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Abstract

Underground facilities are an integral part of the infrastructure of modern society and are used for a wide range of
applications, including subways and railways, highways, material storage, and sewage and water transport. Underground facilities
built in areas subject to earthquake activity must withstand both seismic and static loading. Historically, underground facilities
have experienced a lower rate of damage than surface structures. Nevertheless, some underground structures have experienced
significant damage in recent large earthquakes, including the 1995 Kobe, Japan earthquake, the 1999 Chi-Chi, Taiwan
earthquake and the 1999 Kocaeli, Turkey earthquake. This report presents a summary of the current state of seismic analysis and
design for underground structures. This report describes approaches used by engineers in quantifying the seismic effect on an
underground structure. Deterministic and probabilistic seismic hazard analysis approaches are reviewed. The development of
appropriate ground motion parameters, including peak accelerations and velocities, target response spectra, and ground motion
time histories, is briefly described. In general, seismic design loads for underground structures are characterized in terms of the
deformations and strains imposed on the structure by the surrounding ground, often due to the interaction between the two. In
contrast, surface structures are designed for the inertial forces caused by ground accelerations. The simplest approach is to ignore
the interaction of the underground structure with the surrounding ground. The free-field ground deformations due to a seismic
event are estimated, and the underground structure is designed to accommodate these deformations. This approach is satisfactory
when low levels of shaking are anticipated or the underground facility is in a stiff medium such as rock. Other approaches that
account for the interaction between the structural supports and the surrounding ground are then described. In the pseudo-static
analysis approach, the ground deformations are imposed as a static load and the soil-structure interaction does not include
dynamic or wave propagation effects. In the dynamic analysis approach, a dynamic soil structure interaction is conducted using
numerical analysis tools such as finite element or finite difference methods. The report discusses special design issues, including
the design of tunnel segment joints and joints between tunnels and portal structures. Examples of seismic design used for
underground structures are included in an appendix at the end of the report. � 2001 Elsevier Science Ltd. All rights reserved.
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Preface

This paper was developed as part of the activities of
( )the International Tunnelling Association ITA Working

Group No 2: Research. The paper provides a state-of-
the-art review of the design and analysis of tunnels
subject to earthquake shaking with particular focus on
practice in the United States of America. The Authors
wish to acknowledge the important contribution of
Working Group 2 members including Mr. Yann Leblais,
Animateur, Yoshihiro Hiro Takano, Vice-Animateur,
Barry New, Member, Henk J.C. Oud and Andres Assis,
Tutor and Former Tutor, respectively, as well as the
ITA Executive Council for their review and approval of
this document.

1. Introduction

Underground structures have features that make
their seismic behavior distinct from most surface struc-

Ž .tures, most notably 1 their complete enclosure in soil
Ž . Ž .or rock, and 2 their significant length i.e. tunnels .

The design of underground facilities to withstand
seismic loading thus, has aspects that are very different
from the seismic design of surface structures.

This report focuses on relatively large underground
facilities commonly used in urban areas. This includes
large-diameter tunnels, cut-and-cover structures and

Ž .portal structures Fig. 1 . This report does not discuss
pipelines or sewer lines, nor does it specifically discuss
issues related to deep chambers such as hydropower
plants, nuclear waste repositories, mine chambers, and
protective structures, though many of the design meth-
ods and analyses described are applicable to the design
of these deep chambers.

Large-diameter tunnels are linear underground
structures in which the length is much larger than the
cross-sectional dimension. These structures can be
grouped into three broad categories, each having dis-

Ž .tinct design features and construction methods: 1
Ž .bored or mined tunnels; 2 cut-and-cover tunnels; and

Ž . Ž .3 immersed tube tunnels Power et al., 1996 . These
tunnels are commonly used for metro structures, high-
way tunnels, and large water and sewage transportation
ducts.

Bored or mined tunnels are unique because they are
constructed without significantly affecting the soil or
rock above the excavation. Tunnels excavated using

Ž .tunnel-boring machines TBMs are usually circular;
other tunnels maybe rectangular or horseshoe in shape.
Situations where boring or mining may be preferable to

Ž .cut-and-cover excavation include 1 significant excava-
Ž .tion depths, and 2 the existence of overlying struc-

tures.

Ž .Fig. 1. Cross sections of tunnels after Power et al., 1996 .

Cut-and-cover structures are those in which an open
excavation is made, the structure is constructed, and fill
is placed over the finished structure. This method is
typically used for tunnels with rectangular cross-sec-

Žtions and only for relatively shallow tunnels �15 m of
.overburden . Examples of these structures include sub-

way stations, portal structures and highway tunnels.
Immersed tube tunnels are sometimes employed to

traverse a body of water. This method involves con-
structing sections of the structure in a dry dock, then
moving these sections, sinking them into position and
ballasting or anchoring the tubes in place.

This report is a synthesis of the current state of
knowledge in the area of seismic design and analysis
for underground structures. The report updates the

Ž .work prepared by St. John and Zahrah 1987 , which
appeared in Tunneling Underground Space Technol. The
report focuses on methods of analysis of underground
structures subjected to seismic motion due to
earthquake activity, and provides examples of perfor-
mance and damage to underground structures during
recent major earthquakes. The report describes the
overall philosophy used in the design of underground
structures, and introduces basic concepts of seismic
hazard analysis and methods used in developing design
earthquake motion parameters.

The report describes how ground deformations are
estimated and how they are transmitted to an under-
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ground structure, presenting methods used in the com-
putation of strains, forces and moment in the structure.
The report provides examples of the application of
these methods for underground structures in Los Ange-
les, Boston, and the San Francisco Bay Area.

This report does not cover issues related to static
design, although static design provisions for under-
ground structures often provide sufficient seismic resis-
tance under low levels of ground shaking. The report
does not discuss structural design details and reinforce-
ment requirements in concrete or steel linings for
underground structures. The report briefly describes
issues related to seismic design associated with ground
failure such as liquefaction, slope stability and fault
crossings, but does not provide a thorough treatment of
these subjects. The reader is encouraged to review
other literature on these topics to ensure that relevant
design issues are adequately addressed.

2. Performance of underground facilities during seismic
events

Several studies have documented earthquake da-
Ž .mage to underground facilities. ASCE 1974 describes

the damage in the Los Angeles area as a result of the
Ž .1971 San Fernando Earthquake. JSCE 1988 describes

the performance of several underground structures,
including an immersed tube tunnel during shaking in

Ž . Ž .Japan. Duke and Leeds 1959 , Stevens 1977 , Dowd-
Ž . Ž .ing and Rozen 1978 , Owen and Scholl 1981 , Sharma

Ž . Ž .and Judd 1991 , Power et al. 1998 and Kaneshiro et
Ž .al. 2000 , all present summaries of case histories of

damage to underground facilities. Owen and Scholl
Ž .1981 have updated Dowding and Rozen’s work with

Ž .127 case histories. Sharma and Judd 1991 generated
an extensive database of seismic damage to under-
ground structures using 192 case histories. Power et al.
Ž .1998 provide a further update with 217 case histories.
The following general observations can be made re-
garding the seismic performance of underground struc-
tures:

1. Underground structures suffer appreciably less
damage than surface structures.

2. Reported damage decreases with increasing over-
burden depth. Deep tunnels seem to be safer and
less vulnerable to earthquake shaking than are
shallow tunnels.

3. Underground facilities constructed in soils can be
expected to suffer more damage compared to
openings constructed in competent rock.

4. Lined and grouted tunnels are safer than unlined
tunnels in rock. Shaking damage can be reduced
by stabilizing the ground around the tunnel and

by improving the contact between the lining and
the surrounding ground through grouting.

5. Tunnels are more stable under a symmetric load,
which improves ground-lining interaction. Improv-
ing the tunnel lining by placing thicker and stiffer
sections without stabilizing surrounding poor
ground may result in excess seismic forces in the
lining. Backfilling with non-cyclically mobile mate-
rial and rock-stabilizing measures may improve
the safety and stability of shallow tunnels.

6. Damage may be related to peak ground accelera-
tion and velocity based on the magnitude and
epicentral distance of the affected earthquake.

7. Duration of strong-motion shaking during
earthquakes is of utmost importance because it
may cause fatigue failure and therefore, large
deformations.

8. High frequency motions may explain the local
spalling of rock or concrete along planes of weak-
ness. These frequencies, which rapidly attenuate
with distance, may be expected mainly at small
distances from the causative fault.

9. Ground motion may be amplified upon incidence
with a tunnel if wavelengths are between one and
four times the tunnel diameter.

10. Damage at and near tunnel portals may be sig-
nificant due to slope instability.

The following is a brief discussion of recent case
histories of seismic performance of underground struc-
tures.

2.1. Underground structures in the United States

( )2.1.1. Bay Area rapid transit BART system, San
Francisco, CA, USA

The BART system was one of the first underground
facilities to be designed with considerations for seismic

Ž .loading Kuesel, 1969 . On the San Francisco side, the
system consists of underground stations and tunnels in
fill and soft Bay Mud deposits, and it is connected to
Oakland via the transbay-immersed tube tunnel.

During the 1989 Loma Prieta Earthquake, the BART
facilities sustained no damage and, in fact, operated on
a 24-h basis after the earthquake. This is primarily
because the system was designed under stringent
seismic design considerations. Special seismic joints
Ž .Bickel and Tanner, 1982 were designed to accommo-
date differential movements at ventilation buildings.
The system had been designed to support earth and
water loads while maintaining watertight connections
and not exceeding allowable differential movements.
No damage was observed at these flexible joints, though
it is not exactly known how far the joints moved during

Ž .the earthquake PB, 1991 .
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Ž .Fig. 2. Section sketch of damage to Daikai subway station Iida et al., 1996 .

2.1.2. Alameda Tubes, Oakland-Alameda, CA, USA
The Alameda Tubes are a pair of immersed-tube

tunnels that connect Alameda Island to Oakland in the
San Francisco Bay Area. These were some of the
earliest immersed tube tunnels built in 1927 and 1963
without seismic design considerations. During the Loma
Prieta Earthquake, the ventilation buildings experi-
enced some structural cracking. Limited water leakage
into the tunnels was also observed, as was liquefaction
of loose deposits above the tube at the Alameda portal.
Peak horizontal ground accelerations measured in the

Ž .area ranged between 0.1 and 0.25 g EERI, 1990 . The
tunnels, however, are prone to floatation due to poten-

Žtial liquefaction of the backfill Schmidt and Hashash,
.1998 .

2.1.3. L.A. Metro, Los Angeles, CA, USA
The Los Angeles Metro is being constructed in sev-

eral phases, some of which were operational during the
1994 Northridge Earthquake. The concrete lining of
the bored tunnels remained intact after the earthquake.
While there was damage to water pipelines, highway
bridges and buildings, the earthquake caused no da-
mage to the Metro system. Peak horizontal ground
accelerations measured near the tunnels ranged
between 0.1 and 0.25 g, with vertical ground accelera-

Ž .tions typically two-thirds as large EERI, 1995 .

2.2. Underground structures in Kobe, Japan

The 1995 Hyogoken-Nambu Earthquake caused a
major collapse of the Daikai subway station in Kobe,

Ž .Japan Nakamura et al., 1996 . The station design in
1962 did not include specific seismic provisions. It
represents the first modern underground structure to
fail during a seismic event. Fig. 2 shows the collapse
experienced by the center columns of the station, which
was accompanied by the collapse of the ceiling slab and
the settlement of the soil cover by more than 2.5 m.

During the earthquake, transverse walls at the ends

of the station and at areas where the station changed
width acted as shear walls in resisting collapse of the

Ž .structure Iida et al., 1996 . These walls suffered sig-
nificant cracking, but the interior columns in these
regions did not suffer as much damage under the
horizontal shaking. In regions with no transverse walls,
collapse of the center columns caused the ceiling slab
to kink and cracks 150�250-mm wide appeared in the
longitudinal direction. There was also significant sepa-
ration at some construction joints, and corresponding
water leakage through cracks. Few cracks, if any, were
observed in the base slab.

Center columns that were designed with very light
Ž .transverse shear reinforcement relative to the main

Ž .bending reinforcement suffered damage ranging from
cracking to complete collapse. Center columns with
zigzag reinforcement in addition to the hoop steel, as in
Fig. 3, did not buckle as much as those without this
reinforcement.

Ž .According to Iida et al. 1996 , it is likely that the
relative displacement between the base and ceiling
levels due to subsoil movement created the destructive

ŽFig. 3. Reinforcing steel arrangement in center columns Iida et al.,
.1996 .
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horizontal force. This type of movement may have
minor effect in a small structure, but in a large one
such as a subway station it can be significant. The
non-linear behavior of the subsoil profile may also be
significant. It is further hypothesized that the thickness
of the overburden soil affected the extent of damage
between sections of the station by adding inertial force
to the structure. Others attribute the failure to high
levels of vertical acceleration.

Ž .EQE 1995 made further observations about Daikai
Station: ‘Excessive deflection of the roof slab would

Ž .normally be resisted by: 1 diaphragm action of the
Ž .slab, supported by the end walls of the station; and 2

passive earth pressure of the surrounding soils,
mobilized as the tube racks. Diaphragm action was less
than anticipated, however, due to the length of the

Žstation. The method of construction cut-and-cover,
involving a sheet pile wall supported excavation with
narrow clearance between the sheet pile wall and the

.tube wall made compaction of backfill difficult to
impossible, resulting in the tube’s inability to mobilize
passive earth pressures. In effect, the tube behaved
almost as a freestanding structure with little or no extra
support from passive earth pressure.’ However, it is not
certain that good compaction would have prevented the
structural failure of the column. Shear failure of sup-
porting columns caused similar damage to the Shinkan-

Ž .sen Tunnel through Rokko Mountain NCEER, 1995 .
Several key elements may have helped in limiting the

damage to the station structure and possibly prevented
complete collapse. Transverse walls at the ends of the
station and at areas where the station changed width
provided resistance to dynamic forces in the horizontal
direction. Center columns with relatively heavy trans-

Ž .verse shear reinforcement suffered less damage and
helped to maintain the integrity of the structure. The

Fig. 4. Slope Failure at Tunnel Portal, Chi-Chi Earthquake, Central
Taiwan.

Fig. 5. Bolu Tunnel, re-mining of Bench Pilot Tunnels, showing
Žtypical floor heave and buckled steel rib and shotcrete shell Menkiti,

.2001 .

fact that the structure was underground instead of
being a surface structure may have reduced the amount
of related damage.

Ž .A number of large diameter 2.0�2.4 m concrete
sewer pipes suffered longitudinal cracking during the
Kobe Earthquake, indicating racking and�or compres-

Ž .sive failures in the cross-sections Tohda, 1996 . These
cracks were observed in pipelines constructed by both

Žthe jacking method and open-excavation cut-and-
.cover methods. Once cracked, the pipes behaved as

four-hinged arches and allowed significant water leak-
age.

2.3. Underground structures in Taiwan

Several highway tunnels were located within the zone
heavily affected by the September 21, 1999 Chi Chi

Ž .earthquake M 7.3 in central Taiwan. These areL
large horseshoe shaped tunnels in rock. All the tunnels
inspected by the first author were intact without any
visible signs of damage. The main damage occurred at
tunnel portals because of slope instability as illustrated
in Fig. 4. Minor cracking and spalling was observed in
some tunnel lining. One tunnel passing through the
Chelungpu fault was shut down because of a 4-m fault

Ž .movement Ueng et al., 2001 . No damage was reported
in the Taipei subway, which is located over 100 km
from the ruptured fault zone.

2.4. Bolu Tunnel, Turkey

The twin tunnels are part of a 1.5 billion dollar
project that aims at improving transportation in the
mountainous terrain to the west of Bolu between Istan-

Ž .bul and Ankara http:��geoinfo.usc.edu�gees . Each
tunnel was constructed using the New Austrian Tunnel-

Ž .ing Method NATM where continuous monitoring of
primary liner convergence is performed and support
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elements are added until a stable system is established.
The tunnel has an excavated arch section 15 m tall by
16 m wide. Construction has been unusually challeng-
ing because the alignment crosses several minor faults
parallel to the North Anatolian Fault. The August 17,
1999 Koceali earthquake was reported to have had
minimal impact on the Bolu tunnel. The closure rate of
one monitoring station was reported to have temporar-
ily increased for a period of approximately 1 week, then
became stable again. Additionally, several hairline
cracks, which had previously been observed in the final
lining, were being continuously monitored for additio-
nal movement and showed no movement due to the
earthquake. The November 12, 1999 earthquake caused
the collapse of both tunnels 300 m from their eastern
portal. At the time of the earthquake, a 800-m section
had been excavated, and a 300-m section of unrein-
forced concrete lining had been completed. The col-
lapse took place in clay gauge material in the unfin-
ished section of the tunnel. The section was covered

Ž .with shotcrete sprayed concrete and had bolt anchors.
Fig. 5 shows a section of the collapsed tunnel after it
has been re-excavated. Several mechanisms have been
proposed for explaining the collapse of the tunnel.
These mechanisms include strong ground motion, dis-
placement across the gauge material, and landslide.

Ž .O’Rourke et al. 2001 present a detailed description of
the tunnel performance.

2.5. Summary of seismic performance of underground
structures

The Daikai subway station collapse was the first
collapse of an urban underground structure due to
earthquake forces, rather than ground instability. Un-
derground structures in the US have experienced
limited damage during the Loma Prieta and Northridge
earthquakes, but the shaking levels have been much
lower than the maximum anticipated events. Greater
levels of damage can be expected during these maxi-
mum events. Station collapse and anticipated strong
motions in major US urban areas raise great concerns
regarding the performance of underground structures.
It is therefore necessary to explicitly account for seismic
loading in the design of underground structures.

The data show that in general, damage to tunnels is
greatly reduced with increased overburden, and da-
mage is greater in soils than in competent rock. Da-

Ž .mage to pipelines buckling, flotation was greater than
to rail or highway tunnels in both Kobe and Northridge.
The major reason for this difference seems to have
been the greater thickness of the lining of transporta-
tion tunnels. Experience has further shown that cut-
and-cover tunnels are more vulnerable to earthquake
damage than are circular bored tunnels.

3. Engineering approach to seismic analysis and design

Earthquake effects on underground structures can
Ž .be grouped into two categories: 1 ground shaking;

Ž .and 2 ground failure such as liquefaction, fault dis-
placement, and slope instability. Ground shaking, which
is the primary focus of this report, refers to the defor-
mation of the ground produced by seismic waves propa-
gating through the earth’s crust. The major factors

Ž .influencing shaking damage include: 1 the shape,
Ž .dimensions and depth of the structure; 2 the proper-

Ž .ties of the surrounding soil or rock; 3 the properties
Ž .of the structure; and 4 the severity of the ground

Žshaking Dowding and Rozen, 1978; St. John and
.Zahrah, 1987 .

Seismic design of underground structures is unique
in several ways. For most underground structures, the
inertia of the surrounding soil is large relative to the
inertia of the structure. Measurements made by Oka-

Ž .moto et al. 1973 of the seismic response of an
immersed tube tunnel during several earthquakes show
that the response of a tunnel is dominated by the
surrounding ground response and not the inertial
properties of the tunnel structure itself. The focus of
underground seismic design, therefore, is on the free-
field deformation of the ground and its interaction with
the structure. The emphasis on displacement is in stark
contrast to the design of surface structures, which
focuses on inertial effects of the structure itself. This
led to the development of design methods such as the
Seismic Deformation Method that explicitly considers
the seismic deformation of the ground. For example,

Ž .Kawashima, 1999 presents a review on the seismic
behavior and design of underground structures in soft
ground with an emphasis on the development of the
Seismic Deformation Method.

The behavior of a tunnel is sometimes approximated
to that of an elastic beam subject to deformations
imposed by the surrounding ground. Three types of

Ž .deformations Owen and Scholl, 1981 express the re-
sponse of underground structures to seismic motions:
Ž . Ž . Ž .1 axial compression and extension Fig. 6a,b ; 2

Ž . Ž .longitudinal bending Fig. 6c,d ; and 3 ovaling�rack-
Ž .ing Fig. 6e,f . Axial deformations in tunnels are gener-

ated by the components of seismic waves that produce
motions parallel to the axis of the tunnel and cause
alternating compression and tension. Bending deforma-
tions are caused by the components of seismic waves
producing particle motions perpendicular to the longi-
tudinal axis. Design considerations for axial and bend-
ing deformations are generally in the direction along

Ž .the tunnel axis Wang, 1993 .
Ovaling or racking deformations in a tunnel struc-

ture develop when shear waves propagate normal or
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Ž .Fig. 6. Deformation modes of tunnels due to seismic waves after Owen and Scholl, 1981 .

nearly normal to the tunnel axis, resulting in a distor-
tion of the cross-sectional shape of the tunnel lining.
Design considerations for this type of deformation are
in the transverse direction. The general behavior of the
lining may be simulated as a buried structure subject to
ground deformations under a two-dimensional plane-
strain condition.

Diagonally propagating waves subject different parts
Žof the structure to out-of-phase displacements Fig.

.6d , resulting in a longitudinal compression�rarefac-
tion wave traveling along the structure. In general,
larger displacement amplitudes are associated with
longer wavelengths, while maximum curvatures are
produced by shorter wavelengths with relatively small

Ž .displacement amplitudes Kuesel, 1969 .
The assessment of underground structure seismic

response, therefore, requires an understanding of the
anticipated ground shaking as well as an evaluation of

the response of the ground and the structure to such
shaking. Table 1 summarizes a systematic approach for
evaluating the seismic response of underground struc-
tures. This approach consists of three major steps:

1. Definition of the seismic environment and develop-
ment of the seismic parameters for analysis.

2. Evaluation of ground response to shaking, which
includes ground failure and ground deformations.

3. Assessment of structure behavior due to seismic
Ž .shaking including a development of seismic de-

Ž .sign loading criteria, b underground structure re-
Ž .sponse to ground deformations, and c special

seismic design issues.

Steps 1 and 2 are described in Sections 4 and 5,
respectively. Sections 6�8 provide the details of Steps
3a, 3b and 3c.
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Ž .Fig. 7. Deterministic seismic hazard analysis procedure after Reiter, 1990 .

4. Definition of seismic environment

The goal of earthquake-resistant design for under-
ground structures is to develop a facility that can
withstand a given level of seismic motion with damage
not exceeding a pre-defined acceptable level. The de-
sign level of shaking is typically defined by a design
ground motion, which is characterized by the ampli-
tudes and characteristics of expected ground motions

Ž .and their expected return frequency Kramer, 1996 . A
seismic hazard analysis is used to define the level of

Ž .shaking and the design earthquake s for an under-
ground facility.

A seismic hazard analysis typically characterizes the
potential for strong ground motions by examining the
extent of active faulting in a region, the potential for
fault motion, and the frequency with which the faults
release stored energy. This examination may be dif-

Ž .ficult in some regions e.g. Eastern USA where fault-
ing is not readily detectable. There are two methods of

Ž .analysis: a the deterministic seismic hazard analysis
Ž . Ž .DSHA ; and b the probabilistic seismic hazard analy-

Ž .sis PSHA . A deterministic seismic hazard analysis
develops one or more earthquake motions for a site,
for which the designers then design and evaluate the
underground structure. The more recent probabilistic
seismic hazard analysis, which explicitly quantifies the
uncertainties in the analysis, develops a range of ex-
pected ground motions and their probabilities of occur-
rence. These probabilities can then be used to de-
termine the level of seismic protection in a design.

( )4.1. Deterministic seismic hazard analysis DSHA

A deterministic seismic hazard analysis involves the
development of a particular seismic scenario to sum-

marize the ground motion hazard at a site. This sce-
nario requires the ‘postulated occurrence’ of a particu-
lar size of earthquake at a particular location. Reiter
Ž . Ž1990 outlined the following four-step process see Fig.
.7 :

1. Identification and characterization of all earth-
quake sources capable of producing significant
ground motion at the site, including definition of
the geometry and earthquake potential of each.
The most obvious feature delineating a seismic
zone is typically the presence of faulting. Reiter
Ž .1990 generated a comprehensive list of features
that may suggest faulting in a given region. How-
ever, the mere presence of a fault does not neces-
sarily signify a potential earthquake hazard � the
fault must be active to present a risk. There has
been considerable disagreement over the criteria
for declaring a fault active or inactive. Rather than
using the term ‘active’, the US Nuclear Regulatory

Ž .Commission Code of Federal Regulations, 1978
coined the term capable fault to indicate a fault
that has shown activity within the past
35 000�500 000 years. For non-nuclear civil infras-
tructure, shorter timeframes would be used.

2. Selection of a source-to-site distance parameter for
each source, typically the shortest epicentral�hypo-
central distance or the distance to the closest rup-
tured portion of the fault. Closest distance to rup-
tured fault is more meaningful than epicentral dis-
tance especially for large earthquakes where the
ruptured fault extends over distances exceeding 50
km.

Ž3. Selection of a controlling earthquake i.e. that
which produces the strongest shaking level at the

.site , generally expressed in terms of a ground
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motion parameter at the site. Attenuation relation-
ships are typically used to determine these site-
specific parameters from data recorded at nearby
locations. Several studies have attempted to corre-
late earthquake magnitudes, most commonly mo-
ment magnitudes, with observed fault deformation
characteristics, such as rupture length and area,
and have found a strong correlation. However, the
unavailability of fault displacement measurements
over the entire rupture surface severely limits our
ability to measure these characteristics. Instead,
researchers have tried to correlate the maximum
surface displacement with magnitude � to varying
results. Empirically based relationships, such as

Ž .those developed by Wells and Coppersmith 1994 ,
can be utilized to estimate these correlations. An-
other, more basic way to evaluate the potential for
seismic activity in a region is through examination
of historical records. These records allow engineers
to outline and track active faults and their release
of seismic potential energy. The evaluation of fore-
and aftershocks can also help delineate seismic

Ž .zones Kramer, 1996 . In addition to the examina-
tion of historical records, a study of geologic record
of past seismic activities called paleo-seismology
can be used to evaluate the occurrence and size of

Žearthquakes in the region. Geomorphic surface
.landform and trench studies may reveal the num-

ber of past seismic events, slip per event, and
timing of the events at a specific fault. In some

Ž14 .cases, radiocarbon C dating of carbonized roots,
animal bone fossils or soil horizons near the fea-
tures of paleoseismic evidence can be utilized to
approximate ages of the events.

4. Formal definition of the seismic hazard at the site
in terms of the peak acceleration, velocity and

displacement, response spectrum ordinates, and
ground motion time history of the maximum credi-
ble earthquake. Design fault displacements should
also be defined, if applicable.

A DSHA provides a straightforward framework for
the evaluation of worst-case scenarios at a site. How-
ever, it provides no information about the likelihood or
frequency of occurrence of the controlling earthquake.
If such information is required, a probabilistic ap-
proach must be undertaken to better quantify the
seismic hazard.

( )4.2. Probabilistic seismic hazard analysis PSHA

A probabilistic seismic hazard analysis provides a
framework in which uncertainties in the size, location,
and recurrence rate of earthquakes can be identified,
quantified, and combined in a rational manner. Such
an analysis provides designers with a more complete
description of the seismic hazard at a site, where varia-
tions in ground motion characteristics can be explicitly
considered. For this type of analysis, future earthquake
events are assumed spatially and temporally indepen-

Ž .dent. Reiter 1990 outlined the four major steps in-
Ž .volved in PSHA see Fig. 8 :

1. Identification and characterization of earthquake
sources, including the probability distribution of
potential rupture locations within the source zone.
These distributions are then combined with the
source geometry to obtain the probability distribu-
tion of source-to-site distances. In many regions
throughout the world, including the USA, specific
active fault zones often cannot be identified. In

Ž .Fig. 8. Probabilistic seismic hazard analysis procedure after Reiter, 1990 .
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these cases, seismic history and geological con-
siderations become critical for hazard analyses.

2. Characterization of the seismicity or temporal dis-
tribution of earthquake recurrence. Information
obtained from historical data and paleoseismologi-
cal studies can help to develop a recurrence rela-
tionship that describes the average rate at which an
earthquake of certain size will be exceeded.

3. Determination of the ground motion produced at
the site by any size earthquake occurring at any
source zone using attenuation relationships. The
uncertainty inherent in the predictive relationship
is also considered.

4. Combination of these uncertainties to obtain the
probability that a given ground motion parameter
will be exceeded during a given time period.

The probabilistic approach incorporates the uncer-
tainties in source-to-site distance, magnitude, rate of
recurrence and the variation of ground motion charac-
teristics into the analyses. In areas where no active
faults can be readily identified it may be necessary to
rely on a purely statistical analysis of historic
earthquakes in the region. The details of this proce-
dure are beyond the scope of this report.

4.3. Design earthquakes criteria

Once the seismic hazard at the site is characterized,
the level of design earthquake or seismicity has to be
defined. For example, in PSHA, the designer must
select the probability of exceedance for the sets of
ground motion parameters. Current seismic design phi-

Žlosophy for many critical facilities requires dual two-
.level design criteria, with a higher design level

earthquake aimed at life safety and a lower design level
earthquake intended for economic risk exposure. The
two design levels are commonly defined as ‘maximum

Ž .design earthquake’ or ‘safety evaluation earthquake’
Žand ‘operational design earthquake’ or ‘function eval-

.uation earthquake’ , and have been employed in many
recent transportation tunnel projects, including the Los
Angeles Metro, Taipei Metro, Seattle Metro, and Bos-
ton Central Artery�Third Harbor Tunnels.

4.3.1. Maximum Design Earthquake
Ž .The Maximum Design Earthquake MDE is defined

in a DSHA as the maximum level of shaking that can
be experienced at the site. In a PSHA, the MDE is
defined as an event with a small probability of ex-

Ž .ceedance during the life of the facility e.g. 3�5% . The
MDE design goal is that public safety shall be main-
tained during and after the design event, meaning that
the required structural capacity under an MDE loading
must consider the worst-case combination of live, dead,

Žand earthquake loads. Recently, some owners e.g. San

.Francisco BART have begun requiring their facilities,
identified as lifelines, to remain operational after MDE
level shaking.

4.3.2. Operating Design Earthquake
Ž .The Operating Design Earthquake ODE is an

earthquake event that can be reasonably expected to
occur at least once during the design life of the facility
Že.g. an event with probability of exceedence between

.40 and 50% . In an ODE analysis, the seismic design
loading depends on the structural performance re-
quirements of the structural members. Since the ODE
design goal is that the overall system shall continue
operating during and after an ODE and experience
little or no damage, inelastic deformations must be
kept to a minimum. The response of the underground
facility should therefore remain within the elastic range.

4.4. Ground motion parameters

Once an MDE or ODE is defined, sets of ground
motion parameters are required to characterize the
design events. The choice of these parameters is re-
lated to the type of analysis method used in design. At
a particular point in the ground or on a structure,
ground motions can be described by three translational
components and three rotational components, though
rotational components are typically ignored. A ground
motion component is characterized by a time history of
acceleration, velocity or displacement with three sig-
nificant parameters: amplitude; frequency content; and
duration of strong ground motion.

4.4.1. Acceleration, �elocity, and displacement amplitudes
Maximum values of ground motion such as peak

ground acceleration, velocity and displacement are
commonly used in defining the MDE and ODE devel-
oped through seismic hazard analysis. However, experi-
ence has shown that effective, rather than peak, ground
motion parameters tend to be better indicators of
structural response, as they are more representative of
the damage potential of a given ground motion. This is
especially true for large earthquakes. The effective
value is sometimes defined as the sustained level of
shaking, and computed as the third or fifth highest

Ž .value of the parameter Nuttli, 1979 . Earthquake da-
mage to underground structures has also proven to be
better correlated with particle velocity and displace-
ment than acceleration. Attenuation relationships are
generally available for estimating peak ground surface
accelerations, but are also available for estimating peak
velocities and displacements. Tables 2 and 3 can be
used to relate the known peak ground acceleration to
estimates of peak ground velocity and displacement,
respectively, in the absence of site-specific data.
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Table 2
Ratios of peak ground velocity to peak ground acceleration at surface

Ž .in rock and soil after Power et al., 1996

Ž .Ratio of peak ground velocity cm�sMoment
Ž .to peak ground acceleration gmagnitude

Ž .M Ž .Source-to-site distance kmw

0�20 20�50 50�100

aRock
6.5 66 76 86
7.5 97 109 97
8.5 127 140 152

aStiff soil
6.5 94 102 109
7.5 140 127 155
8.5 180 188 193

aSoft soil
6.5 140 132 142
7.5 208 165 201
8.5 269 244 251

a In this table, the sediment types represent the following shear
wave velocity ranges: rock �750 m�s; stiff soil is 200�750 m�s; and
soft soil �200 m�s. The relationship between peak ground velocity
and peak ground acceleration is less certain in soft soils.

4.4.2. Target response spectra and motion time history
The most common way to express the parameters of

a design ground motion is through acceleration re-
sponse spectra, which represents the response of a
damped single degree of freedom system to ground
motion. Once a target response spectrum has been

Table 3
Ratios of peak ground displacement to peak ground acceleration at

Ž .surface in rock and soil after Power et al., 1996

Ž .Ratio of peak ground displacement cmMoment
Ž .to peak ground acceleration gmagnitude

Ž .M Ž .Source-to-site distance kmw

0�20 20�50 50�100

aRock
6.5 18 23 30
7.5 43 56 69
8.5 81 99 119

aStiff soil
6.5 35 41 48
7.5 89 99 112
8.5 165 178 191

aSoft soil
6.5 71 74 76
7.5 178 178 178
8.5 330 320 305

a In this table, the sediment types represent the following shear
wave velocity ranges: rock �750 m�s; stiff soil is 200�750 m�s; and
soft soil �200 m�s. The relationship between peak ground velocity
and peak ground acceleration is less certain in soft soils.

chosen, one or more ground motion time histories may
be developed that match the design response spectra.
These time histories can be either synthetic or based
on actual recordings of earthquakes with similar char-
acteristics.

While the response spectrum is a useful tool for the
Ž .designer, it should not be used if 1 the soil-structure

Ž .system response is highly non-linear, or 2 the struc-
ture is sufficiently long that the motion could vary
significantly in amplitude and phase along its length. In

Ž .these cases, time histories St. John and Zahrah, 1987
combined with local site response analysis are typically
more useful.

4.4.3. Spatial incoherence of ground motion
For many engineering structures, the longest dimen-

sion of the structure is small enough that the ground
motion at one end is virtually the same as that at the
other end. However, for long structures such as bridges
or tunnels, different ground motions may be encoun-
tered by different parts of the structure and traveling

Žwave effects must be considered Hwang and Lysmer,
.1981 . This spatial incoherence may have a significant

impact on the response of the structure. There are four
Ž .major factors that may cause spatial incoherence: 1

Ž . Ž .wave-passage effects; 2 extended source effects; 3
ray-path effects caused by inhomogeneities along the

Ž .travel path; and 4 local soil site effects. The reader
Ž .should refer to Hwang and Lysmer 1981 for details on

these factors. Recorded ground motions have shown
that spatial coherency decreases with increasing dis-

Ž .tance and frequency Kramer, 1996 . The generation of
ground motion time histories with appropriate spatial
incoherence is a critical task if the designer is to
compute differential strains and force buildup along a
tunnel length. The designer will have to work closely
with an engineering seismologist to identify the rele-
vant factors contributing to ground motion incoherence
at a specific site and to generate appropriate ground

Ž .motion time histories. Hashash et al. 1998 show how
the use of time histories with spatial incoherence af-
fects the estimation of axial force development in a
tunnel and can lead to significant longitudinal push-pull
and other effects.

4.5. Wa�e propagation and site-specific response analysis

Research has shown that transverse shear waves
transmit the greatest proportion of the earthquake’s
energy, and amplitudes in the vertical plane have been
typically estimated to be a half to two-thirds as great as
those in the horizontal plane. However, in recent
earthquakes such as Northridge and Kobe, measured
vertical accelerations were equal to and sometimes
larger than horizontal accelerations. Vertical compo-
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nent of ground motion has become an important issue
in seismic designs.

Ample strong ground motion data are generally not
available at the depths of concern for underground
structures, so the development of design ground mo-
tions needs to incorporate depth-dependent attenua-
tion effects. Popular analytical procedures use one-
dimensional site response techniques, although these
analyses ignore the effects of all but vertically propa-
gating body waves. One method, discussed by Schnabel,

Ž .et al. 1972 , applies a deconvolution procedure to a
surface input motion in order to evaluate the motion at
depth. A second method involves applying ground mo-
tions at various depths to find the scale factors neces-
sary to match the input motion. Both of these proce-
dures are repeated for a collection of soil properties
and ground motions to develop a ‘ground motion spec-

Ž .trum’ for the site St. John and Zahrah, 1987 . Linear,
Ž .equivalent linear SHAKE, Schnabel et al., 1972 or

Žnon-linear Hashash and Park, 2001; Borja et al., 1999,
D-MOD, Matasovic and Vucetic, 1995, Cyberquake,

.BRGM, 1998, Desra, Finn et al., 1977 one-dimen-
sional wave propagation methods are commonly used
to propagate waves through soft soil deposits. Ground

Žmotions generally decrease with depth e.g. Chang et
.al., 1986 . Performing a wave propagation analysis is

needed as the amplitude and period of vibration of the
ground motion shift as the shear wave passes through
soft soil deposits. In the absence of more accurate
Ž .numerical methods or data, Table 4 can be used to
determine the relationship between ground motion at
depth and that at the ground surface.

5. Evaluation of ground response to shaking

The evaluation of ground response to shaking can be
Ž . Ž .divided into two groups: 1 ground failure; and 2

ground shaking and deformation. This report focuses
on ground shaking and deformation, which assumes
that the ground does not undergo large permanent
displacements. A brief overview of issues related to
ground failure are also presented.

5.1. Ground failure

Ground failure as a result of seismic shaking in-
cludes liquefaction, slope instability, and fault displace-
ment. Ground failure is particularly prevalent at tunnel
portals and in shallow tunnels. Special design consider-
ations are required for cases where ground failure is
involved, and are discussed in Section 8.

5.1.1. Liquefaction
Liquefaction is a term associated with a host of

different, but related phenomena. It is used to describe

Table 4
ŽRatios of ground motion at depth to motion at ground surface after

.Power et al., 1996

Tunnel Ratio of ground motion
depth at tunnel depth to
Ž .m motion at ground surface

�6 1.0
6�15 0.9
15�30 0.8
�30 0.7

the phenomena associated with increase of pore water
pressure and reduction in effective stresses in saturated
cohesionless soils. The rise in pore pressure can result
in generation of sand boils, loss of shear strength,
lateral spreading and slope failure. The phenomena are
more prevalent in relatively loose sands and artificial
fill deposits.

Tunnels located below the groundwater table in liq-
Ž .uefiable deposits can experience a increased lateral

Ž . Ž .pressure, b a loss of lateral passive resistance, c
Ž .flotation or sinking in the liquefied soil, d lateral

displacements if the ground experiences lateral spread-
Ž .ing, and e permanent settlement and compression

and tension failure after the dissipation of pore pres-
sure and consolidation of the soil.

5.1.2. Slope instability
Landsliding as a result of ground shaking is a com-

mon phenomena. Landsliding across a tunnel can re-
sult in concentrated shearing displacements and col-
lapse of the cross section. Landslide potential is great-
est when a pre-existing landslide mass intersects the
tunnel. The hazard of landsliding is greatest in shal-
lower parts of a tunnel alignment and at tunnel portals.

At tunnel portals, the primary failure mode tends to
be slope failures. Particular caution must be taken if

Žthe portal also acts as a retaining wall St. John and
.Zahrah, 1987 . During the September 21, 1999 Chi Chi

earthquake in Taiwan slope instability at tunnel portals
was very common, e.g. Fig. 4.

5.1.3. Fault displacement
An underground structure may have to be con-

structed across a fault zone as it is not always possible
to avoid crossing active faults. In these situations, the
underground structure must tolerate the expected fault
displacements, and allow only minor damages. All faults
must be identified to limit the length of special design
section, and a risk-cost analysis should be run to de-
termine if the design should be pursued.

5.2. Ground shaking and deformation

In the absence of ground failure that results in large
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permanent deformation, the design focus shifts to the
transient ground deformation induced by seismic wave
passage. The deformation can be quite complex due to
the interaction of seismic waves with surficial soft de-
posits and the generation of surface waves. For engi-
neering design purposes, these complex deformation
modes are simplified into their primary modes. Under-
ground structures can be assumed to undergo three
primary modes of deformation during seismic shaking:
Ž . Ž .1 compression�extension; 2 longitudinal bending;

Ž . Ž .and 3 ovalling�racking Fig. 6 . The simplest mode to
consider is that of a compression wave propagating
parallel to the axis of a subsurface excavation. That
case is illustrated in the figure, where the wave is
shown inducing longitudinal compression and tension.
The case of an underground structure subjected to an
axially propagating wave is slightly more complex since
there will be some interaction between the structure
and the ground. This interaction becomes more impor-
tant if the ground is soft and shear stress transfer
between the ground and the structure is limited by the
interface shear strength. For the case of a wave propa-
gating normal or transverse to the tunnel axis, the
stress induces shear deformations of the cross section
called racking or ovaling. In the more general case, the
wave may induce curvature in the structure, inducing
alternate regions of compression and tension along the
tunnel. The beam-like structure of the tunnel lining
will then experience tension and compression on oppo-
site sides.

6. Seismic design loading criteria

Design loading criteria for underground structures
has to incorporate the additional loading imposed by
ground shaking and deformation. Once the ground
motion parameters for the maximum and operational
design earthquakes have been determined, load criteria
are developed for the underground structure using the
load factor design method. This section presents the

Ž .seismic design loading criteria Wang, 1993 for MDE
and ODE.

6.1. Loading criteria for maximum design earthquake,
MDE

ŽGiven the performance goals of the MDE Section
.4.3.1 , the recommended seismic loading combinations

using the load factor design method are as follows:

6.1.1. For cut-and-co�er tunnel structures

Ž .U�D�L�E1�E2�EQ 1

where U�required structural strength capacity, D�

effects due to dead loads of structural components,
L�effects due to live loads, E1�effects due to verti-
cal loads of earth and water, E2�effects due to hori-
zontal loads of earth and water and EQ�effects due
to design earthquake motion.

( )6.1.2. For bored or mined circular tunnel lining

Ž .U�D�L�EX�H�EQ 2

Ž .where U, D, L and EQ are as defined in Eq. 1 ,
ŽEX�effects of static loads due to excavation e.g.

.O’Rourke, 1984 , and H�effects due to hydrostatic
water pressure.

6.1.3. Comments on loading combinations for MDE

� The structure should first be designed with ade-
quate strength capacity under static loading condi-
tions.

� The structure should then be checked in terms of
Žductility its allowable deformation vs. maximum

.deformation imposed by earthquake as well as
strength when earthquake effects, EQ, are con-
sidered. The ‘EQ’ term for conventional surface
structure design reflects primarily the inertial effect
on the structures. For tunnel structures, the
earthquake effect is governed not so much by a
force or stress, but rather by the deformation im-
posed by the ground.

� In checking the strength capacity, the effects of
earthquake loading should be expressed in terms of
internal moments and forces, which can be calcu-
lated according to the lining deformations imposed
by the surrounding ground. If the ‘strength’ criteria

Ž . Ž .expressed by Eq. 1 or Eq. 2 can be satisfied
based on elastic structural analysis, no further
provisions under the MDE are required. Generally,
the strength criteria can easily be met when the

Žearthquake loading intensity is low i.e. in low
.seismic risk areas and�or the ground is very stiff.

� If the flexural strength of the structure lining, using
Ž . Ž .elastic analysis and Eq. 1 or Eq. 2 , is found to be

Žexceeded e.g. at certain joints of a cut-and-cover
.tunnel frame , one of the following two design

procedures should be followed:
Ž1. Provide sufficient ductility using appropriate de-

.tailing procedure at the critical locations of the
structure to accommodate the deformations im-
posed by the ground in addition to those caused by

Ž Ž . Ž ..other loading effects see Eqs. 1 and 2 . The
intent is to ensure that the structural strength does
not degrade as a result of inelastic deformations
and the damage can be controlled at an acceptable
level.

In general, the more ductility that is provided,
Žthe more reduction in earthquake forces the ‘EQ’
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.term can be made in evaluating the required
strength, U. As a rule of thumb, the force reduction

Žfactor can be assumed equal to the ductility fac-
.tor provided. This reduction factor is similar by

definition to the response modification factor used
Ž .in bridge design code AASHTO, 1991 .

Note, however, that since an inelastic ‘shear’
deformation may result in strength degradation, it
should always be prevented by providing sufficient
shear strengths in structure members, particularly
in the cut-and-cover rectangular frame. The use of
ductility factors for shear forces may not be ap-
propriate.

2. Re-analyze the structure response by assuming the
formation of plastic hinges at the joints that are
strained into inelastic action. Based on the plastic-
hinge analysis, a redistribution of moments and
internal forces will result.

If new plastic hinges are developed based on the
results, the analysis is re-run by incorporating the

Ž .new hinges i.e. an iterative procedure until all
potential plastic hinges are properly accounted for.
Proper detailing at the hinges is then carried out to
provide adequate ductility. The structural design in

Ž Ž . Ž ..terms of required strength Eqs. 1 and 2 can
then be based on the results from the plastic-hinge
analysis.

As discussed earlier, the overall stability of the
structure during and after the MDE must be main-
tained. Realizing that the structures also must have

Ž .sufficient capacity besides the earthquake effect
Žto carry static loads e.g. D, L, E1, E2 and H

.terms , the potential modes of instability due to the
Ždevelopment of plastic hinges or regions of inelas-

.tic deformation should be identified and prevented
Ž .Monsees and Merritt, 1991 .

� For cut-and-cover tunnel structures, the evaluation
Ž .of capacity using Eq. 1 should consider the uncer-

tainties associated with the loads E1 and E2, and
their worst combination. For mined circular tunnels
Ž Ž ..Eq. 2 , similar consideration should be given to
the loads EX and H.

� In many cases, the absence of live load, L, may
present a more critical condition than when a full
live load is considered. Therefore, a live load equal
to zero should also be used in checking the struc-

Ž . Ž .tural strength capacity using Eq. 1 and Eq. 2 .

6.2. Loading criteria for operating design earthquake, ODE

Ž .For the ODE Section 4.3.2 , the seismic design
loading combination depends on the performance re-
quirements of the structural members. Generally

speaking, if the members are to experience little to no
Ž .damage during the lower-level event ODE , the inelas-

tic deformations in the structure members should be
kept low. The following loading criteria, based on load
factor design, are recommended:

6.2.1. For cut-and-co�er tunnel structures

Ž . Ž .U�1.05D�1.3L�� E1�E2 �1.3EQ 31

Where D, L, El, E2, EQ and U are as defined in Eq.
Ž .1 , � �1.05 if extreme loads are assumed for E1 and1
E2 with little uncertainty. Otherwise, use � �1.3.1

( )6.2.2. For bored or mined circular tunnel lining

Ž . Ž .U�1.05D�1.3L�� EX�H �1.3EQ 42

where D, L, EX, H, EQ and U are as defined in Eq.
Ž .2 , � �1.05 if extreme loads are assumed for EX and2
H with little uncertainty. Otherwise, use � �1.3 for2
EX only, as H is usually well defined.

The load factors used in these two equations have
been the subject of a lot of discussion. The final selec-
tion depends on the project-specific performance re-
quirements. For example, a factor of 1.3 is used for

Ž . Ž .dead load in the Central Artery I-93 �Tunnel I-90
ŽProject Central Artery Project Design Criteria, Bech-

.tel�Parsons Brinckerhoff, 1992 .

6.2.3. Comments on loading combinations for ODE

� The structure should first be designed with ade-
quate strength capacity under static loading condi-
tions.

� For cut-and-cover tunnel structures, the evaluation
Ž .of capacity using Eq. 3 should consider the uncer-

tainties associated with the loads E1 and E2, and
their worst combination. For mined circular tunnels
Ž Ž ..Eq. 4 , similar consideration should be given to
the loads EX and H.

� When the extreme loads are used for design, a
smaller load factor is recommended to avoid unnec-
essary conservatism. Note that an extreme load may
be a maximum load or a minimum load, depending
on the most critical case of the loading combina-

Ž .tions. Use Eq. 4 as an example. For a deep circu-
lar tunnel lining, it is very likely that the most
critical loading condition occurs when the maximum
excavation loading, EX, is combined with the mini-

Žmum hydrostatic water pressure, H unless EX is
.unsymmetrical . For a cut-and-cover tunnel, the

most critical seismic condition may often be found
when the maximum lateral earth pressure, E2, is
combined with the minimum vertical earth load,
E1. If a very conservative lateral earth pressure
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coefficient is assumed in calculating the E2, the
smaller load factor � �1.05 should be used.1

Ž .� Redistribution of moments e.g. ACI 318, 1999 for
cut-and-cover concrete frames is recommended to
achieve a more efficient design.

Ž .� If the ‘strength’ criteria expressed by Eq. 3 or Eq.
Ž .4 can be satisfied based on elastic structural analy-
sis, no further provisions under the ODE are re-
quired.

� If the flexural strength of the structure, using elastic
Ž . Ž .analysis and Eq. 3 or Eq. 4 , is found to be

Žexceeded, the structure should be checked for its
.ductility to ensure that the resulting inelastic de-

formations, if any, are small. If necessary, the struc-
ture should be redesigned to ensure the intended
performance goals during the ODE.

Ž .� Zero live load condition i.e. L�0 should also be
Ž . Ž .evaluated in Eq. 3 and Eq. 4 .

7. Underground structure response to ground
deformations

ŽIn this section, the term EQ effects due to design
.earthquake introduced in Section 6 is quantified. The

development of the EQ term requires an understand-
ing of the deformations induced by seismic waves in the
ground and the interaction of the underground struc-
ture with the ground.

This section describes procedures used to compute
deformations and forces corresponding to the three

Ždeformation modes compression-extension, longitudi-
.nal bending and ovalling�racking presented in Section

5.2. A brief summary of design approaches is provided
in Table 6.

7.1. Free field deformation approach

The term ‘free-field deformations’ describes ground
strains caused by seismic waves in the absence of
structures or excavations. These deformations ignore
the interaction between the underground structure and
the surrounding ground, but can provide a first-order
estimate of the anticipated deformation of the struc-
ture. A designer may choose to impose these deforma-
tions directly on the structure. This approach may
overestimate or underestimate structure deformations
depending on the rigidity of the structure relative to
the ground.

7.1.1. Closed form elastic solutions
Simplified, closed-form solutions are useful for de-

veloping initial estimates of strains and deformations in
a tunnel. These simplified methods assume the seismic
wave field to be that of plane waves with the same

amplitudes at all locations along the tunnel, differing
only in their arrival time. Wave scattering and complex
three-dimensional wave propagation, which can lead to
differences in wave amplitudes along the tunnel are

Žneglected, although ground motion incoherence Sec-
.tion 4.4.3 tends to increase the strains and stresses in

the longitudinal direction. Results of analyses based on
plane wave assumptions should be interpreted with

Ž .care Power et al., 1996 .
Ž . Ž .Newmark 1968 and Kuesel 1969 proposed a sim-

plified method for calculating free-field ground strains
caused by a harmonic wave propagating at a given
angle of incidence in a homogeneous, isotropic, elastic

Ž .medium Fig. 9 . The most critical incidence angle
yielding maximum strain, is typically used as a safety
measure against the uncertainties of earthquake pre-
diction. Newmark’s approach provides an order of mag-
nitude estimate of wave-induced strains while requiring
a minimal input, making it useful as both an initial

Ždesign tool and a method of design verification Wang,
.1993 .

Ž .St. John and Zahrah 1987 used Newmark’s ap-
proach to develop solutions for free-field axial and
curvature strains due to compression, shear and
Rayleigh waves. Solutions for all three wave types are
shown in Table 5, though S-waves are typically associ-
ated with peak particle accelerations and velocities
Ž .Power et al., 1996 . The seismic waves causing the
strains are shown in Fig. 10. It is often difficult to
determine which type of wave will dominate a design.
Strains produced by Rayleigh waves tend to govern
only in shallow structures and at sites far from the

Ž .seismic source Wang, 1993 .
Combined axial and curvature deformations can be

obtained by treating the tunnel as an elastic beam.
Ž ab.Using beam theory, total free-field axial strains, �

are found by combining the longitudinal strains gener-
Žated by axial and bending deformations Power et al.,

.1996 :

V aP Pab 2 2� � cos �� r sin�cos �2C Ž .5CP P

for P�waves

V aS Sab 3� � sin�cos�� r cos �2C Ž .6CS S

for S�waves

V aR Rab 2 2� � cos �� r sin�cos �2C C Ž .R 7R

Ž .for Rayleigh�waves compressional component
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Ž .Fig. 9. Simple harmonic wave and tunnel after Wang, 1993 .

Where:

r : radius of circular tunnel or half height of a rectan-
gular tunnel

a : peak particle acceleration associated with P-waveP

a : peak particle acceleration associated with S-waveS

a : peak particle acceleration associated with RayleighR
wave

�: angle of incidence of wave with respect to tunnel
axis

� : Poisson’s ratio of tunnel lining materiall

V : peak particle velocity associated with P-wavep

C : apparent velocity of P-wave propagationp

V : peak particle velocity associated with S-waves

C : apparent velocity of S-wave propagations

V : peak particle velocity associated with RayleighR
Wave

C : apparent velocity of Rayleigh wave propagationR

As the radius of the tunnel increases, the contribu-
tion of curvature deformation to axial strain increases.
However, calculations using the free-field equations of
Table 5 indicate that the bending component of strain
is, in general, relatively small compared to axial strains
for tunnels under seismic loading. The cyclic nature of
the axial strains should also be noted � although a
tunnel lining may crack in tension, this cracking is

usually transient due to the cyclic nature of the inci-
dent waves. The reinforcing steel in the lining will close
these cracks at the end of the shaking, provided there

Žis no permanent ground deformation and the steel has
.not yielded . Even unreinforced concrete linings are

considered adequate as long as the cracks are small,
uniformly distributed, and do not adversely affect the

Ž .performance of the lining Wang, 1993 .
It should be noted that the apparent P- and S-wave

velocities used in these equations may be closer to
those of seismic wave propagation through deep rocks
rather than the shallow soil or rock in which a tunnel

Žmay be located based on data from Abrahamson 1985,
.1992, 1995 . The apparent S-wave velocities fall in the

range of 2�4 km�s while apparent P-wave velocities
Ž .fall in the range of 4�8 km�s Power et al., 1996 .

7.1.2. O�aling deformation of circular tunnels
Ovaling deformations develop when waves propagate

perpendicular to the tunnel axis and are therefore,
Ždesigned for in the transverse direction typically under
.two-dimensional, plane-strain conditions . Studies have

suggested that, while ovaling may be caused by waves
propagating horizontally or obliquely, vertically propa-
gating shear waves are the predominant form of
earthquake loading that causes these types of deforma-

Ž .tions Wang, 1993 .



(
)

Y
.M

.A
.H

ashash
etal.�

T
unnelling

and
U

nderground
Space

T
echnology

16
2001

247
�293

264

Table 5
Ž .Strain and curvature due to body and surface waves after St. John and Zahrah, 1987

Wave type Longitudinal strain Normal strain Shear strain Curvature

V V V a1P P P P2 2 2P-wa�e � � cos � � � sin � �� sin�cos� � sin�cos �l n 2C C C � CP P P P

V V V a1P P P P �
� � for ��0	 � � for ��90	 � � for ��45	 �0.385 for ��35	16lm lm m 2C C 2C � CP P P max P

V V V aS S S S2 3S-wa�e � � sin�cos� � � sin�cos� �� cos � K� cos �l n 2C C C CS S S S

V V V aS S S S
� � for ��45	 � � for ��45	 � � for ��0	 K � for ��0	lm n m m m 22C 2C C CS S S S

V V V aRayleigh wa�e R P R P R P R P2 2 2
� � cos � � � sin � �� sin�cos� K� sin�cos �l n 2Compressional C C C CR R R R

component V V V aR P R P P R P �

� � for ��0	 � � for ��90 � � for ��45	 K �0.385 for ��35	16lm n m m m 2C C 2C CR R R R

V V aShear R S R P R S 2
� � sin� �� cos� K� cos �n 2component C C CR R R

V V aR S R S R S
� � for ��90	 � � for ��0	 K � for ��0	n m m m 2C C CR R R

2Ž .C �C �21 p s
The Poisson’s ratio and dynamic modulus of a soil deposit can be computed from measured P- and S-wave propagation velocities in an elastic medium: � � or Cm P22 Ž .C �C �1p s

Ž . Ž .Ž .2 1�� 1�� 1�2�m m m2 2� C ; E ��C ; and G ��C , respectively.S m P m S( Ž . Ž .1�� 1��m m
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Table 6
Ž .Seismic racking design approaches after Wang, 1993

Approaches Advantages Disadvantages Applicability

Dynamic earth pressure 1. Used with reasonable 1. Lack of rigorous For tunnels with minimal
methods results in the past theoretical basis soil cover thickness

2. Require minimal 2. Resulting in excessive
parameters and racking deformations
computation error for tunnels with
3. Serve as additional significant burial
safety measures 3. Use limited to certain
against seismic types of ground
loading properties

Free-field racking 1. Conservative for 1. Non-conservative for For tunnel structures with
deformation method tunnel structure stiffer tunnel structure more equal stiffness to ground

than ground flexible than ground
2. Comparatively easy to 2. Overly conservative for
formulate tunnel structures
3. Used with reasonable significantly stiffer than
results in the past ground

3. Less precision with
highly variable ground
conditions

Soil�structure interaction 1. Best representation of 1. Requires complex and All conditions
finite-element analysis soil�structure system time consuming

2. Best accuracy in computer analysis
determining structure 2. Uncertainty of design
response seismic input
3. Capable of solving parameters may be
problems with several times the
complicated tunnel uncertainty of the
geometry and ground analysis
conditions

Simplified frame analysis 1. Good approximation of 1. Less precision with All conditions except for
model soil�structure interaction highly variable ground compacted subsurface

2. Comparatively easy to ground profiles
formulate
3. Reasonable accuracy
in determining
structure response

Ground shear distortions can be defined in two ways,
as shown in Fig. 11. In the non-perforated ground, the
maximum diametric strain is a function of maximum
free-field shear strain only:

��d max Ž .�� . 8d 2

The diametric strain in a perforated ground is fur-
ther related to the Poisson’s ratio of the medium:

�d Ž . Ž .��2� 1�� . 9max md

Both of these equations assume the absence of the
lining, therefore ignoring tunnel�ground interaction. In
the free-field, the perforated ground would yield a
much greater distortion than the non-perforated,

sometimes by a factor of two or three. This provides a
reasonable distortion criterion for a lining with little
stiffness relative to the surrounding soil, while the

Fig. 10. Seismic waves causing longitudinal axial and bending strains
Ž .Power et al., 1996 .
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Fig. 11. Free-field shear distortion of perforated and non-perforated
Ž .ground, circular shape after Wang, 1993 .

non-perforated deformation equation will be appropri-
ate when the lining stiffness is equal to that of the
medium. A lining with large relative stiffness should
experience distortions even less than those given by Eq.
Ž . Ž .8 Wang, 1993 .

7.1.3. Racking deformations of rectangular tunnels
When subjected to shear distortions during an

earthquake, a rectangular box structure will undergo
Ž .transverse racking deformations Fig. 12 . The racking

deformations can be computed from shear strains in
the soil such as those given in Table 5.

7.1.4. Numerical analysis
Numerical analysis may be necessary to estimate the

free-field shear distortions, particularly if the site
stratigraphy is variable. Many computer programs are
available for such analyses such as 1-D wave propaga-
tion programs listed in Section 4.5, as well as FLUSH
Ž . Ž .Lysmer et al., 1975 , and LINOS Bardet, 1991 . Most
programs model the site geology as a horizontally lay-
ered system and derive a solution using one-dimen-

Ž .sional wave propagation theory Schnabel et al., 1972 .
Ž .Navarro 1992 presents numerical computations for

ground deformations and pressures as a result of body
Ž .shear and compression wave as well as surface
Ž .Rayleigh and Love waves. The resulting free-field
shear distortion can then be expressed as a shear strain
distribution or shear deformation profile with depth.

7.1.5. Applicability of free field deformation approach
The free-field racking deformation method has been

used on many significant projects, including the San
Ž .Francisco BART stations and tunnels Kuesel, 1969

Žand the Los Angeles Metro Monsees and Merritt,
.1991 . Kuesel found that, in most cases, if a structure

can absorb free-field soil distortions elastically, no spe-
cial seismic provisions are necessary. Monsees and

Ž .Merritt 1991 further specified that joints strained into
plastic hinges can be allowed under the Maximum

Ž .Design Earthquake MDE , provided no plastic hinge
combinations are formed that could lead to a collapse
mechanism, as shown in Fig. 13.

The free-field deformation method is a simple and
effective design tool when seismically-induced ground

Ždistortions are small i.e. low shaking intensity, very
stiff ground, or the structure is flexible compared to the

.surrounding medium . However, in many cases, espe-
cially in soft soils, the method gives overly conservative
designs because free-field ground distortions in soft
soils are generally large. For example, rectangular box
structures in soft soils are typically designed with stiff
configurations to resist static loads and are therefore,

Ž .Fig. 12. Typical free-field racking deformation imposed on a buried rectangular frame after Wang, 1993 .
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ŽFig. 13. Structure stability for buried rectangular frames after Wang,
.1993 .

Žless tolerant to racking distortions Hwang and Lysmer,
.1981; TARTS, 1989 . Soil�structure interaction effects

have to be included for the design of such structures
Ž .Wang, 1993 . A comparison of the free field deforma-
tion approach with other methods for seismic racking
design is given in Table 6.

7.2. Soil structure interaction approach

The presence of an underground structure modifies
the free field ground deformations. The following para-
graphs describe procedures that model soil structure
interaction.

7.2.1. Closed form elastic solutions for circular tunnels,
axial force and moment

In this class of solutions the beam-on-elastic founda-
Ž .tion approach is used to model quasi-static soil-struc-

ture interaction effects. The solutions ignore dynamic
Ž .inertial interaction effects. Under seismic loading, the
cross-section of a tunnel will experience axial bending
and shear strains due to free field axial, curvature, and
shear deformations. The maximum structural strains

Ž .are after St. John and Zahrah, 1987 :

The maximum axial strain, caused by a 45	 incident
shear wave, Fig. 9, is:

2�
Až / fLLa Ž .� � � 10max 2 4E AE A l c2�l c2� ž /K La

Where

L � wavelength of an ideal sinusoidal shear wave
Ž Ž ..see Eq. 15

ŽFig. 14. Induced forces and moments caused by seismic waves Power
. Ž .et al., 1996 , a Induced forces and moments caused by waves

Ž .propagating along tunnel axis, b Induced circumferential forces and
moments caused by waves propagating perpendicular to tunnel axis.
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K � longitudinal spring coefficient of mediuma
Žin force per unit deformation per unit length

Ž ..of tunnel, see Eq. 14
A� free-field displacement response amplitude of

Ž Ž .an ideal sinusoidal shear wave see Eqs. 17
Ž ..and 18

A � cross-sectional area of tunnel liningc
E � elastic modulus of the tunnel liningl

Ž .f� ultimate friction force per unit length between
tunnel and surrounding soil

The forces and moments in the tunnel lining caused
by seismic waves propagating along the tunnel axis are
illustrated in Fig. 14a. The maximum frictional forces
that can be developed between the lining and the
surrounding soils limit the axial strain in the lining.

Ž .This maximum frictional force, Q , can be esti-max f
mated as the ultimate frictional force per unit length

Ž .times one-quarter the wave length, as shown in Eq. 10
Ž .Sakurai and Takahashi, 1969 .

The maximum bending strain, caused by a 0	 incident
shear wave, is:

22�
Až /Lb Ž .� � r 11max 4E I 2�l c1� ž /K Lt

Where

I � moment of inertia of the tunnel sectionc
K � transverse spring coefficient of the mediumt

Žin force per unit deformation per unit length of
Ž ..tunnel see Eq. 14

r� radius of circular tunnel or half height of a
rectangular tunnel

Since both the liner and the medium are assumed to
be linear elastic, these strains may be superimposed.

ŽSince earthquake loading is cyclic, both extremes posi-
.tive and negative must be evaluated. The maximum

shear force acting on a tunnel cross-section can be
written as a function of this maximum bending strain:

32�
E I Al cž / 2�L

V � � Mmax max4 ž /LE I 2�l c1� ž /K Lt

E I �b2� l c max Ž .� 12ž / ž /L r

A conservative estimate of the total axial strain and
stress is obtained by combining the strains from the

Žaxial and bending forces modified from Power et al.,
.1996 :

ab a b Ž .� �� �� . 13max max

Again, these equations are necessary only for struc-
tures built in soft ground, as structures in rock or stiff
soils can be designed using free-field deformations. It
should be further noted that increasing the structural
stiffness and the strength capacity of the tunnel may
not result in reduced forces � the structure may
actually attract more force. Instead, a more flexible
configuration with adequate ductile reinforcement or

Ž .flexible joints may be more efficient Wang, 1993 .
7.2.1.1. Spring coefficients. Other expressions of maxi-

Žmum sectional forces exist in the literature SFBART,
.1960; Kuribayashi et al., 1974; JSCE, 1975 , with the

major differences involving the maximization of forces
and displacements with respect to wavelength. JSCE
Ž .1975 suggests substituting the values of wavelength
that will maximize the stresses back into each respec-
tive equation to yield maximum sectional forces. St.

Ž .John and Zahrah 1987 suggest a maximization method
Ž .similar to the JSCE 1975 approach, except that the

spring coefficients K and K are considered functionsa t
of the incident wavelength:

Ž .16�G 1�� dm m Ž .K �K � 14t a LŽ .3�4�m

where G , � �shear modulus and Poisson’s ratio ofm m
Žthe medium, d�diameter of circular tunnel or height

.of rectangular structure .
Ž .These spring constants represent 1 the ratio of

Ž .pressure between the tunnel and the medium, and 2
the reduced displacement of the medium when the
tunnel is present. The springs differ from those of a
conventional beam analysis on an elastic foundation.
Not only must the coefficients be representative of the
dynamic modulus of the ground, but the derivation of
these constants must consider the fact that the seismic
loading is alternately positive and negative due to the

Ž .assumed sinusoidal wave Wang, 1993 . When using
these equations to calculate the forces and moments
for tunnels located at shallow depths, the soil spring
resistance values are limited by the depth of cover and
lateral passive soil resistance.

7.2.1.2. Idealized sinusoidal free field wa�e parameters
for use in soil�structure interaction analysis. Matsubara

Ž .et al. 1995 provide a discussion of input wavelengths
for underground structure design. The incident wave-
length of a ground motion may be estimated as:

Ž .L�T 
C 15s
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Ž .Fig. 15. Lining response coefficient vs. flexibility ratio, full-slip interface, and circular tunnel Wang, 1993 .

where T is the predominant natural period of a shear
wave in the soil deposit, the natural period of the site
itself, or the period at which maximum displacements

Ž .occur Dobry et al., 1976; Power et al., 1996 .
Ž .Idriss and Seed 1968 recommend that:

4h Ž .T� , h is the thickness of the soil deposit 16CS

if ground motion can be attributed primarily to shear
waves and the medium is assumed to consist of a

Žuniform soft soil layer overlying a stiff layer St. John
.and Zahrah, 1987 .

The ground displacement response amplitude, A,
represents the spatial variations of ground motions
along a horizontal alignment and should be derived by
site-specific subsurface conditions. Generally, the dis-
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placement amplitude increases with increasing wave-
Ž .length SFBART, 1960 . Assuming a sinusoidal wave

with a displacement amplitude A and a wavelength L,
A can be calculated from the following equations:

For free-field axial strains:

V2�A s Ž .� sin�cos�. 17L CS

For free-field bending strains:

2 a4� A s 3 Ž .� cos �. 182 CL S

7.2.2. O�aling deformations of circular tunnels
In early studies of racking deformations, Peck et al.

Ž .1972 , based on earlier work by Burns and Richard
Ž . Ž .1964 and Hoeg 1968 , proposed closed-form solu-
tions in terms of thrusts, bending moments, and dis-
placements under external loading conditions. The re-
sponse of a tunnel lining is a function of the compress-
ibility and flexibility ratios of the structure, and the

Ž .in-situ overburden pressure � h and at-rest coeffi-t
Ž .cient of earth pressure K of the soil. To adapt to0

seismic loadings caused by shear waves, the free-field
shear stress replaces the in-situ overburden pressure
and the at-rest coefficient of earth pressure is assigned

Ž .a value of �1 to simulate the field simple shear
condition. The shear stress can be further expressed as
a function of shear strain.

The stiffness of a tunnel relative to the surrounding
ground is quantified by the compressibility and flexibil-

Ž .ity ratios C and F , which are measures of the exten-
Žsional stiffness and the flexural stiffness resistance to

.ovaling , respectively, of the medium relative to the
Ž .lining Merritt et al., 1985 :

Ž 2 .E 1�� rm l Ž .C� 19Ž .Ž .E t 1�� 1�2�l m m

Ž 2 . 3E 1�� Rm l Ž .F� 20Ž .6E I 1��l m

where E �modulus of elasticity of the medium, I�m
Ž .moment of inertia of the tunnel lining per unit width

for circular lining R, and t�radius and thickness of
the tunnel lining.

Assuming full-slip conditions, without normal sepa-
ration and therefore, no tangential shear force, the
diametric strain, the maximum thrust, and bending

Ž .moment can be expressed as Wang, 1993 :

�d 1 Ž .�� K F� 211 maxd 3

E1 m Ž .T �� K r� 22max 1 max6 Ž .1��m

E1 m 2 Ž .M �� K r � 23max 1 max6 Ž .1��m

where

Ž .12 1��m Ž .K � . 241 2 F�5�6�m

These forces and moments are illustrated in Fig. 14b.
The relationship between the full-slip lining response

Ž .coefficient K and flexibility ratio is shown in Fig. 15.1
According to various studies, slip at the interface is

only possible for tunnels in soft soils or cases of severe
seismic loading intensity. For most tunnels, the inter-
face condition is between full-slip and no-slip, so both
cases should be investigated for critical lining forces
and deformations. However, full-slip assumptions un-
der simple shear may cause significant underestimation
of the maximum thrust, so it has been recommended
that the no-slip assumption of complete soil continuity

Žbe made in assessing the lining thrust response Hoeg,
.1968; Schwartz and Einstein, 1980 :

Em Ž .T ��K 
 r��K r� 25max 2 max 2 maxŽ .2 1��m

where

�Ž . Ž . 	F 1�2� � 1�2� Cm m
1 2Ž .� 1�2� �2m2 Ž .K �1� . 262 �Ž . Ž . 	F 3�2� � 1�2� Cm m

5 2�C �8� �6� �6�8�m m m2

As Fig. 16 shows, seismically-induced thrusts in-
crease with decreasing compressibility and flexibility
ratios when the Poisson’s ratio of the surrounding
ground is less than 0.5. As Poisson’s ratio approaches

Ž .0.5 i.e. saturated undrained clay , the thrust response
is independent of compressibility because the soil is

Ž .considered incompressible Wang, 1993 .
The normalized lining deflection provides an indica-

tion of the importance of the flexibility ratio in lining
Ž .response, and is defined as Wang, 1993 :

�d 2lining Ž .� K F . 271�d 3free�field

According to this equation and Fig. 17, a tunnel
lining will deform less than the free field when the

Žflexibility ratio is less than one i.e. stiff lining in soft
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.soil . As the flexibility ratio increases, the lining de-
flects more than the free field and may reach an upper
limit equal to the perforated ground deformations. This
condition continues as the flexibility ratio becomes

Ž .infinitely large i.e. perfectly flexible lining .
Ž .Penzien and Wu 1998 developed similar closed-form

elastic solutions for thrust, shear, and moment in the
tunnel lining due to racking deformations. Penzien
Ž .2000 provided an analytical procedure for evaluating
racking deformations of rectangular and circular tun-
nels that supplemented the previous publication.

In order to estimate the distortion of the structure, a
lining-soil racking ratio is defined as:

� structure Ž .R� . 28
� free�field

In the case of circular tunnel, R is the ratio of lining
diametric deflection and free-field diametric deflection.
Assuming full slip condition, solutions for thrust, mo-
ment, and shear in circular tunnel linings caused by
soil-structure interaction during a seismic event are

Ž .expressed as Penzien, 2000 :

n n Ž .��d ��R �d 29lining free�field

12 E I�dn
�l liningŽ . Ž .T � �� cos2 �� 30ž /3 2 4Ž .d 1��l

6E I�dn
�l liningŽ . Ž .M � �� cos2 �� 31ž /2 2 4Ž .d 1��l

24E I�dn
�l liningŽ . Ž .V � �� sin2 �� 32ž /3 2 4Ž .d 1��l

The lining-soil racking ratio under normal loading
only is defined as:

Ž .4 1��mn Ž .R �� 33nŽ .� �1

Ž .12 E I 5�6�l mn Ž .� � . 343 2Ž .d G 1��m l

The sign convention for the above force components
in circular lining is shown in Fig. 18. In the case of no
slip condition, the formulations are presented as:

Ž .��d ��R�d 35lining free�field

24E I�d �l liningŽ . Ž .T � �� cos2 �� 36ž /3 2 4Ž .d 1��l

Ž .Fig. 16. Lining thrust response coefficient vs. compressibility ratio,
Ž .no-slip interface, and circular tunnel Wang, 1993 .

6E I�d �l liningŽ . Ž .M � �� cos2 �� 37ž /2 2 4Ž .d 1��l

24E I�d �l liningŽ . Ž .V � �� sin2 �� 38ž /3 2 4Ž .d 1��l

where

Ž .4 1��m Ž .R�� 39Ž .��1

Ž .24E I 3�4�l m Ž .�� . 403 2Ž .d G 1��m l
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Ž .Fig. 17. Normalized lining deflection vs. flexibility ratio, full slip interface, and circular lining Wang, 1993 .

Ž .The solutions of Penzien 2000 result in values of
thrust and moment that are very close to those of

Ž .Wang 1993 for full-slip condition. However, value of
thrust obtained from Wang is much higher compared

Žto the value given by Penzien in the case of no slip see
.example 3 in Appendix B . This observation was also
Ž .noted by Power et al. 1996 . The reason for the

difference is still under investigation.

7.2.3. Racking deformations of rectangular tunnels
Shallow transportation tunnels are usually box shaped

cut-and-cover method structures. These tunnels have
seismic characteristics very different from circular tun-
nels. A box frame does not transmit static loads as
efficiently as a circular lining, so the walls and slabs of
the cut-and-cover frame need to be thicker, and there-
fore stiffer. The design of cut-and-cover structures re-
quires careful consideration of soil-structure interac-
tion effects because of this increased structural stiff-
ness and the potential for larger ground deformations
due to shallow burial. Seismic ground deformations
tend to be greater at shallow depths for two reasons:
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Ž .1 the decreased stiffness of the surrounding soils due
Ž .to lower overburden pressures; and 2 the site ampli-

fication effect. The soil backfill may also consist of
compacted material with different properties from the
in-situ soil, resulting in a different seismic response
Ž .Wang, 1993 .

The structural rigidity of box structures significantly
reduces computed strains, often making it overly con-
servative to design these structures based on free-field

Ž .strains Hwang and Lysmer, 1981 . While closed-form
solutions for tunnel-ground interaction problems are
available for circular tunnels, they are not available for
rectangular tunnels because of the highly variable geo-
metric characteristics associated with these structures.
For ease of design, simple and practical procedures
have been developed to account for dynamic soil-struc-

Ž .ture interaction effects Wang, 1993 .
A number of factors contribute to the soil-structure

interaction effect, including the relative stiffness
between soil and structure, structure geometry, input
earthquake motions, and tunnel embedment depth.
The most important factor is the stiffness in simple
shear of the soil relative to the structure that replaces

Ž .it, the flexibility ratio Wang, 1993 .
Consider a rectangular soil element in a soil column

under simple shear condition, as shown in Fig. 19.
When subjected to simple shear stress the shear strain,
or angular distortion, of the soil element is given by
Ž .Wang, 1993 :

� 
 Ž .� � � . 41s H Gm

After rearranging this equation, the shear or flexural

Fig. 18. Sign convention for force components in circular lining
Ž .after Penzien, 2000 .

ŽFig. 19. Relative stiffness between soil and a rectangular frame after
. Ž . Ž .Wang, 1993 . a Flexural shear distortion of free-field soil medium.

Ž . Ž .b Flexural racking distortion of a rectangular frame.

stiffness of the element can be written as the ratio of
shear stress to a corresponding angular distortion:


 
 Ž .� �G . 42m� ��Hs

The applied shear stress can also be converted into a
concentrated force, P, by multiplying it by the width of

Ž .the structure W , resulting in the following expression
Ž .for the angular distortion Wang, 1993 :

� P 
W Ž .� � � � 43s H HS HS1 1

S H
 
 1 Ž .� � . 44
� ��H Ws

where S is the force required to cause a unit racking1
deflection of the structure. The flexibility ratio of the
structure can then be calculated as previously dis-
cussed:

G Wm Ž .F� . 45S H1

In these expressions, the unit racking stiffness is
simply the reciprocal of the lateral racking deflection,
S �1�� , caused by a unit concentrated force.1 1

For a rectangular frame with arbitrary configuration,
the flexibility ratio can be determined by performing a
simple frame analysis using a conventional frame anal-



( )Y.M.A. Hashash et al. � Tunnelling and Underground Space Technology 16 2001 247�293274

ysis. For some simple one-barrel frames, the flexibility
ratio can be calculated without a computer analysis. As
an example, the flexibility ratio for a one-barrel frame
with equal moment of inertia for roof and invert slabs
Ž . Ž .I and moment of inertia for side walls I has beenR W

Ž .calculated as Wang, 1993 :

G 2 2H W HWm Ž .F� � 46ž /24 EI EIW R

where E�plane strain elastic modulus of frame.
For a one-barrel frame with roof slab moment of

Ž . Ž .inertia I , invert slab moment of inertia I , and sideR I
Ž .wall moment of inertia I , the flexibility ratio is:W

G 2HWm Ž .F� � 47ž /12 EIR

where

2 2Ž .Ž . Ž .Ž .1�a a �3a � a �a 3a �12 1 2 1 2 2 Ž .�� 482Ž .1�a �6a1 2

IR Ž .a � 491 ž /II

I HR Ž .a � . 502 ž /ž /I WW

7.2.3.1. Structural racking and racking coefficient. For
Ž Ž ..rectangular structure, the racking ratio see Eq. 28

defined as the normalized structure racking distortion
with respect to the free-field ground distortion can be

Ž .expressed as Wang, 1993 :

� structurež /� �Hstructure structure Ž .R� � � 51
� ��free�field free�fieldfree�fieldž /H

where ��angular distortion, and �� lateral racking
deformation.

The results of finite element analyses show that the
relative stiffness between the soil and the structure that

Ž .replaces it i.e. flexibility ratio has the most significant
influence on the distortion of the structure due to

Ž .racking deformations Wang, 1993 , for:

F�0.0 The structure is rigid, so it will not rack
regardless of the distortion of the ground
Ž .i.e. the structure must take the entire load .

F�1.0 The structure is considered stiff relative to
the medium and will therefore deform less.

F � 1.0 The structure and medium have equal
stiffness, so the structure will undergo ap-
proximately free-field distortions.

F�1.0 The racking distortion of the structure is
amplified relative to the free field, though
not because of dynamic amplification. In-
stead, the distortion is amplified because the
medium now has a cavity, providing lower
shear stiffness than non-perforated ground
in the free field.

F�� The structure has no stiffness, so it will
undergo deformations identical to the per-
forated ground.

Analyses have also shown that for a given flexibility
ratio, the normalized distortion of a rectangular tunnel
is approximately 10% less than that of a circular tunnel
Ž .Fig. 20 . This allows the response of a circular tunnel
to be used as an upper bound for a rectangular struc-
ture with a similar flexibility ratio, and shows that

Žconventional design practice i.e. structures conform to
.the free-field deformations for rectangular tunnels is

too conservative for cases involving stiff structures in
Ž .soft soil F�1.0 . Conversely, designing a rectangular

tunnel according to the free-field deformation method
leads to an underestimation of the tunnel response
when the flexibility ratio is greater than one. From a
structural standpoint, this may not be of major concern
because such flexibility ratios imply very stiff media and
therefore, small free-field deformations. This condition
may also imply a very flexible structure that can absorb

Ž .greater distortions without distress Wang, 1993 .
The racking deformations can be applied to an un-

derground structure using the equivalent static load
method such as those shown in Fig. 21. For deeply
buried rectangular structures, most of the racking is
generally attributable to shear forces developed at the
exterior surface of the roof. The loading may then be
simplified as a concentrated force acting at the roof-wall

Ž .connection Fig. 21a . For shallow rectangular tunnels,
the shear force developed at the soil�roof interface
decreases with decreasing overburden. The predomi-
nant external force that causes structure racking may
gradually shift from shear force at the soil�roof inter-
face to normal earth pressures developed along the
side walls, so a triangular pressure distribution is ap-

Ž .plied to the model Fig. 21b . Generally, the triangular
pressure distribution model provides a more critical
value of the moment capacity of rectangular structures
at bottom joints, while the concentrated force method
gives a more critical moment response at the roof-wall

Ž .joints Wang, 1993 .
The above discussion applies to tunnel structures in

a homogeneous soil deposit. If the tunnel structure is
at the interface between rigid and soft layers, the
analysis has to account for the change in ground mo-
tion and shear deformation at the interface zone
between the two soils.
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Ž .Fig. 20. Normalized structure deflections, circular vs. rectangular tunnels Wang, 1993 .

7.2.3.2. Step-by-step design procedure. A simplified
frame analysis can provide an adequate and reasonable
design approach to the design of rectangular structures.
The following is a step-by-step procedure for such an

Žanalysis based in part on Monsees and Merritt, 1988;
.Wang, 1993 :

1. Base preliminary design of the structure and ini-
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Ž . Ž . Ž .Fig. 21. Simplified frame analysis models after Wang, 1993 : a pseudo-concentrated force for deep tunnels; b pseudo-triangular pressure
distribution for shallow tunnels.

tial sizes of members on static design and ap-
propriate design requirements.

2. Estimate the free-field shear strains�deforma-
tions, � , of the ground at the depth offree-field
interest using vertically propagating horizontal
shear wave.

Ž3. Determine the relative stiffness i.e. the flexibility
.ratio between the free-field medium and the

structure.
4. Determine the racking coefficient, R as defined in

Ž . ŽEq. 51 , based on the flexibility ratio e.g. Fig.
.20 .

5. Calculate the actual racking deformation of the
structure as � �R� .structure free-field

6. Impose the seismically-induced racking deforma-
tion in a simple frame analysis.

7. Add the racking-induced internal member forces
to the other loading components. If the perma-
nent structure is designed for ‘at-rest’ earth pres-
sures, no increase in pressures before or subse-
quent to an earthquake need to be considered. If
the structure is designed for active earth pres-
sures, both active and at-rest pressures should be
used for dynamic loading.

Ž .8. If the results from 7 show that the structure has
adequate capacity, the design is considered satis-
factory. Otherwise, continue.

9. If the structure’s flexural strength is exceeded in
Ž .7 , check the members’ rotational ductility. Spe-
cial design provisions should be implemented if
inelastic deformations result. For ODE, the re-

sulting deformation should be kept within the
elastic range. Small inelastic deformations may or
may not be acceptable depending on the project-
specific performance requirements. Evaluate pos-
sible mechanisms for MDE. Redistribution of mo-
ments in accordance with ACI 318 is acceptable
and consideration of plastic hinges is acceptable.
If plastic hinges develop the flexibility ratio has to
be re-computed and the analysis restarted at step
Ž .3 .

10. The structure should be redesigned if the strength
and ductility requirements are not met, and�or
the resulting inelastic deformations exceed allow-

Žable levels depending upon the performance goals
.of the structure .

11. Modify the sizes of structural elements as neces-
sary. The design is complete for MDE if ultimate
conditions in the context of plastic design are not
exceeded at any point for the reinforcement se-
lected in initial static design. Reinforcing steel
percentages may need to be adjusted to avoid
brittle behavior. Under static or pseudo-static
loads, the maximum usable compressive concrete
strain is 0.004 for flexure and 0.002 for axial
loading.

In addition to racking deformations the design of cut
and cover structure should also account for loads due
to vertical accelerations and for longitudinal strain
resulting from frictional soil drag. Vertical seismic
forces exerted on the roof of a cut-and-cover tunnel
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Ž .Fig. 22. Simplified three-dimensional model for analysis of the global response of an immersed tube tunnel Hashash et al. 1998 .

structure may be estimated by multiplying the esti-
mated peak vertical ground acceleration by the backfill
mass.

7.2.4. Dynamic earth pressure
Dynamic earth pressures on cut-and-cover tunnel

structures take the form of complex shear and normal
stress distributions along the exterior surfaces of the
structure. Accurately quantifying these external loads
requires rigorous dynamic soil-structure analyses.

Ž .Whitman 1990 presents a state-of-the-art review of
dynamic earth pressures.

Dynamic earth pressure methods typically assume
earthquake loads to be caused by the inertial force of
the surrounding soils. One procedure commonly used
for determining the increase in lateral earth pressure is
the Mononobe�Okabe method, as suggested by Seed

Ž .and Whitman 1970 , and the Japanese Society of Civil
Ž .Engineers JSCE, 1975 . This method calculates the

dynamic earth pressure by relating it to the soil proper-
ties and a determined seismic coefficient. The
Mononobe�Okabe method was originally developed
for aboveground earth retaining walls, and assumes the
wall structure to move and�or tilt sufficiently for a
yielding active earth wedge to form behind the wall.
However, a buried rectangular structural frame will
move together with the ground, making the formation
of a yielding active wedge difficult.

For rectangular cross-sections under plane strain
conditions, the Mononobe�Okabe method leads to un-
realistic results and is not recommended for typical
tunnel sections. In general, the deeper the tunnel em-
bedment, the less reliable the estimated seismic lateral
earth pressures because it becomes increasingly impor-
tant to account for variations in seismic ground mo-
tions with depth. Displacement�deformation con-
trolled procedure, as outlined in previous sections,
should be used for tunnels.

7.2.5. Numerical methods
The complex nature of the seismic soil�structure

interaction problem for underground structures may
require the use of numerical methods. This is especially
true for cut-and-cover structures because of their
greater vulnerability to seismic damage, and mined

tunnels with non-circular shapes or non-uniform
properties of circular linings that preclude the use of
simple closed-form solutions.

Numerical analysis methods for underground struc-
tures include lumped mass�stiffness methods and finite
element�difference methods. For analyzing axial and
bending deformations, it is most appropriate to utilize
three-dimensional models. In the lumped mass method,
the tunnel is divided into a number of segments
Ž .masses�stiffness , which are connected by springs rep-
resenting the axial, shear, and bending stiffness of the
tunnel. The soil reactions are represented by horizon-

Žtal, vertical, and axial springs Hashash et al., 1998, Fig.
.22 , and the analysis is conducted as an equivalent

static analysis. Free-field displacement time histories
are first computed at selected locations along the tun-
nel length. The time histories must include the effects
of wave passage�phase shift as well as incoherence
Ž .Section 4.4.3 . The computed free-field displacement
time histories are then applied, in a quasi-static analy-
sis, at the ends of the springs representing the soil-tun-
nel interaction. If a dynamic, time-history analysis is
desired appropriate damping factors have to be incor-
porated into the springs and the structure.

In finite difference or finite element models, the
tunnel is discretized spatially, while the surrounding
geologic medium is either discretized or represented by
soil springs. Computer codes available for these models

3D Ž . Žinclude FLAC Itasca, 1995 , SASSI Lysmer et al.,
. Ž .1991 , FLUSH Lysmer et al., 1975 , ANSYS-III

Ž . ŽOughourlian and Powell, 1982 , ABAQUS Hibbitt et al.,
.1999 , and others. Two-dimensional and three-dimen-

sional finite element and finite difference models may
be used to analyze the cross section of a bored tunnel

Ž .or cut-and-cover tunnel Figs. 23 and 24 . In Fig. 24,
the finite element method is used to check areas of
structure that experience plastic behavior.

In cases where movement along weak planes in the
Ž .geologic media shear zones, bedding planes, joints

may potentially cause local stress concentrations and
failures in the tunnel, analyses using discrete element
models may be considered. In these models, the
soil�rock mass is modeled as an assemblage of distinct
blocks, which may in turn be modeled as either rigid or
deformable materials, each behaving according to a
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Fig. 23. Distribution of maximum displacement in a cut and cover
Ž .structure Matsuda et al., 1996 .

prescribed constitutive relationship. The relative move-
ments of the blocks along weak planes are modeled
using force-displacement relationships in both normal

Ž . Žand shear directions Power et al., 1996 . UDEC Itasca,
. Ž .1992 and DDA Shi, 1989 are two computer codes for

this type of analysis.
Ž .Gomez-Masso and Attalla 1984 performed an ex-

tensive study comparing detailed finite element analy-
ses with several simplified tunnel models and found

Fig. 24. Deformed cut-and-cover structures. Darkened elements ex-
Ž .perience plastic behavior Sweet, 1997 .

that, with few exceptions, simplified methods tend to be
very conservative. One reason for this finding is that
the simplified methods they used fail to consider struc-
ture-to-structure interaction effects through the soil,
which are important in this case.

The results of non-linear analyses of the Los Angeles
Ž .Metro system Sweet, 1997 displayed structural rack-

ing greater than the free-field, though previous linear
analyses showed smaller racking. This supports the
assertion that both the non-linear structural behavior
and the frequency content of the free-field environ-
ment contribute to the structural-racking behavior.

Ž .Manoogian 1998 shows through a parametric study
that the ground motion may be significantly amplified
due to the presence underground structures. However,
the study assumes the soil medium to be an elastic
half-space and the tunnel lining to be elastic, limiting
their applicability given the significant non-linearity
associated with the soil behavior and associated strong
motion events.

The ability of numerical analyses to improve on
closed form solutions lies in the uncertainty of input
data. If there is significant uncertainty in the input,

Žrefined analyses may not be of much value St. John
.and Zahrah, 1987 . A similar cautionary remark was
Ž .made by Kuesel 1969 noting that ‘mathematical

elaboration of this complex subject does not necessarily
lead to increased understanding of its nature’, and
places high priority on developing ‘a picture of the
action of underground structures subjected to
earthquakes, and to put reasonable bounds on the
problem’.

8. Special seismic design issues

8.1. Tunnel joints at portals and stations

Underground structures often have abrupt changes
in structural stiffness or ground conditions. Some ex-

Ž .amples include: 1 connections between tunnels and
Ž . Ž .buildings or transit stations; 2 junctions of tunnels; 3

traversals between distinct geologic media of varying
Ž .stiffness; and 4 local restraints on tunnels from move-

Ž .ments of any type ‘hard spots’ . At these locations,
stiffness differences may subject the structure to dif-
ferential movements and generate stress concentra-
tions. The most common solution to these interface
problems involves the use of flexible joints.

For cases where the tunnel structure is rigidly con-
Ž .nected to a portal building or a station, Yeh 1974 and

Ž .Hetenyi 1976 developed a solution to estimate the
additional moment and shear stresses induced at a
tunnel-station interface due to the differential trans-
verse deflections.

The design of seismic joints must begin with a de-
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termination of the required and allowable differential
movements in both the longitudinal and transverse
directions and relative rotation. The joint must also be
designed to support the static and dynamic earth and
water loads expected before and during an earthquake,
and must remain watertight. The differential move-
ments can be computed using closed form solutions or
numerical methods. In the case of the San Francisco
Trans Bay Tube and Ventilation Building, these move-
ments were calculated to be �37 and �150 mm in the
vertical and longitudinal directions, respectively. De-
tails of the joint used in the SF BART project are

Ž .discussed in Douglas and Warshaw 1971 .
ŽFor the Alameda Tubes retrofit design Schmidt et

.al., 1998; Hashash et al., 1998 , two separate dynamic
soil structure interaction analyses were performed for
the portal structure and the running tunnel. The tunnel
and the portal building were assumed to move indepen-
dent of one another. A displacement time history was
computed at the portal building and at the end of the
tunnel where it would join the portal building. The
portal building-tunnel joint would have to accommo-
date the differential displacement that is computed as
the difference between the two displacement time his-
tories. The analyses showed that, as in the case for the
BART Trans Bay tubes, the longitudinal differential
displacements were significantly larger than the trans-
verse displacements.

Very large forces and moments will be generated if a
Žcontinuous design is used Okamoto et al., 1973;

.Hashash et al., 1998 . A flexible joint is recommended
to permit differential movement between the tunnel
and the portal structure.

Ž .In any soil-to-rock transition zone, Kuesel 1969
recommends that a tunnel structure should not be cast
directly against any rock or any rock ridge within the
soil. A tunnel should be provided with at least 600 mm
of over-excavation filled with soil or aggregate backfill
to prevent a hard point during seismic activity. How-
ever, this may not always be possible with bored tun-
nels, and flexible lining would be installed in such
zones.

Tunnel portal and vent structures differ from other
underground structures in that part of the structure is
above ground. The seismic design of these structures
will have to account for inertial effects such as de-

Ž . Ž .scribed by Kiyomiya 1995 and Iwasaki 1984 . The
design will also have to account for potential of pound-
ing between the structure and the connecting tunnel
due to differential movement. It is preferable that the
portal or vent structure be isolated from the tunnel
structure through the use of flexible joints.

8.2. Tunnel segment connection design

The analysis methods for tunnel racking presented in

Section 7 assume that the cross section of the tunnel
lining is continuous. When a tunnel is excavated using
a tunneling machine, the tunnel lining is usually erected
in segments that are secured together by bolts. The
segment joint connection must be designed to accom-
modate anticipated ground deformations. The designer
may choose to keep the joint behavior within the
elastic range or, if inelastic response is anticipated by a
more detailed model of the joint, must consider lining

Ž .ground interaction. Takada and Abdel-Aziz 1997 pre-
sent such analysis, showing that under high levels of
ground shaking, plastic extensions of the segment joints
can occur and lead to possible water leakage after a
seismic event.

8.3. Seismic retrofit of existing facilities

Retrofitting strategies for ground shaking-induced
failure depend on the damage mode of the structure. If
there is concern for the gross stability of the structure,
these strategies must involve strengthening of either
the structure itself or the adjacent geologic materials.

8.3.1. Considerations for circular tunnels
One concern for the life of a tunnel structure is the

quality of contact between the liner and the surround-
ing geologic media. The quality of contact may be
investigated by taking core samples or geophysical
techniques, and may be improved by contact grouting
or other means. In some cases, the tunnel is in such
poor condition or so highly distressed that contact
grouting will not provide adequate strength improve-
ment. Some means for strengthening these tunnels may
include replacing the lining, increasing the lining thick-
ness by adding reinforced concrete, or adding rein-
forcement with reinforcing bars or an internal steel
liner. Increasing lining thickness does not always pro-
vide an acceptable solution, because increasing the
structural stiffness will tend to attract more force to the

Žlining. Measures to increase ductility ability to absorb
.deformation as well as strength may prove to be more

Ž .effective Power et al., 1996 .
If excessive axial or bending stresses are predicted,

the retrofit solution may be to provide additional duc-
tility, rather than strength, to the lining. Thickening the
lining will not effectively reduce the longitudinal axial
or bending stresses unless the strains transmitted to the
lining are reduced due to increased soil�structure in-
teraction with the thicker lining. Adding circumferen-
tial joints along the axis of the tunnel can reduce the
stresses and strains in the lining induced by longitudi-
nally propagating waves. The value of adding joints
must be weighed against the expected performance of
the liner without joints. Often, reinforcement in the
lining can provide adequate ductility. If joints are in-
stalled, it is important that they do not become weak
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spots where local transverse shear deformation may
occur. The ability of the joint to prevent water leakage

Žmust also be considered Power, et al., 1996; Hashash
.et al., 1998 . This approach was used in the retrofit

design implementation for the Alameda Tubes in the
San Francisco Bay Area.

8.3.2. Considerations for cut-and-co�er tunnels
If analyses indicate that the cross-section will be

unable to resist imposed racking deformations or
seismic earth pressures, structural modifications must
be considered. Some possible strategies include in-
creasing the ductility of reinforced concrete linings,
adding confining reinforcement at existing linings and
columns, and adding steel plate jackets at joints. The
addition of joints may be considered to increase longi-
tudinal flexibility.

8.4. Design considerations for structural support members

The design methods described in Section 7 provide
the magnitude of deformations and forces in the struc-
tural support members of underground structures. The
following are some of the issues that the designer may
consider when developing the detailed designs of the
structural members:

1. Earthquake effects on underground structures
take the form of deformations that cannot be
changed significantly by strengthening the struc-
ture. The structure should instead be designed
with sufficient ductility to absorb the imposed
deformations without losing the capacity to carry
static loads. However, providing sufficient ductility
is not analogous to eliminating moment resistance
in the frame. Cut-and-cover structures with no
moment resistance are susceptible to collapse un-

Žder the dynamic action of the soil backfill Owen
.and Scholl, 1981 .

2. Curvature distortion: the ground shaking may
cause large curvature distortion in tunnel. The
structure can be articulated with transverse joints
designed to reduce the estimated distortion and

Žreduce straining of the tunnel structure Kuesel,
.1969 .

3. Elastic distortion capacity: the elastic racking dis-
tortion capacity of a continuous structural frame
may be calculated as the rotation capacity of the
most rigid exterior corner joint of the cell. If the
elastic rotation capacity of the most rigid corner
exceeds the imposed shearing distortion, no fur-

Ž .ther provisions are necessary Kuesel, 1969 .
4. Allowable plastic distortion capacity: if the im-

posed shearing distortion exceeds the elastic rota-
tion capacity of the most rigid corner joint, plastic
distortion will be imposed on the less rigid mem-

ber at that joint. The elastic rotation of the other
member may be deducted from the imposed soil
distortion to determine the maximum end rota-
tion of the plastically deformed member. If the
imposed rotation exceeds this value for a single
member, the joint may be designed to distribute
plastic yielding to both members of the joint, by

Žequalizing their elastic stiffnesses this will only be
. Žnecessary in most unusual circumstances Kuesel,

.1969 . Shear failure should be prevented in mem-
bers experiencing plastic yielding.

5. The buckling strength of a tunnel lining may be
considered, especially when the lining is thin. De-

Ž .sai et al. 1997 has undertaken a discussion of
some of these concerns.

6. Where rigid diaphragms act together with flexible
structural frames, the distortion of the frame may

Žbe prevented adjacent to the diaphragm as at the
.end wall of a subway station . Special construction

joints may be required in the exterior wall, roof
and floor slabs adjacent to the diaphragm to ab-
sorb this displacement. An alternate would be to
increase the reinforcement.

7. In static design, vertical reinforcing steel on the
inside face of exterior walls is necessary only in
the mid height regions of the walls. However,
during seismic racking these walls will experience
tension, so the interior reinforcing steel must be
extended into the top and bottom slabs.

8. When structural members that have no direct
contact with the soil are continuous with stiff
outer structural shell elements that are strained
beyond their elastic rotation capacity, these inter-
nal members may also suffer plastic rotation. In
such cases, ductile sections or hinges should be
designed into the connections between these ele-
ments. Interior columns, walls, beams, and slabs
should be designed to resist dynamic forces nor-
mal to their longitudinal axes.

9. Compression struts: the design and detailing of
axial members in compression should receive spe-
cial attention at end connections and the effect of
racking of the whole structure should also be
attended to. Compressive members acting in

Žconcert with continuous diaphragms e.g. floor
.slabs usually will require special detailing to en-

sure their acting in accordance with design as-
sumptions.

10. Appurtenant structures: where the imposed
ground shearing distortion does not strain the
main structural frame beyond its elastic capacity,
all appendages may be treated as rigidly attached
Žand may be designed as integral parts of the main

.structure . Where plastic deformation of the main
framework is anticipated, major appendages
should preferably be designed as loosely attached
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Fig. 25. Tunnel access detail, Los Angeles inland feeder.

Žthe joint must be designed to be easily repairable
.or to accommodate differential movement . Local

protrusions in such cases may be rigidly attached,
with special attention given to detailing the con-
nection to assure ductility. If the connection is
detailed to absorb the imposed deformation, local
protrusions in such cases may be rigidly attached.
For example, the water tunnels for the Los Ange-
les Inland Feeder project were designed with open
space access, Fig. 25, to permit displacements.

11. At the ends of rectangular structures, the joints
between the end walls and the roof and sidewall
slabs must accommodate differential deforma-
tions. The junction of the roof slab to the end wall
must accommodate a transverse differential mo-
tion equivalent to the imposed shearing displace-
ment between the top and bottom slabs. Interme-
diate floor slabs must accommodate similar, pro-
portionately smaller displacements. The joint
between the sidewall and end wall must accom-
modate the transverse racking distortion expected
for the structure. The deformation joints between
end walls and longitudinal side, roof, and floor
slabs should preferably be located in the longitu-
dinal slabs. The joints should be accessible to
permit repair of overstressed members after an
earthquake.

12. The prime consideration in deformation joint lo-
cation is that no collapse be imminent because of
plastic deformation of the structural frame. At all
joints where plastic deformation is anticipated or
special joints are used, provisions to prevent water
leakage must be made. A local reservoir of ben-
tonite, or a rubber gasket can serve this purpose.

8.5. Design strategies for ground failures

Although it is generally not feasible to design the
supports for underground structures to resist large
permanent ground deformations resulting from failures
described in Section 5.1, ground stabilization tech-
niques such as ground improvement, drainage, soil

Fig. 26. Isolation principle, use of cut-off walls to prevent tunnel
Ž . Ž .uplift due to liquefaction after Schmidt & Hashash, 1999 . a

Ž .Flotation mechanism. b Isolation wall using stone columns, Web-
Ž .ster steel tube. c Isolation wall using jet grouting for Posey tube.

reinforcement, grouting, or earth retaining systems may
be effective in preventing large deformations. Other
alternatives include removing problem soils or in the
case of a new tunnel, relocating the tunnel alignment.
This section provides approaches and guidelines for the
design of underground structures to mitigate certain
problems associated with ground failure.

8.5.1. Flotation in liquefiable deposits
One of the problems that underground structures

Žcan experience in liquefied soil is flotation Section
. Ž .5.1.1 . Schmidt and Hashash 1999 describe the possi-

ble flotation mechanism of a tunnel in a liquefiable
layer. As the tunnel experiences uplift the liquefied soil
moves underneath the displaced tunnel, further lifting
it up. One method to prevent uplift of low-specific
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weight underground structures is through the use of
cut-off walls and the isolation principle as described in

Ž .Schmidt and Hashash 1999 and illustrated in Fig. 26.
These cutoff walls can be either sheet pile walls or
improved soil such as jet grout columns or stone

Ž .columns Schmidt et al., 1998 . Sheet piles with drain
Ž .capability SPDC can also reduce the excess pore

Žwater pressure induced by earthquakes Kita et al.,
. Ž .1992 . Shaking table tests run by Tanaka et al. 1995

showed that SPDC prevented uplift in structures that
suffered such damage with ordinary sheet piling.

Barrier walls reduce the rise of excess pore water
pressure both on the bottom part of the underground
structure and in the ground under it. Uplift with longer
barrier walls is smaller than that with shorter walls,
showing that the barrier walls effectively reduce the
uplift velocity and cumulative vertical displacement of

Žthe underground structure models Ninomiya et al.,
.1995; Schmidt et al., 1998 . It is also more difficult to

uplift a wider underground structure.
Once the liquefaction potential is mitigated, the use

of flexible joints that allow for differential displacement
may still be required for tunnel connections.

8.5.2. Slope instability and lateral spreading
The only technically feasible way to mitigate slope

Ž .instability landsliding or liquefaction-induced lateral
spreading movements is to stabilize the ground. It is
doubtful that an underground structure can be de-
signed to resist or accommodate these movements un-
less the hazard is localized and the amount of move-

Ž .ment is small Power et al., 1996 .

8.5.3. Underground structures crossing acti�e faults
The general design philosophy is to design the struc-

ture to accommodate expected fault displacements, and
allow repair of damaged lining afterwards.

One of the methods to estimate the fault displace-
ments is to use empirical relationships that express the
expected displacements as function of some source
parameters. Using a worldwide database of source
parameters for 421 historical earthquakes, empirical
relationships among magnitude, rupture length, rup-
ture width, rupture area, and surface displacement

Ž .have been developed Wells and Coppersmith, 1994 .
Maximum and average surface displacements were cor-
related with both moment magnitude and surface rup-
ture length. Correlation between displacement and mo-
ment magnitude appears to be slightly stronger than
between displacement and surface rupture length.

A relatively new framework for evaluating fault dis-
placement hazard was presented by Coppersmith and

Ž .Youngs 2000 . The probabilistic fault displacement
Ž .hazard analysis PFDHA is an extension of probabilis-

Ž .tic seismic hazard analysis PSHA , and is composed of
the same elements as PSHA. For the assessment of

fault displacement hazard, the predictive relationship
Ž .for ground motion in step 3 of PSHA Section 4.2 is

replaced with a displacement attenuation function.
However, unlike the predictive relationships for ground
motion, which are supported by relatively significant
amount of empirical data, the models for fault dis-
placement hazard are currently in the initial stages of
development. An alternative method related to PSHA
called the displacement approach uses the observations
at the specified location of interest to assess the hazard
Ž .Coppersmith and Youngs, 2000 . By evaluating the
hazard only with the observed frequency and the
amount of displacement events, the displacement ap-
proach implicitly considers sources of earthquakes and
seismicity. The method reduces the steps normally re-
quired for PSHA, but is likely to require region-specific
data. Both of these methodologies have been utilized
for the assessment of fault displacement hazard at
Yucca Mountain, a potential high level nuclear waste

Ž .repository Coppersmith and Youngs, 2000 .
Design strategies for tunnels crossing active faults

depend on the magnitude of displacement and the
width of the zone over which that displacement is
distributed. If large displacements are concentrated in
a narrow zone, retrofit design will most likely consist of
enlarging the tunnel across and beyond the displace-
ment zone. This has been discussed in a number of

Ž .publications, including Rosenbleuth 1977 , Owen and
Ž . Ž . Ž .Scholl 1981 , Brown et al. 1981 , Desai et al. 1989 ,
Ž . Ž .Rowe 1992 , and Abramson and Crawley 1995 , and

has been implemented in the San Francisco BART
system and Los Angeles Metro rapid-transit tunnel
system. This method provides adequate clearance for
repair to roads or rails even when the tunnel is dis-
torted by creeping displacements. The Berkeley Hills
Tunnel for the BART system employs concrete-en-
cased steel ribs, which are particularly suitable because
they provide sufficient ductility to accommodate distor-
tions with little degradation of strength. Under axial
fault displacement, relative slip placing a tunnel in
compression tends to be more damaging than slip that
would elongate the tunnel. However, the development
of cracks in the lining due to both elongation and
compression may result in unacceptable water inflow.
When watertightness is a necessity, flexible couplings

Ž .may provide an adequate solution Wang, 1993 . This
solution was used for the South West Ocean Outfall in
San Francisco. Further discussion of reinforced con-
crete tubes in fault zones is provided by Hradilek
Ž .1977 .

The length over which enlargement is made is a
function of both the amount of fault displacement and
the permissible curvature of the road or track. The
longer the enlarged tunnel, the smaller will be the

Ž .post-earthquake curvature Power et al., 1996 .
An enlarged tunnel may also surround an inner
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tunnel that is backfilled with frangible backpacking
such as cellular concrete. Cellular concrete has rela-
tively low yield strength to minimize lateral loads on
the tunnel liner, but has adequate strength to resist
normal soil pressures and other seismic loads such as
minor ground shock and soil loosening load or other
vertical loads above the excavation. It also has stable
long-term properties with respect to age hardening,

Žchemical resistance, and creep behavior Power et al.,
.1996 .

ŽIf fault movements are small i.e. less than a few
.inches and�or distributed over a relatively wide zone,

it is possible that the tunnel may be designed to accom-
modate the fault displacement by providing articulation
of the tunnel liner with ductile joints. This allows the
tunnel to distort into an S-shape through the fault zone
without rupture. The closer the joint spacing, the better
the performance of the liner. Design of a lining to
accommodate fault displacement becomes more feasi-
ble in soft soils where the tunnel lining can more
effectively redistribute the displacements. Again, keep-
ing the tunnel watertight is a concern when using joints
Ž .Power et al., 1996 .

8.6. Seismic design of high le�el nuclear waste repositories

The methods described in this report can also be
used for the analysis of underground openings used in

Ž .nuclear waste repositories NWR . The main difference
is in the seismic hazard analysis, whereby the design
seismic event corresponds to return periods that are
compatible with the design life of the facility. Stepp
Ž .1996 presents a report that summarizes many of the
specific issues related to seismic design of NWR.

9. Research Needs

The material presented in this report describes the
current state of knowledge for the design of under-
ground structures. Many issues require further investi-
gation to enhance our understanding of seismic re-
sponse of underground structures and improve seismic
design procedures. Some of these issues include:

1. Instrumentation of tunnels and underground struc-
tures to measure their response during ground
shaking. These instruments would include mea-
surement of vertical and lateral deformations along
the length of the tunnel. This will be useful to
understand the effect of spatial incoherency and
directivity of the ground motion on tunnel re-
sponse. Other instrumentation would be useful to
measure differential movement between a tunnel

and a portal structure, and to measure racking of
rectangular structures such as subway stations.

2. Improved evaluation of the mechanism of the load
transferred from the overburden soil to the ceiling
slab of a cut and cover structure. Not all of the
inertia force of the overburden soil is transferred
to the ceiling slab; however, research into the eval-
uation of the soil block that provides inertia force

Ž .has not yet been undertaken Iida et al., 1996 .
3. Research into the influence of high vertical accel-

erations on the generation of large compressive
loads in tunnel linings and subway station columns.
Large vertical forces may have been a factor in the

Žcollapse of the Daikai Subway station Iida et al.,
.1996 .

4. Development of improved numerical models to
simulate the dynamic soil structure interaction
problem of tunnels, as well as portal and subway
structures. These models will be useful in studying
the effect of high velocity pulses generated near

Žfault sources on underground structures Hashash
.et al., 1998 .

5. Evaluation of the significance of ground motion
directivity and ‘fling effect’ on tunnel response.

6. Evaluation of the significance of ground motion
incoherence on the development of differential

Žmovement along the length of a tunnel Power et
.al., 1996 . Ground motion incoherence is particu-

larly important in soft soils and shallow tunnels
where the potential for slippage between the tun-
nel and soil is high.

7. Evaluation of the influence of underground struc-
tures on the local amplification or attenuation of
propagated ground motion.

8. Research into the effects of repeated cyclic loading
Žon underground tunnels St. John and Zahrah,

.1987 .
9. Research into the application of non-conventional

lining, bolting, and water insulation materials that
can be used for seismic joints and to enhance the
seismic performance of the tunnel.

10. In memoriam

Dr Birger Schmidt has been the main motivating
force behind the development of this report. Dr Birger
Schmidt, a native of Denmark, passed away on October
2, 2000 after a yearlong fight with cancer. He had a
distinguished career in geotechnical engineering span-
ning almost four decades. His many contributions in-
clude the error-function method for estimating settle-
ments due to tunneling as well as over 80 technical
publications. He actively contributed to the many ef-
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Ž .forts of the International Tunnelling Association ITA
Working Group No 2: Research. He maintained his
interest and support of this report through the last
week of his life and emphasized the need to complete
this work.

This report is dedicated to his memory. He has been
a friend and a mentor and will be greatly missed.

Youssef Hashash

11. Addendum

Ž .The reference of Power et al. 1996 has been up-
dated and will be issued soon as part of a report by the
Multidisciplinary Center for Earthquake Engineering

Ž .Research MCEER , Buffalo, NY to the U.S. Federal
Highway Administration. The update contains many
details that are complementary to the material pre-
sented in this report and contains revised values for

Ž .Table 2 based on the work of Sadigh and Egan 1998 .
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Appendix A: List of symbols

� : Coefficient used in calculation of lining�soil
racking ratio of circular tunnels

�n: Coefficient used in calculation of lining�soil
racking ratio of circular tunnels under nor-
mal loading only

� : Coefficient used in developing loading crite-1
ria for ODE

�ab: Total axial strain
�a : Maximum axial strain caused by a 45	 inci-max

dent shear wave
�b : Maximum bending strain caused by a 0 de-max

gree incident shear wave
� : Longitudinal strainl
� : Maximum longitudinal strainl m
� : Normal strainn
� : Maximum normal strainnm
�: Angle of incidence of wave with respect to

tunnel axis

� : Simple shear strain of a soil elements

�: Shear strain
� : Maximum shear strainm

� : Maximum free-field shear strain of soil ormax
rock medium

� : Soil unit weightt

� ab: Total axial stress
�: Angular location of the tunnel lining
�: Radius of curvature
� : Density of mediumm

� : Maximum radius of curvaturemax


: Simple shear stress of a soil element

 : Maximum shear stressmax

�: Lateral deflection
� : Racking deflection of rectangular tunnelstructure

cross-section
�d : Free-field diametric deflection in non-perfo-free-field

rated ground
�d : Lining diametric deflectionlining

�dn : Lining diametric deflection under normallining
loading only

� : Poisson’s ratio of tunnel liningl

� : Poisson’s ratio of soil or rock mediumm

�: Coefficient used in calculation of flexibility
ratio of rectangular tunnels

a : Coefficient used in calculation of flexibility1
ratio of rectangular tunnels

a : Coefficient used in calculation of flexibility2
ratio of rectangular tunnels

a : Peak particle acceleration associated withP
P-wave

a : Peak particle acceleration associated withR
Rayleigh wave

a : Peak particle acceleration associated withRP
Rayleigh Wave for compressional compo-
nent

a : Peak particle acceleration associated withRS
Rayleigh Wave for shear component

a : Peak particle acceleration associated withS
S-wave

d: Diameter or equivalent diameter of tunnel
lining

f : Ultimate friction force between tunnel and
surrounding soil

h: Thickness of the soil deposit
r : Radius of circular tunnel
t: Thickness of tunnel lining
A: Free-field displacement response amplitude

of an ideal sinusoidal S-wave
A : Same as A, used for axial strain calculationa

A : Same as A, used for bending strain calcula-b
tion

A : Cross-sectional area of tunnel liningc

C: Compressibility ratio of tunnel lining
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C : Apparent velocity of P-wave propagationP
C : Apparent velocity of Rayleigh wave propaga-R

tion
C : Apparent velocity of S-wave propagationS
C : Apparent velocity of S-wave propagation insŽR .

soil due to presence of the underlying rock
C : Apparent velocity of S-wave propagation insŽs.

soil only
D: Displacement amplitude of soil
D: Effects due to dead loads of structural com-

ponents
E: Plane strain elastic modulus of frame
E1: Effects due to vertical loads of earth and

water
E2: Effects due to horizontal loads of earth and

water
E : Modulus of elasticity of tunnel liningl

E : Modulus of elasticity of soil or rock mediumm

EQ: Effects due to design earthquake motion
EX: Effects of static loads due to excavation
F: Flexibility ratio of tunnel lining
G : Shear modulus of soil or rock mediumm

H: Effects due to hydrostatic water pressure
H: Height of tunnel

ŽI: Moment of inertia of the tunnel lining per
.unit width for circular lining

I : Moment of inertia of invert slabs in a rect-I
angular cut-and-cover structure

I : Moment of inertia of tunnel lining sectionc

I : Moment of inertia of roof slabs in a rectan-R
gular cut-and-cover structure

I : Moment of inertia of walls in a rectangularW
cut-and-cover structure

K : Free-field curvature due to body or surface
waves

K : Free-field maximum curvature due to bodym
or surface waves

K : Full-slip lining response coefficient1
K : No-slip lining response coefficient2
K : Longitudinal spring coefficient of soil or rocka

medium
K : At rest coefficient of earth pressure0
K : Transverse spring coefficient of soil or rockt

medium
L: Effects due to live loads
L: Wavelength of ideal sinusoidal shear wave
L : Total length of tunnelt
Ž .M � : Circumferential bending moment in tunnel

lining at angle �
M : Maximum bending moment in tunnel cross-max

section due to shear waves
P: Concentrated force acting on rectangular

structure
Q : Maximum axial force in tunnel cross-sectionmax

due to shear waves

Ž .Q : Maximum frictional force between lining andmax f
surrounding soils

R: Lining-soil racking ratio
Rn: Lining�soil racking ratio under normal load-

ing only
S : Force required to cause a unit racking de-1

flection of a rectangular frame structure
T : Predominant natural period of a shear wave

in the soil deposit
Ž .T � : Circumferential thrust force in tunnel lining

at angle �
T : Maximum thrust in tunnel liningmax
U: Required structural strength capacity
Ž .V � : Circumferential shear force in tunnel lining

at angle �
V : Maximum shear force in tunnel cross-sec-max

tion due to shear waves
V : Peak particle velocity associated with P-P

waves
V : Peak particle velocity associated withR

Rayleigh Wave
V : Peak particle velocity associated withRP

Rayleigh Wave for compressional compo-
nent

V : Peak particle velocity associated withR S
Rayleigh Wave for shear component

V : Peak particle velocity associated with S-S
waves

W: Width of the structure
Y: Distance from neutral axis of cross-section

to extreme fiber of tunnel lining

Appendix B: Sample calculations

Design example 1: a linear tunnel in soft ground
( )after Wang, 1993

In this example, a tunnel lined with a cast-in-place
Žcircular concrete lining e.g. a permanent second-pass

.support , is assumed to be built in a soft soil site. The
geotechnical, structural, and earthquake parameters are
listed as follows:

Geotechnical Parameters:

� Apparent velocity of S-wave propagation, C �110s
m�s

� Soil unit weight, � �17.0 kN�m3
t

Ž .� Soil Poisson’s ratio, � �0.5 saturated soft claym
� Soil deposit thickness over rigid bedrock, h�

30.0 m

Structural Parameters:

� Lining thickness, t�0.30 m
� Lining diameter, d�6.0 m� r�3.0 m
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� Length of tunnel, L �125 mt
� Moment of inertia of the tunnel section, Ic

Ž 4 4 .� 3.15 �2.85 4Ž . Ž� 0.5 �12.76 m one half of the4
full section moment of inertia to account for con-

.crete cracking and non-linearity during the MDE
� Lining cross section area, A �5.65 m2

c
� Concrete Young’s Modulus, E �24 840 MPal
� Concrete yield strength, f �30 MPac
� Allowable concrete compression strain under com-

bined axial and bending compression, � �0.003allow
Ž .during the MDE

Ž .Earthquake parameters for the MDE :

� Peak ground particle acceleration in soil, a �0.6 gs
� Peak ground particle velocity in soil, V �1.0 m�ss

First, try the simplified equation. The angle of inci-
Ž .dence � of 40	 gives the maximum value for longitu-

Ž ab.dinal strain � , the combined maximum axial strain
and curvature strain is calculated as:

V a rs sab 3� �� sin� cos�� cos �2C Cs s

1.0 Ž . Ž .�� sin 40	 cos 40	Ž .2 110

Ž .Ž .Ž .0.6 9.81 3.0 3 Ž .� cos 45	 ��0.0051.2Ž .110
Ž .Eq. 6

The calculated maximum compression strain exceeds
Ž abthe allowable compression strain of concrete i.e. � �

.� �0.003 .allow
Now use the tunnel�ground interaction procedure.
1. Estimate the predominant natural period of the

Ž .soil deposit Dobry et al., 1976 :

Ž .Ž .4h 4 30.0 Ž .T� � �1.09s Eq. 16C 110s

2. Estimate the idealized wavelength:

Ž . Ž .L�TC �4h�4 30.0 �120 m Eq. 15s

3. Estimate the shear modulus of soil: G �� C 2
m m s

17.0 2Ž .� 110 �20 968 kPa9.81

4. Derive the equivalent spring coefficients of the
soil:

Ž .16�G 1�� dm mK �K �a t LŽ .3�4�m

Ž .Ž .Ž .16� 20 968 1�0.5 6.0� ž /120Ž Ž .Ž ..3� 4 0.5

Ž .�26 349 kN�m Eq. 14

5. Derive the ground displacement amplitude, A:

The ground displacement amplitude is generally a
function of the wavelength, L. A reasonable estimate
of the displacement amplitude must consider the site-
specific subsurface conditions as well as the character-
istics of the input ground motion. In this design exam-
ple, however, the ground displacement amplitudes are
calculated in such a manner that the ground strains as
a result of these displacement amplitudes are compara-
ble to the ground strains used in the calculations based
on the simplified free-field equations. The purpose of
this assumption is to allow a direct and clear evaluation
of the effect of tunnel�ground interaction. Thus, by
assuming a sinusoidal wave with a displacement ampli-
tude A and a wavelength L, we can obtain:

For free-field axial strain:

V V2�As s� � sin� cos��C L Cs S

Ž .Ž .120 1.0 Ž . Ž .A� sin 40	 cos 40	Ž .2� 110

Ž .�0.085 m. Eq. 17

Let A �A�0.085 m.a
For free-field bending curvature:

2 Ž 2 .Ž .Ž .a 4� A 120 0.6 9.81s 3cos �� �A�2 2 2 2Ž .C L 4� 110s

3 Ž . Ž .cos � �0.080 m. Eq. 18

Let A �A�0.080 m.b
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6. Calculate the maximum axial strain and the corre-
sponding axial force of the tunnel lining:

2�ž /La� � Amax a2E A 2�l c2� ž /ž /K La

2�ž /120 Ž .� 0.0852Ž .Ž .24, 840, 000 5.65 2�
2� ž /ž /26, 349 120

Ž .�0.00027 Eq. 10

The axial force is limited by the maximum frictional
force between the lining and the surrounding soils.
Estimate the maximum frictional force:

fL aŽ .Q � Q � �E A �fmax max l c max4

Ž .Ž .Ž .� 24 840 000 5.65 0.00027

Ž .�37 893 kN Eq. 10

7. Calculate the maximum bending strain and the
corresponding bending moment of the tunnel lining:

22�
Abž /Lb� � rmax 4E I 2�l c1� ž /K Lt

22� Ž .0.080ž /120 Ž .� 3.0 �0.000604Ž .Ž .24, 840, 000 12.76 2�
1� ž /26, 349 120

Ž .Eq. 11

E I �b
l c maxM �max r

Ž .Ž .Ž .24, 840, 000 12.76 0.00060� 3.0

Ž .�63 392 kN�m Eq. 12

8. Compare the combined axial and bending com-
pression strains to the allowable:

�ab ��a ��b �0.00027�0.00060max max

Ž .�0.00087�� �0.003 Eq. 13al l ow

9. Calculate the maximum shear force due to the
bending curvature:

2� 2�Ž .V �M � 63, 391 �3319 kNmax max ž / ž /L 120
Ž .Eq. 12

10. Calculate the allowable shear strength of con-
crete during the MDE:

�'0.85 f A 'ž / Ž .c shear 0.85 30 5.65 Ž .�V � � 1000c ž /6 6 2
�2192 kN

Ž . �where ��shear strength reduction factor 0.85 , f �c
Ž .yield strength of concrete 30 MPa , and A �shear

effective shear area �A �2. Note: Using ��0.85 forc
earthquake design may be very conservative.

11. Compare the induced maximum shear force with
the allowable shear resistance:

V �3319 kN��V �2192 kNmax c

Although calculations indicate that the induced maxi-
mum shear force exceeds the available shear resistance
provided by the plain concrete, this problem may not
be of major concern in actual design because:

� The nominal reinforcements generally required for
other purposes may provide additional shear resis-
tance during earthquakes.

� The ground displacement amplitudes, A, used in
this example are very conservative. Generally, the
spatial variations of ground displacements along a
horizontal axis are much smaller than those used in
this example, provided that there is no abrupt
change in subsurface profiles.

Design example 2: axial and curvature deformation due
to S-waves, beam-on-elastic foundation analysis method
( )after Power et al., 1996

Earthquake and soil parameters:
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� M �6.5, source-to-site distance �10 kmw
� Peak ground particle acceleration at surface, amax

�0.5 g
� Apparent velocity of S-wave propagation in soil due

to presence of the underlying rock, C �2 km�ssŽR.
� Predominant natural period of shear waves, T� 2 s
� Apparent velocity of S-wave propagation in soil

only, C �250 m�ssŽ s.
� Soil density, � �1920 kg�m3, stiff soilm
� Soil Poisson’s ratio, � �0.3m

ŽTunnel Parameters Circular Reinforced Concrete
.Tunnel :

Ž� d�6 m� r�3.0 m, t�0.3 m, depth below ground
.surface �35 m

� E �24.8�106 kPa, � �0.2, A �5.65 m2, Il l c c
Ž 4 4 .� 3.15 �2.85 4 Ž� �25.4 m see tunnel cross4

.section in Appendix B

1. Determine the longitudinal and transverse soil
spring constants:

Ž .Ž .L�C T� 2000 2 �4000 m,sŽR. Ž .Eq. 15
2G �� C �119 800 kPam m m

Ž .16�G 1�� dm mK �K �a t LŽ .3�4�m

Ž .Ž .16� 119 800 1�0.3 6� 4000Ž .Ž .3� 4 0.3
Ž .�3510 kPa Eq. 14

2. Determine the maximum axial strain due to S-
waves:

Estimate the ground motion at the depth of the
tunnel.

Ž .Ž .a �0.7a � 0.7 0.5 g �0.35 g Table 4s max

Ž .Ž .A� 35 cm�g 0.35 g �12.2 cm
�0.12 m Table 3

2�
Až /La� �max 2E A 2�l c2� ž /K La

2� Ž .0.12ž /4000� 26Ž .Ž .Ž .24.8 10 5.65 2�
2� ž /3510 4000

Ž .�0.00009 Eq. 10

3. Determine the maximum bending strain due to
S-waves:

22�
Až /Lb� � rmax 4E I 2�l c1� ž /k Lt

22� Ž .0.12ž /4000 Ž .� 346Ž .Ž .Ž .24.8 10 25.4 2�
1� ž /3510 4000

Ž .�0.0000003 Eq. 11

4. Determine combined strain:

�ab ��a ��b �0.00009�0.00000030max max

Ž .
0.00009 Eq. 13

If the calculated stress from the beam-on-elastic
foundation solution is larger than from the free-field
solution, the stress from the free-field solution should
be used in design.

Design example 3: ovaling deformation of a circular
( )tunnel modified from Power et al., 1996

Earthquake and soil parameters:

� M �7.5, source-to-site distance �10 kmw
� Peak ground particle acceleration at surface, amax

�0.5 g
� Stiff soil, � �1920 kg�m3, C �250 m�s, � �0.3m m m

ŽTunnel parameters circular reinforced concrete tun-
.nel :

� d�6 m� r�3.0 m
Ž� t�0.3 m, depth�15 m see tunnel cross-section in

.Appendix B
� E �24.8�106 kPa, � �0.2l l

Ž .� Area of the tunnel lining per unit width , A �0.3l
m2�m

Ž� Moment of inertia of the tunnel lining per unit
1 3 4. Ž .Ž .width , I� 1 0.3 �0.0023 m �m12

Ž .Use formulations of Penzien 2000 assuming full slip
condition.

Note: in the following calculation, more significant
figures are kept throughout each step to show that

Ž .formulations of Penzien 2000 give the same values as
Ž .Wang 1993 .
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Ž n.1. Determine the racking ratio R and the displace-
ment term � Dn :lining

Estimate ground motion at depth of tunnel.

Ž .Ž .a �0.9a � 0.9 0.5 g �0.45 g Table 4s max

Assuming stiff soil,

Ž .Ž .V � 140 cm�s�g 0.45 g �63 cm�ss

�0.63 m�s Table 2

V 0.63s� � � �0.0021max C 300m

19202 2Ž .G �� C � 250 �120 000 kPa Table 5m m m ž /1000

Ž . Ž .Ž .E �2G 1�� �2 120 000 1�0.3m m m

�312 000 kPa

Ž .12 E I 5�6�l mn� � 3 2Ž .d G 1��m l

Ž .Ž .Ž 6 .Ž .Ž Ž .Ž ..12 24.8 10 0.0023 5� 6 0.3� 3 2Ž .Ž .Ž Ž ..6 120 000 1� 0.2
Ž .�0.088025 Eq. 34

Ž . Ž .4 1�� 4 1�0.3mn Ž .R � � �2.5735 Eq. 33n 0.088025�1� �1

� dmaxn n n�d �R �d �Rlining free�field 2
Ž .Ž .0.0021 6Ž . Ž .� 2.5735 �0.016213 Eq. 292

Ž .2. Determine the maximum tangential thrust T and
Ž .moment M due to S-waves:

12 E I�dn
� �l lining 2T � cos ��ž / ž /3 24 4Ž .d 1��l

6Ž .Ž .Ž .Ž .Ž .12 24.8 10 0.0023 0.016213 Ž .Eq. 30� 3 2Ž .Ž Ž ..6 1� 0.2
� �

�cos2 � �53.5 kNž /4 4

6E I�dn
� �l lining 2M � cos ��ž / ž /2 24 4Ž .d 1��l

6Ž .Ž .Ž .Ž .Ž .6 24.8 10 0.0023 0.016213 Ž .Eq. 31� 2 2Ž .Ž Ž ..6 1� 0.2
� �

�cos2 � �160.6 kN�mž /4 4

Note: maximum T and M occur at ����4.

3. Determine combined stress � and strain � from
thrust and bending moment:

Ž . Ž . Ž .Ž .T � M � Y 53.5 160.6 0.15
�� � � �A I 0.3 0.0023l

�178�10474�10 652 kPa

Ž .Use formulations of Wang 1993 assuming full slip
condition.

Ž .1. Determine the flexibility ratio F and full-slip
Ž .lining response coefficient K :1

Ž 2 . 3E 1�� rm lF� Ž .6E I 1��l m

Ž .Ž 2 .Ž 3 .312 000 1�0.2 3� 6Ž .Ž .Ž .Ž .6 24.8 10 0.0023 1�0.3

Ž .�18.1767 Eq. 20

Ž . Ž .12 1�� 12 1�0.3mK � �1 2 F�5�6� Ž . Ž .2 18.1767 �5�6 0.3m

Ž .�0.21237 Eq. 24

Ž .2. Determine the maximum tangential thrust T and
Ž .moment M due to S-waves:

E1 mT � K r�max 1 max6 Ž .1��m

Ž .1 312 000Ž . Ž .Ž .� 0.21237 3 0.00216 Ž .1�0.3

Ž .�53.5 kN Eq. 22

E1 m 2M � K r �max 1 max6 Ž .1��m

Ž .1 312 000 2Ž . Ž .Ž .� 0.21237 3 0.00216 Ž .1�0.3

Ž .�160.6 kN�m Eq. 23

3. Determine combined stress � and strain � from
thrust and bending moment:

Ž .Ž .T MY 53.5 160.6 0.15
�� � � �A I 0.3 0.0023l

�178�10474�10 652 kPa
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The above calculation is repeated for no-slip condi-
tion. The results are summarized in the table below:

Ž . Ž .Wang 1993 Penzien 2000
Full Slip No Slip Full Slip No Slip

Ž .T kN 53.5 870.9 53.5 106.0
�Ž .M kN-m 160.6 160.6 160.6 158.9

Ž .� kPa 10 652 13 376 10 652 10 716

�Assumed equal to full-slip condition
Note: in the case of full-slip condition, the two

formulations give the same values for the force compo-
nents. It can be observed that magnitude of the mo-
ment has a much stronger influence than thrust over
the stresses experienced by the tunnel lining. Calcula-
tion also shows that under no-slip assumption, the

Ž .formulation of Wang 1993 yields a much higher thrust
Ž .than the one from Penzien 2000 .

Design example 4: racking deformation of a rectangular
( )tunnel after Power et al., 1996

Earthquake and Soil Parameters:

� M �7.5, source-to-site distance �10 kmw
� Peak ground particle acceleration at surface, amax

�0.5 g
� Apparent velocity of S-wave propagation in soil,

C �180 m�sm
� Soft soil, soil density, � �1920 kg�m3

m

ŽTunnel parameters rectangular reinforced concrete
.tunnel :

Ž . Ž .� Width of tunnel W �10 m, height of tunnel H
�4 m, depth to top�5 m

1. Determine the free-field shear deformation
� :free-field

Estimate ground motion at depth of tunnel.

Ž .Ž .a �1.0a � 1.0 0.5 g �0.5 g Table 4s max

Assuming soft soil,

Ž .Ž .V � 208 cm�s�g 0.5 g �104 cm�ss

�1.0 m�s Table 2

V 1.0s� � � �0.0056 Table 5max C 180m

Ž .Ž . Ž .� �� H� 0.0056 4 �0.022 m Eq. 43free�field max

2. Determine the flexibility ratio F:

19202 2Ž .G �� C � 180 �62 000 kPa Table 5m m m ž /1000

G Wm Ž .F� Eq. 45S H1

Through structural analysis, the force required to
Ž .cause a unit racking deflection 1 m for a unit length

Ž .1 m of the cross-section was determined to be 310 000
kPa. Note that for the flexibility ratio F to be dimen-
sionless, the units of S must be in force per area.

Ž .Ž .62000 10
F� �0.5Ž .Ž .310 000 4

For F�0.5, the racking coefficient R is equal to 0.5.

3. Determine the racking deformation of the struc-
ture � :structure

Ž .Ž .� �R� � 0.5 0.022 �0.011 mstructure free�field

Ž .Eq. 51

Determine the stresses in the liner by performing a
structural analysis with an applied racking deformation
of 0.011 m. Both the point load and triangularly dis-
tributed load pseudo-lateral force models should be
applied to identify the maximum forces in each loca-
tion of the liner.
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