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CHAPTER 1

INTRODUCTION

The Bay Area Rapid Transit (BART) system provides a modern rail transit service

between stations in San Francisco, Alameda, and Contra Costa Counties, California.

On the Concord Line, between Rockridge and Orinda Stations, twin tunnels each
4950m long pass through the Berkeley Hills (Figures 1.1, 1.2). Near the west portal, the
tunnels cross the Hayward Fault, a highly active strike-slip fault along which major earth-
quakes have occurred with associated surface rupture. Slow right lateral slippage along the
Hayward Fault has been well documented, particularly in locations where crossed by struc-

tures and utilities.

The BART tunnels were constructed about 14 years ago, and concerns were recently
raised that by now, fault slippage could have affected the tunnel liner. The research pro-
gramme undertaken for this dissertation to assess the behaviour of the BART tunnels
through the Hayward Fault, followed a request to the University of California from BART’s

Design and Construction Department.

Numerous construction and investigation data were available, and considerable time
was spent reviewing these. Tunnel instrumentation was evaluated, and data recorded since
construction were analysed. Data from previous surveys, and surveys undertaken for this
project, were reduced and interpreted. A detailed log of concrete liner cracking was
prepared for the section of tunnel through the Hayward Fault. An analytical study was

made of the interaction between the tunnel liner and ground in the Hayward Fault zone.

Based on this work, and on a review of problems encountered with tunnels across

active faults elsewhere, it was possible to explain the observed BART tunnel behaviour.
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Recommendations are made for further monitoring in order to safely operate high speed

trains in these tunnels.



CHAPTER 2

ACTIVE FAULT PHENOMENA THAT CAUSE TUNNEL DAMAGE

2.1. Definition of an Active Fault

A fault may be defined as a fracture or fracture zone, along which there has been dis-
placement of one side relative to another, and parallel to the fracture. A fault trace is the
topographic expression of the intersection of a fault and ground surface. It is therefore

used to depict the location of a fault on a map.

An active fault has been defined as one that has had surface displacement within
Holocene time (about the last 11,000 years) (Hart, 1978). Other definitions of an active
fault have been used. For example, the New Zealand Geological Survey considers an active
fault one which has moved in the last 50,000 years, or which shows evidence of repeated
movement in the last 500,000 years (Lensen, 1976). A similar definition is used by the
U.S. Nuclear Regulatory Commission. The U.S. Water and Power Resources Service,
formerly Bureau of Reclamation, designate an active fault as one for which there is evi-
dence of displacement in the past 100,000 years. The U.S. Army Corps of Engineers use a

period of 35,000 years.

Active faults may be identified by a number of methods, including direct observation
of young fault-related topographic features in the field, or on aerial photographs or other
remotely obtained images, surface and subsurface geological mapping, and geophysical
investigations. The evidence by which active faults are identified is generally subtle or

obscure.



The implication that faults not exhibiting the relevant criteria are inactive is not
necessarily valid. A fault may be shown to be inactive on geologic evidence, but such evi-
dence is commonly difficult to obtain. This problem has led to other qualifications as to
activity which in California include: potentially active fault - one which shows evidence of
surface displacement during Quaternary time (the last 2 to 3 million years); sufficiently
active fault - a fault with evidence of Holocene surface displacement along one or more of

its segments or branches (Hart, 1978).

2.2. Ground Vibration

When an earthquake occurs along a fault, vibrations at ground surface will be strong-
est close to the fault plane, attenuating with distance. Although a number of empirical
attenuation laws have been developed, it is not clear whether these relations can be applied
at depth below the ground surface. The intensity of shaking at a site is related to earth-
quake magnitude, as well as distance from the earthquake source and local ground condi-
tions, but as the source of ground motion is distributed along a section of a fault, the sever-
ity of ground shaking close to a fault may not change greatly as a function of earthquake

magnitude.

Seismographs were installed in the Tanna Tunnel following the 1930 Izu earthquake,
as well as on the ground surface 160m above it (Nasu, 1931). Both instruments were
located in agglomerate and recorded a number of strong aftershocks. It was found that
when the fundamental period of the earthquake was less than 1 second, the ratio of ampli-
tude above ground to that below ground was always greater than 2:1. For longer periods,

around 4 seconds, the amplitude ratio tended to unity (Figure 2.1).

The effects of ground vibration on tunnel performance have been reviewed by Dowd-
ing and Rozen (1978) who surveyed the behaviour of 71 tunnels during earthquakes and

compared accelerations at ground surface with tunnel damage. For each site, ground
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surface acceleration was calculated based on attenuation relations developed for earthquake
magnitude and epicentral distance. N~ allowance was made for possible attenuation with
depth. Correlation of damage to peak ground motion showed that no damage' occurred in
tunnels where the peak ground acceleration was less than 0.19g? and peak ground velocity
was less than 20cm/sec. Minor damage due to shaking® was observed for values of peak
acceleration and velocity up to 0.5g and 94cm/sec respectively. Above an acceleration of

0.5g, major rock falls, severe cracking, and collapse occurred.

Owen and Scholl (1980) collected data on 127 underground openings affected by
earthquakes, including those described by Dowding and Rozen (1978). They estimated
peak ground motion parameters by using attenuation relations that considered location of
source, and ground characteristics at the site. Some of Owen and Scholls’ ground surface
accelerations were higher than those assumed by Dowding and Rozen. It was concluded
that little or no damage occurred in rock tunnels for ground surface accelerations below
0.4g. Many instances of damage were close to the ground surface, either near portals or in
tunnels with little ground cover. A number of case histories used by Owen and Scholl were
from mines, however these data are likely to be misleading when applied to civil engineer-
ing structures. Stress changes due to extraction of ore are such that an earthquake can
trigger instability, with resulting damage to mine openings. The amount of damage

reported may not be directly related to intensity of earthquake shaking.

From observations of tunnels close to nuclear explosions, Owen and Scholl (1980)
found that thick tunnel liners suffered more damage than thinner more flexible liners.
However such nuclear tests produce vibrations with frequency content, values of peak
ground motion parameters, and duration, different from earthquakes. These observations

appear to have limited application to ground vibration during earthquakes.

1 defined as no rockfalls in an unlined tunnel
Z g is the standard acceleration of gravity
3 defined as reports of rockfalls in an unlined tunnel and minor cracking of lining



2.3. Fault Displacement

Historical records of large magnitude earthquakes with shallow focal depths suggest a
close relation with surface displacement along a fault. Furthermore, the record of fault
activity suggests it is most likely that displacements along a given fault will occur on or near
the most recently active fault trace (Taylor and Cluff, 1977). The sense of displacement
wili most likely follow that of previous events, responding to a tectonic stress field that

changes only slowly with time.

Three types of fault displacement are generally recognised: strike-slip, normal, and
reverse. Strike-slip fault displacement involves a horizontal lateral motion, usually along a
near-vertical fault plane, and normal faults and reverse faults cause dip-slip displacements.
These three categories represent the range of fault motions. Commonly the observed fault
displacement will involve strike-slip movement with a component of normal or reverse

movement, or vertical displacement with a component of strike-slip movement.

The effect of displacement on a tunnel crossing a fault is dependent upon sense of
movement of the fault, amount of displacement, and width of the zone over which dis-
placement takes place. Sense of displacement relative to orientation of the tunnel deter-
mines whether a section of tunnel in an active fault zone undergoes compression or exten-

sion, in addition to shear.

In California, data from small scale geodetic arrays, and continuous monitoring by
surface displacement meters across active faults, indicate that slow slippage is a common
behaviour of active faults. Fault creep was defined by Burford er al. (1978) as "gradual,
aseismic slip that is apparently produced by viscous yielding within a relatively weak fault
gouge". Because of the material behaviour implied by the use of the term "creep”, fault

slippage more appropriately describes this phenomenon, and is used throughout this report.

Recognition of fault slippage goes back at least to 1933, when Koch described damage

to well casings and to gas, oil, and water lines due to slippage on a low angle thrust fault in
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the Buena Vista oil field, Kern County, California. Later observations of slippage along this
fault were described by Wilt (1958). Soon after, the effects of slippage were observed along
the San Andreas Fault near Holister, California (Steinbrugge and Zacher, 1960), and along

the Hayward Fault (Radbruch and Lennert, 1966).

Both discrete slippage events and steady-state slippage have been observed, typically
with occasional discrete slip events superimposed on a background of slow, steady slip.
Slippage events may have displacements of a few millimeters and durations of several
hours. They sometimes begin at different times at adjacent sites (Nason, 1971). King et al.
(1973) suggested that the low seismic excitation during steady slippage was the result of

slow particle motions, rather than low strain energy release.

2.4. Squeezing Ground

Squeezing ground is a time-dependent phenomenon usually associated with tunnel
construction through a fault zone. Squeeze occurs when the in situ stresses are high relative
to the strength of the material. A high stress to strength ratio causes slow, time dependent

displacement of ground around the tunnel toward the excavated opening.

From a tunnelling point of view, ground in fault zones normally only causes problems
during construction. Materials encountered may range from fractured yet unweathered

rock, to a low strength clay gouge requiring special tunnelling techniques.

Peck (1969) demonstrated that squeezing behaviour of clay in a tunnel excavation is

related to a stability factor N, where

and P, = overburden pressure

F,

tunnel air pressure above atmosphere

Sy

undrained shear strength
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Squeezing ground can be expected when N, is greater than one. When N, is less than 4,
the rate of squeeze does not usually cause problems with ground control. At a value of 6
or 7, squeezing ground may cause serious problems with face stability. Squeezing ground
causes tunnelling difficulties due to loss of ground, and in shallow tunnels, ground surface

settlement may be a problem.

2.5. Legislation to Mitigate the Effects of Active Fault Phenomena

The California State Legislature passed the Alquist-Priolo Special Studies Zones Act in
1972 (Public Resources Code: Division 2, Chapter 7.5). Under this Act, the State Geolo-
gist must establish Special Studies Zones to regulate development near the traces of poten-

tially hazardous faults.

To assist cities and counties implement the Alquist-Priolo Special Studies Zones Act,
the State Mining and Geology Board established Policies and Criteria. These are discussed
by Hart (1980), and they include as Specific Criteria that no structures for human occu-
pancy are permitted on the trace of an active fault. This definition excludes tunnels and
other transportation structures. However the Specific Criteria do state that such structures

should be sited and designed with due consideration to the hazard of surface faulting.

To January 1, 1977, some 21 potentially active faults had been included in Alquist-
Priolo Special Studies Zones. Designated faults near the San Francisco Bay Area included

the San Andreas, Hayward, and Calaveras Faults.

The Alquist-Priolo Special Studies Zones Act is concerned with mitigating the local-
ised hazard of surface fault rupture and does not consider the more widespread hazard of
strong ground vibration. However ground vibration and soil response may be discussed in
the Seismic Safety Element, a mandatory part of the General Plan for a city or county.
Although the fault rupture hazard is generally considered to be the most readily mitigated

geologic hazard, Hart (1978) found from experience that accurate location and evaluation
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of faults was more difficult than initially anticipated. As an example of this, the Greenville
Fault in Contra Costa County, California, had been classified as inactive before a magni-

tude* 5.5 earthquake on January 24, 1980, caused surface rupture along the fault.

4 Earthquake magnitudes are in terms of the Richter Scale (Richter 1935).
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CHAPTER 3

CASE HISTORIES

3.1. Southern Pacific Railroad Tunnel, Santa Clara County, California

In 1906, an earthquake M 8.25 with its epicentre near San Francisco, California, was
associated with relative displacement along about 430km of the San Andreas Fault, and
with a maximum horizontal offset of about 5Sm (Lawson, 1908). A Southern Pacific Rail-
road tunnel crossed the San Andreas Fault near Wright Station, and during the earthquake
there was lateral displacement of 1.4m along a shear zone about 120m from the north-east
portal. In this location the tunnel was timber-supported and considerable crushing of
timbers and upward heave of rails occurred. Other shear zones with smaller offsets were
found at a distance of between 400m and 700m from the portal. These shear zones had a
similar orientation to the main fault break. Surveys during tunnel reconstruction indicated
that progressively increasing horizontal displacement occurred from a point about 1500m
from the main fault break to the shear zone, where 1.4m offset was measured (Figure 3.1).
At ground surface immediately above the tunnel, larger displacements were found along the

fault trace than were observed underground.

3.2. Tanna Tunnel, Japan

The Tanna railway tunnel on the main line between Tokyo and Kobe was under con-
struction in 1930 when it was damaged by an earthquake with a magnitude estimated at M

7.1 by Gutenberg and Richter (1954).
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Very wet tunnelling conditions required drainage drifts around and ahead of the main
tunnel (Figure 3.2). Near the heading of one of the southern drainage drifts, a shear zone
displaced left laterally 2.7m and vertically 600mm (Takahasi, 1931). This displacement
completely closed the drainage drift. Although the main tunnel heading was estimated to
be only about 0.5m east of the active shear zone, the only damage reported was a few
cracks in the tunnel walls. At ground surface, about 160m above tunnel invert, fault dis-
placement was less and measured about 1m left lateral and 500mm vertical. Bonilla (1979)
discussed reports of a change in strike of the fault between ground surface and in the tun-
nel. It is possible that the rupture at ground surface was en echelon with respect to that in

the tunnel.

3.3. Southern Pacific Railroad Tunnels, Kern County, California

In 1952, an earthquake of M 7.7 occurred in Kern County, and was related to strike-
slip displacement along the White Wolf Fault. Tunnels Nos 3,4,5 and 6 on the Southern
Pacific Railroad between Tehachapi and Bakersfield were seriously damaged (Figure 3.3).
The tunnels were located in an area where fault displacements occurred during the earth-

quake, presumably on an extension of the White Wolf Fault (Kupfer et al. 1955).

The tunnels were originally timber-lined. In 1921 they were relined with a reinforced
concrete liner placed over the original wood liner. The concrete liner was between 300mm
and 600mm thick, with reinforcing concentrated along the intrados. Tunnel walls do not
appear to have been connected to the invert and much of the shaking damage was due to
different response of walls and invert. The tunnels had limited cover and were close to the

side of a valley, which may have led to localised effects during strong ground shaking.

Tunnel No. 3 was most severely damaged near the south portal where the track was
shortened and rails buckled. In some areas rails were found under the tunnel wall, indicat-

ing that during the earthquake, the wall lifted sufficiently to allow the rail to slide under
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(Steinbrugge and Moran, 1954).

Surface cracks were found over the top of Tunnel No 4. This tunnel was extensively
damaged and it was by-passed by an open cut for its full length during reconstruction. In
the tunnel a 1.22m vertical displacement was found, while directly above the tunnel there
was a fissure with practically no vertical offset. The distance between the portals of Tunnels

Nos 3 and 4 may have been reduced by up to 1m.

Surface cracks also appeared over Tunnel No. 5 which was extensively damaged. No
apparent surface cracks were observed near Tunnel No. 6 which was damaged and subse-

quently replaced with an open cut.

Other tunnels further away from the fault zone suffered only slight damage due to

shaking, generally consisting of opening of construction joints.

3.4. Balboa Inlet Tunnel, San Fernando, California

The partially completed Balboa Inlet Tunnel of the Metropolitan Water District of
Southern California was affected by the San Fernando M 6.6 earthquake of 1971 (Dowd,
1974). The Santa Susana Thrust Fault, along which displacement occurred during the
earthquake, crossed the tunnel about 300m from a portal. The reinforced concrete liner
was cracked and there was some spalling along a 90m section at the fault crossing. There
was also longitudinal cracking in the tunnel liner for some 300m on each side of the fault.
The Santa Susana Fault had been inactive since the Middle Pleistocene, and was not con-
sidered to be related to faults that were active during the earthquake. Movement along the
Santa Susana Fault was considered to be due to the response of an existing fault to stress

changes originating in another near-by active fauit system (Saul, 1975).
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3.5. Imatori Tunnel, Japan

On January 14, 1978, an earthquake with a surface wave magnitude of M, 6.8!
occurred to the east of the Izu Peninsula (Shimazaki and Somerville, 1978). Surface rup-
ture, en echelon in a zone from 30m to 200m wide, was traced for about 3km. There was a
maximum of 1.83m right lateral strike-slip with 260mm dip slip component on a steeply

dipping fault.

The Inatori railway tunnel crossed the fault at right angles, with a cover of 90m. Over
a 20m lengih, the tunnel had been displaced right-laterally 500 to 700mm (Figure 3.4).
This movement caused extension of the tunnel, most of which was believed to have
occurred about 120m away from the fault. Horizontal striations were found on the rock
behind the concrete liner when the liner was removed for repair. It was inferred by
Tsuneishi et al. (1978) that the liner was displaced 200mm longitudinally relative to the

surrounding rock over a distance of 120m.

3.6. San Pablo Tunnel, Contra Costa County, California

The San Pablo tunnel is owned by East Bay Municipal Utility District (EBMUD), and
is used to transport water through the Berkeley Hills from the San Pablo reservoir. The
tunnel was constructed in 1917-1920, is 4134m long and in cross section is about 2.29m

high by 2.44m wide.

A longitudinal section which shows the geology mapped during construction, is given
in Figure 3.5. The San Pablo tunnel crosses two major fault zones, the Hayward Fault, and
the Wildcat Fault, as well as several unnamed faults. During construction, the Hayward
Fault was encountered between 70m and 100m below ground surface. Louderback (1942)
described the material in the fault zone :

"...the serpentine is so sheared that it flowed under its own weight into the tunnel like a

! surface wave magnitude is more or less equivalent to Richter magnitude.
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viscous liquid and presented a serious problem of control. Parts of the Franciscan For-
mation there were thoroughly sheared and traversed by innumerable slickensided sur-
faces, and again with harder residuals, such as masses of crystalline schists, floating in
the midst of the sheared weaker material."

In 1933 a major break in the unreinforced concrete liner occurred between Station
20+49 and 22+54. To repair the tunnel, a 1.83m diameter reinforced concrete liner was
constructed with circumferential 32mm diameter reinforcing bars at 152mm centres, and
longitudinal 19mm diameter reinforcing bars. In 1952-53, further repairs to the tunnel
were necessary. The invert was removed and replaced, and a new liner constructed inside
the existing liner. In 1969, Burton H. Marliave, consulting geologist to EBMUD, inspected
the tunnel and noted a circumferential crack at Station 32+20, and longitudinal cracks at
Stations 63+80 and 66+10. At this time, control points were set up for future alignment
checks. The tunnel has not been surveyed since (J.C. Dalton, pers. comm.). However,
during an inspection in February 1978, apparent horizontal distortion was noted between

Stations 86+ 50 and 87+00.

3.7. Claremont Tunnel, Alameda Co., California

The Claremont water tunnel is part of the EBMUD Mokelumne River Project. It is
5507m long and is located at an elevation of 99m at the west portal (c.f. BART tunnels

west portal elevation of 88m about 245m to the south).

Construction of the tunnel has been described by Young (1929). Geology mapped
during tunnel construction is shown on a longitudinal section (Figure 3.6). The tunnel has
a horseshoe cross section, the arch having a 1.37m radius. Invert and sidewalls have 2.74m
radit with their centres on the intrados of the arch. Temporary timber supports were used
dhring construction. Where necessary, a 50mm lagging was used with 200 by 200mm

timbers for the walls and arch, or with 300 by 300mm timbers completely around the cross
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section where "swelling"? ground was encountered. A 300mm thick concrete liner was used
in the untimbered section and a minimum concrete thickness of 355mm in the timbered

sections.

Apart from the short sections in heavy ground, the tunnel was not reinforced. Rein-
forcing steel, where used, consisted of 19mm diameter bars at 380mm centres along the
inner face, and in walls and invert along the outer face. Longitudinal steel consisted of
12mm diameter bars at 460mm centres. Following completion of the concrete liner, crack-
ing of the unreinforced liner was noted. The cracks were longitudinal, up to 30m long, and
occurred mainly in sidewalls between the spring line and a level 1m to 1.2m below. They
were located in areas where high ground pressures would be expected, based on the nature

of the geological formation.

The tunnel crosses the Hayward Fault near the west portal. During a routine inspec-
tion in 1964, the concrete liner in the fault zone was found to be cracked and the invert
was buckled (Blanchard and Laverty, 1966). The tunnel alignment was surveyed and
168mm of right lateral offset since construction in 1929 was measured. Changes in eleva-
tion since tunnel construction were also measured (Figure 3.7). The tunnel section in the
Hayward Fault was relined, as were some other damaged sections in the eastern part of the

tunnel.

2 Although the reports from the construction period use the term swelling ground,
based on experience in similar geology in the nearby BART tunnels it is considered likely
that the ground was squeezing rather than swelling, or a combination of both.
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CHAPTER 4

DESIGN CONSIDERATIONS FOR TUNNELS THAT CROSS ACTIVE FAULTS

4.1. Site Investigations

The nature of an active fault and phenomena that may damage tunnels crossing active
faults were discussed in Chapter 2. For tunnel design purposes it is necessary to make a
quantitative assessment of these phenomena. The following factors need to be considered:
the geometry of the fault zone, the properties of fault zone materials, the average

recurrence intervals of damaging ground shaking and fault rupture, and rate of fault slip-

page.

4.1.1. Geometry of fault zone

Geological mapping on a regional scale can establish the location of the fault zone, its
tectonic setting, and sense of displacement. Detailed geological mapping is necessary to
define fault width, the location of fault traces, and the dimensions of past displacements.
Shallow trenching across the fault zone is commonly used to identify the most recently

active fault plane or planes of movement, and the width of the disturbed fault zone.

4.1.2. Properties of fault zone materials

Conventional geotechnical sampling and testing procedures can be used to determine
the physical and mechanical properties of fault zone materials. The nature of fault gouge,
i.e. highly sheared, heterogeneous mixtures of clays and variably weathered rock fragments,

may cause difficulties with sampling and testing. Strength testing should enable an
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assessment of whether squeezing ground will be encountered during tunnel excavation.

Howard (1972) used a definition of gouge that "includes all materials within a fault
zone or seam regardless of whether the material has been altered to a different mineralogy
during or after faulting." His definition was adopted for this study. The gouge material in a
given zone may reflect several stages of genesis throughout geological time, and is therefore

quite complex in composition and properties.

4.1.3. Earthquake recurrence intervals

Average earthquake recurrence intervals are based on the records of historic earth-
quakes. In California this approach is limited by the short peribd over which records are
available, and longer-term periodicity may not be recorded. Detailed studies of Quaternary
geology, including the dating of surfaces and geological materials, can extend the history of
large magnitude earthquakes and improve the estimate of average recurrence intervals for
such events. The use of such studies has been well demonstrated by Sieh (1977) who was
able to date large magnitude earthquakes that occurred in pre-historic times along the San

Andreas Fault in Southern California.

4.1.4. Rate of fault slippage

Definitions of active faulting as described in section 2.1, do not include the degree of
fault activity. Where adequate data are available, a curve of amount of fault slip against
time may be constructed (Figure 4.1). It is important to assess whether fault movements
occur as slow slippage, or whether displacements are associated with infrequent earth-
quakes. If the latter, whether large, very infrequent earthquakes produce the same total

displacement as smaller ones that occur more frequently.
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4.2. The Design Earthquake

For engineering design purposes a "design earthquake" or "design event" is commonly
used to describe the earthquake magnitude, associated fault displacement, and ground
accelerations that should be considered. When the earthquake magnitude is based on an
interval of time, it is referred to as the maximum probable earthquake. When it is selected

without regard to a time interval, it is called the maximum credible earthquake.

The method used to select the maximum credible earthquake is to estimate the length
of rupture that could occur on the fault, and to use a length-magnitude relationship to esti-
mate earthquake magnitude. Relationships of fault displacement and earthquake magnitude
can be used to estimate fault displacement. Examples of length-magnitude, and
magnitude-fault displacement relationships based on historical earthquake data, were

described by Taylor and Cluff (1977).

The maximum probable earthquake is generally based on considerations of regional
seismicity. It will have a magnitude at least as great as the maximum historic earthquake.
This concept allows selection of an earthquake magnitude which may be significantly lower
than the maximum credible earthquake, however there is a risk that the maximum probable

earthquake could be exceeded during the design life of the structure.

For a tunnel that crosses an active fault, the most important parameter to assess for

design purposes, is amount and sense of fault displacement.

4.3, Static Design Criteria

The initial stage in design of a tunnel that crosses an active fault, is the design of a
liner that will withstand the expected static loads. Various empirical and analytical methods
of calculating interaction between ground and tunnel support system are available, and their

application to design is well established.
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High loading of the tunnel liner may be caused by squeezing ground, although
squeezing ground is primarily a problem during tunnel construction. By the time a final
liner is installed, the temporary support system may be in equilibrium with the surrounding
ground. In that case, loading of the tunnel liner is not expected to increase with time due

to squeezing.

When fault dislocation occurs, either due to slippage or rupture during an earthquake,
the loading on the tunnel will change. The magnitude and direction of loading will depend
upon sense of fault movement relative to tunnel orientation, and the length of tunnel over
which distortion takes place. One design criterion in such cases might be that the tunnel
should be able to withstand a specified amount of distortion before the liner loses its sup-

port capacity, or the tunnel becomes unserviceable.

4.4. Seismic Design Criteria

When a fault ruptures a tunnel, it is desirable that any structural damage resulting
from strong ground shaking is minimal. Seismic loading acts only for a short period, and is

in addition to loads that may develop due to fault displacement.

Various theoretical studies have considered the seismic response of tunnels. Gen-
erally, only a simplified analysis of the problem has been attempted (Emery and Joshi, 1980
; Owen et al.,, 1979 ; Shukla er al, 1980 ; Weidlinger and Nelson, 1980). Exact solutions
for vibration of an idealised tunnel were obtained by Lee and Trifunac (1979), however the
simplicity of their model limits the application of this work to tunnel design. Owen et al.
(1980) presented a thorough discussion of the problems of undertaking a dynamic analysis

of a tunnel.

Empirical studies of seismic response of tunnels (Duke and Leeds, 1959 ; Dowding
and Rozen, 1978) indicated that tunnels generally behave better than surface structures
during strong ground shaking. Cases where tunnel damage has occurred during an earth-

quake are generally confined to unlined, and unreinforced concrete lined tunnels. By
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implication, well designed and constructed tunnels have a high resistance to earthquake

damage.

4.5. Designs Used for Tunnels That Cross Active Faults

In the case histories described in Chapter 3, as far as can be determined, none of the
tunnels had been designed to take into account possible fault movements. In no case does

it appear that the activity of the fault was recognised prior to construction.

From a careful review of the literature, no tunnels can be identified where special
designs have been undertaken for sections in an active fault zone. Rosenblueth (1977)
suggested a design where a doubie tunnel is constructed through the fault zone with
sufficient clearance that the smaller diameter tunnel may rotate at special joints, but will not

shear (Figure 4.2). It is not known whether this concept has been used in practice.

The Californian State Water Project system crosses active faults in the Tehachapi
Mountains. Rather than cross these faults in tunnels at great depth with difficult construc-
tion problems and a high risk of damage due to subsequent fault slippage, an aqueduct was
constructed close to ground surface, even though this decision resulted in high pumping
costs. It was considered desirable that structures crossing active faults can be repaired rela-

tively easily when necessary (California Department of Water Resources, 1974).
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CHAPTER $

GEOLOGY OF THE BERKELEY HILLS NEAR THE BART TUNNELS

The geology of the Berkeley Hills has been described by Case (1963, 1969), Radbruch
(1969) and others. Prior to construction of the BART tunnels, a geological study made of
the tunnel alignment included surface mapping, cored drill holes, and two exploration adits
from both portal sites. During tunnelling, a log was compiled at a scale of 1:240 which
showed lithology and structure, as well as details of tunnel excavation and temporary sup-
port. A detailed account of the geology of the tunnel alignment was given in a report by

Bechtel Incorporated (1968).

A geological map of the area is given in Figure 5.1 (after Radbruch, 1969). This is the
most recently published map of the Berkeley Hills, but may be inaccurate in some places.
For instance, many of the NE-SW striking faults are significant secondary faults and have
greater continuity than shown on Figure 5.1 (R.E. Goodman, pers. comm.). A cross sec-
tion through the Berkeley Hills along the tunnel alignment was drawn by Bechtel Incor-

porated (1968) following completion of tunnel excavation (Figure 5.2).

5.1. Stratigraphy

The stratigraphic nomenclature used follows that of Radbruch (1969).

Franciscan Formation (KJfs) (Upper Jurassic?, Cretaceous)
A grey, fine to medium grained sandstone (greywacke) with scattered sheared shale
interbeds. The sandstone is generally blocky and moderately strong. The shale is sheared,

and often contains clay gouge, and crushed sandstone fragments.
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Upper Cretaceous rocks, undivided (Ku) (Upper Cretaceous) .
Undivided Cretaceous rocks are mainly interbedded sandstones and shales. The sandstone
is grey, fine grained with scattered biotite grains, and is moderately strong. These rocks are

generally thin-bedded with occasional massive beds of blocky, jointed sandstone. Shale is

black, soft, and generally crushes to sand sizes along closely spaced fractures.

Undifferentiated Tertiary Rocks (Tu) (Eocene - Miocene)

The contact between Undifferentiated Cretaceous and Undifferentiated Tertiary rocks in the
tunnels is sheared and gradational. The rocks are mainly grey, fine grained, moderately
strong sandstones, and soft, slaking shales. This unit includes the Sobrante Sandstone
(Tso) of the Monterey Group. There are occasional diabase and sandstone dykes, and thin

beds of chert. Beds are generally highly contorted, lenticular and sheared.

Claremont Shale (Tc) (Miocene)

Claremont Shale consists of thin-bedded opaline chert and siliceous shale that has been
intruded by diabase and sandstone dykes. The chert is brown coloured, brittle and highly
fractured. Many chert beds are banded, lenticular, and between one and S0mm thick, with
an occasional bed up to 600mm thick. Siliceous shale is brown coloured, varies in strength,
and in many places contains thin clay seams. The formation is overturned and dips at a

high angle towards the west portal.

Orinda Formation (Tor) (Pliocene)

The Orinda Formation consists of siitstone, sandstone and conglomerate with common
graded beds. Siltstones are generally massive, moderately strong, but susceptible to slaking.
The sandstone is grey coloured, fine-grained, moderately strong and blocky. The
conglomerate is generally massive, contains gravels up to 300mm in diameter, and ranges

from friable to well cemented.

Moraga Formation (Tmb, Tmc) (Pliocene)
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The Moraga Formation includes rocks of sedimentary (Tmc) and volcanic (Tmb) origin.
Basalt, flow breccia, and tuff were logged as individual units in the tunnel logs, except
where they are completely intermixed. The basalt is strong, brittle, and blocky. The flow
breccia is red coloured, moderately strong, massive, and contains scattered calcite seams.
Tuff is blue and black, fine to medium grained, blocky, and moderately strong. The sedi-
mentary rocks include siltstone, sandstone, and conglomerate. Siltstone has low to
moderate strength, is blocky, and slakes. Sandstone and conglomerate are moderately
cemented; the sandstone is blocky, the conglomerate is massive. Graded beds are common

in the sedimentary rocks, and contacts between volcanic rock types are irregular.

Siesta Formation (Ts) (Pliocene)

The Siesta Formation was encountered in the axis of the Siesta Syncline, and comprises
interbedded siltstones and sandstones. The siltstone is grey and red, low to moderate
strength, contains clay seams and scattered shear zones, and slakes. The sandstone is fine

grained, moderately cemented and blocky.

Leona Rhyolite (T1) (Pliocene)

Leona Rhyolite is a silica rich volcanic rock which varies in strength due to the effects of
hydrothermal alteration. It is greenish-grey when fresh, contains disseminated pyrite, and
may slake. Locally it is brecciated, but its general behaviour is that of a blocky to massive

rock.

5.2. Structure

The structure of the Berkeley Hills is complex and reflects the style of tectonic defor-
mation that continues to the present. Figure 5.3 shows the major faults and folds in the
Berkeley Hills area (after Radbruch and Case, 1967). The most important structural

feature is the Hayward Fault zone, along which major right-lateral, as well as some vertical
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movement has occurred. Other structural features are considered to have developed with
orientations consistent with the tectonic stress field that produces right-lateral slip along the
Hayward Fault (Moody and Hill, 1956). These features include the NW-SE trending fold
axes (Siesta Syncline, Glorietta Anticline), the NW-SE trending faults (Chabot Fault, Wild-

cat Fault), and the NE-SW trending faults.

Rocks encountered during construction of the BART tunnels were variably sheared
and deformed, indicating a complex history of folding and faulting. Upper Cretaceous
rocks were highly contorted and sheared, characterised by slickensided surfaces with minor
amounts of clay gouge and crushed rock, principally along shale beds, although some shear
zones cut across bedding. Undifferentiated Tertiary rocks were similarly sheared. It was
considered by the geologist who logged the tunnels during construction (C.I. Trantham)
that the slickensides and minor clay gouge and crush zones between Stations 1236 +00 and
1238470 in the C1 tunnel, and Stations 1236+80 and 1239430 in the C2 tunnel, might

be related to a southward extension of the Wildcat Fault.

Towards the eastern portal, the tunnel crosses the axes of the Siesta Syncline and the
Glorietta Anticline, and the Orinda, Moraga, and Siesta Formations are deformed by these
structures. In this area, numerous faults were inferred from slickensides, clay gouge, and
crushed rocks. These faults were mainly parallel to the bedding planes. The tunnel crossed
the axis of the Siesta Syncline where it is intersected by a major fault. At this location, the
Siesta Formation was strongly sheared, and squeezing ground was encountered for about

100m.

5.3. Hayward Fault

The tectonic setting of the Hayward Fault is similar and related to that of the San
Andreas Fault. The San Andreas, and other north-south trending right-lateral strike-slip

faults, delineate the boundary between the North American and Pacific plates (Figure 5.4).
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The Hayward Fault is at least 80km long and has been mapped ffom Warm Springs in
the south, to San Pablo in the north (Radbruch-Hall, 1974). The surface expression of the
Hayward Fault is that of a wide fault zone with characteristic offset streams, spring lines,
scarps, and sag ponds, which generally delineate the western front of the hills bordering the
east side of San Francisco Bay. The zone in which recent movement has taken place ranges
in width from approximately 150m, south of Lake Temescal, to about 2.7km near the Mis-

sion San Jose district.

In the Berkeley area, the Hayward Fault zone has been mapped at a scale of 1:24,000
(Radbruch-Hall, 1974). In the vicinity of the BART tunnels, two traces were mapped.
These traces are shown to continue to the north, crossing the EBMUD Claremont water
tunnel. The eastern trace continues through the University of California Memorial Sta-
dium. Recent investigators (University of California, 1978) have mapped a straight-line
fault trace extending from slightly north of the BART tunnels, to the north side of the
University of California campus. This fault trace does not coincide with that located in the
BART tunnels, and in the EBMUD Claremont tunnel. It was located as a straight line over
differing topographies to indicate the vertical nature of the Hayward Fault. While the Hay-
ward Fault on a regional scale is believed to be essentially vertical, near the ground surface
where there is reduced confining pressure, fault rupture is able to propagate in directions
that reflect the variability of material properties. Thus it is possible that there are devia-

tions from a straight-line trace on a local scale.

The location of active traces of the Hayward Fault were also mapped by Herd (1978).
In the Berkeley area, he considered that widespread landslide movement may have given
rise to features that have been attributed to fault slippage. At the University of California
campus, Herd noted that a prominent south-west facing scarp near Bowles Hall, and dam-

age to Memorial Stadium, could be due to landsliding.
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Surface ruptures have occurred along the Hayward Fault during earthquakes; from
Mission San Jose to San Pablo in 1836, and from Warm Springs to Berkeley in 1868 (Rad-
bfuch, 1967a). Movement has been both vertical and horizontal, with most of the recent
movement right lateral. During the 1868 earthquake there was an estimated 1m of hor-
izontal movement, and 500mm of vertical movement (Radbruch, 1967b). Seismicity on
the Hayward Fault has been relatively low in the past 45 years, with only four earthquakes
of magnitude 4.0 or greater (Table 5.1). The mégnitude of the earthquake of October 21

1868, has been estimated at 6.5 (Nason, 1971).

Since January 1969, the United States Geological Survey has maintained a catalogue
of earthquakes recorded by a network of 230 seismographs located in central California
(McHugh and Lester, 1979). In the period from January 1969 to January 1980, approxi-
mately 188 earthquakes were recorded along the Hayward Fault zone within 15km of the
BART tunnels, with magnitudes ranging from 0.35 to 3.38. Epicentre locations for all
earthquakes recorded in this period are shown in Figure 5.5. Many of the earthquake epi-
centres lie along a zone coincident with the Hayward Fault. There is a cluster of epicentres
to the north-east of the BART tunnels representing the Briones Hills earthquake swarm of
January 1977 (Bolt et al., 1977). Focal depths for these earthquakes varied from 0.37km to

14.36km; most focal depths were in the range of 3km to 10km.

Fault slippage measurements at various locations along the Hayward Fault have been
undertaken by the U.S. Geological Survey. Creepmeters (wire or rod extensometers) span-
ning an active trace, have been installed in the Hayward and Fremont areas. A survey array
to detect potential movement along multiple fault traces was placed across the width of the
fault zone at Pinole Point. The results of this work have been reported by Yamashita et al.

(1973), and Schultz et al. (1976).

The University of California Seismographic Station has continuously monitored the

change in aperture of a crack in a culvert located under the University of California



NOTABLE EARTHQUAKES ON THE HAYWARD FAULT, 1836-1965

Maximum
Date Magnitude Intensity*

10 June 1836 VIII
21 October 1868 X
17 September 1888 VII
18 November 1888 VI
31 July 1889 VII
02 January 1891 VII
14 January 1900 VI-VII
11 June 1903 VIII
02 August 1903 VIII
01 July 1911 IX
08 October 1915 VIII
16 May 1933 4.5 VIII
08 March 1937 4.5 VII
27 August 1945 4.5 VI
10 June 1949 4.6 \'A 1
17 December 1954 4.5 v
04 September 1955 5.8 VII

*Rossi-Forel before 1931, Modified Mercalli thereafter.

TABLE 5.1

Notable earthquakes on the Hayward Fault,
1836-1965 (after Bolt and Marion,

1966) .
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Memorial Stadium and in the Hayward Fault zone (Bolt and Marion, 1966). Between 1965
and 1979, the crack has opened at an average rate of 2.4mm per year (B.A. Bolt, pers.
comm.). If the distortion of Memorial Stadium is due to fault slippage, and not intermit-
tent landslide activity, it is likely that only a part of the total fault slippage is recorded
because of effects of interaction between soil and culvert structure. National Ocean Survey
maintain a survey network at the University of California Memorial Stadium, and it is
believed that a slippage rate of Smm/year observed during the period 1966 to 1969 (Miller
1968, 1970) more closely corresponds to the true slippage rate along that trace of the Hay-
ward Fault. A similar rate at Memorial Stadium has been measured by University of Cali-

fornia surveying classes (F.H. Moffitt pers. comm.).

The EBMUD Claremont water tunnel crosses the Hayward Fault close to the BART
tunnels (as discussed in section 3.7). Tunnel offsets measured by Blanchard and Laverty
(1966) correspond to a rate of fault slippage of 4.8mm per year. Three creepmeters were
attached to the tunnel lining in January 1973, but they functioned for a short time only
(Schultz et al. 1976). A further survey in 1973 indicated that fault slippage was continu-
ing, and that a shortening or compression movement along the tunnel axis across the fault

of 39.7mm had occurred between 1968 and 1973 (J. Dalton pers. comm.).

The amount of slippage along the Hayward Fault has been estimated by indirect
methods. For example, in built-up areas fault slippage breaks or offsets streets, curbs, side-
walks, culverts (Radbruch and Lennert, 1966), railways (Bonilla, 1966), buildings, pipelines
(Cluff and Steinbrugge, 1966), and other structures. Using these data, various estimates
are available as to rate of fault slippage. Some of the data refer to displacement of struc-
tures that resist fault slippage and can only be considered as a lower bound estimate. Oth-
ers are based upon measurement of slippage along one fault trace in a wide fault zone, and
may also be low estimates. Table 5.2 summarises various fault slippage measurements

made along the Hayward Fault. Nason (1971) reviewed available slippage rates and con-



Distance from Method of Measurement Right lateral Vertical
Location BART tunnels measuremant intarval slippage rate slippage rate Reafersance
{¥m) {mm/year) {mm/ year)
San Jose 65 geodetic 1951-1963 25 Meade and small (1966)
arsa network
level survey 1948-1963 4.3
{19.3 km length)
Prsmont, 46.8 alignment array, 7/28/68 - 9 R. O. Burford, pers. comm.
Prune Ave. 150 » long (nails 1/06/69
in asphalt pave-
mant} 7/28/68 - 10
2/04/70
7/18/68 - 5 l
6/24/70 '
7/28/68 - L]
8/12/71
7/28/68 - 9 i
7/06/72 I‘
Premont, 8.7 -~ 2 rod extensometers August 1970 - 3.82 Schultz et &l. (1376) N
U.S. Gypsum 12 m long (FMS) Dec. 1977 R. 0. Burford, pers. comm. |
Co.
Hayward, 25.% 2 rod extansomatsrs { May 1970 ~ 3.31
Palisade St. 12 m long (HWP 1) Dec. 1977
Hayward, 24.5 2 rod extansometers | May 1970 - 1.10
D Strest East 14 m long (AWE) Dec. 1977
Rayward, 24.5 2 rod extansometers '] May 1970 - 5.0
D Street West 12 o long (HWW) Dec. 1977
Hayward, 23.1 2 rod extsnscaeters Nov., 1969 - 4.75
Ross St. 12 o long (AWR) Dec. 1977
BART tunnels o alignment Oct. 1976 ~ 5.2 BART Survey C0005-2
survey June 1979
ZBMNUD 0.2 alignment survey 1935-1968 4.62 J. C. Dalton, pers. corm.
Clareannt
vatar
1 1968-1973 3.08
1 rod extansometer van. 1973 - Schultz st al. (1976)
2 LVDT'» Jan. 1975
Memorial 2.4 Survey network Nov. 1966 - 4 Miller (1968, 1370}
Stadium, STADIUM Dec. 1967
0.C. Barkeley
Dec. 1967 - S
Oct. 1969
LVDT across Oct. 1965 - 2.4 Bolt and Marion (1966)
crack in culvert oct. 1979 B. Bolt, pers. comm.
San Pablo, 15.2 alignment 5/01/68—~ 9.58 R. 0. Burford, pers. comm.
north of array, 189 m 10727770
Parchester long
Village
TABLE 5.2 Hayward Fault--measured slippage rates.
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cluded that Smm to 8mm of right-lateral slip per year was to be expected along the Hay-
ward Fault. For the period 1970 to 1980, Prescott ef al. (1980) measured a slip rate of
8mm per year. A slip rate of 6mm per year was used by Cluff (1978), who also suggested
that maximum slippage during a fault rupture event would be 2m, with a recurrence inter-

val of 300 years.

The detailed structure within the Hayward Fault zone is complex, and is shown at a
large scale in Figure 7.1. A significant feature is the various zones of clay-rich gouge.
These clay gouges are believed to have formed through the combined process of mechani-
cal crushing of the wall rocks, hydrothermal segregation of phyllosilicates as well as other
minerals (Rutter, 1979), weathering, and low grade metamorphism during faulting. Chemi-
cal changes are facilitated by mechanical crushing. Nason (1971) analysed samples of clay
gouge from the BART Berkeley Hills tunnels and found they contained mostly montmoril-

lonite, serpentine, and chlorite, with minor amounts of amphibole, feldspar, and quartz.
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CHAPTER 6

DESIGN AND CONSTRUCTION OF BART TUNNELS

6.1. Site Investigations

The Berkeley Hills tunnels were sited on non-geological criteria, and only the ground
conditions around a well defined tunnel alignment were investigated. A total of about 3.1
million dollars was spent on exploration and investigations prior to construction of the tun-

nels.

Thirty-two NX-sized cored holes were drilled between November 1963 and May 1964,
with a total length of about 1524m. These holes were located in portal areas and where

depth of cover was shallow. The cores were logged and photographed.

A surface geology map was prepared at a scale of 1:7200, and an interpretative cross
section was drawn to show the rock formations that would be encountered during tunnel-
ling. The Hayward Fault was located from its topographic expression, and from published

geological maps.

The Caldecott tunnel on State Highway 24 crosses the Berkeley Hills to the south-east
of the BART tunnels, and at an elevation some 137m higher. During construction of this
tunnel in 1963, Bechtel Incorporated geologists logged rock exposed and ground conditions

as part of their investigations for the BART tunnels.

6.2. Exploration Adits

The Board of Consultants for the Berkeley Hills tunnels recommended construction of

exploration adits at the east and west portals. These adits were considered necessary to
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permit prospective bidders to examine the ground to be encountered, and to develop cri-
teria for tunnel supports. This work was subsequently approved by the Joint Venture Board
of Control and the BART District Directors, and a contract for 400,000 dollars was awarded

to R.A. Wattson Co. for construction of the adits.

The adits were constructed between May 15 and September 28, 1964. The east adit
was 305m long and the west adit was 430m long. The west adit portal was about 27m north
of the C2 tunnel centreline, and joined the tunnel alignment at Station 1191448 (Figure

6.1).

The relationship of the west adit to the full size tunnel is shown in Figure 6.2. It was
excavated full face with 1.22m rounds, and was supported with 200mm by 200mm fir
timber sets on 1.22m centres. Squeezing ground was encountered in the Hayward Fault
zone, and there were water flows of up to 20 litres per second integrated over the length of
the adit. Additional support was required in this area; jump sets were installed between the

original sets, and diamond-shaped bracing was placed within some of the jump sets.

At locations considered representative of rock encountered, tape extensometer pins
and rock movement indicators (RMIs) 0.91m and 3.05m long were located in the walls and
crown to measure rock displacements. Load cells were installed between rock and tunnel
supports to measure rock loadings at test sites 1 through 6, and within the tunnel supports
at test sites SA. Plate bearing tests were carried out in the eastern portal adit only. The
results of the rock testing programme were discussed in a report by Bechtel Incorporated

(1966a).

Measurements obtained from the RMIs and tape extensometers showed that in the
Franciscan Formation, the rock disturbed by excavation was in general located within 3.05m
of the opening, and that 50% to 75% of the movement occurred within the first Im. Rock
movement seemed to stabilise between 5 and 20 days after excavation. In the Hayward

Fault zone about one quarter of the total rock movement occurred within the first Im of
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the excavation. The remaining portion of the movement occurred between 1m and 3m,
and perhaps beyond 3m. About one quarter of the total rock movement measured in the
Hayward Fault zone occurred within 12 days following excavation, and this was followed by
a reduced rate of movement during the monitoring period. These observations are sum-

marised in Table 6.1.

6.3. Tunnel Design

From the geological investigations, rock loads were estimated for 19 zones along the
tunnel alignment (Bechtel Incorporated, 1964). The Terzaghi load factor (TLF) was used
to give the rock load H,, where H, = TLF(B+H)). B is the tunnel width, and H, is the
tunnel height (Terzaghi, 1946). The values estimated for TLF varied from 0.4 in volcanic
rocks to 3.0 in the Wildcat Fault zone. A value of 2.0 was estimated for the Hayward Fault
zone. Minutes of the July 29, 1964 meeting of the Board of Consultants indicated that
these loads were considered too high, and that lower loads should be used for tunnel

design. However the values for the lower loads were not recorded.

The tunnel lining was designed by Bechtel Incorporated who used a method of
analysis described by Drucker (1943) (D. Zayakov, pers. comm.). Drucker derived equa-
tions from which the lateral passive soil pressure and its effects on the liner thrusts, shears
and moments may be calculated for any given set of loading conditions. The analysis was
developed for cast iron lined tunnels in soft clays, and considers the lateral resistance to
tunnel deformation provided by passive soil pressures. The amount of passive resistance
that rhay develop depends on the horizontal deformation of the tunnel, and the resistance
of the soil. Drucker defined a soil constant, K, as the pressure that would cause the soil
through which the tunnel was built to compress 25mm. For the BART tunnel design,
values were assumed for the rock "compressibility”. Rock loads were assumed for the vari-

ous tunnelling conditions expected, and these were compared with the loads required to



SUMMARY OF GROUND RESPONSE, WEST PORTAL ADIT
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Hayward Fault Franciscan
Zone Formation
maximum 72 kPa 6 kpa
lateral pressure
maximumn 45 kPa 10 kpa
vertical pressure
time for load > 1 vear few days
to stabilize Y to 1 month
Logermne of 4 25% in 50% - 75%
oosenlng aroun first 1 m in first 1 m
adit
time for 25% of 5 - 20
deformations to total in first davs
stabilize 12 days 4

TABLE 6.1 Summary of ground response, west portal adit.
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cause failure of the concrete lining. Data from the exploratory adits were not available at
the tunnel design stage. Also, it was assumed that there would be no interaction effects
between the two tunnels with a separation of 30m. D. Zayakov recalled that the design

pressures used were 1.436MPa vertical, and 0.862MPa horizontal.

Because of the possible high rock loads, a circular concrete tunnel liner was con-
structed although the tunnel was excavated with a horseshoe shaped section. The tunnel
inside radius is 76mm larger than used in other parts of the BART system (2.667m com-
pared with 2.591m); this was because of uncertainty of rolling stock clearances at the time

of design.

To reduce possible long term hydrostatic loads, an elaborate drainage system was
included as an extra precaution. It was also considered desirable to have a ﬂexible lining,
so the final lining was kept as thin as practicable (457mm design thickness) and longitudinal

reinforcement steel was added (Figure 6.3).

The first design studies for the Berkeley Hills tunnels were concerned with the possi-
bility of rupture along the Hayward Fault (Ziegenfelder and King, 1955). It was recom-
mended that shafts be constructed to allow evacuation if a train should be trapped in the
tunnels. These concerns were not raised again until tunnel construction was about to start
when a study was made of possible track shifts that could be accommodated within the tun-
nel cross section. With a tunnel radius of 2.667m and a train clearance envelope radius of
2.591m, an investigation was made of the effect of 610mm horizontal and 305mm vertical
fault movement. It was found that if the movement occurred on a single plane, the tunnel
radius would need to be increased by 255mm. However, if the fault movement were distri-
buted over about 100m of tunnel in the Hayward Fault zone, 1.341m of horizontal displace-

ment could be accomodated without changing the tunnel radius.

Because of construction difficulties through the Hayward Fault zone, the level of the

concrete arch was lowered 50mm. Following construction, the tunnel clearances were
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further reduced by the addition of conduits, lighting, third rail, and walkway.

To facilitate track realignment following movement along the Hayward Fault, the
track was laid on wooden ties rather than a permanent concrete bed through the Hayward

Fault zone. This was carried out as a change order to the track construction contract.

Slippage along the Hayward Fault was not discussed in the pre-construction geological
reports, and was not considered during the initial design phase (Bugge and Irwin, 1964). A
U.S. Geological Survey press release of September 29, 1965, that described the potential for
damage to structures that cross the Hayward Fault zone led to modifications in the design

of the track system to allow it to be more easily realigned.

6.4. Tunnel Construction

The construction of the tunnels has been described by Bechtel Incorporated (1968) in
a report on the engineering geology of the tunnels, and by Ayres (1969). Additional infor-

mation was obtained from the Resident Engineer’s weekly progress reports.

In March 1965, a 31 million dollars contract for the tunnel was awarded to a joint
venture of J.F. Shea Co. Inc. (sponsor), Kaiser Industries Corporation, and Macco Corpora-
tion. Excavation of the two tunnels started in May 1965 from four headings, the tunnels

holed-through in February 1967, and construction was completed in July 1968.

The tunnels were excavated with a horseshoe cross section. Conventional full face
methods of excavation were used, typically with a 1.22m round. Steel sets were 203mm
wide flange, continuous rib type, weighing 56.5 and 59.9 kgf per lineal meter (Figure 6.4).
The contract specified set spacing to be 1.22m on centres. Steel invert struts were used
when required, and were placed from 3m to 5m behind the face. In heavy ground, two sets
were placed in each 1.22m advance. Sections of the tunnel that required invert struts and

600mm spacing of sets were in the Hayward Fault zone, the Wildcat Fault zone, and in the



NUMBER OF CONNECTIONS
AT CONTRACTORS OPTION

LOCATION AND

58

TUNNEL

DESIGN LI!WE
OUTSIDE FERIMETER

OF STEEL SUPPORT

22 ¢ TIE RODS @
1219 ¢c. max.

INVERT STRUT
AS NECESSARY AT CONTRACTORS OPTION

N

INVERT TIE RODS

( DIMENSIONS IN MM.)

FIGURE 6.4 BART Berkeley Hills Tunnels,
temporary support.



59

faulted Siesta Syncline. Heavy ground was also encountered in cross passage 5, in the
Wildcat Fault zone. A summary of ground conditions encountered and temporary support

used in the C2 tunnel are given in Appendix B.

The greatest tunnelling problems, according to Ayres (1969) arose from squeezing
ground encountered in the Hayward and other fault zones. These sections of tunnel were
not particularly difficult to excavate, although crown bars, breast boards, and spiling were
commonly used. Following excavation, squeezing ground broke timbers and distorted sets.
In places the ground squeezed 200 to 250mm from between the sets. On October 8 1965,
when the face in the C2 tunnel was at Station 1203+75, measurements across the tunnel
indicated that the ground was squeezing the posts together at the rate of about 25mm per
day for a distance of 55m back from the face. Horizontal rock bolts 2.44m long were
grouted into the ground beside the bottom of each post, and steel channels were attached to
the rock bolts and tightened against the posts. Measurements made on October 13 showed
that the movement was still continuing at the same rate. Excavation was stopped and
152mm X 200mm timber spreaders were installed on each post over a length of 91m back
from the face. This work is shown in progress in Figure 6.5. These measures stopped
further movement, and spreaders were replaced with 200mm steel invert struts between
Station 1200+ 35 and the face. Based on experience in the C2 tunnel, invert struts were

installed in the C1 tunnel as the heading advanced.

Squeeze generally decreased over a period of one to two months, but was noticed
again when retimbering and realigning sets in preparation for placing the final concrete lin-
ing. Of 11,101 steel sets that were installed, 1,597 were deformed due to excessive loading

to the extent that they required replacement or realignment.

The largest water inflows occurred in basalt, and in chert. Maximum inflow at any
one face was estimated to be 41 litres per second. Some minor amounts of methane gas

and oil seeps were encountered in the various sedimentary rock units.
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FIGURE 6.5 Excavation of C2 tunnel through Hayward
Fault (photograph from BART files).
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Invert concrete was placed starting June 1967, and in December 1967 arch concreting
was commenced. Arch concrete was placed using telescoping slip forms with a total length
of 95m. Concrete was specified to have a strength of 20.69MPa after 28 days. Voids
between the concrete lining and rock were grouted. Some 45,000 bags of cement were

used in this operation.

6.5. Instrumentation During Tunnel Construction

In February 1965, Bechtel Incorporated engineers proposed a programme of rock
instrumentation and geological logging during construction of the Berkeley Hills tunnels.
The purpose of this programme was to attempt to determine whether :

- the rock loads assumed for the design of the tunnels were reasonably adequate

- the assumed rock loads were changing due to the construction of the tunnels, and/or due
to tectonic forces thus affecting lining requirements and the timing of the placement of lin-
ing

- changes, gradual or sporadic, in rock deformation during train operation would endanger

high speed trains.

In November 1965, the BART District allocated 100,000 dollars for a rock instrumen-
tation programme and in December 1965, Change Order No. S detailed the work that was
to be carried out. By July 1966, little progress had been made with rock instrumentation,
mainly due to the failure of the contractor to obtain the necessary instruments. As a result
of the delay, part of the tunnel, including the section in the Hayward Fault zone, had not
been instrumented. In order to have some instrumentation in all parts of the tunnel, par-

ticularly in the Hayward Fault zone, a revised instrumentation programme was developed.

In October 1966, Change Order No. 8 was issued to revise Change Order No. 5. By
this time considerable funds had been spent with few results, and it was necessary to reduce

the scope of the programme. Provision was made in Change Order No. 8 to continuously
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monitor the section of tunnel in the Hayward Fault zone, as by now the tunnel designers

had become concerned about effects of fault slippage on the tunnel liner.

Between April 1966 and February 1967, 16 instrumentation stations were established
in the C2 tunnel between Stations 1218486 and 1254+25. These stations were some dis-
tance away from the Hayward Fault, and have little relevance for this study. Load cells
were installed within the steel sets approximately 600mm back from the face during the
contractor’s normal operation of standing steel sets. They were placed in the crown, on the
footblocks, and if there was an invert strut, between the rib and invert strut. There were 4

to 6 load cells at each location, and a total of 75 load cells were installed.

The load cell pressures were recorded at regular intervals until the steel sets were
reblocked prior to placing the final lining in March 1967. Different size load cells were
used, and these have been documented for test sites 1,2 and 3 only (Bechtel Incorporated,
1966b). Therefore, for the other test sites, it is not possible to convert pressure recorded

to load acting in the steel structural system.

From the load cell pressure records, the loads generally increased rapidly during the
first two days, or while the tunnel face was less than 12m from the instrumented set. This
was followed by a gradual increase in load with time. Normally, the footblock load cells
reached a maximum in 15 to 30 days and stabilised. The invert strut and crown load cells
generally reached a maximum within 15 to 30 days, then continued increasing very slowly.
Unfortunately this work was incompletely documented, and it is not possible to draw any

meaningful conclusions from the available data.
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CHAPTER 7

RESPONSE OF BART TUNNELS TO FAULT SLIPPAGE

7.1. Instrumentation Since Tunnel Construction

Pressure cells and rock movement indicators (RMIs) were installed in the northern
(C2) tunnel shortly before arch concrete was placed. The purpose of this instrumentation
was to monitor deformations and changes in loading of the liner in the Hayward Fault zone,
should these occur from continued squeezing of the ground or tectonic activity following
tunnel construction. These instruments have been monitored on an irregular basis since

May 1967.

The location of the pressure cells and RMIs are shown on Figure 7.1. For the pur-
poses of this report, the RMIs have been labelled A through T, and the pressure cells 1
through 6. Contact pressure cells were installed between the rock and concrete liner at
three locations, with a cell placed on each side of the tunnel at about spring line. RMIs
anchored 9.14m from the tunnel liner were installed at eight locations. At two of these,

RMIs were also anchored 3.05m from the tunnel liner (Figure 7.2).

The RMI rods consist of 9.5mm diameter galvanised standard pipe, double wrapped
and tarred. Each rod was installed in a 40mm diameter hole that was 600mm longer than
the rod. The anchor end of the hole was grouted as was the collar of the hole. Schaevitz
linear variable differential transformers (LVDTs) were attached to the end of the RMI rod.
The collar of the RMI rod and the LVDT assembly can be inspected through a hole,
approximately 400mm in diameter, in the tunnel wall. None of the RMI rods are attached

to the tunnel liner.
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PRESSURE CELLS

FIGURE 7.2

ROD EXTENSOMETERS
(3.05m and 9,14m long)

Instrumentation arrangement at Station 1202+77, C2 tunnel.
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Pressure cells were located between the concrete liner and surrounding ground, and
were installed immediately ahead of the placement of concrete. Each cell unit is believed
to be of the same type as the footblock load cells used during construction instrumentation,
however details of cell size and stiffness are not known. Cell pressure is measured by
Schaevitz Bourdon type PRBT pressure transducers. Signals from the pressure transducers
and LVDTs are lead to Schaevitz electrical junction boxes at each instrumentation station.
A Schaevitz TRM-302 portable readout unit is taken into the tunnel to make instrument

readings.

The reliability of the instruments was evaluated as part of this study. Each instrument
was given a reliability rating on the scale of A,B,C,D, and F (failed), based on the meas-
ured isolation resistance of each transducer. Instruments with an A rating had an isolation
resistance greater than 20 M (up to factory specifications), and F was essentially shorted
to ground. Ratings B through D indicate decreasing isolation resistance. Table 7.1 gives
the reliability ratings for each instrument. With a knowledge of the response of the instru-
ments as they deteriorated, it was possible to inspect the readings from those instruments
with low reliability ratings, estimate when failure occurred, and reject all subsequent read-
ings. Readings from RMIs and pressure cells taken over the period from the end of tunnel

construction to the present are summarised in Appendix C.

RMI readings show a common trend; a maximum positive value (corresponding to
extension of the RMI rod) after a period of 1 to 2 years, followed by a change in direction
of movement and a slow rate of contraction. The readings from RMI G do not follow the
trend of the other instruments; they show increasing extension since installation. The pres-
sure cells have shown a trend of increasing pressure with time, but with occasional pressure

decreases for short periods.

Pins were installed on the walls at Station 1202472 to enable measurement of con-

vergence with a tape extensometer. According to McCutchen and Snyder (1977), these



ROCK MOVEMENT INDICATCRS

i Position
i Station Rod Above
Set Langth Inverc Junction | Channel | Transducer
Instrumant | North Side | sSouth Side No. (£e) (£x) Box (DISPL) | Sarial No. | Reliability*
A 1198+01 18742° 0 7.8 4 1 1 308 A
B 1198401 | 187+2° 30 8.0 4 1 2 307 A
¢ 1199+44 22342° 30 7.7 4 2 1 309 F
D 1199+44 | 223+2° 30 7.9 4 2 2 206 c
E 1200+53 276+41° 10 1.5 2 3 1 E ) 4 —1
F 1200452 | 27641 30 7.7 2 3 2 4 A ;
G 1200451 27541 10 7.3 H 3 3 303 A !
. H 1200451 | 27541’ 10 7.9 2 3 4 302 A
' I 1201435 31741 20 7.9 2 3 1 299 F
N 1201435 | 31741’ 20 8.0 2 n 2 298 )
x 1202401 35041° 20 7.7 2 4 1 116 | !
L 1202401 | 35041’ 30 1.8 2 4 2 17 D
u 1202477 38841 30 8.0 2 5 1 33 c
N 1202477 | 388+1* 30 7.9 2 5 2 n2 F
o 1202475 3687+1° 10 7.9 2 H 3 301 L]
P 1202475 | 387+1" 10 8.0 2 H 4 300 a
9 1204+10 453+3° 30 8.2 4 6 1 nm B
R 1204410 | 45343 30 8.2 K [ 2 10 B i
s | 1206438 53043 30 7.8 4 7 1 305 A !
T , 1206438 | 33043 10 B.2 ] 7 2 304 A J
PRESSURE CELLS
Position Steel
Station Above Set
Set Invert Spacing Junction Channel Transducer
Instrument | North Side | South Side No. [$3) e} Box (PST) Serial No. | Reliability*
1 1201493 34641° 4.0 2 an 1 823 D
2 1201489 349+1° 1.0 2 an 2 825 D
3 1202479 383+1° 13.0 2 H 1 824 A
4 1202477 28841 14.0 2 5 2 817 B
s 1206431 529+0° 13.0 4 7 1 826 B
6 1206+39 53140° 13.0 4 7 2 827 c
*Reliability is based on a scale of
A, B, C, D, and F (failed)
TABLE 7.1 C2 tunnel instrumentation.
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measurements can no longer be made. Up until readings were discontinued in 1968, the
convergence recorded was 0.25mm (Bechtel Incorporated, 1970). As part of this study,
tape extensometer anchor points were installed at ten stations, at 1200400, 1200465,
1200+85, 1201405, and 1201470 in both C1 and C2 tunnels. Typical location and
numbering of extensometer anchor points are shown in Figure 7.3. An attempt was made
to place anchor points in the same position at each station. Initial tape extensometer read-
ings were taken in January 1981, and a comparison made of readings between points 2 and
6 for all ten stations. There was a difference of 4lmm between the highest and lowest
reading, with no apparent pattern. This difference is most likely due to changes in form
geometry during placing of the concrete liner, and difficulties in accurately locating the

extensometer anchor points, rather than deformation due to fault slippage.

7.2. Concrete Liner Cracking Pattern

The pattern of cracking in the C2 tunnel was logged in July, 1979, from Station
1191400 near the west portal, to Station 1210420, a distance of 585m (Appendix D).
This included sections of the tunnel on either side of the Hayward Fault zone. A quick
inspection was made of the cracking in the remainder of the liner when walking through

each tunnel.

Most of the cracks logged during the detailed study were vertical, and normal to the
tunnel axis. They were rarely continuous around the tunnel circumference, and usually ter-
minated above invert level. They are interpreted as being due to concrete shrinkage, how-
ever some may be due to extension of the tunnel in an axial direction as a consequence of
right lateral displacement along the Hayward Fault. The open nature of many of the cracks
also suggests this mechanism. Circumferential cracking in a continuously placed concrete

liner is usually expected at intervals of 3m to 4m.
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FIGURE 7.3 Tape extensometer anchor point location.
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Another type of cracking found in some parts of the tunnel was longitudinal cracking
between the spring line and the crown. Such cracks are interpreted as resulting from high
bending stresses caused by the high lateral ground pressures. Photographs from BART files
that were taken in October 1969 show these cracks between Stations 1202+60 and

1203425 in the C2 tunnel.

Between about Station 1200+60 and Station 1201410 (15.2m) there is a distinctive
cracking pattern, with low angle cracks extending from the crown to invert. These cracks
are believed to reflect distortion of the tunnel liner due to right lateral slippage along a dis-
tinct shear zone within the Hayward Fault zone. A similar cracking pattern was found in
the C1 tunnel, at about Station 1200+80. Most of these cracks are open, with an aperture
of up to 3mm. They were first observed in 1971 (W. Hazelwood, pers. comm.). On Janu-
ary 31, 1980, a number of glass strips were bonded to the concrete with epoxy, spanning
the cracks. Since this time, none of the glass strips have cracked, indicating either that
crack aperture has been stable, or that the deformation rate is so slow that it is accommo-

dated by creep of the epoxy rather than fracture of the glass.

Following small earthquakes along the Hayward Fault (April, December 1980) the
cracks in the C2 tunnel around Station 1200+80 were most noticeable because they were
outlined by a fine white powder, possibly comminuted concrete. This powder was quickly
removed by turbulent air from high speed trains. None of the glass strips was broken, sug-
gesting that there was very little, if any, relative movement along the cracks. The same

phenomenon was observed in January 1981 (W. Hazelwood, pers. comm.).

More intense cracking of the concrete liner was observed in other sections of tunnel.
These cracks appeared to be characteristic of high horizontal ground pressures, although it
is possible that they indicate continued tectonic activity in the Berkeley Hills. A close

analysis of these areas was outside the scope of this study.
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7.3. Tunnel Displacement Due To Slippage Along the Hayward Fault

Various survey networks have been established in and around the BART tunnels, and
these can be used to give an indication of ground and tunnel displacement due to slippage

along the Hayward Faulit.

7.3.1. Construction Surveys

Theodore V. Tronoff Inc, consulting surveyors, provided horizontal and vertical con-
trol for the construction of the BART tunnels (Contract Z-504). Surveying commenced in
October 1964; tunnel excavation was from May 1965 to March 1967. Distances were meas-
ured with a Model 4 Geodimeter when over 61m, and a Lovar tape when less than 61m.

Angles were measured with a Wild T2 theodolite.

The coordinates calculated for pre-existing monuments failed to correspond to pub-
lished coordinates. In an effort to adjust the control survey to previous surveys, the control
survey was repeated on four other occasions up until November 1965. Each survey pro-
duced different measurements, and in an effort to reconcile these differences prior to tun-
nel hole-through, Duff Surveys Inc. were retained to carry out an independent survey

(Contract 3C0041).

Duff Surveys Inc. used Wild T2 and T3 theodolites to measure angles, and a Model 4
Geodimeter and a MRA3 Tellurometer to measure distances. This survey produced
another set of results which also indicated that the east and west headings were not
correctly aligned. A small change in direction of driving was adopted and the tunnels
holed-through only slightly misaligned. As far as can be determined, the amount of

misalignment was not recorded.

Fault slippage was considered as an explanation for these surveying difficulties,
although no attempt was made to allow for this in reconciling the various surveys. Unfor-

tunately, none of these surveys was documented well enough to allow for reevaluation as
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part of this study.

7.3.2. As Built Survey

An "as built" survey was carried out by Murray-McCormack (now M and M Consul-
tants), consulting surveyors, starting in November 1968. Survey monuments were esta-
blished in each tunnel opposite cross passages, and as the permanent track structure would
cover these monuments, marks were placed on the tunnel walls to allow their accurate relo-
cation. The marks consist of four nails driven into the tunnel wall; each pair of nails form
a diagonal, and the monument lies at the intersection of the diagonals. The alignment sur-
vey was referenced to permanent points away from the tunnel portals. Levels were also

measured, and bench marks were located in the C2 tunnel by each cross passage.

7.3.3. Horizontal Alignment Surveys Since Tunnel Construction

A horizontal alignment survey for both tunnels across the Hayward Fault zone was
devised by Towill Inc., consulting surveyors. This survey has been repeated by BART sur-

vey staff on eleven occasions between December 1971 and January 1981.

A Spectra Physics Model 611 HeNe laser is used to produce a straight line using the
Fraunhoffer effect. This effect occurs whenever a radiated light source is projected through
a narrow slit-type aperture, the result being a series of light and dark bands whose widths
are dependent upon the frequency of the light source, the width of the aperture, and the
intermediate distances. Apart from the laser, which is mounted on a Hewlett Packard ali-
dade, the other equipment consists of an aperture assembly with variable slit attachments,
and a screen or target with a series of vertical multi-patterned lines, all of which fit Zeiss
TH-2 type tribrachs. The mountings for the equipment are rigid aluminium bars can-
tilevered from stainless steel plates permanently attached to the south wall of each tunnel.

The aluminium bars have been calibrated in decimal feet and are read using a movable
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mounting (lateral adjuster) that accepts the Zeiss tribrach.

Field procedure consists of setting the distance from the tunnel wall to the laser and
aperture, and moving the screen at each station to intersect the projected light pattern. The
distance between the screen and the wall is then measured. When the screen is too far
from the laser, both laser and aperture are moved to closer stations, and are set at the same
distance from the wall as the screen for that station, thus maintaining the projection of the

straight line.

Two laser survey traverses were set up along the south wall in each tunnel. The line
in the C1 tunnel is 3114m long with 24 stations, and that in the C2 tunnel is 575m long
with 14 stations (Figure 7.4). The CI traverse is a straight line; the C2 traverse is straight

over a length of 338m at the eastern end and curved at the western end.

The results of the surveys were processed by BART on a computer with limited
storage capacity, and the program used required that a number of points on each traverse
be kept stationary between surveys. This resulted in a distorted displacement pattern. As

part of the present study, these survey data were reviewed.

In order to analyse the laser survey data, it was necessary to assume that the bearing
between two points along the tunnel did not change between surveys. These two points can
then be used to define a straight reference line from which the relative displacement of
other points are calculated. To start with, the survey data from the Cl tunnel were
analysed. Intuitively, it seemed likely that the two points furthest from the Hayward Fault
zone would have moved the least, and would produce the most informative results if they
were assumed stationary. A reference line was then generated from the two eastern-most
points on the traverse. However when the initial forward and reverse traverses, carried out
by Towill Inc. in December 1971, were rotated and translated so that they were coincident
at the two "fixed" points, it was found that the offsets calculated at the stations on the

reverse traverse did not agree with the offsets measured on the forward traverse. There
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was a difference of 1 part in 9026 between the calculated position of the western end of the
traverse and the measured position. When Towill Inc. devised the survey, they estimated
the accuracy to be 1:1,000,000 (J. Kor, pers. comm.) but for this high accuracy it was

assumed that other arbitrary points along the traverse were stationary.

Much of the survey error is probably attributable to the repositioning of the laser at
stations along the tunnel. Therefore, if the offsets measured during each laser set-up are
analysed independently, there should be a higher accuracy. When the offsets measured in
December 1971 at the six stations at the western end of the Cl tunnel were analysed, the
difference between forward and reverse traverses showed an agreement (after one had been
translated and rotated to coincide with the other), of 1:219,068. This accuracy was not
repeated in subsequent surveys undertaken by BART staff, when forward and reverse

traverses failed to coincide by about 1:10,000.

The progressive dislocation of the C1 tunnel across the Hayward Fault is shown in
Figure 7.5. The displacement curve was calculated assuming that the bearing between laser
survey stations 5 and 6, to the east of the Hayward Fault, did not change in the interval
between surveys. This figure quite clearly shows right lateral displacement along a narrow
zone near Station 1200+80. A similar curve was developed for the C2 tunnel (Figure 7.6).
Another way to consider these data is shown in Figures 7.7 and 7.8, where the relative
movement between two points on either side of the actively slipping shear zone are plotted
against time. The apparent changes from right lateral to left lateral slippage may be a result
of survey errors, and perhaps a smooth curve should be drawn within the enclosing error
curves. A recent laser survey (January 1981) has not been plotted on Figures 7.7 and 7.8.
When the data from this survey were reduced, it was found that the slippage rate has

remained more or less constant.

Mr W. Hazelwood, BART surveyor, set up an alignment survey in the C2 tunnel in

October 1976 (Survey No. C005-2). Starting from a station located outside the west portal,
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changes in angles between stations over a distance of 2042m inside the tunnel were meas-
ured with a Wild T2 theodolite. Distances were assumed constant between surveys. This
survey has been repeated on 5 occasions up until June 1979, however these survey data
have only recently been reduced as part of this study. Coordinates for the stations were
calculated for each survey assuming that there was no change in bearing between the two
stations furthest east. This survey quite clearly shows right lateral slippage along the Hay-

ward Fault (Figure 7.9).

The "as built" survey was repeated by BART surveyors, and was completed in January
1981 (BART Survey C003-0). The monuments covered by the permanent track structure
were reestablished and an alignment survey run through both tunnels to permanent points
away from both portals. After the survey data had been reduced and adjusted, coordinates
were calculated for each monument. When compared with coordinates for the 1969 "as
built" survey, there had been 180mm right lateral displacement between points at either end
of the survey, a distance of 6459m. Points on either side of the Hayward Fault showed
right lateral displacement of 32mm over a distance of 729m in the C1 tunnel, and 42.6mm

over a distance of 673m in the C2 tunnel.

With this type of survey, any error is cumulative and may be significant. The values
calculated for displacement in the C1 and C2 tunnels should be in close agreement, how-

ever this was not so, indicating a possible inaccuracy in the survey.

Another way to consider these survey data is to calculate bearing changes between
surveys, then each observation is independent of others in the survey and error will not be
cumulative. Figure 7.10 shows bearing changes between the 1969 and 1981 surveys in the
C1 tunnel, indicating a large change in angle at the Hayward Fault, and shear strain distri-

buted over a distance of about 1.8km to the east of the Hayward Fault.

In February 1981, the "as built" levelling survey was repeated from bench mark

CRT18 near the west portal, to bench marks at cross passages on either side of the Hayward
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Fault. All levels were consistently 27mm to 33mm higher than the 1969 survey, suggesting
that bench mark CRT18, founded on a cut and cover section of track, had settled. The
relative change in level between the two cross passages on either side of the Hayward Fault
was only Smm (east side uplifted relative to the west), however this is believed to be

smaller than the error involved in the survey.

The various surveys that have been carried out across the Hayward Fault indicate that
fault slippage can be detected by survey methods. The more recent BART surveys show
that right lateral displacement occurs at around Station 1200+80 in the C2 tunnel. This
location of fault slippage coincides with a change in the pattern of cracking in the tunnel
liner, and a shift in the track (Figure 7.11). The track shift was measured recently
(December 1980) and Figure 7.12 shows misalignment of the track from its theoretical
location. This figure indicates some 40mm of right lateral displacement over about a 15m
length of tunnel. It is not known whether the track has been repositioned by maintenance
crews, in which case 40mm may not be the total displacement since the track was con-
structed in 1971. A similar change in crack pattern and track shift is found in the C1 tun-

nel at around Station 1200+ 80.

Previous investigators (Bechtel, 1970) had concluded that fault slippage was occurring
in a narrow zone somewhere between Stations 1198 +00 and 1204400, a distance of 183m.
McCutchen and Snyder (1977) considered the active fault trace to be located at Station

1202440 based on their analysis of rock movement indicator and pressure cell data.

The right lateral fault slippage rate calculated from BART Survey No CO005-2 is
6.35mm/year between Stations 8 and 11 (a distance of 67.570m). If this rate has been con-
stant since tunnel construction, there should be a total right lateral displacement of the tun-
nels of some 83mm. These values are higher than calculated from recent survey C003-0,

but as mentioned, the errors involved made it difficult to accurately calculate displacements
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across the Hayward Fault.

7.4. Squeezing Ground in the Hayward Fault Zone

Squeezing ground in the Hayward Fault zone was observed in the exploratory adit,
where loading on timber sets increased with time and soft material squeezed between the
timber supports. When the C2 tunnel was excavated through this zone in September and
October 1965, further squeeze occurred requiring extra temporary support. Squeeze gen-
erally decreased over a period of one or two months, but was noticed again in November

1967 when sets were realigned before placing the concrete arch.

As mentioned, rock movement indicators (RMIs) were located in the Hayward Fault
zone to more closely observe effects of continued squeeze on the tunnel liner. Unfor-
tunately, the RMI instrument heads are not attached to the tunnel liner. Consequently,
they are somewhat independent of the liner as it is possible for them to move into the hole
in the liner. The RMI readings then do not indicate liner deformations, but give an indica-

tion of the ground response close to the tunnel liner.

RMI extension was observed for a period of one to two years after placing the tunnel
liner, presumably in response to squeezing ground. Squeeze was therefore initiated in parts
of the C2 tunnel in mid-1964 and continued to mid-1968. With the progressive excavation
of a small section adit, the full size tunnel, and the retimbering and realigning of sets, it is
likely that a large volume of material around the C2 tunnel was disturbed and contributed
to squeezing pressures. In the C1 tunnel, the ground was not disturbed by an exploration
adit, and experience gained from the C2 tunnel meant that adequate temporary support was
installed. Consequently, it can be expected that loading on the tunnel liner due to squeez-

ing ground was lower in the C1 than the C2 tunnel.

Figure 7.13 shows the maximum extension recorded by the 9.14m long RMIs. RMI

N and RMI K showed most extension, with 21.8mm and 20.2mm respectively, and were
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located in sheared serpentine with clay seams. RMIs located in stiffer materials such as
Franciscan sandstone (RMIs A and B) and Leona rhyolite (RMIs S and T) extended less

than 0.5mm.

The data from instrumentation stations with different length RMIs can be used to
show the change in displacement away from the tunnel liner at the time when maximum
RMI extension occurred (Figure 7.14). Two of the curves show that most of the move-
ment was within a 3m zone adjacent to the tunnel liner. The curve with RMI O suggests
that most movement occurred at some distance greater than 3m, and the assumption that
the 9.14m RMI anchor is fixed may not be valid. Because the RMI heads were not

attached to the tunnel liner, these data have limited use.

Pressure cells have generally recorded increasing pressure with time. For the first few
years after tunnel construction there was a higher rate of pressure increase; this may have

been due to continued squeezing ground.

7.5. Ground-Liner Interaction

The data presented show that the BART Berkeley Hills tunnels are being affected by
fault slippage. At about Station 1200480 in the C1 and C2 tunnels, there is a visible shift
in track alignment, a characteristic cracking pattern in the concrete liner, and an alignment
change measured by survey methods. The concrete cracking pattern and geology of the
section of tunnel around Station 1200+80 in the C2 tunnel are shown at the same scale in
Figure 7.15. From a comparison of the geology and concrete liner cracking pattern, it
appears that most of the slippage along the Hayward Fault occurs along a narrow shear zone

logged during tunnel construction.

The long term rock instrumentation data are also consistent with the observation of
fault slippage. Because the rock movement indicators are orientated more or less parallel

with the Hayward Fault, they have shown little change in displacement with time, following
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the period when squeeze took place. Pressure cell readings are highest on the northern side
of the C2 tunnel east of the active fault (Figure 7.16). When the ground around the tunnel
is moving due to right-lateral fault slippage, on the eastern side of the fault passive pres-
sures are built up on the northern wall. Similarly, active pressures develop on the south
wall of this section of tunnel. Higher pressures are recorded by cells in contact with stiffer
ground (e.g. pressure cell 5 in Leona Rhyolite) than cells in contact with softer serpentine

and gouge.

The pressure distribution around the tunnel appears non-uniform, however contact
pressure cells such as installed in the BART tunnels can give inaccurate readings if poorly
installed. Subsequent development of high point loadings can also give rise to apparent

non-uniform loading of the liner.

Little is known about the properties of the pressure cells; they are filled with oil and
must therefore have a relatively high stiffness. Also the distribution of stress over the con-
tact areas, and the amount of direct contact between the pressure cell and surrounding
rock, and pressure cell and tunnel liner are not known. It is assumed that the pressure cells
are affected by the component of in situ stress radial to the tunnel liner. Interpretation of
gauge readings in terms of changes in in sifu stress requires an analysis of interaction
between rock, pressure cell, and tunnel liner. Boundary conditions for this problem are not
well defined, and constitutive equations are required for the three components. Time

dependency may be important.
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CHAPTER 8

MODEL STUDIES OF FAULT - TUNNEL INTERACTION

8.1. Strike Slip Fault Models

If a satisfactory model of fault behaviour can be derived, it should be possible to
make some useful predictions of ground deformations and stress changes that can be
expected near an active fault. The discussion in this section is restricted to the particular

case of strike slip faulting, but could be extended to other kinds of faulting.

In section 8.1.1, the constitutive relations and geometry of a fault zone and surround-
ing ground subjected to prescribed boundary conditions are modelled. This quasi-static
model can then be used to explain deformations and stress changes that occur before, dur-
ing, and after an earthquake. The interaction of one fault with another is an important part
of the problem of deformation in tectonically active areas. In section 8.1.2, fault interac-
tions are modelled by thé "Riedel experiment" (after Riedel, 1929). This is an experiment
that has been used by geologists in a qualitative way to demonstrate development of shear
zones (e.g. Cloos, 1955; Tanner, 1962; Wilcox et al., 1973). In section 8.1.3, a fault model

is proposed that explains observed seismic phenomena along the Hayward Fault.

8.1.1. Quasi-Static Fault Models

Anderson’s Model

The model for faulting proposed by Anderson (1951) can provide insight into primary

principal stress magnitude and direction around an active fault. This model combines
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empirical results for the failure of rock (the Coulomb failure criterion) with constraints on
principal stress directions. For a strike slip fault in isotropic rock, the vertical principal
stress is the intermediate principal stress, o,. One of the other principal stresses will be

higher (o0; > o,); o ; will be small and may even be tensile (Figure 8.1).

Given the simple case of sliding along a single plane with an angle of friction ¢, it
can be shown that the ratio of minimum to maximum principal stresses at limiting equili-

brium is :

(o2} CO[(’)J“CO[(I

oy tana + cotdy

where « is the angle between o, and the normal to the fault. Using this relationship, if the
relevant angles of friction are known for the shears in a shear zone, the principal stress
directions can be calculated for a given geometric arrangement of shears and primary princi-

pal stress ratio.

Strain-softening Models

Recent understanding of fault mechanics has developed from the use of strain soften-
ing models for fault zones (Stuart, 1979). These models allow the definition of an instabil-
ity criterion such that the stiffness of the fault becomes less during failure than the stiffness
of the elastic surroundings. This is the same instability criterion that is observed during
compression testing of rock. Strain softening models can explain fault zone failure either

by a stable mode (slippage) or an unstable mode (earthquake).

Clays from fault zones have been recompacted and tested in high pressure triaxial
equipment (Wang et al,, 1980). Strain softening was observed and is believed to occur in
all geological materials, however the stress at which softening takes place is much lower for
clays than intact rocks. Geophysical data suggest that clays are present along the San

Andreas Fault at depths as great as 10km (Wang et al., 1978).



FIGURE 8.1

Principal stress orientations for
strike slip faulting.
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If a simple fault model is considered (Figure 8.2a) with uniform fault strength, and a
surrounding elastic plate with stress-free top and bottom surfaces, then instability condi-
tions can be derived from the stress-strain relationships for the elastic plate and the fault.
The elastic plate is strained by increasing displacements + U at a distance +H from the
fault. There can be a small displacement along the fault 2u, corresponding to fault slip-
page.

For the elastic plate in simple shear, the shear stress r; = G, y; where G, is the shear

s

— W—u
2(1+vy)

) and v, is the shear strain. Then 7, = G, T The fault

modulus (G; =

zone stress-strain law is assumed to be initially strain-hardening (Figure 8.2b), reach a peak

dr
stress and then become strain softening. The stiffness of the fault is given by K, = 7 uf
. . . . de —Gs .
and the stiffness of the elastic plate is given by K, = T = The two stiffnesses are

independent, and are defined as rates of shear stress change with respect to fault displace-

ment u, i.e. K, and K; are slopes of the stress-strain relationships.

As U increases, the line for the elastic surroundings moves from point 1 to point 2 on
Figure 8.2b in a series of parallel lines with slope K,. The intersection of this line with the
fault stress-strain curve gives 7, = 7, u, and thus y,. When K, < K, instability occurs

because an increase in u or U leads to 7, < 7, which does not satisfy static equilibrium.

d*r
The fault slip rate, _guﬁ increases prior to instability because dUg < 0. Also, the

shear stresses 7, and 7 decrease prior to instability. At the point of instability, energy is

released in the form of an earthquake, and there is fault displacement.

In all theories of faulting, the fault slip is driven by release of elastic energy stored in
the surrounding rock. This idea was originally proposed in the elastic rebound theory of
Reid (1911), based on changes in crustal strain observed after the 1906 earthquake on the

San Andreas Fault.
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This simple model of fault behaviour can give some insight into earthquake precur-
sors that might be used for earthquake prediction. From the model, y, increases during
increasing 7, reaches a maximum at peak stress, and decreases with decreasing 7;,. Thus
measuring changes in strain rates can indicate approaching instability. Stuart (1980) defined

K

S

a dimensionless stiffness ratio R = which is readily computed from the rate of change

of shear strain with respect to the remote displacement U. When R 2 1, instability is
predicted. However, the application of this approach using geodetic survey data is limited
by large observation errors, and infrequent surveys. The fault model also shows 7, and 7
to decrease prior to instability, suggesting that if changes in stress can be monitored, it

should be possible to predict earthquakes.

A real fault is obviously more complex than suggested by this model. In general, the
state of stress in a fault zone will be highly variable, as will the stress-strain relationship for
the materials in and around the fault. Time-dependent properties of the materials should
also be considered. It is the spatial fluctuations of stress, due to geometric and material
irregularities that explain the range of earthquake sizes that occur along a particular section
of a fault. Closely spaced barriers, fault segments with higher stiffness, appear to control
small magnitude earthquakes. Similarly, larger earthquakes can be expected to occur at bar-

riers with a larger area and spacing.

If a fault is "stuck" at a barrier, it is of interest to know something about the stress
changes that occur in adjacent areas as displacement continues. A simple two dimensional
finite element model was used to investigate this problem (Figure 8.3). Using the com-
puter program JTROCK (Hittinger and Goodman, 1978) it was possible to model a fault
with a line of non-linear joint elements, and the surrounding elastic plate with linear ortho-
tropic quadrilateral isoparametric elements. The vertical boundaries of the upper half of the
model were progressively displaced (as in a shear box test) in a right lateral sense to simu-

late fault motions. The two joint elements in the middle of the model were given a higher
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low stiffness joint element
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Finite element model of fault in elastic surroundings.
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shear and normal stiffness than the other joint elements to model a fault barrier. Numeri-
cal difficulties associated with the model formulation did not allow the solution to converge.

It was possible, however, to make a qualitative interpretation of the results.

The change in stress in a quadrilateral element was dependent on its position relative
to the high stiffness joint elements. If the principal stresses in element A (Figure 8.3) are
considered, as right lateral shear progressed there was an increase in o,,, and a counter
clockwise rotation of principal stress axes. At the same time in element B, there was a
decrease in o,, and a clockwise rotation of principal stresses. If instability could occur in
the high stiffness joint elements (i.e. an earthquake) an increase in o, would be expected
in element B, and a decrease in element A as elastic strain energy was released. This is
similar to the observation of Morgenstern and Tchalenko (1967) that following peak
strength in a shear box test thefe is local increase and rotation of principal stresses in the
sense opposite to that of the general displacement. Cohen (1980) used a dislocation model
to show that near a fault there may be a post-seismic stress rise whose magnitude can be a

significant fraction of the stress drop on the fault due to an earthquake.

Within the joint elements, shear stress increased with incremental displacement. For
the joint element adjacent to element B, the shear stress increase was an order of magni-

tude higher than for the joint element adjacent to element A.

Dislocation Models

Dislocation theory, which has developed from studies of crystal physics, can be used
to model fault behaviour (e.g. Nason and Weertman, 1973; Eshelby, 1973). The move-
ment along a crystal imperfection at low stress levels leads to deformation; this imperfec-
tion is the dislocation, i.e. an internal surface in an elastic solid across which there is a
discontinuity of displacement. Dislocations are used to explain the discrepancy of many

orders of magnitude between the theoretical and observed shear strengths of crystals. On a
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iarge scale, faults can be considered as dislocations in the earth’s crust. Therefore surface
strain data obtained by direct measurement can be input into a dislocation model to deter-
mine parameters such as stress drop, and slip distribution. In dislocation models the fault
slip is imposed as a boundary condition, and the remote stress is held constant. Fault dis-
placement is then not dependent on a fault constitutive law. Dislocation models are often

used to obtain fault parameters such as stress drop and seismic moment.

Frictional Models

In frictional models of active faulting (e.g. Dietrich, 1978; Nur, 1978) an earthquake
occurs because of the sudden drop in fault shear stress from peak strength to a lower value.
An equivalent strain softening model would be either one where instability occurred at a
peak shear stress, i.e. the stiffness of the elastic surroundings, K, would be zero (refer Fig-

ure 8.3b), or one where no displacement occurred along the fault.

8.1.2. The Mechunics of Shearing along an Interconnected System of Discontinuities

In the Riedel experiment a slab of "plastic" material (usually clay) is placed over two
adjoining boards that are then slowly displaced horizontally (Figure 8.4). A system of en
echelon discontinuities and their conjugates develop which are referred to as "Riedel shears"
and "conjugate Riedci shears" respectively. The clay modelling material adheres to the
moving boards to ensure that shear stresses are developed in the clay. Although the sam-
ple is uncr- 7 ¥ =+ ts upper surface, Tchalenko (1970) considered that the capillary forces
that act on the free surface give rise to an "equivalent ambient pressure" throughout the
specimen. Tchalenko measured the force required to displace one of the boards relative to
the other, and obtained a characteristic force displacement curve (Figure 8.5a). By observ-

ing the development of individual shears and the distortion of markers inscribed on the clay
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FIGURE 8.4 Riedel experiment.
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surface, the approximate proportion of the board displacement (D) taken up by the indivi-
dual shears (d) was measured. Figure 8.5b shows the rapid increase in movement along

shears that occurred after the peak strength was reached.

Tchalenko distinguished five stages in the development of a shear zone.
i) Pre-peak strength deformation
The initial displacements cause homogeneous straining in the region of the future shear
zone. Circles inscribed on the clay surface are transformed into ellipses, indicating that the
deformation is of the simple shear type.
ii) Peak structure
The first shears, Riedel shears (R) and conjugate Riedels (R’) (Figure 8.6) appear just
before peak shear strength is reached, and they are slightly rotated anticlockwise at peak
strength.
iii) Post-peak structure
Some Riedel shears are extended into a more horizontal direction, and a few new shears
appear at lower angles. P shears (Figure 8.6) then form approximately symmetrical to the
Riedel shears, interconnecting pairs of Riedel shears. Nearly all the total movement is
taken up by displacements along shears.
iv) Pre-residual structure
The first continuous horizontal shears, the "principal displacement shears" are formed, iso-
lating elongated lenses of essentially passive material between them.
v) Residual structure
Nearly all displacements take place along a single principal displacement shear superimposed

on the interface between the two boards.

In some cases the conjugate Riedel shears appear before the Riedel shears. Because
of the large angle that they make with the general direction of movement, the conjugate

Riedel shears become passive and distort into an S shape. In simple shear, the Coulomb
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FIGURE 8.6 Mechanistic terminology for
simple shear structures.
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¢ ¢

failure criterion predicts that failure surfaces are inclined at 5 and 90"—? to the general

direction of movement (¢ is the peak friction angle). The Riedel shears and the conjugate
Riedel shears are found to have these orientations in the simple shear experiment. In some
cases, tension fractures are formed in place of, or in addition to, the Riedel shears and

develop at about 45° to the direction of movement.

In a shear box, the sample can be confined and the level of stresses is much higher
than in the Riedel experiment. Tchalenko (1970) carried out a series of tests on a clay that
was similar to the clay he used in the Riedel experiment, and observed the structures that
formed by stopping the test and preparing thin sections of the sample. The sequence of
structures observed in the shear box test were essentially the same as those in the Riedel
experiment. This was true for the scale of the entire sample, and on the microscopic scale
of a few tens of microns. Near the edges of the shear box specimen where there is
kinematic constraint and high stress concentrations, shear structures were found that did not

correspond to the Riedel model.

Morgenstern and Tchalenko (1967) reviewed three alternative interpretations of the
mechanics of the shear box test and concluded that the stresses in the central portion of the
specimen, at or near peak strength (¢p = 24°) are as shown in Figure 8.7. It was postu-
lated that following the peak strength, the development of a post peak structure (P shears)
involved both a reduction of the shearing resistance along the Riedel shears toward the resi-
dual strength value, and a local increase and rotation of the principal stresses in the sense
opposite to that of the general movement. At the residual stage (if sufficient displacement
can be obtained in a shear box), the active portion of the shear zone decreases in width and

direct shear conditions are approached. The major principal stress is then predicted to be

¢

orientated at 45"—7 to the direction of the shear surface.

Byerlee er al. (1978) carried out laboratory shear tests on a saw cut in granite with a

sand infilling. The normal stress across the discontinuity was high (200 MPa). Intensely
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sheared material developed parallel to the sliding direction at the boundaries between gran-
ite and sand, and an oblique shear was observed at 20° to the plane of the saw cut. In
these experiments it was considered that the Riedel shears were controlled by the boun-
daries of the gouge, rather than the material properties or the direction of the applied
stress. The evidence did suggest that stable sliding on the oblique shears preceded sudden

slip, which was confined to the margin between the shear zone and the intact rock.

Riedel shears have been observed at various scales, “->m the microstructure of a clay
sheared in a laboratory test, to the ground surface pattern of rupture of an active fault zone.
In general, a shear zone at a particular scale is formed by a system of shears on a lower
scale; the patfern of these shears is referred to as the shear zone structure. Thus the
results from small-scale experiments can be used in the interpretation of displacement pat-
terns in zones where shearing may affect engineering structures. With strike slip faults, it
is not possible to follow the development of the shear zone continuously as in a Riedel
experiment, or even at intermittent stages as in a shear box test. Usually it is only possible
to observe the structures that have resulted following fault displacement, with little indica-

tion as to the sequence of development of structures in the shear zone.

Tchalenko and Ambraseys (1970) mapped in detail the surface traces of an active
fault in Iran. Surface movements were mainly strike slip, with minor vertical displace-
ments. Ridges and cracks were found to be concentrated in shear zones which were the
equivalent of shears described for smaller scales. These zones varied in length from several
metres to several hundreds of metres, and in width from about a metre to some tens of
metres. In the zone where most of the displacement occurred, Riedel shears and some P

structures were recognised, and conjugate Riedel shears were also found.

8.1.3. A Model for the Hayward Fault

A model for the Hayward Fault should be able to explain the following fault

phenomena :
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- fault slippage at a more or less constant rate
- fault slippage confined to a discrete shear zone
- pressure changes on the BART tunnel liner
- spatial and temporal variations in seismicity

- discrete fault movements with long recurrence intervals.

The strain softening model discussed in section 8.1.1 can be applied to the Hayward
Fault. As the fault is approached there is a reduction in rock mass stiffness, due to
increased shearing and alteration, reaching a minimum at the low strength clay gouge. Near
the ground surface the clay gouge is unable to sustain any appreciable shear stress, there-
fore fault slippage occurs at a more or less constant rate. Mavko (1980) numerically simu-
lated creep events and earthquakes on a spatially variable model and concluded that slippage

along the San Andreas Fault must be confined to the upper 1km to 2km of the fault.

Given several clay gouge zones with similar properties, maximum shear displacement
will occur in the widest gouge zone and slippage might be expected to occur at one of the

boundaries of the widest zone. This was observed in the BART tunnels (refer Figure 7.1).

At greater depths, where earthquakes occur, strain softening behaviour is expected.
At some unknown depth, there is a transition from fault displacement by steady slippage, to.
fault slippage in discrete steps accompanying earthquakes. Thus steady slippage and earth-
quakes can be expected along the same fault segment. The seismic record from the Hay-
ward Fault shows spatial and temporal variations in seismicity. This reflects instability
occurring at fault barriers that have locally higher stiffness and peak strength. Fault barriers

may be due to inhomogeneity of fault zone materials, or local variations in fault geometry.

The difficulties associated with interpretation of the pressure cell records from the
BART tunnels were discussed in section 7.5. However it does appear tha. the pressure
readings give some indication of in situ stress changes. The pressure cells are orientated

with their long axes more or less normal to the strike of the fault, and could be expected to
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record changes in stress within the fault zone. The strain softening model predicts a drop
in shear stress prior to instability and the time-pressure history for the pressure cells sug-

gested by this fault model is shown in Figure 8.8.

To investigate the relationship between changes in cell pressures and earthquakes,
source parameters for earthquakes that occurred along the Hayward Fault were obtained
from the U.S. Geological Survey catalogue (see section 5.3). Earthquake magnitude, M, ,!
and focal location data were used to plot cumulative magnitude divided by focal distance
against time (Figure 8.9)2. The reduced influence of distant earthquakes was taken into
account by dividing magnitude of each earthquake by distance of the focus from the BART

tunnels.

Earthquake moment, M,,? is considered a more fundamental parameter than magni-
tude, and gives a better estimate of earthquake size. Magnitude measurements are based
on a narrow frequency range of the seismic wave spectrum, while moment is based on a
wider frequency range. Empirical relationships between magnitude and moment have the
form M; = k logM,, where k is a constant. Thatcher and Hanks (1973) found that for
138 earthquakes in Southern California, logM, = 1.5M; + 16.0 (in units of dyne-cm), and
this relationship is often used for other geographic areas. However order of magnitude
variations from this M, — M, relationship are not uncommon. For this study, the antilog
of M, , which is proportional to moment, was calculated from the U.S. Geological Survey
data, and a plot of cumulative M, divided by distance was prepared (Figure 8.10). On
Figure 8.10, increases in seismic activity are marked by increases in gradient of the curve.
This graph shows that changes in seismicity occur at the same time as in Figure 8.9, how-
ever there are more abrupt changes reflecting the contribution of a few higher magnitude

earthquakes.

1 ML = |ocal magnitude, more or less equivalent to Richter magnitude.
2 The origin for the time axis on Figures 8.9, 8.10 and 8.11 is January 1, 1967.

3 M, = uDS, where i = rigidity, D = average fault slip, S = fault area. M, is the moment of one of
the couples in a double couple representation of a point dislocation. M,, is also a function of the radiation pattern
of the seismic waves and the long period spectral amplitude.
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FIGURE 8.8 Pressure cell changes with time as
predicted by fault model.
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Pressures recorded from cell 3 were normalised by fitting a straight line through the
data. This removed the effect of fault slippage that more or less constantly increases pas-
sive pressures on the liner, and the residuals were plotted against time (Figure 8.11). To
enable comparisons with the pressure cell data, large increases in seismicity on Figure 8.10
have been marked as first order features, and lesser increases as second order features. The
corresponding points in time have been marked on Figure 8.11, where it is found that all
first-order increases in seismicity are preceded by a decrease in pressure. Similarly, second
order changes in seismicity follow smaller decreases in cell pressure. This was predicted by

the strain softening fault model.

Because of the irregular interval between pressure cell readings, parts of the curve in
Figure 8.11 are not well defined. It does appear that the pressure decrease prior to seismic
activity occurs over a short period, as does the following pressure increase. Therefore,
unless pressure cell readings were taken over short intervals, the pressure fluctuations will
not be apparent. The sharp increase in cell pressure following seismicity is considered to be
due to an increase in passive pressure acting on the tunnel liner, caused by a small amount
of slip along the active trace of the Hayward Fault. A statistical correlation between the
earthquake data and the pressure cell data was not possible because of the varying time
steps between each data point. To use existing computer codes for statistical analysis of a
pair of time series data would require interpolation between pressure cell data points. All
pressure cell curves have similar shape (refer figures in Appendix C) and the
seismicity/pressu;e change correlation found for pressure cell 3 is also valid for the other

pressure cells.

During 1980, the pressure cells were monitored at more frequent intervals than in the
past but the seismicity data were not available for comparison. Significant pressure drops
were recorded prior to small earthquakes (about magnitude 3) that were reported in the

Berkeley area in April and December.
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Other workers have attempted to monitor in situ stress changes near earthquake
sources. Swolfs and Brechtel (1977) installed pressure cells close to ground surface in the
Wasatch Range near Salt Lake City, Utah. They found an anomalous in situ stress change
with an amplitude of about 1kPa prior to a rock burst with Richter magnitude less than M
1.0. Hardin and Pratt (1978) described two rosette stress monitor systems that were
installed close to the San Andreas Fault zone near Palmdale, California. These instruments
were found to be sensitive to local effects of earthtides, rainfall, and temperature changes.
It is not known whether these problems were subsequently overcome and true in situ stress

changes measured.

Most of the large strike slip faults that have undergone considerable displacement
have wide fault zones consisting of low strength, strain softening materials. Where such
faults are actively slipping, slippage is known to be confined to one distinct surface (Nason
1971). This shear surface can be considered to correspond to the principal displacement
shear, part of the residual structure that forms in the Riedel experiment. The Berkeley
Hills provide an example of pre-residual structure, that is subparallel displacement shears
that isolate a block of essentially passive material. An idealised fault map for this area is
shown in Figure 8.12 (compare with Figure 5.3). In a simple interpretation of the Berkeley
Hills, the Hayward and Moraga Faults are considered to be principal displacement shears,
the Wildcat, Chabot and other subparallel faults are P shears, and the northeast-southwest
trending faults are conjugate Riedel shears. While the Hayward Fault is actively slipping, it
is functioning as a single displacement shear along which nearly all the displacement takes

place.

8.2. Two Dimensional Plane Strain Model of a Typical Liner Section

Conventional tunnel liner design requires the analysis of the load bearing capacity of a

section of tunnel liner normal to the tunnel axis. Such analysis can be performed using
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FIGURE 8.12 Idealized fault map, Berkeley Hills.
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computer program LINER, a general structural analysis program for tunnel support systems
subjected to external loads, or active pressures (Korbin and Krakowski, 1980). The pro-
gram uses a matrix formulation of the direct stiffness method to determine joint
deflections, member end forces, and joint reactions for plane frames subjected to joint loads
and displacements. For the purposes of this study, the program was extended to allow con-

sideration of the full tunnel section subjected to asymmetric loading.

The tunnel liner structure is divided into elements with more or less equal length.
Each element is defined by two nodal points at the ends of the element midway between
liner intrados and extrados. The nodal coordinates are used to establish element position,
length, and section properties. Each liner element is represented by a straight beam
member joining two adjacent nodal points. The nodal point connection between these ele-

ments is a rigid or fixed connection with full transfer of moment.

To model the passive ground reactions that resuit from liner distortions, a bar ele-
ment is attached to each liner nodal point directed radially into the surrounding ground.
These elements are automatically generated by the program. The connection between the
bar element and the liner, and the bar element and the ground is a pinned or zero moment
connection. Therefore the bar elements can only accept axial forces, or reactions directed
radially from the liner. Passive reactions result from liner displacements or distortions, and
are determined from pure bending of the liner structure. The stiffness of the bar element
is derived from the modulus of subgrade reaction of the ground, and the tributary area
represented by the bar. Bar elements that are in tension are released through an iterative
procedure until the calculated axial forces in the remaining elements are zero or compres
sive.

LINER has three options, to analyse either an uncracked asymmetric, an uncracked

symmetric, or a reinforced concrete section. Analysis of a reinforced concrete section

requires calculation of the transformed steel areas, and the area of the uncracked or
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compressive concrete section. This solution cannot be formed directly and an iterative
scheme is used. After each iterative cycle, member forces are calculated from the section

properties of the previous iteration.

The BART tunnels were modelled as shown in Figure 8.13, with 26 liner elements
and corresponding bar elements. Average reinforcing steel areas were calculated for intra-

dos and extrados, and the reinforced concrete section option was used for all calculations.

8.2.1. Bechtel Design Pressures

The response of the tunnel was analysed using Bechtel design pressures of 1.436MPa
vertical and 0.862MPa horizontal. Because this loading case is symmetrical about the tun-
nel centre line, only the right half of the model was analysed (Figure 8.13). There were no
modulus of subgrade reaction (k) data available for the materials encountered in the
Berkeley Hills tunnels, therefore a parametric study was undertaken using values for k, of

6,9.12, 15, and 18 MN/m.

For analyses with k, set at 6 and 12 MN/m, the calculated values of moment, stress
in extrados and intrados steel, and stress in extrados concrete have been plotted (Figures

.14, 8.15, 8.16). In these figures, tension is positive and compression is negative.

To investigate the sensitivity of this analysis to modulus of subgrade reaction, Figures

8.17, 8.18, and 8.19 were plotted to show the relationship of k; to calculated stresses.

As might be expected, with a low modulus of subgrade reaction, large deformations
take place leading to higher stresses. However when k; is greater than about 10MN/m, an
increase in k; has little effect on liner behaviour. For the values of modulus of subgrade
reaction used, all steel stresses were lower than yield strength (275 MPa for grade 40 steel).

In all cases the intrados concrete was calculated to have cracked in all elements.
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8.2.2. Pressure Distribution Inferred From Pressure Cell Data

An attempt was made to model the asymmetric pressure distribution that is inferred
from the pressure cell data. As discussed in section 7.5, at each of the three instrumented
stations, pressure cells on the north side of the tunnel have readings 5 to 6 times higher

than on the south side.

The pressures recorded by cells at Station 1206+ 31 have varied with time, so for the
purposes of this analysis a typical pressure of 0.76MPa for cell 5 and 0.14MPa for cell 6
were used. If these pressures are resolved into their horizontal and vertical components,

the pressure distribution shown on Figure 8.20 is deduced.

To start with, uniform horizontal pressure distributions of 0.59MPa and 0.11MPa, and
a varying vertical pressure were used. The high pressures caused tension in the bar ele-
ments on the north side so they released, and pressures increased on the south side due to
increasing passive pressures. The pressures on the south side were much higher than has

been recorded, indicating that the loading diagram was incorrect.

Maintaining the horizontal and vertical pressures deduced from cell 5, further analyses
were undertaken with possible vertical and horizontal pressure distributions. In all these
analyses, equilibrium conditions required considerable passive pressures to be developed in
the region of cell 6. Even though some of the loading conditions were strongly asym-
metric, the stresses calculated were always less than those calculated with the Bechtel design

loads.

8.3. Axi-symmetric Model

When a tunnel and surrounding ground are symmetri_c about the tunnel axis, a two-
dimensional axi¥symmetric model] can be used to show three-dimensional behaviour. Axi-

symmetric solids are defined using a cylindrical coordinate system (r, 8, z); the solid body
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FIGURE 8.20 Pressure distribution on C2 tunnel liner
at Station 1206+31.
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is developed by revolving a plane § = constant about the z axis (Figure 8.21). Thus the

shape of the body is completely defined by any plane of 6§ = constant.

Axi-symmetric solids can be subdivided into discrete volumes and methods of finite
element analysis used to calculate stresses and strains. For the purposes of this study, com-
puter code FEAP was used (Taylor, 1977). FEAP uses a macro programming language in
order to solve different types of finite element problems, including those with axisym-
metric, orthotropic 9 node elements. In the formulation of the axisymmetric finite element
mesh, each node has coordinates (r, z) for all values of 8 between 0 and 2#. This defines a
nodal circle. Elements are then formed by the two dimensional connection of nodes in the
r-z plane, which when revolved around the z axis form a solid torus. As the model is not
discretised in the € direction, an analytic function is used to calculate element stresses and

strains for # between 0 and 27.

A finite element model was prepared for the section of C2 tunnel through the Hay-
ward Fault zone. It was assumed that there is no interaction between Cl and C2 tunnels,
therefore the C2 tunnel was not included in the model. The finite element model consisted
of 43 elements with 207 nodal points, and had dimensions of 724m by 290m (Figure 8.22).
Four different materials were modelled; sandstone, serpentine, rhyolite, and gouge. It was
necessary to model the boundaries between these materials normal to the tunnel axis.
However the strike of the strata in this section of the Berkeley Hills is close to normal to
the tunnel axis and the strata is steeply dipping, therefore the assumntion of axisymmetry is

reasonable.

The tunnel liner was modelled as an 800mm thick shell with material properties E =
31,000MPa and » = 0.2. Because of the requirement for axial symmetry, it was not possi-
ble to model the invert concrete which is considerably thicker than the arch. There were
no data available for the elastic properties of the surrounding ground and initial values

chosen for E and v were obtained from the literature. A limited parametric study was made
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FIGURE 8.21 TDefinition of axi-symmetric solid.
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f

fof the effect of varying elastic constants. When the following material properties were

used, the calculated deflected shape of the tunnel best modelled the surveyed shape.

E (MPa) v
sandstone 9000 0.25
serpentine 3400 0.3
rhyolite 10400 0.2
gouge 1000 04

Right lateral slippage along the Hayward Fault was simulated by displacing nodal
points along the western side of the finite element mesh in the -r direction. This asym-
metric loading of an axisymmetric body can be modelled by computer code FEAP; a

Fourier series expansion is used.

The deformed mesh that resulted from 500mm displacement of the western boundary
of the model relative to the fixed eastern boundary is shown in Figure 8.23. Much of the
displacement takes place in the widest gouge zone near the contact between gouge and ser-
pentine. This coincides with the active shear zone discussed in Chapter 7. The 500mm
displacement of the model was required to produce 80mm displacement near the active
trace of the Hayward Fault. It should be emphasised that this result is derived from a
purely elastic model. Displacements associated with discrete slip along the fault were not
considered. If a discontinuity was included in the gouge zone, or if the gouge was modelled
as a plastic material, the calculated displacements within the fault zone would most likely

have been larger than 80mm for 500mm of lateral slippage.

The interpretation of the results of this model is limited by the lack of survey data
that would allow exact modelling of fault motions. If there has been any vertical move-
ment along the Hayward Fault then interaction between ground and liner will be different
from the case of right lateral slippage only. Also, it is not possible to model a realistic in
situ stress state with an axisymmetric model. This large model with a coarse mesh cannot
be used to calculate stresses in the tunnel liner accurately. It is apparent from the

deformed mesh, however, that most of the interaction between liner and ground takes place
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in the wide gouge zone, as might have been expected.
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CHAPTER 9

CONCLUSIONS

Seismic phenomena that can cause tunnel damage are fault displacement and ground
vibration. Where tunnel liners are well constructgd, damage resulting from strong ground
shaking is minor as accelerations at depth are normally less than those recorded at the
ground surface. Fault displacement inevitably causes damage to tunnels through active
faults, as demonstrated in the review of case histories. Fault activity was not taken into

account during the location, design, and construction of these tunnels.

Squeezing ground in an active fault zone is normally only a problem during tunnel
construction. By the time the final liner is installed, time dependent deformation of the
surrounding ground and subsequent loading of the support system should have been largely

reduced.

The BART tunnels through the Berkeley Hills have been displaced about 80mm right
laterally by the Hayward Fault since the concrete liner was constructed in 1968. This has
occurred over a short section of both tunnels near Station 1200+ 80, resulting in distortion
of the tracks and cracking of the liner. This location was found to correspond with a shear
zone logged during tunnel construction. The slippage has been at a more or less constant
rate of between 6 and 8mm per year, and appears to be a simple right lateral shearing
motion. This has also caused extension of the section of tunnel liner in the fault zone, as
indicated by open cracks in the liner. Records from water supply tunnels through the

Berkeley Hills also indicate liner damage by slippage along the Hayward Fault.

Various surveys have been undertaken in connection with the BART tunnels, which

when repeated, have detected slippage along the Hayward Fault. Careful surveying appears
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to be necessary for monitoring future tunnel behaviour. The tape extensometer data can
not be used to deduce changes in liner shape since construction, however, when readings
are taken over a period of time, it should be possible to monitor changes in liner geometry

due to continued slippage.

In the early design stage, slippage on the Hayward Fault was not considered. How-
ever, the tunnel diameter is 76mm greater than the standard bART clearance envelope as
at the time the final rolling stock dimensions had not been established. When slippage was
considered at a later stage, it was found that the extra clearance could accomodate 610mm
horizontal and 305mm vertical displacement, provided that this movement was distributed
over about 100m of tunnel. Train-tunnel clearances have since been reduced by fault slip-
page, lowering of the arch during construction, and the addition of conduits, lighting, third

rail, and walkway.

In a review of the instrumentation data collected since tunnel construction, the per-
formance of the instruments was investigated, and each instrument was given a reliability
rating; some had failed. Rock movement indicators which are orientated parallel with the
strike of the Hayward Fault, have not detected any movement after the immediate post
construction period. The rock movement indicator heads do not appear to have been
attached to the concrete liner, and this has limited their value in deformation analyses.
Pressure cells on the north wall of the tunnel show increasing passive pressures with time,
while active pressures have developed on the south side. This observation is consistent
with right lateral fault displacement. It was assumed that there is no interaction between
the two tunnels, but it is possible that the low pressures on the south side of the C2 tunnel

have been enhanced by unloading of the pillar between the tunnels.

The assumed rock loads used by Bechtel Inc. to design the tunnel liner were conserva-
tive. Although an extensive instrumentation programme was conducted in small adits at

each portal, the data obtained were not used for tunnel design. The maximum pressures
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recorded in the west portal test adit, 45kPA vertical and 72kPa horizontal, are much less
than the pressures that are recorded on the liner at present. This is because of the small
size of the test adit compared with the tunnel, the low stiffness of support relative to that of

the ground, and the short time over which the pressures were recorded.

The pressure distribution around the tunnel liner in the Hayward Fault zone may be
indeterminate. An attempt was made, however, to model pressure cell readings by using
the computer program LINER to examine the response of the tunnel liner to various pres-
sure distributions. It proved impossible to reproduce the low preésures recorded on the
south side of the C2 tunnel. This could be explained by the response of the relatively stiff
tunnel liner to shear displacement. Given the shear strain gradient to the east of the active
shear zone, the south side of the tunnel would be expected to develop passive action
between the liner and adjacent rock. The south side of the tunnel would necessarily display
an active loading condition, with the associated lower contact pressure between the liner

and rock. This effect cannot be modelled with a two dimensional analysis.

One of the assumptions made when using the axi-symmetric finite elemént program
to model the C1 tunnel and surrounding ground was that there was no interaction between
C1 and C2 tunnels. As discussed, this may not be valid. Another assumption was that the
liner properties were the same around the tunnel cross section. From the two dimensional
plane strain analyses, the thick invert attracted higher moments, and higher steel stresses.
Using the axi-symmetric model it was possible to reproduce more or less the deformed
shape of the C1 tunnel, at least in the horizontal plane. As was expected, most of the right

lateral displacement took place in the softer gouge zone.

A strain softening model was developed for the Hayward Fault that explained
observed fault behaviour. It is significant that the pressure cells in the C2 tunnel appear to
reflect changes in in situ stress that are associated with seismic activity. Pressure cell read-

ings were taken at more frequent intervals during 1980, and pressure drops in April and
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December made it feasible to predict earthquake events, although not their location or size.
The measurement of in situ stress change at several locations along an active fault could be

used to predict earthquake location and give some indication of size.

The structure of the Berkeley Hills was discussed in terms of a Riedel shear model.
By understanding the mechanism that has given rise to the geological structures in this
area, it should be possible to predict along which faults there will be further displacement as
shearing continues along the Hayward Fault. The implication for the BART tunnels is that
if major displacement occurs along the Hayward Fault, smaller displacements might be
expected along other faults in the Berkeley Hills. Hence, damage to the tunnels would not

necessarily be confined to the Hayward Fault zone.

It is not possible to make accurate predictions of the behaviour of the BART tunnels.
Fault slippage can nevertheless be expected to continue to displace the tunnels, and track
realignment must be regularly maintained. When detailed geometric data are available for
the section of the tunnels in the Hayward Fault zone, it should be possible to calculate how
much future track realignment can be accommodated. Cracking of the concrete liner in this
section of tunnel has occurred, and monitoring of the cracks should continue, as an

increase in crack aperture would indicate yielding of steel reinforcement.
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CHAPTER 10

RECOMMENDATIONS FOR FUTURE MONITORING

10.1. Existing Instrumentation

As previously discussed, readings from a number of the rock movement indicators are
no longer reliable. Also, the RMIs do not provide data that are relevant to liner response.

It is recommended that future reading of these instruments be given low priority.

Similar problems were found with the pressure cell reliability, however these data are
more relevant. It is recommended that pressure cells 3 and 4 on either side of the C2 tun-
nel at about Station 1202477 be monitored, preferably remotely. This will enable con-
tinual observation of loading of the tunnel liner due to right lateral shear along the Hay-
ward Fault. As discussed in Chapter 8, these cells appear to be responding to in Situ stress
changes precursory to earthquakes, and can provide valuable geophysical data. Of the

remaining pressure cells, only cell § is reliable and should be read on a regular basis.

Careful surveying is in this case the most important monitoring tool, although it is not
a continuous monitoring system. A short alignment survey should be set up through the
fault zone in both tunnels to measure offsets from a theoretical centreline, of closely spaced
survey points. This survey will produce curves similar to Figure 7.12. The track should
not be used as a reference because it is likely to be realigned. This survey can be quickly
carried out, and should be repeated every six months. At the same time, the laser survey

should be repeated using only the first set-up points near the west portal of each tunnel.

The "as built" survey requires much longer field time. This should be repeated once

every ten years, or when unusual movements have been indicated by other observations.
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Tape extensometer anchor points have been established to determine liner distortion
in a plane normal to the tunnel axis. To date, only initial readings have been made. It is
recommended that observations are made every two months between the following anchor
points; 4 and 8, 2 and 6, 3 and 7, and 1 and 5 (Figure 7.3). If large changes in cross-
sectional geometry are detected, other chords should be measured to accurateb; determine

liner distortion.

10.2. Proposed Future Instrumentation

10.2.1. Vertical alignment across fault zone

Changes in level across the active fault zone can be continuously monitored with a
water-filled conduit connected to a suitable device that measures changes in water level.
The conduit should span 30m of the C2 tunnel between Stations 1200425 and 1201423.
Such a device should be able to measure changes in level with a sensitivity of at least

1073 mm.

10.2.2. Axial changes in tunnel length

Extension of the tunnel liner across the active fault zone can be measured by a
creepmeter, i.e. a tensioned wire anchored to points ‘on either side of the fault. Changes in
wire length are measured by either an LVDT or a resistance potentiometer. A 30m long
creepmeter with anchor points at Stations 1200+25 and 1201+23, and one 20m long with

anchor points at Stations 1200441 and 1200400 are recommended for the C2 tunnel.

The device for measuring length changes should have a sensitivity of less than

107> mm, less than 0.15mm hysteresis, and a recording range of at least 25mm.

These instruments will also monitor a small component of shear displacement that

takes place normal to the tunnel axis. Careful monitoring of axial changes and alignment
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changes can more precisely give shear offset along the tunnel.

10.2.3. Horizontal alignment across fault zone

As discussed in section 10.1, a short alignment survey is the most appropriate method
by which to monitor the right lateral displacement of the tunnel liner. It is appreciated that
this may be difficult to carry out on a regular basis because of train operating requirements.
Consequently, a permanently installed laser with an automatic position monitoring system
should be given further consideration. There may be problems in employing such a sys-

tem; it would be unique, and costs could be high.

10.2.4. Ground-lining interaction

Deterioration of the concrete liners in the Hayward Fault zone will be preceded by
yielding of longitudinal reinforcing steel. To detect the onset of yield it is recommended
that at two test sections in the C2 tunnel (Stations 1200+ 70 and 12004 85), intrados steel
reinforcement should be located and exposed at 6 to 8 places. Weldable type strain padges
with adequate environmental protection can be placed on the steel reinforcing bars, and

changes in strain monitored with time.

It is recommended that glass strips placed over cracks in the C2 tunnel be observed
whenever surveying is undertaken. Any cracking of glass strips should be noted, as well as

the formation of new cracks.
As it is difficult to monitor the condition of the slickline, it is recommended that it be

completely removed in the Hayward Fault zone, i.e. between Stations 1198+00 and

1207400 in both tunnels.
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10.3. Recording System

Various options for recording data from pressure cells, creepmeters, the water level

meter, and strain gauges are available. They include :

manual readings at the instrument station

signal conditioning and wiring to a remote reading station

chart recording at a remote reading station

digital recording and playback system utilising a micro-computer device

signal conditioning and monitoring at BART Central Train Control.

This list is in increasing order of complexity and hardware cost.

If a remote readout capability is not provided, the interval between readings should
not exceed two months. All data should be plotted on a common time base, either as dis-
placements, strains, or pressures as appropriate. Survey information should be reduced in a

similar way to that presented in this report, and regular reviews of data undertaken.
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APPENDIX A

RESULTS OF INSTRUMENTATION FROM WEST

PORTAL EXPLORATION ADIT

Rock instrumentation was located at six stations in the west portal adit (see Figure
6.1). Three of the sites, 1,2, and 3, were in Franciscan Formation, and sites 4,5, and 6
were in the Hayward Fault zone. Load cells were also installed in the area where additional
support consisting of jump sets and diamond-shaped bracing were required; this was desig-
nated test site SA. The arrangement of instruments in a typical test section is shown in
Figure A.1. The instruments were monitored for about one year, up until the time they

were disturbed by excavation of the C2 tunnel.

Load cells were usually placed near the face as soon as possible after excavation.
Where jump sets were installed in squeezing ground, the instruments were not installed
until some time after that part of the adit was excavated. Evaluation of load cell readings
was based on the assumption that rock loads were transmitted evenly to the supports, and
that the load cells were installed in a uniform manner. In many places where load cells
were located between rock and support, contact of the rock or lagging may have resulted in
lower load values being calculated. Lower values were also calculated when load cells were
placed within a jump set support, as the lagging was uneven and higher loads may have
been carried by the original sets. Rock pressures were determined by summing either roof
or wall loads obtained from the load cells on one set and dividing them by the surface area
of the rock supported by the set. Maximum lateral and vertical rock pressures were 72kPa
and 48kPa in the Hayward Fault zone, and 6kPa and 10kPa in the Franciscan Formation.

Load cells in the Hayward Fault zone showed a steady increase in pressure which did not
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FIGURE A.l Instrumentation arrangement in west
portal exploration adit.
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stabilise during a monitoring period of about one year. In Franciscan Formation, rock pres-
sures stabilised within a period of a few days to one month following the time of installa-
tion. Pressures increased again as the face of the C2 tunnel was advanced towards the

instrumented set.

Rock movement indicators (RMIs) were installed as close as possible to the face to
record initial relaxation of the rock. They consisted of a 6mm diameter steel rod grouted to
the bottom of a drill hole, and passing through a sleeve to the tunnel wall. Displacement

of the rod relative to the collar of the hole was measured using a dial gauge.

A tape extensometer was used to measure movement between pairs of extensometer
pins anchored horizontally to the wall rock and steel support, and vertically to the rock in
the roof and invert. Tape extensometer readings were compared with the 3.05m RMI read-
ings to determine whether or not movement was occurring in the rock at a distance greater

than 3.05m from the tunnel wall.

Data from rock movement indicator readings, and horizontal and vertical pressure

curves for each instrumentation station are given in Figure A.2 (i - xxix).
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APPENDIX B

GROUND CONDITIONS ENCOUNTERED AND TEMPORARY
SUPPORT USED IN THE C2 TUNNEL

Ayres (1969) discussed the methods used to excavate and support the tunnel during
construction. The following tabulated summary from his paper shows the different
methods used over sections of the C2 tunnel.

Station 1191400 to 1198+ 80

Formation: Franciscan Formation, sandstone with shale
and gouge seams.

Length 238m

Full face, no crown bars 103m  43%

Crown bars only required 18m 8%

Crown bars and breast boards required 106m  45%

Crown bars, breast boards and spiling 1lm 4%

Average driving rate 3.4m per 16 hour day

Steel spiling used at portal and in one gouge seam.

Station 1198+ 80 to 1206+ 30

Formation: Hayward Fault zone. Serpentine and gouge.
Heavy and squeezing ground in strutted section.

Length 229m

Crown bars and breast boards required 229m 100%

Invert struts 157Tm  79%

Average driving rate 3.8m per 24 hour day
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Station 1206430 1o 1207+ 10

Formation: Rhyolite with clay seams

Length 7 24m
Full face, no crown bars 2dm 100%
Invert struts 2.4m 10%

Average driving rate 4.9m per 24 hour day

Struts required at easterly contact zone.

Station 1207410 1o 1250+ 50
Formation: Sheared and broken sandstone and shale. The
heaviest ground encountered occurred in the

sheared shales of this section.

Length 1323m

Full face, no crown bars 121m 9%
Crown bars only required 187Tm 14%
Crown bars and breast boards 1010m 77%
Crown bars, breast boards and spiling -5m

Invert struts 72lm  55%

Average driving rate 5.2m per 24 hour day

Spiling was required in two short runs in wet sheared shale.

Station 1250+ 50 to 1263+ 50

Formation: Laminated chert and sandstone.

Length 396m
Full face, no crown bars 173m  44%
Crown bars only required 49m 12%

Crown bars and breast boards 16lm 41%
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Crown bars, breast boards and spiling 13m 3%

Invert struts 38m  10%

Average driving rate 5.5m per 24 hour day
Invert struts required in westerly contact zone. Chert thinly laminated and carried
considerable water. Spiling was required in three wet running sections of chert. Full
face driving was mostly in sandstones on the easterly end. The tunnel was holed

through at Station 1254+ 75.

Station 1263 +50 to 1313+ 350

Formation: Siltstone, sandstone, conglomerate and volcanics.

Length 1524m

Full face, no crown bars 1426m  93%
Crown bars only required 2lm 1%
Crown bars and breast boards 76m 5%
Crown bars, breast boards and spiling 1.2m
Invert struts 105m 7%

Average driving rate  8.9m per 24 hour day
Invert struts required in three shear zones 64m, 32m and 30m wide. Crown bars
and breast boards were required in the shorter two of these zones and in seven other

areas of shearing. The rest of the driving was in good rock.

Station 1313+50 10 1315+ 70

Formation: Siltstone and sandstone, badly sheared and
faulted. Siesta Syncline and fault.

Length 67m

Crown bars, breast boards and invert struts 67m 100%

Average driving rate  2.4m per 24 hour day
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Station 1315470 to 1353440

Formation: Siltstone, sandstone, conglomerate and volcanics.

Length 1149m

Full face, no crown bars 1009m  88%
Crown bars only required 68m 6%
Crown bars and breast boards 25m 2%
Crown bars, breast boards and spiling 48m 4%
Invert struts 15m 1%

Average driving rate  6.6m per 24 hour day
Generally, the ground was good. Spiling was required in three wet, faulted, and frac-
tured volcanic zones totalling 62m in length where the driving rate avgraged about
2.6m per day. Crown bars and breast boards were required in eight sheared zones.

Driving rate in these zones was about 3.8m per day.



175

APPENDIX C

INSTRUMENTATION DATA FROM SECTION
OF C2 TUNNEL IN HAYWARD FAULT ZONE

Plots of rock movement indicator (Figure C.1 i - xx) and pressure cell data (Figure
C.2 1 - vi) from the C2 tunnel in the Hayward Fault zone. Zero time ordinate for these

figures corresponds to January 1, 1967.



MM

25.0

20.8

16.5

12.3

YEARS
EXTENSOMETER A, STATION 1198401, NORTH WALL, 30 FT
BART TUNNELS HAYWARD FAULT IONE INSTRUMENTATION

13

9LT



MM

25.0

20.8

16.5

12.3

8 7 8 9 10 11
YEARS
EXTENSOMETER B, STATION 1198+01, SOUTH WALL, 30 FT
BART TUNNELS HAYWARD FAULT ZONE INSTRUMENTATION

14

LLT



MM

25.0

20.8

16.5

12.3

YEARS
EXTENSOMETER C, STATION 1199+44, NORTH WALL, 30 FT
BART TUNNELS HAYWARD FAULT ZONE INSTRUMENTATION

12

13

14

8LT



16.5

12.3

MM

YEARS
EXTENSOMETER D, STATION 1199+44, SOUTH WALL, 30 FT
BART TUNNELS HAYWARD FAULT ZONE INSTRUMENTATION

6LT



180

NOTLVLANIUNYLSNE INOZ LINVI GEVMAVH STIINNNL LUVE
14 08 ‘IIvVM HLUON °‘Sc+002! NOILVLIS °3 YILIWOSHILX3S
S38V3A

18°91

WW



MM

25.0

20.8

186.5

12.3

YEARS
EXTENSOMETER F, STATION 1200453, SOUTH WALL, 30 FT
BART TUNNELS HAYWARD FAULT ZONE INSTRUMENTATION

14

18T



MM

25.0

20.8

16.5

12.3

1 A A

YEARS
EXTENSOMETER G, STATION 1200451,
BART TUNNELS HAYWARD FAULT IONE

9 10 11

NORTH WALL, 10 FT
INSTRUMENTATION

13

14

c8T



183

vt

et

1

NOILYINIWNYLSNI
14 01 ‘717VYM KLNOS

it ot ]

INOZ 1L70VI GIYMAVH STI3INNNL LEve
‘1S+0021 NOILVYLIS ‘N U313KWOSNILXI
sS¥v3IA
8 L 9 S 4 €

L L v

v L L2 L) LJ L]




MM

25,0

20.8

16.5

12.9

A —i A

2 A A 1 A A
3 S 6 7 8
YEARS

EXTENSOMETER I, STATION 12014135,
BART TUNNELS HAYWAROD FAULT ZIO0NE

9 10 11

NORTH WALL, 30 FT
INSTRUMENTATION

8T



185

NOILVINIWNYLSNHT 3INOZ LINVI OVVMAVH STINNANL L¥Vva
14 0€ *717vM HINGS °*SC+I0ZT NOILVIS " ¥4313WOSNILXI
SaAViIA
e o1 6 8 L 9 S + €

s°9l



MM

25,0

20.8

16,5

12.3

k. A

YEARS
EXTENSOMETER K, STATION 1202401,
BART TUNNELS HAYWARD FAULT ZONE

NORTH WALL,

9 10 i1

INSTRUMENTATION

A0 FT

14

98T



25.0

20.8 |-

16.5 }

12.% F

MM

A A A 'l A A A A A A A ' A ]
-.5

0 1 2 3 1 S 6 7 8 9 10 11 12 13 14
YEARS
EXTENSOMETER L, STATION 1202+01, SOUTH WALL, 30 FT
BART TUNNELS HAYWARD FAULT ZONE INSTRUMENTATION

L8T



25.0
(

16.5 |

12.3

MM

_.5 A A A '] - L A ' — A A
0 1 2 ) 1 S 6 7 (] 9 10 11
YEARS
EXTENSOMETER M, STATION 1202+77, NORTH WALL, 30 FT
BART TUNNELS HAYWARD FAULT ZONE INSTRUMENTATION

12

13

14

88T



™M

25.0

20.8

16.5

12.3

i 4 1 A 1 '}

'} A A

3 4 5 6 7 8
YEARS
EXTENSOMETER N, STATION 1202477,
BART TUNNELS HAYWARD FAULT ZONE

9 10 11

SOUTH WALL, 30 FT
INSTRUMENTATION

681



190

NOIL1VINIHAYLISNI 3INOZ 1I0VJI OYVYMAVYH STIINNAL Lave
13 01 *77IVM HLUON °SL+2021 NOILVLS ‘D ¥31L3WHOSNILXI
SUV3A




MM

25.0

20.8

16.5

12.3

A ' 'l A A i I A
1 2 3 4 5 6 7 8
YEARS

EXTENSOMETER P, STATION 12Q2+75,
BART TUNNELS HAYWARO FAULT 20NE

SOUTH. WALL,

A A
9

10 11

INSTRUMENTATION

10 FT

14

161



MM

25.0

20.8

18.5

12.3

YEARS
EXTENSOMETER 0, STATION 12044140,
BART TUNNELS HAYWARD FAULT ZONE

SOUTH WALL, 30 FT
INSTRUMENTATION

13

14

6T



MM

25.0

20.8

18,5

12.3

1

[
S

EXTENSOMETER R,

7
YEARS

QL

STATION 1204410,
BART TUNNELS HAYWARO FAULT ZONE

SOUTH WALL,
INSTRUMENTATION

30 FT

€61



20.8 f

MM
~
w

—

0 1 2 3 1 ) 6 7 8 9 10 11 12 13 14
YEARS
EXTENSOMETER S, STATION 1206438, NORTH WALL, 30 FT
BART TUNNELS HAYWARODO FAULT ZONE INSTRUMENTATION

7ot



‘2.3 o

MM

YEARS
EXTENSOMETER T, STATION 1206438, SOUTH WALL, 30 FT
BART TUNNELS HAYWARD FAULT ZONE INSTRUMENTATION

S6T



MEGAPASCALS

1.25

1.00

75

.50

.25

'y 'y '\

[ ' | | ~L 1
4 S 6 7 8
YEARS

9 10 11

PRESSURE CELL 1, STATION 1201+93, NORTH ARCH

BART TUNNELS HAYWARD FAULT ZONE

INSTRUMENTATION

12

13

961



MEGAPASCALS

1.00

.75

.50

.25

YEARS
PRESSURE CELL 2, STATION 1201+99, SOUTH ARCH

BART TUNNELS HAYWARD FAULT ZONE

9 10 11

INSTRUMENTATION

14

L6T



MEGAPASCALS

1.25

1.00

e 715

.50

25

'l A

-l
4 S 8 7 8 9 10 11
YEARS
PRESSURE CELL 3, STATION 1201479, NORTH ARCH
BART TUNNELS HAYWARD FAULT ZONE INSTRUMENTATION

12

13

14

861



MEGAPASCALS

1.25 ¢

1000 -

.75 F

.50 F

. YEARS
PRESSURE CELL 4, STATION 1202+77, SOUTH ARCH
BART TUNNELS HAYWARD FAULT ZONE INSTRUMENTATION

66T



MEGAPASCALS

.75

150

+ 25

A

o N | A » ' - | -] 1 i L A '] 'l " ]

1 2 3 4 S 8 7 9 9 10 11 12 13 14
YEARS

PRESSURE CELL 5, STATION 1208431, NORTH ARCH
BART TUNNELS HAYWARO FAULT ZONE INSTRUMENTATION

0]0r4



MEGAPASCALS

I.ZS(

.75

.25 |

YEARS
PRESSURE CELL 8, STATION 1206+39, SOUTH ARCH
BART TUNNELS HAYWARD .FAULT ZONE INSTRUMENTATION

102



202

APPENDIX D

LOG OF CONCRETE LINER CRACKS

IN PART OF C2 TUNNEL

The log of concrete liner cracking, C2 tunnel, from Stations 1191400 to 1210+20 is

given in Figure D.1 (i - vi). The logs were compiled in September, 1979.
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