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ABSTRACT: Earthquakes subject tunnel linings to transient strains due to ground
shaking, and can cause localized permanent strains in zones of fault rupture. These issues
are discussed with respect to seismic analyses and design strategies. Most underground
structures are flexible in relation to the ground, and these structures will be subject to the
same strains as the ground in which they are embedded, yet such strains often do not
drive structural design. However, without design detailing to create strain compatibility,
large changes in structural flexibility can create undesirable changes in strain due to
seismic shaking. Similarly, while it is impossible to design a tunnel lining to resist
discrete fault movement, measures can be taken to minimize damage and facilitate repair
following a major earthquake. Two case histories illustrate these concepts: (1) the Bay
Tunnel in Santa Clara County, California, a new water supply tunnel in soft ground near
active faults and subject to severe seismic shaking; and (2) the Claremont Tunnel Seismic
Upgrade in Berkeley, California, retrofit of a water supply tunnel crossing an active fault.
1 PERFORMANCE OF TUNNEL STRUCTURES IN EARTHQUAKES
Earthquakes impart additional incremental loads on tunnel support, subject tunnel linings to transient
strains due to ground shaking, and can cause localized permanent strains in zones of fault rupture.
Therefore, the three fundamental seismic design considerations for tunnels involve: (1) the additional
seismic load imposed on the tunnel support; (2) the ground strains induced by seismic wave
propagation; and (3) the localized displacements induced by fault rupture.
Earthquakes cause transient deformation of the ground as various types of waves travel through the
ground. Most underground structures are flexible in relation to the ground and are subject to the same
strains as the ground in which they are embedded. If the wavelengths are long relative to the size of
the opening, dynamic amplification effects are minimal (Hendron and Fernandez, 1983) and ground
strains in the free field can be evaluated using plain-strain theory. Several authors have published
relationships for determining strains developed in response to different wave types (Figure 1). These
closed-form solutions are simplified methods based on the theory of elasticity. They use free-field
deformation and ground-lining interaction approaches to examine the longitudinal and transverse
effects caused by seismic waves (Hashash et al., 2001). Strains generated by seismic shaking often do
not drive the structural design. However, without design detailing to create strain compatibility, large
changes in structural flexibility can create undesirable changes in strain due to seismic shaking.
It is impossible to design a tunnel lining to resist discrete fault movement, but measures can be taken
to minimize damage and facilitate repair following a major earthquake. Owen and Scholl (1981)
summarize the approaches taken on several tunnel projects that involved fault crossings, including: (1)
crossing faults at or near the surface in pipeline (i.e., non-tunnel); (2) using oversized tunnels to
accommodate some fault movement; (3) using closely spaced steel ribs in areas of fault crossings; (4)
providing access structures and a stockpile of essential materials to facilitate tunnel repair; and (5)
avoiding changes in tunnel direction in areas of fault crossings.
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Figure 1. Deformation of underground openings due to seismic waves (after Owen and Scholl, 1981)

This paper presents two tunnel case histories that illustrate design for resilience due to seismic shaking
and fault rupture: the Claremont Tunnel Seismic Upgrade and the Bay Tunnel (Figure 2).

Figure 2. Claremont and Bay Tunnels

2 CLAREMONT TUNNEL SEISMIC UPGRADE, BERKELEY, CALIFORNIA
In 1994, the East Bay Municipal Utility District (EBMUD) commenced a system-wide Seismic
Improvement Program to protect its facilities from catastrophic damage. A primary focus of this
program was retrofitting the 80-year old Claremont Tunnel, a water supply tunnel that crosses the
active Hayward fault zone. A large earthquake on the Hayward fault could generate enough rightlateral fault slip to effectively sever this important lifeline. The retrofit project involved construction
of a new bypass tunnel through the fault zone, together with systematic contact grouting and localized
structural repair of the existing concrete liner. Several innovative design measures were incorporated
into the seismic retrofit design, including an oversized tunnel cross section, seismic isolation of an
internal structural pipe, and shear fuses in the final lining.
2.1 Project History and Background
The Claremont Tunnel was constructed from 1926 to 1929. It is a 2.74-m-diameter, 5.5-km-long
horseshoe tunnel that carries treated water by gravity flow through the Berkeley Hills from the Orinda
Water Treatment Plant. The final lining of the original tunnel consists of primarily unreinforced
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concrete, with the exception of small, sporadic reaches of steel reinforced concrete. This critical
lifeline tunnel routinely carries between 416,000 and 662,000 cubic meters of treated water per day to
70% of EBMUD’s 1.2 million customers.
2.2 Geology
The geology along the tunnel alignment is characterized by three reaches. The westernmost reach,
extending approximately 243 m from the bypass tunnel portal, consists of Franciscan Complex
mélange. The mélange is a chaotic mixture of sheared shale, sandstone, altered volcanic rocks,
serpentinite, and occasional hard blocks of chert and blueschist. The rock quality varies from crushed,
soft, and plastic in the shear zones to blocky, hard, and strong. To the east, the next 232-m section
along the alignment consists of materials altered by faulting. The ground west of the primary fault
zone is similar to Franciscan Complex mélange, with some clayey gouge zones. Within the primary
fault zone the material consists of soft clay fault gouge with a consistency of stiff to hard clay. To the
east of the primary fault zone, the materials are primarily silica carbonate and serpentinite with some
clayey gouge zones. The geologic unit at the easternmost reach of the bypass alignment, for a distance
of approximately 104 m, consists of sandstone with interbedded shale and siltstone. The sandstone is
fine grained and moderately hard. It is primarily thinly bedded, with some thick beds of blocky rock.
The shale beds are typically highly sheared and contorted. Bedding is generally steeply dipping.
The active Hayward fault crosses the tunnel alignment, almost perpendicular to its axis, about 259 m
from the west portal. The fault last experienced a major seismic in 1868. The U.S. Geological Survey
Working Group on California Earthquake Probabilities has estimated there is a 27% probability of a
magnitude 6.7 or greater earthquake occurring on the Hayward fault before the year 2032. EBMUD
has adopted a magnitude 7.0 Maximum Credible Earthquake (MCE) along the Hayward Fault as the
design event for the seismic upgrades. Geologists have estimated that the lateral offset from the MCE
could be on the order of 2.3 m. This event would render the existing tunnel unserviceable.
The Hayward fault is also actively creeping. Published rates of active fault creep along the fault in this
area range from about 4.5 mm to 6.4 mm/year. Survey measurements obtained from past Claremont
Tunnel inspections confirmed these rates of movement. For the seismic upgrade of the Claremont
Tunnel a design fault creep rate of 6 mm per year and 0.3 m over a 50-year period was adopted.
Secondary faulting displacements, adjacent to the zone of primary displacement, were also a design
consideration. The 18.3-m-wide zone subject to primary fault offset is located within a 280-m-wide
zone that is susceptible to secondary fault offsets. The estimate of secondary fault displacements was
approximately 30% of the primary fault offset, or 0.7 m. Secondary fault offsets were judged to
potentially occur anywhere within the 280-m-wide zone (Figure 3).

Figure 3. Schematic of Claremont Bypass Tunnel
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2.3 Design
Engineering studies showed the preferred solution for the seismic retrofit consisted of constructing a
new 479-m-long bypass tunnel through the Hayward Fault Zone, with a 146-m-long access tunnel
driven parallel to the existing tunnel (Caulfield et al., 2005). The bypass tunnel would tie into the
existing Claremont Tunnel on either side of the Hayward Fault Zone (Figure 3). This solution allows
the majority of the construction to be performed while the existing tunnel remains in service. Tunnel
outages were limited to 3-month wintertime construction windows due to water system demands.
The primary design approach to accommodate fault offset of the tunnel structure was to create an
enlarged opening through the zone subject to major offset (Figure 4). By properly sizing the enlarged
section to accommodate the expected offsets, local repairs, although potentially substantial, can be
made following the earthquake event and the facility may be brought online in a timely manner. Since
the Claremont Tunnel is a critical lifeline carrying treated water, it is important to minimize water
flow impacts as much as possible until post-earthquake repairs can be implemented. It is expected that
following a major seismic event, EBMUD’s resources will be in high demand performing emergency
repairs on other damaged facilities such as distribution pipelines and treatment plants. The Claremont
Tunnel would have to convey essential water flows of at least 492,000 cubic meters per day to meet
minimal water requirements for a period of 60 to 90 days following the earthquake before EBMUD
could undertake significant repairs to the tunnel.
Design of the bypass tunnel across the main Hayward Fault trace requires accommodating the primary
fault offset of 2.3 m as well as 300 mm of lateral fault creep, for a total of 2.6 m of expected
movement. The design for traversing the Primary Fault Zone consists of an enlarged tunnel vault
section, 5.2 m in diameter, with an internal, isolated carrier pipe. This addresses the potential for local
blockage of the tunnel resulting from collapse of the tunnel crown. The cross sections of the enlarged
vault and carrier pipe are sized to allow up to 2.6 m of total fault displacement before the tunnel lining
and carrier pipe appreciably interact.

Figure 4. Seismic Upgrade Design Approaches

The carrier pipe is rolled steel with an internal diameter of 1.8 m and a wall thickness of 76 mm. The
internal diameter was established based on minimum post-earthquake flow requirements assuming that
complete blockage occurs around the carrier pipe. The wall thickness was designed to accommodate
complete ground collapse. The pipe is lightly restrained so that it is essentially free to rotate and shift
as fault displacement occurs. The ability for the pipe to move in a largely unrestrained manner allows
it to be effectively isolated from seismically induced loading conditions.
Discrete fault displacement of 2.6 m is an idealization resulting in conservative dimensions of the
oversized tunnel section. While the primary fault offset may occur across a single well-defined plane,
it could be distributed across many planes over a distance of several meters. A distributed faulting
condition could damage a larger area of the tunnel lining. Therefore, preferential areas were created
for the fault displacement to occur through specific locations in the lining. This was achieved by
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specifying 0.3 m gaps in the longitudinal lining reinforcement every 1.5 m throughout the tunnel
interval subject to primary fault displacement. The reinforcement gaps act as shear fuses, representing
weak links in the lining and preferred paths for fault rupture. The goal of the shear fuse design is to
promote breaks between adjacent lining disks, while sufficient reinforcing steel is provided between
the shear fuses to minimize the potential for significant lining collapses.
In addition to the primary fault movements, sections of the bypass tunnel with the potential for offsets
in Secondary Fault Zones were addressed in the design by providing an oversized tunnel section with a
nominal 0.7-m-thick reinforced concrete liner. The flow cross section and liner will accommodate
secondary fault offsets by allowing the required flow to pass through the offset cross section, while
minimizing debris that may enter the tunnel from the surrounding ground. Concrete reinforcement for
this liner was similar to reinforcement for the Primary Fault Zone, and includes shear fuses.
Primary support for the various sections of the bypass tunnel consisted of heavy steel ribs and pattern
rock bolts. The steel ribs were incorporated into the final concrete liner and are expected to provide
some ground support following the design earthquake event. The pattern rock bolting will promote
favourable ground-lining interaction during the design earthquake.
In addition to fault offsets within the Hayward Fault Zone, the existing tunnel liner will be subject to
strong earthquake shaking. The original tunnel was supported initially with five-piece arch timber sets.
The final lining was a combination of reinforced and unreinforced concrete with a thickness of 100 to
150 mm over the timber sets. Only a small portion of the original lining was contact grouted, and some
of the primary timber support likely had deteriorated. Gradual erosion of sedimentary formations
along the alignment may have also created voids behind the liner. These sections of lining are
susceptible to damage from seismic shaking. Systematic contact grouting for the most vulnerable
tunnel reaches upstream of the new bypass tunnel was implemented to improve ground/liner
interaction during the design seismic event. Bypass tunnel construction began in 2004 and was
completed in 2006 (Figure 5).

Figure 5. Excavation through the Hayward Fault

3 BAY TUNNEL, SANTA CLARA COUNTY, CALIFORNIA
The San Francisco Public Utilities Commission (SFPUC) is in the process of a major upgrade of its
water conveyance system. A key element of this program is the Bay Division Pipeline Reliability
Upgrade Project. It includes a tunnel under the San Francisco Bay (the Bay Tunnel) and adjacent
marshlands. The Bay Tunnel is approximately 8 km long and crosses under the Bay in soil conditions.
Tunnel excavation is utilising an earth pressure balance tunnel boring machine (TBM). The TBM was
launched from the tunnel’s west end at Ravenswood Shaft, and will be retrieved from the Newark
Shaft at the east end. When completed, the tunnel will have a two-pass lining system with a watertight
precast concrete segmental lining as the initial lining. The final lining for the tunnel will be a Grade 40
steel pipe with an inside diameter of 2750 mm and a wall thickness of 14 mm. The annular space
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between the steel pipe and the segmental lining will be backfilled with low-density cellular concrete.
3.1 Geology
Soil deposits present along the tunnel alignment can be grouped into six principal strata: artificial fill,
Young Bay Mud, San Antonio Formation, Old Bay Clay, Alameda Formation, and Franciscan
Complex bedrock. The entire Bay Tunnel will be constructed within the San Antonio Formation,
except for a 360-m-long reach within Franciscan Complex rock. San Antonio Formation consists of
interbedded layers of fine-grained clay deposits and variable sand deposits. This formation was formed
by a sequence of terrestrial alluvial fans. The Bay Tunnel is located between two of the most
seismically active faults in the Bay Area—the San Andreas Fault to the west and the Hayward Fault to
the east. The design earthquake for the Bay Tunnel has a return period of 1,000 years and a horizontal
peak ground acceleration of approximately 0.6g. An essential aspect of the Bay Tunnel design was
evaluation of the response of the tunnel facilities to seismic activity on these faults (Sun et al., 2008).
3.2 Seismic Analysis
Seismic analyses for the Bay Tunnel used three methods: closed-form solutions based on Hashash et
al. (2001), numerical racking analysis based on an equivalent linear elastic approach, and full
nonlinear dynamic analysis using a hysteretic damping model. The racking and dynamic analyses were
performed using FLAC Version 5.0 by Itasca. The racking analysis was used to quantify the racking
deformations (shear distortions) and their effects on the tunnel final lining due to seismically induced
free-field shear strains in the ground (Figure 6).

Figure 6. Modelling of Linear-Elastic Racking

A dynamic analysis is usually considered more realistic than closed-form solutions or racking analyses
for projects with complex features, such as tunnels, because they can account for more complex soilstructure interactions and more realistically simulate the motions of a tunnel when it is subjected to
earthquake shaking. Various ground motion time histories and a wide range of frequency spectra can
be directly input into a dynamic analysis. Shear-modulus reduction and damping of soil and rock
during earthquake shaking can be incorporated into the dynamic analysis in a realistic manner. In
addition, static effects of in situ ground stresses, groundwater pressures, and tunnel internal water
pressure can be taken into account. These effects are assessed by simulating the tunnel construction
process prior to applying the dynamic loads to the FLAC model.
Four tunnel sections were selected for two-dimensional seismic analyses: the Shallow, Bay, Deep, and
Rock Sections. Evaluation of the seismic performance of the tunnel at these sections was considered to
encompass the range of seismic responses expected along the alignment.
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3.3 Seismically Induced Tunnel Shear Distortions
Shear distortions defined here are the relative horizontal displacements between tunnel crown and
invert. It is apparent that the shear distortions are transient in the four sections (Figure 7), following
similar cycles of ground displacements. The magnitude of shear distortions is highly dependent on the
amplitude of shear waves and ground conditions. The peak shear distortion occurs when the amplitude
of shear waves reaches its peak over the duration of shaking. Near the soil and rock transition zone, a
differential shear strain of about 0.2% was estimated. This differential shear strain is expected to occur
over a distance of more than 15 m, so the transition between rock and soil will be gradual. In addition,
the presence of concrete segments and backfill grout will serve as a cushion to make the transition less
abrupt. Therefore, this differential shear strain is not expected to have a significant impact on the
tunnel final lining performance.
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Figure 7. Time Histories of Final Lining Shear Distortions at Four Tunnel Sections

3.4 Seismically Induced Stresses in Final Lining
Time histories of the calculated hoop stresses that developed in the final lining are shown in Figure 8
for the four tunnel sections. Maximum tensile hoop stress is predicted to be about 202 MPa, occurring
at the Deep Section. This is below the allowable design stress of 207 MPa for the steel lining
specified. As indicated in Figure 7, stresses are transient, and maximum stress occurs only once during
the design earthquake. Stresses in the second-highest load cycle are approximately 172 MPa, and
average dynamic stresses are even lower at only about 124 MPa—about 45% lower than yield stress.
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Figure 8. Time Histories of Calculated Hoop Stresses in Final Lining at Four Tunnel Sections
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3.5 Comparison of Results from Different Methods
Estimated stress levels calculated using the three different methods are generally consistent, within 14
to 28 MPa of each other. The largest difference is associated with the Deep Section. The stresses from
the dynamic analysis are higher than those from the other two methods. One possible reason is that in
the dynamic analysis the ground degradation represented by the shear-modulus reduction curve is
accounted for, while in the closed-form solutions and racking analysis ground degradation is ignored.
This may result in a larger shear distortion, and therefore a higher hoop stress in the final lining.
4 CONCLUSIONS
The seismic analyses and design approach taken for the two projects discussed herein yielded the
following conclusions:
1. Design of tunnels crossing active faults should seek to achieve reliability through redundancy.
For lifeline water tunnels, the goal should be to provide an uninterrupted, minimum flow of
water after a major fault offset. Even with a redundant approach, it must be anticipated that
some damage will occur at the location of offsets. This damage should be managed through
controlled failure of the tunnel support. At a reasonable time after the earthquake, repairs
should be expected to return the asset to full service.
2. In transition zones, such as soil and rock or stiff shaft structures and flexible tunnel linings,
differential shear in tunnel linings due to seismic shaking can be expected to occur over a
defined distance. For precast concrete segmentally lined tunnels, stiffer backfill grout between
the segments and the steel carrier pipe can serve as a cushion to make the transition less
abrupt, and is a viable approach to limit shear distortions, where required.
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