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FOREWORD

This report contains the results of a research effort to evaluate the
influence of ground parameters, based on actual case histories, on the
performance of tunnels. Some 160 tunnels, both in rock and soil situations,
were studied. The study lists nine elements of importance for the design
and construction of tunnels in soft ground and 10 elements for tunnels in
rock.

A basic factor of concern for a tunnel either in rock or soft ground is

the ground stability which influences the stand-up time of an excavation.
Site investigation methods that predict stand-up time of excavation therefore
become very important.

This report should serve the needs of geotechnical, structural, and civil
engineers who are planning, considering, or designing an underground structure.

Copies of the report are being distributed by FHWA transmittal memorandum.
Additional copies may be obtained from the National Technical Information
Service, 5285 Port Royal Road, Springfield, Virginia 22161.

Cte. T J%{/

Charles F. Schef
Director, Office of Research
Federal Highway Administration

NOTICE

This document is disseminated under the sponsorship of the Department
of Transportation in the interest of information exchange. The United
States Government assumes no liability for its contents or use thereof.

The contents of this report reflect the views of the contractor, who is
responsible for the accuracy of the data presented herein. The contents
do not necessarily reflect the official policy of the Department of
Transportation.

This report does not constitute a standard, specification, or regulation.
The United States Government does not endorse products or manufacturers.

Trade or manufacturers' names appear herein only because they are considered
essential to the object of this document.
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1.0 INTRODUCTION

1.1  BACKGROUND

Efficient, safe, and economical tunnel design and construction requires a thorough
understanding of how the ground will perform during tunneling as well as afterwards. As
part of a coordinated research program to reduce underground construction costs by
advancing the state-of-the-art of tunneling, the Federal Highway Administration (FHWA)
funded this research project entitled "Representative Ground Parameters for Structural
Analysis of Tunnels." This study is principally concerned with site investigation and how it
influences philosophies and procedures of site characterization as related to tunnel design
and construction.

In order to accomplish the objectives of this research effort, the technical report
has been divided into four volumes. Volume 1, entitled "Rational Approach to Site
Investigation" (Peck, et al, 1980), is principally concerned with the thought processes and
considerations related to the planning and implementation of site investigation programs
for tunnel design and construction. Topics include: (1) Geotechnical problems peculiar to
tunneling, (2) Setting for specific tunneling problems, (3) Approaches to exploration for
identifying problems; and (4) Specific procedures for site investigations and their
exploration.

Volume 2, entitled "In Situ Testing Techniques" (Hampton, et al, 1980), evaluates in
situ site investigation techniques which are applicable to obtaining geotechnical
parameters for design and construction of tunnels. In addition, classification and
correlation systems applicable to underground design and construction, and large-scale
field testing procedures, are discussed.

Volume 3, entitled "Tunnel Design and Construction" (Hampton, et al, 1980), studies
the use and significance of geotechnical parameters in the design and construction of
tunnels. It discusses tunnel design methods commonly used, the geotechnical parameters
required as input to these design methods, and the impact of these required parameters on
tunnel design. Also considered are geotechnical parameters which can be obtained a
priori, and would be of value in tunnel construction.

Volume 4 (this document) summarizes representative case histories on tunnel design
and construction. It attempts to highlight lessons to be learned from the past as well as
benefits which have, or may have, accrued from site investigation for tunnel design and
construction.

1.2 SCOPE

Due to extensive construction of tunnels throughout the world in recent years,
coupled with better documentation of tunneling performance for the same period, progress
has been made in advancing the state-of-the-art of tunneling technology. More than 160
representative tunnel cases were studied during preparation of this volume of the report--
about 60 of them are discussed individually.



In order to study the influential parameters affecting tunneling performance, the
basic tunneling problems in soft ground and rock emanating from published tunnel cases
are summarized and analyzed in Chapters 2 and 4, respectively, On this basis, cases of
effective construction procedures in both soft ground and rock are selected and studied in
Chapters 3 and 5. The importance of site investigation as it relates to tunneling
performance also is explored in Chapters 2 through 5. The conclusions and
recommendations therefrom are discussed in Chapter 6.

In addition, Appendix A summarizes subsurface site investigations used in
connection with certain tunnels which have been constructed. This information is
presented without formal evaluation, and for informational purposes only.



2.0 SOME BASIC TUNNELING PROBLEMS IN SOFT GROUND

2.1 INTRODUCTION

In 1969, Dr. Ralph B. Peck presented a state-of-the-art report on tunneling through
soft ground. In that report (Peck, 1969), the feasibility of tunneling based on soil types
was described; the ground settlement associated with tunneling through various soil types
using specific construction procedures was discussed; and, finally, a method of flexible
liner design based on previous liner performance was presented. Peck's report summarized
the practice of tunnel design and construction in soft ground through 1969.

Since that time, many tunnels have been mined through a variety of soft ground,
and additional field performance data have been gathered and analyzed. Therefore, a
review of the conclusions and recommendations contained in Peck's report, in the light of
recent case histories, is necessary at this time in an attempt to improve tunnel design and
construction procedures in soft ground tunneling.

The organization of this chapter basically follows the framework of Peck's report--
the newly collected and analyzed field information in the form of case histories is
included in each corresponding section.

2.2 STABILITY PROBLEMS AND STAND-UP TIME

Stability of the tunnel face is an important consideration for tunnels in soft ground.
It influences the selection of construction techniques, e.g., using a digger shield,
dewatering, compressed air, pre-grouting, etc. It is also one of the important factors that
determines the uniformity and magnitude of the deformation and loading of the lining.
Furthermore, stability is a safety problem for the crew at the tunnel face, and for the
structures and traffic on the ground surface.

2.2.1 Stability Analysis of Tunnel Openings

In order to rationalize the behavior of the tunnel face, Deere, et al (1969),
categorized soft ground into four types, e.g., coherent frictionless media, coherent
frictional media, noncoherent frictional media, and mixed-layered media. Coherent
frictionless media consists mainly of plastic clays. Coherent frictional media includes
silty or sandy, nonplastic clays, cohesive sands, tills, marls, and loess. Clean sand, clean
gravel, and crushed rock are categorized as noncoherent frictional media. In large
diameter tunnels, the face may consist of more than one kind of the above-mentioned
geologic materials which are called mixed-layered media. The stability of the tunnel face
in each of these media will be discussed subsequently,

2.2.1.1 Coherent Frictionless and Coherent Frictional Media

Based on the stability analysis of various slip failure surfaces for a tunnel face,
Broms and Bennermark (1967) proposed the use of pZ/c Z 6 as a conservative criterion for



predicting the stability of a tunnel face under normal circumstances. Where p_ is the

total overburden pressure at the tunnel axis, and c is the average value of the shear
strength to a distance from the opening to about one diameter above.

Peck (1969) summarized 10 representative case histories (Table 1) which indicate
that tunneling may be carried out without unusual difficulties in plastic clay if the
overload factor, (p_ - p_)/c, does not exceed about 5, where Pa is the air pressure above
atmospheric. Based on this equation, benefits from the use of compressed air are evident.

From the case histories cited in Table 2, it is observed that the time of exposure is
another important factor in reducing the face stability of silty clays. In the Edsadalen
Case, failure first occurred after 1.5 hours of exposure. In one segment of the Tyholt
Case, failure occurred when face supports were removed after a two-month delay, though
the value of the overload factor was less than 5. This failure may have been due to
dissipation of negative porewater pressure with time, resulting in a reduction in strength.
This phenomenon is particularly important in a clay with silt seams since the strength of
silt is highly dependent on the porewater pressure. Thus, the critical value of the overload
factor may vary with length of time of exposure. When the material is very brittle or
fissured, as in some hard clays or clay-shales, local overstressing also may lead to
instability for overload factors less than 5 (Antwerp Case). Additionally, the effect of
groundwater may play an important role in cohesive granular media, such as transition
materials, loess, marl, etc. Section 2,2.2 presents a discussion on this.

2.2.1.2 Noncoherent Frictional and Mixed Media

Clean sand, clean gravel, and completely crushed rock generally behave as
continuous, noncoherent materials. Depending on the amount of binder in the material,
the groundwater conditions and rate of advance, silt and clayey or silty sand may behave
as coherent or noncoherent materials. Stability analysis by overload factor is not
applicable for this type of media.

One of the most important factors for stability of a face in a noncoherent material
is the groundwater conditions. Below the groundwater level, stability of the face in an
essentially noncoherent material depends on whether the slight cohesion which may be
available is able to withstand the seepage forces from the water flowing into the tunnel.
For tunnels driven in noncoherent material, a wide variety of soil behavior can be
experienced at the tunnel opening, i.e., from firm to flowing ground. In many cases, it is
nearly impossible to estimate the available cohesion, and it is necessary to provide a
means to aid in the support of the face such as grouting, compressed air, freezing, etc.
Dewatering, where feasible, is one of the effective ways to bring the groundwater table
down, to eliminate the seepage forces, and to improve the face stability.

For the tunnel face above groundwater table, a material without coherence will not
stand unsupported, but will ravel until a stable slope is formed at the face with a slope
angle equal to the friction angle of the material in a loose state. If some amount of
binder is present, or the sand is sufficiently moist to exhibit an apparent cohesion, a
limited height of the tunnel face may be stable. However, when a face with apparent
cohesjon is exposed for a certain length of time, the strength will deteriorate and the
material will ravel or run. Often, either drifting, forepoling, breasting, or a hooded shield,
etc., is employed for excavating in this kind of material; but even with these tools, the
risk of local instability is still great.



Table 1. Case Histories on Stability of Tunnels in Saturated Plastic Clays (Peck, 1969)
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1 London, Ashford | Tattersall, et al, | London clay, 90 93] 971210 110} 0 0.5
1955 fissured,
plastic
2 London, Post Ward and Thomas, do. 55 771 7.1 7.2 7010 1.0
Office 1965
3 London, Victoria| Ward and Thomas, do. 8 | 14.0 6.1 7.8 10810 1.4
1965
4 Ottawa, Sewer | Eden and Bozozuk,| Leda clay, 60 | 10.0 6.0 3.7 6.2 | 0.6 | 1.5
1968 sensitive
5 Antwerp, Gas deBeer and Boom clay, 253 { 17.7 | 143 | 7.8 | 3150 4,1
Storage Buttiens, 1966 fissured,
plastic
6 Detroit, Water | Housel, 1942 Plastic glacial | 68 | 15.0 | 45| 0.8 8.0 | 3.9 [5.1
clay
7 Toronto, Subway | Pers. comm. Plastic glacial { 43 | 17.0 | 25| 0.7 5.5 | L. [ 5.7
clay
8 Chicago, Subway | Terzaghi, 1943 Plastic glacial | 36 | 20.0 1.8 ) 044} 43 1]1.7 |59
clay
9 Koto, Tokyo, Shiraishi, pers. Normally 74 | 23.0 3.2 | 0.76 5.6 | 1.2 |7.4
Subway comm,. loaded sensitive
clay
10 Osaka, Municipal | Shiraishi, pers. Normally 51 | 23.0 2.2} 0.60 5.0 | 1.0 | 6.6
Railway comm. loaded sensitive
clay

Remarks:

1. Stable. Shield driven.

2,3, Face stable. Walls stood for a length of time;occasional problems with overbreak associated
with fissures, stratification, etc.

4. Driven with mechanical shield; wall exposed before liner placement. No problems.

5.  Hand mined. Fissured clay formed 45° talus slope at face. Wall and roof unstable except for
short spans.

6. Hand mined. Concrete placed daily directly against clay. Some squeeze.

7.  Stable. Only 4 ft clay cover, dense sand above.

8.  Hand mined, horseshoe-shaped; stable with moderate §queeze at air pressure of 12 psi; excessive
squeeze on drop of air pressure to 7 psi; ratio (Pz'pa)/ u=74.

9.  Shield-driven, face supported during shove. Difficult to keep shield from diving; deviations
from grade as much as 14 in.

10.  Shield-driven; face closed except for 2.3% opening; took in up to 80% of theoretical volume
of tunnel. Inward squeeze of clay could not be controlled at air pressure of 0.8 ksf. Downward
deviations from grade as much as 1 ft.

NOTES: psi = pounds per square inch
ksf =  kilopounds (kips) per square foot
1ft = 0.3m 2
1 ksf = 48 kKN/m
1psi = 6.9 kN/m2



Table 2. Case Histories on Vertical Openings in Frictionless Clay (Broms and Bennermark, 1967; Deere, et al, 1969)

Depth to

Tunnel

Average

Overburden

Air

Tunnel Axis Diameter  Shear Strength at Axis Pressure lﬁ
Case z, ft B, ft c, kst P, kst P kst c Remarks

Eds3dalen 28 6.6 0.305 2.97 0 9.8 Failure after 1 1/2 hour. Hole
in sheetwall. Varved, silty clay,
sensitive,

Brannkyrka 8.5 3.9 0.210 0.90 0 4.3 Stable. Jacked pipe.

Gothenburg 10-11 4.0 0.510 1.25 0 2.5 Stable. Jacked pipe.

Gothenburg 14-15 4.0 0.330 1.70 0 5.2 Stable. Jacked pipe.

M3rten 14 2.6 0.270 1.50 0 5.6 Stable. Jacked pipe.

Ringon 18-22 4.5 0.420 2.34 0 5.6 Stable. Jacked pipe.

Spanga 11.5-15 4 0.275 1.60 0 5.8 Jacked pipe. 4.25' intake tube.

Spanga 10 4 0.185 1.06 0 5.7 Variable soil strength.

Bromma 30 7.7 0.340 3.18 0 9.4 Jacked pipe. 13-20' clay plug in
pipe to prevent inflow.

Tyholt, St. 199 56 26 0.720 7.80 3.30 6.3 Face propped, sectional excavation,
clay with silt layers, sensitive.

Tyholt, St. 194+5 72 26 0.610 6.20 2.50 6.1 Squeeze-in.

Chicago 40 25 0.600 4,40 1.87 4.2 Partly closed shield. Opening stable.

NOTES: 1f¢ = 03m 2

1ksf = 48 kN/m



The stability of a tunnel face consisting of mixed media will usually be determined
by the properties of each individual layer. For instance, if instability is indicated for a
soft clay layer of substantial thickness or for a clean sand stratum, special precautions
must be taken.

2.2,2 Catastrophic Ground Loss in Soft Ground Tunnels

Catastrophic ground loss and resulting surface settlement are characterized as
singular, large, sudden, and unrestrained ground movements. They frequently cause major
damage to surface facilities, and may completely halt tunneling progress. Catastrophic
ground loss commonly occurs at the tunnel face. On occasion, it may also happen through
the lining some distance behind the face. Frequently, it is too late to stop such movement
by the time it is first observed. The only sure way to stop such movements is to prevent
them from occurring.

Heuer (1976) identified ground conditions particularly susceptible to catastrophic
loss as: (a) cohesionless soil below the groundwater table, (b) weak, highly overstressed
clay with an overload factor greater than 5, (c) high vertical stress or high water pressure
in cohesive granular soil, (d) excessive disturbance in sensitive soil, and (e) seepage and
erosion at interface between different materials. He further presented six case histories
to illustrate catastrophic ground loss behavior.

Case 2A - Cohesionless Soil Close to a Water Source

As illustrated in Figure 1, the tunnel was shield-driven in natural silt underlying
sand fill which carried a canal structure over a stream valley. Several weeks after
completion of the tunnel, water leakage through the crown was observed coming from
joints in the liner plate south of the canal at the location of the cut wooden sheeting wall
(see Figure 1). This was the first time water leakage from the tunnel crown was observed
in the tunnel. Within one hour, the 5-ft tunnel was flowing full of water, welling up out of
the 1l1-ft-deep north manhole shaft. The water flow increased rapidly, washed out the
north manhole shaft support, and began eroding the silt and sand {ill over the tunnel. This
erosion proceeded southward, undercutting and collapsing the sand fill, and eventually
undermining the canal floor. About three hours after the first seepage was observed, a
100-ft-long section of canal floor collapsed, sending a 4-ft wall of water rushing down the
stream valley and damaging a number of houses downstream.

This disaster was induced by the tunneling activity. Thus, when tunneling under a
large water source, the geologic strata, soil types, field permeability, etc., should be
investigated very carefully and proper pre-construction soil modifications, or special
construction techniques, should be implemented.

Case 2B - Cohesionless Soil Under Groundwater Table

In one section of a tunnel length bounded by faults which acted as natural dams, the
natural water table was about 40 ft above the tunnel crown (Figure 2). Pumping tests

prior to construction indicated an average permeability sometimes as high as 1072 to 10'3
cm/sec for these materials, with considerable variability depending upon the gradation of
various lenses and beds. An attempt was made to advance the tunnel through this zone
without prior dewatering, but difficulty was experienced with flowing ground and caving
of the face. On several occasions, complete face collapse occurred, with inflows of
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several thousand gallons of water and soil in a few seconds. The ground would cave in
about 40 ft over and ahead of the machine, to about the level of the natural water table,
i.e., about 95 ft below the surface. On one occasion, the cavity reached only 40 ft below
the surface, and on another occasion the cavity propagated to the ground surface, forming
a 10- to 15-ft-diameter hole at the surface. The cavities were filled with sand and grout
from the surface through drill holes. The water problem was eventually controlled by
drilling several 3- to 4-in.-diameter holes about 200 ft ahead of the tunnel to predrain the
ground.

Case 2C - Overstressed Soft Clay and Cohesive Granular Soil Under Water Pressure

A typical soil profile of a tunnel excavated by a boring machine in free air and
supported with ribs and lagging is presented in Figure 3. The overload factor for the Cl
clay at the tunnel crown was about 8; the corresponding surface settlement was generally
in the range of 25 cm. At one location, the tunnel invert encountered a particularly sandy
portion of the Ml layer in communication with groundwater in the underlying Sl sand, at a
pressure head about 10 m above the invert. Water began seeping into the tunnel invert
and lower walls through the lagging about 20 m (65 ft) behind the boring machine, and
began washing silt and fine sand particles into the tunnel. This erosion of soil materials
undermined the rib and lagging support allowing the tunnel lining to settle 90 cm (36 in.)
and the overlying ground surface to settle 50 cm (20 in.) in several days. The rib and
lagging system was severely distorted and on the verge of collapse. For temporary
stabilization, the heading was buckheaded and flooded with water to stop the water inflow
and soil erosion, and to prevent complete tunnel collapse. The tunnel heading was
recovered and excavation succ%ssfully completed with minor settlement using compressed

air at approximately 1 kg/cm® (l4.4 psi or 10 m water head), which gave an overload
factor in the Cl clay of 4.6 and a balance water pressure in the underlying sand. This case
history demonstrates the effectiveness of the compressed air technique, and supports the
validity of the overload factor criterion (OF = 5; Peck, 1969).

Case 2D - Seepage and Erosion at Interface Causing Disturbance of the Overlying
Sensitive Soil

The tunnel was being mined into a mixed-face situation (Figure 4). The till was a
few feet thick and overlain by a very sensitive-to-quick, silty clay to clayey silt of
medium to stiff consistency. The face was breasted, and a small amount of water was
seeping into the face along the till and rock interface. Within 16 hours, a collapse
occurred and formed a hole about 55 ft in diameter and 40 ft deep at the surface. A
matrix of thoroughly remolded clay containing blocks of undisturbed clay up to one cubic
ft in volume flowed into the tunnel for a distance of 300 ft back from the heading.
Apparently, water seepage and washing of soil particles at the till and rock contact
undermined and loosened the breasting, permitting raveling and caving of till in the face,
and resulting in loss of support for the overlying clay. The overload factor for the clay
over the crown was in the range of 6 to 7. The overstressed clay began to squeeze into
the face. At resulting high strains, the very sensitive-to-quick clay liquefied and flowed
into the tunnel such as a viscous fluid.

Case 2E - Overstressed Sensitive Clay
As indicated in Figure 5, the tunnel was being driven with a pressurized slurry face

machine in an attempt to stabilize the clay. While at this depth, the free air overload
factor for the clay was above 10. Problems were experienced in alignment of bolt holes in
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the segmented precast lining, so all bolts were not in place. Excessive deformation and
pumping of clay in the invert of the tunnel ahead of the cast-in-place lining were observed
just before complete collapse resulted in 3 m (10 ft) of surface subsidence and filled the
tunnel with clay. Obviously, the highly overstressed clay around the tunnel was
sufficiently disturbed by the tunneling activities to cause it to liquefy, burst through the
lining, and flow into the tunnel.

Case 2F - Dewatering Problems

Figure 6A illustrates a case of groundwater in a small depression in sand overlying
a stiff fissured clay. Water and sand worked down through clay fissures opened by the
tunneling process, and broke into the face causing collapse of the thin clay cover above
the tunnel and led to a sinkhole to the ground surface. In Figure 6B(l), the face stability
problem is induced by incomplete dewatering of a permeable layer over an impermeable
material. A similar problem of perched water retained on an impermeable lens is shown in
Figure 6B(2). Numerous variations of this situation can be envisioned.

In summary, based on review of the above six case histories, it was found that most
of the disasters could have been prevented if the soil type, soil strata, and groundwater
condition had been identified, and if special precautions were taken in advance. Ground
behavior in tunneling is not simply an inherent behavior of the ground material within its
given physical properties. Rather, ground tunneling behavior also depends on the tunnel
depth below the ground surface, the location of the groundwater table, the size of the
tunnel cross-section, and the construction procedures used. For example, a medium-to-
stiff clay of high sensitivity may give no trouble when tunneled at a shallow depth where
not highly overstressed. The same clay, when excavated with the same machine at a
greater depth where there is an overload factor greater than 5, may strain and squeeze
ahead of the face to the extent that it completely liquefies.

In a cohesive granular soil such as cemented sand, loess, marl, etc., above the
water table and at a shallow depth where not highly stressed, these materials are among
the most favorable for tunneling. At greater depth where vertical stresses in the ground
are more than about one times the ground's unconfined compressive strength, the ground
will ravel and require much greater care in excavation to prevent cohesive-running
behavior and catastrophic ground loss. Due to size effects, the same transformation from
firm to raveling or cohesive running behavior may occur at shallow depth if the tunnel
cross-section changes from small to large. Below the natural water table, even at shallow
depth in a small tunnel, seepage pressure may exceed the ground strength, causing flowing
ground behavior with catastrophic ground loss. Positive groundwater control such as
dewatering or compressed air would be required for satisfactory tunneling in such cases.

Thus, in order to prevent the possibility of catastrophic ground loss, care must be
taken in 1) identifying soil strata and soil type, 2) evaluating the effects of in-situ stress
state, groundwater condition, and tunnel size, and 3) selecting ground modification
techniques and construction methods,

2.2.3 Stand-up Time

A fundamental feature of most tunneling methods is first to excavate an opening of
some size (this size may be the full face or part of it), then leave this opening standing for
a short time until the necessary support is placed. Almost every type of ground will stand
unsupported for a short period of time over and in front of an opening of the same size.

11
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Successful tunneling requires matching the work methods to the stand-up time of the
ground. Tunneling problems, progress, and costs are very sensitive to the stand-up time
and stability of the excavated face. Short stand-up time is the distinctive character of
soft ground tunneling. Most special methods and equipment developed for soft ground
tunneling are directly related to this problem.

Table 3 presents a basic classification of soft ground tunneling behavior based on
the stand-up time of the ground. The classification was first proposed by Terzaghi (1950),
and further modified and extended by Heuer (1974) to some other soil types and
groundwater conditions. On the same basis, Deere, et al (1969), quantified and correlated
the stand-up time of the soft ground tunneling behavior and the Unified Soil Classification
System with consideration of groundwater conditions. This correlation is presented in
Figure 7.

One of the most important factors determining stand-up time is the cohesion of
ground related to the stresses in the ground around the tunnel. The circumferential stress
which tends to develop at the tunnel wall is approximately twice the in-situ stress, i.e.,
twice the overburden pressure (Heuer, 1974). When the circumferential stress is the same
magnitude as the ground's unconfined compressive strength, the ground may start failure
from exposed surfaces and may behave as slow raveling and squeezing ground. If the
circumferential stress is much greater (three times or more) than the ground's unconfined
compressive strength, the ground fails almost immediately upon exposure, i.e., the stand-
up time is short, and the ground will squeeze rapidly, run, or flow. If the circumferential
stress is less than the ground strength, the ground may be firm and stand unsupported for a
period of time depending on the soil type, groundwater condition, and tunnel size.
However, the rate of ground squeezing depends on the overload factor as described in the
earlier sections.

Myer, et al (1977), investigated the effect of tunnel size, advance rate, and depth
of cover on the stand-up time of tunnels in squeezing ground. The stand-up time is
defined as the time elapsed before instability develops, i.e., increasing deformations and
deformation rates rather than a catastrophic collapse of the tunnel. Based on a series of
12 physical model tests on a sand-wax material, test results show a 25% increase in stand-
up time can be attained by halving the size of the opening or by increasing the advance
rate by a factor of four. Decreasing the depth of cover or increasing material strength by
10% also will increase the stand-up time by 25%.

In the same research, some of the most important factors that influence the stand-
up time in squeezing ground are listed below:

1. Strength deformation characteristics of the ground including time-dependent
strength-deformation characteristics.

2. In-situ stress conditions.
3. Groundwater regime.
4. Size and shape of the opening.

5. Method of excavation.

13
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Table 3. Modified Tunnelman's Ground Classification (Terzaghi, 1950; Heuer, 1974)

and expands slowly into the tunnel.

Classification Behavior Typical Soil Types
Firm Heading can be advanced without initial sup- | Loess above water table; hard clay, marl, cemented
port, and final lining can be constructed be- sand and gravel when not highly overstressed.
fore ground starts to move.
Chunks or flakes of material begin to drop Residual soils or sand with smail amounts of binder
Slow out of the arch or walls sometime after the may be fast raveling below the water table, slow
Raveling ground has been exposed, due to loosening raveling above, Stiff fissured clays may be slow
Raveling | ———=v=-aer—-- or to overstress and "brittle" fracture or fast raveling clays depending upon degree of
Fast (ground separates or breaks along distinct overstress.
Raveling surfaces, opposed to squeezing ground).
In fast raveling ground, the process starts
within a few minutes, otherwise the ground
is slow raveling.
Ground squeezes or extrudes plastically Ground with low frictional strength. Rate of squeeze
into tunnel, without visible fracturing depends on degree of overstress. Occurs at shallow
Squeezing or loss or continuity, and without per- to medium depth in clay of very soft to medium con-
ceptible increase in water content. sistency. Stiff-to-hard clay under high cover may
Ductile, plastic yield and flow due to move in combination of raveling at execution surface
overstress. and squeezing at depth behind surface.
Cohesive Granular materials without cohesion are un- Clean, dry granular materials. Apparent cohesion in
Running stable at a slope greater than their angle of moist sand, or weak cementation in any granular soil,
Running ————————- repose (2 30° - 35°). When exposed at may allow the material to stand for a brief period of
Running steeper slopes they run like granulated raveling before it breaks down and runs. Such behavior
sugar or dune sand until the slope flattens is cohesive-running.
to the angle of repose.
A mixture of soil and water flows into the Below the water table in silt, sand, or gravel without
tunnel like a viscous fluid. The material can | enough clay content to give significant cohesion and
[Flowing enter the tunnel from the invert as well as plasticity. May also occur in highly sensitive clay when
from the face, crown, and walls, and can such material is disturbed,
flow for great distances, completely filling
the tunnel in some cases.
Swelling Ground absorbs water, increases in volume, Highly preconsolidated clay with plasticity index in ex-

cess of about 30, generally containing significant per-
centages of montmorillonite.
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6. Rate of advance.

7. Method of support and/or reinforcement and lining.

Furthermore, based on case history review, two recurring solutions to the stand-up
time problem become evident: (a) Adjustment of excavation procedure, for instance,
increasing excavation rate and compressed air pressure, etc.; (b) reduction of the size of
the excavation. Some of the cited case histories related to squeezing soft ground are
outlined briefly below,

Case 2G - Tyholt Railroad Tunnel, Norway--Increase Air Pressure to Extend the Stand-up
Time

This case is the same project as listed in Table 2, but for different sections. The
tunnel was excavated at a depth of 65 ft in clay with zones of quick, low strength clay
(Myer, et al, 1977; Hartmark, 1964). The strength of the clay varied from 0.43 ksf to 2.04
ksf. A full-face shield was used with provision for use of a bulkhead in front. Compressed
air was utilized also where the clay strength was low. In sections of the tunnel where the
clay was of higher strength, and overload factors were less than 6, no stand-up time
problems were experienced. However, at one point in a zone of low strength material, the
air pressure dropped from 13.1 psi to 4.7 psi, and the face moved about | ft into the
tunnel. A slide into the tunnel occurred where the tunnel entered into the weakest
strength clay. An increased air pressure of 26.8 psi was necessary to maintain the face
stability.

Case 2H - Wilson Tunnel, Hawaii—-Using Multiple Drift to Increase the Stand-up Time

The Wilson Tunnel is 33 ft in diameter and was built under 50 ft to 100 ft of cover
(Myer, et al, 1977; Peck, 1981a). It was hand-mined full face with an electric power
shovel. The ground was a residual silty clay derived from lava flows and had brittle
stress-strain characteristics. At points of excessive overbreak and poor support, raveling
became excessive; eventually, the ground became almost fluid filling the tunnel and
causing a set of three sinkholes at the surface. After this incident, the face was attacked
by the multiple drift method after allowing time for drainage, and the stand-up time was
increased so that overbreak and raveling problems were eliminated.

Case 2I - Antwerp Gas Storage Galleries, Belgium--Using Successive Pilot Bores to
Eliminate the Short Stand-up Time Problem

This case is the same project cited in Table 1, Number 5. As mentioned in Section
2.2.1.1, a 45° talus slope formed at the face and at one point left 18 ft of unsupported
crown in danger of collapse in the full-face gallery excavation (Myer, et al, 1977; deBeer
and Butteins, 1966). The excavation method was then changed to precede the main face
by a pilot bore of 5 ft to 10 ft in length. Only enough material was excavated at one time
in the pilot bore to allow erection of a set of steel ribs, leaving a core of material in the
middle of the bore. The pilot bore was then enlarged set by set to full diameter. Another
cycle of the same was then followed. It was noted that the clay not only deformed into
the tunnel at the face, but also at the crown. It deformed toward the face and into the
tunnel, tending to pull in the top of the support.
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Case 2J - Schewaikheim Railway Tunnel, Germany--Utilization of Multiple Drifts in Very
Short Stand-up Time Ground

This tunnel is 30 ft in diameter with about 1000 ft in length under 65 ft of
overburden (Myer, et al, 1977; Rabcewicz, 1969). The tunnel was mixed face; the lower
part was in limestone with clay lenses; the upper part was in weak clay. The multiple
drift method was utilized for excavation because of the short stand-up time of the ground.
Instrumentation placed ahead of the face detected movement of the clay three diameters
ahead of the face.

In summary, based on the discussion in this section, stand-up time is one of the
important influential factors in soft ground tunneling. The parameters affecting the
stand-up time and its quantitative determination are also described. A few case histories
involving a possible solution for the problem of short stand-up time in squeezing ground
tunnels are cited also. A few recently developed ground modification techniques and
construction methods for improving stand-up time characteristics in a soft ground tunnel
will be discussed in Chapter 3.

2.3 SETTLEMENT PROBLEMS AND DAMAGE TO SURROUNDINGS

The construction of every soft ground tunnel is associated with a change in the
state of stress in the ground and with corresponding strain and displacements. Damage
due to soil movements around soft ground tunnels is one of the most critical problems in
tunneling in urban areas. Many of the design and construction decisions on a soft ground
tunnel project must be directed toward preventing excessive damage to structures or
utilities near the tunnel.

2.3.1 Settlement Around Tunnels

Ground movements can be separated into two categories. In the first category is
the sudden, large loss of ground that may occur locally due to raveling, flowing, or running
of ground that progresses above the tunnel crown, forming a slump or deep settlement
trough at the ground surface. Such losses cannot be accurately predicted as to their
location along the tunnel alignment or their magnitude. The possibility of the occurrence
of the catastrophic loss can be considered by comparing proposed construction methods
with the anticipated range of ground conditions, as discussed in Section 2.2.2.

In the second category is the ground movement that can be expected under normal
conditions where large, localized losses do not occur. In this category, the magnitude of
the movement is more amenable to quantitative estimate. The nature of the settlements
and those associated with workmanship are largely dependent upon the type of ground,
groundwater conditions, and geometry and depth of the tunnel.

Peck (1969) discussed the loss of ground and settlement on the basis of four
principal groupings of soils. They are: (a) Granular soils with no cohesion, but maybe with
capillarity; (b) cohesive granular soils; (c) nonswelling stiff to hard clays; and (d) stiff to
soft saturated clays. Since the tunneling behavior of these soil groups has been discussed
in Volume 3: "Design and Construction of Tunnels" (Hampton, et al, 1980) of this series
of reports, only the prediction of settlement associated with the tunneling will be
discussed in the following paragraphs.

In cohesionless granular materials, if the dewatering is completely done, and if
there are no impervious lenses for trapping perched groundwater, the loss of ground in a
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dense material can be exceptionally small, On the other hand, the settlement may
increase considerably as a result of erosion or migration due to seepage into the heading
at localized zones, and the settlements may reach catastrophic proportions if runs develop
on account of insufficient groundwater control or inadequate precautions against raveling.
The likelihood of loss of ground is greatly increased if the sand is loose or contains loose
zones in which positive porewater pressures may be developed. Further, if the compressed
air is used for groundwater control, and if the permeability of the soil permits air to
escape from the face, or particularly from the crown of the tunnel, the escaping air may
dry the soils completely, whereupon the soil may become truly cohesionless and runny.

Cohesive granular materials include a number of types, ranging from clayey sands
to cohesive silts. Residual soils possessing a cohesive bond including many saprolites,
loess, and certain calcareous clays with a stable cluster including marls, often fall into
this category. All these materials have several characteristics in common. They exhibit
nearly linear stress-strain curves until the bond strength is approached, the initial tangent
modulus of unconfined specimens is relatively high, and failure often occurs on a pre-
existing surface of weakness. If these materials are excavated with proper support, the
accompanied loss of ground or settlement can be very modest or negligible. On the other
hand, if raveling or piping is allowed to develop, the consequences may be catastrophic.
Most materials in this category are sensitive to adverse seepage pressures. Hence,
positive control of groundwater must be provided. The settlements due to raveling in
these kinds of materials may be delayed for many years; therefore, adequate back packing
must be done during tunneling and a perishable material should not be used.

In general, nonswelling, stiff-to-hard clays have the more desirable properties than
the other groups unless they possess a well-developed secondary structure, e.g., fissures.
These clays are unlikely to ravel or to be adversely influenced by seepage toward the
opening. The loss of ground is a function of strength of the clay, and the size and depth of
the tunnel. If other factors are equal, the settlement directly above the tunnel is
approximately proportional to the tunnel diameter. The small settlements associated with
good construction techniques in these materials can be anticipated if the overload factor
is less than 4,

Soft-to-stiff saturated clays are characterized by values of undrained shear
strength ranging from 0.2 to 2.0 ksf at depths of cover up to as much as 100 ft. For
practical purposes, these materials may be regarded as impervious and their sensitivity
may range from low to very high. Settlements above and adjacent to tunnels in these
materials may be dramatically larger than those above tunnels in stiffer and more brittle
cohesive granular soils. However, the settlements and movements in the tunnel are not
likely to develop with catastrophic speed such that the heading might be buried. The
compressed air technique is an effective means of reducing loss of ground because it
reduces the changes in stress due to excavation. The tailpiece clearance between the
excavated tunnel and shield is one of the main contributors to excessive lost ground.
Development of a means to eliminate or reduce the movements associated with this
clearance is a promising field for investigation. Furthermore, the long-term settlement
due to consolidation of the clay around the tunnel also should be considered. These
settlements may spread much more widely than those due to tunneling operations.

Based on available data (over twenty case histories), Peck (1969) demonstrated that
a cross-section through the settlement trough over a single tunnel usually can be
represented by the error function, or normal probability curve. Such expedients are
needed for judging the necessity of underpinning or shoring the adjacent structures, or of
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relocating important utilities. The pertinent properties of the error function and its
relationship to the dimensions of the tunnel are shown in Figure 8. The maximum ordinate
of the curve is the maximum settlement, § ax’ which is empirically estimated, based on
tunnel construction methods and workmanrs?np. Values of i were correlated from 17
tunnels above which reasonable, reliable, and sufficient settlement data are available.
These data are assembled in Table 4. A dimensionless plot of the pertinent information
for the 17 tunnel cases is presented in Figure 9. The numbers in this figure are the
identification of each individual case. From this figure, a tentative separation of the
results according to the soil type can be observed. Appreciably greater values of i/R
appear to be associated with tunnels in plastic clay than in the several varieties of
granular materials. A significant exception is tunneling in sand below groundwater table,
where control of lost ground is especially difficult. As expected, the greater the depth of
the tunnel, the greater the spread of the settlement trough.

Along the same line of investigation, Cording, et al (1976), and MacPherson, et al
(1978), summarize 19 recent tunnel cases (Table 5). They first divided the settlements and
volume losses into four stages: Those developed (a) ahead of the face; (b) over the shield
(if a shield is used); (c) during erection of the lining (at the tail of the shield); and (d) with
time and further advance of the heading, as the lining deflects. Based on the measured
subsurface settlement data (Table 6), they related the ground movement to observed
construction and soil conditions. Through careful field instrumentation programs and
detailed analysis of available and related data, they reached the following conclusions:

1. The volume of ground lost into a tunnel can be estimated using deep settlement
points located above the tunnel crown. The most unpredictable conditions
develop in the tunnel face, particularly when groundwater is present.

2. Large losses of ground can occur over the shield due to excessive pitch or yaw,
in addition to the volumes lost by overcutters on the shield.

3. The loss at the tail can be reduced by filling the voids with grout or by
expanding the lining before the ground collapses into the void. Immediate
expansion or grouting is required in granular soils to prevent ground loss.

4. Downward deflection of the tunnel crown can also contribute to ground loss.
Lateral deflection of the lining and lateral compression of the soil and voids
outside the springline are the cause of most of this loss.

Based on the same tunnel cases, Cording, et al (1976), and MacPherson, et al (1978),
further studied the relationship between volume of the settlement trough, volume of
ground lost into the tunnel, and the shape of the settlement trough (Table 7). They
deduced the following findings:

1. Vertical compression of the soil outside the springline due to stress increase
around the tunnel will contribute to the volume of the surface settlement
trough. The compression at this location cannot be measured with a settlement
point above the crown but can be measured with a settlement point located
outside the tunnel springline at an elevation at or below the crown elevation.

2. Long-term settlements in soft clay may be due largely to consolidation of the

soils outside the tunnel springline. The disturbed zone immediately around the
shield will tend to undergo the largest consolidation. For clays, the volume of
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Table 4. Maximum Settlement and Typical Width of Settlement Trough
Above Tunnels (Peck, 1969)

g %le

zf gg

Tt |z $ |3

- |2 S = PO I
HERREARHEN IR
i 4 R HIAE R HHE

—

Toronto Pers. files | 8.75 | 34-44 |2.0-2.5 | 6.4 [0.73 ] 0.28 #.5]{1.9 | First tunnel

Subway 8.75 | 3-44 [20-2.5 (8.0 {0.92 | 0.06 | 9.2{3.3 | Second tun-
Dense sand above groundwater nel
level
2| do. Matich & 875 135 220 24 |2.75 | 0.04 § 2.4 {1.0 | First tunnel
Carling
3 (unpubl.) 20 35 0.88 25 §1.25] 0.1 | 6.3 1.3 | Total set-
Below groundwater level, tlements

crown in sand, invert in till

& | San Fran- |Pers. files |8.75 {3 2.1 18 [1.0 | 0.03 | 1.350.56] Settlements

cisco (BART) from first and
d tunnels
Cemented dense sand, above secon
independent
groundwater level and equal
5 | G.N.R.R. {Hussey, et [19.5 125 3.2 20 |1.0 0.7 35 (2.6
Seattle al, 1915
Hard clayey glacial till
(horseshoe)
6 | Toronto Matich & 8.75 (43 2.4 20 |2.3 0.03 | 1.5 |0.62] First tunne!
Subway ICarling
KUnpubl.)
7 20 43 1.1 20 1.0 0.12 | 6 {1.25] Total settie-
Medium glacial clay ments
8 | Ottawa Eden & Bo- | 5 60 6 22 |44 0.023 1.291.6
Sewer (zozuk, 1968

Medium Leda clay

Chicago Terzaghi, 10 39 2.0 16 1.6 { 0.075{ 3 {0.75] First tunnel
Subway S-6 1943

Soft glacial ciay
10; Chicago Terzaghi, |52 |40 0.77 22 |85 | — | — |—- | Total settle-
Subway S-3 11942 ment over
Soft glacial clay two tunnels
11| San Paoclo  [Terzaghi, | 4.5 {100 11 19 4.2 | 0.67 { 32 |50 | Many con-
1950 struction
Stiff clay difficulties

12| San Fran-  |Pers.files |9 » 33 24 |27 [ 018 | 11 |43
cisco (BART)

Medium clay
13] Sulphur Deere, 175 11500 [&.0 320418 | — | —]—
Extraction (1961

Rock

14] Mine Fndell, 770 (2620 L7 3510/0.66 | — | — |—
1939

Rock

15{ Mine Pnrdell, 61 370 il 39 1065 — {—1-—
1959

Rock

16] Mine Pierson, 620 |1000 (0.8 4201068 | — | —{—-
1965

Rock

17| Mine rry & 275 (1970 (3.6 875 |1.7 —-— — —

es, 1961
Rock
NOTES:

R' is one-half the width of a horseshoe tunnel,or R + d/2, where d is the spacing of twin
t is, center to . o

Volume of settiement trough is calculated by V, =2.5- 6, i-
11t = 0.3m = 300 mm 20
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Table 5. Soil and Construction Conditions (Cording, et al, 1976; MacPherson, et al, 1978)

Case

Soil Type

Construction Method and Initial Lining

1.

3a.

3b.

10.

Washington, D.C. Metro, Sec-
tion A-2, C line, B line, A line.
(Hansmire, 1975)

Washington, D.C., Treasury Yard
(Hansmire, 1975)

Washington, D.C, Metro, Sec-
tion F2a, L'Enfant - Pentagon (L)
Route, twin, single-track tunnels,
2R = 18 ft (5.4 m),

z/2R = 3.7 to 4.1

Washington, D.C. Metro, Sec-
tion F2a, Branch (F) Route, twin,
single-track tunnels, 2R = 18 ft
(5.4 m), z/2R = 2.0

Frankfurt Shield, Fahrgasse*

Frankfurt Shield, Domplatz*

Frankfurt Shield,
Dominikanergasse*

Frankfurt, no shield, Baulos 17*

Frankfurt, no shield, Baulos 13a,
Tunnel 13*

Tyneside (Attewell, et al, 1975)

London Transport (Attewell and
Farmer, 1974)

Medium-dense silty sand and gravel, inter-
bedded with sa}ndy, silty clays
(5u= 75 kN/m y 'UZ/SU= l}).

Medium-dense silty sand and gravel, inter-
bedded with s?dy, silty clays
(Su= 75 kN/m*, wz/Suz 3).

Dense sand and gravel, very dense clayey
sand, overlain by silty sand and gravel
interbedded with sandy, silty clays.

Medium-dense silty sand and gravel
interbedded with sandy, silty clays.

Sand, some limestone and clay marl
lenses.

Frankfurt clay marl, some limestona
and sand lenses, Su‘ = 130-550 kN/m*,
¥ z/Su = 0.6 - 2.5.

Sand, some limestone and clay marl
lenses.

Frankfurt clay marl, some limesté)ne and
sand lenses, S = 130 - 550 kN/m*,
‘Jz/Su = 0.6 - 2.5.

Frankfurt clay marl, some limest?ne and
sand lenses, S = 130 - 550 kN/m*,
32/S,= 0.6 - 4.5,

Tyne laminated clay, S, = 73 kN/mZ,
32/S, = 2.05.

London clay, S, = 270 kN/m>,
3z/S, =22, "

Shield, bucket digger. Steel ribs and timber lagging, expanded
during and after shove, Partial dewatering with wells spaced
60 m on center.

Articulated shield with digger arm. Steel segments erected within
tailskin and grouted prior to shove, Partial dewatering with deep

wells spaced 160 ft (50 m) on center.

Identical to L Route (Case 3a).

Shield, bolted concrete segments.

Shield, bolted concrete segments.

Shield, bolted concrete segments.

No shield; heading and bench. Shotcrete and light steel ribs,
soil anchors.

No shield; heading and bench. Shotcrete and light steel ribs,
soil anchors.

Shield, with tailskin, 5 segment concrete lining, cement
grouted after every third ring.

Shield, 7 segment cast iron lining erected in tail, cement
grouted after every shove.



Table 5. Soil and Construction Conditions (Cording, et al, 1976; MacPherson, et al, 19738)

(Continued)
Case Soil Type Construction Method and Initial Lining

11. Heathrow Cargo Tunnel (Muirwood Upper portion of London clay, 3.6 m clay Shield, hand mined. No tail, expanded concrete segments
and Gibb, 19713 Smyth-Osbourne, cover jinder wet gravel § =72 to 275 behind shield.

1971) kN/m ,Zz/Su= 1to4.

12. Boa Vista (Costa,et al, 1974%) Sand and clay lenses. Shield, compressed air.

13. Brussels Metro (Vinnel and Herman, | Uniform cohensionless sand in upper half Shield, hand mined, liner segments installed in tail.
1969) of tunnel, clayey sand in lower half .

14. Mexico City, Siphon II Manuel Plastic lake clay, Su = 40 kN/mz, Shield, oscillating cutters. Steel lining grouted 8 m behind
Gonzales (Tinajero and Vieitez, 1971)] 7 z/ Su=5- lining. Cutters support 1/3 of face. Dewatering prior to tunneling.

15. Lower Market St. BART, San Soft, plastic clay; S . =75 kN/m2 . Shield, rotating cutter wheel. Compressed air, segmented liners,
Francisco, Kuesel (1972) u grouted.,

16. Frankfurt, no shield.* Frankfurt clay marl, some limest?ne and No shield; heading and bench. Shotcrete and light steel ribs,

Baulos 25 sand lenses, S = 130 - 550 kN/m*, soil anchors .
¥2/S = 0.6 - 2.5.
u

17. Washington, D.C. Metro, Sec- Hard, fractured and slickensided Creta- Shield, backhoe digger, steel ribs and timber lagging expanded
tion D-9, 2nd tunnel ceous clay, ¢ = 300 kN/m*; ¥z/S = L.5 after shove.

overlain b?" i’leistocene sand andgravel
above tunhel crown,

18. Rockford, Hl., ESLLIRP, Con- Medium-dense sands with some gravel. Rotating-wheel tunnel mole. Steel ribs with timber lagging expanded
tract 1A, sewer tunnel, 2R = 9.3 ft after shove. Dewatered with deep wells spaced 200 ft (60 m) average
(2.8 m), z/2R = 3.4 to 4.5 on center.

19. \l_!ashington, D.C. Metro,Sec- Transition from sandy, silty cla