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Abstract--This study defines the basis Jor the aseismic design of 
subsurface excavations and underground structures. It includes a 
definition oJ the seismic environment and earthquake hazard, and a 
review of the analytical and empirical tools that are available to the 
designer concerned with the performance oJ underground structures 
subjected to seismic loads. Particular attention is devoted to 
development ol simplified models that appear to be applicable in 
many practical cases. 

R~sum~--Cette btude dbJinit les bases pour la conception asbisrnique 
d'excavations et de structures sous-terre. On inclut une dfJinition de 
l'environnement skismique et du risque de tremblement de terre, ainsi 
qu'une revue des techniques analytiques et empiriques qui sont fi la 
disposition du concepteur pr~occupk de la performance des structures 
sous terre et soumises a des actions sfismiques. Une attention 
particulikre est donnbe au d&,eloppement de modkles simpliJibs qui 
semblent ~tre applicables dans la plupart du temps. 

Introduction 

T 
he objective of this report is to 
provide  a re la t ively concise 
statement of the state of the art 

for the design of underground structures 
in seismic environments. Like many 
other state-of-the-art reports, it is 
intended to be brief and to focus on 
recommended practice. Its intended 
audience is the practicing engineer who 
may have extensive experience in the 
design of underground structures but 
who has limited awareness of the special 
considerations necessary in a seismically 
active environment. 

The need to establish a consensus on 
seismic design procedures for under- 
ground structures has been recognized 
for a number  of years. In 1980, the 
International Tunne l l ing  Association 
established a working group on the 
topic. Since that time, the group has met 
regularly to discuss progress in collec- 
tion of case histories and preparation of 
appropriate documentation and design 
recommendations. During this study we 
have drawn heavily on the activities of 
that working group, and have benefited 
significantly from the level of inter- 
national cooperation it has engendered. 
To what extent this report satisfies the 
need for a seismic design manual,  and 
reflects the opinions of the international 
tunnel l ing community, remains to be 
determined. 

The remainder of the report comprises 
four sections; four appendices, and a 
bibliography. The extensive use of 
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Appendices reflects a desire to keep the 
mare text brief, without leaving the 
reader with an incomplete treatment. 
Specifically, the next section, on subject 
of seismic environment,  is amplified in 
Appendix A; and the last section, in 
which simplified design procedures are 
recommended, is supported by Appen- 
dices B and C, which cover theoretical 
developments, and Appendix D, which 
contains design examples. The third 
section summarizes the current empirical 
base for d e s i g n  of u n d e r g r o u n d  
structures in rock, and the fourth 
section briefly reviews the analytical 
tools available to the tunnel engineer 
concerned with design in a seismic 
environment. Needless to say, this 
report cannot be entirely comprehensive. 
However, we believe it provides a basis 
for understanding the issues involved in 
seismic design, as well as a rational 
approach that may prove satisfactory in 
many cases of practical concern. 

Seismic Activity 
This chapter contains a brief summary 

of the fundamental concepts pertaining 
to the definition of the seismic en- 
vironment and the development of 
seismic input  criteria for the design of 
underground structures. The subject is 
more fully addressed in Appendix A. 

S e i s m i c  E n v i r o n m e n t  
Seismologists typically classify earth- 

quakes according to four modes of 
generation--tectonic, volcanic, collapse, 
or explosion. Regardless of the type of 
earthquake, an engineer concerned with 
des ign  of u n d e r g r o u n d  s t ruc tures  
requires that the seismic environment 
be defined in a quantitative manner. 
Specifically, the characteristics of earth- 
quakes and ground motion pertinent to 
the development of seismic input  
criteria are the size of the earthquake, 

the intensity and the frequency content 
of the ground motion, and the duration 
of strong shaking. 

Size of earthquake 
The size of the earthquake is typically 

represented for engineering purposes in 
terms of its magnitude. Several different 
magnitude scales are currently in use, 
the most common being the local 
magnitude, ML; the surface wave 
magni tude ,  Ms; the body wave 
magnitude, MB; and the moment 
magnitude, Mw. Definitions of each of 
these scales and their application are 
given by Housner and Jennings (1982). 
Physically, the magnitude has been 
correlated with the energy released by 
the earthquake, as well as the fault 
rupture length, felt area, and maximum 
displacement. Typically the magnitude 
is estimated, either in a deterministic or 
in a probabilistic manner, using general 
or site-specific correlations between the 
magnitude and the fault rupture length. 
The engineer will use the estimate of 
magnitude in conjunction with em- 
pirical attentuation relationships to 
define the intensity of the ground 
motion experienced at a specific site at 
some distance from the earthquake 
s o u r c e .  

Intensity of the ground motion 
The intensity of the ground motion is 

obtained from recorded ground motion 
time histories. Several parameters, in- 
cluding peak acceleration, peak velocity, 
peak displacement, spectrum intensity, 
and root-mean-square acceleration are 
used; the most widely used measure is 
the peak ground acceleration. However, 
peak ground acceleration is not 
necessarily a good measure of damage 
potential because it is often repetitive 
shaking with strong energy content that 
leads to permanent deformation and 
damage. As a result, the term "effective 
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peak acceleration" has been used to refer 
to an acceleration which is less than the 
peak value but  is more representative of 
the damage potential  (Newmark and 
Hall  1982). 

In view of the importance of predict- 
ing the ground motion that will be 
experienced at a part icular  site, con- 
siderable at tention has been devoted to 
developing at tenuation relationships 
based on correlations between field data 
on ground motion and the magni tude 
and distance of the earthquake. Ideally, 
such relationships should be established 
on a site-specific basis. In the absence of 
sufficient site data, use can be made of 
regional or global  relationships such as 
given by Seed and Idriss (1982). When 
doing so, care must be taken to ensure 
that the correlation is based on data that 
is pert inent  both in terms of geologic 
env i ronment  and the ear thquake 
magnitude.  

Frequency of content of the ground 
motion 

The frequency content of the ground 
mot ion  is commonly defined by a 
Fourier ampli tude spectrum and /or  a 
response spectrum. Both are obtained 
from computat ion of the response of a 
single-degree-of-freedom (SDOF) oscil- 
lator to base motion. The  Fourier 
ampl i tude  spectrum is a plot  of the 
ampl i tude  of the relative velocity for an 
undamped SDOF oscillator, at the end 
of a strong motion record, as a function 
of its frequency. It is less widely used for 
design purposes than the response 
spectrum, which is defined as a plot  of 
the maximum response of a SDOF 
oscillator as a function of its frequency 
and damping.  

The response spectrum, which is 
commonly plotted in logarithmic, tri- 
part i te form, derives its popular i ty  from 
the fact that the SDOF oscillator is a 
reasonably good analogue for represent- 
ing the significant response of many 
surface structures. This analogy does 
not hold for underground structures 
because they tend to move with the 
ground mass instead of vibrating 
independently. Hence, response spectra 
are generally less important  to the 
designer of underground structures. 
However, they have appl icat ion in the 
design of l ight structures located within 
an underground excavation. Also, the 
response spectra can be used to define 
the frequency content of a time-history 
input  for a numerical  s imulat ion of 
ground/structure response, and for 
approximate  definition of the peak 
ground motion parameters. 

Duration of strong motion 
The durat ion of strong motion can 

have a profound effect on the extent of 
damage resulting from an earthquake. 
In particular,  it is reasonable to suppose 
that the number  of excursions into the 
nonlinear  range experienced by an 

underground structure and the surround- 
ing media will  control the extent of 
permanent deformation. Unfortunately, 
there is at present no universally 
accepted method of quantifying the 
durat ion of the ground motion; and the 
effects of repeated, cyclical loading on 
the performance of underground  
structures are very poorly understood. 
Until  such understanding can be gained 
through detailed field investigations or 
numerical  simulations, the designer 
should ensure that any empirical ly 
based design criteria are based on the 
performance of structures subjected to 
comparable loading, in terms of peak 
ampli tude,  frequency content, and 
duration. 

Seismic Input Criteria 
Several alternative approaches can be 

used for defining seismic input  criteria. 
One approach involves the use of 
response spectra. This  approach,  which 
is the most widely used for surface 
structures, is covered in Appendix A. 
Another approach is to specify ground 
mot ion time histories. In this case an 
ensemble of motion time histories, 
rather than a single time history, should 
be specified. The family of motions 
should have the same overall intensity 
and frequency content, and should be 
representative of the anticipated shaking 
at the site due to all the significant 
potential  earthquake sources in the 
vicinity of the site. The procedure used 
to select the motion time histories is 
described by Werner (1985). 

An alternative approach for specifying 
seismic input  criteria involves the use of 
seismic regionalization maps of the type 
used in current design codes and 
part icular ly in the seismic design 
guidelines suggested by the Applied 
Technology Council  (ATC 1978). This  
approach is covered below. 

Seismic regionalization maps 
Seismic regionalization maps are 

intended to provide representative in- 
tensities of shaking for the regions 
under consideration, based on their 
seismologic and geologic characteristics. 
This  intensity factor is used, together 
with a numerical  factor that represents 
local site effects, in order to incorporate 
the influence of the seismic environ- 
ment in the computat ion of equivalent 
forces upon which the seismic design of 
the structure is based (Berg 1982). 

Al though many seismic regionaliza- 
tion maps have been developed through 
the years, the maps included in the 
design provisions recommended by the 
Appl ied Technology Council  (ATC-3) 
are the most current (ATC 1978). These 
maps, which are generally based on 
work by Algermissen and Perkins 
(1976), were developed using proba- 
bilistic procedures incorporat ing (1) 
identification of significant earthquake 
sources; (2) assessment of maximum 

credible magnitudes and magnitude- 
recurrence laws for each source; and (3) 
attenuation laws describing the intensity 
of shaking as a function of magnitude 
and distance from an epicenter. Based 
on the above principles, contours of 
locations with equal probabil i t ies of 
receiving specific intensities of ground 
shaking are produced. 

Two seismic regionalization maps 
provided in ATC-3 are reproduced in 
Fig. 1: one corresponds to "'effective 
peak acceleration (EPA)," and the other 
to "effective peak velocity (EPV)." 
Neither of these parameters has precise 
physical definitions; however, a con- 
ceptual description of their significance 
can be found in the commentary of 
ATC-3 (1978). Although the EPA and 
EPV are related to peak ground 
acceleration and peak ground velocity, 
they are not necessarily the same as or 
even proport ional  to peak acceleration 
and velocity. The  EPA expressed in 
units ofg 's  (A~) is used in ATC-3 to scale 
the intensity of the spectrum shape to 
obtain a design spectrum. The  EPV 
expressed as a velocity-related accelera- 
t ion in g's (Av) is used (1) to adjust  the 
spectrum shape to account for extended 
distance; and (2) to represent the 
strength of shaking in the computat ion 
of equivalent design forces. 

Observed Effects of 
Seismic Loading of 
Underground Structures 
Effects of Earthquakes 

The previous section provided a 
general introduction to the subject of 
the dynamic environment associated 
with earthquakes. Our  understanding 
of how surface structures, such as 
buildings,  dams, or soil slopes, respond 
to such an environment has developed 
through observations made both during 
and after earthquakes. Early under- 
standing of how to construct earth- 
quake-resistant structures was based 
purely on quali tative observation. More 
recently, measurement and analysis 
have been used as the basis for 
development of improved design pro- 
cedures. 

A similar developmental process is 
occurring for underground structures, 
but the process is far from complete at 
present. 

This  section begins to follow the path 
of that development by reviewing the 
data on performance of underground 
structures. This  material has been 
drawn pr imari ly  from reports of the 
effects of earthquakes, but some atten- 
tion also will be devoted to relevant 
experience of the performance of 
excavations close to large underground 
explosions. 

Damage Mechanisms 
The effects of earthquakes on tunnels, 

mines, and other large underground 
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Figure 2. Calculated peak surJace accelera- 
tions and associated damage observations for 
earthquakes (Owen and Scholl 1981). 

velocity) were not recorded at the sites of 
the excavations but  were calculated 
using empirical  relationships such as 
those described in Appendix  A. Strong 
motion mesurements from instruments 
placed in and around tunnels could 
provide much more reliable data in the 
future. 

Review of data such as those presented 
by Dowding and Rozen suggests that 
no damage should be expected if the 
peak surface accelerations are less than 
about 0.2g, and only minor  damage 
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Figure 3. Calculated peak particle velocities 
and associated damage observations /or 
earthquakes (Owen and Scholl 1981). 

should be experienced between 0.2 and 
0.4 g. The corresponding thresholds for 
peak particle velocity are approximately 
20 cm/s (8 in./s) and 40 cm/s (16 in./s). 
Of these two correlations, the one based 
on velocity is probably to be preferred as 
a design criterion because the peak 
particle velocity resulting from an 
earthquake of a given magni tude can be 
predicted to fall within reasonably 
narrow limits. Moreover, experience on 
the performance of min ing  excavations 
adjacent to rock bursts has indicated 
that damage is better correlated with 
peak velocity than peak acceleration 
(McGarr 1983). 

It should be emphasized that the 
above relat ionships hold for rock sites 
only, and may be very different for 
underground structures in soil because 
the at tenuat ion of motion with depth 
and the confinement of the structure are 
very different than those for rock sites. 
Unfortunately, similar relationships 
have not yet been derived for under- 
ground structures in soil. 

Suppor t ing  evidence 
Suppor t ing  evidence for selection of 

an empirical  design criterion for rock 
sites is provided from experience in the 
min ing  industry, civil construction 
involving blasting, and weapons test- 
ing. As al luded to above, there are a 
number  of cases in which underground 
min ing  excavations have been damaged 
as a consequence of nearby rock bursts. 
The best documented cases are for the 
deep level gold mines of South Africa, 
where rock bursts with body wave 
magnitudes up to 5.2 have been 
triggered as a result of extensive 
longwall  min ing  of the tabular gold 
reefs. Whether any damage accompanies 
a rock burst depends on the magnitude 
of the event and its proximity  to the 
mine workings. Experience indicates 
that rock bursts with energy release 
corresponding to up to a 2-2.75 
magni tude earthquake occasionally 
cause damage if they are associated with 
a major rupture within about 30 m of 
the mine workings. Events of larger 
magni tude  are a lmost  invar iably  
damaging  enough to cause loss of 
product ion and, possibly, injuries or 
fatalities, providing they are sufficiently 
close to mine workings to generate 
velocities in excess of 60 cm/s (24 in./s). 

Because rock bursts are similar in 
character to tectonic earthquakes (al- 
though the resulting duration of shaking 
typically is much shorter), the records of 
damage to min ing  excavations provide 
direct evidence of the likely performance 
of excavations very close to a causative 
fault. How pertinent the experience is to 
the performance of excavations remote 
from the source of an earthquake 
depends upon how important  a role the 
durat ion and dominant  frequency of the 
ground motion play in determining the 
extent of damage. If the frequency 

content is relatively unimportant ,  then 
the experience gained in the min ing  
industry is relevant. Further, data on the 
effects of ground mot ion induced by 
high explosives and nuclear weapons 
also are of value. For the present, we 
shall defer any discussion of the 
importance of durat ion and frequency 
content and simply summarize the 
empirical data base. 

The  requirement  to minimize the 
damage to underground tunnels due to 
conventional  blast ing has led to de- 
velopment of empirical  design criteria. 
For unl ined tunnels in rock, Langefors 
and Kihlstrom (1963) suggest that 
particle velocities of 30 cm/s (12 in./s)  
cause rock to fall while velocities of 
60 cm/s (24 in./s) cause the formation of 
new cracks in the rock. These recom- 
mendations seem rather conservative 
when compared with the results of the 
Underground Explosion Test Program 
(UET), dur ing which very large charges 
of high explosives were detonated with 
the intent of establishing design criteria 
for construction of underground in- 
stallations. Damage, consisting of in- 
termittent spalling, was observed for 
par t ic le  velocit ies above 90 cm/s  
(36in./s).  Continuous damage was 
observed for particle velocities above 
180 cm/s (72 in./s). 

Since the UET high explosive tests, 
several tunnel test sections have been 
included within the scope of under- 
ground nuclear tests. Al though most of 
the tunnel sections have been hardened, 
using various types of concrete and steel 
liners, some have been supported only 
with rockbohs and l ight  shotcreting. 
Review of the performance of all those 
sections indicates that tunnels hardened 
with rockbohs may survive peak particle 
velocities in excess of 900 cm/s (360 in./s) 
but  the threshold for damage to unl ined 
tunnels is on the order of 180cm/s 
(72 in./s). 

These values are so far in excess of 
anything that could conveivably result 
from an earthquake that one is tempted 
to dismiss the problem of seismic 
stabili ty of deep underground excava- 
tions as trivial. However, there is one 
important  difference between the ground 
motion resulting from an earthquake 
and that generated by a nuclear 
explosion. The  former usually lasts for 
several seconds, subjecting the excava- 
tion to several stress cycles, while the 
latter predominant ly  comprises a single 
pulse (compression) lasting some tens 
to hundreds of milliseconds. The results 
of numerical  experiments reported by 
Dowding et al. (1983) suggest that the 
number of stress cycles is critical to 
determining how much permanent  
deformation will occur within a rock 
mass around a tunnel when it is 
subjected to earthquake loading. 

Conc lus ions  
The results of attempts to catalogue 
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records of the performance of under- 
ground excavations subjected to seismic 
loading and to develop simple empirical 
design criteria indicate a damage 
threshold of approximately 20cm/s  
(8in. /s) .  No damage should be 
experienced if the peak particle velocity 
is beneath that threshold. This threshold 
is valid for underground structures in 
rock and may not be applicable for other 
types of excavations. Although there are 
important  differences between the 
ground motion resulting from large 
distant earthquakes and rock bursts, 
detonation of high explosives, or 
nuclear explosions, data from these 
sources provide supporting evidence 
that adoption of this threshold value as 
a design criterion will be conservative. It 
can be expected that this recommended 
damage threshold will be raised as more 
data becomes available. 

Models of the Seismic 
Response of Underground 
Excavations 

Once design progresses beyond the 
application of simple empirical re- 
lationships, such as those described in 
the previous section, models become an 
integral part of the design process. 
Selection of the appropriate model must 
be made by the designer on the basis of 
the type and importance of the structure 
being designed and the quality of the 
available or obtainable geotechnical 
data. Early selection is to be encouraged, 
as the model may have data needs that 
must be satisfied during site investiga- 
tion. 

This section provides a brief review of 
the analytical tools available to the 
designer concerned with the performance 
of underground excavations subject to 
seismic loads. The analytical tools form 
the basis of more or less complicated 
numerical models of the behavior of 
geologic media and interactions between 
geologic media and underground 
structures. The review starts with a brief 
discussion of analytical tools used to 
investigate relative displacements that 
occur along faults and other dis- 
continuities in rock masses. Specific 
consideration is given to methods of 
evaluating the potential for displace- 
ment on faults and block motion. 
Subsequently, attention is devoted to 
the subject of wave propagation in 
geologic media and analytical tools for 
evaluating soil/structure interaction 
effects. 

Relat ive  Disp lacement  Models  
Brief mention of the need to design 

underground excavations, and any 
support systems, to withstand fault 
displacement was made in the previous 
section. Fault displacement, whether on 
the causative fault or triggered on some 
other fault, is one form of relative 
displacement. For convenience, we have 

chosen to differentiate this phenomenon 
from block motion or relative motion of 
rock mass in fractured media, which 
comprises the motion of some finite 
block of material relative to its sur- 
roundings. Although block motion 
may be triggered by earthquakes, it has 
been more widely investigated as a 
phenomenon associated with detona- 
tion of high explosives or nuclear 
weapons. 

Fault displacement 
Designers of surface structures are 

concerned with the surface manifesta- 
tion of a causative fault. The designers 
of underground structures are also 
concerned with how that manifestation 
might change with depth. In the above 
discussion of seismic activity, little 
attention was given to either of these 
design considerations, although it was 
noted that one measure of the magnitude 
of an earthquake--the moment magni- 
t u d e - i s  defined in terms of the total 
elastic s t ra in -energy  released and,  
therefore, is related to the fault dis- 
placement and rupture area. More 
specifically, the seismic moment is 
defined as 

Mo : GAD, (1) 

in which G is the shear modulus of the 
rock, A the area of the rupture surface, 
and D the average relative displacement 
(Kanamori and Anderson 1975). This 
relationship provides one means of 
estimating the average fault displace- 
ment, providing that the fault geometry 
is adequately defined. A better alterna- 
tive is to use site-specific data. 

Geodetic surveying of surface move- 
ments associated with large earthquakes 
has provided data on how displacements 
decay with distance from the fault. 
Unfortunately, there is much less data 
on the distribution of relative dis- 
placement on the fault plane. However, 
some insight has been gained through 
use of relatively simple numerical 
models in which the fault is modeled as 
a dislocation in a semi-infinite elastic 
medium. For example, Pratt et al. (1979) 
report the results of a series of 
simulations of strike slip and dip slip 
faults with various geometries. While it 
is difficult to draw general conclusions 
from the few cases they considered, their 
results did indicate that there may be 
circumstances in which the displace- 
ment of the medium adjacent to the 
fault may be greater at depth than on the 
surface. However, it is generally assumed 
that the relative displacement ex- 
perienced underground is comparable 
to that experienced on the surface. This 
assumption can be checked quite easily 
for a particular fault geometry and 
boundary condi t ions-us ing  the dis- 
p l a c e m e n t  d i s c o n t i n u i t y  m e t h o d  
described by Crouch and Starfield 
(1983). 

Relative displacements may be ex- 
perienced on faults other than the 
causative fault. This  may occur if the 
seismically induced stresses and the 
local in-situ stress conditions are such as 
to induce shear failure on the fault. 
Although qualitative predictions of 
such displacement using numerical 
models based on finite element or finite 
difference methods are possible in 
principal,  lack of site data and the 
computational effort required militate 
against making such calculations. 

As an alternative, the problem of 
incipient fault motion can be in- 
vestigated using the simplified approach 
developed by Johnson and Schmitz 
(1976). Their  model is based on 
calculating the shear and normal 
stresses, on a fault plane, that result 
from propagation of a spherical wave 
from a source. Conditions of incipient 
slip exist if the total shear stress (the sum 
of in-situ and induced stress) exceeds the 
shear strength. The model was originally 
developed to investigate fault movement 
induced by an explosion, which can be 
adequately represented as a spherical 
source. Although the spherical source is 
not a good idealization of an earth- 
quake, the model still should provide a 
basis for establishing an understanding 
of the more critical fault orientations 
and locations. 

Block motion 
For excavations in fractured media, 

attention focuses on containing the 
fractured mass or individual blocks of 
material  defined by pre-exist ing 
fractures. However, it is convenient to 
initiate the topic of analytical tools for 
design under such circumstances by first 
considering the topic of spal l ing--a  
phenomenon that may be induced by 
reflection of a stress wave at a free 
surface. 

Interest in the performance of under- 
ground excavations in rock subjected to 
very high seismic loads, such as those 
induced in the vicinity of an under- 
ground weapons test, resulted in 
evaluation of spalling as a possible 
damage mechanism. Labreche (1983) 
used the results of work by Rinehart 
(1960) on the subject of spalling to 
interpret damage observed in tunnels 
adjacent to tests of both high explosives 
and nuclear weapons. He concluded 
that spalling due to tensile failure of the 
rock mass was unlikely, except very 
close to a high explosive detonation, 
because the spall thickness would be 
greater than the spacing of pre-existing 
fractures. On the other hand, pseudo- 
spalling, or separation along pre- 
existing fractures, appeared to be an 
important damage mechanism. 

Rinehart (1960) showed that the 
pseudospall velocity will approach the 
free-field particle velocity for stress 
waves that have a very sharp front. For 
waveforms and wavelengths of concern 

Volume 2, Number 2, 1987 TUNNELLING AND UNDERGROUND SPACE TECHNOLOGY 169 



in the design of underground excava- 
tions subjected to earthquake loading, 
the pseudospall velocity is likely to be 
much less because the stress wave will 
have completely engulfed the excava- 
tion, thereby constraining the movement 
of potentially unstable blocks or slabs. 
Hence, simple spall models have very 
limited application in design against 
earthquake loading. 

Because of the relative unimportance 
of the dynamic phenomena, including 
spalling or pseudospalling, it is con- 
ventional to treat the behavior of an 
excavation in fractured media as 
pseudostatic; this is the case for 
cont inuum modeling as well. However, 
in this case the primary concern is 
design against the possibility of separa- 
tion of blocks of material from the 
surrounding medium. Blocks of ground 
that are kinematically capable of 
moving into the excavation are assumed 
to be accelerated differentially at the 
peak free-field ground acceleration. An 
approach to defining the shape, 
dimensions, and support requirements 
of such blocks is presented by Hock and 
Brown (1981), who primarily make use 
of simple graphical constructions 
coupled with l imiting equil ibrium 
considerations. A more comprehensive 
approach to defining kinematically 
admissible blocks is provided by the 
keyblock theory developed by Goodman 
and Shi (1985). Some progress has been 
made in using this method, which 
enables all critical blocks to be identified, 
as a starting point  for predicting 
support requirements (Goodman et al. 
1982). 

The alternative to attempting to 
identify blocks with particular geometric 
shapes is to rely more on precedent. For 
example, Barton (1981) has suggested 
modification of the Q system to account 
for seismic effects. Also, Hendron and 
Fernandez (1983) describe the applica- 
tion of Cording's (1971) method for 
prediction of the support pressures for 
the roofs of large underground excava- 
tions. They defined the required support 
pressure (Pi) for the roof of a cavern as 

Pi = (1.0 + a/g) n B y (2) 

in which n is an empirically derived 
factor, B is the span of the cavern, 3' is 
the uni t  weight of the material, a is the 
ground acceleration, and g is the 
acceleration due to gravity. This 
equation implies that details of the 
structure in the roof are relatively 
unimportant;  a reasonable assumption, 
provided that compressive stresses in the 
roof are sufficient to inhibi t  slip along 
the relatively steep fractures that have a 
potential for defining blocks kine- 
matically capable of differential move- 
ment. 

The alternative to simple design 
models is to resort to more detailed 
simulation using one of the several 

available numerical modeling methods. 
The latter are relatively well developed 
for analysis under static and pseudo- 
static conditions, but have been applied 
only relatively recently to dynamic 
analysis of fractured media. Two 
fundamentally different approaches to 
modeling of fractured media have been 
adopted. One approach involves starting 
from a numerical procedure originally 
devised to describe the behavior of a 
cont inuum, while the other model 
approaches the problem as one of 
describing the behavior of a dis- 
continuum. 

One cont inuum approach involves 
using special interface elements, such as 
discussed by Goodman and St John 
(1977). This approach has the dis- 
advantage that large shear displacements 
will necessitate repeated rezoning, or 
redefinition of the finite element mesh. 
Probably for that reason, the large 
deformation wave propagation codes 
such as HONDO (Key et al. 1978), 
DYNA2D (Hal lqu i s t  1978), and 
STEALTH2D (Hoffman 1981) more 
typically treat interfaces as slide lines 
between structurally independent com- 
ponents. Although this approach 
appears to have been used very success- 
fully to study complex impact problems, 
its application to problems other than 
very simple layered geologic media 
appears to have been limited. 

An alternative cont inuum approach 
relies on using special constitutive 
descriptions of a fractured media that 
account for the mechanical properties 
of the fractures and their spacing and 
orientation. The CAVS model that was 
used by Wahi et al. (1980) to investigate 
the stability of nuclear waste isolation 
caverns subjected to simulated earth- 
quakes is an example of such a 
constitutive description. Such models 
readily permit the simulation of the 
development of new fractures within a 
particular element or zone, but do not 
explicitly represent the location of each 
fracture. Accordingly, the kinematics of 
block movement are ignored. 

To  ove rcome  the d i f f i c u l t y  in  
describing the kinematics of blocky 
systems, Cundall (1971a,b) developed the 
distinct element method. In that method, 
a fractured medium is viewed as an 
assembly of interacting particles which, 
in the most general implementations of 
the method, are completely free to move 
with respect to each other. In its earlier 
implementation,  the blocks were con- 
sidered to be rigid and infinitely strong; 
thereby restricting all deformations to 
the fractures and severely l imiting 
possible failure modes. Recent general- 
izations of the approach allow de- 
formable blocks and development of 
new fractures in addition to more 
comprehensive descriptions of the 
mechanical behavior of the fractures 
(Cundall and Hart 1983). 

Although the distinct element method 

is based on the equations of motion of 
the individual particles, it has been 
most widely applied to the solution of 
pseudostatic problems by treating time 
as a fictitious quanti ty used to control 
the sequence of events in a system that 
may exhib i t  complex n o n l i n e a r  
behavior. However, it is equally possible 
to perform dynamic analyses. 

Such an approach is described by 
Dowding et al. (1983) who report the 
application of a coupled distinct 
element/finite element model in an 
investigation of the response of a cavern 
to vertically propagating shear waves. 
One of the most interesting aspects of 
their investigation was the extent to 
which ground motion resulted in 
progressive slip on the faces of blocks 
adjacent to the excavation. However, 
extremely high accelerations were 
required for this to occur. Cont inu ing  
development of the distinct element 
method for dynamic analyses, coupled 
with studies such as described by 
Dowding et al., will undoubtedly 
contribute significantly to our under- 
standing of the basic mechanics of 
fractured media. 

Vibratory Mo t ion  
Although most of the relative dis- 

placement effects discussed above result 
from wave propagation from the source 
through geologic media, it proves 
convenient to discuss the direct effects of 
vibratory ,notion as a separate subject. 
This discussion is divided into two 
main parts. The first part considers the 
ground motion in the free field, with 
particular attention given to how the 
ground motion is influenced by the 
geologic structure. The second part 
considers how underground structures 
respond to vibratory motion. The latter 
discussion is subdivided into three 
parts. First, results of analyses of lined 
and unl ined circular tunnels in elastic 
media are summarized. Second, the 
bases for development of simple models 
for investigating ground structure 
interaction effects are discussed. Third, 
the capabilities of numerical models 
that may be used to investigate 
ground/structure interaction effects in 
greater detail are reviewed. 

Free-field ground motion 
The problem of free-field ground 

motion, also known as wave propaga- 
tion, in an infinite homogeneous 
isotropic elastic medium was addressed 
as early as 1950 (Fung 1965; Desai and 
Christian 1977). This section describes 
the formulation and solution of the 
three-dimensional wave equations and 
the depth dependence of ground motion. 

The motion of a cont inuum body 
must obey the equation 

0o# 
Pa ,  = ~  +Xi i = 1 , 2 , 3  (3) 
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where p = mass density of the 
con t inuum,  

ai = part icle acceleration, 
oii = stress field, and 
Xi  = body force per uni t  

volume.  

In the theory of elasticity, the above 
equa t i on  is known as the Euler ian  
equa t i on  of mo t ion  of a con t i nuum.  If 
we l imi t  ourselves to the l inear  theory or  
inf in i tes imal  d isp lacement  theory, we 
can write the fo l lowing  relat ionships  
between strain, eo; part icle displace- 
ment,  ui; part icle velocity, vi; and 
part icle acceleration, ai: 

1 
eii = -~ (ui, j + ui, i) (4) 

Oui Ovi OZui 
v, = ~-~, Oli= ~ = Ot ~ -  (5) 

In addi t ion  to the above equat ions ,  the 
theory of l inear  elasticity is based on 
Hooke ' s  law. For a homogeneous  
isotropic material ,  this is 

o# = h ekk 8ii + 2G eij (6) 

where h and G are called Lame 's  
constants.  T h e  stress field a o can be 
e l imina ted  by subs t i tu t ing  Equa t ion  (6) 
in to  Equa t ion  (3) and us ing  Equa t ion  
(4) to ob ta in  the we l l -known Navier 's  
equa t ion  

~ 2 U  i 
G ui, jj + (X + G) ui.ji + Xi = O 0--/U" (7) 

T h e  above equa t ion  can be cast in 
different forms and its general  solut ion 
for the case of a steady state h a r m o n i c  
m o t i o n  can be easi ly ca lcu la ted  
(Achenbach 1975). In  the next  section 
some types of waves that satisfy the 
above equa t ion  of mo t ion  are con- 
sidered. 
Plane  elastic waves  

Several types of waves can propagate  
in an elastic medium.  T h e i r  existence 
can be demonst ra ted  f rom the basic field 
equa t ion  (Equa t ion  (7)), which,  in the 
absence of body force, is 

02Ui 
0 ~ = G u,, ~j + (X + G) ui, i~ . (8) 

In  the fo l lowing  discussion, displace- 
ment  componen t s  Ul, ut ,  u3 will  be 
referred to by u, v, and w; they represent, 
respectively, the mo t ion  paral le l  to the 
direct ion of wave propagat ion ,  the 
mot ion  in the horizontal  p lane  normal  
to the direct ion of wave propagat ion ,  
and the mo t ion  in the vertical plane 
normal  to the direct ion of wave 
propagat ion .  

One  type of part icle  mo t ion  can be 
defined by 

u = A s i n  ~ ( x ± c t )  , 

V ---- 7_/) = 0 

Subst i tu t ion  of Equa t ions  (4-9) into the 
field equa t ion ,  leads to the re la t ionship  

0 C~ = X + 2G 

o r  

/ 7  + 2G 
Cp = W p 

where Cp has been subst i tuted for c and 
represents the wave velocity. T h e  
pattern of mot ion  expressed by Equa t ion  
(9) remains  unchanged  when  (x + ct) 
remains constant  and L is the wave- 
length.  T h e  part ic le  velocity is in the 
direct ion of propagat ion ,  namely  the x- 
direct ion.  Hence,  this mo t ion  is said to 
represent  a compress iona l  wave or 
P-wave. 

A second type of mo t ion  can be 
defined by 

u = 0  

277" 
v = A sin ~ -  (x ± ct) (12) 

w = 0  

which  represents a train of p lane  waves 
of wave leng th  L p ropaga t i ng  in the x- 
direct ion wi th  a velocity c. T h e  
subst i tu t ion of Equa t ion  (12) into the 
field equa t ion  yields a value for the 
wave velocity, Cs, given by 

Cs = N/~---G0 (13) 

T h e  par t ic le  velocity is in the y- 
direct ion and is perpendicular  to the 
direct ion of p ropaga t ion ,  namely  the x- 
direction.  Such a mo t ion  is said to 
represent transverse or  shear waves 
(S-waves). 

A third type of mot ion ,  which  
represents transverse waves can also be 
defined by 

u = 0  

v = 0 (14) 

277" 
w = A sin ~ -  (x :~ Cst) 

T h i s  wave is s imilar  to the previous 
wave except  that  the part icle mot ion  is 
in the z-direction. In order to differen- 
tiate between the two mot ions ,  one  is 
referred to as transverse horizontal  (SH), 
and the o ther  as transverse vertical (SV), 
depend ing  on whether  the wave is 

p ropaga t ing  in a hor izontal  or  a vertical 
(9) plane, respectively. 

For  all of the above waves, the m o t i o n  
represented by Equat ions  (9), (12) and 
(14) are called p lane  waves, since at any 
instant  of t ime the wave crests lie in 
paral le l  planes. These  waves may exist 
only  in an u n b o u n d e d  elastic con- 
t inuum.  In a f ini te  body, a p lane  wave 

(10) wil l  be reflected when  it hits the 
boundary .  If there is another  elastic 
m e d i u m  beyond the boundary,  refracted 
waves occur in the second med ium.  T h e  
p rob lem of ref lect ion and refraction is 

(11) addressed below. 
Of  course, arbi trari ly incident  p lane  

waves can propaga te  wi th in  a medium.  
For  these waves,  the g o v e r n i n g  
equa t ions  of mot ion  can be found 
elsewhere (Achenbach 1975). 

SuYface  w a v e s  

In addi t ion  to the waves that 
propagate  wi th in  an elastic medium,  
i.e. body waves, it is possible to have 
another  type of waves - - tha t  is, those 
that  p ropaga te  over the surface of the 
m e d i u m  and penetrate  to only a mino r  
extent  into the inter ior  of the body. 
These  are called surface waves. For these 
types of waves, it is characteristic that 
the ampl i tude  of d isplacement  in the 
med ium decreases exponent ia l ly  wi th  
increasing distance from the boundary.  

One  type of surface wave is the 
Rayle igh  wave, which  occurs on the free 
surface of a homogeneous ,  isotropic,  
s e m i - i n f i n i t e  m e d i u m .  In  a t w o -  
d imens iona l  elastic half-space wi th  y >_ 
0 and a stress-free surface at y = 0, the 
mo t ion  can be defined by the real part  of 
the fo l lowing  expressions 

u = A e -by exp [ik (x - ct)] 

v = B e -by exp [ik (x - ct)] (15) 

w = 0  

where i is the imaginary  number  x/-1,  
and A and B are complex  constants. T h e  
coefficient b is considered to be a real 
and posi t ive  constant  so that the 
ampl i t ude  of the wave decreases ex- 
ponent ia l ly  wi th  increasing y, and tends 
to zero as y approaches  infinity.  T h e  
constants in the above expressions are 
chosen such that the d isplacement  
equa t ions  satisfy the equat ions  of 
mo t ion  and the boundary  condi t ions  on 
the free surface. 

The  proof  of the existence of Rayle igh 
waves can be found in books on classical 
theory of elasticity (Fung 1965), and is 
not  repeated here. However ,  an illustra- 
t ion of the el l ipt ical  retrograde-type 
mo t ion  and a discusion of the relative 
propagat ion  velocities of compressional ,  
shear and Rayle igh  waves are included 
wi th in  Append ix  A. T h e  i l lus t ra t ion 
shows that for the Rayle igh  waves the 
part icle mo t ion  is in the p lane  of wave 
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propagat ion.  Surface waves with 
motion perpendicular to the direction 
of propagation can occur if the shear 
wave velocity in the upper layer is less 
than that in the lower stratum. These 
waves are known as Love waves. Again, 
the equations of motion governing 
these types of waves can be derived 
analytically (Achenbach 1975). 

Reflection and refraction of plane 
z A ) a ~ J e s  

To illustrate the problem of reflection 
and refraction of plane P and S waves, 
consider a homogeneous isotropic 
elastic medium occupying a half space 
and with a free surface. Plane P waves 
hit t ing the free boundary are reflected 
into the medium as plane P waves and 
plane S waves. Similarly incident SV 
waves are reflected as both P and SV 
waves. 

If the medium consists of two or more 
layers, then incident P waves propagat- 
ing in one layer are reflected into P and 
SV waves and refracted into the adjacent 
layer as P and SV waves. The same holds 
for incident SV waves. The SH waves 
behave differently. A train of SH waves 
will not generate P waves at the 
interface; it is reflected and refracted as 
SH waves. 

Amplif ication oJ SH waves 
Body and surface waves are created by 

disturbances caused by an earthquake. 
The amplitude and frequency content 
of the earthquake motion depend on the 
source and the transmission path as well 
as site characteristics. Along the trans- 
mission path, body waves are influenced 
by the geometry and material properties 
of the medium. They are reflected and 
refracted between layers of different 
material properties--a phenomenon 
that results in a local decrease or 
increase of the wave amplitude and 
affects the frequency content of the 
resulting motions. 

For the practicing engineer, the 
problem is to determine the char- 
acteristics of the ground motion at a site 
(surface and/or  underground motion) 
on the basis of the mot ion  recorded at 
other sites. In view of the complexity of 
the waves propagation problem, it is 
not possible at present to solve the 
general problem, which includes body 
waves (P- and S-waves) and surface 
waves. Therefore, consideration has 
been restricted here to the case of vertical 
propagation of horizontally polarized 
shear waves in a horizontally layered 
medium--a  case for which an analytical 
solution can be easily derived using one- 
dimensional wave theory. While this 
approximation has its limitations in 
representing the actual problem, it is 
based in part on the observation that 
body waves reaching the site from the 
source of the disturbance arrive, in 
general, with nearly vertical incidence 
to the ground surface, and not in a 

straight line from the source to the site 
(Tsai and Housner 1970). 

A cont inuum solution to the one- 
dimensional wave equation can be used 
to analyze the free-field response of a 
horizontally layered site subjected to 
vertically incident shear waves. The 
analysis is carried out in the frequency 
domain by utilizing the Fourier Trans- 
form of the input  motion to represent 
the motion as the superposition of 
harmonic signals of different fre- 
quencies. The frequency-dependent 
transfer function of the system is 
obtained by computing the response of 
the system to uni t  harmonic input  
motion. The time-dependent system 
response to the actual input  motion is 
then obtained as the inverse Fourier 
Transform of the product of the system 
transfer functions and the various 
harmonic signals that comprise the 
input  motion. The above procedure is 
carried out when the motion is defined 
at the base of the soil layers. A 
deconvolution procedure can be used to 
compute the subsurface motion once 
the surface motion is defined. 

The theoretical derivation of the 
equations for the above procedure are 
involved and beyond the scope of this 
report. They can be found in Desai and 
Christian (1977). The result of this 
exercise is to define the amplification 
factor or the ratio of the ampli tude of 
motion at the free surface to the 
amplitude of motion at rock/soil 
interface. A typical shape for the 
amplification factor of a uniform soil 
layer above rock is shown in Fig. 4. For 
other cases computer programs such as 
FLUSH (Lysmer et al. 1975) and 
SHAKE (Schnabel et al. 1972), which 

are based on the above procedure, can be 
used. These codes are discussed below. 

Seismic analysis of underground 
structures 

A wide range of analytical tools has 
been used to investigate the behavior of 
underground excavations subjected to 
seismic loading. Because they can be 
analysed in closed form, particular 
attention has been devoted to analysis of 
lined and unl ined circular tunnels. The 
emphasis of that work has been on 
investigating the results of plane waves 
propagat ing perpendicular to the 
longi tudinal  axis of the tunnel.  For the 
case of waves propagating along the 
axis, use has been made of simplified 
models in which the tunnel liner is 
idealized as a beam on an elastic 
foundation. 

More recently, attention has turned 
towards the use of a number of different 
numerical  procedures that enable 
ground~structure interaction problems 
to be studied in either the time domain 
or frequency domain. The following 
discussion comprises a brief review of 
these three areas of investigation. 

Circular and noncircular tunnels 
A considerable body of literature is 

devoted to the development and 
application of analytical solutions to 
the problem of plane waves propagating 
in an elastic medium; normal to a 
tunnel axis. Interaction of the wave and 
the tunnel  causes a distortion of the 
cross-sectional shape and stress con- 
centrations over and above those result- 
i n g  from the in-situ stresses existing 
prior to excavation. Interaction can also 
take the form of entrapment and 
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circulation of the seismic waves around 
the tunnel. However, this is only 
possible when wavelengths are less than 
the tunnel 's  radius (Glass 1976) and the 
circulating waves appear to be heavily 
damped because they radiate energy 
into the solid (Cundall 1971a,b). 

Using closed-form solutions, Mow 
and Pao (1971) investigated the inter- 
action of steady state P- ,  SV-, and SH- 
waves with cylindrical cavities. For P- 
waves propagating normal to the 
longitudinal  axis, they demonstrated 
that the peak dynamic stress concentra- 
tions were approx. 10-15% higher than 
those resulting from static stress equal 
to the peak free-field stress; and that 
these stress concentrations occur for 
wavelengths that are approx. 25 times 
the cavity diameter. The stress con- 
centrations resulting from SV- and SH- 
waves also were a few percent higher 
than the static equivalent. The im- 
portance of these results is not so much 
that the dynamic effects are small, but 
that static or pseudostatic analyses are 
adequate for wavelengths typically 
associated with earthquake-induced 
ground motion. 

Results presented by Mow and Pao 
indicated that there will be very little 
concentration of stress if the wavelength 
is short in comparison to the diameter of 
the cavity. Such short wavelengths are 
unlikely to be important  for earthquake 
loading, except very near to the source, 
but can be important  for excavations 
subjected to loading from conventional 
or nuclear explosions. For very short 
wavelengths, the wall of the excavation 
acts like a plane-free surface at which 
the stress wave is reflected as a wave of 
opposite sign. Hence, incoming com- 
pression wave induce, upon reflection, 
tensile stresses and create stress con- 
centrations that interact with the 
reflection. The presence of tensile 
stresses raises the possibility of spalling 
(a phenomenon that has been covered 
above). 

The real problem of spalling at 
u n d e r g r o u n d  excavat ions  is more 
complex  t h a n  was cons ide red  by 
Rinehart, since the incoming stress 
creates stress concentrations that interact 
with the reflection. The problem of 
interaction can be investigated quite 
simply in closed form. Typical results 
from a number of recent calculations 
using a computer code developed by 
Garnet et al. (1966) are reproduced in 
Figs 5 and 6, in which the relationship 
between time, stress, and distance from 
the tunnel  wall is illustrated for the case 
of a triangular plane P-wave engulfing 
the opening. The total duration of the 
waveform is equal to the travel time 
across eleven tunnel  diameters, with the 
stress rising linearly to a peak in one 
tunnel  diameter. At time zero, the wave 
has just reached the wall of the tunnel; 
its front can be seen clearly in Fig. 5. 
The front is indeed reflected; however, if 
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Figure 5. A triangular wave with wave#ont and total length equal to one tunnel diameter and 
eleven tunnel diameters, respectively. 

the wavelength is greater than about ten 
tunnel  diameters, the induced radial 
stress remains compressive. Although 
Fig. 6a indicates that  the induced hoop 
stress is tensile, this is to be expected 
since the P-wave induces a biaxial stress 
state in which the peak confining stress 
is related to the peak stress by the factor 
v / ( 1 -  v). 

The case of lined circular tunnels can 
also be analysed in closed form. Results 
comparable to those for the unl ined 
tunnel are reproduced in Fig. 6b. What 
is noticeable in these figures is that there 
is a minor  increase in the radial stress in 
the rock and a marked concentration of 
hoop stress in the liner. This  is observed 
because the liner properties were chosen 
so as to make the liner appear stiff 
relative to the rock medium. Whether a 
liner will significantly interact with the 
medium depends upon the compressi- 
bility ratio and the flexibility ratio 
(Hendron and Fernandez 1983). Of 
these, the flexibility ratio is the more 
important  because it is related to the 
ability of the liner to resist distortion. 

The flexibility ratio, F, is defined by 

2E (1 - vt ~) R ~ 
F -  E~ (1 +v) t 3 

in which E and v are the Young's 
modulus and Poisson's ratio of the 
medium and Et, vt, R, and t are, 
respectively, the Young's modulus, 
Poisson's ratio, radius, and thickness of 
the liner. 

Several investigators have discussed 
the relationship between the flexibility 
ratio and the extent to which a liner 
modifies a tunnel response to either 

static or dynamic loads (for example, 
Peck et al. 1972; and Einstein and 
Schwartz 1979). They concluded that 
the liner can be considered perfectly 
flexible if the flexibility ratio exceeds 20. 
In that case the liner conforms to the 
distortions imposed on it by the 
medium. If, on the other hand, the 
flexibility ratio is low, then the liner 
will resist the distortion of the medium. 
Whether there is a concentration of 
stress in the liner depends mainly on the 
relative elastic modulus of the liner and 
medium. 

For the case illustrated in Fig. 6b the 
elastic modulus of the liner is twice that 
of the medium. However, the liner has a 
very high flexibility ratio (approx. 
1000). Accordingly, the distortion of the 
medium is substantially unrestrained. 
In general, it would be conservative to 
check that the liner is capable of 
withstanding the unrestrained distortion 
of the medium. 

Several closed-form solutions are 
available for est imating g round /  
structure interaction for circular tunnels. 
The solutions more commonly used for 
static design of tunnel liners have been 
reviewed by Duddeck and Erdmann 
(1982). They are based on the assump- 
tion that the liner behaves as a thin 
shell. In fact, the more general solution 
of a concentric elastic ring of any 
thickness can be derived quite simply; 
the necessary equations for the dynamic 
case are given by Garnet et al. (1966). 
Use of the static solution should be 
perfectly acceptable for evaluating the 
response to wavelengths typically 
associated with earthquakes, particu- 
larly if the static overstress is increased 
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10-15% above the peak dynamic free- 
field stress. 

A note of caution in regard to the use 
of any of the lined tunnel solutions is in 
order. As O'Roark et al. (1984) point  
out, there are differences between the 
case of external loading of a lined 
tunnel and emplacement of a liner in a 
previously stressed medium. Providing 
the surrounding medium remains 
elastic, the liner stresses immediately 
after installation can be conservatively 
estimated by assuming that the processes 
of excavation and liner installation 
occur simultaneously. In practice, the 
liner is frequently installed after at least 
50% of the elastic displacement of the 
medium has already taken place and the 
liner loads are correspondingly lower. 

To evaluate the effect of earthquake 

loading, the solution for external 
loading should be used. Since both 
medium and liner are assumed to be 
linearly elastic, the post-excavation and 
earthquake-induced stresses, or thrusts 
and bending moments, can be super- 
imposed to estimate the total loads. 
Remember, however, that the earth- 
quake loading is cyclic and that the 
designer is concerned with the states of 
liner and medium at both extremes of 
the cycle. 

Because of the availability of relatively 
simple closed-form analytical solutions 
for lined and unlined circular tunnels, 
the conditions resulting from plane 
wave propagating normal or near- 
normal to the tunnel axis are relatively 
well understood. Much less attention 
has been devoted to investigating the 

behavior of excavations, supported or 
unsupported, of different shapes. How- 
ever, the general conclusions reached 
for the circular tunnels should be 
applicable. 

Most importantly, we expect the 
response to earthquake loading to be 
near enough pseudostatic and we expect 
ground/structure interaction effects to 
be relatively unimportant  providing the 
ground support system is relatively 
flexible. In practice, the ground support 
is generally flexible and the conservative 
approach of assuming that the liner 
experiences the unrestrained deforma- 
tion of the medium can be adopted. If 
this approach results in the conclusion 
that special provisions need to be made 
to provide adequate safety, then it 
would be appropriate to conduct more 
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thorough ground/structure interaction 
calculations using one of the numerical 
modeling tools discussed below. 

Simple ground structure interaction 
models 

If the flexibility ratio of a liner, as 
defined above, is low, then the liner is 
stiff compared to the medium and will 
resist the distortions imposed on it by 
the medium. Of course, it will be 
conservative to design the liner to 
withstand the unrestrained distortions 
of the medium. However, this approach 
may be unduly conservative for stiff 
liners, and the liner may become very 
difficult to design. In such cases, the 
ground/structure interaction is im- 
portant and should be considered in the 
design. 

Little attention has been devoted to 
deriving analyt ical  solut ions for 
ground/structure interaction problems 
for the case of waves propagating along 
the axis of the structure. This is due, in 
part, to the fact that several assumptions 
or approximations are needed to derive 
a solution for a simple ground/structure 
model. These assumptions restrict the 
application of the results to a limited 
class of problems. This ground/structure 
interaction problem has first been 
addressed in the design of the Trans-Bay 
Tube of the San Francisco Bay Area 
Rapid Transport  (Parsons Brinckerhoff 
1960) system and, later, by the Japan 
Society of Civil Engineers (1975, 1977). 

The analytical procedure for estimat- 
ing strains and stresses experienced by a 
structure that resists ground motion are 
based on: (a) the theory of wave 
propagation in an infinite, homo- 
geneous, isotropic, elastic medium; and 
(b) the theory of an elastic beam on an 
elastic foundation. The beam theory is 
necessary to account for the effects of 
interaction between the ground and the 
structure. The details of this procedure 
and the assumptions made to arrive at a 
"closed-form solution" are discussed in 
detail in Appendix C. Its application in 
design is summarized below, under 
"Recommended Procedures for Pre- 
l iminary Design of Underground 
Structures." 

A main  assumption in the above 
procedure is that the structure is 
supported by an elastic foundation 
characterized by a foundation modulus. 
The latter is defined as a spring constant 
per uni t  length of structure. Un- 
fortunately, there is no universally 
agreed upon approach for the derivation 
of the foundation modulus; and different 
procedures may yield widely different 
answers. One approach, presented in 
Appendix C, is based on the two- 
dimensional,  plane strain solution to 
the Kelvin's problem. The approach, in 
effect, neglects the width of the structure 
and, therefore, its transverse stiffness. 

A more general approach would be to 
use a numerical solution to derive the 

foundation modulus. Numerical solu- 
tions require the use of a computer 
program, such as a large general- 
purpose finite element code; they are 
described Below. Regardless of how the 
foundation modulus is obtained, a 
range of values, rather than a single 
value, should be used in parametric 
analyses to estimate bounds on the 
strains and stresses experienced by the 
structure and ground medium due to 
dynamic loading. 

We believe that simple models for the 
ground/structure interaction, when 
used in conjunction with relatively 
simple structural design models for 
liners, are generally adequate for 
preliminary design of underground 
excavations with internal structures or 
supports that resist ground deformation. 
Of course, there will be many instances 
in which the structure is either too 
complex or too important  to rely on 
such simple procedures alone. In these 
cases, one of the numerical methods 
discussed below should be used. 

Numerical modeling of ground 
structure interaction 

In recent years, numerical modeling 
techniques have seen a tremendous 
growth and have been found to be very 
useful as tools for analysis. As opposed 
to closed-form analytical solutions, 
which exist for a relatively small class of 
problems, numerical methods can be 
used for analysis and design of complex 
structures. A large number of publica- 
tions have covered the different 
numerical methods used to analyse 
wave propagation and ground/structure 
interact ion problems (Desai and 
Christian 1977). Herein, an overview of 
the different numelical methods avail- 
able is presented, followed by a very 
brief summary of some popular com- 
puter programs used for the dynamic 
analysis of underground structures. 

The numerical methods of analysis 
fall under one of the following 
categories: (a) finite difference method; 
(b) finite element method; (c) boundary 
integral equation method; and (d) 
method of characteristics. The use- 
fulness, validity and application of each 
of these methods greatly depends on the 
type of problem under consideration. 

The finite difference method was the 
main method of analysis before the 
development of finite element methods. 
The method involves a discretization of 
the governing equations of motion for 
the soil/structure system. The dis- 
cretization is based on replacing the 
continuous derivatives in the governing 
equations by the ratio of changes in the 
variables over a small, but finite, 
increment. The differential equations 
are, thus, transformed into difference 
equations. The method of solution of 
these equations for transient analysis 
can be based on either an implicit 

scheme or an explicit scheme. The 
implicit  scheme requires the solution of 
a set of simultaneous equations and 
large storage may be needed. Explicit 
schemes are relatively straightforward 
and may require less effort than implicit 
schemes. For certain types of problems, 
it is possible to obtain unconditionally 
stable implicit  schemes. The choice of 
the best solution scheme depends on the 
particular application. 

The finite difference method can be 
difficult to apply when nonhomogeneity 
and nonlinearities exist; however, this 
difficulty can be overcome using the so- 
called integrated finite difference tech- 
niques. Another situation common in 
wave propagation problems involves 
infinite media. Accordingly, there is a 
need to create appropriate boundary 
conditions that will simulate the 
physical behavior of the actual problem. 
The most popular approach is the use of 
viscous dashpots to eliminate boundary 
reflections. 

In the finite element method, the 
cont inuum is discretized into an 
equivalent system of smaller continua, 
which are called finite elements. Each 
element is assigned constitutive or 
material properties and its equations of 
state are formulated. Subsequently the 
elements are assembled to obtain 
equations for the total structure. As in 
the case of the finite difference method, 
the solution scheme can be based on 
either an implicit or an explicit 
formulation. In either case, a finite 
difference approximation is used to 
represent the time dimension. The main 
advantage of the finite element method 
is that arbitrary boundaries and material 
inhomogeneity can be accommodated 
easily. As in the finite difference method, 
energy-absorbing boundaries are used 
to approximate the wave propagation 
in an infinite medium. 

The boundary integral equation 
method involves numerical solution of 
a set of integral equations that connect 
the boundary, or surface, tractions to the 
boundary displacements. It is based on 
solution of integral, rather than 
differential, equations. It requires the 
discretization of only the surface of the 
body and the surface of the excavation 
into a number of segments or elements. 
The numerical solution is first obtained 
at the boundary segments; then the 
solution at different points within the 
medium is obtained from the solution at 
the boundary. In this method, the 
infinite medium can be handled very 
easily because the integral equation 
applies for a load applied on an infinite 
or semi-infinite medium. This method 
is most popular for the analysis of 
linear, static problems. Recently it has 
been applied to the solution of linear 
dynamic problems and to the analysis of 
traveling wave effects on the seismic 
response of surface structures (Werner et 
al. 1979). To  date, it has not been widely 

Volume 2, Number 2, 1987 TUNNELLING AND UNDERGROUND SPACE TECHNOLOGY 175 



used to handle material non-linearities 
and nonhomogeneities. 

The remaining approach is the 
method of characteristics. In this 
method, a set of partial differential 
equations is converted into a set of 
ordinary differential equations. The 
latter set often is solved by using the 
finite difference method. 

Computer programs for dynamic 
analysis 

Many computer programs based on 
the above analytical procedures are 
available. A few of the more popular, 
readily available codes that are well 
suited for investigating the problems of 
wave propagation and ground/structure 
interaction are described below. 

SHARE Code (Schnabel et al. 1972). 
This code can be used to analyse the 
free-field response. The soil medium 
comprises a system of horizontal visco- 
elastic layers of infinite horizontal 
extent, and an equivalent linear model 
is used to represent the strain dependence 
of the material properties of each soil 
layer. The medium can be subjected to 
input  motion from vertically incident 
shear waves or compressional waves. A 
con t inuum solution to the one- 
dimensional wave equation is employed. 
The solution is carried out in the 
frequency domain and is then trans- 
formed back into the time domain 
through the use of Fast Fourier 
Transform techniques. 

FLUSH Code (Lysmer et al. 1975). 
This code can be used to compute the 
two-dimensional response of a soil/  
structure system. Similar to the SHAKE 
code, the soil medium comprises a 
system of homogeneous viscoelastic soil 
layers of infinite horizontal extent; and 
an equivalent linear model is used to 
represent the strain-dependent shear 
moduli  and damping ratios. The 
medium can be subjected only to 
vertically incident shear waves or 
compressional waves. The soil~structure 
system can be modeled using either a 
conventional plane strain model or a 
modified two-dimensional model that 
attempts to simulate three-dimensional 
wave propagation effects through the 
use of in-plane viscous dampers attached 
to each nodal point  of the soil medium. 
The soil medium is bounded by a rigid 
base and by transmitting boundaries 
(viscous dashpots) along the sides. The 
solution technique is the same as that 
used for the SHAKE code. 

ADINA Code (Adina Engineering 
1981). This code is a general purpose 
finite element program for the two- 
dimensional and three-dimensional 
analysis, static and dynamic analysis of 
structural systems. Its library of elements 
includes structural as well as solid 
elements, and the library of constitutive 
models permits analysis of linear and 
nonl inear  materials. The input  motion 
can consist of horizontal and vertical 

motions from any arbitrary combina- 
tions of waves. The infinite medium is 
approximated by the use of transmitting 
boundaries (viscous dashpots). Several 
solution techniques are available. These 
include direct time integration method 
(with both explicit and implicit formu- 
lations), normal mode method for 
linear dynamic analysis, and determina- 
tion of frequencies and mode shapes. 
Similar capabilities are offered by other 
general-purpose finite element codes 
such as SAPIV (Bathe et al. 1974) and 
ABAQUS (Hibbit et al. 1982). 

HONDO Code (Key et al. 1978). This 
finite element program can be used to 
analyze two-dimensional wave propa- 
gation and soil~structure interaction 
problems. The medium is modeled with 
four-node quadrilateral element. Both 
linear and non-l inear  material behavior 
can be considered. The solution scheme 
is explicit, with a variable integration 
time step. In a recent version of the code, 
the medium can be bounded with 
energy-absorbing boundaries (viscous 
dashpots) in order to simulate an 
infinite medium. The code accepts only 
pressure loading. Similar capabilities 
are offered by other finite element codes, 
such as DYNA2D (Hallquist 1978), and 
f i n i t e  d i f f e r e n c e  codes,  such  as 
STEALTH (Hoffman 1981). 

Recommended Procedures for 
Preliminary Design of 
Underground Structures 

Despite the availability of relatively 
sophisticated methods of investigating 
the dynamic response of underground 
structures to seismic loading, design 
tools remain relatively simple. This 
section includes recommendations of 
simple procedures to facilitate identifi- 
cation of factors important to design, to 
define design loads, and to verify design 
adequacy. These, or similar procedures, 
should always be used as a starting 
point  for any analyses of subsurface 
excavations and their ground support 
system, and underground structures. 

Should the results of preliminary 
evaluation suggest that special pre- 
cautions will be required to assure 
acceptable performance, then more 
rigorous analyses may be justified. 
However, care must be exercised to 
ensure that the refined methods will, 
indeed, lead to an improved solution. 

-Often the uncertainty in the data 
defining the problem will be sufficient 
to deter more detailed analyses, and the 
improvement  offered by detailed 
analyses may be illusory rather than real. 

Design Against Fault 
Displacement 

It is impractical to attempt to design a 
tunnel to withstand a potential offset at 
an active fault. Instead, features that 
mitigate the effect of the offset and 

facilitate post-earthquake repairs should 
be incorporated in the design. These 
features typically consist of either (1) 
excavation of an oversize section through 
the fault zone and use of a flexible 
support system; or (2) incorporation of a 
flexible coupling, if the tunnel is lined. 
The former approach was used where 
the San Francisco Bay Area Rapid 
Transi t  (SFBART) crosses the Hayward 
fault in the Berkeley Hills; a slightly 
enlarged section in the vicinity of the 
fault was lined with closely spaced steel 
rib sections (Kuesel 1968). The latter 
approach is more commonly used for 
submerged tunnels or conduits, since in 
these cases it is necessary to ensure that 
the section remains watertight. 

The design of flexible couplings, or 
joints, has received considerable atten- 
tion because they are also required at 
interfaces between different geologic 
media and between sections of an 
underground structure that will respond 
differently to seismic loading. For 
example, the ASCE Working Group for 
Seismic Response of Buried Pipes and 
Structural Components provide details 
of an interface between buildings and 
buried pipes (ASCE 1983); Douglas and 
Warshaw ( 1971) describe a seismic j oint 
used at the transition between the 
SFBART tube and an offshore ventila- 
tion structure; and Hradilek (1977) 
offers recommendations for the design 
of reinforced concrete conduits crossing 
a known active fault zone. In every case 
the design objective is to achieve the 
necessary flexibility in the liner, or 
conduit, to permit the relative motion 
without significant damage. How this 
objective is achieved will be site specific 
and project specific. 

Design of Portals and Very 
Shallow Tunnels 

It was noted above that tunnel  portals 
appear to be particularly susceptible to 
damage. This may be attributed to the 
occurrence of superficial failures that 
may be entirely unrelated to the tunnel, 
or may result from transition problems 
such as described above. The site 
investigation required to determine the 
potential for superficial failures is 
beyond the scope of this study. However, 
it is appropriate to note that the 
principal failure modes of concern are 
slope instability, soil liquefaction, and 
differential settlement. Particular pre- 
cautions should be taken if a portal 
structure also acts as a soil retaining 
wall. 

Design to withstand relative motion 
has been discussed above. As noted, the 
primary objective is to increase the 
flexibility so that differential motion 
can be survived without significant 
damage. For tunnels in soil or rock, 
such flexibility is best provided by 
closely spaced steel sets, or ribs. Static 
design procedures for this type of 
support are relatively well-established. 
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Special design considerations for flexible 
support in a dynamic environment are 
discussed below. 

Design Against Ground Shaking 
Discussion in this section is restricted 

to consideration of simplified models 
that may be used to estimate the stresses 
and strains that an underground excava- 
tion may be subjected to as a result of 
ground shaking during an earthquake, 
and the resulting additional dynamic 
loads that will be applied to a support 
system. Types of excavation for which 
these models are appropriate include 
lined and unlined tunnels in soil and 
rock, subaqueous tunnels, and cut-and- 
cover construction. The  distinction 
between the several types is drawn not 
upon the basis of the function that the 
excavation serves but upon: (a) the 
nature of the geologic medium; (b) the 
extent to which any support system may 
resist the ground motion in the 
medium; and (c) the method of con- 
struction. 

Before proceeding it is worthwhile to 
clarify the terminology that will be 
used, and to elaborate on the subject of 
ground/structure interaction. From an 
analytical standpoint, the simplest case 
to consider is that of a compressional 
wave propagat ing parallel to the axis of 
a subsurface excavation. That  case is 
illustrated in Fig. 7, in which the wave is 
shown as introducing longitudinal  
compression and tension. For practical 
purposes, interaction between the wave 
and the excavation can be ignored, 
al though the changes in axial stress will 
cause some closure or enlargement of 
the excavation as the rock or soil 
responds to the applied loads. 

The  case of an underground structure 
subjected to an axially propagating 
wave is slightly more complex since 
there will be some interaction between 
the structure and the medium. However, 
the interaction is likely to be relatively 
unimpor tan t  because the induced 
stresses normal to the axis of the tunnel 
will be less than if the wave were 
propagating normal  to the tunnel axis. 
Also, the deformation mode would be 
one of hydrostatic compression or 
tension. 

For the case of a wave propagating 
normal to the tunnel axis, the stress 
induces a deformation of the cross- 
section, such as that illustrated in Fig. 8. 
As discussed heretofore, the type of 
asymmetric deformation of the cross- 
section illustrated in that figure will be 
observed only if the wavelength is short 
relative to the tunnel diameter. In most 
cases of interest, the wavelength will be 
relatively long and the deformation will 
be approximately pseudostatic. Ex- 
pressed simply, that means that the 
tunnel is not subjected to any severe 
stress gradients, and, therefore, the 
deformation will appear to be sym- 
metrical about the center plane of the 

section. However, the deformed shape 
of the tunnel still will be approximately 
elliptical because the free-field stresses 
in the direction of propagation and 
normal to the direction of propagation 
will be unequal. 

In the more general case, the wave 
may induce curvature of the structure in 
the manner illustrated in Fig. 9. This 
phenomenon will induce alternate 

regions of compression and tension 
along the tunnel. In a subsurface 
excavation, or one with a very flexible, 
liner, the rock or soil mass will 
experience tension and compression on 
opposite sides; in the region of positive 
curvature, the tension is on the side 
marked "top", and compression is on 
the side marked "bottom". In contrast, a 
stiff l ining would experience com- 

Tension Compression 
^ 

I~ I . . v ~ , , -  _ j ~ . ~  ~-~ I'~d'" 

Tunnel 
| 

Figure 7. Axial deformation along a subsurface excavatzon (from Owen and Scholl 1981). 

Tunnel during ~. ,i / 
wclve motion ~\ / / 

Tunnel  cross sect ion 
before wave motion 

0 

0 

Figure 8. Hoop deJormation of cross-section (from Owen and Scholl 1981). 

Posi t ive  

,: ~ ~ . ~ _  ~sz, " 2 _ _ .-." ".." -- - ~" ~ ;_... _ i irvclt u, r,i~ 5 _ ~  .f  ;" 

Negcltlve " -, - . ,,..;;~>;'- 
curvclture ~'-), ;' Bottom, .. '. 

Figure 9. Curvature deformation along a tunnel (from Owen and Scholl 1981). 
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pression in the top and tension in the 
bottom, because the stiff liner would 
resist the deformation of the medium. 
This  idea of relative stiffness and the 
concept of interaction of the liner, or 
ground support system, and the medium 
are important  to the discussion that 
follows. 

curvature (O~u/Ox ~) in the direction of 
propagation are, respectively: 

0u 1 012 02/2 1 0h~ 
c)X C Ot ; OX ~ C2 0 t  2 (16) 

Structures that conform to ground 
motion 

In this case any liner or internal 
structure is considered to offer little or 
no resistance to ground motion. The  
case is pertinent to most tunnels in rock 
and many soils, since the liner stiffness 
is low in comparison to that of the 
medium. A full description of the 
derivation of the equations included in 
this section and a discussion of the 
assumptions made in order to derive 
these  e q u a t i o n s  are i n c l u d e d  in Ou~ Vp 
Appendix B. The following is a el =0l ; el,, = -+--  Cp 
summary of the theoretical basis and the 
recommended design procedure. 

The analytical procedure for estimat- 
ing strains and stresses experienced by 
structures that conform to the ground 
motion during seismic excitation is 
based on the theory of wave propagation 
in homogeneous, isotropic, elastic media 
(Newmark 1967). Starting from the 
equation describing particle motion 
resulting from propagation of a plane 
wave in the x-direction, it can be shown 1/, 1 a~. 

- -  _ _  = _ _  

that the axial strain (Ou/Ox) and ~/" =c~ ; pm c~ 

in which (Ou/Ot) and (OZu/Ot z) are the 
particle velocity and acceleration; t, the 
time; and c, the apparent wave pro- 
pagation velocity. 

T h e  s t ra ins  and cu rva tu r e s  ex- 
perienced in the free field in response to 
different wave types can be evaluated 
from Equat ion (16). For example, in the 
case of a P-wave, for which the particle 
motion is in the direction of wave 
propagation, the axial or longitudinal 
strain (e~) and its peak value (,~m) are 
given by: 

(17) 

in which cp is the P-wave velocity and 
Vp, the peak particle velocity. The  
corresponding strain normal to the 
direction of propagation and the shear 
strain are both zero. 

Similarly, the maximum shear strain 
(and the curvature (1/0m) due to an S- 
wave ) are given by: 

(18)  

in which c~ is the S-wave velocity; V~, 
the maximum particle velocity; and a~, 
the maximum particle acceleration. In 
this case, there are no axial or normal 
strains. 

Equations (17) and (18) describe the 
strains and curvature in the direction of 
propagat ion of P- or S-waves. In the 
more general case, the P- or S-wave 
propagates at an angle 05 with respect to 
the axis of some excavation or structure 
within the medium. The corresponding 
strains and curvatures, expressed as a 
function of the angle of incidence, are 
summarized in Table 1. Because the 
angle of incidence is generally not 
known, the most critical angle of 
incidence and the maximum values of 
strain and curvature are also tabulated. 
Similar data are provided for Rayleigh 
waves. Estimation of the peak ground 
motion characteristics (velocity and 
acceleration) is discussed in Appendix 
A. 

After the strains have been evaluated, 
the free-field stresses can be estimated by 
assuming that the medium can be 
treated as a linear elastic material. On 
that basis, the maximum stresses result- 
ing from P- and S-waves listed in Table 
2 were derived. These are, of course, the 
free-field stresses that would be used as 
boundary conditions if simple con- 
t inuum models are to be used for design 
of lined or unlined tunnels. If, instead, 
the tunnel structure is treated as a 

Table 1. Strain and curvature due to bod and surface waves. 

Wave  
Type Longitudinal  strain Normal  strain Shear  strain Curvature  

P-Wave 

S - W a v e  

e -  

m 

ii 
E 

o 

t- 
O O. 
E 
0 

e. 
ffl 

v o  

Cp 

v. 
Elm = " f o r  4~ = 0 ° 

cp 

V s  . 
, /  = - - s i n  ~ COS q~ 

Cs 

Vs 
elm = ~ f o r  ~b = 4 5  ° 

ZC~Cs 

VRp 
, /  = t a c o s 2  4, 

CR 

VRp 
elm = " f o r ~ = 0  ° 

CR 

Vo 
en = ~ ' s i n  2 

cp 

V~ 
Enm = --~-~ fo r  ~b = 9 0  ° 

Cp 

V s  . 
En = - - s i n  q5 COS q~ 

Cs 

V~ 
"nm= - - f o r  ~b = 45  ° 

2Cs 

VRp 
En = - ~ s i n  2 qb 

CR 

VRP 
en m = " f o r  ~b = 9 0  ° 

CR 

VRS . 
En = - - s i n  ~b 

CR 

VR.¢ 
Enm = ' - f o r  4, = 9 0  ° 

CR 

Vn 
3/ =-C~sin ~ cos ~b 

Cp 

Vp 
'Ym = = ~ f o r  ~b = 45  ° 

ZCp 

V~ 
v = - -cos2  ,~ 

Cs 

V~ 
"/m = - - f o r  ~b = 0 ° 

Cs 

VRp.  
3' = ~ l n  ~b cos q5 

CR 

VRp,  
"Ym = 2CCR for q5 = 45  ° 

VRS 
7 = -----COS q5 

CR 

VRSfo r 0 o ~'m = - -  ~ = 
CR 

1 _ aPsi n ~b cos 2 ~b 
2 p Cp 

1 = 0 . 3 8 5  a p 
Pm C~ 

for & =  3 5 ° 1 6 '  

as ~3 K = ~ o ~  #~ 
Cs 

Km : _@-for q5 : 0 ° 
Cs 

aRP . 
K = ~---sm 6 c o s  2 

c A  
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aRS 2 
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Table 2, M a x i m u m  stresses resulting l rom bod?) waves. 

Maximum normal stress Maximum shear stress 

P-wave 

S-wave 

(1-u)E V v 

(l+v)(1-2v) Cp 

E V~ 

(l+v)(1-2v) 2 Cs 

= 45 ° 

a ~  
2 c o 

G ~  

Cs 

~ = 0  

vertical shear waves and compressional 
waves. 

A tunnel  structure subjected to an 
incident sinusoidal shear wave with a 
wavelength L and amplitude A, as 
shown in Fig. 11, will experience 
transverse and axial displacements: 

• / 27rx \ 
L@ : COS q~ Sln ~ L / ~ o s  ~ ) A ; 

/ 27/'X \ 
= sin sin ,C L/ g77os / 

(19) 

simple beam, then the design strains 
and curvatures are given directly by 
Table 1. The design stresses then can be 
easily calculated by using the equations 
of the beam theory. 

Box structures in  rock and stiff soil 
are subject to racking deformations due 
to shear distortions in the medium. The 
amount  of racking imposed on the 
structure is estimated on the basis of the 
assumed soil deformations. The ana- 
lytical solution of the one-dimensional 
wave propagation problem for SH- 
waves, described above, or a computer 
program such as SHAKE can be used to 
estimate the free-field shear deforma- 
tions vs depth at a given site. An 
example of the soil deformation with 
depth is shown in Fig. 10a. The amount  
of racking imposed on the structure can 
be taken as equal to the difference 
between the soil deformations at the top 
and that at the bottom of the structure, 
such as points A and B in Fig. 10b. The 
structure needs to be designed to 
accommodate that amount  of deforma- 
t i on -p rov id ing ,  of course, that tolera- 
tion of such deformation does not 
jeopardize safety or functional require- 
ments. 

The above approach to design of 
underground structures may lead to 
very conservative design requirements if 
the structure is very stiff relative to the 
medium. This is the case for structures 
with shear walls, for example. In these 
circumstances a numerical analysis of 
the soil/structure interaction becomes 
necessary. In general, a relatively simple 
two-dimensional parametric analysis of 
a structure such as the one illustrated in 
Fig. 10b is all that is needed. A general 
purpose computer program for structural 
analysis, such as ADINA code, normally 
would be appropriate• The results of 
such an exercise would be used to 
determine the relative properties of soil 
and structure for which the interaction 
becomes important;  and to refine the 
estimate of racking deformation im- 
posed on the structure. The latter 
should be smaller than the racking 
estimated on the basis of the free-field 
deformations. 

Structures that resist ground  m o t i o n  
In this case, the liner or internal 

structure is considered to resist the 

ground motion; ground/structure in- 
teraction is important because the 
structure is stiff relative to the sur- 
rounding medium. Although the case is 
usually pertinent only to structures in 
soft soil, it is always advisable to check 
the relative stiffness of the ground and 
any l in ing or internal structure. The 
results presented herein comprise further 
development of the work of several 
investigators, including Kuesel (1969) 
and Kuribayashi et al. (1975, 1977). 
Again, a summary of theoretical de- 
velopment and the recommended design 
procedure are presented below. Addi- 
tional information on the theoretical 
background is provided in Appendix C. 

The analytical procedure for estimat- 
ing strains and stresses experienced by 
structures that resist the ground motion 
during seismic excitation is based on the 
theory of wave propagation in an 
infinite, homogeneous, isotropic, elastic 
medium, together with the theory for an 
elastic beam on an elastic foundation. 
The beam theory is necessary to account 
for the effects of interaction between the 
soil and the tunnel  structure. In the 
interest of brevity, only the effects of 
transverse shear waves are discussed 
herein. However, the same approach 
can be used to evaluate the effects of 

Assuming the structure behaves like a 
beam, the curvature due to transverse 
displacement is given by: 

1 02Uy 
= a x  2 

(2O) 
2rr ~ , 2rrx ) "A 

= - ( ~ - )  c o s 3 ~ ° s i n ( L / c o s c b  • 

The resulting forces and bending 
moments experienced by the structure 
are identified in Fig. 12 and can be easily 
calculated if there is no ground/  
structure interaction. However, if the 
structure is stiffer than the surrounding 
medium it will distort less than the free 
ground deformations, and there will be 
interaction between the tunnel structure 
and surrounding medium. This inter- 
action can be considered simply if it is 
assumed that the tunnel structure 
behaves as an elastic beam supported on 
elastic foundation. However, this 
approach involves estimating the 
foundation modulus. 

To arrive at an estimate for the 
foundation modulus, the two-dimen- 
sional, plane-strain solution to the 
Kelvin's problem was used. The 
equation defining the vertical dis- 
placement due to a point  load was 

Horizontal shear 
deformation, A (ft) 

0. I 0,2 0.3 

5o 

I00 

o • 

\ 
(a) Soil deformation profile 

0.4 • Ground surface 
[ 

IIi 
L~r= A b- Ao 

(b) Racking deformation of a box 
structure 

Figure 10. Typical soil deformation profile and racking imposed on an underground structure 
during an earthquake. 
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must be estimated. One approach 
would be to estimate the natural  period 
of the ground that is used to enter a 
ground motion spectrum and pick the 
displacement amplitude. The following 
paragraphs summarize methods for 
deriving a ground motion spectrum, 
and for estimating the natural  period of 
the ground. 

The procedure used to select a design 
spectrum for surface structures is 
discussed in Appendix A; it is based 
pr imar i ly  on strong motion data from 
surface records, considered in con- 
junct ion with specified design levels of 
structural resistance. However, because 
ample  strong motion data generally are 
not available at the depths of concern 
for design of underground structures, 
the development of a ground motion 
spectrum for use in design of these 
structures requires alternative ap- 
proaches that incorpora te  depth-  

Figure 11. Displacements due to shear-wave propagation. 

integrated numerically to study the 
effect of a displacement that is sinu- 
soidally varying. From the results of 
those calculations, and the general form 
of Kelvin's solution, the foundation 
modulus for the transverse deformations 
was deduced to be: 

2rrC 4 ( l -v)  
Kh = L ; C=(3_-4v~( i -+v) t~d (21) 

where d represents the width of the 
tunnel, and E and u are medium 
properties. This  modulus is consistent 
with that derived by Biot (1965) for the 
case where the medium is compressible. 

The expressions for the forces appl ied 
on the structure can be obtained from 
the solution of the governing equations 
given above. These expressions need to 
be maximized with respect to the 
wavelength, L, and the angle of 
incidence, q~ (see Appendix C). The 
results are summarized in Table 3 for 
the case of transverse-horizontal and 
transverse-vertical shear waves. 

I //  'Crcum,eren o  
forces,thrust 
0nd bending 
moment due to 
ground structure 
interoction 

Sectionat forces due to 
curvature ond axial 
deformot ion 

Figure 12. Identification o[ design parameters 
Jor a tunnel section (modified Jrom Owen 
and Schol11981). 

Ground motion displacement 
spectrum 

In order to calculate the design forces 
using the equations listed in Table 3, 
the ground displacement ampli tude (A) 

dependent at tenuation effects. One such 
approach uses site response analysis 
techniques to compute free-field motions 
at any desired depth, considering soil 
properties of the actual site profile 
under consideration. One-dimensional  
analysis procedures are most widely 
used for this purpose, a l though it 

Table 3. Maximum ]orces resulting Jrom shear waves. 

I. T r a n s v e r s e - h o r i z o n t a l  w a v e s  

1 
Bending  m o m e n t  = (4 EIC2) I /3A 

Shear force = C A 

Axial force -- C A 

Pressure 4 (4C4~1/3 A 

4(1 -v) 
where C = Ed 

(3-4v)(1 +v) 

and A corresponds to the amplitude of the horizontal motion 

II. Transverse-vertical waves 

I 
Bending moment = (4 EIB2) 1/3A 

5 
Shear force = B A 

Axial force -- C A 

Pressure = _4 /,4B4~1/3 A 
5 \ E I !  

Ed 
where B --- 

2(1 -v)(1 +u) 

and A corresponds to the amplitude of the vertical motion 

E = modulus of elasticity of concrete; 
/ = moment of inertia of tunnel cross-section; 
d -- width of tunnel; 
E -- modulus of elasticity of soil medium; 
v --- Poisson's ratio of soil medium. 

180 TUNNELLING AND UNDERGROUND SPACE TECHNOLOGY Volume 2, Number 2, 1987 



should be noted that such procedures 
ignore effects from all but vertically 
propagating body waves. 

Two types of site response analyses 
can be used to compute free-field 
motions at depth. One type uses a 
deconvolution procedure, consisting of 
definition of input  motions at the 
ground surface and use of the one- 
dimensional wave equation to compute 
the corresponding subsurface motions. 
However, because results from this 
procedure can be quite sensitive to 
uncertainties in definition of surface 
input  motions and/or  subsurface soil 
properties, care must be taken both in its 
application and during interpretation 
of its results (Schnabel et al. 1972). 

In the second type of site response 
analysis, surface motions are applied at 
the subsurface soil/rock interface and 
the motions at the ground surface are 
calculated. The calculated surface 
motions are then scaled so that some 
measure of their strength, e.g. their 
spectrum intensity, or the area under the 
response spectrum over the frequency 
range of interest, is identical to that of 
certain designated surface motions. The 
scale factor then can be applied to the 
calculated motions at the required 
depths. By repeating this calculation for 
a range of soil properties and input  
ground motion, a plot of the ground 
motion displacement amplitude as a 
function of the natural period of the 
ground can be derived. This plot of the 
ground displacement amplitude at the 
depth of concern is referred to as the 
ground motion spectrum. 

The final stage in determining the 
displacement amplitude of ground 
motion is to estimate the natural period 
for the site and then use that to enter the 
ground motion spectrum. The natural 
period can be calculated easily if the 
earthquake ground motion is attributed 
primarily to shear waves and it can be 
assumed that the medium consists of a 
uniform soil layer overlaying a hard 
layer. In these circumstances the ground 
deformation may be approximated by 
an arc of a sine curve, as shown in Fig. 
13. The dynamic response of this 
medium is analogous to that of a shear 
beam subjected to a base motion. In this 

case, the natural period of the ground is 
given by 

4 H  
T - (22) 

Cs 

where H represents the thickness of the 
soil layer and % the shear wave velocity. 
Thus, the period is equal to the time it 
takes a shear wave to travel four times 
the thickness of the soil; or, in other 
words, to repeat itself. The case of a 
medium with several horizontal soil 
layers is covered by Idriss and Seed 
(1968). 

Cut-and-cover construction 
Cut-and-cover construction is treated 

as an independent topic merely because 
it involves substantially different con- 
struction practice than other forms of 
underground excavations. Typically, a 
backfill is placed between the medium 
and the underground excavation, and 
that backfill may consist of relatively 
poorly compacted material. Despite 
these differences, the methods of design 
are identical. It is recommended that an 
approach similar to that described in 
the previous sections be used. 

The major difference is that under 
horizontal shear waves (SH-waves), the 
foundation modulus or spring constants 
in the soil/structure interaction model 
should reflect the properties of the 
interface material between structure and 
soil. Since in this model the spring 
constant is based on the assumption of a 
uniform rather than layered medium, 
two cases may be considered in order to 
bound the problem. In one case, the 
spring constant is based on the properties 
of the backfill; and, in the other, it is 
based on the properties of the medium. 
It is believed that such an approach will 
prove to be conservative and realistic. 

Under vertical shear waves (SV- 
waves), the ground support is placed in 
direct contact with the medium. As a 
result, the same procedure outlined in 
the previous sections applies in this 
case. 
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Appendix A - -  
Seismic Environment 
(Prepared in collaboration with 
S. D. Werner) 

Causes of Earthquakes 
Seismologis t s  typical ly  classify ear th-  

quakes  a c c o r d i n g  to one  of four  modes  
of g e n e r a t i o n - - t e c t o n i c ,  volcanic ,  col- 
lapse, or  exp los ion .  T e c t o n i c  ear th-  
quakes ,  w h i c h  are by far the mos t  
c o m m o n ,  are p roduced  w h e n  the rock 
breaks  in  r e sponse  to var ious  geo log ic  
forces.  T e c t o n i c  e a r t h q u a k e s  are 
associa ted w i t h  relat ive d i s p l a c e m e n t  
tha t  occurs  a l o n g  faults,  w h i c h  may  be 
created or  reac t iva ted  d u r i n g  the ear th-  
quake .  Vo lcan ic  ea r thquakes ,  as the 
n a m e  impl ies ,  a c c o m p a n y  vo lcan ic  
e rup t ions .  Col lapse  e a r t h q u a k e s  ac- 
c o m p a n y  events  such  as lands l ides  or 
the col lapse  of roofs of u n d e r g r o u n d  
caverns  or mines .  Seismic  events  
a n a l o g o u s  to tec tonic  e a r t hquakes  may  
also occur  in  deep mines  a n d  in  o p e n  cut  
excavat ions .  These  v io len t  releases of 
s t ra in  energy  w h i c h  are "explos ive  l ike"  
in  n a t u r e  are k n o w n  as rockbursts .  
E x p l o s i o n  e a r t h q u a k e s  are m a n - m a d e ,  
a n d  arise f rom d e t o n a t i o n  of chemica l  
or nuc lea r  devices. 

T h i s  a p p e n d i x  deals specif ical ly w i t h  
tec ton ic  ea r thquakes ,  s ince these are of 
p r i m a r y  conce rn  d u r i n g  des ign  of 
u n d e r g r o u n d  structures.  However ,  the  
t e c h n i q u e s  used to q u a n t i f y  the g r o u n d  
m o t i o n  are equa l ly  a p p l i c a b l e  to o the r  
types of ea r thquakes .  

Pla t e  T e c t o n i c s  
As n o t e d  above,  faul ts  p lay  a cr i t ical  

role d u r i n g  tec tonic  ea r thquakes .  T h e s e  
faul ts  may  be re la ted  to the  local  
geo log ic  e n v i r o n m e n t  or to the g loba l  
p a t t e r n  of faul ts  tha t  def ine the  
b o u n d a r i e s  be tween  relat ively s table 
reg ions  of the  ea r th ' s  surface. Acco rd ing  
to the  theory  of p la te  tectonics,  these 
s table  regions ,  or plates,  are m o v i n g  
relat ive to one  ano the r ;  a n d  it is th is  
m o v e m e n t  tha t  resul ts  in  c o n c e n t r a t i o n  
of e a r t h q u a k e s  a l o n g  the  p l a t e  
boundar i e s .  T h e  b o u n d a r i e s  can  be 
classed as s p r e a d i n g  zones (where  plates  
are m o v i n g  apar t ) ,  shear  zones (where  
p la tes  are s l i d ing  pas t  one  ano the r ) ,  
co l l i s ion  zones (where  plates  coll ide),  or 
s u b d u c t i o n  zones (where  one  p la te  
slides u n d e r n e a t h  another ) .  

A c o m p a r i s o n  of the  loca t ion  of 
r e p o r t e d  e a r t h q u a k e s  a n d  p l a t e  
b o u n d a r i e s  ind ica te  tha t  there is a 
m a r k e d  co r re l a t ion  be tween  the two. 
Indeed,  app rox .  90% of the total  seismic 
energy  for sha l l ow  e a r t h q u a k e s  occurs  
w i t h i n  the  s u b d u c t i o n  zones a lone.  
However ,  events  do  occur  w i t h i n  p la tes  
a n d  these c a n n o t  be e x p l a i n e d  by the 
theory  of p la te  tectonics.  These  ear th-  
quakes  ar ise  f rom more  local ized 
systems of tec tonic  forces. An  e x a m p l e  
of a s i gn i f i can t  i n t r ap l a t e  e a r t h q u a k e  is 
the New Madr id ,  Missour i  (1811-12), 
event.  

F a u l t  R u p t u r e  Process  
Once  re la t ive  m o v e m e n t  a l o n g  a fau l t  

is i n i t i a t e d  as a resu l t  of cr i t ical  b u i l d u p  
of s t ra in  energy in  the rock by the 
tec tonic  or  o ther  forces, i t  spreads 
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Figure 15. Relation between Poisson's ratio 
and velocities oJ propagation oJ compression 
(P), shear (S), and Rayleigh (R) waves in a 
semi-infinite elastic medium (Richart et al. 
1970). 

The seismic waves that propagate 
from the source of the site are influenced 
by the geometry and material properties 
of the transmission path. Along trans- 
mission paths within the subsurface 
medium, both P- and S-waves are 
reflected and refracted as they encounter 
interfaces between layers with different 
material properties. Interference between 
reflected and refracted waves can result 
in a local increase or decrease in 
amplitudes of the waves as they 
propagate from the source of energy 
release. Other irregularities in the 
transmission path, such as variations in 
surface topography and discontinuities 
and inhomogeneities in the subsurface, 
greatly complicate the reflection and 
refraction processes. The surface topo- 
graphy and near surface stratigraphy 
influence the characteristics of surface 
waves. 

In addition to undergoing modifica- 
tions due to the characteristics of the 
transmission path, the amplitudes of 
the seismic waves are modified as a 
result of geometric spreading effects and 
attenuation resulting from the dis- 
sipative properties of the subsurface soil 

and rock materials. The nonlinear  
characteristics of the subsurface materials 
also affect the dynamic characteristics of 
those components of ground shaking 
associated with wavelengths comparable 
to or shorter than the characteristic 
dimensions of the various subsurface 
layers. 

C h a r a c t e r i s t i c s  o f  E a r t h q u a k e s  
a n d  G r o u n d  M o t i o n  

The characteristics of earthquakes 
and ground motion pertinent to the 
development of seismic input  criteria 
are the size of the earthquake and the 
intensity, frequency content, and the 
duration of the ground motion. The 
generally accepted means of defining 
each of these characteristics for en- 
gineering application is summarized 
below. 

Size o f  the E a r t h q u a k e  
For engineering purposes, the size of 

an earthquake most typically is 
represented in terms of the earthquake 
magnitude. The magnitude is calculated 
from measurements recorded on seismo- 
graphs but is, of course, independent of 
the point  of observation. Several 
different magnitude scales are currently 
in use, the most common of which are 
the local magnitude, ML; the surface 
wave magnitude, Ms; the body wave 
magnitude, MB; and the moment 
magni tude ,  Mw. The  choice of 
magnitude measure to be used is 
governed to a considerable extent by the 
characteristics of the event itself. The 
means of defining each and the normal 
application of each is summarized in 
Table 4. The relative values of the 
different magnitude scales are illustrated 
in Fig. 16. 

Physically, the magnitude has been 
correlated with the energy released by 
the earthquake, as well as the fault 
rupture length, felt area, and maximum 
fault displacement. Several magnitude 
vs fault rupture length correlations 
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Figure 16. Numerical values (Boore and 
Joyner 1982). 

derived using worldwide data are shown 
in Fig. 17. Similar curves have been 
derived for specific areas and specific 
types of faults. In current engineering 
applications, such curves are used in 
estimating design earthquakes. For 
such estimation, the fault rupture 
length is usually assumed to be equal to 
1/2 or 1/3 of the total length of existing 
faults (Slemmons 1977). 

In t ens i t y  o f  the  G r o u n d  M o t i o n  
Both qualitative and quantitative 

measures have been used to characterize 
the intensity of the ground shaking. 
Qualitative measures are based on 
observed effects of the earthquake 
motions on people and on structures 
and their contents. The various intensity 
scales, such as the Rossi-Forel and 
Modified Mercalli scales, are examples 
of qualitative measures of the ground 
shaking. 

Quantitative measures, on the other 
hand, correspond to quantities for 
representing the intensity of the shaking 
that are obtained directly from ground 
motion time histories. Typically, a 
single parameter is used to describe the 
intensity. Peak acceleration, peak 
velocity, peak displacement, spectrum 
intensity, root-mean-square accelera- 
tion, and Arias intensity are among the 

Table 4. Definition and application (Housner and Jennings 1982). 

Magnitude 

Local, ML 

Surface wave, Ms 

Body wave, Mb 

Moment, Mw 

Definition 

Logarithm of peak amplitude (in microns) measured on 
Wood-Anderson seismograph at distance of 100 km from 
source and on firm ground. In practice, corrections made to 
account for different instrument types, distances, site 
conditions. 

Logarithm of maximum amplitude of surface waves with 
20-s period. 

Logarithm of maximum amplitude of P-waves with 1 -s period. 

Based on total elastic strain-energy released by fault rupture, 
which is related to seismic moment Mo (Mo = G.A.D, where 
G = modulus of rigidity of rock, A = area of fault rupture 
surface, D = average fault displacement). 

Application 

Used to represent size of moderate earthquake. 
More closely related to damaging ground 
motion than other magnitude scales. 

Used to represent size of large earthquakes. 

Useful for assessing size of large, deep-focus 
earthquakes which do not generate strong 
surface waves. 

Avoids difficulty associated with inability of 
surface wave magnitudes to distinguish 
between two very large events of different 
fault lengths (saturation). 
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parameters that have been used for this 
purpose. O[ these, the most widely used 
measure is the peak ground acceleration. 
However, it should be remembered that 
peak ground acceleration is not a good 
indicator of the damage potential of 
ground motion, i.e. it is repetitive 
shaking with strong energy content that 
leads to structural deformation and 
damage. As a result, the term "effective 
acceleration" has been used to refer to 
an acceleration which is less than the 

peak free-field acceleration and is more 
representative of the damage potential 
of ground motion (Newmark and Hall 
1982). 

In view of the emphasis on peak 
ground motion that would be ex- 
perienced at a site, considerable attention 
has been devoted to developing attenua- 
tion relationships. These are empirical 
relationships derived from measured 
free-field data on ground motion 
strength, duration parameters, magni- 
tude, distance, and, in some instances, 
site conditions. Not surprisingly, 
attenuation relationships most com- 
monly have been derived for peak 
acceleration. However, empirical re- 
lationships for peak velocity, peak 
displacement, and the other single- 
parameter measures of the intensity of 
the ground shaking also have been 
developed. Several relationships for 
peak acceleration are summarized in 
Table 5 for illustrative purposes. 

Since the empirical attenuation re- 
lationships are derived through statistical 
regression, the form of the equation can 
vary markedly from one investigator to 
the next. However, the resulting 
attenuation curves are, in general, more 
sensitive to the availability of strong 
motion data than to the regression 
equation form. 

A comparison of recent peak accelera- 
tion vs distance correlations derived 
using strong motion data is given in 
Fig. 18. The figure illustrates that the 

various correlations are in relatively 
good agreement for earthquakes of 
magnitude 6.5. The quality of this 
agreement may be attributed to the large 
data base for earthquakes of this 
magnitude. On the other hand, the data 
base on 7.3 magnitude earthquakes is 
more limited and the relationships 
diverge substantially at a distance less 
than 10 km from the fault. Accordingly, 
one is led to the conclusion that while 
such relationships provide a valuable 
basis for developing seismic design 
criteria where data are ample, they 
should be used with caution for 
conditions where the data are sparse or 
nonexistent. 

Frequency Content 
of the Ground Motion 

To define the frequency content of the 
ground shaking, a frequency spectrum 
is required. Two types of spectra are 
widely used in current earthquake 
engineering practice. One type is the 
response spectrum, which is useful 
because it indicates ground motion 
frequency characteristics in a form that 
is of most direct application to structural 
analysis and design, especially where 
linear response is to be estimated. The 
response spectrum is defined as a plot of 
the maximum response of a single- 
degree-of-freedom oscillator, as a 
function of its frequency and damping 
ratio. This response can be plotted in a 

Table 5. Attenuation relationships for peak ground acceleration. 

Magnitude Distance 
Data source range of range of data Soil factors Equation References 

data (km) 

5-0-7.6 6 .0-160 Rock Graphical Schnabel and 
Seed (1973) 

153 records 
f rom Western 
US earthquakes 

Records f rom 
Central 
United States 

70 records 
f romUn i ted  
States 

116 records 
f rom 27 
earthquakes 
wor ld wide 

182 records 
f rom 23 
earthquakes 
in Western 
North America 

< 6.0 

4.4-7.7 

5.0-7.7 

5.0-7.7 

10-250 

< 5 0  

4 .0 -300  

None 

Rock 
Soil 

None 

None 

Log A = - 0.36 + 0.56 mb 
- 0.00 Log R R_~15 km 

Log A = 0.84 + 0.52 m b 
- 1 . 0 2 L o g R  R ~ 1 5 k m  

where A = peak acceleration, c m / s  2 
mb = body wave magnitude 
R = epicentral distance, km 

InA : 3.40 + 0 .89M 1.17 InR 
-0.20 Ys 

w h e r e A  = peak acceleration magnitude 
M = earthquake magnitude 
R hypocentral distance, km 

0 Rock 
Ys = 1 Soil sites 

A = 0.0159 e 0868M 
[R+0.0606 e 0.70OM] 1.o9 

where A = peak acceleration, g 
M = Richter magnitude 
R = distance to causative faul t  

log A = - 1.02 + 0 .249M - log r 
- 0 .00255r  

where A = peak acceleration, g 
rM= m o m e n t  m a g n i t u d e  

= (R 2 + 7.32) 1/2 
R = Distance to fault, km 

Nuttli and 
Herrmann 
(1978) 

McGuire 
(1978) 

Campbell 
(1981) 

Joyner and 
Boore (1981 ) 

Comments 

Supplemented available 
data base by computing 
rock outcrop motions 
from surface ground 
motions at 11 
structures 

Relations based in part 
upon theoretical 
formulat ions, and in 
part upon observational 
data. 

Used both horizontal 
components of each 
record. 

Used records wi th peak 
acceleration of at least 
0.02 g for one 
component. Used both 
horizontal components 
of each record. 

Used the larger of the 
two horizontal 
components. 
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Figure 18. Comparison of recent correlations between horizontal peak acceleration, magnitude 
and distance (modified Jrom Donovan 1982). 

linear form or in the more familiar 
logar i thmic,  t r ipart i te  form. An 

illustration of this type of response 
spectrum is provided in Fig. 19. 

The second principal type of fre- 
quency spectrum is the Fourier Ampli- 
tude spectrum, which is defined as a 
plot of the amplitude of the relative 
velocity for an undamped single-degree- 
of-freedom oscillator at the end of the 
record as a function of its frequency. 
Such spectra have been used in studies 
of ground shaking and strong motion 
seismology for site amplification studies 
at strong motion accelerometer stations, 
evaluations of wave transmission char- 
acteristics recorded by differential arrays 
of accelerographs, and source mechanism 
studies. They are not considered further 
in this text. 

Durat ion  of  S t rong  M o t i o n  
In addition to the strength and 

frequency content of the ground shak- 
ing, the duration of strong shaking will 
influence the effects of the earthquake 
motion on the response of structures. In 
particular, the number  of excursions of 
the structure into the nonl inear  range is 
likely to control the extent of permanent 
damage. Unfortunately, there is, at 
present, no single universally accepted 
approach for quantifying the duration 
of strong shaking for a given ground 
mot ion accelerogram. Several ap- 
proaches, including specifying the time 
between the first and last excursions of 
ground acceleration above some specified 
level, have been proposed; however, 
these have not yet been developed to a 
point  where they can be incorporated 
into routine seismic design criteria. 

Specifications of 
Seismic Input Criteria 

At present, the most widely used 
approach for specifying seismic input  
criteria for surface structures is through 
development of response spectra. Two 
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Figure 19. Maximum response o[ a simple damped oscillator to dynamic motion o[ its base. 
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aspects of this approach for defining 
seismic design criteria should be noted. 
First, the response spectra should be 
representative, not only of the antici- 
pated characteristics of the ground 
motion at the site, but also of an 
acceptable level of structural response. 
Second, a response spectrum approach 
should not be used if (1) the structure's 
response is highly nonlinear;  or (2) the 
structure is sufficiently long that 
earthquake input  motion could vary 
significantly in amplitude and phase 
along its length. In these cases, the 
specification of seismic input  criteria in 
the form of motion time-histories is 
most appropriate. Definition and use of 
mot ion time-histories for design/ 
analysis of underground excavations 
are discussed in the main text, under 
"Seismic Activity." The discussion here 
is more relevant for free-standing 
structures, either on the surface or 
within underground excavation, and 
serves primarily to illustrate an alterna- 
tive approach to definition of seismic 
input  criteria. 

The two approaches currently in use 
for developing response spectra--deter- 
ministic and probabilistic--differ in the 
method used to account for the various 
uncertainties associated with the earth- 
quake process, The most important 
uncertainties are the timing and location 
of future earthquakes of a given size and 
the characteristics of the resultant 
ground shaking that would be ex- 
perienced at a particular site. 

Dete rmin i s t i c  A p p r o a c h  
Deterministic methods do not directly 

account for the uncertainties in the 
occurrence of earthquakes. Instead, 
specific earthquake events associated 
with particular faults or other geologic 
features are identified, and the sizes 
(magnitudes, epicentral intensities, etc.) 
and source-site distances associated 
with these events are used for the 
development of the response spectra. 
Standard ground motion vs distance 
a t t enua t ion  curves derived from 
statistical regression analyses are used to 
establish the general levels of shaking at 
the site. These ground shaking levels are 
then used to derive response spectra by 
scaling standardized spectrum shapes. 

Standardized spectrum shapes are 
developed from statistical analysis of 
response spectra with different levels of 
damping for an ensemble of measured 
ground motion records, either for a 
variety of geologic settings or one 
specific type of geologic setting. An 
example of a general response spectrum 
is given in Fig. 20. Tha t  particular 
spectrum was adopted by the Nuclear 
Regulatory Commission as a standard 
for design of nuclear facilities. 

Site-dependent spectra are developed 
by grouping ground motion records 
according to local site geology. 
Examples of such spectrum shapes, 

which are incorporated in the ATC-3 
provisions for the development of 
seismic regulations for buildings, are 
reproduced in Fig. 21. 

Probabi l i s t i c  A p p r o a c h  
Probabilistic methods differ from 

deterministic methods in that they use 
simple probabilistic models as tools for 
estimating effects of uncertainties in the 
occurrence of earthquakes and in the 
attenuation relationships. The occur- 
rence of earthquake events in time and 
space within each potential earthquake 
source is represented using a simple 
probabilistic model. Most commonly, it 
is assumed that future earthquake 
events are spatially and temporally 
independent. Accordingly, it is often 
assumed that the future occurrence of 

seismic events in time can be described 
as a homogeneous Poisson process with 
a uniform occurrence rate. Also, the 
spatial distribution of earthquakes in a 
particular source zone is almost always 
assumed uniform, although any number 
of such zones can be defined as a basis 
for probabilistically modeling the 
ground shaking. In general, earthquake 
magnitudes are considered to be ex- 
ponentially distributed. When coupled 
with applicable ground motion attenua- 
tion relationships, this approach leads 
to definition of the probability of 
exceeding a given level of ground 
shaking at the site. 

In its simplest form, the current 
practice is, typically, to use peak ground 
acceleration as the single measure of the 
strength of shaking at the site. Peak 
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acceleration vs probability curves are 
developed and are entered at a selected 
probability level in order to define the 
peak ground acceleration. This accelera- 
tion is then used to scale a fixed 
spectrum shape (which may be site- 
independent or site-dependent) in order 
to obtain the site design response 
spectra. This approach is summarized 
schematically in Fig. 22. However, 
because the use of fixed spectrum shapes 
has certain limitations, some in- 
vestigators have developed procedures 
for probabil ist ically defining the 
spectral amplitudes of the design 
spectrum on a frequency-by-frequency 
basis. Although this approach would 
appear to be more refined than the fixed 
spectrum shape approach, it does 
require frequency-dependent attenua- 
tion data, which often are not really 
available. 

Appendix B-- 
Theoretical Development of 
Seismic Response When 
Ground/Structure 
Interaction Is Ignored 

This appendix provides a detailed 
description of the assumptions made to 
arrive at the recommended preliminary 
design procedure for structures in soil 

and rock summarized under "Recom- 
mended Procedures for Preliminary 
Design of Underground Structures." 
Although part of this appendix overlaps 
the material presented under "Structures 
that Conform to Ground Motion," it is 
included here for clarity and ease of 
reference. 

As discussed previously, the analytical 
method for estimating the strains and 
stresses experienced by an underground 
structure when it conforms to ground 
motion is based on the theory of wave 
propagation in an infinite, homo- 
geneous, isotropic, elastic medium. The 
case is pertinent to most tunnels in rock 
and many soils, since the liner stiffness 
is low in comparison to that of the 
medium. 

S e i s m i c  S t r a i n s  

The particle motion associated with a 
plane wave propagation in the x- 
direction in an infinite medium can be 
represented by 

u(x , t )  : f ( x - c t )  ( B - I )  

where t represents time and c, the 
apparent wave propagation velocity. 

The first and second derivatives of the 
displacement function with respect to 
location in time, t, and space, x, are 

Ou OZu 
~x  = f ' (x - ct) 0 7  = f "  (x - ct) 

(n-2) 
02u 

Ou f '  (x ct) -gi~: d i "  (x ct) - -  = - C  - 

Ot 

From the above expressions, the follow- 
ing relationships can be derived 

Ou 1 0 u  
= - (g-3a) 

Ox c Ot 

and 

O~u 1 O2u 
= - - - -  (B-3b) 

Ox ~ c z Ot z 

0 U  . 02U 
where ~-x xs a measure of strain; Ox 2 

Ou OZu 
represents the curvature; and 0--/-and Ot ~ 

represent,  respectively, the part icle 
velocity and acceleration. In the special 
case where the displacement function 
can be assumed as a sine or cosine 
function 

2~- 
u : Um sin ~ -  (x - ct) (B-4) 

where L is the wavelength and Um the 
maximum displacement amplitude, 
Equation (B-3b) yields 
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Figure 22. Current practice for carrying out  seismic hazard assessment in terms of  peak acceleration. 
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(2n-~ 2 1 O~u 
U m k L  / = c 2 0 t  z (B-5) 

With the maximum particle accelera- 
tion defined as am, the maximum 
displacement amplitude is given by 

L 2 T 2 
Um =(2~C)  am = (2~) am (B-6) 

where T represents the period of the 
wave. Of course, the above equation is 
valid only for a sinusoidal wave. 

For a P-wave, the particle motion is in 
the direction of wave propagation (Fig. 
14) and, as a result, the axial or 
longitudinal strain is given by 

Oul (B-7) 
e~ = + Ol 

The axial strain can be related to the 
particle velocity of the soil (Equation 
(B-3a)) as follows: 

1 Out 1 
el = +  cp Ot - +  cp iz~ (B-8) 

where cp represents the P-wave velocity. 
By setting the maximum particle 
velocity due to P-wave equal to Vp, the 
maximum axial strain will be given by 

Vp (B-9) 
~lm =+ Cp 

The strain normal to the x-axis and the 
shear strain are zero because of the 
assumed nature of the wave. 

For a shear wave, the particle motion 
is in the direction perpendicular to that 
of wave propagation (Fig. 14) and, as a 
result, the shear strain is given by 

Ou,, (B-10) 
Y= Ol 

The shear strain can be related to the 
particle velocity of the soil as follows: 

1 Ou~ l 
y = ± - - - - = ±  - - ~ .  (B-1I) 

Cs Ot Cs 

where Cs represents the apparent S-wave 
velocity. By setting the maximum 
particle velocity equal to V,, the 
max imum shear strain will be given by 

1 1 02u~ 1 (B-13) 
= d ot~ = c T i ~  

By setting the maximum particle 
acceleration due to shear wave equal to 
as, the maximum curvature will be 
given by 

1 a~ (B-14) - -  = - -  . 

p d 

Finally, a P- or S-wave propagating at 
an angle 4) to the axis of the structure 
will cause longitudinal,  normal and 
shear strains, which are summarized in 
Table 1. The  curvature along the axis of 
the structure is also given in the table. 
Each  of these q u a n t i t i e s  can  be 
maximized by adjusting the value of the 
angle of incidence, 4). The  max imum 
value for each quantity is shown in 
Table 1. 

The  strains experienced by the tunnel 
structure can be easily calculated if the 
structure is treated as a simple beam. 
The design strains and curvatures are 
given directly by Table 1. The  combined 
longitudinal  strain from axial deforma- 
tion and bending is also of interest. This 
strain is given by 

=Vp Ra t) 
cap cp c°s2 4) +c~- sin 4, cos24) (B-15a) 

for a P-wave, and by 

V~ Ras 
ca5 - - -  sin4) cos4) + cos34)  (B-15b) 

- Cs C~ 

for an S-wave, where R represents the 
distance from the neutral axis to the 
extreme fiber of the tunnel cross- 
section. It is apparent from the above 
expressions that the maximum value for 
the axial strain and bending strain 
occur at different values of the angle of 
incidence and, as a result, the value of 4) 
that will maximize the longitudinal 
strain varies, depending on the dimen- 
sion of the structure. An upper limit to 
the combined longitudinal strain is 
given by the sum of the maximum of 
each of the axial and bending strain, i.e. 

Rap 
ep,~ = Vp + 0.385 

cp C2p 

4)= 
0 ° axial strain 

35 ° 16' bending strain 

V~ (B-12) 
"~m = Cs for a P-wave where i, and 

In this case, the longitudinal  and V~ Ra~ 
normal strains are zero. Esm = ~C s + C 2 ; 

In addition, a shear wave gives rise to 
a curvature along the direction of wave 45 ° axial strain 
propagation, which can be defined 4) = 
(Equation (B-3b)) as: 0 ° bending strain 

(B-16a) 

(B-16b) 

for an S-wave. Noting that 

cp = V (l-2~v) c5 (B-17) 

it can be easily shown that, in a medium 
with a Poisson's ratio smaller than 0.33, 
the maximum axial strain is due to a 
compressional wave if it is assumed that 
the particle velocities due to P- and S- 
waves are equal. The  bending strain is 
usually much smaller than the axial 
strain. As a result, the upper l imit  for 
the combined longitudinal strain is, in 
general, due to a compressional wave. 

Seismic Stresses 
Once the strains have been evaluated, 

the stresses in the medium around the 
tunnel structure can be estimated by 
using the three-dimensional constitutive 
relations for a linear, elastic, isotropic 
material; namely, 

E 
ox - (l+u) (1-2u) [(l-v) ex + v(ey + e~)] 

~ t 

(g-18a) 

and 

rxy = G Y~y (B-18b) 

in which ax and rxy are, respectively, 
normal and shear stress; and E, G, and 
v-- the  elastic modulus, shear modulus, 
and Poisson's ratio of the medium. The 
maximum stresses in the medium due to 
body waves along with the angle of 
incidence for the wave are summarized 
in Table 2. These values were found as 
follows. 

For a P-wave, the strain components 
for a wave propagating parallel to the 
axis of the tunnel are (from Table 1). 

v, 
Ex= ~p 

er : ez : 0 (B-19) 

From Equation (B-18a), the normal 
stress is given by 

( l - v )  E __VP (B-20) 
of = (l+v)(1-2u) cp 

The maximum shear stress is obtained 
for a wave traveling at 45 deg. to the axis 
of the structure and is given by 

vp (B-21) 
rp = G 2c-~- 

For a shear wave, the maximum normal 
stress is obtained for a wave propagating 
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at 45 deg. to the axis of the structure. In 
this case, the strains are equal to 

V' (B-22) 
Ex = Ey = 2CW 

Ez=0 

The maximum normal stress is thus 
given by 

E V, (B-23) 
li '= (l+v) (1-2v) 2c~ " 

The maximum shear stress is obtained 
when the wave is traveling parallel to 
the axis of the structure and is given by 

V~ 
r~ = G - -  (B-24) 

Cs 

It is interesting to know that for a 
medium with a Poisson's ratio greater 
or equal to 0.19, the maximum normal 
stress in that medium is due to a shear 
wave rather than a compressional wave. 
In the above conclusion, the particle 
velocity due to P-wave and that due to 
S-wave are assumed to be equal. The 
maximum shear stress is also due to a 
shear wave. 

The maximum stresses in the medium 
resulting from P- and S-waves are 
summarized in  Table 2. These are, of 
course, the free-field stresses that would 
be used as boundary conditions if 
simple cont inuum models are to be used 
for design of lined or unl ined tunnels. 
If, instead, the tunnel structure is treated 
as a simple beam, then the stresses are 
obtained by using the equations from 
beam theory and the strains and 
curvature given in Table 1. Namely, the 
axial stresses are given by the relation 

a a =  E ' 

where e is the axial or longitudinal  
strain and E is the elastic modulus of the 
tunnel section material, and the bending 
stresses are given by 

E ' R  
l ib  ~ 

0 

where R is the distance from the neutral 
axis of the tunnel  section and p is the 
radius of curvature. For example, for a 
shear wave the maximum axial stress is 
given by 

E' Vs (B-25) 
lia = E '  ~s = 2Cs 

and the maximum bending stress is 
given by 

l ib  = 
E' R = __E' Ra,  (B-26) 

p c~ 

The upper l imit for the longitudinal  
stress is given by the sum of the 
maximum for the axial and bending 
stresses. This approach is conservative 
because the maxima do not occur at the 
same time. 

Appendix C-- 
Theoretical Development of 
Seismic Response 
When Ground/Structure 
Interaction is Considered 

This appendix provides a detailed 
description of the assumptions made to 
arrive at the recommended preliminary 
design procedure for subaqueous tunnels 
summarized in the above text. Part of 
this appendix overlaps the material 
presented in the text, but is included for 
completeness, clarity and ease of 
reference. 

As discussed in the text, the analytical 
procedure for estimating the forces 
experienced by structures that do not 
conform to the ground motion during 
seismic excitation is based on the theory 
of wave propagation in an infinite, 
homogeneous, isotropic, elastic medium, 
and the theory for an elastic beam on an 
elastic foundation. The equations for 
wave propagation are used to determine 
the free ground deformations or the 
ground deformations in the absence of 
the tunnel structure. Since the tunnel 
structure is stiffer than the surrounding 
soil, the structure will not conform to 
the fiee ground deformations. 

The beam theory is necessary to 
account for the effects of interaction 
between the soil and the tunnel 
structure. This approach parallels, in 
part, the procedure developed for the 
design of the Trans-Bay Tube for the 
San Francisco Bay Area Rapid Transit  
(Parsons Brinckerhoff 1960), and the 
work of several investigators (Kuri- 
bayashi et al, 1975, 1977). 

The following discussion develops 
the procedure outlined above. The 
effects of, first, transverse horizontal 
shear waves and, subsequently, vertical 
shear waves and compressional waves 
are considered; then the equations 
needed to estimate the forces acting on a 
subaqueous tunnel structure during an 
earthquake excitation are derived. 

Forces Due to Transverse- 
Horizontal Shear Waves 

A tunnel  structure subjected to an 
incident sinusoidal shear Wave with a 
wavelength L and amplitude A, as 
shown in Fig. 11 in the main text, will 
experience a transverse displacement, 

2rrx (C- 1 ) 
ur = A cos 4) sin L/cos 4) 

and an axial displacement, 

Ux = A sin 4) sin 2 z r x  (C-2) 
L/cos 4) 

where 05 is the angle of incidence 
between the direction of wave pro- 
pagation and the axis of the structure. 
Assuming the structure behaves like a 
beam, the curvature due to transverse 
displacements is given by 

1 Oz uy 
p Ox 2 

( ~ ) 2  . / 2~-x , 
cos , A sm tL-YLVg) 

(c-3) 

where p is the radius of curvature. The 
resulting forces in the tunnel  structure 
are: 

(a) a bending moment, 

E ' I  (2.._~,~ ~ . [ 2rrx ,, 
M = - y - =  / cos  4, E'i i smtc ) 

(C-4) 

(b) a shear force, 

OM ( 2 ~  , 2~'x 

(c-5) 

(c) an equivalent load density (load per 
uni t  length) necessary to cause the 
curvature, 

P = -~-x = \L / c°s5 4 ) E ' I A  sln~,---7----vl 
L/COS q)/ 

(c-6) 

and (d) an axial force, 

( 2~rx ] 

(C-7) 

where E',  I, and A c represent, re- 
spectively, the elastic modulus, the 
moment of inertia, and the cross- 
sectional area of the tunnel structure. 

These forces and bending moments 
are experienced by the tunnel  structure 
if, as assumed, there is no soil/structure 
interaction. However, we are con- 
sidering the case when the structure is 
stiffer than the surrounding medium. 
Accordingly, it will distort less than the 
free ground deformations and there will 
be interaction between the tunnel 
structure and the surrounding medium. 
This interaction can be taken into 
account if it is assumed that the tunnel 
structure behaves as an elastic beam 
supported on elastic foundation. In that 
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where G and u represent, respectively, 
the shear modulus and Poisson's ratio 
of the elastic medium. 

In the present application, the solu- 
tion corresponding to a sinusoidal load 
in an infinite elastic medium is sought. 
Since no closed-form solution to this 
problem exists, a numerical procedure 
should be used. The procedure involves, 
first, deriving the solution to the case of 
a constant pressure applied to a finite 
strip in an infinite body. The solution 
for a sinusoidal distribution of loading 
then can be found by dividing the 
wavelength into several segments and 
assuming the pressure on each segment 
to be constant. In the present case, this 
procedure is applied to calculate the 
displacements under a sinusoidal line 
load. Each wavelength was divided in 10 
and 20 segments and a line load of 4, 6, 8 
and 10 wavelengths were considered. It 
was found that the calculated displace- 
ments became insensitive to the number 
of wavelengths when the latter exceeded 
6, and that 10 segments were enough to 
represent each wavelength. 

As a result of this analysis, the vertical 
displacement under a sinusoidal load 
may be approximated by 

(3 - 4v) 2rrx 
uy - 16rr (1-v)G o L sin T (C-23) 

where o represents the maximum 
ampli tude of the pressure. For a tunnel 
structure with width d and subjected to 
a horizontal shear wave, the pressure 
may be defined as the load per uni t  
length over the width of the tunnel 
structure, or 

P 
o = ~ (C-24) 

Substitution of the above equation in 
Equation (C-23) yields a maximum 
amplitude for the displacement given 
by 

(3 - 4v) L 
Uym- 16rrG(1-v) P d (C-25) 

from which the foundation modulus 
can be defined as follows, 

P _ 167rG(1-v) d 
Kh : Uym (3 - 4v) L (C-26) 

This expression for the foundation 
modulus is consistent with the deriva- 
tion of Biot (1965) for the case of an 
incompressible material. 

The procedure described for the case 
of a vertical sinusoidal load applies for 
the case of an axial sinusoidal load. It 
yields the same value for the foundation 
moduli  of the soil medium in both axial 
and transverse horizontal directions, i.e. 
K~ = Kh. 

The above expression for the founda- 

tion modulus can be written in a more 
convenient form: 

2rrC 
Kh : K ~ -  L (C-27a) 

where 

8 ( l - u )  4 ( l - u )  . ,  
C : ~ G d  ( 3 _ 4 ~ v ) ~ a  . (C-27b) 

The reason for this form will become 
apparent later in this discussion. 

D e s i g n  Forces  D u e  to Transverse -  
H o r i z o n t a l  Shear  W a v e s  

The maximum values for the bending 
moment, shear force, pressure, and axial 
force are given by Equations (C-18-C- 
21). The expressions for design forces 
are found by maximizing these equa- 
tions with respect to the wavelength. In 
the following, the expressions for 
design forces are derived for two cases. 
In one case the foundation modulus is 
assumed to be constant or independent 
of the wavelength, while in the other it 
is assumed to be a function of the 
wavelength and is given by Equation 
(C-27). The purpose is to study the effect 
of the variation of the foundation 
modulus on the design values, as the 
expression for the foundation modulus 
derived in the above section may not 
apply in some cases. 

The design value for the bending 
moment  is obtained by setting OM/OL = 
0 in Equation (C-18). If the foundation 
modulus is assumed to be independent 
of L, the value of the wavelength that 
will maximize the value of the bending 
moment is given by 

E ' I  1/4 
/c-28) 

and the bending moment is given by 

Met, = 2 (KhE' I)I/2 A (C-29) 

On the other hand, if Kh is assumed to be 
a function of the wavelength, L, as 
given by Equation (C-27), then the 
value of the wavelength that will satisfy 
the condition OM/OL = 0 is given by 

E' I ~/3 Lm : /c-30) 

and the bending moment is given by 

Md2 = 3 (4 E'IC2) 1/3 A (C-31) 

where C is given by Equation (C-27b). 
These equations for the wavelength and 
bending moment can be rewritten as 

E ' I  1/4 
/c-32) 

and 

. f 6  
M~ : v--~" 3 (E ' I  Kh) 1/2 A (C-33) 

in order to compare them with the 
corresponding equations derived for the 
case where Kh is assmned to be 
independent of the wavelength. It is 
interesting to note that the values of the 
bending moment  given by Equations 
(C-29) and (C-33) are within 10%. 
For the shear force, the value of the 
wavelength that satisfies the condition 
OV 
0--L-- = 0 when Kh is assumed to be 

independent of L is given by 

"E' I 1/4 
LUI : 2~ ( ~ )  ( C-34 ) 

and the shear force is given by 

3 1 
(3 EPI Kh3) 1/4 A (C-35) Vd, = 

In the case where K h is assumed to be a 
function of the wavelength, the shear 
force is maximum for L equal to zero 
and is given by 

Vd2 : CA (C-36) 

where C is given by Equation (C-27b). 
For the pressure, the value of the 

wavelength that satisfies the condition 
OP 

= 0 when Kh is assumed to be 
OL 
independent of L is equal to zero, and 
the pressure is given by 

Pd, = Kh A (C-37) 

In the case where Kh is assumed to be a 
function of the wavelength, the pressure 
is maximum for 

E ' I  1/4 .Epi  1/3 

and is given by 

4 4 4C 4 1/3 
Pa~=-~KhA=-~(~7-[)  A (C-39) 

where C is given by Equation (C-27b). 
For the axial force, the value of the 

wavelength that satisfies the condition 
OQ/OL : 0 when K~ is assumed to be 
independent of L is given by 

LQ, = 2rr (C-40) 

and the axial force is given by 

Q~, = 1 (2 E'Ac Ka) l/z A (C-41) 

In the case where Ka is assumed to be a 
function of the wavelength, the axial 
force is maximized for L equal to zero 
and is given by 
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Qd2 = CA (@42) 

where C is given by Equa t ion  (C-27b). 
T h e  design forces resul t ing from 

transverse-horizontal  shear waves are 
summar ized  in Tab le  6 for the two cases 
under  considerat ion.  It is r ecommended  
that the equat ions  derived for the second 
case, or  the case where the founda t ion  
modu lus  is assumed to be a func t ion  of 
the wavelength ,  be used unless it is 
bel ieved that the approach  used to 
derive the founda t ion  modulus  does not  
apply  for the case under  consideration.  

F o r c e s  D u e  t o  
V e r t i c a l  S h e a r  W a v e s  

T h e  same procedure  described above 
for the case of transverse-horizontal  
shear waves can be app l ied  to the case of 
vertical shear waves. As a result, the 
forces ac t ing  on the tunnel  structure due 
to a vert ical  shear wave are also given by 
Equa t ions  (C-18-C-21). However ,  the 
value  of the founda t ion  modu lus  and 
the wave ampl i tude  should  correspond 
to that of a vertical shear wave. 

m e d i u m  may not  apply  if the soil 
m e d i u m  above the tunnel  structure is 
m u c h  softer than the soul m e d i u m  
below it. Thus ,  it is preferable to use a 
so lu t ion  based on a load on a semi- 
inf ini te  medium.  A solu t ion  s imi lar  to 
that  of Kelvin 's  p rob lem but  for a load 
on a semi- inf in i te  m e d i u m  exists and is 
known  as the F lamant ' s  problem. In 
this case the vertical d isp lacement  
u s due to a vertical concentrated force 
can be wri t ten as 

(l-v) 
uy = - ~ o~ [ / n  Ix[ - In  la l ]  (C-43)  

where a is a constant  and corresponds to 
a r igid body mot ion .  It shou ld  be noted 
that  the above equa t i on  is s imi lar  to 
E q u a t i o n  (C-22) and as a result, the 
same so lu t ion  procedure  used in the 
previous p rob lem applies. As a result, 
the founda t ion  modulus  is given by 

2rrG d 
K~,- ( l -u)  L (C-44) 

F o u n d a t i o n  M o d u l u s  
Under  a Vertical  Load  

In the case of a t ransverse-horizontal  2~rB 
shear wave, a s ingular  so lu t ion  in Kv = L 
elasto-statics cor responding  to a l ine 
load in an infinite,  homogeneous ,  

where isotropic,  elastic m e d i u m  was used to 
derive an expression for the founda t ion  
modulus .  In the case of a vertical  load, B = 
the above a s sumpt ion  of an inf ini te  

which  can be wri t ten in a more 
convenient  way as 

(C-45a) 

Gd Ed 
( l -u)  - 2(1-v)(l+u) (C-45b) 

Table 6. Design [orces resulting from transverse-horizontal shear waves. 

Case 1. Foundation modulus is independent of the wavelength 

1 
Bending moment = ~ (Kh E'I) 1/2 A 

3 1 a 
Shear force = -4 (~ K~ E'I) A 

,3 

Pressure KhA 

1 2 Ax ia l  force = -4 ( Ka E'Ac) w2 A 

Case 2. Foundation modulus is a function of the wavelength 

Bending m o m e n t  -- (Kh E'I) 1/2 A = -~ (4 C 2 E'I) 1/3 A 

Shear force = CA 

4 4 .4B4,1/3 
Pressure= Kh A = I _--.. ~ A 

\ E l i  

Axial force = CA 

E' = modulus of elasticity of tunnel structure 
Ac : area of tunnel cross-section 
/ : moment of inertia of tunnel cross-section 
d = width of tunnel 
E = modulus of elasticity of soil medium 
y = Poisson's ratio of soil medium 
Kh : foundation modulus for transverse-horizontal load 
Ka -- foundation modulus for axial load 

_ 4(1-u) E"  
C ( 3 - ~ ( ~ u )  a 

Des ign  Forces D u e  to 
Vertical  Shear  Waves  

T h e  same procedure  used above, in 
"Des ign  Forces Due to Transverse-  
Hor izonta l  Shear Waves,"  to ob ta in  the 
design values for the bending  moment ,  
shear force and pressure when  the 
structure is subjected to transverse- 
hor izonta l  shear waves applies  for the 
case of vert ical  shear waves. Only  the 
cons tant  C, which  appears  in the 
equa t ion  for the founda t ion  modulus ,  
should  be replaced by its equ iva len t  B, 
which  was derived in the above section. 
As a result,  the design values for the case 
are given by 

1 
Md = g (4 E'IB2) 1/3 A (C-46) 

Vd = B A (C-47) 

4 ( 4B4,11/3 
Pd = ~ \E-Z-I-/ A (C-48) 

where B = Gd/(1-u). 
T h e  design value for the axial  force is 

the same as that  given by E q u a t i o n  (C- 
42), since the founda t ion  modu lus  in 
the axial  direct ion is the same as that in 
the case of transverse hor izonta l  shear 
waves. T h e  axial  force is thus equal  to 

Qj = CA (C-49) 

where C = 8(1-u) Gd/(3-4u). 
In all of the above expressions, the 

value of the d isp lacement  ampl i tude  A 
is obtained f rom the design spect rum for 
vertical shear waves or  taken equal  to 
1/2 to 2/3 of the d isp lacement  due to 
transverse-horizontal  shear waves. 

Forces  D u e  to  C o m p r e s s i o n a l  
Waves  

T h e  same approach  used to analyse a 
tunne l  structure subjected to a shear 
wave can be used to study the effects of a 
compress iona l  wave. In this case, the 
curvature  of the structure is given 

o = \ L  / s in4~cos4~Asin  L/coscb / "  

(C-50) 

It is apparen t  by c o m p a r i n g  the above 
equa t i on  to E q u a t i o n  (C-3) that the 
curvature  of the tunne l  structure due to 
a compress ional  wave is smaller  than 
that due to a shear wave. As a result, the 
bend ing  rnoment  and shear force in the 
tunnel  are smaller  when the structure is 
subjected to a P-wave than when  it is 
subjected to a S-wave. 

When  subjected to a P-wave, the 
tunnel  structure also wil l  experience an 
axial  deformat ion,  given by 

ux = A cos 4~ sin I,L/---7~os ~ !  (C-51) 
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As in the case of S-waves, the theory of 
an elastic beam on an elastic foundation 
yields a reduction factor for the axial 
deformation given by 

R2 = (C-52) 
E' A~ 2re 

The axial force is thus equal to 

Q= 
27"/" 
- -  COS 
L 

~'A~ ( ~  
1 + ~  \ L  ! c°sZ4~ (C-53) 

( 2rrx 
E'A~.A.sin \L/cos  qS! 

The maximum value for the axial force 
( 2rrx 

is obtained by setting (a) sin \L/cos  q~/ 

equal to one, and (b) OQ/Och = 0. The 
angle of incidence that satisfies the 
second condition is equal to zero, which 
results in a wave parallel to the axis of 
the structure. As a result, the maximum 
axial force is given by 

2 7 r  

L 
Q - E'A~.A <C-54) 

E'A~ (2rr~ 
1 +-U2-~ \~-! 

The above expression needs to be 
maximized with respect to the wave- 
length, L. Again, two cases will be 
considered. The first case corresponds to 
a foundation modulus, Ka, equal to a 
constant or independent of the wave- 
length. The second case corresponds to 
a foundation modulus that is a function 
of the wavelength and is given by 
Equation (C-27). In the first case, the 
value of the wavelength that satisfies the 
condition OQ/OL = O, is given by 

( E'Ac'~ t/2 
LQ, = 2re \ - - -~- !  (C-55) 

and the axial force is given by 

f ~ '  = 2 (KaE'Ac)I/2 A. (C-56) 

In the case where the foundation 
modulus is given by Equation (C-27), 
the value of the wavelength that will 
maximize the axial force is equal to zero 
and the axial force is given by 

Qd~ = CA (C-57) 

where C is given by Equation (C-27b). 
It is apparent that both assumptions 

for the foundation modulus yields the 
same value for the axial force. This 

above expression is also the same as that 
obtained for a tunnel structure subjected 
to a shear wave. However, in this case 
the value of the displacement amplitude, 
A, corresponds to that of compressional 
waves; this value is, in general, smaller 
than that for shear waves. As a result, the 
maximum bending moments, shear and 
axial forces in the tunnel structure are, 
in general, caused by shear waves. 

A p p e n d i x  D - - A p p l i c a t i o n s  
Three examples on the seismic design 

of underground structures are included 
in order to illustrate the application of 
the methodology described in this 
report. One example is for the case 
where the structure is stiff compared to 
the surrounding medium and it resists 
the ground motion; the other two are for 
the case where the structure is flexible 
compared to the surrounding medium 
and it conforms to the ground motion. 

Example of a Structure that 
Resists Ground Motion 

To illustrate the application of the 
methodology developed for structures 
that resist ground motion, the design 
conditions for the Trans-Bay Tube of 
the San Francisco Bay Area Rapid 
Transit (SFBART) system are considered 
(Parsons Brinckerhoff 1960). The pro- 
perties of the submerged tube and the 
surrounding soil medium are sum- 
marized in Fig. 24. The solution 
procedure involves three steps: (1) 
calculation of maximum forces due to 

transverse horizontal shear waves; (2) 
calculation of maximum forces due to 
vertical shear waves; and (3) calculation 
of design forces due to combined effects 
of horizontal and vertical shear waves. 
The operations involved in the first and 
second steps are illustrated in Tables 7 
and 8, respectively. The maximum 
values of the bending moment, shear, 
and axial forces are then combined 
using the square root of the sum of the 
squares of the values calculated in Steps 
1 and 2, to obtain the design value (Step 
3) for each quantity. The design values 
are summarized in Table 9. 

The design forces calculated using 
the recommended design procedure 
compare very well with those calculated 
in the actual preliminary design analysis 
of the Trans Bay Tube, provided that 
the same displacement amplitudes 
given by Parsons Brinckerhoff (1960) 
are used. No attempt has been made to 
redefine the seismic environment for 
this structure. In this example, ground/  
structure interact ion reduced the 
maximmn bending moment and shear 
force applied on the structure by a factor 
of 3 and 2, respectively. 

Unlined Excavation in Rock 
This example considers whether 

special ground support would be 
required for underground excavations 
in welded tuff, at a site at which the peak 
particle velocity due to an earthquake is 
estimated to be 28 cm/s. The P-wave 
velocity and density for the welded tuff 
are estimated to be 3000m/s and 

__1 

I CompressibLe Layer 
E , y  

- , ~ , ~ # ~ . ,  :~-~ - -  ~- ~4~. _ ~  :z~4~,~ . . . . . .  . . . . . .  

Tube properties Soi l  propert ieses 

d i = 2 9 f t  4 in.  

do = 35 f t  

E-' = 4.32 x I0 e L b / f t  2 

/r 2 
4c : ~ (dj -d,  ) =  286 f t  2 

z = & ( ~ : - ~ ? ) = 3 . 7 3 x , O  4 f t  ° 

E ' Z  = 1.611 x I0 ~m L b - f t  2 

E (psf) = 3 7 2 0 0 0 +  6 8 5 0 0 / d ( f ± )  

v = 0 .49  

d = 60  f t  

6 - =  3.758 x I06 Lb / f t  2 

Figure 24. Illustrative problem: SFBART trans-bay tube cross-section. 
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Table  7. Design Jorces due to transverse-horizontal  shear waves  i l lus trat ive  
calcula t ion  - S F B A R T .  

4(1 -~) 4(1-0.49)  
C = - -  E d =  3.738 x 106 x 35 

(3-4~)( 1 +~) (3-4x0.49)( 1 +0.49) 

C= 1.722 x 108 Ib / f t  

M d  = 1 / 3  (4E'IC2)t/ZA = 1 / 3  (4 x 1.611 x 1013 x (1.722 x 108)2)1/3 A 

M d = 4 . 1 4  x 109A Ib-ft 

Vd = C A  = 1.722 x 108A Ib 

Qd = c A  = 1 . 7 2 2 x 1 0 8 A I b  

/ 4 C ~  t/3 / 4  (1.722 x 108)4\ t/a 
P d = 4 / 5  t ~ - )  A : 4 / 5  t -1- -61T;10 ~ ) A 

Pd = 4.82 x 106 A Ib / f t  

If the values of the ampl i tude, A ,  obtained for the SFBART are used, then the design 
forces are given by: 

Md = 4.14 x 109 x 0 .01854 = 7.68 x 107 Ib-ft 

Vd = 1.722 x 108 x 0 .01144 = 1 .97x  106 Ib 

Pd = 4.82 x 106 x 0 .00786 = 3.79 x 104 Ib / f t  

The corresponding values for SFBART were respectively 7.78 x 107 Ib-ft, 1.69 × 106 Ib 
and 4.93 x 104 Ib / f t .  

Table  8. Forces due  to vertical  shear waves i l lustrat ive calcula t ion  - S F B A R T .  

Ed 3.738 x 106 x 35 
B - 2(1-u)(1 +~) - 2(1-0.49)(1 +0.49) = 8.608 x 107 Ib / f t  

1 
M d = -  3 (4 x 1.611 x 1013 x (8.608 x 107)2)1/3 A 

Md = 2.61 x 109A Ib-ft 

V d = 8 . 6 1  x 107A Ib 

Q d = 8 . 6 1  x 107A Ib 

4 (4 (8 .608  x 107)4\ 1/3 
P d = -  5 \ 1 . 6 1 1 x 1 0 1 3  ) A = 1 . 9 1 x 1 0 6 A I b / f t  

If the values of the ampl i tude, A,  are assumed to be equal to 2 / 3  of those for the 
transverse-horizontal shear wave, then the design forces are given by: 

M d  = 2.61 x 109 x 0 .01236 -- 3.23 x 107 Ib-ft 

Vd = 8.61 x 107 × 0 .00763 = 6.57 x 105 Ib 

Pd = 1.91 x 106 x 0 .00524 = 1.0 x 104 Ib / f t  

The corresponding values for SFBART were respectively 5.06 x 107 Ib-ft, 1.04 × 106 Ib 
and 2.8 x 104 Ib / f t .  

2.2 g / c m  3, respectively. F rom Tab le  1, 
the peak longi tud ina l  and normal  
strains resu l t ing  f rom a P-wave wil l  be: 

V~ 
e,,, = + 2_~ _ ± 1.0 x 10 -4 

cp 

T h e  cor responding  normal  stress is, 
from Table  2 

(l-v)E Vp 
o,,, = + (l+v)(1-2v) cP 

= + p cj, 2 e,n -~ + 2 MPa 

where the des ignat ion  + has been 
adopted  to denote the fact that  the 
stresses are super imposed  u p o n  the 
ini t ial  field stresses. 

T h e  potent ia l  s ignif icance of the 
induced stresses wil l  depend  very m u c h  
u p o n  the in i t ia l  stresses. In the case 
under  considerat ion,  the excavat ions 
are relatively deep, and the pre- 
excavat ion vertical stresses are in the 
range of 7-9 MPa. A l t h o u g h  the pre- 
excavat ion horizontal  stresses have not  
been measured,  it is very l ikely that  they 
exceed est imated peak seismic loading  
of 2 MPa. In that case, P-waves pro- 
paga t i ng  paral le l  to the tunnels  wou ld  
be unl ikely  to cause serious loosening  of 
the roof. P-waves p ropaga t i ng  per- 
pendicu la r  to the tunnel  axis could  
temporari ly result in low total horizontal  
stresses, wi th  some potent ia l  for jo in t  
o p e n i n g  and jo in t  shear displacement.  
T h e  rock suppor t  system should  be 
designed to be suff icient  to inh ib i t  large 
block movements  and mino r  rock falls. 
In view of the rather low peak g round  
mot ions  and total stress, rockbolts  and 
wire mesh  wou ld  probably  prove to be 
satisfactory. 

U n d e r g r o u n d  B o x  S t r u c t u r e  in  
S o i l  

In this example  we consider  the 
in teract ion between soil and an under-  

Table  9. C o m b i n e d  e[Ject o[ hor izonta l  and  vertical shear waves. 

Md = ( (7.68 x 107) 2 + (3.23 × 107) 2) 1/2 = 8 .33  x 107 Ib-ft 

Vd = ((1.97 x 106)2 + (6.57 x 105)2) 1/2 = 2 .08  x 106 Ib 

The corresponding values for SFBART were, respectively, 9 .28  x 107 Ib-ft and 
1.98 x 106 lb. 

t / ( t =4 f t )  i ~ v  \ 

w., S~°b J ' ~ ] ~ t -  , ~El = 4.5 × 10 B ~sf 
~ ( '="") l  I r 3° ;~l  : ° '2  
\ I I ~  / 

\ Bose Slob / 

Structure Cross-Section 

Figure 25. Basic soil~structure system. 
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ground box-type structure (illustrated 
in Fig. 25). To investigate interaction 
effects, two types of analyses were 
performed. First, the rocking deforma- 
tion of the box structure was evaluated 
by performing analyses of a plane cross- 
section of the structure within the soil. 
Racking deformation was induced in 
the soil by applying graded horizontal 
displacements at remote, vertical 
boundaries of the models (Fig. 26). To 
avoid problems associated with attempt- 
ing to induce uniform shear deformation 
throughout the soil medium through 
apply ing  boundary displacements, 
analyses were performed with and 
without the model of the box structure. 

The second model comprised a 
three-dimensional box structure with 
sinusoidally varying deformation ap- 
plied to the remote soil boundaries (Fig. 
27). The objective of that analysis was to 
investigate the extent to which the box- 
type structure would conform to the 
displacements induced by a shear wave 
propagating parallel to the long axis of 
the structure. 

Both the two- and three-dimensional 
analyses employed finite element codes. 
In all cases, loading was applied 
statically. 

When the material properties defined 
in Fig. 25 were used, the two- 

I 
/ 

r ~ , - - - - - - I  -~--- Di s p I a c e d 
/ I F T - - - I - I  i a~d 
/ I ~ I 1,1 / Deformed 

II'" '"L' Structure / 

t ~  Imposed 
Boundary 
Displacement 

I 

I 

/ 
I 

Fixed Based 

Figure 26. Schematic of deformation of box 
structure cross-section. 

dimensional soil-structure interaction 
calculations predicted racking deforma- 
tions in the structure that were approx. 
50% of the free-field deformation, i.e. the 
deformations were 50% of those that 
would occur if there were no structure. 
When the soil modulus was increased by 
a factor of two, the formation of the 
structure increased to approx. 60% of the 
free-field values. When the flexibility of 
the structure was increased by reducing 
the wall thickness from 4 to 2 ft, the 
rocking deformations increased to 55 
and 65% of the free-field values for the 
two soil stiffness. 

The three-dimensional analysis of the 
shear wave propagating parallel to the 
axis of the structure provided results 

• I - - 1 ~  
: o,.o,oo.ooo. [-T ZJ 

Deformed Slructure I / ' , -  

I I , ,  
i Boundory 

Displacement 

Figure 27. Schematic of deformation to 
simulate horizontally propagating shear 
w a u e .  

very similar to those described above: 
the deformation of the structure was 
approx. 50% of the free-field value for 
the case depicted in Fig. 25. Subsequent 
analyses have indicated that the re- 
duction factor is sensitive to the 
wavelength. 

The results of all these analyses 
suggest, therefore, that it may be very 
conservative to design a structure to 
accommodate all the shear deformation 
in the free-field. If such conservatism 
leads to conclusions that significant 
design modifications would be required 
because of seismic loading, then re- 
latively simple calculations of the type 
described above can be used to refine 
and reduce the seismic design loads. 
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