior to excavating
the interior soil. Beyond the static tests, carrted in order to evaluate the
relationship between the earth pressures actintherdrifts and the contact
pressures between drifts, a set of dynamic testss eemducted, with and
without the tunnel. The models were instrumenteith wccelerometers placed
along a vertical free-field line and load cellsvbeen the drifts. The g level
used during the dynamic tests was 30g, and thet isignal was a train of
sinusoidal wave, with increasing frequency and &nong¢. The transfer
functions (fig.4.11) for a tunnel tests, measured free-field column, showed
a resonant frequency smaller compared to the watsut the tunnel, having
a maximum difference of 20%.
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The comparison between axial forces (fig.4.12) alsutated by analytical
formulae and measured by load cells, showed géneaafjood agreement.
The maximum axial value, obtained by measured galwas 80% of the
analytical values, using a non-linear shear modafusoil, given by the G-
curve suggested by Iwasakial. (1978) for the Toyura sand.
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Fig.4.12 Comparison between measured and calculabeg forces
(Ounoue et al., 1998)

Yamada et al. (2002) used a shear box, made by overlapped laéiomsa
in order to perform a quasi-static tests, throulgh &application of lateral
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displacement. They studied three different casesingle circular tunnel; b)
single rectangular tunnel; c) triple-faced tunmefde by a combination of the
previous cases. The seismic loadings were appl@dguthree actuators
connected to three laminations. The models wereufaatured by air

pluviation of the Toyura sand in the shear box. Tin@dels layouts are in
fig.4.13, including tunnel and instrumentation ltheas in the cross-section.
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Also

considering longitudinal and

the aluminium tunnels features are reported the fig.4.13,

transverse dimensicarsd strain-gauges

locations. All the tests were performed at 50g, #@mel input signals for
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horizontal displacements were trains of sinusowlaves of same frequency
(200Hz at model scale) and different amplitudethe table 4.2, the signals
fired in the tests for each actuators are repotteslyalues of the input signals
are referred to the maximum displacement (ampljtudensidering for each
step three cycles of loading.

Table 4.2: Displacements loading steps (Yamada 2@02)

Step 1 2 3 4 5 6 7 8

Lamiga'\' 0.050| 0.100 0.200 0.4000.800| 1.600 3.200 6.400

Lamina

NP 0.033| 0.067] 0.133 0.2670.533| 1.067| 2.133 4.26[7

Lamina

N°5 0.017| 0.033 0.067 0.1330.267| 0.533 1.067 2.133

Average
shear 0.015] 0.031 0.062 0.1230.246| 0.492 0.98%
strain (%)

1.969

=4

Input Wave: Sign wave (0.005Hz) — 3cycles/step
Note Average shear strain = (Lamina N°13 displacemeotiGad
Height)

In the table 4.2, there is also an estimation efage shear strain for each
step. Beside the tunnel tests, some free-field t@ste carried out, in order to
evaluate the ground response to cyclic loadings.

The sectional forces obtained in the circular tunests (fig.4.14) showed
a higher value atv4, as for the observed damage after the earthquake
(Yoshida 2000). Similar considerations were domeltie rectangular tunnels,
in which the maximum force value is at the tunnainer and at the end of
central column (in the case of bending moment)figd.15 the relative
horizontal displacements at tunnel depth were g@iotigainst the maximum
bending moment at the corner (rectangular tunneél®: bending moment
seems to be non proportional to the relative despteents between two
laminations on the box, while is almost proportiorta the relative
displacements between the top and the bottom ofuiweel. The results for
triple-faced tunnels showed a general reductiops#fudo-static forces and
relative horizontal displacements.
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(Yamada et al., 2002)

lzawa et al. (2006) examined the seismic stability of rectangilenels
through dynamic centrifuge tests. In order to itigese the seismic behaviour
of large cross-section structure, two types oftesdre carried out:
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a) Centrifuge pseudo-static testthe seismic loading was applied to a
shear box through three actuators connected te timgs of the box.
These actuators transmitted to the box a displasemistribution,
linear with depth and variable with time accordin@ sinusoidal law.

b) Centrifuge dynamic testsat the base of the model four sinusoidal

waves were applied, in order to have a similartakon compared to
the pseudo-static case.

Both the tests were carried out at 50g, using thygufia sand as a model
material. The aim of this comparison was to evauhe applicability of the
Seismic Deformation Method (Kawashima, 2000) tdaregular underground
structures, verifying if the inertia forces arising the structure during
dynamic tests are negligible, as postulated byd#sgn method. The tunnel
model was made by 2mm thick aluminium lining, inl@rto clearly measure
the stress on the lining.
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In fig.4.16 a drawing of strain-gauges locatiomapresented, for both the

tests. Bending moment and axial force from pseudtiecsand dynamic tests
are shown in the fig.4.17.
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a} RM+SC: Berdivg mament b BBH-5C: Axial force

Fig.4.17 Distribution of hoop forces and bendingmamts
(Izawa et al., 2006)

—v— dynamic

Provided that the lateral movement in both dynaanid pseudo-static tests
was the same, the distribution of internal forces wlmost the same in every
test carried out. The Authors concluded that tlegtia forces were effectively
negligible and that the SDM is successfully apfiiedor rectangular tunnels.

Tohda et al. (2006) discussed the results of fourteen dynamidriéege
tests on pipelines. Two pipeline models were prgban order to model



132 Chapter 4

different flexibility, using the same material (alinium alloy) and diameter

(9cm) for the pipe, but changing its thickness 96dim for flexible pipe and

0.35cm for rigid pipe). The tests were carried atutentrifugal acceleration of
30g, in order to perform the typical geometry of fhipelines at the prototype
scale. The small tunnels were instrumented witldl loglls and strain gauges
(fig.4.18).
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Fig.4.18: Instrumented pipes used in the testsoperéd by Tohda et al.
(2006)

The structure was divided longitudinally in two {sarthe first part was
divided in 40 (F-pipe) or 20 (R-pipe) segmentshia tross section in order to
install a load cell for each segment and measwadnmal earth pressure; on
the second part strain gauges were stuck on tiveglim order to measure
bending strain. The models were prepared usingsdmngl, considering dense
and loose ground conditions. Besides the stresesdtgers, thirteen
accelerometers were placed in the model grounddoh test (fig.4.19).
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Fig.4.19: Set-up of the tests performed by Tohad. €2006)

Tis)

Fig.4.20: Typical input motion in tests by Tohdalkt{2006)

The input motion was similar to a sinusoid with &ycles, 0.8g peak
ground acceleration and 1Hz frequency (fig.4.20)the fourteen tests some
parameters were changed: pipe flexibility; grouedsity; pipe ground cover
(H); distance from the box bottom {H In the fig.4.21 the typical
measurements for a flexible pipe (F-pipe) and foigal pipe (R-pipe) were
reported: on the left the distributions with demthacceleration ), shear
stress ) and horizontal displacement (x) were shown; oae tlght the
distributions along the tunnel lining of the maximuncrements of bending
strain (A¢) and normal earth pressurAc) were reported. Peak values of
dynamic increments of stress and strain were Idcgenerally at +/- 45°, as
found from field damage observations after eartkgagYoshida 1999).
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Chapter 5
Centrifuge tests

5.1 INTRODUCTION

In this chapter the centrifuge tests carried odhatSchofield centre, the
geotechnical laboratory of the Cambridge UniversiBngineering
Department (CUED) were extensively explained. Thaigment used to
perform the test was described including the géwieal centrifuge, the
earthquake actuator and the strong box used fombéels preparation.
The instrumentation located in the model includeckéerometers placed in
the soil, strain gauges stacked on the tunnel avibTls for the surface
settlements measurement. Moreover the calibratidheoinstruments was
described, especially for the strain gauges, foickwimany trials loadings
were performed in order to obtain a reliable calilon factor from the
readings. The characteristics of the sand usedh®model were briefly
described, referring the physical properties areddimall strain behaviour.
The procedure for the model preparation were empthi including the
pouring techniques to obtain the desired densignypictures are showed,
concerning the tunnel and accelerometers placenmenthe model,
according to the test layout. Once the models weagly the centrifuge
loading and flight procedure were reported, inahgdthe signals fired in
each test. The visual observation after the tesi® weported, measuring
the new position of sand surface and of all insents. The interpretation
of the accelerometers output data were reportetlyding the procedure to
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filter the signal, evaluate the shear modulus Gaalculate the stress-strain
loops. The data given by the strain gauges was amdwith the analytical
results in order to quantify the kinematical effect the stress calculation.
In this chapter all the data will be accountechatmodel scale.

5.2 TEST PROGRAMME

The four tunnel tests are being carried out on risoak@de of dry sand at
two different values of relative density, accorditay the tablel, in the
laminar box (500x250x300 nitnand at 80 g and 40g. In the table 5.1 the
programme is shown:

Table 5.1: Centrifuge tunnel tests

model D C D N
[mm] | [mm]
T1 75 75 075% 80-40
T2 75 75 [10% 80-40
T3 75 150 075% 80-40
T4 75 150 [10% 80-40

In the table, D is the diameter of the tunnel, Ghie cover, Dis the
relative density and N is the level of g.

5.3 FACILITIES

5.3.1 Philip Turner Centrifuge

Centrifuge experiments at Schofield centre are nastrried out in a
10m beam centrifuge, named from the engineer, PTWner, who
designed this facility in the early 1970’s (Schtifjel980). The centrifuge
consists essentially of a beam-like structure §fitc), which rotates about a
central vertical axis. The sample can be carridab#t the ends of the arm.
In the tests performed only one model at one epthised (fig 5.1b). At the
other end a counterweight is provided (fig 5.1a).sWinging platform
carrying the model and the actuator is installedhenblue end of the beam
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(fig 5.1d) and the required counterweight on theeerd. Dynamic tests are
carried out at centrifuge acceleration in the ramiggé0 to 100g.
s

W

(d)

Fig.5.1: Philip Turner Centrifuge; a) Red end faunterweight;

b) Blue end for the SAM and the model; c) Beamdérifuge
structure; d) The model loaded on the centrifuge

5.3.2 SAM actuator

The Stored Angular Momentum (SAM) is an earthquactuator
developed at Cambridge University (Madabhushial1998). The SAM
actuator is a powerful tool and allows performinigosg earthquakes at
high g level. In the past many problems were stlidising Bumpy Road
Actuator, which had an essentially single frequearog a fixed duration.

The SAM actuator can fire successive earthquakesditierent
frequencies, duration and g level (fig 5.3). Verghhlevels of energy can
be stored in a fly wheel spinning at high angulalouities. Madabhushi
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(1998) described the SAM operation: a scheme of Salghowed in the
fig. 5.2.

motor
Timing
belt
. Fly- _»
Soil wheel
model Crank
to be Cross head D case
shaken pivot Reu_:ipro- Direction
o ~g cating rod of rotation of
Direction I ) Clutch the centrifuge
of shaking )
ng

Fig.5.2: SAM operation scheme (Madabhushi et al8)99

The energy stored in the fly wheel may be usedutyest a centrifuge
model to earthquakes. The angular velocity of thevheel determines the
frequency of the earthquake. The duration of th¢hgaake is controlled
by a fast acting clutch which starts and ends #rthquake. The strength of
the earthquake can be controlled by altering tiwetppoint of the lever.
The soil model is shaken in the direction of céngre flight and the fly
wheels rotation in the plane of rotation of thetaéige arms. The variables
that can be changed during the tests are:

* Frequency
 Levelof‘g

» Earthquake strength
* Duration
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()

(d)
Fig.5.3: SAM Actuator; a) Loaded on the Blue EnfJtiloaded; c)
Horizontal track for applying the signals; d) Modebunted on the SAM

5.3.2 Laminar Box

The tests are performed using a Laminar Box. This is made by a
series of rectangular overlapped frames (lamingjiand connected by ball
bearing (fig.5.4a). This solution is useful to nmize the friction between
the laminations and to allow the horizontal movetaesf the whole box.
The model container has inside dimensions of 500x260 and has a
weight of 93.5 kg. A plate is put at the base af Hox to connect the
container with the SAM actuator and fire the eantdge on the model
(fig.5.4b). The weight of the plate is 58 kg.
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(@) (b)
Fig.5.4:Laminar Box; a) Free horizontal displacensrb)Strongbox and
base plate

5.4 MATERIALS

5.4.1 Sand

The models will be made using dry Leighton Buzzsatid (grade E)
reconstituted at two different relative densitiabqut 40% and 75%). The
properties of the sand used in the models (fig)aas largely known from
the existing literature (Jeyataran 1991, Tan 1986] is reported in the
table 5.2:

Table 5.2: Physical properties of Leighton Buzzsadd
(Tan 1990 & Jeyataran 1991)

Ymax Ymin Omax  dmin 0]
sand & G @i wm?Y kN [um] [um] []
Leighton
Buzzard 2,65 1,014 0,613 16,11 12,90 150 90 32
(fract.E)

In which G is the specific gravity, e is the void ratig; is the unit
weigh, d is the particle diameter apds the friction angle. The relative
density for cohesion-less soil was evaluated frioenetxpression:

e e

— Smax "~
Dr =

€max ~ €min

(5.1)
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in which the void ratio e was calculated from tig@aion:

e:(Gs Dmsj_l (5.2)
Volg

where m is the weight of the sand poured in the box (meskat the end
of model preparation) andols is the internal volume of the box, extracting
the tunnel volume. The total internal value wasaotdgd empting the box
with water until the same depth reached in the ganuling and designed in
the test layout: therefore the model thicknessoiwel (290mm) than
maximum value (300mm). The internal volume measwas 3,47*10 and
was lower than the theoretical value obtained &3x380x290=3,63*10
due to the internal silicon junction that reduckd tnternal volume. The
useful volume was obtained subtraction the tunokime (0,08*10) from
the measured volume, giving the value of 3,39*10

5.4.2 Alloy (Dural)

The tunnel lining will be modelled using an alunimi tube having an
external diameter D = 75mm and a thickness t = hgfig. 5.5b). The unit
weight of aluminium is 2770kg/m3. The mechanicabgarties are not
unambiguous, because the elastic and yielding helradepends on the
alloy type: the principal alloying constituentstbé duralumin is the copper
(4.4%), manganese (1.5%) and magnesium (0.6%).tyifheal properties
of an alloy aluminium-copper are written in theléab.4:

Table 5.4: Mechanical properties of the Aluminiutoya
E fyk fok

Material | \opar| V| (mPal | (MPal

Al-Cu alloy | 70 0.33 500 600

The aluminium tunnel thickness is equivalent tceayvilexible concrete
lining (0,06m): the use of these small dimensiantifie lining was justified
by a better resolution of strain gauges instrumduatsg the dynamic step.
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5.5 INSTRUMENTATION

5.5.1 Accelerometers

In the centrifuge tests on tunnels miniature piéamac accelerometers
manufactured by D.J. Birchall Ldt are used to measicceleration in the
soil and on the model container during earthqudkgs5.5c). The device
has a resonant frequency of about 50 kHz and mawimuor of 5%. The
weight of the transducer is about 5 grams.

©) (d)
Fig.5.5:Test materials :a)Leighton buzzard sandAh)minium tube;
Instrumentation: c) Accelerometers; d) LVDT

5.5.2 Strain Gauges

The tube has been instrumented in order to medsnding moments
BM and hoop stresses HS at 4 locations along 2swease sections
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(fig.5.6). It has been decided that the main imstrated section will be
located at the mid-span of the tube and a secociibseat 50mm aside.
This second section is needed for two reasons:koigethe plane strain
behaviour of the tunnel model (BM and HS at coroesling locations of
different sections should be the same) and fornmddaocy of experimental
data. In total 16 Wheatstone bridges have beechathto the tube and
wired (4 locations x 2 sections x 2 force measurdgs)e

Fig.5.6: Strain gauges layout

The Wheatstone bridge is a system to obtain a memsumt of a voltage
variation connected to a deformation of the stmgctirhis bridge system is
constituted by 4 strain gauges, electrically lodas in the fig.5.7. In the A
and B points the bridge is connected to externalgoppwhereas the C and
D points are connected to a galvanometer, measthmgoltage. Starting
from the input applied voltage V, the voltage vaoia measured by the
galvanometer is proportional to an average defaonaif the instruments:

AVep _ K

K
Vag 4 22(51‘52 —g3+€4) (5.3)

| =al

Fig.5.7: Wheatstone bridge
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In the equation (5.3), K is the calibration factgiyen by the strain
gauge manufacturer (TML Tokyo Sokki Kenkyujo) ampli@l to 2,15¢, is
the average deformation amdis the deformation of each transducer. In
fig.5.6 the layout of the strain gauges is reportée bending moment
transducers were located both in the internal andth® external tube
surface at@=1v4+nrv2; n=0,1,2,3). ThdR1l and R4 resistances were stuck
on the external surface, whereas R#andR3 resistances were located on
the internal side in the same position. The atrairs value from the elastic
theory is:

N(8o) , M(Bo) t

€1 =& =
EA El 2
(5.4)
e mga = N(6g) M(Bo)t
2=¢3=
EA EI 2
Substituting the equations (5.4) in the (5.3),tbktage variation is:
AV, M(6,) t
[i} =K ( 0)_:KBMM(90) (5.5)
Vag ey EI 2

The measured variatiofiVcp is directly proportional to bending moment
through a factor. The “hoop stress” transducersewmth located on the
external surface: thR2 andR3resistances were stacked beside the bending
transducers, but had a different orientation. Tloeeethis couple of strain
gauges measured the deformation longitudinally, aotl in transverse
direction, and was affected by the factor The R1 and R4 resistance,
instead, were stuck at 20 degrees from the theatlstimeasuring point.
From these considerations the value of total sieagiven by:

- _N(6g +28) , M(8 +48) t
L =E4= t
EA El 2
5.6
__ (N(8o) M(8g)t 5:6)
£2 7837V T El 2

Substituting the equations (5.6) in the (5.3),ubkage variation is:
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Fig 5.8: Position of the transducers: a) externabab) internal surface

N _VE(M+MLJ+E(N(GO+A%)+M(eo+Aeo)Lj (5.7)
< 2UEA  El 2) 2 EA El 2)

In this case the voltage variation measured bygdteanometer was not
directly proportional to hoop load, but was dependmth from hoop load
and bending moment. In order to evaluate the nostnass, the hoop load
was evaluated from the equation (5.7) but usingréaelings of bending
moment for each transducers in the same positiba.(%.7) can be written
as:

(5.8)

AVep :\)5 N(eo)H}EM(eo)£+5GHsN(eo)+5GBMM(90)£
Vag Hs 2 EA 2 EI 2 2 EA 2 EA 2
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Ogm andoys are:

oo = M (8, +48,)
M mie) 5.9)
O = N(6, +48,) .
= N(8)

These factors have a constant value for each Igacbndition applied
on the tube. The bending moment addends are ttadsdafirst term:

%N(e")(vas) (5.10)

_(V+GBM)= EA

El 2

1
2
(@]
O

| I

I

wn

N | X
<
—_~
@
o
N
—

Substituting the equation (5.5) in the (5.10), bsult is:

[AVCD} _(V"'O(BM)[AVCD} =£N(GO)(V+O(HS) (5.11)
VAB HS 2 V/-\B BM 2 EA

and dividing by y+ans):

|:AVCD:| _ (V+GBM)|:AVCD:|
VAB HS 2 VAB BM :5 N(eo)
(v +0(HS) 2 EA

(5.12)

The hoop load is not directly proportional to tkeadings but through the
bending moment readings and is dependent fvoand a; (i=BM; HS),
which are dependent from loading condition.

5.5.3 Displacements measuring device (LVDT)

The displacement of the surface during centrifuegtstis measured by
linear variable differential transformers (LVDTs) anufactured by
Sangamo. The transducers were constituted by adeidal body and by a
thin metallic stick (fig.5.5d) that moved coaxiatly the cylinder that was
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fixed. Every stick movement corresponded to a geltaariation recorded
by the acquisition system. Each transducer weigpasita36grams. LVDTs
are placed in two gantries put longitudinally abtive model.

5.6 CALIBRATION OF THE INSTRUMENTS

All the instruments are calibrated using a datayéogwith the software
Dasylab 9.0. During the calibration, and subseduehiring the tests, two
different Junction boxes are used: one for the lacmmeters and the other
for strain gauges and LVDTs.

5.6.1 Accelerometers

The accelerometers are calibrated using a calihratieich excites the
instruments with a sinusoidal input having accdiereamplitude of +/-1 g.

Tableb5.5 : Accelerometers calibration factor

Layout Calibration factors

name T-1 T-2 T-3 T-4
ACC1 9.447 8.942 9.183 9.021
ACC3 8.145 8.287 8.221 8.287
ACC4 4.823 4.877 4.854 4,797
ACC5 7.146 7.042 7.230 7.153
ACC6 8.495 8.254 8.495 8.459
ACC7 7.207 7.217 7.334 7.334
ACC8 7.917 7.737 7.933 7.872
ACC9 8.227 8.106 8.090 8.188
ACC10 7.033 7.006 7.030 7.104
ACC11 8.188 8.220 8.188 8.287
ACC12 6.853 6.876 6.864 7.781
ACC13 7.878 7.664 6.493 6.982
ACC14 8.106 8.058 8.122 8.090
ACC15 6.511 6.482 7.752 6.513
ACC16 4,581 4.486 4.541 4.551
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A constant calibration factor is obtained assunarignear response for
the relevant acceleration range. The calibrati@tofawas calculated before
each test using the expression:

CF = 1 (5.13)

o (=]

In which Vmin and Vmax were the maximum and minimwuoitage
given from the calibration readings. All the cadibon factor used test by
test was reported in the table.5.5 The values wereerally similar and
were variable between 4.5 and 9.5.

5.6.2 Strain Gauges

5.6.2.1 Cambridge calibration

For the strain gauges calibration it is necessamgfer to a simple load
case of which the closed form solution of bendiragment and hoop load is
known. Timoshenko (1961) gives the values of bempaitoment and hoop
stress depending from the angle theta for some daads. Th® angle is
considered positive clockwise from the tunnel tom as limited in the
interval 01t because is symmetric fromto 2rt The formulas are referred
to a ring of radius R compressed by two forcesti@along a diameter:

_ _ | )1 _sin6
M—PF{(l ARZJTI 2} (5.14)

H =—%sin8 (5.15)

The theoretical loading conditions were recreakedugh an aluminium
frame with a fixed lower plate and a mobile upplkateon which the load
is put. The tunnel is placed in the frame (fig..@ad is loaded and
unloaded with a constant load increment. Duringbcafion the tube is
located into the loading frame both with the samentation which it has
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in the model (0O degrees or ‘vertical’) and rotatéd+10 degrees from the
‘vertical’ position. Four different series of measmnents (table 5.6) have
been performed to minimize the differences betwtbentheoretical model
and real case (imperfect contact between the ypper and the tunnel due
to linings (fig.5.9b); contact between tunnel aatéfal columns at the end
of the frame during the load).

Table 5.6: Measurement series

Load Duxeal Check contact Load Maximum
series | Plate/ tunnel with lateral increment load
columns
1 No No 0.125kg 2kg
2 Yes No 0.64kg 3.2kg
3 Yes Yes(no contact) | 0.64kg 3.2kg
4 Yes Yes(no contact) | 0.64kg 3.2kg

Fig.5.9. Cambridge calibration: a) Frame for calddion; b) Imperfect
contact tube/frame

5.6.2.2 Naples calibration

After the calibration at Cambridge University, awnecalibration
measurements was made at Naples University: theomeaf the new
calibration was that in some cases the calibraienies performed at
Cambridge University didn’t give an unambiguoustdac For the new
calibration a new load layout was considered ineprtb maximize the
stresses; a higher value of the maximum load waserh to check the
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linear behaviour of lining stresses in a largeldfief load. A metallic frame
was built in order to apply longitudinally on thaihg a line of load
(fig.5.10a). To avoid the imperfect contact betwdsnframe and the lining
due to the cables around the tube, some steel\@engsawvere made on the
internal side of the frame (fig.5.10b).

(a)
Fig.5.10: Naples calibration: a) metallic frame; b)eel engravings; c)
load track for condition 2

Two different load conditions were applied on tiv@nlg, in order to
extend the stress field and give a safer calibmd@agtor:

1. Load condition 1 the tunnel was subjected to a load similar to
Cambridge calibration, relative to 0 degrees, ushegframe as a
line of load, directly applied on the top of thééu The transducers
position was exactly the same position used duttegcentrifuge
tests O=174+mv2; n=0,1,2,3). The equations for the calculatién o
bending moments and hoop loads are the (5.14)3ah8)(

2. Load condition 2 a small piece of aluminium channel (fig.5.10c)
was used in order to perform a different loadingdston (fig.5.11).
The channel created two loading lines on the tap taro ones on
the bottom of the lining, with an aperture angléemeed to the
tunnel centre of around 60 degrees. The strainegapgsition was
rotated of 45 degrees compared to test positioarder to have the
maximum values of bending moment and hoop stress.

The loading field in both the loading cases wagdathan in Cambridge
calibration: the maximum load was around 6kg, d&dlbading steps were
not constant. In fig.5.11 the layout of the twodiof tests carried out was
reported, and some pictures during the calibrgtivese in Naples:
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Load condition 1 Load condition 2

P P2 P/2

/

(e) (f)
Fig.5.11: Calibration phases in Naples
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The different load geometry and transducers pasitienerated two
different stress field applied on the lining. Thisess distributions were got
by the superimposition of simple cases of loadifig5.12), obtained by
the Timoshenko’s theory (1961) and directly givertie Roark’s formulas
(2002).

efelele

Fig.5.12: Superimposition of the simple load casegbtain load
condition2

The formulas for bending moment and hoop load ixaatio the load
layout 1 of the fig.5.12 are (Roark, 2002):

M = PR{{sinqz) [sin% - n+%) +1—AI—R2 [1+ cos%ﬂ +sin? % (1-cos8)- [sine —sin%)<e —2>O} (5.16)

N=P S'”z_sme<e_¢>° (5.17)
T 2

0\°_ 0
<e 2> =0 9<% (5.18)
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In the (5.16) and (5.17®) is the angle between the two loading point at
P/2, 1 is the inertia moment, A is the area of sreection and R is the
radius of the tube. In the fig.5.13 the bending ranmand hoop load
distributions around the tunnel for a unity extérfioace were reported. The
measurements points in the load condition 1 werébatlegrees and 135
degrees, and for these locations the bending monvast close to zero
(fig.5.13a) . Instead in the load condition 2 tbedtion were at 0 degrees
and 180 degrees, in which the bending moments eeadie maximum
value (fig.5.13b). The hoop load in the conditiohdd values which were
around the half of maximum value (fig. 5.13c), wdes in the condition 2
the hoop load was zero at O degrees and gave tkienoma value at 180

degrees (fig.5.13d).

15 6
z 10 — 4 =
£ P=1N/mm E P=1N/mm
£ S £
E 0 T T T T T 1 E 0 ‘ ‘ ‘ ‘ '
Z Z -2 4 30 0 90 1 150 180
s 5 30 90 150 180 s,
-10 5
theta [°] theta [°]
(@) (b)
0 T T T T T 0 T T T 1
30 60 90 120 150 /180 -0.1 60 90 120 150 180
g -0.2 '£-0.2
£ £
E 2-0.3
> -0.4 =04
T -0.5
-0.6 06
theta [°] theta [°]

(©

(d)

Fig.5.13 Load distribution around the tunnel:
bending moment a) load condition 1 and b) loaddaon 2;
hoop load c) load condition 1 and d) load condit@

Bending moment were calculated from for every Iséep and strain
gauges position8( angle), considering both the calibration procesdure
These values are plotted in an x-y graph agairstvtiitage readings to
obtain the linear fitting equation and Ralue for every transducer. All load
series curves for every strain gauge are introdutedgraph to get a single
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calibration factor. Some load series have beenconsidered to obtain a
correlation with R > 0.80. The calibration factor values are writberthe
table 5.7. All the graphs are plotted in the fifjb.
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Fig.5.14 Bending moment vs calibration readings

Table 5.7: Calibration factors for bending momeainisducers

Transducers  Section Calibration
number factor
1 1 10.1
3 1 9.24
5 1 7.87
7 1 7.51
9 2 4.44
11 2 6.19
13 2 4.56
15 2 ?

For the hoop load, a same comparison between thab@ige
calibration data and the Naples calibration data @@ne, in order to obtain
a reliable factor, using the equation (5.12). Takbcation factor values are
written in the table 5.8. All the graphs are pldtie the fig. 5.15.
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Fig.5.15 Hoop load vs calibration readings

Table 5.8: Calibration factors for hoop stress tsdncers

Transducer§g  Section Calibration
number factor
2 1 1.31
4 1 -1.94
6 1 1.39
8 1 -1,09
10 2 1,05
12 2 -1,66
14 2 1,14
16 2 ?

5.6.3LVDT

The LVDT'’s were calibrated using a device in whibkre was a calliper
connected with a small platform vertically movablde cylindrical body
of the LDVT’s was blocked, instead the metallicckttouched the mini
platform and moved with itself. For every measuradvement of the
platform, a different reading was given by the ruastents. The
displacements versus the readings were put in phgraorder to find a
reliable calibration factor. In the fig the graps the LVDT 045 and 059
were showed: all the data were interpolated wilimear equation, showed
in each graph with the “Rvalue. Both the LVDT's data gave an
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unambiguous calibration factor becaus&>®99, and the values was
reported in fig. 5.16.

LVDT 045 LVDT 059
0 2
0.5 7 1 2 3 4 1 * readings
11 & readings —linear interpolation /
i i i 0 T T T |
— linear interpolation
154 !

y =-0.5827x - 1.6339 -1
R?=0.9988

[volt]
[volt]

y = 0.6093x - 4.6534
R? = 0.9995

41 cF=-172 CF=1,64

[mm] [mm]

Fig. 5.16: Readings for LVDT's calibration

5.7 MODEL PREPARATION TECNIQUES

5.7.1 Container preparation

Firstly the Laminar Box is cleaned from the remanfigprevious test.
The container is blocked with little columns at t@rners of the box to
prevent the movements during the model preparatiamsportation and
assembly. The grease layer between the box anthahteibber is removed
and a new layer is replaced and is separated hybier with a cellophane
coat. The internal rubber is stretched and is fiaethe box by aluminium
tape (fig.5.17a). The lodging for the external d&weneters is placed by
superglue on the lateral surface of the box. A paplker is stuck on the
internal wall to control the level of the sand dgrithe pouring phase.
Before pouring the sand, the external walls of Itle& are protected by
black plastic liners that are removed at the endhef deposition (fig.
5.17b). Photographs are taken during every steth@fmodel container
preparation.
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Fig.5.17: Container preparation;
a) greased internal laminar surface; b)internabher fixed at the box; c)
black plastic pouring protection; d) box border peotion for dense model

5.7.2 Sand pouring

The sand is poured into the strongbox through g&opystem, for the
“loose sand models” (fig. 5.18a). The void ratiadherefore controlled by
the height of the hopper and the opening of thé alothe bottom that
control the rate of sand’s flow. Trial test werefpemed in advance to
calibrate these values. After the required heighsand layer had been
achieved, the surface of sand is levelled by a fismdivacuum cleaner.
After the model is ready, the profile of the mosehlso measured.

The sand is poured into the strongbox through aonaatic hopper
system, for “dense sand models” (fig. 5.18b). Thermg of the sand is
controlled by a computer, with whom the user caange the position of
the hopper along 3 axes (2 horizontal and 1 vdytarad open or close the
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nozzle. The parameters that play a crucial rolerdter to obtain the desired
density are the drop height and the aperture dexm&b control the sand’s
flow, some trial tests were performed. Once thepdheight and the

aperture diameter are fixed, it's necessary to flmlinput coordinates of
the container and then start the pouring. Duringrgwstep the sand is
poured first longitudinally and then transversallifh an offset of 15mm.

At the end of the step the hopper is lifted up bg ¢ayer (the height that
corresponds to the thickness of the layer poureslvéry step). In order to
obtain the desired density two solutions were paréa during the pouring
phase: firstly two small sieves are put on a muzzider the aperture to
spread the concentrated jet of sand exiting thezleoaver a wider area;
second a thick aluminium barrier is fixed around tbp of the box in the
internal side in order to prevent the accumulatbrine sand on the box
borders (fig.5.17d). Once the model is ready, tiodilp of the model is also

measured.

(b)

Fig.5.18: Sand pouring:
a) hopper for loose sand models; b) automatic gamarer
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5.7.3 Accelerometers and tunnel placement

A layout drawing of the model is done for each.téstthis drawing the
position and the direction of every accelerometeshown. According to
the indications of the layout, the accelerometeespéaced in the model and
photographs are taken for every level (fig. 5.18c& f). According to
layout drawing, the tunnel is placed in the modeha tube bottom depth
(fig. 5.19d). A little square plate is placed atleand of the tunnel (fig.
5.19b) to avoid sand to enter during the test {iin@el tube is shorter than
the box width by 50 mm). A black plastic liner gats inserted between
the tunnel and the plate with a layer of greasevtmd any side friction (fig.
5.19a).

5.8 CENTRIFUGE PREPARATION

5.8.1 Balance calculation

When the sand pouring is finished, the total wegfhthe used sand is
measured, in order to calculate an accurate balainite centrifuge arm. It
includes a list of all the masses and centre ofsem$or every component
of the centrifuge package obtaining the necessamterweight to put in
the centrifuge. The tests are only carried outh# total mass of the
package, which is checked just before loadingptdion the calculations.

5.8.2 Pre-flight operation

Firstly the counterweight is loaded onto the cémge on the red end
(fig. 5.20a). Secondly the SAM actuator without thedel is installed on
the beam on the blue end. Then the model is pthanSAM (fig. 5.20b)
and every cable is connected to the Junction batescking that all the
transducers are in the right position and the cabfemly tied. Once the
model is in the centrifuge, the data acquisitiod #&nggering system and
the pressure in the accumulator required to a&i%$#®M fast-acting clutch
is checked before starting test.
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Fig.5.19 Model preparation.
Tunnel preparation: a) black plastic and greasediayp) protection plates;
Instruments placement: c) first accelerometersljed)etunnel placement,
e) accelerometer level at tunnel depth, f) laseémometers level
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@ “ ®)
Fig.5.20: Centrifuge loading of a) the counterwaighd b) the model

5.8.3 Test procedure

Before starting the flight the corner columns amoved. When the test
started the centrifuge is swung up in steps of 20g, 30g, 40g, 50g, 60g,
70g and 80g. At each stage the readings of strailges transducers are
noted. Then the first earthquake is fired. Afteeathquakes at 80g, the
centrifuge is slowed down at 40g to fire other legquiakes. The model is
permanently monitored through a camera installedhenbeam. When the
test is finished the model container is taken duhe pit and the profile of
the model is measured again. The channels for gesarements are 32 in
all: 16 for the accelerometers and 16 for straingga or LVDTs. Data is
plotted out channel by channel and recorded inxa fike for every
earthquake and for the swing up phase.

All the data is acquired using the software CDA@=r(trifuge Data
AcQuisition System), a system that minimizes thdsa&oderived by
electrical interference of SAM system. The earthgudata has a sampling
rate of 4 kHz.

5.9 MODELS DESCRIPTION

In order to carry out all the test programme atdfield Centre, five
months were necessary, from July 2007 to Noveml@&r2A timing of the
work during this period is reported in the tab.5.9:
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Table 5.9 : Timing of the centrifuge work
Month (2007) Operation
July Preparation T-2 model
Accelerometers calibration (T-2
T-2 test execution
Tunnel calibration (Load series

p—

August

Preparation T-4 model
Accelerometers calibration (T-4
LVDT calibration

. Tunnel calibration

(Load series 2 and 3)

9. T-4 test execution

October 10.Preparation T-3 model

11. Accelerometers calibration (T-3
12. Tunnel calibration (Load series
4)

13.T-3 test execution

November 14.Preparation T-1 model

15. Accelerometers calibration (T-1
16.T-1 test execution

September

O~NO Ul B~ WN P
=

N

A

The tests executions are not chronological, as ftben programme,
therefore the LVDT's was used only from the secdedt. A brief
description of the models characteristics are tepoin the following
paragraphs.

5.9.1 Centrifugetest T-1

A model of dense sand and shallow tunnel is chésethe fourth and
last test. Model layout is plotted in fig.. Theamal available volume of
the box (without the volume of the tunnel) is 3.885 mn? and the
weight of the used sand is 52.4kg. These values givoid ratio of 0.712
and a relative density of 75.3%. A total of 31 s@dncers are used in this
test: 16 accelerometers, 13 strain gauges and 2TkVThe accelerometers
layout is shown in the fig.5.21. The model was sgvup two times: in the
first time the model was accelerated to 80g, bwt slawed down because
the SAM didn’'t work; when the dynamic actuator wapaired, the model
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was swung up for the second time and all the eastke| were performed.
Four earthquakes are fired at 80g and one at 40gafthquakes features
are written in the table 5.10.

MODEL T1

500 mm
LVDT045 |:| LVDT059 |:|
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Fig.5.21: Centrifuge model T-1
Table 5.10: Earthquakes fired in the T-1 test

Earthquake G level frequency time offset
1 80 30 Hz 04s 0.5V
2 80 40 Hz 04s 1V
3 80 50 Hz 04s 1.2V
4 80 60 Hz 04s 1.5V
5 40 50 Hz 04s 15V

5.9.2 Centrifugetest T-2

A model of loose sand and shallow tunnel is chdserthe first test.
Model layout is plotted in fig.. The internal aale volume of the box
(without the volume of the tunnel) is 3.39¥16n7 and the weight of the
used sand is 48.52 kg. These values give a vaml o80.849 and a relative
density of 41.2%.A total of 31 transducers are used in this test: 15
accelerometers and 16 strain gauges. The acceleah@yout is shown in
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the fig.5.22. Four earthquakes are fired at 80g and
earthquakes features are written in the table 5.11.

at 40g. All

MODEL T2
= | 1 i= i =
N — B e E T —
— ﬁ = S E*
7. % %
<=
Accelerometer with a
sensing direction
towards left
Fig.5.22: Centrifuge model T-2
Table 5.11: Earthquakes fired in the T-2 test
Earthquake G level frequency time offset
1 80 30 Hz 04s 0.5V
2 80 40 Hz 0.4s 1V
3 80 50 Hz 0.4s 1.2V
4 80 60 Hz 04s 15V
5 40 50 Hz 0.4s 15V
5.9.3 Centrifugetest T-3

A model of dense sand and deep tunnel is choseihéotthird test.
Model layout is plotted in fig.. The internal aale volume of the box
(without the volume of the tunnel) is 3.32¥16n7 and the weight of the
used sand is 51.5 kg. These values give a void cditD.71 and a relative
density of 75.9%.A total of 31 transducers are used in this test: 16
accelerometers, 13 strain gauges and 2 LVDTs. Thelerometers layout
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is shown in the fig.5.23. Four earthquakes arelfae80g and one at 40g.
All earthquakes features are written in the tabl®5

MODEL T3

500 mm
LVDT045 |:| LVDTO059 |:|

110 124 124 110

A
q-] = Acc 9

130,02
144mm
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[T
i
i

45
=1 ]
ﬁg

[T

Accelerometer with a
sensing direction I]
towards left LVDT

Fig.5.23: Centrifuge model T-3
Table 5.12: Earthquakes fired in the T-3 test

Earthquake G level frequency time offset
1 80 30 Hz 0.4s 0.5V
2 80 40 Hz 04s 1V
3 80 50 Hz 0.4s 1.2V
4 80 60 Hz 0.4s 15V
5 40 50 Hz 04s 15V

5.9.4 Centrifuge test T-4

A model of loose sand and deep tunnel is choserthirsecond test.
Model layout is plotted in fig.. The internal aale volume of the box
(without the volume of the tunnel) is 3.39¥16n7 and the weight of the
used sand is 48.48 kg. These values give a vaml #a0.850 and a relative
density of 40.8%.A total of 31 transducers are used in this test: 15
accelerometers, 13 strain gauges and 2 LVDTs. Teelerometers and
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LVDTs layout is shown in the fig. 5.24. Four earihges are fired at 80g
and two at 409 in two different flights: in thedfiflight 4 earthquake at 80g
and 1 at 40g were fired, instead in the secondthtflanly one earthquake at
40g was performed. All earthquakes features artemrin the table 5.13.

MODEL T4
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Fig.5.24: Centrifuge model T-4
Table 5.13: Earthquakes fired in the T-4 test

Earthquake| flights | G level| frequency| time | offset
1 1 80 30Hz | 04505V
2 1 80 40Hz | 04s 1V
3 1 80 50Hz | 04512V
4 1 80 60 Hz 04515V
5 2 40 50Hz | 04515V
6 2 40 40 Hz 048125V

5.10 POST-FLIGHT OBSERVATION

When the flight is ended the model was unloadecthfthe centrifuge
arm. The sand surface was clearly settled in easts fas it was observed
visually. In the fig. 5.25 the sand surface after flight is showed for every
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test, clarifying that the soil exhibited a largespglacement near the box

boundary, especially at the model side where tre@nsgauges cables are
located. Probably during the pouring phase theesabieated an obstacle
for the sand’s flow, causing a shadow zone in wiiehsand had a lower

density. Therefore this effects were clearer indbiese models, because the
sand jet coming from the automatic pourer is omstical and the obstacles

cannot be avoided, compared to manual deposition.

Fig.5.25: Sand surface after the test: a) T-1; H);T¢c) T-3; d) T-4

Moreover both the dense models showed a largeldadesment in a
particular zone, located near the back of the babxove the tunnel
(fig.5.26a,b). This point corresponded to the tliemel, in which the lining
was closed using a plastic liner and a small platecessively when the
box was empted from the model sand, it was obseivada little amount
of sand passed between the plastic liner and thte,pbut not inside the
cavity (fig.5.26¢,d). Using a ruler the settlemersts measured along two
parallel longitudinal lines. The average value ok tdisplacements,
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compared to initial sand surface depth, was sholwedevery test in the
fig..

(d)
Fig.5.26: Particular of sand surface of dense teajsT-1; b) T-2

Using a ruler the settlement was measured along pacallel
longitudinal lines. The average value of the disptaents, compared to
initial sand surface depth, was showed for evest ta the fig.5.27.
Calculating an average value of the sand displanertiee relative density
variation could be evaluated from the variation tbé sand volume,
considering no loosing sand mass during the flightthe table 5.14 an
estimation of void ratio and unit weight at the @fidhe flight was showed.
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Fig. 5.27: Settlements of soil surface after thetste

Table 5.14: Physical parameters evaluated fromvitleme variation
Testt m | Az, | & | & | Dy | Dt Y Ve
[kg] |[mm] [%] | [9%] | [kg/m’] | [kg/m’]
T1|524| 8 | 0.710.68/75.3/86.5| 15.16 | 15.46
T2 (48.52] 11 |0.890.77|41.2/162.3| 14.04 | 14.65
T3 | 51.5| 7 | 0.710.67/75.9/89.5| 15.22 | 15.56
T4 (48.48| 12 |0.890.78/40.8/61.2| 14.03 | 14.61

A first order approximation of initial shear modslaould be obtained
from the average value of void ratio reached inhe#est, using the
expression suggested by Hardin & Drnevich (1972):

G, =10({Mj\/3' [MP4] (5.20)

1+e

In which p’ is the average effective stress exméda kPa. The values of
initial shear modulus with depth were showed infip&.28.
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Estimated Initial Shear Modulus
(Hardin & Drnevich, 1972)
0 50 100 150 200
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—e— Go_dense
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£, 150 A
N
200
250
G [MPa]

Fig.5.28: Initial shear modulus

The estimated value was variable from about 15M®Paal surface to
120MPa for loose models or 150MPa for dense madebxa bottom. After
the visual observation and measurement of the sarfdce, the box was
carefully empted in order to conserve the positiohshe accelerometers
and the tunnel. During the empting phase at evewmell in which
instruments was found the depth was measured ame gdhotos were
done. The pictures, released at the tunnel deptrevery model, were
shown in the fig.5.29.

5.11 FINAL CONSIDERATION

This chapter described the procedure of centrifiegéing, showing all
the facilities, materials and instruments featuFgem simple consideration
of the physical parameters, a first approximatigerpretation on the initial
shear stiffness of the soil were obtained from vWo& ratio measured
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during the test preparation and at the end of ligktf In the next chapter,
the obtained results from the installed instrumevas showed, considering
the possible interpretations of the acquired datarder to perform in the
last chapter, a back-analysis of the tests.

Fig.5.29: Model empting at tunnel level a) T-1;T6®; c) T-3; d)
T-4)
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Chapter 6
Interpretation of the experimental results

6.1 INTRODUCTION

The data obtained from the instruments locatedhénmhodel was given
both in the swing up and in the dynamic phase. muthe swing up the
sampling frequency for the recordings was 4Hz giadtduring the dynamic
phase changed in 4000Hz, because the earthquakewas very short
(0,4s) and the frequency was high (30-60Hz), adgogrdiith the centrifuge
scaling factors. In this chapter all the data rdedrby the instruments were
reported at model scale. The recordings was ginebitiby the acquisition
system and, in order to obtain the measure in m¥& value was calculated
as:

I[mv] = |[bit]£ (6.1)

This relation were checked with readings carrietlcuring the models
flight both for the swing up and the dynamic phasBEse instruments
installed in the models were:

e« LVDTs
* Accelerometers

e Strain Gauges
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In the next sections from the instruments recomslirg possible
interpretation of the results were carried outpider to obtain a complete
view of the models behaviour during the dynamitstes

6.2 LVDT

The LVDT readings were available only for threetde§'1, T3 and T4,
because in the test T2, which was carried outras dne, all the Junction
Box acquisition channels were used for the stra@mniggs recordings.
Therefore the Junction Box for the LVDT and theaistrgauges was the
same and the values given by the measurementsragkimth in the swing
up step and during the earthquakes fired. The swindata were obtained
both from monitor readings and recordings samptetHa. The measuring
points were in the top surface of the model, transally placed in the
middle section. Instead longitudinally the LVDTs reepositioned at
140mm from the tunnel axis both on left and rigkeglayout figs. 5.24-
28). The data given from the swing up readings vsémved in the fig.6.1
for the T1 model, in the fig.6.2 for the T3 modeldan the fig.6.3 for the
T4 model.

Flight 1
0 10 20 30 40
0 ﬁ,\ L L L
0.2 - 10g —— LVDT 045
04 1 LVDT 059

w [mm]

time [min]
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Flight 2
0 5 10 15 20 25
0 Pz L L L L
021 \MQ
044 109
209
-0.6 -
409
' -0.8 4
E 60g
T 1
80g
-1.2 A
-1.4 A —— LVDT 045
16 LVDT 059
-1.8
time [min]

Fig.6.1: LVDTSs readings during the swing up step)(T

The model T1 was subjected to two different flighwth in the first and
second flight the LVDTs showed a similar behaviobgving similar
displacement in each acceleration level, both fer teadings and the
recordings. The total settlement was 1,7mm durimg first flight and
0,9mm during the second one. Considering the 8igi#re sequential, the
densification observed in the second flight, duéhtosettlement of the soil
surface, was smaller due to higher value of indexsity.

0 10 20 30 40
0 < L L L
0.5 A 10g —— LVDT 045
LVDT 059
] -14
=
E
% 15
80g
_2 4
T-3
25

time [min]

Fig.6.2: LVDTSs readings during the swing up
step (T3)
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The top surface of the model T3 settled duringstiieng up step slightly
more compared to the first flight of the T1 modehe LVDTs had similar
value in each levels of “g” and performed a totatrage displacement of
around 2mm. The T1 and T3 tests exhibited simi&raviour due to same
initial density.

Flight 1
0 20 40 60 80 100
0 \ \ \ \
057 \\‘\‘\——o—o——k4
-1
-1.5 4
T ——LVDT 045
E 24 LVDT 059
2
-2.5 4
-3 1
-3.5 1
-4
centrifugal acceleration [g]
Flight 2
0 20 40 60 80 100
0 4 L L L L
0.5 \\0\‘\‘
-1 4
15 4 ——LVDT 045
= LVDT 059
£
E 27
2
-2.5 1
-3 1
-3.5 1

-4
centrifugal acceleration [g]

Fig.6.3: LVDTSs readings during the swing up steg)(T

During the T4 test, four earthquakes were fireératte first flight, and
only one after the second flight. Therefore the SAdtuator had autonomy
only for five earthquake: the model was slowed dawrig and the motor
was recharged in order to perform the sixth eadkgun a second flight.
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Clearly the T4 model exhibited larger deformaticospared to T1 and T3
models: therefore the initial density was smallempared to the other
tests. The data concerning the LVDTs measuremantagdthe swing up
was available only from the readings, becausewhagsup recordings were
missed for a malfunctioning. The two LVDTs had eiint behaviour
during the first flight: the LVDT 059 had large giacement until 3,5mm;
the LVDT 045 maintained constant value of 1mm frédg to 80g.

The data recorded during the dynamic step werggolah order to show
both the partial and the total displacement measule the fig.6.4 an

example of the output recordings during differesntlequakes were showed
(model T3, LVDT 045).

0 15
0
LVDT 045-T3
-0.1
T 0.2
E
2 .03 M
—EQ1 %
.04 4| —EQ2 Mm
— EQ3
-0.5
t[s]

Fig.6.4: Comparison between the displacementseo8ay earthquakes

The dynamic recordings exhibited a different bebawiduring the
different input motion: therefore the settlementreased from the EQ1 to
EQ4 with a more than linear law. The total valuetltd displacement in
each earthquake was a combined effect of the isicrgdoth of the input
amplitude and the frequency, which contemporarigrged from EQ1 to
EQ4. Moreover the displacement took place only rduthe earthquake
time, showing both an average increase of theesedtht and an oscillation
until a constant value when the motion ended.

In the figs.6.5, 6.6 and 6.7 the displacement veexguentially reported
against the time, pointing out the time range re&tato each earthquake. In



184 Chapter 6

order to check the values of the recordings, ingttaghs the readings were
reported, showing in all the cases a good agreemigmtthe data obtained
by the acquisition system. From the readings aifsignt information was
obtained for all the tests, concerning the negatiisplacement (uplift)
between the last earthquake at high “g” and thdrifege slowing down,
due to the elastic part of the settlement.

t[s]
0 05 1 15 2 25 3 35 4 45 5 55 6

O Il Il Il Il Il Il Il Il Il Il Il Il
051209 EQR E@H EQK 05
.14
-1.5 eq3
' data lost
-2 ’—h"\———ﬂ_\ l
B 25*\' end of
E = Swing-up the flight | >
2 3 offset PO, 1 \’4
el N .,
-4 end of end of /
45 4 80g eqs. 409 eq.
-5
—LVDT 045 LVDT 059

Fig.6.5: LVDTs measurements during the dynamic @l{as)

The dynamic displacements of T1 model were repartefig.6.5. For
the 80g earthquakes the displacement increased tingthseverity of the
input motion, while the 40g earthquake had a venalk displacements,
almost negligible. After the second earthquake, diaga relative to an
earthquake fired, with same features of earthquakeas missed, but the
top surface suffered a permanent displacementson. When the model
was slowed down until 40g the sand surface wasestdy to negative
settlement, probably due to slighter stress fieliflesed by the model. The
total settlement relative to T1 test was aroundning considering the
different behaviour of the two LVDTSs: therefore th& DT 059 had a
smaller displacement (1,4mm) compared to the LVB% (1,8mm).
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t[s]
0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1
o1 E5@1 B2 EQF [Ee e
-1 A
-1.5 4 swing-up
offset
—_ -27
e end of
£ -2.5 1 the flight
2 | 1g
-3
%1}
-3.5 1 B
end of f end of -
-4 1 80g eqgs. 409 eq.
4.5

-5

| —LvDT 045 LVDT 059 |

Fig.6.6: LVDTs measurements during the dynamic @i{as)

Similar consideration can be done for the T3 (fig)Gnd T4 (fig.6.7-
6.8) test, relative to the increasing displacenar®0g and the negligible
displacement at 40g. The T3 model exhibited anaageedeformation larger
compared to T1 model, despite of the additiongbldissment of the missed
T1 earthquake. The two LVDTs had different beharidghe LVDT 045
gave total displacements similar to T1 values (IgJminstead the LVDT
059 showed bigger value of settlement until 2,4mhe LVDT recordings
of the test T4 were plotted in two different grapékative to the two flights
subjected by the model: in the first graph wereoreggl 5 of the 6
earthquake fired, 4 at 80g and 1 at 40g. The twtailed LVDT exhibited a
very different behaviour: therefore the LVDT 04% happened in the
swing up phase, registered settlements which wérengly smaller
compared to the LVDT 059, which exhibited more istEl values.
Considering the LVDT 059, the settlement in theaiyit phase was larger
compared to the displacements observed in the dewskel, around two
times larger, both in the static (3,5mm) and dyrtapiiase (4,5mm). In the
second flight the two transducers gave consisesults, which had values
very slighter compared to the settlements regidtarehe first flight.
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0 1 2 6 7

0 1 1 1 1 1 1 1
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o N 7\

swing-up

2 offset //

3 / N
] . | / /
é -5 "I end of
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-6 " 40g eq.
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0 0.5 1 15
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Fig.6.7: LVDTs measurements during the dynamic @l{ag)

In order to summarize the variation of sand proeeiboth in static and
dynamic phases, the total displacement and theitgewariation were
showed in the table 6.1. The permanent densificattas stronger during
the first flight compared to the second flight, doehigher value of initial
density. The density variation in the dynamic ph&seenerally lower
compared to the swing up steps: in other words robshe mechanical
properties variation happened during the staticspharhe observed
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displacement is generally higher to the measuresl pnobably due to
settlements accumulated when the model was unldaoiedthe centrifuge.

Table 6.1: Overview of the maximum displacementdamsification

Test | Instrument Flight 1 Flight 2 Dynamic phase
u AD u AD u AD
[mm] [%] [mm] [%] [mm] [%]
LVDT 045 1.65 5.43 0.91 1.50 1.76 2.90
I LVDT 059 1.7 5.52 0.95 1.56 1.41 2.32
LVDT 045 1.89 6.86 1.75 2.93
T3 LVDT 059 2.19 7.36 2.4 4.02
LVDT 045 0.95 2.81 0.87 1.55 2.48 4.41
4 LVDT 059 3.53 7.40 0.62 1.10 4.92 8.75

6.3 HORIZONTAL ACCELEROMETERS

6.3.1 Output signals

In the performed tests, 3 columns in the modelswrstrumented by 3
or more accelerometers: the first column was insémied along the
vertical passing through the tunnel axisnfie); the second column was
located at 125mm from the central vertidaéé-field; the third column of
accelerometers were placed on the box on the ettside (eferencg. One
of the external instruments, who was located onbthse-plate, measured
the input motion from the SAM actuator. In the Bi§. the acceleration
time histories of the model T1, recorded at theebaisthe box, and the
Fourier spectra are shown for the 4 different fegpies investigated in the
tests. The graphs clarified that the signals ag@itethe model base was not
exactly harmonic: therefore the fig. clearly showeat the signals had not
constant amplitude and in some cases the signahaiasymmetric to the
time axis. The frequency content was extended arget compared to the
design frequency, because some subsequent freqaemere present until
around 400Hz.
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Figura 6.8: Input signal of the model T1(recordadtbe base-plate)

Brennaret al. (2004) observed that this extended frequency obntas
not a noise recorded by the instruments, but wagftettive energetic
content and must be not eliminated with a filterifbe 30Hz signals have
a longer duration compared to design one, becaudbisafrequency a
wrong brake operation prevented an immediate asicil block; instead in
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the other time histories had a smaller durationrenar less equal to the
design value, but had an extended zero recordiefisrd and after the
significant signal.

All the acceleration time histories were centreeglacting the noising
zero recordings before and after the significagmai, and filtered in a time
domain: the filter was designed using ‘& e¥der Butterworth type, which
was an infinite-impulse-response filter (IIR). ThiR filters have the
advantage to perform filtering at lower order coneggato finite-impulse-
response filter (FIR), but have the disadvantagéddounstable in some
cases and have a non linear phase compared tdRhelke Butterworth
filter is a IIR filter which have maximum flat maigumde in the interval of
designed frequency, and zero over these range.oftker of the filter
determines the order of the curves which connegtlithit frequencies at
maximum magnitude to the zero magnitude ones. Thieadfilter was a
typical “band pass” between the frequencies of 1&htk 250Hz, in order to
include all the meaningful frequency content of Boairier spectrum of the
input signal. The choice of the “band pass” filkas carried out in order to
eliminate the low and the high frequency: the lawesgquency determined
a drift of the signal during the integration of theceleration time history;
the highest frequencies were considered only ardewayp noise, because
had an almost zero spectral ordinates. Moreoversa-bne correction with
a linear law was applied to the input signal: ttisrection was useful to
obtain a zero trend value and the end of the timsties of integrated
velocity and displacement. In order perform a adrietegration, the initial
acceleration time histories was both filtered at foequency and subjected
to a linear base line correction; moreover thegrated signal was filtered
again in order to eliminate the phase distortiotrooiuced by the
integration.

The fig.6.9 showed a comparison between the samealsiEQ1),
relative to T4 model, but filtered with differenefjuency range: first time
history was unfiltered; the second one is relativa large band pass (15Hz
-250Hz); the third one considered only a narrovernvel around the main
frequency of 30Hz (20Hz -40Hz).



190 Chapter 6

Unfiltered
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Fig.6.9: Comparison between different signals
processing (T4 — EQ1)

The effect of filtering is the reduction of maximuatceleration: of
course for the large band pass the reduction idlembut for the narrow
band pass the variation is too strong and couldilsita a false response of
the soil at the wave passage. Moreover Brennah €G04) observed that
an over-filtering determined an underestimatiorth&f shear modulus and
damping ratio obtained by the shear stress-styailes.

Once all the signals were filtered, all the acalen measurements
given by the instruments were reported in the @6g€-6.13 for the four
model tests carried out. In each figure the normedli horizontal and
vertically profile of the maximum acceleration wesieowed. All the data
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was normalized by the maximum acceleration of tiui signal, which
was reported for all the earthquake fired. The iv&rtprofiles of the
average values were given for the three instrundeotéumns, instead the
horizontal profile were referred to three differaegpths. Moreover the
comparison between the nominal amplitude and tharman value of the
input time histories were showed in order to chéek difference between
the design and the real value.

The vertical profiles of maximum acceleration shdveame behaviour
during the different earthquakes, because the rmedavalues were
systematically overlapped. The profiles of the mefiee and free-field
vertical exhibited a slight amplification of the daa acceleration (S =
anax d8max <1.5). Both in the free-field and in the tunneltiel the profiles
showed a reduction of acceleration at tunnel degihsidering that in the
central alignment, the accelerometers was locaegtdlly to the lining.
The base accelerometer under the tunnel alwaysumesha larger value of
acceleration compared to the other base instrumesish were generally
similar with the lower value of the free-field on€he accelerometers
located near the soil surface gave a slightly higladue of the maximum
acceleration for the reference instrument, comp#wdtie internal ones. In
many cases the value of the maximum amplitude efitiput signal was
substantially lower than the design amplitude, esfly for the
earthquakes at 40Hz at 80g and the 50Hz at 40q9.
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Fig.6.10: Profile of peak ground acceleration (T1)

., _n_u._n_ EEaE _\.\_ un....._ play-aay @_ !_....l.__l_.n._.ﬁq-cm_\\. Z \\\\\ \\\\\\N me|&m| menw.mv wEWTEE
E WMM +* L e [il=nd
“__ﬂ.m = = .Hm..-. [(wwsz= | T r o A_Fv e .W. H_uh.
_ | = m..i./ ) \..” Lo Nu o v Lo
- T T f/iks | SE;
______ - m _SNE__ wu:uw_emz _wu_utu__ __u_m..«hut - _Mu_ﬁm.w_.. _mE_u.:
4] E - _._,;;;,_,_,;;_;_:_:___ | | | | | LA .
P UL FHAHEEEEFYFEHHHE R o e
sn apnydue ubisaq
[suun} mojeys
- ...ﬂ.__.,q_._q_.,._\._*_._..____‘_,__{___-7___>_.>q J__._ C N _.L..L.,4,_.,,..m_ﬁ»?_qh.ﬂ..w‘.‘.r__. C pues asuaq
. — — sjeubiis ndu| —\l—l —mvos__
saqyo [epozIIoy .

192



193

Interpretation of the experimental results

=

ar

2]

N
= B |
== )
R v
= Il
- T o [

wmw e

e

)

=TT xeTge U EE
(]
L= I osz L Fogz
B
mww“ L ooz oz L a0z
¥ M ™ ™
L osis aﬂ gl FoslE
2 2 2
- aal £ ml L agt
L og s\ L s L os
s >
T T i 0 . i
. 0 I 0 g I ] i
[E3IM SIUARAISH [EDIIaN pjat)-aa 1] [EDILIaN [3UUN |
[ wou e
1 oo m g 9 1 4 [x]
a
g 1 z
rt
+ Lo 2
] * ol
Zl
| G .

L PRI,

W

Wig =

el A AR b AR A T

T VT

ANANAR AN NAA N

LA el R AU

saquoud [euoziioy

sjeufiis induj

apny|due pansexl
=n apnyjduwe ubisag

Jauun) mojjeys
pues as007

¢l I°POIA

Fig.6.11: Profile of peak ground acceleration (T2)
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Fig.6.13: Profile of peak ground acceleration (T4)
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Fig.6.14:Profile of maximum acceleration for diet models (EQ1 — EQ2)

The comparison between the maximum acceleratiofil@ravas also
carried out considering the behaviour of differemtdel during the same
earthquake. In the figs.6.14-6.15 the values oélecation were showed for
the same vertical alignment of accelerometers. Mbasurements, referred
to the reference alignment, were located at theesdepth in different
models, because the instruments were allocatedxéd flodging on the
external wall of the box.
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Fig.6.15:Profile of maximum acceleration for diet models (EQ3 — EQ4)

The tunnel profiles contained an accelerometeerattly aligned to the
others, but located laterally at the tunnel depttt 8or simplicity included
in the graphs. In the figs.6.14-6.15 only the pesfirelative to the 80g
earthquakes were considered.

The reference profiles showed a slight differeneéveen the values
obtained in the different tests: the test T3, whighs relative to the deep
tunnel in dense sand, showed in all the earthquakagher amplification
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from the base to the top instruments; on contraeytést of deep tunnel in
loose sand exhibited in each case the lower aroglifin. The reference
profiles relative to shallow tunnel were generadlynilar, showing an
intermediate behaviour compared to the previousrdesd ones. The free-
field profiles showed a good agreements betweeseland loose model
both for shallow and deep tunnel. Therefore the-freld profiles of the T1
and T2 tests showed very similar behaviour; indase of the T3 and T4
free-field profile the difference was larger, bwngrally exhibit a typical
acceleration reduction at tunnel depth. The vabigsaximum acceleration
along the tunnel vertical registered a drastic cédn of the tunnel
acceleration for the model with shallow tunnel, ezsally for the dense
sample; the other points for tunnel profiles areagelly overlapped for the
shallow tunnel models and had some differencessioutar behaviour for
deep tunnel models. The results of maximum acda@raseemed to
explain that, despite of the different preparatfmocedure in order to
obtain different sand density, the values of sififress of loose and dense
models should be similar.

6.3.2 Spatial variability of the ground motion

In order to study the spatial variability of theognd motion, some
significant parameters could be introduced, obthiinem the acceleration
time histories. The similarity between two time tbiges of signals
measured in different points can be representedhbycross covariance
(Kramer):

N
CCOij (T) = Z aj (ti )ak (ti + T) (6.2)
i=1

Where t is the time increment and N is the samplesber. When the
cross covariance is used to analyze an acceleration histories against
itself, a function called auto-covariance is obtainThe coherency is a
possible description of the frequency content betwdifferent signals.
Therefore the coherence function measures the agitgilbetween two
different time histories in the frequency domain:
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Sik ()

1[8”' (w)Skk(co)

Where & is the Fourier transform of the cross covarianuk & and S«
are the auto-spectra of the Fourier transform ef dbto-covariance. The
coherency has a value (for each frequency) inclimaeen 0 and 1: the 1
value indicates a perfect correlation between the signals, while a 0
value gives a total incoherency.

The transfer function is an other possible repriediem of the ground
motion variability due to the wave propagation desia medium. This
function is defined as the ratio between the F8pectra of two different
signals. The absolute value of the transfer functi@presents the
amplification factor, which is defined as:

Cohyy () = (6.2)

X(a)
Aw)=H(w) =—F— 6.4
(@)=]H(«) v(w) (6.4)
In the (6.4) X({v) and Y () are the Fourier Spectra of two different signals.
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Fig.6.16 Comparison between amplification funcimm coherence
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The amplification function cold be used to recognizhich frequencies
were amplified when the waves propagate thoughtntedium from the
first to the second accelerometers. The interpogtabf the transfer
function should be always combined with the coheyeamalysis: therefore
an extraneous peak in the amplification functionlddbe attributed to a
very low value of the coherence function and cotldre considered
realistic. An example of compared values of cohegeand amplification
factor in the same frequency range were showechenfig. 6.16: the
instruments were located in the same alignmentfitbteat the model base
and the second near the top surface.

The comparison of fig.6.16 was carried out for te instrument
alignment of the models. In the fig. 6.17 the tfansfunction were
calculated along the three instrumented verticalsated in the model
(reference free-field andtunne). The experimental amplification function
were plotted together with the theoretical function a damped scheme.
Therefore the experimental data could be givenpgmoximate value of the
natural frequency of the soil layer between the twstruments. The
expression of the analytical plotted function is:
)= L

Jcog F +(DF)?

In the eq.(6.5), the parameter F is the frequeatip,rwhich is defined as
F=kH=wH/Cs (H is the soil layer thickness ands & the shear wave
velocity).

The experimental curve was best-fitted with thelyital expression,
obtaining an average reasonable value of the aeglifequency and the
damping ratio.

(6.5)
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Figura.6.17: Amplification function of the model T1

The experimental curves showed that the amplifredguencies of the
reference and free-field verticals were very simdad the tunnel vertical
exhibited higher values. The presence of the tumnetlified the first
natural frequency of the soll, increasing its sf§s. Figure 6.17 also shows
that, along the tunnel vertical, the surface angalifon appeared
significantly reduced, especially around the resbieeak observed at the
reference vertical. This is a clear evidence ofwla@e-screening effect of
the tunnel structure.

The transversal modulus of elasticity G, which whg average
mobilized value in the whole soil layer, could h@peoximately evaluated
from the transfer functions. For the smaller madidine strain level was so
low that the modulus G was practically equal to masn value G.
Instead in the other cases the value of mobilizedaS directly connected
to the strain level reached during the fired earttkg. From the transfer
functions evaluate along the free-field verticalte first natural frequency
fo was given and the shear modulus was obtained thierexpression:

G, =V.p = (4Hf, )’ p (6.6)
Considering the experimental data of the fig.6.ih% first natural
frequency of the model deposit was included betwHgdHz and 120Hz,
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which corresponded to a mobilized shear moduluZ)eBOMPa. Along the
central vertical the resonant frequency is modifted the presence of
tunnel, until the range values between 150Hz arfidHi7

In the table 6.2 the average values of the mobhilstgear stiffness were
reported, evaluated from the reference columnsodélarometers. Through
the best-fitting curves an estimation of the maleidi damping ratio was
carried out, obtaining for each test the valuesvaubin the table 6.3.

Table 6.2: Evaluation of the shear stiffness frbmtransfer function

Estimated mobilized shear stiffness [MPa]
Model Earthquakes fired
EQ1 EQ2 EQ3 EQ4
T1 29,4 26,5 26 -
T2 24,4 18,3 22,5 -
T3 26,8 27,9 24,8 17,1
T4 29,3 25 19,7 8

6.3: Evaluation of the damping ratio from thensfer function

Estimated mobilized damping ratio [%]

Model Earthquakes fired

EQ1 EQ2 EQ3 EQ4
T1 12,5 15,2 13 -
T2 13,2 14,8 32 -
T3 7,6 55 10 9
T4 18,6 17,8 16,4 31

The values range for the mobilized shear stiffngas between 10Hz
and 30Hz, confirming that the stiffness of the sadls relatively low. The
difference between the dense and the loose sanatlsn@gs generally
small, showing that the dense sand models wererglgnstiffer compared
to the loose one, considering the same tunneliposi¥loreover, according
to the increasing energy of the successive earkegahe strain level
should be increased from EQ1 to EQ4, because adébeeasing mobilized
stiffness. The values of the damping ratio wereesnely affected by the
false amplification peak, due to very low cohereateame frequency, and
could give a overestimation or underestimationhefiteal value. Despite of
this limit, the damping level was generally vergihbetween 5,5% to 30%.
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The average damping ratio value was 15%, showimrg lolver values
during the earthquakes of the model T3 and thednighlues for the model
TA4.

6.3.3 Stress-strain loops

Brennaret al. (2004) reported a procedure to evaluate the shedulus
and the damping ratio using the centrifuge dataeyTroposed a way to
understand soil behaviour when a set of laboratsiusing cyclic triaxial
and resonant column is not available. In order sormeaate well the G
modulus and the D ratio a set of 3 or more acceleters should be
positioned in every column.

Zeghal & Elgamal (1994) and Brennat al. (2005) suggested a
procedure to calculate the shear strain alongrtsteumented verticals with
two or more accelerometers. From the time histooieacceleration, the
displacements u(t) were obtained for double intigna In order to avoid
annoying effects and integration errors like thesahlinear variation of the
displacement after the shaking, the signal wasrétl two times, first like
acceleration before the first integration and sdbptike velocity before
the second integration. Moreover the filter elinb@ththe phase distortion
due to the integration procedure. The shear straimd be evaluated using
a first order approximation between two instrumgugsitioned in the same
vertical:

up, —u
y:( 2 1) (67)
(22 -2)
Moreover when three or more accelerometer werecedst aligned, the
shear strain is calculated using a second ordepajppation:

Ui g — U (Zi—Zi—1)+u__u_ (z41-2)
(|+1 I)(Zi+1_zi) (I I_l)(zi_zi—l)

v(z)= (6.8)
I (Zi +174 —1)
in which the index was relative to the position of the central instemts

and i-1 and i+l to the top and bottom accelerometers. For every

instrumented columns installed in the model, theashstrains were
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calculated using the (6.7) and (6.8). In the figs8&1 the profile of
maximum shear strain was reported considerindnaltést performed.
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Fig 6.18: Shear strains of the model T @hd 2" order approximation
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Fig 6.19: Shear strains of the model T2 @hd 2" order approximation
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Fig 6.20: Shear strains of the model TS éhd 2" order approximation)
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Fig 6.21: Shear strains of the model T4 éhd 2" order approximation)

The plotted shear strain in the figs.6.18-21 wesregally high, greater
than 0,05%, which corresponded to a strain levekimch the mobilized
shear stiffness was lower than the initial valule Btrain level reached in
the reference column always increased with depthveas generally lower
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than the free field and tunnel alignment, especiibund the tunnel depth.
Therefore the calculated shear strains registeigdd \fariation both for the
1% and 29 order evaluation. The ovaling of the tunnel waaleated, using
a T order approximation, from the accelerometers abawe under the
tunnel; the ovaling deformation value (plotted midogreen) was generally
lower than the calculated values of the free-fiatdl tunnel alignments.
Instead the shear strain of the tunnel verticabvadatained considering also
the ACC3 which was located in every test latertdlyhe tunnel. The shear
strains evaluated with the"®2order approximation were generally lower
(0.4%) than the corresponding' brder ones (0.8%), giving a probable
overestimation of the real value. Moreover theiggr&alculated from two
instruments located at very closed distance wergergdly higher, due
probably to an underestimation of the distance betwthe accelerometers.
Therefore during the test phase the model suffeettdlement that could
change the reciprocating positions of the instrusieiihe shear strain
obtained in the first two earthquakes were genesfthilar and increased
with the successive earthquakes, especially for ilees which were
initially lower.

Starting from the acceleration records, the sheass value was given
using the equation of shear beam. Considering theililerium of
deformable columm was obtained from the integration of the acceiemnat
time histories in the space domain (Zeghal & Elgat204):

7(z2)= joz padz (6.9)

In order to maintain the exact location of accetegters during the
flight the instruments were buried of 20mm. Fostteason a measurement
of surface acceleration was not available. A linlawvas performed in
order to evaluate the surface acceleration usirg abjacent pair of
instruments:

— (az — al)
alz)=a +——=Iz- 6.10
(2)=2, (22_21)( z,) (6.10)
The eq.(6.10) was used to fit the accelerationgdreeric depth z, in which
z; and 2z were the depths of two adjacent instruments, fbickv the
recorded time histories were and a. The profiles of the calculated shear
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stresses for each fired earthquake of the ceng&ifugdels were reported in
the fig 6.22-25.
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Fig 6.22: Shear stresses of the model T1
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Fig 6.23: Shear stresses of the model T2
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Fig 6.24: Shear stresses of the model T3
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Fig 6.25: Shear stresses of the model T4

The profiles of shear stresses were generally aegshowing in all the
cases an increasing of values with depth, which laiasr than linear. The
stresses obtained by the acceleration recordingheofeference verticals
were generally higher compared to the free-field amnel verticals. The
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maximum value in each vertical were included in thege 10-60kPa for
the reference verticals; instead the free-fieldival was always lower than
40kPa.

Once the shear stresses and the shear strain waleated from the
accelerometers outputs, all the data were put graph of shear strain
against shear stress, in order to evaluate thesloAp example of the
stress-strain cycles was reported in the fig.6.@fsidering the same
position in different earthquakes.
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Fig 6.26: Stress-Strain cycles

The signals were not a single frequency motion, #edcycles were
affected to the higher frequency, showing many eahghanges in the
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curve. Moreover the shear stresses derived fromatoeleration, which
were filtered one time; instead the shear straiesewobtained by the
displacements which were filtered two times, cagisincleaning of the
signal by the higher frequencies. Despite of thiggular shape, the
estimation of shear stiffness by the cycles gehegalve a reliable value of
Gmon, COmpared to over-filtered signals, in which onhe signal main
frequency was considered. The mobilized sheamss8 was calculated in
each cycle as:

Gmob = z-max B Z-min (611)
ymax - ymin
Using the eq,(6.11) the profiles of mobilized st&#és for the three
instrumented verticals was showed in the fig.6.87¢dnsidering both the
shear stains obtained frorif and 29 order approximation calculation.
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Fig 6.28: Mobilized shear stiffness of the model T2
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The profiles of mobilized shear stiffness gave eadlways lower than
20MPa and registered maximum during the EQ2 evdegpite this
earthquake was not the less strong. Considerimrgtaofder approximation
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for the calculation of the shear strains, the valthe shear stiffness of the
reference vertical was always increasing with defath all the fired
earthquakes and was generally higher comparecetodiresponding value
of the free-field and tunnel verticals. Moreovesalthe mobilized shear
stiffness of the internal verticals (free-field atuhnels) increased with
depth for the shallow tunnel models; instead fer dieep tunnel models the
values of the profiles decreased or had not a nooimottrend. Similar
consideration were obtained by the shear stiffeesduated with a second
order of approximation on the calculation of theahstrain: the mobilized
G of the reference vertical was generally highempgared to the other
verticals value; in some cases, however, the fedd-fleformation at tunnel
depth registered the highest values. Also in tlveses the profile of G was
not always increasing with depth.

6.4 STRAIN GAUGES

6.4.1 Output signals

The measurements of bending moment and hoop fooce the strain
gauges transducers was directly given, expressea @®e histories of
stress for each earthquake applied. The typicadushyn time histories given
from both the bending moment and hoop force traceduwere showed in
fig.6.31: in every stress cases the final value different from the initial
value and the graph had an oscillation during theachic phase.

As observed also from the LVDT measurements, duthmg model
shaking permanent deformations in the model ocduitbe internal forces
result was an increasing stress during the dynarhase, which caused,
close to the tunnel surface, a residual streskeaehd of the earthquake.
The entity of residual component was not negligildempared to
oscillation entity, because in some cases the tweasl 4-5 times larger
compared to the deviation to the average value.



228

Chapter 6

0.8

0.6

0.4

0.2 A

Residual
stresses

Bending moment [Nmm/mm]

-0.2

O.AJ 0.4 0.6

0.8

-0.4

0.02

-0.02 ~

-0.04

Hoop force [N/mm]

-0.06 ~

-0.08

0.8

Residual
stresses

-0.1

t[s]

Fig.6.31: Recordings of the bending moments ang Hoes

This transducer response was probably due to afitatisn of the sand
during the soil shaking. This condition was con&danfrom the visual
measurements of soil surface before and after liglet:fin every model
cases a settlement from the initial height was doum the next sections the
stain gauges data, registered by the acquisitistesy, were reported for
the swing up and the dynamic phase, in order tsidenthe values both of

the oscillation and the permanent components.

6.4.2 Swing up data

During the swing up phases the model was subjdotattreasing levels
of gravity acceleration, corresponding to higheluga of angular velocity
of the centrifuge arms. The results for the intefoeces were an absolute
increasing of the hoop forces and bending moméetsause the increment
of gravity forces determined and weight of the smlumn above the
tunnel. The data of the swing-up phase was givah bwough Junction



Interpretation of the experimental results 229

Box recordings and video readings during the t€ke scaling factor at
every level of g was clearly different and for themson the swing up data
were reported at the model scale.

In the figs. 6.33-36 the bending moments in thengwip phase were
plotted for the four models, considering the twstinmented section. Same
representation were carried out for the hoop for@es 6.37-40). The
location of the transducers were represented byntimebers of the strain
gauges reported in the fig. 6.32.

Fig.6.32: Location of the strain gauges in the @gection

The plotted data were obtained from the recordioigthe acquisition
system, except for the model T4, in which the swipglata were not saved
after the tests (fig. 6.41). Similar problem extskthe swing up recordings
of the T2, which were incomplete, but, considetimg coincidence with the
readings, were completed with these last checkahges. Moreover for the
T1 test two swing up were performed until the egutikes were fired: the
data of the first swing up were reported in ordercheck the difference
between the measurements. Therefore the compasBowed that the
internal forces data were generally consistentchieg values slightly
higher during the first flight.
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The bending moments exhibited both positive andatieg values: the
positive value corresponded to the extension ofirther fibres. In most of
the cases the positive bending moment correspotmetie transducers
located on bottom positions; instead the negatalaes were relative to the
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strain gauges located on the top side, exceptiorcase of the transducer
15. Therefore this instrument didn’t give a rel@abhlue of the calibration
factor and the assumed constant were assumed fenctdrresponded
instruments in the other section. For these re#éisertransducer 15 could
give a false value of the bending moment in thaissrsection. The
maximum positive value was included in a range betw2-3Nmm/mm,
instead the negative value did not exceed the 1Nnmm/

The hoop forces are always positive, correspontiing compression
stresses state in the lining. In some cases theewaére close to zero, as
happened to the transducers 9-10 and 11-12 iregtet dense sand model.
The transducers 5-6 in the second flight of the Tésexhibited an anomaly
of working, probably due to a change of the offdeting the swing up of
the model: for this reason, when the dynamic irgkefarce of 5-6 were
considered, the initial value of the hoop force aveffset by the value of
the corresponded transducer in the other sectiBrl4). The maximum
value did not exceed the value of 0.4N/mm, exceptHe transducer 11 12
of the model T4. In the next section, starting frdme value of the static
forces obtained in the swing up phase, the evaludidhe internal forces in
the dynamic phase was obtained.

6.4.3 Dynamic internal forces

In the figs 6.42-49 the dynamic time histories loé tbending moment
and hoop forces in the two instrumented sectiong whkowed, considering
as the earthquake was happened in sequence. lity rbatween two
earthquakes the time to save the previous eveatvdzd passed.

The experimental data showed that generally recodiga relative to
corresponding position in the different section ibitbd similar trend. In
most of the cases the earthquakes determined #vposicrease of the
internal forces, both for the bending moment aredhop forces.
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The values of the bending moment located in thedide, as in the
swing up phase, were higher than the corresponidinthe bottom side,
which were negative or positive close to zero. Thaximum value
obtained were around 5-6Nmm/mm, two times largengared to the static
value. The negative reached values were aroundrir2ihm.

The hoop forces were generally always positive epksome case of
null or slightly negative values. The incrementhafop forces was more
clear in the loose sand test (1-1.2 N/mm), whichemsvo times larger
compared to the values of the dense sand mod&l€ (N/mm).

6.4.3 Experimental dynamic forces vs analytical pseudo-static forces

The average oscillation relative to the stressttiarthe stationary phase
was evaluated and compared to the bending momet haop load
calculated from the analytical formulas of Wang 93P considering full
slip conditions. In the figs. 6.50-6.52 the compan between the bending
moments and hoop forces values for the modelsdsnshon the abscissa
axis the stress measured by the gauges was re@ytedst the ordinate
values, calculated from the Wang's expressions J198ing a free field
shear strain. From the stress comparison betweeplem and uncoupled
analysis, it's clear that the values obtained frdmea Wang's formulas
overestimate the stresses given by the test megsunstruments for the
dense models; instead the closed-form expressems b underestimate
the internal forces obtained by the transducerh@floose sand model. In
the figs.6.51-53 a similar comparison of figs.6%0is showed: differently
from the previous graphs, the stresses calculasaaguhe closed form
formulas was found using the lining ovaling measwpts as an input data.
The stresses in figs.6.51-53 are consistent wighntieasured ones, except
for two fired earthquakes of the model T1: this dabur should be an
effect of cinematic interaction on the stressesuaten.



Interpretation of the experimental results

249

o S o0 SEQTeectd
® EQ2 sect.2
/ 0.5 1 0 EQ3 sect.1
_ 0.3 1 ® O® @0 /O ° E83 sect.2
= T o4 . o EQ4 sect.1
£ g ® EQ4 sect.2
= © o® O / £ 0 EQ1 sect.1
£ 02 - 0 EQ2 sect.1 £ 031 o EQ1 sect.2
Z, / ® EQ2 sect.2 Z /
0 0 EQ3 sect.l 0 P *® o o
= n/ ® EQ3 sect2 < 02
011 ee o ® EQ4 sect.1
coem 0 0 EQ4 sect.2 9, ®® O O
0 EQ1 sect.1 0.1 1 o
® EQ1 sect.2 o
0 ! ‘ ‘ ‘ 0 T T T T T )
0 01 02 03 0.4 0O 01 02 03 04 05 06
Meyp [Nmm/mm] Mexp [Nmm/mm]
0.4 - 0.4 1 o EQ2 sect.1
e o Q2 sect?
/ 0 EQ3 sect.1
® EQ3 sect.2
— 031 eO0 O® @ /@f — 0.3 1 o EQ4 sect.1
g g ® EQ4 sect.2
£ £ 0 EQ1 sect.1
E sl eo0w ee o s EQ2 sect1 E 2] e EQ1 sect.2
Z ® EQ2 sect.2 Z /40 ®
o 0 EQ3 sect.1 o vor w0 5
= ® EQ3 sect.2 b
011 e® é'.'o'é6 0 EQ4 sect.1 01 4 d
/ ® EQ4 sect.2 ® € O
0 EQ1 sect.1 o e ® o
® EQ1 sect.2
O T T T 1 0 T T T 1
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4

Meyp [Nmm/mm]

Mexp [NMm/mm]

Fig. 6.50: Dynamic bending moment: experimentgdsesudo-static (Wang
1993) (experimental “free-field” shear strains)




250 Chapter 6
0.4 + 0.6
Model T1 y Model T2 S EQ2 sectl
® EQ2 sect.2
/ 054 o EQ3 sect.1
0.3 | ® EQ3 sect.2
= / = 04 o E84 sect.l
£ E 041 ® EQ4 sect.2
s ® o S ° = 0 EQ1sectl
E 02 losem o E 03 e EQI sect.2
Z © o= z
P e e e® © = /
= 2 02 | ') °o® oo
01 - / 0 EQ2sect.l ® EQ2 sect.2 ="
’ / O EQ3 sect.1 ® EQ3 sect.2 ° ®e O O
0 EQ4 sect.1 ® EQ4 sect.2 0.1
0 EQlsect.l ®EQL sect.2 WRe o
0 ‘ ‘ ‘ ! 0 ; ; ; ; ; ‘
0 0.1 0.2 0.3 04 0 01 02 03 04 05 06
Meyp [Nmm/mm] Mexp [Nmm/mm]
0.4 - 0 EQ2 sect.1 0.4
Model T3 ® EQ2 sect.2 Model T4 /
0 EQ3 sect.1
e EQ3 sect2 y
0.3 | 0 EQ4 sect.1 0.3 1
T o EQ4 sect2 T wo
£ 0 EQ1 sect.1 £
e / ® EQ1 sect.2 £ eoce €O o
£ 0.2 A o0 ome © £ 0.2 A o EQ2 sect.1
Z yd Z e ® EQ2 sect2
v / ® 0 EQ3 sect.1
= e O0® 80 © = P 9% e EQ3 sect.2
0.1 011°® ¢ 0 EQ4 sect.1
e0 @'e © ® EQ4 sect2
oo °© / 0 EQ1 sect.1
® EQ1 sect.2
0 T T T 1 0 T T T 1
0 0.1 0.2 0.3 0.4 0 0.1 0.2 03 0.4

Meyp [Nmm/mm]

Meyp [Nmm/mm]

Fig.6.51: Dynamic bending moment: experimentalsesuplostatic (Wang
1993) (experimental “tunnel” shear strains)




Interpretation of the experimental results 251
EQ2 sect.1
0.02 0 EQ2 sect.1 0.02 - .
Model T1 ® EQ2 sect.2 4 Model T2 ; ES§ gggﬁ
0 EQ3 sect.1 e EQ3 sect.2
0.016 - ® EQ3 sect.2 0 EQ4 sect.1
® EQ4 sect.1 0.015 - ® EQ4 sect.2
= o0 EQ4 sect.2 5 0 EQl sect.1
£ 0012 1 o EQ1 sect.1 £ ® EQ1 sect.2
IS ® EQ1 sect.2 € ° [_e) [e}e)
£ £ 0.01 4
= [ )] o e}
= 0.008 /5 = oo o
> @ ° ° S /
0.004 1 «:/. 0.005 7 Pt
. e® O
® O [ ]
0 T T T 1 o : : : !
0 0.005 001 0015  0.02 0 0005 001 0015 002
Nexp [Nmm/mm] Nexp [Nmm/mm]
0.01 + 0.02 ~
Model T3 / 4 Model T4 /
0.008 - / /
0.015
£ O @O E /
é 0.006 -| >/ £ e
£ ¢} 0@7/ ® EQ1 sect.2 E 0.01 ° ) o
Z | ° oo 0 EQ2 sect.1 s / o EQ2 sect.1
» 0.004 > e EQ2 sect.2
£ ® EQ2 sect.2 ® oo | EQ3 L2
o ® © EQ3sect.l = /‘. o EG3 sedt3
0.002 1 / ® EQ3 sect.2 0.005 o E84 sect.1
0 EQ4 sect.1 péo ; Egtll ggg%i
e EQ4 1.2 oe e
0 ‘ ‘ ®EQdsect2 . e EQI sect2
T T T 1
0 0.002 0.004 0.006 0.008 0.01 0 0.005 0.01 0.015 0.02
Nexp [NMm/mm] Nexp [NMm/mm]

Fig.6.52: Dynamic hoop forces: experimental vs pigestatic (Wang 1993)
(experimental “free-field” shear strains — full pliconditions)
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Fig.6.53: Dynamic bending moment: experimentalseuplo-static (Wang
1993) (experimental “free-field” shear strains Hlfglip conditions)

FINAL REMARKS

The centrifuge models were instrumented using thacers in order to
measure displacements, acceleration and deformatioing the fired
earthquakes of each tests. In this chapters thesursaents were widely
showed at the model scale, without consideringsttading factors for the
experimental sample depending on the gravity leVékrefore the soil
layer thickness at the prototype scale correspomal@dound 23m and the
dimension of the tunnel were D=6m and d=0.04m. @anmg all the
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scaling factors, the interpretation of the trangdsieneasurements gives the
following considerations:

» The LVDTs measurements show in all the tests ttteeseent of the
model surface, both in the swing up and dynamicseh@he loose
sand models exhibited displacements which werenardwo times
larger (6.5cm) compared to the dense sand mode2en(3. The
swing up settlement were around the half part of total
displacement, as the measured displacement inythendc phase;

» The accelerometers measured time histories of psendsoidal
motions: therefore the acceleration amplitude watsconstant and
non symmetric around the time axis; the frequenogtent was
larger compared to the design frequency and was duet to
annoying effects. For this reason the acquiredatsgwere filtered
in a large band pass of frequencies (0.2-3.124Khratbtype scale);

* The three verticals, instrumented with horizontatederometers,
showed the amplification of the peak ground acedilen from the
base registration to the top accelerometers. Thaliffeation was
generally low (S<1.5), especially for the internalignments.
Moreover the tunnel in the model determined thaicgdn of the
acceleration of the free-field column at the stoetdepth and the
increase of the peak ground acceleration for tesegument located
at the bottom of the box under the tunnel;

* The variability of the ground motion was represdntesing the
coherence and the transfer functions. The natuegluency of the
soil layer was obtained from the amplification ftian between the
base and the top accelerometers, in order to obhtasverage value
of the mobilized shear stiffness. Considering, e¢fme, a best-
fitting curve gave an evaluation of the dampingoraivhich were
generally quite high. The calculated stiffness Veady low, around
20MPa;

* The strain-stress cycles were plotted in orderbt@io an evaluation
of the shear stiffness layer by layer; the sheaairstvas calculated
from the displacements time histories, obtainednfrihe double
integration of the instruments measurements; tlearsstresses was
evaluated from an integration of the acceleratioth wlepth. The
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corresponding shear stresses and strains, plottadyraphs, gave a
lower values of the mobilised shear stiffness camgho the results
of the amplification functions (under 20MPa);

* The strain gauges measurements gave a direct neeasoir of the
internal forces in the lining, showing, for eachrtlequake
recordings, an oscillation during the motion aneksidual value at
the end of the earthquake; the variation of théicsfarces were
probably due to a densification of the soil duritige shaking,
confirmed by the LVDTs measurements;

* In order to check the experimental data with amedyformulas, the
maximum dynamic oscillation of the internal forasesre compared
to the results of the closed-form expressions ofngVv41993),
considering full slip conditions; the results werdnsistent
especially when the shear deformation of the tumesd used as a
input data in the Wang’s expression;
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Chapter 7

Numerical simulation of the centrifuge
tests

7.1 INTRODUCTION

The centrifuge tests carried out on the scaled msageve an extended
guantity of data, which included measurements tifeseents, accelerations
and lining deformation. In the previous chapteg #Htceleration data were
integrated in time and space to obtain shear stsiness and stiffness,
considering the spatial variability of the groundotran. From the
deformation recorded by the strain gauges stuckherlining surface, the
measurements of the internal forces were deriveth im the static and in
the dynamic phase.

Simplified and full dynamic interaction analysesraeerformed, to
simulate both ground motion and dynamic incremehtse internal forces
induced by the centrifuge earthquake. The procetinptemented for the
interaction analyses (Amorosi et al. 2007; Bilataal. 2007) was already
used for the pilot full dynamic analyses, previguséscribed in Chapter 3.
This procedure was followed for all the earthqudikesl on all the models
realized, but it is hereafter reported for a siretample case.
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7.2 INPUT DATA

The seismic centrifuge test on the dense sand MT@&IEQ2) was taken
as reference for the preliminary calibrations oédiction models with
different complexity. In Fig. 7.1 the input accelgon time history of the
reference earthquake is plotted: the signal waerditl considering a large
band-pass range of frequency (at prototype scal2505i1z), compared to
the nominal frequency of 40Hz; also, the peak-takpamplitude was not
constant and was lower than the nominal value (89).
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Figure 7.1. Input signal (model T3, EQ2).

The surface/base transfer functions along the catralignments were
calculated as the ratio between the Fourier speofrahe recorded
accelerograms. Figure 7.2 shows the comparisoneegtwhe surface/base
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amplification factor at the reference acceleromateay (black solid line)
and that along the tunnel axis (black gray line).
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Figure 7.2. Surface/base transfer functions (m@@&IEQ2).

The transfer function at the reference verticah¢klsolid line in Fig. 7.2)
was back-analysed to derive the equivalent stifnesid damping
parameters of the sand model mobilised during #wriduge test. The
experimental curve was best-fitted with the anedjtiexpression of the
amplification factor of a visco-elastic soil colunfsashed line in Fig. 7.2).
Following such procedure, an equivalent shear m@dslequal to 27 MPa
and a damping ratiD equal to 5.5 % were back-calculated.

The application of the same procedure to all testdoth dense sand
models (T1 and T3) resulted into values of the ejant stiffness ranging
between 18 and 30 MPa; instead, the shear stifmalses for the loose
models were slightly lower.

Figure 2 also shows that, along the tunnel vertidche surface
amplification appears significantly reduced (greglics line), especially
around the resonant peak 125 Hz) observed at the reference vertical. This
is a clear evidence of the wave-screening effett@tunnel structure.

The shear stiffness and the damping ratio of thighten Buzzard Sand
fraction E were also assumed on the basis of resawumn (RC) tests
carried out at the University of Napoli Federico(Misone 2008). Figure
7.3a shows, at the prototype scale, the variatidgh depth of the initial
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shear stiffnes3p, obtained from RC tests on a dense sand specirnten w
D, = 71%. Such values (open circles and dash-do} e significantly
higher than the initial stiffnessG{ = 45 MPa) back-figured from the
frequency response curve in the centrifuge tesis Hiter value results
from the mobilized stiffness o6G=27 MPa, obtained by the transfer
function, multiplied by a factor of about 1.6, tocaunt for the average
shear strain level (0.1%) measured in this tesB(8h In the same figure, a
constant profile ofG, representing the average value with depth of the
secant stiffness exhibited during experimental€y¢g6.3.3), is also shown
(thick line).

The variation with depth of the initial dampirdg, was taken by curve-
fitting the experimental values resulting from RE tests (Fig. 7.3b, open
circles and dash-dot line). In the same figure,oastant profile of the
equivalent damping ratid) (=5.5%), is also shown, again estimated on the
basis of the best fitting of the transfer function.
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Figure 7.3. Profiles of initial shear modulus (a)cadamping ratio (b) with
depth (model T3, prototype scale).
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Fig. 7.4 reports the RC test results in terms gdedeency on shear
strain of both stiffness and damping ratio, regpelit normalised
(G=G/G,) and scaled D=D-D,) to their initial values. The

laboratory results were best-fitted by the Raml@sgood curves (Fig.
7.4):

The model parameters obtained by the interpolatibthe laboratory
results in a bi-logarithmic plane, were R=7291 @x®.227.
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Figure 7.4. Variation of shear modulus and dampiaigo with shear strain
(experimental data after Visone, 2008)

7.3 PSEUDO-STATIC ANALYSES

In the pseudo-static analyses, the seismic increwfenternal forces in
the lining was evaluated by the formulas by Wan@9@) in full slip
conditions, reported in the 82.5.2. The maximumadyit increments of
the bending moment and the hoop force were catuilibm the average
value at the tunnel depth of the maximum sheainstyga, computed in
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free-field conditions. Two different methods, basedthe equilibrium of a
deformable soil column from the surface to a gidapth z, were used
(82.5.2).

In the former methodyyax was calculated “down-up”, from the value of
the reference peak accelerationhs by assuming a linear profile of
amplification from the base to the surface. The&esfamethod followed an
approach “up-down”, by reducing with depth the maxm value of
surface acceleratiom max In both methods, the peak acceleration at surface
was computed as:

as,max = S[& max (1)

whereS was taken equal to 1.6, being the prototype sofilp of ‘class E’
according to EC8 (CEN 2003) and the new Italianec(a.M. 14.01.2008).
The experimental evaluation of the shear modulos fRC tests was used
in the calculations (dash-dot line in Fig. 3a comeloi with the curve in Fig.
4). The values oOfmax computed by both methods for all T3 tests, are
reported in Table 7.1. They resulted about oneroolenagnitude lower
than those measured in the centrifuge tests (sp&Fi
Tablle 7.%. Results of pseudo-static analyses abp/oe scale
npu S max Os, max Yimax Yimax
signal [9] [9] (down-up) (up-down)
[%] [%]

EQ1 0.035 0.06 0.008% 0.007%

EQ2 0.062 0.10 0.014% 0.012%

EQ3 0.094 0.15 0.023% 0.020%

EQ4 0.120 0.19 0.031% 0.026%

7.4 SIMPLIFIED DYNAMIC ANALYSES

An alternative way to calculate the free-field ghefrain ymax, to be
introduced in Wang's formulas, was carried out bye-dimensional
dynamic response analysis by EERA (8 3.3.1). Theticceleration time
history for the analyses was considered equal ¢oréicord taken by the
accelerometer located at the base of the referamag. Therefore, the base
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boundary conditions correspond to those of a varf§ sutcropping
bedrock.

The code EERA performed a frequency domain anal{Basietet al.
2000), modelling an equivalent linear layered subd®oth linear and
linear equivalent analyses were carried out. Thevesuadopted for the
normalised stiffness, @Gy, and the scaled damping,{PDo, are shown
in Fig. 7.4. Figure 7.5 reports the comparison ratqtype scale between
experimental and EERA profiles of both accelerai@md shear strains
with depth. Two experimental profiles are plottede is derived from the
reference array while the other is obtained byftbe-field array. It should
be kept in mind that while the accelerations amgdytrmeasured the
experimental shear strains are indeed derived bg tomputed
displacements obtained by double integration ofiteelerations.

The solid lines plotted on the left side graphsiitelsom linear analyses,
carried out assuming constant profiles for the shsdfness and the
damping ratio. Like in Fig.7.2, the thin and thilbkes correspond to the
two different back-analysis procedures of the d¢trge tests (amplification
curve and stress-strain cycles, respectively)etms of accelerations, the
former approach fits the experimental results beti@n the latter. The
opposite is true for the shear strains. Attemptétamduce a variation of
stiffness with depth (not reported here) did nabdoice any significant
variation of the results of such linear analyses.

In the plots on the left side constant profiles tloe shear stiffness and
the damping ratio were used (thin and thick linestig. 7.2) and linear
analysis was carried out. The plots on the rigti¢ siontains the results of
linear equivalent analysis carried out with thefilgoof Go(z) and (z)
obtained by laboratory tests (dash-dot line in Bjg.

In terms of accelerations both curves fit reasondbé experimental
results, the former case performing slightly bettiean the latter. The
opposite is true for the shear strains. The platshe right side show that
the use of the laboratory results in linear eqemalanalysis is still
satisfactory in terms of accelerations profilex tesult being similar to
those obtained by the latter case of the plotsetirside. On the contrary a
substantial underestimation of the experimentalrstris obtained by using
the laboratory stiffness profiles. It is worthy ntiening that attempts to
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introduce a variation with the depth for the caaealysed in the plots on

the left side did not produce any significant viaoia of the predictions.
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In the same figure, the average of the pseudczstatiies ofymax Shown
in Table 7.1 for EQ2 are also plotted as a condtaatbetween 12m and
18m (tunnel position). Such value overlaps thosemded by EERA linear
equivalent analysis.

7.5 FULL DYNAMIC ANALYSES

Full dynamic linear visco-elastic analyses of tleupmed ground-tunnel
system undergoing shaking were performed by thecé#e Plaxis v8
(Brinkgreve, 2002; § 3.3.2).

Two different profiles of shear stiffness and damgpratio with depth
were used. In the first case (class A predictidm® profiles of G(z) and
D(z) were derived from the last iterations of thB linear equivalent
analysis by EERA (gand y according to the RC tests and the dash-dot
profile in Fig. 2) (Amorosi & Boldini 2007).

In the second case (class C prediction) G and @ wssumed constant
with depth and corresponding to the thin linesion F.2.

The geometry of the centrifuge model was reproduogdhe finite
element mesh shown in Figure 7.6 (test T3). The wentical boundaries
were linked by rigidnode-to-nodeanchors, forcing them to have identical
horizontal displacements. The input signal of theeteration was applied
to the base. The analyses were carried out at nswddt, considering an
increment of the gravity acceleration until 80g.eThoil damping was
modelled through a Rayleigh formulation using deulbequency approach
(Park & Hashash 2004).

Two different profiles of shear stiffness and damgpratio with depth
were used. In the first case, following AmorosiB®ldini (2007), the
profiles of G(z) and D(z) were derived from thetldsrations of the 1D
linear equivalent analysis by EERA, with GO and iD®oduced according
to the RC tests and the dash-dot profile in Fig. This corresponds to a
truly blind (class A) prediction. In the second eatass C prediction, the
vertical profiles of G and D were assumed constaith depth, and
corresponding to the values back-analysed from #xperimental
amplification curve (thin solid lines in Fig. 7.2).
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Figure 7.6. Finite element mesh (test T3)

The comparison between the predicted profilea.@f andymax by EERA
and Plaxis are shown in Fig. 7.7. The profiles cota@ by Plaxis along the
reference vertical alignment overlap those computgdEERA in 1D
conditions using the laboratory results. The dédfexe computed by Plaxis
between the free field alignment and vertical lipassing trough the
centreline of the tunnel are practically negligiblée use in Plaxis code of
the stiffness derived by experimental amplificatmoduce little difference
in terms of accelerations while significant diffeces arise in terms of
shear strains.
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The finite element analyses allowed the incremehtsending moment
M and hoop forces N to be computed along the tuhnielg as shown in
Figure 7.8 for the earthquake EQ2 of the model T3.

In the same figure the corresponding measured sadwe shown for
comparison together with the values obtained by strightforward
application of Wang’'s formulas using both the expental shear strains
(class C prediction) and their pseudo-static estongclass A prediction).

The increments of hoop forces and bending momaitulated by the
full dynamic analysis based on the stiffness dedune the experimental
amplifications are in substantial agreement with theasured values. The
use of the stiffness deduced by the laboratorysteause the bending
moments to be underestimated and hoop forces ewdrestimated.

7.6 CONCLUSIONS

The time histories of both bending moment and Hooges revealed that
significant residual forces accumulated in thenigniduring the seismic
events, presumably due to soil densification. Agpessive accumulation of
surface settlement was measured at the same timbebylisplacement
transducers.

Such behaviour cannot be predicted by the usuakdidorm solutions
adopted in design (i.,e. Wang et al. 1993; Pen&éWu 1998; Penzien
2000) as they assume reversible behaviour for 3tierefore, in these
simplified analyses only the reversible part oftbbending moments and
hoop forces was considered.

The experimental results were compared to the giiedi of simplified
design methods suggested by the national and Eamogedes and to those
of full dynamic numerical simulations, based on Hu#l characterisation
provided by a separate campaign of laboratory t@stthe used Leighton
Buzzard sand. In addition, the soil parameters viaek-figured directly
from the results of the centrifuge tests.

The two classes of prediction (class A from theofabory soill
characterisation, class C from the interpretatibrihe centrifuge results)
were compared each other in terms of profiles okimam acceleration
anax Maximum shear straipnax and maximum values of internal forces.
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The comparison highlighted that, while the accdienavalues are hardly
affected by the soil characterisation and the niwrakmodelling, the
prediction of the shear strains and, accordinghg internal forces are
significantly conditioned from the assumption ofreiable small strain
stiffness profile.

In the future the performed tests should be baeiyard in order to
consider also the residual value of the internedds due to a densification
of the medium during the tests. A more complex nitenodel should be
implemented in a full dynamic analyses, in ordecaosider the effect of
the earthquakes on the static internal forces obdeat the end of the
motion. This model should be accounted for nonediity and coupling
between shear and volumetric straining.
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Conclusions

FINAL CONSIDERATIONS

The thesis was addressed to calibrate design pioeedf tunnels under
seismic loads. The motivation of the research Vii@sabservation of the
damage suffered by the tunnels under strong eaakegu mainly consisting
of extended cracking and collapse of the liningtises. The most
significant example was the wide cracking occurirethe tunnel sections
of the Kobe Metro during the catastrophic eventha 1995 (Yoshida,
1999). On the other hand, in the traditional pragtithe importance of an
accurate seismic design of the tunnels was oftelenastimated, because of
the lower vulnerability of the underground struetucompared to the
aboveground structures.

The simplest design method consists of quasi-séattysis; indeed, this
should be considered a kinematic approach, sinees#ismic action is
taken equivalent to a shear strain assigned attuhael depth. Such
assumption is supported by field observations ssigyg that the damage
of the tunnel under seismic loads was strongly ugriced by the
deformation of the surrounding ground (Okamatb al. 1973). The
simplified methods adopt analytical closed-form reggions to calculate
the seismic increments of internal forces, usinghpat data the maximum
shear strain in the subsoil evaluated in free-fegldditions by pseudo-static
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or dynamic one-dimensional site response analyganf 1993, Penzien &
Wu 1998, Penzien 2000). This assumption correspémdsn uncoupled
approach, neglecting the kinematical interactioouogng between the soil
and the structure.

Full dynamic methods involve the use of 2D FEM BiMFcodes, which
simulate both wave propagation and dynamic intemacbetween the
tunnel and the soil. The predictions of these nisaklinstruments are
expected to act as a benchmark in order to cheekvdiidity of the
simplified design methods.

In this work, full dynamic analyses were performesing the finite
element code Plaxis 8.0 (Brinkgreve 2002), whictegrates the motion
equations in the time domain. The correct use efsibftware required the
calibration of the subsoil model, including the émsions (H x L) of the
calculation domain, the size of the mesh and tleéofa for the material
damping.

To validate all the input settings, the resultstioé Plaxis dynamic
analyses in free-field conditions were comparedhwoehe-dimensional
analyses, carried out by the EERA code (Baetletl. 2000), with identical
input motions and soil properties. The best agre¢meas reached for a
very extended FE domain (L=16H), showing that taeerbl boundaries,
modelled as viscous dampers, had a strong influendke results.

To account for soil non-linearity, a two-stage c#dtion procedure was
used (Amorosi & Boldini 2007), consisting of thesextion of:

- preliminary 1D linear equivalent visco-elastic aisals performed by
EERA, accounting for the degradation of initial ahstiffness and
damping ratio with the shear strain level;

- subsequent 2D linear visco-elastic analyses byiflasing as input
parameters the mobilised values of shear stiffa@ssdamping ratio
computed as above.

The above procedures were preliminary calibratecacset of virtual
subsoil profiles representative of the classes ,H) Gpecified by Eurocode
8 and the National Technical Code. The profilethefshear wave velocity
were typical of a medium dense gravel (class Bpetium dense sand
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(class C) and a soft clay (class D). The input anstiwere selected from a
database of Italian seismic records among thogaipgrg to strong-motion
earthquakes, with peak ground acceleration higieer 0.3g.

The results of the full dynamic analyses confirnieak the distribution
of the peak dynamic increments of internal forcath whe anomalyd
exhibited maximum bending moments and hoop force=arv4+nr
(n=0,1,2,3). The results of the full dynamic anek/svere compared to
those of simplified pseudo-static and dynamic upbted approaches. The
analytical closed-form solutions to evaluate themae internal forces were
seen to overestimate the maximum values of hoope$oand bending
moments, which resulted higher for the pseudoesewaluation of shear
strains. In other words, the comparison showedetfext of the kinematic
interaction on the calculation of the internal &8¢ since the presence of
the tunnel usually reduces the free-field straiitss reduction is simulated
by full dynamic analyses, but neglected when usiregsimplified (pseudo-
static and dynamic) uncoupled design approaches.

A set of centrifuge tests on physical models dfalew tunnel deployed
in a sand layer was planned in the framework of bgearch project
ReLUIS. The usefulness of the small scale experisnderives from the
lack of instrumented test sites or well-documentade histories with
records of the seismic motion and tunnel liningcés. Therefore, the
centrifuge tests were carried out to provide ‘snd case histories’
allowing to calibrate simplified to advanced numoalianalyses of the
behaviour of tunnels under seismic conditions.

A research agreement between the ReLUIS consortaumd the
Cambridge University (CUTS) was addressed to perftine centrifuge
tests at the Schofield Centre laboratory, equippeth geotechnical
centrifuges to run dynamic tests.

The tests were addressed to simulate the planii diedaviour of a
tunnel section in a dry sand deposit built in aifen box (500x250x300
mm°). The actual sequence of a tunnel constructiorgs® could not be
physically modelled, but the procedures to crebte dentrifuge models
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were specified in order to include them in the ntica¢ models of the
experiments.

Since soil stiffness and strength are strongly ddpet on the
overburden stress, a realistic reproduction ofithsitu state is needed to
correctly evaluate the dynamic interaction betwé®n structure and the
surrounding ground. The reason why centrifuge motdting was
preferred to shaking table testing was that thdirgcdactor, N, between
model and prototype (equal to the centrifuge acatt: level) allows to
reproduce the same mechanical properties of asussloil.

In order to define the centrifuge testing programanset of full dynamic
analyses was preliminarily performed. The inputiord were sinusoidal
time histories of accelerations, simulating the aiyiic load shape fired in
the centrifuge tests. The signals had constant iardpl and variable
frequency. The soil profile was assumed as tym€a medium dense sand
subsoil and the lining thickness was varied. Thaulte showed that the
soil/structure stiffness ratio had a great inflieeioo the dynamic response
of the tunnel. Therefore, a specific stiffness aattorresponding to a
particular value of the lining thickness, reprodutee free-field conditions,
dividing the range of lining thickness into two s$@s: rigid and flexible.

The centrifuge programme included four physical eledin which both
the soil density and the tunnel cov&) (were varied. The models were
prepared with dry sand (Leighton Buzzard), pouretiva different values
of relative density,), and spinned up td = 80 g and 40g. Table 1 shows
the centrifuge testing programme.

Table 1: Centrifuge tunnel tests

model D C D, N
[mm] | [mm]
T1 075% 80-40
T2 75 75 40% 80-40
T3 75 150 | [075% 80-40
T4 75 150 | [40% 80-40

The tunnel lining model was an aluminium tube hgvam external
diameterD = 75mm and a thicknes$s= 0.5mm. This is equivalent to a very
flexible concrete lining (0.06m) with a diameter &0 (N=40) to 6.0 m
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(N=80). Such a small dimension for the lining watested to rely upon a
better resolution of the measurement of the seismaid increments during
the dynamic step.

The models were instrumented using acceleromedtesn gauges and
displacement transducers (LVDT). The accelerometere placed both in
the sand and on the walls of the laminar box, ideorto record the
acceleration time histories at significant locasionThe tube was
instrumented with pairs of strain gauges, in orttermeasure bending
moments (BM) and hoop stresses (HS) at 4 locatadosg 2 transverse
sections. The main instrumented section was locat¢de mid-span of the
tube, and a second section at 50mm aside. Thecsulfaplacement during
the whole test duration was measured by a coupldinefr variable
differential transformers (LVDTS).

All the instruments were carefully calibrated, espky the strain
gauges, which were subjected to different loadiexges in order to obtain
reliable values of the calibration factors. To dabtdne different degree of
density desired, the sand was poured manuallyheriadose models (T2,
T4) and automatically for the dense models (T1, T3)

The instrumental recordings, taken both in the gwip and in the
dynamic phase, provided a clear interpretation h&f test results. The
swing-up data were obtained both from monitor negsliand recordings
sampled at 4Hz; the dynamic data, instead, werepleaimat 4000Hz,
according to the scaling factors of the dynamit ¢esry short duration and
high frequency).

The LVDT readings were available only for threetge3'1, T3 and T4,
because in the test T2, which was the first on¢hef sequence, all the
acquisition channels were used for the strain gaugeordings. The
LVDTs measurements show the settlement of the maagdhce in all the
tests, both in the swing up and dynamic phase. lbbse sand models
exhibited displacements about twice larger (6.5tmah those of the dense
sand models (3.2cm). The swing-up settlements wareaverage, about
equal the displacement increment measured in thandiz phase.
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In all the sand-tunnel models, three soil colummseninstrumented by
at least three accelerometers each: the first aolwas instrumented along
the vertical passing through the tunnel akise); the second column was
located at 125mm from the central vertidaéé-field; the third column of
accelerometers was placed along the external wathe® laminar box
(referencé. Hence, the lowest reference sensor, locatecherbase-plate,
was supposed to measure the input motion from Aié &ctuator.

The accelerometers measured time histories of pssndsoidal
motions, being the peak acceleration amplitude cwistant and non-
symmetric around the time axis. The actual frequesantent was larger
compared to the nominal frequency, but this was aibtibutable to
annoying effects. For this reason, the acquiredatggwere centred and
filtered in a large band-pass frequency range 30124Hz at prototype
scale).

The verticals instrumented with horizontal acceteeters showed the
amplification of the peak ground acceleration fritnv@ base to the top of the
sand layers. The amplification was generally lod.%3, especially for the
internal alignments. The tunnel in the model deteeth the reduction of
the acceleration along the free-field column atstracture depth, as well
as the increase of the peak ground acceleratiothéomstrument located at
the bottom of the sand layer under the tunnel.

The variability of the ground motion was represdntesing the
coherence and the transfer functions. The besiditbf the amplification
function between the base and the top accelerometiywed to obtain
average values of the mobilized shear stiffness damdping ratio of the
sand layer. The back-calculated stiffness wasyfaow (around 20MPa)
and, consistently, the damping ratio resulted gahyequite high.

The shear stress-strain cycles were analysed tonoah evaluation of
the equivalent shear stiffness layer by layer. different values computed
in this way resulted as low as 1-2MPa, and on tieeage of the order of 10
MPa, about one half the overall shear stiffnesk{zatculated from the
amplification functions.
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The strain gauge arrangements gave a direct measot®f the internal
forces in the lining. Generally, the experimentacards relative to
corresponding positions in the two different sewioexhibited similar
trend. In every case, the final value was differeomn the initial reading,
and the record showed oscillation during the dycaphiase. As observed
also from the LVDT measurements, during the modeksg likely
permanent deformations of the sand occurred. Intnuases, the
earthquakes determined an increase of the intdamaks, for both the
bending moment and the hoop forces.

As in the swing up phase, the seismic incrementsebending moment
in the top positions were higher than the corredpanin the bottom side,
which were negative, but close to zero. Thereftrappears that the final
non-zero internal forces resulted from plasticising during the dynamic
phase, which caused, especially close to the twsurédce, a residual stress
at the end of the earthquake. The maximum measaiee was around 5-
6Nmm/mm, twice larger compared to the static comdlst. The negative
amplitudes resulted around 1-2Nmm/mm.

The hoop forces were generally positive (compregsiexcept some
case of values close to zero. The seismic incremvastmore apparent in
the loose sand test (1-1.2 N/mm), two times laggenpared to the dense
sand models (0.5-0.6N/mm).

To check the experimental data with analytical folations, the
maximum dynamic oscillation of the internal foragere compared to the
predictions of the closed-form expressions by WéL@P3), considering
full slip conditions; the results were consisteegpecially when the
measured shear deformation of the tunnel was Hir@aroduced in the
Wang’s expression.

The experimental results were also compared to piteglictions of
simplified methods and full dynamic numerical siatidns, based on the
soil characterisation provided by a separate cagnpaii laboratory tests on
the Leighton Buzzard sand. In addition, the sollapeeters were back-
figured directly from the results of the centrifugsts.

The two classes of prediction (class A from theotabtory soll
characterisation, class C from the interpretatibrthe centrifuge results)
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were compared each other in terms of profiles @kpacceleration, @
shear strainymax, and internal forces. The comparison showed a good
agreement between the numerical and experimensalltsein terms of
acceleration, for which the Class A and Class Qyaea profiles were quite
similar. On the contrary a substantial underesionabf the experimental
strains is obtained by using the laboratory stggerofiles, which were
agreed with the pseudo-static evaluation. The Clasanalyses gave a
slighter underestimation in terms of maximum shstdfness compared to
the Class A analyses. The increments of hoop fandsbending moments
calculated by the full dynamic analysis based andtiffness deduced by
the experimental amplifications are in substanagkreement with the
measured values; instead The use of the stiffnedgogd by the laboratory
tests cause the bending moments to be underestiraate hoop forces to
be overestimated.

In the future, it is expected that the tests mighinterpreted with higher
detail, to better simulate also the occurrenceesidual internal forces due
to the accumulation of soil plastic straining dgrime earthquake. A more
complex material model should be implemented in thik dynamic
analyses, in order to account for soil non-lingaghd coupling between
shear and volumetric straining.



