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INTRODUCTION AND SUMMARY 

As with the siting of any critical facility, the successful siting of 
radioactive waste repositories hinges on the evaluation of all possible haz
ards at the site. This report addresses one of the most prominent hazards 
that could affect the repository--earthquakes. 

The objectives of this report are to: 

• provide the necessary seismological and earthquake engineering input to 
the WISAP repository simulation program 

• evaluate qualitatively the overall possible effects of earthquakes on the 
repository 

• develop a preliminary methodology for specifying a repository seismic 
design criteria. 

Earthquake effects are classified as vibratory or fault displacement 
hazards. For each of these effects, the response of underground structures is 
qualitatively considered. This abbreviated consequence analysis is used to 
narrow the variables, and the different techniques that are available for 

~ probabilistic treatment of the hazard are then evaluated. After this evalua
tion, the most suitable technique to calculate the actual probability of the 
vibratory or displacement hazard is applied. 
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Briefly, the conclusions are that: 

• The consequence associated with intense vibratory shaking of a 
well-designed repository is essentially negligible. 

• The specification of an appropriate seismic vibratory design criteria 
could best be accomplished with a Bayesian seismic hazard assessment, 
using geologic slip rates as input. 

• The consequence associated with fault displacement is very site specific 
and dependent on the host geologic media and its permeability changes in 
response to fault displacement. 

• The probability of faulting through a repository in its million year 
design life is rather high, principally because of a high probability of 
primary or secondary faulting on undetected faults. 

• The faulting probability can be minimized by deploying sophisticated site 
certification programs. High resolution microseismic surveillance seems 
to be most appropriate to the author. 

The author1s judgment is that the repository simulation program can 
neglect consequences associated with shaking of the repository, but that the 
probability of significant fault displacement through the repository during 
its design life should be conservatively taken as one. Although the 
consequences associated with this event could be negligible depending on the 
mechanical and chemical properties of the medium, the data and analysis that 
would support such a firm conclusion have not yet, to the author1s knowledge, 

been assembled. 

VIBRATORY SHAKING 

This section focuses on earthquake ground shaking. The vibratory shaking 

at a repository site is a function of the source mechanism of the earthquake, 
its distance, the properties of the intervening media, and the geometry and 
properties of the site area. These elements are all important, although in 
certain specific situations one or the other may dominate (e.g., attenuation 
through the roots of a mountain chain or amplification by site area topo
graphy). Depending principally on the distance and magnitude of the 

111-2 



earthquake, ground motion excitation at a site can be expected to encompass 
accelerations in excess of 1 g, velocities greater than 50 in./sec., at 
frequencies up to at least 50 Hz., with total duration of the excitation 
exceeding 40 seconds. The possible range of these design parameters demand a 
careful definition of design criteria. 

Of course, the design criteria must ultimately be set by weighing the 
consequences of a repository failure against the increased cost. Fortunately, 
a good deal is known about the response of underground structures to intense 

shaking. Perhaps the most relevant data are from underground nuclear explo
sions at the Nevada Test Site; the ground motion recorded in deep tunnels and 
boreholes often exceeds gravitational acceleration, g, by an order of magni
tude. The motion is sufficient to cause spalling of walls. Even in these 
extreme dynamic environments, no tunnels or boreholes have been significantly 
damaged. Similarly, Dowding and Rozen (1978) have correlated earthquake 
damage in tunnels with ground motion to conclude that tunnels are much more 
resistant to damage than are surface structures. The only significant damage 
reported in the 40 tunnels examined was due to fault displacement rather than 
vibratory excitation. 

These data and conclusions are for open tunnels and boreholes, in which 
the free surface would be expected to be the major contributor to the damage. 
A repository, on the other hand, will be completely backfilled and, assuming a 
well engineered backfilling process, the free surface effects will be mini
mized. Indeed, with careful attention to material acoustic impedances, the 
free surface effects can, in principle, be totally eliminated. In this ideal 
case, the ground motion parameters would be those appropriate for the origi
nal, virgin material. A recent study on subsurface ground motion for under
ground reactors (Applied Nucleonics Co., 1977) has led to the conclusion that 
the ground motion at depth in an undisturbed medium can be one-half to 
two-thirds of the ground motion experienced at the surface. This conclusion 
is consistent with independent calculations made several years ago (Wight, 
1976). 

The above arguments indicate that the ground motion likely to be experi

enced by the repository would be significantly less than a surface facility 
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would experience. This fact is important in establishing the design criteria, 
but the actual consequence of such shaking is more essential. The author 
believes that the repository can be designed against failure from vibratory 
shaking. The only design requirements are that the backfill material 
acoustically match and maintain a bond with the host material even under 

extreme excitation. Although identification of the material or the backfill 
procedures is outside the scope of this study, the author is confident that 
appropriate identification of techniques and materials is available. 

Based on the above, the author feels that vibratory excitation represents 
a negligible hazard to the repository, provided that the backfill has been 
properly engineered. To engineer the backfill correctly, one clearly needs 
seismic design criteria for the backfill. Accordingly, the techniques that 
are appropriate to set these criteria are outlined in Appendix A. The author 
believes, because of the long design life of the repository and its backfill, 
that: 

• The assessment should be probabilistic. 

• The input should, as much as possible, include the geologic history with 
the seismic history using geologic slip rates. 

• The input should also include expert opinion in a Bayesian format. 

As an illustration, it can be calculated, using Bayesian hazard techniques 
for the Hanford Site, that the annual hazard of exceeding 20% g is less than 
10-4• 

FAULT DISPLACEMENT 

In this concluding section, the hazard and risk associated with earth 

fracture through the repository are considered. The nature of the rupture 
depends on the mechanism of the earthquake (i.e., thrust, strike-slip, normal) 

and on the character of the host media. Although the physics of rupture propa
gation and the resulting overall rupture displacement are not well understood, 
it appears reasonable to relate the earthquake magnitude to the displacement. 
Data from previous earthquakes indicate that displacements from a single 
earthquake can be 20 feet or more. 
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The consequences of rupture through the repository are very difficult to 
quantify. Like the design accelerations, they are very site specific. It 
depends on the character of the host media, the nature of the caprock, and the 
magnitude and direction of rupture. The efficiency of the pathway can be 
quantified by its relative permeability, and there are cases where earthquake 
rupture actually increased the permeability by scarifying the fault gouge 
zone. Although some relative perm~ability data exist for fault zones, they 

are b~sed on surface measurements of rupture through the surficial soil. To 
the author's knowledge, there are no in situ data describing the relative 
permeability of deep rock fault zones, and any conclusions would, therefore, 
necessarily be based on laboratory data. 

The author perceives that the displacement hazard originates in two dis
tinct ways. First, there is the probability of an earthquake occurring on a 
fault not detected during site certification. Second, there is the probabil
ity of secondary faulting on a known fault adjacent to the site. Addressing 
this latter case will result in specification of a control zone for the,site 
(the area around the repository that must contain no faults). The results for 
this latter case are summarized in Appendix B, where available data show that 
secondary faulting can be expected up to two miles from the main fault trace. 
The size of the zone of secondary faulting can be compared to the size of the 
control zone of three miles specified for nuclear power plants; in practice, a 
r~actor can be sited no closer than three miles to a fault. The reasonable 
consistency between these two numbers leads the author to recommend that the 
three mile control zone be invoked for repositories. 

Undetected faults are discussed in a study by Geotechnical Engineers, Inc. 
(1977). In reviewing previous interpretations of borehole logs for nuclear 
power plant foundations, they found that in 21 holes there were three separate 
undetected faults that were later discovered during excavation. More publi
cized are the number of critical facilities (nuclear power plants, dams, hos
pitals, etc.) found to be located near previously undetected faults. Indeed, 
Brooke's (1978) results are complementary to this discussion of faulting. His 
results indicate that the average density of faulting is roughly one fault per 
10 km2. 
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The above assessments, however, deal with the probability of an unde
tected fault and do not address the capability of the undetected fault. To 
obtain this perspective of the problem, the question was asked, "How reliable 
is geologic surface mapping, relative to microseismic surveys?" 

In other words, if a site is subjected to reasonable scrutiny in surface 

geologic mapping, what is the likelihood that a microseismic survey of the 
site area will indicate activity on an unmapped fault? The results from over 

25 microseismic arrays (referenced in Appendix C) were reviewed, and the hypo
central data were compared with the mapped surface geology. The surface map
ping was, in every case, conducted with the precision of a typical USGS mapping 
program. Those situations with large discrepancies between the data and the 
map were typically areas of low to moderate levels of seismic activity and 
generally had a surface geology that obscured the bedrock geology. What was 
surprising was the degree to which the mapping and the data were uncorrelated 
for these situations. For example, in a microseismic surveillance of the 
Flathead Lake area of Montana, the author judges that less than 20% of the 
activity could be attributed to mapped faulting. In the state of Washington, 
perhaps less than 10% of the microseismicity can be associated with mapped 
faults. In the eastern United States, the hypocenters are deep enough that it 
is difficult to associate microseismicity with faults. As a result, by cur
rent criteria, there are no known active faults--even though there is seismic 
activity which is, in some localities, quite intense. 

Due to the fact that geologic mapping and microseismic monitoring are two 
key site certification tools, this lack of correlation further raised the 
author's doubts that all faults would be detected. 

As a final assessment for undetected faults, the unassociated microseis
micity in central Washington was analyzed. If this unassociated activity is 
assumed to be related to undetected or unknown faults, the results provide an 

estimate of the probability of unanticipated faulting in the site area. In 
this estimate, the relationship between geologic slip rate and seismicity was 

used to infer a recurrence relation (Anderson, 1978; TERA, 1978). Starting 
with an average strain rate of 3 km/4 million years, covering a central 

111-6 



.. 

Washington area of 105 km2, it is estimated that there is roughly a 50% 
probability that an unexpected, moderately-sized earthquake would occur in a 
100 km2 site area, at least once in the design life of the repository. This 
earthquake would result in a significant displacement and therefore could 
provide a significant breach. 

There are, of course, many uncertainties in an assessment of undetected 
faults. However, considering all of the above, information the probability is 
very high that faulting will occur through the repository during its life. 
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APPENDIX A 

One of the seismic hazards for underground waste disposal sites involves 
possible damage resulting from earthquake shaking. This hazard, which can 
conveniently be associated with distant earthquakes, can be assessed with 
adaptations of currently available seismic hazard methodologies. What makes 
the WISAP application unique is the operating life of the facility and the 
period of time over which, therefore, assessment must be made. The author 
believes that state-of-the-art seismic hazard techniques, coupled with appro
priate geologic input, could provide realistic estimates of the seismic hazard 
of vibratory ground motion of the site. 

The geologic information that is appropriate for coupling to a seismic 
hazard analysis relates to the relative motion of tectonic plates within the 
earth's lithosphere. The movement is manifested as slip along major and minor 
plate boundaries and can be related to the recurrence of earthquakes. Due to 
the fact that the geologic record covers more than 105 years of geologic 
history, this information provides more realistic estimates of earthquake 
recurrence over the life of a repository than the historical seismic record, 
which covers only 102 years. 

There are a variety of seismic hazard analysis techniques currently avail
able, each of which uses the geologic-based input discussed above. 

In the following paragraphs the results of generic site analyses using 
several different techniques are presented. The comparison is presented for 
two reasons: first, to present typical results for a possible generic site, 
and second, to present the relative advantages and disadvantages of the tech
niques. This comparison is based on the work of Mortgat and Patwarden (1978). 

Each of the models studied for this comparison has relative advantages 
and disadvantages in the way it handles the key elements of the seismic hazard 
analysis. The key elements are: 

• source region geometry 
• earthquake recurrence model 
• tectonic model and travel path 
• uncertainty analysis. 
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The combined effect of the various assumptions regarding the above para
meters is reflected in the differences in exposure evaluation. However, the 
contribution of each of them to the overall variation cannot usually be 

assessed . 

The comparison presented herein was conducted to determine the factors 

influencing these differences and their implications for exposure evaluation. 

A generic situation intended to represent a typical seismological setting 

was developed. The models were compared on the basis of peak ground 
acceleration (PGA) versus return periods for a number of sites. 

We employed the following four commonly used models in the comparison: 

• Cornell (1974) 
• McGuire (1976) 
• Der Kiureghian (1977) 
• Mortgat (Stanford 1977). 

Table III-A.1 presents the main characteristics of each model. They can 

be summarized as follows: 

TABLE III-A.1 

Cornell McGuire Der Kiureghian Stanford 
Source Geometry • Point • Quadrangle .. Line • Line 

• Annular segment • Area • Area 
• Dipping plane 

Tectonic Model No rupture 
Occurrence Model Poisson 

No rupture 
Poisson 

Rupture 
Poisson 

Rupture 
Poisson + 

Bermoulli + 

Bayesi an 

Attenuati on 
Uncertainty Log - Normal Log ~ Normal Log ~ Normal Log - Normal 
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Geometry 

Cornell represents sources as point sources and annular segments. A 
straight line source can be represented by a series of points in such a way 
that the difference from discrete to continuous medium is negligible. Area 
sources are divided into a series of annular segments. The procedure has the 
inconvenience of requiring a fairly cumbersome input. 

McGuire accepts only quadrangles. These quadrangles are internally 
divided into a specified number of annular rings. Line sources have to be 
modeled by long, thin rectangles. 

Der Kiureghian uses line sources and area sources. The areas are input 
as a series of similar rings. 

Mortgat uses line sources, trapezoid area sources and dipping plane 

sources. Any number of trapezoids or triangles can be combined to form a sur
face. This procedure has the advantage of introducing a third dimension in 
the analysis. In the other models, all sources are at a constant depth, and 
therefore the future seismic activity is restricted in depth. Here, the use 
of dipping planes allows for a closer modeling of real faults, on which the 
seismic activity is spread over a range of depths. 

Tectonic Model 

Cornell and McGuire assume that the total energy released during an 
earthquake is radiated from t-he hypocenter (point model). The maximum inten
sity at a given site is governed by its distance from the hypocenter. Although 
this assumption may be valid for small magnitude earthquakes, it does not apply 
to large magnitude events, for which the length of fault rupture can be several 
hundred kilometers. 

Der Kiureghian and Mortgat associate rupture with energy release, and the 
intensity of ground shaking is determined by the slip that is the closest to 
the site (significant distance). In all cases, the significant distance is 
shorter than the hypocentral distance that is used by point rupture models. 

Therefore, a significant underestimation of the hazard will result from a 
nonrupture model in a region where an important large magnitude activity is 
expected. 
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Occurrence Model 

In all cases the basic earthquake occurrence is assumed to follow a Pois

son process. Although this assumption can be conceptually criticized because 
it does not take into account the cyclic phenomenon of stress buildup and 

release, it has been shown to adequately model earthquake occurrences (Gardner 
and Knopoff, 1974). The distribution on the different magnitude occurrences 

is introduced either directly in the Poisson model by using variable mean rate 
of occurrences or indirectly by combining the occurrence model with a distribu
tion on magnitudes. 

In Mortgat, the above is treated using Bayesian statistics. This treat
ment implies that rather than using deterministically behaving models (i.e., 
Poisson with a fixed mean rate of occurrences describing the future activity 

in probabilistic terms) uncertainty is associated with the behavior of the 
model itself (i.e., the mean rate of occurrence is treated as a random vari
able). The uncertainty in the behavior of the model is obtained from two 
sources. The first one consists of the opinion of an expert asked to formu
late his judgement based on past experience. The second one is the recorded 
data which, however incomplete, constitute an important piece of information. 
Both are combined with different weights implicitly given by the expert as he 
expresses his opinion. This method has the advantage of providing a method by 

which insufficient or biased data can be modified by subjective input in a 
consistent manner. The method is general enough to permit the use of the data 
only when the expert's opinion is not required or is too vague. It also allows 
for the use of only the subjective information when no data are available. 

Attenuation Uncertainty 

Each of the models treat the scatter of the data about the attenuation 
relation in exactly the same way. They consider a log-normal distribution 
with respect to the median value of attenuation. Therefore, this parameter 
does not introduce any variation in the comparison. 

In order to conduct the comparison, TERA analyzed a generic site setting 

in a region of relatively low seismicity where earthquakes cannot be asso
ciated with specific geological features. A typical eastern or northwestern 
United States site would fit this description. 
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The key elements considered for the seismic hazard analysis were: 

• source region geometry 
• earthquake recurrence model 
• tectonic model and travel path 

• uncertainty analysis. 

As described previously, each of the methods examined herein treats these 

elements differently. In order to make a valid comparison, all of the para
meters of the analysis were kept constant as much as possible. The only 

modifications that were introduced concerned variations in input requirements 
from program to program. 

As set forth above, this example was developed as a region of fairly low 

seismicity. Because past epicenters appear clustered within definite regions 
and cannot be associated with specific geological features, the seismic sources 

were defined as four areas at a depth of 15 km. The geometry of these sources 
is presented in Figure III-I. A series of annular segments used in Cornell's 
program is overlaid on the top of Source 1. This procedure introduces some 
approximation, but, most importantly, requires a major input effort. The site 

distance to the closest source is 43 km and 154 km to the furthest source. 

The seismicity of the sources is represented by a typical linear recur
rence relationship with abrupt cutoff (see Figure 111-2). Such simplified 
input is used because some codes have limitations as to the use of a piecewise 
linear or nonlinear relationships. In the Bayesian model, the subjective 
input is taken to be similar to the historical data. It assumes that the 
expert·s opinion regarding the seismicity of the sources matches exactly the 
past earthquake history. It therefore reduces any variation of seismic 
activity between the models and presents a more meaningful comparison. 
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where 

The attenuation relation used in this example is from McGuire (1974): 

_ 472 x 10· 28M 
ag - (R + 25)1.3 

ag = Peak Ground Acceleration (cm/s2) 

R = hypocentral or significant distance (km) 
M = local magnitude 

with dispersion value = 0.22 

Although there are several models for attenuation, McGuire's model is repre
sentative and therefore satisfied the needs of the analysis. 

The annual hazard expressed in terms of peak ground acceleration is 
presented in Figure 111-3. The curves show that all models give very similar 
results. The differences can be attributed to approximations introduced in 
the geometry to satisfy input requirements and in differences in the computer 
algorithms. Also, the rupture model does not introduce any increase in expo
sure. This lack of increase is expected because the magnitudes of interest 
generate very small or no ruptures. 

On the basis of this analysis and comparison, the author concludes that: 

Probabilistic seismic hazard analysis is an assessment tool that can 
credibly be applied to WISAP. 

In regions of relatively low seismicity, Bayesian approaches to seismic 
hazard estimations do not provide significantly better hazard estimates. 

Nevertheless, had there been a larger uncertainty in the earthquake 
statistics or their locations, a Bayesian approach could be shown to be 
distinctly better. 
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APPENDIX B 

The author believes that the most relevant mode of faulting in the 
Columbia Plateau Region is thrust faulting. First of all, it is likely that a 
repository will be constructed in a syncline-anticline geologic environment, 
and second, it is likely that the distribution associated with surface rupture 
from a thrust fault is probably the widest compared to other faulting modes. 
In the following paragraphs an approach that can yield the desired distribu
tion is presented. 

Four well-documented cases of known surface thrust faulting were selected, 
and each of these cases was reviewed for geometry of surface displacement. The 
four cases reviewed for their surface thrust faulting characteristics were 
selected from 17 cases of reverse slip earthquakes which caused surface rup
ture. Table III-B.1 presents a general summary of their characteristics. The 
four earthquakes have occurred within about the past 25 years and had magni
tudes between 6.4 and 8.4. The fault lengths were found to vary widely 
(6-63 km), yet the maximum vertical displacements for all but the 1964 Alaska 
earthquake were between 1 and 2 m. In each of these cases the underlying 
bedrock was a very competent hard rock. The alluvium overburden was generally 
thin in the rupture area (less than a few meters)' and appeared to have no 
noticeable control on subsidiary faulting. However, the thickness of sedi
mentary layers underlying the thin alluvium cover did appear to affect surface 
faulting. Apparently, in zones of increased thickness of the sedimentary 
series, the surface features were found to die out. 

To develop a probabilistic assessment of the potential for ground rupture 
from a thrust fault, the spatial distribution of subsidiary faulting associated 
with thrust faults was considered. The mapped geomorphic features that 
resulted from each earthquake were examined closely. These features included 
all subsidiary surface faulting reported within several kilometers of the main 

rupture and any other significant surface features such as fissures or cracks 
which might have developed. Surface features which were discontinuous but 
which had a similar trend and constant spatial relationship to the main rup
ture were considered as a single feature. Basically, features which tended to 
parallel the principle rupture were considered. Even branch faulting, although 
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TABLE II I-B.l. Thrust Faults 
Max. Length 

of a 
Type and Max. Width of Continuous 

Fault Max. Vert. Bedrock/ Thickness of Subsidiary Subsidiary Location of 
Location Date Magnitude Length Disl!lacement Oil! Geol091 Overburden Fault Zone F-ault Zone Subsidiarl Zone 

Meckering 10/14/68 6.9 37 km 1.8 m 15-550 Precambrian 1 mclay/sand 1.5 km 3 km Hangi ng wall 
Western Avg. 400 Granitic variable thick-
Australia ness of deeply 

weathered bedrock 

Avvin-Teha 7/21/52 7.7 53 km 1.2 m 5-200 Jurassic Sedimentary 1.4 km 8 km Hanging wall 
chapi Kern Granitic o to 85 m (thin 
Co., CA in rupture zone) 

San Fer- 2/9/71 6.4 15 km 1 m 20-250 Pre-Ceno- 0-6 m alluvium 1.4 km 1.6 km Hanging wall .... 
nando, CA zoic Cry- variable thick-.... .... stall ine ness of sedi-I 

~ mentary rocks 
00 (Principal Zone) 

50-200 m 2.7 km 

6.4 km 6 m 88 m 140 m 
2 m (Hanning Bay Fault) 

Alaska 3/27/64 8.4 50-850 Early Variable thick- 1 km Hanging wall 
Tertiary ness of glacial Only fissures and cracks 

63 km 7.9 m harder till and coarse (Patton Bay Fault)15 km 
sediments alluvium 

,. , .... . , 1 • 



often distant from the main rupture and tending to be transverse to the main 
rupture's trend, was included. The tabulated statistics consisted of the 
cumulative number of subsidiary features per 100 m increments on either side 
of the main fault rupture. The 100 m increment was selected based on the 
scale of the maps studied and the maximum lateral extent of subsidiary 
faulting noted. 

The data indicated that the density faulting was understandably much 
greater on the hanging wall side than on the foot wall side and that more than 
957 of the secondary and branch faults were contained in a two mile wide 
zone. 
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