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GOAL .... 
(PFWGRAM COMPONENT) • 

I. Hazard Identification 
and Evaluation 

II. Formulation of 
Policy and 
Regulation 

Ill. Development 
Approval 

IV. Enforcement and 
Remediation 

GeoHazards '92 

OBJECTIVE 
(POLICY OR ISSUE) 

Hazard Mapping 
Risk acceptability thresholds 

! 

OCP • general and special 
policies 

- development permit areas 

Zoning regulations for land uses, 
buildings and structures 

Tree cutting regulations 

Floodproofing regulations 

Rezoning 

Development Permit 

Subdivision Approval 

Building Permit 

Enforce Covenant 

Enforce Permit and/or Bylaw 

Enforce remediation 

METHOD 

-OveNiew geotechnical study 
-Secondary geotechnical study 

-MA Sect. 945(2)(d) policy statements in OCP 
Bylaw 

-MA Sect 945{4)(b) designation in Bylaw 

-MA Sect 963 Bylaw 

-MA Sect. 978 Bylaw 

-MA Sect. 969 Bylaw 

-Site-specific geotechnical report, 
rezoning bylaw and LTA Sect 215 
covenant 

-Site-specific geotechnical report, 
permit under MA Sec. 976(5) and 
LTA Sect. 215 Covenant 

-Site-specific geotechnica/ report, 
LTA Sects. 82 & 215 Covenants 

-Site-specific geotechnica/ report, 
MA Section 734(4) Covenant, letters 
of professional assurance and 
P.E. inspection reports. 

-Civil action for breach of contract 

-MA Sect. 750. 1 Notice registered against 
title in Land Title Office 

-Information and Prosecution 

-Injunction 

-MA Sec. 735 Bylaw for demolition, 
removal or bringing up to standard a 
building or structure or infilling or 
covering an unsafe excavation 

-MA Sect. 936 for municipalities 

-Special powers re liability and cost 
recovery .. 

Figure i. Hazard Land Management and Development Control: An Idealized Sequence 
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stage following the completion of the 
previous one. In practice, of course, all 
four components tend always to move 
ahead together with new information and 
experience in one area leading to revisions 
and improvements in others. 

This paper summarizes the program 
developed in Fraser-Cheam, drawing 
attention to major substantive and 
methodological issues. Based upon this 
experience, it then makes 
recommendations for improvement and 
assistance directed at both the scientific 
and engineering community and at the 
provincial and other governments. 

Hazard Identification 

Hazard identification in Fraser-Cheam is 
essentially a two-step process, the rationale 
for which has been described in greater 
detail elsewhere[1]. Under the Community 
Planning budget, and in the context of 
section 945 of the Municipal Act, it begins 
with an overview geotechnical study 
which is commissioned to identify those 
areas of land which appear to be free from 
the types of hazards listed in the Act. 
These overview studies are quite 
preliminary and are based largely on air 
photo interpretation with supplementary 
field reconnaissance. Therefore, the 
geotechnical engineer must draw the 11safe 
line11 cautiously and well clear of natural 
hazards. This is the area on which 
development is normally allowed to 
proceed without further geotechnical 
investigation unless building foundation 
conditions on site require special attention. 

Outside of this "safe" area is a more 

problematical 11geotechnical study area11 or 
11geologically sensitive area11 within which 
exposure to risk may vary from virtually 
none to extremely high. Where portions of 
this "study area" are already developed, 
especially for residential uses, such that 
they may be exposed to existing hazards, 
Fraser-Cheam will normally proceed to the 
next investigative step which is the 
secondary geotechnical study. Typically, 
this will involve hip-chain and clinometer 
foot traverses, detailed geologic 
observations, topographic mapping, test 
pitting and specialist geotechnical skill in 
slope hazard investigation. Unlike the 
overview study, the secondary study will 
specifically identify those lands which are 
subject to hazards of various kinds and will 
assign return period probabilities to events 
of different magnitude. It tends to be the 
most elaborate and expensive phase of 
geotechnical investigation. Normally, the 
secondary study will increase the extent of 
the safe area as improved knowledge 
allows the geotechnical engineer to be 
more definitive. 

Under B.C. statute, the onus falls upon the 
developer to undertake site-specific 
geotechnical studies prior to receiving 
development permits or building 
permits[2]. These studies are more limited 
and focused, but also much more 
numerous, with over 150 examples in 
Fraser-Cheam compared with 7 overview 
and 12 secondary studies. Generally, they 
contain recommendations re~specting 
hazard avoidance or mitigation measures, 
some of which can be fully impilemented 
during the construction phase while others 
relate to on-going maintenance or 
monitoring. 
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Evaluation 

Evaluation of these hazards, once 
identified, is essentially a matter of 
determining the levels of risk which are 
acceptable for various types of 
development. These hazard acceptability 
thresholds will depend upon the specific 
nature of the hazard and upon the density 
of use of the land and hence upon the level 
of exposure or risk. Where risks exceed 
these thresholds, hazard mitigation 
measures have to be considered, including 
protective engineering and, under certain 
circumstances, legal devices designed to 
transfer liability. Because complete hazard 
avoidance (zero exposure) is less realistic 
in some areas than in others, acceptability 
thresholds have to be determined 
regionally, or perhaps provincially, and 
cannot yet be expected to be consistent 
from one geological and climatic zone to 
another. 

In Fraser-Cheam, acceptability thresholds 
have been defined in some detail for eight 
different types of natural hazard [3]. They 
represent a codified summary of the many 
previous decisions of the elected Regional 
Board which in turn were based partly on 
limited provincial guidelines (respecting 
flood hazards and subdivision approvals), 
partly upon legal precedent[4], and 
particularly upon advice from engineers 
and staff. Typical examples are shown in 
Figure 2, which describes the regulatory 
response to various types of applications 
for residential development in the face of 
rockfall, debris flood, catastrophic 
landslide, and Fraser River flood hazards. 
Other thresholds are applied to stream 
avulsion, debris flow, minor landslip and 
snow avalanche hazards. Thresholds are 
higher for those applications which involve 

higher densities of use, and therefore 
greater risk (i.e. higher overall exposure to 
the hazard), and for those hazards which 
pose a greater threat to life. Note also that 
a spectrum of conditions may be attached 
to any given approval to reflect strategies 
of hazard prevention, avoidance, mitigation, 
protection and liability transfer, as 
appropriate to the situation. 

Policy, Regulation, Approval and 
Enforcement 

Five separate sections of the Municipal Act 
empower local governments to develop 
policies and regulations to implement these 
hazard acceptability thresholds[5]. Each 
must be adopted by a bylaw as opposed 
to a resolution, permit, agreement, contract 
or administrative procedure. Public and 
provincial government input into the 
process, including a public hearing where 
necessary, is specified in Part 29 of the 
Act. Community plans, development 
permit areas, zoning bylaws, flood-plain 
and tree-cutting bylaws all form part of an 
integrated policy and regulatory program. 
Its components should be clearly spelled 
out in the bylaws and should be made 
understandable to the public through 
appropriate brochures and information 
packages directed at those who may be 
affected. Otherwise, consistent 
implementation of the program and public 
support or compliance is almost impossible 
to achieve. 

Development approval through rezonings, 
development permits, subdivision 
approvals, building permits and 
agreements is a complex technical field 
involving the use of a whole array of legal 
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Rockfall: Small-Scale Detachment Debris Flood 

Annual Return Frequencies Annual Return Frequencies 

Type of 
Project 1 :100 1 :100- 1 :500- 1 :1000- <1 :10000 1:50 1:50- 1 :200- 1 :500-

1:500 1:1000 1:10000 1:200 1:500 1:10000 

Minor Repair (<25%) 5 2 1 1 1 2 2 1 1 

Major Repair (>25%) 5 4 2 1 1 4 4 1 1 

Reconstruction 5 4 2 1 1 4 4 3 1 

Extension 5 5 4 1 1 4 4 3 1 

New Building 5 5 4 1 1 4 4 3 1 

Subdivision 5 5 5 4 1 5 5 4 2 
(infill/extend) 

Rezoning (for 5 5 5 5 1 5 5 5 3 
new community) 

Major Catastrophic Landslide Inundation by Fraser River 

Annual Return Frequencies Annual Return Frequencies 
Type of 
Project 1:200 1:200- 1 :500- 1 :1000- <1 :10000 1:40 1 :40- 1:200- 1:500-

1:500 1 :1000 1:10000 1:200 1:500 1:10000 

Minor Repair (<25%) 5 2 1 1 1 2 1 1 1 

Major Repair (>25%) 5 5 2 1 1 4 3 3 1 

Reconstruction 5 5 5 1 1 4 3 3 1 

Extension 5 5 5 1 1 4 3 3 1 

New Building 5 5 5 1 1 4 3 3 1 

Subdivision 5 5 5 5 1 5 4 4 1 
(infill/extend) 

Rezoning (for 5 5 5 5 5 5 5 5 1 
new community) 

1. Approval without conditions relating to hazards. 
2. Approval, without siting conditions or protective works conditions, but with a covenant including 'save harmless' 

conditions. 
3. Approval, but with siting requirements to avoid the hazard, or with requirements for protective works to mitigate the 

hazard. 
4. Approval as (3) above, but with a covenant including 'save harmless' conditions as well as siting conditions, protective 

works or both. 
5. Not approvable. 

Figure 2. Hazard-related Responses to Development Approval Applications. 

5 
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instruments. For the most part, final 
approval is an administrative process, as 
opposed to a political one, such that the 
applicant is required to satisfy the concerns 
and meet the standards identified in the 
policies, and relatively little discretion is 
involved. 

Having issued a development approval, 
enforcement proceedings or remediation 
measures must be taken if the project 
deviates from the geotechnical safety 
conditions imposed in the permit. 
Unfortunately, this is an area of statute in 
which there remain some gaps in B.C., 
particularly with respect to hazardous 
situations induced by unsound earth­
moving or similar activity and with respect 
to the locus of liability following pu.blic 
sector intervention. Perhaps these gaps 
are more apparent than real and reflect 
only the recency of the statutes. As case 
law develops, the extent of local 
government's duty of care for geotechnical 
hazards will become better defined and 
only then will the full implications of the 
amendments enacted in the 1980's 
become clear. 

II. Problems 

Based on experience with integrated 
programs such as the one in Fraser­
Cheam, it is possible to identify those 
aspects of the system which remain 
inadequate. The analysis and 
recommendations which follow are 
grouped in terms of the improvements 
which are necessary in data collection, 
data distribution, interpretation, program 
design and implementation. Overall, this 
review of the strengths and weaknesses of 

the system suggests that the regulatory 
framework is somewhat ahead of the 
science and its institutional support system. 

Data Collection 

Academic research in the field of natural 
hazards tends to focus on process, rather 
than on place, in the hope of developing 
an understanding which would have 
general applicability in other situations. As 
a result, there are many examples of 
potentially hazardous situations which have 
not been subject to intensive study despite 
their significance from a public safety point 
of view. Moreover, there is no agency with 
a clear mandate and funding to remedy 
this deficiency and systematically review 
the extent to which each area may be 
exposed to hazards. 

A case in point was the research 
conducted into the possibility that Mt. 
Breakenridge, on the shores of Harrison 
Lake in Fraser-Cheam, could perhaps be 
the source area for a future catastrophic 
landslide and resultant tsunami-type wave 
which could devastate the shoreline[6]. 
Helicopter reconnaissance seemed to 
suggest that the threat may be real; but 
there was no institutionalized system for 
assessing the need for action and in any 
case the costs of a meaningful investigation 
were far beyond the local government's 
resources. To its credit the provincial 
government provided special funding 
under the Provincial Emergency Program 
and, fortunately, the study found the 
mountain to be more benign than first 
feared. Despite good science and 
responsible actions by the Province, 
however, the exercise revealed serious 
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flaws in the system. 

First, the linkage between PEP and 
geotechnical research is not a good one 
from a public relations perspective, at least 
until the existence of a serious hazard is 
proven, because it only lends weight to the 
many sceptics who doubt the value of any 
such work on the predictability of natural 
hazards. The positive findings, rather than 
prompting critical review and feelings of 
relief, tended to be disparaged and the 
whole study cited as an example of 
bureaucratic over-anxiety. Furthermore, 
once the prospect of an emergency was 
dispelled, it was very nearly impossible to 
obtain the funding necessary to return to 
the site and take readings from the 
extensometers which had been installed to 
monitor the tension cracks. 

Secondly, the lack of any routine, objective, 
scientific, comparative review process 
necessarily forced an ad hoc decision on 
whether to devote scarce resources to 
research this one particular problem, as 
opposed to any one of several dozens of 
other potentially hazardous situations in the 
Province. Matters of liability and political 
credibility inevitably factor into such 
decisions, but there is no doubt that the 
system would be served better if there 
existed a standing committee of qualified 
professionals whose role it was to review 
the merits of, and assign priorities to, 
research directed at public safety. 

These problems could be remedied by the 
establishment of a structured and on-going 
program of research, with objectively 
defined priorities, under the auspices of the 
B.C. Ministry of Environment. This is not to 
argue that local government's existing 
mandate for geotechnical study in official 
community plans should be changed, or 

that developers should not be required to 
undertake site-specific studies when there 
is a known problem. Rather, the analogy is 
drawn to seismic and geophysical hazards, 
and to meteorological hazards, for which it 
is generally agreed that the public sector 
has the primary responsibility to identify 
zones of risk. The B.C. government has 
accepted this position with respect to flood 
hazards and has taken a lead role in 
regulation, but responsibility for other 
geotechnical hazards has been delegated 
to local government without the benefit of 
systematic research having been 
undertaken. 

Data Distribution 

The need to establish some form of central 
registry for geotechnical reports was one of 
the principal recommendations to flow from 
the provincial Geologic Hazards Workshop 
in 1991 which brought together more than 
130 experts on various aspects of geologic 
hazards and public safety from B.C, Yukon, 
Alberta and Washington State for a 
meeting at the University of Victoria[?]. 
The workshop reviewed existing 
knowledge, on-going research, current 
legislation and implementation techniques 
and concluded that the B.C. Geological 
Survey should establish and operate the 
registry as a central data-base for this vital 
information. For its own area, Fraser­
Cheam already maintains such a data­
base, but there is no doubt that ready 
access to a more comprehensive reference 
source would enhance the quality of site­
specific studies while limiting their cost. 
Indeed, one of the principal shortcomings 
of these limited-budget private 
commissions is their failure to consult 
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previous relevant work on a consistent 
basis. 

Professional Standards 

Recognition of the professional significance 
of the 1985 legislation has been rather slow 
to develop within the engineering 
community. It remains an alarming fact 
that some professionals are still not fully 
aware of the statutes, and of the 
implications of the requirement for 
11certification11 [8]. Amongst the great 
preponderance of good reports, for 
example, Fraser-Cheam has received too 
many which are either substantively 
incompetent, prematurely presented (with 
inadequate evidence) or otherwise fatally 
flawed. The results are almost always 
difficult and embarrassing both for the 
client and the regulator. Examples include 
a study which denied the possibility of an 
e~osion hazard at a proposed building site 
on the active soft alluvial floodplain of a fast 
flowing mountain · river, a study which 
identified a serious landslide hazard 
affecting private land which later proved to 
be false, and reports insensitive to the 
regional geotechnical context of their 
subject because of failure to consult 
previous work. Even the method and 
timing of reporting, not simply the matter of 
substance, is critically important in the light 
of present legislation. The guiding 
principles for any report affecting public 
safety must be prudence and caution, but 
premature announcements of negative 
findings, unless supported by irrefutable 
evidence, can be almost as destructive as 
unwarranted optimism and can easily 
attract liability. 

This is not the place to recommend any 
specific actions which should be taken by 
professional associations to remedy these 
problems. However, there is clearly a need 
for these organizations to increase the level 
of awareness of the legislation and to 
define some standards for geotechnical 
reports to meet. In their absence, Fraser­
Cheam has compiled a preliminary list of 
criteria against which to evaluate the 
acceptability of geotechnical reports[9], 
including the requirement that the engineer 
show evidence that previous work has 
been consulted. This does not, however, 
provide a proper substitute for guidelines 
from a professional association. 

Methodology 

Given the rapidly developing state of 
knowledge in the science, it is perhaps 
inevitable that geotechnical reports display 
an inconsistency of methodology which 
makes them difficult to compare and to 
implement. This diversity may be creative 
rather than negative; convergence cannot 
be anticipated until a consensus has 
developed within the scientific community. 
Nevertheless, there are certain 
methodological principles which could be 
agreed upon immediately if professional 
leadership were present. 

One source of confusion, for example, is 
the distinction for subdivisions between 
those geotechnical reports which detail 
11hazard free11 or 11safe building areas11 and 
those which identify 11safe building sites11

• 

The one type of study will review 
geotechnical conditions over the entire 
parcel to be subdivided and will demarcate 
a 11safe line11 which is then locked in by 
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means of a covenant against further re­
subdivision or future development of the 
lands beyond the surveyed safe line. The 
simpler and cheaper, 11safe building site11 

study is more suitable for one- or two-lot 
subdivisions particularly in areas where 
future re-subdivision is unlikely. In these 
studies, the engineer restricts his report 
and certification to the future proposed 
building site, and the geotechnical 
conditions which may affect it, leaving 
remaining areas to be studied at some 
date in the future. In this case, the 
covenant will require that the new building 
occur only within the approved site and will 
commit a future owner to undertake 
additional geotechnical study before any 
other portion of the land can be developed. 

A second and more profound source of 
confusion concerns the use of probability 
statements to express the uncertainty 
inherent in predicting natural hazards. 
From a regulatory perspective there is a 
clear need to distinguish between those 
probability statements which describe 
uncertainty as to the timing of an event 
which is considered to .be virtually 
inevitable to occur in the long run and 
those in which the probability statement 
expresses uncertainty as to whether the 
event will ever occur. The latter has 
scientific value and may accurately 
describe the (uncertain) state of 
knowledge, but it provides no credible 
basis for land use regulation. Too often 
are these types of statement presented as 
equivalent when in reality they are 
fundamentally different. 

Finally, in terms of specific methodology, 
professional engineers and geoscientists 
should make a particular effort to 
incorporate Quaternary geologic and 
geomorphologic evidence and, where 

necessary, they should provide the same 
level of detailed support mapping for these 
surficial features as is normal for structural 
elements. Reports should be set in a 
regional geomorphological context and 
should contain lines of reasoning and 
judgement in sufficient detail to allow an 
independent professional review, where 
necessary, by the approving authority. 

Interpretation 

Despite the success in applying the 
acceptability thresholds adopted locally by 
Fraser-Cheam Regional District, there is no 
doubt that thresholds defined provincially 
would be preferable and easier to 
administer. Already the provincial 
government has provided guidance in the 
context of flooding and subdivision. A 
more complete set of guidelines would 
make it easier for local authorities to obtain 
compliance and would assist the 
professional community in standardising 
the content of reports. It would also help 
to clarify such matters as liability and the 
effect of hazards on property values in 
relation to insurance and mortgage equity. 
Given all the other problems in the 
geotechnical field, it may still be somewhat 
premature to expect definitive guidelines 
from the Province. In the long run, 
however, acceptability thresholds will not 
be set by local government. They will be 
defined at the provincial level either by the 
government or by the courts, and the latter 
would involve a much longer and more 
painful process. 
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Program Design 

Amongst the shortcomings of the hazard 
land management and development control 
program illustrated in Figure i is the fact 
that it is conceived as a linear and a "one 
time" decision process. This limitation is 
not surprising because it reflects the 
statutory basis of the program in regulating 
new development. Inherently this fails to 
recognise that hazards do not exist only at 
one point in time. Their probabilities are 
not static; they are dynamic and will 
change along with geotechnical conditions 
(such as the quantity of debris in a stream 
channel) and with science's ability to 
predict. 

Although most geotechnical engineers will 
recommend some form of monitoring as an 
integral part of their certification, few 
agencies at the local level are able to 
commit to such a program over the long 
term. Noteworthy is the fact that the 
Ministry of Environment, which oversees 
the flood protection program, routinely 
monitors the snow-pack prior to the spring 
freshet, and the Ministry of Highways 
monitors and scales unstable rock slopes 
and potential snow avalanches which pose 
a threat to provincial roads. Techniques 
are becoming increasingly sophisticated 
and reliable and there is no doubt that 
monitoring is a valuable adjunct to hazard 
avoidance and protection. Local 
governments, on the other hand, do not 
have the resources to do the same kind of 
monitoring even of those slopes which may 
have been given only conditional safety 
certification prior to development. 

This deficiency must be corrected if the 
hazard land management program in the 
Province is ever to become reliable, 

consistent and fully accepted by the 
population. An established monitoring 
program will permit a more flexible, 
sensitive and "common sense11 response to 
development applications. As an aid to its 
establishment, it would be useful if 
geotechnical reports would be more 
specific as to the nature, frequency and 
cost of the monitoring which is 
recommended. Local governments might 
then be able to seek an endowment fund 
at the time of development, or might 
introduce a tax levy against the new 
development sufficient to pay the costs of 
the required monitoring. 

Implementation 

The recent review of geotechnical 
programs completed for the Ministry of 
Municipal Affairs identified surprisingly few 
gaps and inconsistencies in the statutory 
framework[i O]. A hazard land 
management program would certainly be 
easier to implement if there were clear 
authority to intervene in situations where 
earth-moving (for driveway construction or 
any other reason) was creating a condition 
of instability which did not previously exist. 
Such activity rarely requires a permit, and 
in its absence intervention and remediation 
is not mandated. Implementation would be 
easier, too, in difficult cases where things 
have gone wrong, if local government were 
empowered to recover the costs of 
enforcement and remediation on the taxes 
against the property and if there were 
protection from liability in the event that the 
best efforts of the municipality to effect a 
solution prove ultimately to be 
unsuccessful. Perhaps the statutes could 
help, too, by making explicit reference to 
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the funding and liability issues of long-term 
monitoring activities. 

Nevertheless, these are not the primary 
difficulties in regulating development in the 
context of risk from natural hazards. Much 
more problematical is the relatively primitive 
state of geotechnical science today, the 
lack of funding to permit adequate 
research and the lack of agreement as to 
methodology and as to hazard 
acceptability thresholds. Certainly some of 
the work being undertaken in B.C. is 
exemplary and some geotechnical reports 
are penetrating and profound. However, 
given the inconsistent quality of reports, the 
number of differing opinions and the 
variable state of knowledge available to the 
decision-maker at the critical time, it is 
sometimes easy to believe that the 
geotechnical community as a whole is not 
yet ready to have its advice form the basis 
·for statutory regulation. For those planners 
and politicians who dread the alternative, 
and for the sake of public safety as a 
whole, the hope must be that these 
problems will be rapidly overcome. 
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San Francisco, California 

Abstract 

California and British Columbia have much in common: economic vitality, spectacular 
natural beauty, and attendant natural hazards, including earthquakes. Earthquakes have 
the potential to cause catastrophic losses, particularly when buildings and structures are 
located, designed, and built without taking earthquake forces into consideration. 
Although most of our modern buildings and structures have considered the potential 
effects of earthquakes, many of the older ones have not. One of the most vulnerable 
classes of hazardous buildings in California is state-owned buildings. This class of 
buildings has been the focus of significant attention since about 1979, when state-owned 
buildings were identified as a crucial problem that needed immediate attention. 
Unfortunately, competing social needs have taken priority over funding of seismic safety 
improvements, and progress to improve state buildings has been slow. The occurrence 
of damaging earthquakes has been the prime motivating factor in causing the 
formulation of earthquake safety policy. During the legislative session following the 
1989 Loma Prieta earthquake, 443 bills were introduced that addressed seismic safety­
more than 20 times that of previous sessions. 

Background 

California and British Columbia have 
much in common. Both are lands of 
economic vitality and cultural diversity. 
Both have great natural beauty, drawing 
residents and international visitors alike 
to their mountains, lakes, forests, and 
coastal areas. California and British 
Columbia also have another thing in 
common. Along with their natural 
beauty come natural hazards, particularly 
from earthquakes, volcanic eruptions, 
and landslides. 

I would like to focus on earthquakes, 
and how earthquakes have affected 
California, particularly from the 
viewpoint of providing opportunities for 
improving seismic safety. Many of the 
difficult lessons Californians have 
learned, the successes we have had, and 
the mistakes we have made may be of 
value to British Columbians in making 
improvements in their seismic safety. 

Everyone in California is affected by the 
occurrence of a major earthquake, 
whether due to direct damage, or 
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indirectly, due to increased taxes, loss of 
utilities and infrastructure, or reduced 
economic activity. In 1980, the National 
Security Council [l] estimated that a 
single large California earthquake would 
potentially cost tens of thousands of 
lives, and from $20 to $80 billion in 
damage. In terms of today's values, total 
damage costs are estimated to run much 
higher; the combined direct and indirect 
losses could exceed $120 billion for a 
major earthquake near a highly 
populated region. 

Recent scientific research [2, 3] tells us 
there is a high probability of one or more 
major earthquakes striking either 
Southern or Northern California within 
the next three decades. Given this high 
likelihood of destructive earthquakes 
and the estimated huge losses, prudence 
dictates that actions be taken to manage 
and minimize the risks. However, 
recognizing that California must 
mitigate earthquake vulnerabilities and 
be better prepared for future damaging 
earthquakes is not enough to cause 
corrective actions to be taken. 

One of my primary messages is that 
implementation of earthquake safety 
measures often depends on timing. 
Destructive earthquakes can be viewed as 
an asset in that they motivate decision 
makers to take swift and positive action 
for the long term improvement of 
seismic safety. When an earthquake 
occurs, there are tremendous advantages 
to being able to get the right information 
to the right people at the right time. 

Most of California's legislation to 
improve seismic safety was enacted 
following destructive earthquakes. For 
example, the San Francisco earthquake 
in 1906 was the impetus for the 

formation of a state commission to 
investigate the causes and effects of 
earthquakes and how these effects could 
be considered in future construction [4]. 
The 1933 Long Beach earthquake, which 
caused the collapse of many schools, 
resulted in the passage of the Field Act 
requiring that all California public 
elementary schools be properly designed 
to resist earthquakes. Following the 1964 
Alaska and 1967 Caracas, Venezuela, 
earthquakes, California formed a Joint 
Legislative Committee on Seismic Safety. 
The purpose of the committee was to 
evaluate seismic safety improvements 
and make recommendations to the 
Legislature. The 1971 San Fernando 
earthquake damaged hospitals and 
freeways, triggering passage of a state 
hospital act that required all new 
hospitals to be designed to resist 
earthquakes and remain functional. 
Funding was also made available for 
research on highway bridges and 
overpasses [5]. In 1975, these activities 
culminated in the formation of the 
California Seismic Safety Commission. 

Following the Mexico City earthquake in 
1985, California's State Legislature 
enacted the California Earthquake 
Hazards Reduction Act of 1986. This act 
directs the California Seismic Safety 
Commission to prepare and administer 
the California Earthquake Hazards 
Reduction Program [6]. The program is 
aimed toward the development and 
implementation of new and expanded 
activities to significantly reduce the risk 
of earthquakes to the citizens of 
California by the year 2000. This 
program is now in its sixth year of 
development and implementation, and 
continues to evolve through a series of 
initiatives to achieve results. Initiatives 
are modified and added as knowledge is 
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gained, and each year a progress report is 
prepared for the Governor and the 
Legislature. The second five-year plan 
was presented to California public-policy 
makers in September 1991. 

Statewide expenditures by state agencies 
for earthquake hazard mitigation, 
emergency planning, and disaster 
preparedness during 1987 was $75 
million. After the occurrence of the 
Loma Prieta earthquake in 1989, the 
annual expenditure was doubled. This 
excludes about $700 million the 
California Department of Transportation 
has been appropriated to improve the 
seismic safety of California's bridges and 
overpasses. The program has identified 
several crucial seismic safety issues 
where a combined price tag could be on 
the order of $10 billion before significant 
progress can be claimed. Given the 
current unfortunate condition of the 
California budget deficit, it is likely that 
we will be far from achieving the goals of 
the Earthquake Hazards Reduction Act 
by the year 2000. Even so, much progress 
has been achieved and many lessons 
have been learned. 

State-Owned Buildings; One of the 
Greatest Risks 

Efforts to identify hazardous buildings 
began in earnest in the aftermath of the 
1971 San Fernando earthquake, where 65 
lives were lost and economic losses 
exceeded $500 million. In a 1979 study by 
the Seismic Safety Commission [6], 
unreinforced masonry construction, 
nonductile concrete frame buildings, and 
buildings designed prior to the 
introduction of adequate seismic codes 
were identified as potential collapse 
hazards. Many of the existing hazardous 

buildings are owned by the State of 
California and the federal government. 

A significant number of state-owned 
buildings are owned by the University of 
California. In 1975, the University 
worked closely with the Seismic Safety 
Commission to develop a method for 
evaluating and classifying their buildings 
into categories of expected performance 
during earthquakes. The ratings were 
expressed in subjective terms: 

Expected Life-Safety 
Rating Impact 

Good Minimal effect on life 
safety 

Fair Low life-safety hazards 
Significant structural 

Poor hazard and appreciable 
life-safety hazards 
Extensive structural 

Very Poor damage, collapse 
resulting in high life-
safety hazards 

It was felt that this way of evaluating 
buildings was more useful than calling 
buildings safe or unsafe. 

The study of the University buildings 
found that at least 20 percent rated poor 
or very poor and urgently needed 
strengthening or demolition. In 1980, 
cost estimates to improve the seismic 
safety of University buildings exceeded 
$500 million. Progress has been slow due 
to a lack of funds and competing 
demands on the short supply of 
resources. This point is well-illustrated 
by the proceedings of a public hearing 
that focused mostly on the University 
portion of state-owned buildings. 
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Public Hearing on the Seismic 
Vulnerability of State-Owned Buildings 

Ten years after the Seismic Safety 
Commission's report on state-owned 
buildings, and one month short of one 
year before the occurrence of the Loma 
Prieta earthquake, the California Seismic 
Safety Commission held a public hearing 
on the seismic vulnerability of state­
owned buildings. The hearing was 
conducted as part of the Commission's 
regular monthly meeting, and was held 
on the UCLA campus, one of the 
University campuses having a 
significant number of buildings in the 
poor and very poor categories [8]. 

As Chairman of the Commission in 
1988, I chaired the hearing. I reiterated 
that the problem of collapse-hazard 
buildings in California is a major 
Commission concern, and stated that the 
hearing would focus on the buildings 
owned and operated by the state, 
especially those in the University of 
California system. The hearing was to 
illustrate the process of deciding what 
level of safety is acceptable. One of my 
objectives was to assure that the 
Commission focused on the process, and 
stimulated positive action. The 
Commission was to help define the 
problems, determine why the problems 
existed, identify the likely consequences 
if the problems were not corrected, and 
help define what could be done and how 
much it might cost. The objective was to 
decide the level of risk that was 
acceptable. 

I noted that, looking at past efforts to 
strengthen state-owned buildings, it was 
clear that not a lot had been 
accomplished. Consequently, it could be 
concluded that the state believed that the 

existing level of seismic risk was 
acceptable. Most would agree this is not 
the case; however, individuals in 
responsible positions did not clearly 
understand the magnitude of the 
problem or how it could be corrected. 
One of the purposes of the hearing was 
to cause these individuals to better 
understand the problem, and to try to 
motivate them toward giving seismic 
safety a higher priority. 

The test of acceptability should be a 
process of considering the level of safety 
that is acceptable once the likelihood of 
earthquakes and the consequences are 
clear. (The occurrence of destructive 
earthquakes often assists in this 
understanding.) One must assume the 
earthquake will occur today, and then 
consider whether the consequences 
would be acceptable. 

The following excerpts from the minutes 
of the meeting illustrate some of the 
difficulties California is facing with 
regard to deciding what level of seismic 
safety is acceptable. 

University of California, Statewide - I 
introduced Mr. Jack Burnett, Director of 
Facilities Management and Construction, 
Office of the President, University of 
California. Parts of his testimony follow. 

The 1971 San Fernando 
earthquake created interest in 
hazard mitigation. In that same 
year, the Office of the President 
directed University of California 
campuses to conduct preliminary 
studies and report on the 
structural soundness of existing 
buildings. The state budget for 
1974-75 contained an 
appropriation of $10 million for 
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seismic 
hazard 
However, 
used to 
projects. 

and other life-safety 
mitigation projects. 
only $1.5 million was 
complete two seismic 

In January of 1975, the Regents 
adopted a seismic safety policy 
intended to provide an acceptable 
level of safety for students, faculty, 
employees, and the public who 
occupy and use university 
buildings and facilities. Key points 
addressed in the policy include: 

• Establishing, responsibilities of 
university administrators, 

• Developing a program for 
abatement of seismic hazards, 

• Using a consulting structural 
engineer for review, 

• Establishing standards for 
rehabilitation projects and new 
structures. 

The University of California 
policy requires independent 
review of each major capital 
improvement project by a credible 
structural engineer well-versed in 
seismic engineering. "Value 
engineering" (project quality 
management) is practiced on 
major projects. This review 
involves architectural and 
structural aspects as well as cost. 
The initial 1971 survey looked 
mostly at older buildings, those 
that were suspected of not being 
structurally sound. The 1977 study 
was a preliminary seismic 
evaluation of the principal 
b· gs in the University of 
Cc.ti1v1 nia system. The report, 
completed in June 1978, reviewed 
750 buildings with about 45 

million square feet of space. 
Buildings were rated according to 
the expected performance of the 
structure during an earthquake. 
About 20 percent of the buildings 
were rated poor and very poor. 

Since the 1974-75 budget 
appropriation, the University has 
continued to work with the State 
Department of Finance, the 
Legislative Analyst, and the 
Seismic Safety Commission to 
more clearly identify seismic safety 
problems that exist in University 
structures. A list of state buildings 
in priority order was developed by 
the Seismic Safety Commission in 
April 1981. Twenty-six of the top 
50 buildings listed, and 14 of the 
top 25 buildings listed, were 
University of California 
structures. In 1981, the Budget Act 
appropriated funds for more 
detailed engineering and cost 
studies of the first seven buildings 
on that list. These studies have 
been completed and a request for 
project funding to correct the 
seismic hazards has been included 
in the annual Regents' budget for 
the last several years. The request 
includes projects involving 
seismic structural corrections only, 
and general renovation projects 
that include seismic structural 
corrections. 

Progress on the elimination of 
seismic hazards in state-funded 
buildings has been limited because 
of a lack of funds. The University 
has continued to work on seismic 
correction problems in its 
nonstate-funded facilities over the 
years, and has taken upon itself 

17 
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the responsibility to correct 
nonstructural seismic problems, 
such as falling hazards, using the 
operational budget. The 
University intends to continue 
working diligently to make 
seismic corrections. A bond issue 
of $350 million will not come 
close to solving the University's 
seismic problems. It is estimated 
that it would cost in excess of a 
billion dollars to solve the 
University of California's 
statewide seismic safety problems. 

University of California, Los Angeles - I 
introduced Chancellor Charles E. Young 
of UCLA. Portions of his testimony 
follow. 

The seismic risk on the UCLA 
campus is not acceptable. We 
have been trying to reduce the 
unacceptable risks since 1972, with 
little success. UCLA's problems 
include buildings built before 1933, 
a number of buildings built 
between 1933 and 1972, and three 
active faults close to the campus. 
In 1972, UCLA developed a plan to 
improve dangerous buildings to a 
level where they would not be 
dangerous, or where the danger 
was substantially mitigated. A 
decision was made at that time 
that nothing could be done until 
the state's total earthquake 
problem was surveyed, analyzed, 
and reviewed. 

It is interesting to note the 
rationalization used here to justify why 
UCLA could not correct the problem. 
Their strategy was to defer the issue until 
the state as a whole dealt with it. 

In the meantime, UCLA decided 
to deal with all the buildings we 
could deal with; that is, buildings 
funded by nonstate sources. We 
have a timetable that will bring 
certain buildings, such as the 
student union, to a level where 
the danger to inhabitants and 
individuals around the buildings 
will be at a minimum. 

UCLA has done a number of 
analyses over the years, but the 
most recent and important 
determined what could be done to 
eliminate or substantially mitigate 
the danger to persons who 
inhabited the buildings or were 
around the buildings, even 
though the work might not be 
enough to save the buildings. The 
study concluded that we could do 
the kind of mitigation that would 
reduce dangers to individuals, but 
not save buildings to the point of 
being able to use them after the 
earthquake, for substantially less 
money than it would cost to bring 
the buildings up to a higher 
standard. 

UCLA has developed a plan to do 
this, and we have proposed to seek 
funding from the state through a 
bond issue for a multi-year, multi­
project program. This gives us 
legislative approval to retrofit one 
building after another. We have 
prepared a 15-year program to 
accomplish the work required, 
scheduled according to the danger 
involved. When completed, this 
program would result in a level of 
risk where there is minimal 
likelihood of endangering the 
persons inhabiting the buildings, 
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or in the proximity of the 
buildings. 

UCLA hopes that the program will 
be included in the University of 
California building program 
approved by the Governor and the 
Legislature as part of the bond­
financed program so the work 
does not compete with UCLA's 
academic program needs. New 
facilities are needed for new 
programs on all of the campuses. 
When seismic safety programs 
compete with those other needs, 
quite often the seismic safety 
programs do not get funded. 

We have moved forward on the 
residence halls, student union, 
student activities buildings, and 
parking structures by making 
minor capital improvements such 
as seismic anchoring. We have 
invested several hundreds of 
thousands of dollars into that 
program over several years, and in 
the last week or two have added 
substantially more funds to the 
program. 

Chancellor Young said UCLA would 
appreciate th2 Commission's help in 
getting others to understand the 
importance of seismic projects, and in 
helping UCLA to obtain funds. He 
believes the risk is one that cannot be 
ignored; however, he is in a difficult 
position. Campus teaching and research 
programs must be continued, and it is 
impossible to abandon the buildings that 
are seismically below par. As a result, 
they take the risk. He believes they 
should not have to take that risk 

Chancellor Young wanted the 
Commission to understand the 
continuing work of UCLA's Earthquake 
Safety Committee, which he had 
appointed five years previously. He 
introduced Professor Aroni, Chairman of 
the Committee. Excerpts from Professor 
Aroni's testimony follow. 

The task of the Earthquake Safety 
Committee has been to review 
seismic safety on the campus, 
make recommendations, and 
monitor progress. The Committee 
has been expanded to include 
representatives of the under­
graduate and graduate student 
governments and staff assembly. 
The committee has investigated 
many things, including the 
possible failure of an old earthfill 
dam above the campus. The 
campus has ten pre-1933 buildings. 
One-third of all buildings on 
campus are either poor (nine) or 
very poor (fifteen), and all are 
high on the statewide benefit/cost 
priority list. 

The Committee recommended a 
study of chemical, biological, 
radiation, and fire dangers 
associated with earthquakes. This 
study has been completed, and 
recommendations are being 
implemented. The Committee 
also recommended development 
of a comprehensive earthquake 
preparedness plan that includes 
the medical center and critical 
facilities on campus. 

The Committee's unanimous 
conclusion is that UCLA is a 
campus at risk, facing a potentially 
devastating catastrophe in the next 
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great Southern California 
earthquake, unless energetic 
measures are taken, particularly 
with respect to the vulnerable 
buildings. An estimated 1500 to 
2000 deaths could be caused in 
these buildings. Many more 
would be injured, and UCLA's 
ability to function would be 
destroyed. Approximately $150 
million is needed to strengthen 
the 24 state-owned University 
buildings. 

Professor Aroni concluded with four 
points I thought interesting: 

1. Studies are essential, but they 
are unimportant. Only by 
implementing the conclusions of 
the studies can safety be achieved. 

2. Three weeks earlier, UC 
President David Gardner had 
presented to the Board of Regents 
a study on the future of the UC 
system. By the year 2005, an 
estimated 63,000 additional 
students would be added to the 
154,000 currently attending the 
nine UC campuses. Three new 
campuses are needed within the 
next 12 years , at a cost of $300 
million each. Under these 
circumstances, it makes sense for 
the state to invest $100 or $150 
million to save a great campus. 

3. All segments of the campus 
community support the efforts of 
seismic upgrading. Resolutions 
have been passed unanimously by 
the legislative assembly of the 
Academic Senate and the 
undergraduate and graduate 
student associations. The 

resolutions called for permitting 
seismic corrections to proceed 
expeditiously, without necessarily 
undertaking other life-safety 
requirements. 

4. He urged the Commission to 
provide its full vocal and energetic 
support for legislation to 
authorize needed bonds to finance 
the seismic upgrading as soon as 
possible. 

I asked the UCLA representatives if 
UCLA would be willing to sponsor 
legislation, with the Commission in a 
supporting role. Professor Aroni said 
that he would hope that a whole array of 
bodies-the UC i.-'resident's Office and 
representatives of the rest of the state 
educational system-would sponsor 
such legislation, which the Commission 
then could endorse. He noted that the 
Legislature recognized earthquake safety 
problems when it upgraded the State 
Capitol. He expressed concern that a 
state that requires private owners to 
seismically upgrade their buildings 
would put its people, citizens, visitors at 
risk. We should not have to have a 
catastrophe to do something. He quoted 
figures from Japan where, in 1980, they 
spent $100 per person on seismic 
upgrades, versus California's $0.65 per 
person. He said that it is difficult to put 
actual numbers on the impact on society 
and the economy if educational facilities 
are lost. 

University of California, Berkeley - I 
introduced Mr. Gene Cross, a 
representative of the Berkeley campus, 
who said: 

More funding is needed to 
accomplish necessary studies and 
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renovation. A more in-depth 
classification of the buildings 
would allow limited funds to be 
used strategically on buildings 
with the greatest risk. 

There are secondary matters of 
asbestos, PCB, chemicals, and 
nuclear materials to be considered 
in seismic renovation. Seismic 
renovation cannot be done 
without running into asbestos in 
almost any building. Asbestos 
abatement can cost millions of 
dollars in a building, and 
employee relations and union 
problems arise when seismic 
projects move employees to other 
inferior buildings, or expose 
employees to asbestos. 

The University would support 
bonds in concept, as long as it 
would not be in lieu of other 
funding needs on the campuses. 
Programmatic needs on the 
campus are to serve the 
community by teaching, doing 
research, and providing public 
service. If all their funds were 
spent on making buildings safe, 
they wouldn't be able to provide 
programs. 

In answer to questions regarding the 
possibility of funding seismic retrofit 
with private donations, Mr. Cross said: 

After 30 years' experience in 
facilities management and 
construction in higher education, 
my opinion is that it is very 
difficult to solicit private 
donations from individuals and 
groups for infrastructure-type 
projects. UC Berkeley is doing 

everything it can within the 
budgetary limits and competing 
priorities set after comprehensive 
and ongoing reviews of the total 
campus needs. 

The UC Berkeley campus is unique in 
that it straddles the Hayward fault. 
Memorial Stadium and other buildings 
are located directly on the fault; in fact, 
the stadium is slowly being sheared by 
tectonic fault creep. Recent reports by the 
U. S. Geological Survey [2, 3] indicate 
there is a 50 percent chance of a large 
earthquake striking the Bay Area. within 
the next 30 years, and the Hayward fault 
is a likely source. This high probability 
should cause the Berkeley campus to 
place a higher priority on those buildings 
judged seismically unacceptable. Mr. 
Cross agreed: 

The campus did a full evaluation 
of the need, and requested and 
received funds for improvements 
to three of the buildings rated 
highest on the benefit/cost 
analysis priority list. Berkeley will 
ask for funds to work on the next 
three buildings on the list. When 
those funds are allocated, the work 
will be accomplished. 

It was clear that the impact of an 
earthquake and the effect it would have 
on UC Berkeley's ability to carry out 
teaching and research programs had not 
been fully considered. Seismic repairs 
could help to avoid the loss of use of 
buildings and equipment that will result 
during the forthcoming earthquake. UC 
has plans, people to evaluate the plans, 
and seismic needs have been identified 
in priority order. The campus is seeking 
funds; there is no schedule for 
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renovation, as the schedule will depend 
on when funding becomes available. 

Other State Buildings - Testimony on 
behalf of other state-owned buildings 
was given by Mr. Michael Bocchicchio, 
the California State Architect. Mr. 
Bocchicchio provided the Commission 
with information on the state's 
infrastructure retrofit program, which is 
administered by the Office of the State 
Architect. 

The Department of General 
Services owns and operates 43 
office buildings throughout the 
state, most of them in densely 
populated areas. Some of these 
buildings date back to 1919, and 
many are reaching an age where 
there is a great amount of retrofit 
work required to bring the 
facilities up to standard. Over the 
years, maintenance has been 
deferred. Now, roofs need to be 
replaced, elevators need 
maintenance and upgrading, space 
must be reconfigured to meet 
tenants needs, several buildings 
have been cited by the Fire 
Marshall for life-safety violations, 
and other deficiencies need 
correcting. Some buildings are not 
accessible to the handicapped, and 
asbestos has been found in just 
about every one. Most of the 
structures predating 1933 are not 
capable of resisting the seismic 
loads that we know about today. 
Most do not comply with energy 
standards. 

A piecemeal approach to 
budgeting for building repairs has 
been taken in the past. Since 

building systems are inter­
dependent, they often were 
trapped in a circular situation 
where certain improvements 
could not go forth until the Fire 
Marshall's concerns were 
addressed, yet there was no money 
for addressing the Fire Marshall's 
concerns. To resolve this 
problem, the State Architect's 
office reviewed the total inventory 
of 43 state office buildings, and 
prioritized the buildings for 
further study. Infrastructure 
studies incorporated detailed 
structural analysis. The next step 
was to devise a master plan for the 
retrofit of each building, seek 
funding, and implement the 
master plan. 

Four studies have been completed 
(Oakland office building, San 
Francisco state office building, and 
two buildings in Sacramento). 
The Los Angeles state office 
building will be studied this year 
[1990]. A seven-year master plan 
has been completed for the 
San Francisco state office building, 
and legislation is being sought for 
bonds to finance the work. 

The in-depth structural studies 
indicated that some of the 
buildings have only 10 to 12 
percent of the strength required by 
present seismic standards. Also, 
there are materials in some 
buildings that could be hazardous 
in moderate earthquakes. 

The Commission 's bond proposals 
in the 1990 legislative session 
would not have been adequate to 
cover the work needed on the 
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state-owned buildings. Retrofitting 
of the buildings, including seismic 
strengthening, is a costly project. 
The least expensive way to 
accomplish the work is to move 
tenants into leased space, do the 
work, and .move them back once 
work is completed. 

The Office of the State Architect is 
sponsoring legislation that would 
propose the use of lease-purchase 
revenue bonds. This would allow 
the State Public Works Board to 
take title of the property from 
General Services, lease it back to 
General Services, and sell bonds. 
The bonds would be paid off 
through the lease payments that 
General Services makes to the 
Public Works Board. This project 
has not been easy to get through; 
both houses of the Legislature 
turned it down last session. 

The Office of the State Architect 
needs support for legislation to 
repair the San Francisco state 
office building; it would be a crime 
to leave this building in the 
condition it is in, in the location it 
is in, with what is known about it. 
The cost to strengthen the 600 ,00-
square-foot state office building is 
$143 million over seven years for 
design, construction, and 
implementation. 

Loma Prieta Earthquake 

The magnitude 7.1 Loma Prieta 
earthquake of October 17, 1989, occurred 
in a somewhat remote and sparsely 
settled portion of the greater 
San Francisco Bay Area. The earthquake 

resulted in 63 deaths, 350 hospitalized 
injuries, and approximately $10 billion 
in direct damage and indirect losses. The 
collapse of buildings and structures in 
San Francisco and Oakland, including 
the collapsed I-880 viaduct which took 41 
lives, occurred as far away from the 
earthquake energy release as 60 miles. 
The Loma Prieta earthquake caused 
damage to over 23,000 residential 
structures, 3500 commercial businesses, 
and 140 public buildings in the ten 
counties affected. The cost of the Loma 
Prieta earthquake represents an 
expenditure of $1700 per person for the 
Bay Area's six million people. The state­
owned buildings in San Francisco and 
Oakland were severely affected and, at 
this time, more than two years later, 
these buildings are standing vacant. 

The Loma Prieta earthquake was but one 
in a series of recent damaging 
earthquakes striking California; others 
since 1970 include the San Fernando 
(1971), Oroville (1975), Morgan Hill 
(1979), Coalinga (1983), and Whittier 
Narrows (1987). Each of these 
earthquakes, even though of only 
moderate magnitude, caused important 
structures to fail. Most of the structures 
that failed could have been identified as 
being high-risk structures prior to the 
earthquake. Each of these recent 
earthquakes was serious and locally 
catastrophic to those directly affected, 
even though each was relatively minor 
when compared with the earthquakes 
that have the potential of occurring near 
metropolitan areas in both Southern and 
Northern California. A large earthquake 
striking a major California urban center 
would cause damage, losses, and social 
disruption ten to twenty times greater 
than those resulting from the Loma 
Prieta earthquake. 
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The Seismic Safety Commission's 
Investigation - Following the Loma 
Prieta earthquake, the California Seismic 
Safety Commission made 
recommendations based on an 
investigation of the earthquake and its 
aftermath. The Commission recognized 
the importance of timeliness and the 
fiscal limits that affect hazard reduction 
efforts, and recommended some less 
costly advances that could be made 
quickly by local and state agencies. They 
advocated promoting public 
understanding of the risks, protective 
actions citizens can take, development of 
programs that reduce the level of relief 
and recovery demands, and routine 
exercising of emergency response plans 
and plans for other short-term relief 
efforts. 

Governor Deukmejian's Board of 
Inquiry - Because of the large losses from 
the Loma Prieta earthquake, California's 
Governor George Deukmejian appointed 
a Board of Inquiry to assess why failures 
occurred, and to recommend what the 
state should do to protect its citizens 
from further earthquakes. 

The Board's comprehensive report [9] 
resulted in Governor Deukmejian 
issuing an Executive Order (Attachment) 
establishing California policy that 
seismic safety is a priority consideration 
in the allocation of resources for all state 
structures. The Governor, in acting so 
quickly and decisively, had taken to heart 
the Board of Inquiry's assertion that: 

The Loma Prieta earthquake 
should be considered a clear and 
powerful warning to the people of 
California. Although progress has 
been made during the past two 

decades in reducing earthquake 
risks, much more could have been 
done, and awaits doing. More 
aggressive efforts to mitigate the 
consequences of earthquakes are 
needed if their disastrous potential 
is to be minimized and one of the 
most fundamental responsibilities 
of government is to be fulfilled­
to provide for public safety. 

University of California's Building 
Retrofit Program Reassessed - In light of 
the Governor's Executive Order, and due 
to the urgency of the University of 
California's seismic safety needs, 
President David Gardner appeared before 
the Seismic Safety Commission at the 
regular Commission meeting on January 
11, 1990 [10] for the purpose of seeking 
assistance from the Commission toward 
improving seismic safety on the 
University of California's nine 
campuses. Excerpts from President 
Gardner's testimony follow: 

Seismic safety is of utmost 
importance to the University of 
California, and I am personally 
committed to moving as 
expeditiously as possible to correct 
seismic and other life-safety 
hazards in University facilities. I 
also am committed to ensuring 
the safety of staff, faculty, and 
students, as well as the thousands 
of people who visit the campuses 
each year. 

I will be recommending, at the 
Regents' meeting next week, that 
the University borrow $50 million 
to perform work needed to correct 
the most seismically vulnerable 
buildings. The plan developed 
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will go a long way toward 
speeding up corrections of the 
University's seismic problems. It 
reasonably allocates the burden 
among interested parties; 
improves the level of preparation 
for earthquakes; affords assurance 
to students, staff, and faculty that 
the university has acted 
responsibly and expeditiously on 
this problem; and permits the 
University to proceed 
immediately with corrections. 
Considering state funds, nonstate 
funds available on the campus, 
and the funds I plan to set aside, I 
anticipate spending about $30 
million a year, on an average, for 
seismic improvements for the 
University of California as a 
whole, which should allow the 
University to improve the seismic 
safety of buildings, especially those 
rated poor and very poor. 

President Gardner introduced Vice 
President William Baker, who said: 

The first seismic correction project 
included in the University of 
California budget appeared in 
1974, following the San Fernando 
earthquake of 1971. Of the $20 
million requested at that time, 
only half was approved by the 
Legislature and only $1.5 million 
was actually released by the state 
for two projects at the Santa 
Barbara campus. Both were 
completed. The University 
continued to request funds each 
year to strengthen seismically 
substandard facilities; however, no 
state funds were provided until 
the early 1980s. In 1974, the 
Legislature established the Seismic 

Safety Commission and in January 
of 1975 the Board of Regents 
adopted a policy calling for 
acceptable levels of seismic safety 
in University facilities. 

Each year in the late 1970s and 
early 1980s (a ten-year period), the 
Board of Regents was asked to 
approve an authorization for the 
President to amend the budget to 
include the highest priority 
projects, and to request 
appropriate state funding should 
the state indicate a willingness to 
provide funds for correction of 
seismic deficiencies. In the early 
years of that period, the state 
advised that it was not prepared to 
fund such projects, pending 
completion of a report by the 
Seismic Safety Commission and 
an evaluation of state-owned 
buildings. In later years the state 
was spending relatively little 
capital outlay for the University 
projects or for the minor amounts 
of money for studies and 
planning. During these years, 
serious consideration was given to 
posting signs on buildings thought 
to be seismically substandard 
indicating each building's relative 
safety. 

Seismic Safety Commission Report on 
the Executive Order - The Governor's 
Executive Order D-86-90 directed the 
Seismic Safety Commission to review 
and report to the Governor, by 
December 1, 1990, on the adequacy and 
status of the efforts in response to the 
order, as well as on the responses to the 
recommendations of the Governor's 
Board of Inquiry on the 1989 Loma Prieta 
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Earthquake [11]. The Seismic Safety 
Commission concluded that responses 
must address five elements to 
demonstrate an effective seismic safety 
program. These five elements are: 

1. Policy Statement. A statement 
of policy that states goals, 
expectations, and deadlines, and 
explains the ranking of seismic 
safety in the agency's 
responsibilities. 

2. Seismic Safety Program. A 
seismic safety program with a plan 
and process to identify earthquake 
hazards to people and to the 
organization's functions, to abate 
the unacceptable hazards, and to 
prudently manage the risks that 
cannot be eliminated. 

3. Responsible Staff. A 
management-level agency official 
having the clear responsibility for 
meeting the goals in the policy 
statement, and an appropriately 
sized staff that has the 
administrative and technical 
knowledge and experience needed 
to carry out the program. 

4. Adequate Funds. Funds 
adequate to carry out the program 
or a plan to raise the funds 
needed. 

5. Accountability. A way to 
measure and report progress to the 
person or organization legally 
responsible for the agency, and to 
the Governor and the Legislature, 
and a way to ensure technical 
performance in carrying out the 
program. 

Although great strides had been made to 
lessen the state's exposure to earthquake 
risks, we still have a long way to go. 
Only the California Department of 
Transportation responded to the 
executive order with an adequate 
program. Although the Department of 
General Services made considerable 
progress in making seismic safety a 
priority consideration, it still must find a 
solution to its fiscal resources problem. 
The University of California began to 
address seismic safety long before the 
Loma Prieta earthquake, but has not 
reexamined or accelerated its existing 
program since the issuance of the 
executive order. Because of the lack of 
funding and a structure for 
accountability, UC's program is not 
adequate to meet immediate, existing 
seismic safety needs. 

Discussion 

California now has a different governor, 
Pete Wilson. Gubernatorial orders from 
previous governors exist at the pleasure 
of the incumbent. Although Governor 
Wilson has not rescinded Executive 
Order D-86-90, he has not made a public 
statement in support of it. 

In addition to the loss of life, injuries, 
damage, disruption of operations, and 
impact on the economy that a damaging 
earthquake would cause, the state also 
must recognize the potential liability 
exposure that the state risks if seismic 
safety remains just another competing 
factor in resource allocation. The state 
did not know that the Cypress viaduct 
was a collapse hazard, but it is paying 
millions of dollars in damages to the 
victims of that collapse during the 1989 
earthquake. This could be miniscule 
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compared to the claims that could occur 
after the failure of state buildings that are 
known to be potential collapse hazards 
in an earthquake. 

It is also important to note that despite 
the limited immunities conferred upon 
the Regents of the University of 
California and the Trustees of the 
California State University system, as 
well as the top management officials of 
both universities, the potential remains 
for them to be held personally liable, 
along with the State of California, for 
failure to mitigate known dangerous 
conditions, such as earthquake hazards. 
In determining whether an 
administrator, regent, or trustee is 
personally liable for an act or omission, 
the courts apply the reasonable person 
standard, which excuses honest errors in 
judgment, but not the intentional 
ignoring of . significant problems. 
Although fear of liability should not be 
the driving force, the potential for 
liability is an important consideration for 
the state in providing funding and 
setting priorities to abate earthquake 
hazards. 

The most clear representation of public 
policy to address earthquake hazards is 
the enactment of public laws to address 
seismic safety concerns. California has 
led the nation and the world in the 
passing of earthquake safety laws. 

The Seismic Safety Commission 
monitors the legislative process and 
assists the legislators by either 
sponsoring, supporting, or opposing 
bills. During a normal legislative 
session, there are about 15 or 20 bills that 
require diligent monitoring. Destructive 
earthquakes stimulate this process by 
increasing the awareness of decision 

makers and providing an opportunity 
for new laws to be considered. During 
the 72-year period from 1906 to 1988, 112 
seismic safety bills were passed into law 
in California. 

The Loma Prieta earthquake resulted in 
the most prolific legislative session 
(1989-90) of all time for seismic safety. 
About one month prior to the Loma 
Prieta Earthquake, on September 1, 1989, 
the Commission submitted to the 
Governor and the legislators the 
Commission's annual report, California 
at Risk [12], outlining 72 separate 
initiatives where decision-makers could 
take action to improve seismic safety. 
When the earthquake occurred, the 
Governor and the legislators were 
acutely aware of earthquake issues and 
had the language to address them. 
During the legislative session following 
the Loma Prieta earthquake, a total of 443 
bills were introduced addressing seismic 
safety. When the 1989-90 session finally 
closed, 164 bills had passed the legislative 
process and were sent to the Governor 
for signature. The Governor signed 
most of the bills into law; however, he 
vetoed those that required substantial 
financial commitments. During this 
short period, California law makers 
more than doubled the body of seismic 
safety laws. 

It is interesting to note that the issue of 
lack of funding for earthquake studies in 
California was a problem in 1906. On 
May 31, 1906, only six weeks after the 
San Francisco earthquake, the 
Earthquake Commission submitted a 
Preliminary Report to the Governor. In 
this report, the details of the 
organization of the Commission, the 
program of its work, and the results 
attained to that date were put forth. But 
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although the Commission acted under 
the authority of the Governor of the 
state, no money was provided by the 
government for the conduct of its work. 
The embarrassment arising from this 
lack of funding was relieved about 
June 1, 1906, by a subvention from the 
Carnegie Institution of· Washington,, 
which enabled the Commission to 
prosecute its program as it had been 
planned. It seems they set a precedent 
for programs that lacked funding that is 
still with us and not as easily or quickly 
resolved as it was in 1906. 
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ATTACHMENT 

'EX!EC'll'II'VE 1J<EPJf!l('lAf'E;Jf;I 

S'lflLTE O:F C5UI:FO!lW.Jfll 

'E')(,ecutive Order 'lJ-86-90 

29 

'118f!E!l{'E.91S, on OctoGer 17, 1989 a major earthquak:§. occurred in :J..Wrtliern Ca{ifornia, causing deatlis, 
injuries, and witfespread damage to transportation /acuities and otfier structuresi and 

'11»t!E!l{'EJllS, an independent 'Board of Inquiry was formed in :J..WvemGer 1989 to investigate tfie reasons 
for tfie coffapse of transportation structures and to recommend actions to reduce tfie danger of tragic structura{ 
faiCures in future earthquak:§.si and 

'W:J{'E!l{'EJllS, tfie 'Board of Inquiry found tfiat tfiere is a fiigfi proGaGiCity tfiat one or more major 
eartfiquak:§.s wi{{ strik:§. fieavi{y popuCated areas in :Af9rtfiem and Soutfiem CaCifomia in tfie futum and 

'WJ{'E!J{'EJllS, Ca{ifomia's state of earthquak:§. readiness needs improvement to Getter protect tfie pu6{ic 
safety and our economy from potentiaC{y serious impacts of future eartfiquak.esi 

9\3)11), 'I!J{'E!l{'E'fO!J{'E, I, {j'EO!l{(j'E '1J'E'l1'1(9vf'EJI.9l!Al (jovemor of tfie State of CaCifomia, Gy virtue 
of tfie power and autfiority vested in me Gy tfie Constitution and Statutes of tfie State of CaCifornia, do fiereGy 
issue tfiis Order, to Gecome effective immecfiatdy: 

1. It is tfie poCicy of tfie State of Ca{ifomia tfiat seismic safety sfia{{ Ge given priority consideration in 
tfie a{Cocation of resources for transportation construction projects, and in tfie design and 
construction of a{{ state structures, incCucfing transportation structures and puG{ic Guurfings. 

2. 'I!ie 'lJirector of tfie 'lJepartment of 'Transportation sfiaC{ prepare a cfetai{ed action p{an to ensure 
tfiat a{{ transportation structures maintained Gy tfie State are safe from co{{apse in tfie event of an 
eartfiquak:§. and tfiat vita{ transportation Cini& are designed to maintain tfieir function fo{Cowing an 
eartfiquak:§,. 'I!ie p{an sfiou{d indude a priority fisting of transportation structures wfiicfi wi{{ Ge 
scfieduCed for seismic retrofit. 'I!ie 'lJirector sfia{{ transmit tfiis action p{an to tfie (jovemor Gy 
5'Lugust 31, 1990. 

3. 'I!ie 'lJirector of tfie 'lJepartment of 'Transportation sfia{{ estaG{isfi a forma{ process wfiereGy tfie 
'lJepartment see/& and oGtains tfie advice of e'i(.temaC ezyerts in esta6Cisfiing seismic safety po{icies, 
standards, and tecfinicaC practicesj and for seismic safety reviews of p{ans for construction or 
retrofit of compCett structures. 'I!ie 'lJirector sfia{{ transmit a summary of tfiis process to tlie 
(jovemor Gy 5'Lugust 31, 1990. 

4. 'I!ie 'lJirector of tlie 'lJepartment of 'Transportation sfia{{ assign a liigli priority to cfeveCopment of a 
program of Gasic and proGCemfocused researcli on eartfiquaK__e engineering issues, to indude 
compreliensive eartliquak:§. vuCnera6iCity eva{uations of important transportation structures and a 
program for p{acing seismic activity monitoring instruments on transportation structures. 'lJie 
'lJirector sfiaC{ transmit a description of tlie research. program to tfie (jovernor 6y 5'Lugust 31, 1990. 
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5. Loca{ transportation agencies anti tiistricts are encourageti to re'{)iew tlie fintiings anti 
recommentiations of tlie '13oarti of Inquiry on tlie 1989 Loma Prieta '.Eartliquak! anti to atiopt 
po{icies, goals, anti actions simifar to tliose proposeti for Ca{trans. 

6. 'Ifie '.Director of tlie 'Department of (jenera{ Services s/ia[{ prepare a tietaifeti action p{an to ensure 
tliat a{{ facilities maintaineti or operateti Gy tlie State are safe from significant failure in tlie went 
of an eartliqu~ anti tliat important structures are tiesigneti to maintain tlieir function fo{{owing 
an eartliquak!. 'Ifie p{an sliou{c{ incfotie a priority {isting of facifities wliicli wi{{ Ge sclietiu{eti for 
seismic retrofit. 'The p{an sfia{{ further propose measures Gy wliicli state agencies constructing new 
facilities or retrofitting e;dsting facilities wouM: 

a. Ge go'{)erneti Gy tlie pro'{)isions of a genera{{y accepteti eartliquak! resistant cotie for new 
constructioni 

G. secure structura{ safety rwiew anti appro'{)a{ from tlie Office of tlie State .!llrcliitecti 

c. see/( intiepentient re'{)iew of structura{ anti engineering p{ans anti tietaifs for tliose prqjects wliicli 
emp{oy new or unique construction teclino£ogiesi anti 

ti. /ia'{)e intiepentient inspections of construction to insure compCiance witli p{ans anti 
specifications. 

'Ifie 'Director sfia{{ transmit tlie pCan to tlie (jo'{)emor Gy .9Lugust 31, 1990. 

7. 'Ifie 'Department of (jenera{ Ser'{)ices sfia{l wlien negotiating {eases of facilities for use Gy state 
emp£oyees or tlie puG{ic, consitier tlie seismic contiition of tlie facilities anti sfia{{ initiate £eases onCy 
for tliose faci{ities wliicli tiemonstrate atiequate seismic safety. 

8. 'The Seismic Safety Commission sfia{{ re'{)iew state agencies' actions in response to tliis ei'(,ecuti'{)e 
artier anti tlie recommentiations of tlie finaC report of tlie '13oarti of Inquiry anti pro'{)itie a report to 

tlie (jo'{)ernor on tlie atiequacy anti status of actions tak!n Gy 'DecemGer 1, 1990. 

9. 'Ifie 'llni'{)ersity of Cafifornia anti tlie Cafifornia State 'llni'{)ersity sfia{{ gi'{)e priority consitieration to 
seismic safety in tlie a{{ocation of resources a'{)ailabCe for construction projects. 'The 'llni'{)ersity of 
Ca£ifomia anti tlie CaCifomia State 'University sfia{{ prepare anti transmit to tlie (jovemor Gy 
.9Lugust 31, 1990 a tiescription of tlieir pCans to increase seismic safety at facifities wliicli tliey 
maintain or operate. 

I'l{ WI'J!J{'ESS 'W!JfF/l?._'.EO:F I ha'{)e liere unto set my lianti anti causeti tlie (jreat Sea{ of tlie State of 
Ca£ifomia to Ge affb@ti tliis 2ntf tiay of June 1990. 

(jeorge 'Deu/(mejian 
(jo'{)ernor of Ca{ifomia 
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Volcanism in the Canadian Cordillera: Should We Worry? 

Catherine J. Hickson 
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Vancouver, British Columbia 

Abstract 

The Canadian Cordillera encompasses a geologically dynamic region which includes subduction zones, 
major transcurrent faults, areas of crustal rifting and high heat flow. As a consequence of this dynamic 
environment, some 100 volcanoes and volcanic fields have formed. These are arranged in five broad belts: 
the Garibaldi, Anahim, Alert Bay, Stikine, and Wrangell volcanic belts; plus other less-well-defined 
volcanic regions. The tectonic forces that produced these volcanic belts are still active and thus the 
potential for a volcanic eruption in the Canadian Cordillera continues to exist. Much remains to be done 
to assess the risk of a volcanic eruption in the Cordillera due to numbers and remoteness of volcanoes. 
Studies to date, suggest that small localized basaltic eruptions producing tephra that covers limited areas, 
and more infrequent violent explosive events, severely impacting vast areas are both possible. Basaltic 
eruptions may occur with little or no warning, but will only pose a hazard if the eruption occurs close to a 
populated area or a transportation corridor. Ex.plosive eruptions usually have associated earth tremors 
that will be picked up on the regional seismic network. Unfortunately, however, some significant events 
elsewhere in the world have occurred where precursor seismicity commenced only hours before the volcano 
erupted explosively. 

Apart from the hazard posed by the eruption of a volcano, a continuing hazard is posed by the extreme 
relief of many vent areas and the unstable nature of volcanic deposits. Landslides and debris flows from 
volcanoes pose a very real threat. Comparable debris flows generated in volcanic areas have much greater 
run out distances than those generated in nonvolcanic areas, in part, because of a greater percentage of 
fine material in "volcanic" debris flows. Where human development is pushed into volcanic areas, this 
hazardous aspect of Cordilleran volcanoes must be taken into consideration during planning. Should an 
eruption occur, the impact would be much wider reaching. 

Introduction 

Canada has been spared the almost ceaseless 
volcanism characteristic of such places as 
Hawaii, Japan, or Indonesia, but it has not 
escaped volcanism completely. We are part of a 
continuous line of subduction zones and 
transform faults that encircle the Pacific Ocean. 
Our global position on this dynamic sphere gives 
rise to not only subduction zone volcanoes, but to 
volcanoes formed where the crust is weakened 
and stretched by extension, and additionally by 

plumes in the underlying mantle creating 
upwelling of hot mantle material. These forces 
have produced five broad belts of volcanoes plus 
other less-well-defined volcanic regions 
(Figure 1). The Garibaldi and Wrangell Volcanic 
Belts owe their origin to subduction; the Stikine 
Volcanic Belt to crustal extension, and the 
Anahim Volcanic Belt to a mantle plume or "hot 
spot". Deep faults and crustal dynamics in other 
regions formed volcanic fields such as Wells 
Gray-Clearwater and other isolated cones, or 
cone fields, in British Columbia and Yukon. But, 
what of the risk? Do these volcanoes pose a 
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threat to our Society? 

Volcanic Hazards 

Volcanoes, when they erupt, produce a number of 
hazardous events (Table 1). What hazard will 
oc.:ur at which volcano wilJ depend to lar~e 
degree on the composition of the erupting m ... .,, ""'la 
(Table 2). Bas. !~.c eruptirns [basaltic magmas 
are low in silica, an c ~ ... ~ntial building block 
element of minerals] pose a minimal hazard in 
comparison with explosive fel!:tfo eruptions [felsic, 
or the older term 'acid', L...'-'-.; -· ' : • :;h in 
silica]. Similarly, an andesitic eruption is less 
hazardous than a dacitic .:. ~ number of 
caveats must be applied. Basaltic eruptions 
occurring during winter months in regions of 
heavy snow pack could produce devastating 
debris flows (lahars) or floods from rapidly 
melting snow. Some basaltic eruptions in 
Canada have been in mountainous terrain near 
glaciers. Subglacial volcanism has occurred in 
British Columbia in the past {2},{3}). This form 
of volcanism can produce potentially destructive 
jokulhlaups and water-magma interactions 
(phreatic or phreato-magmatic eruptions) can 
potentially produce very large explosions --- even 
if the magma is basaltic. Such an explosion, 

during the 1924 explosive phreatic event at 
Kilauea, caused the only recorded fatality of a 
Hawaiian eruption. 

Hazards from the eruption of intermediate to 
high silica content magmas can be moderate to 
extreme - depending on the size of the eruption. 
The size of an eruption is quantified using a 
scale called the Volcanic Explosivity Index (VEI, 
{4} ). The VEI takes into consideration the 
volume of eruptive products, height of eruption 
cloud, duration of the main eruptive phase, and 
other parameters to assign a number from a 
linear, 0 to 8 scale. The May 18, 1980 eruption 
of Mount St. Helens, which destroyed 632 km2 of 
land, expelled 1.4 km8 of magma (dense rock 
equivalent, DRE) and produced an eruption 
column which peaked at an elevation of 24 km, 
had a VEI of 5. Mount Pinatubo, in the 
Philippines, ejected about 3 km8 (DRE) of 
material and had a VEI of 6. The actual size of 
the eruption does not have a direct relationship 
to the number of lives lost, however, it is directly 
proportional to the economic losses sustained by 
the region. 

No modem man or woman has witnessed a truly 
cataclysmic eruption and lived to tell the tale. 
The 1813 eruption of Tambora, ejected 50 km8 

(DRE) of pyroclastic material into the 

TABLE 1 -- Volcanic hazard summary (modified from {1}, Table 1.4, p. 12) 

Frequency of Adverse Effect/Damage/Death 

Less than Greater than 
10 10-30 30-100 100-500 500-1000 1000 

Volcanic hazard Distance (km) 

Lava flows F c VR 
Ballistic projectiles c 
Tephra falls VF F F c R 
Pyroclastic flows and 
debris avalanches A F R VR 
Lahars and jokulhlaups F F R VR 
Seismic activity and 

ground deformation c c VR 
Tsunami A F c R VR 
Atmospheric effects c c R VR VR 
Acid rains and gases F F R R VR VR 

* Hazard level is based on the relative frequency of deaths given that the specific type of activity occurs. 
A= Always; VF= Very Frequent; F =Frequent; C =Common; R =Rare; VR =Very Rare. 



0 

0 

PACIFIC PLATE 

0 200 

Km 

Volcanism in the Canadian Cordillera:Should We Worry? 

DISTRICT 

OF 

MACKENZIE 

LEGEND 

=Rift zone 
-'--A... Subduction zone 
--- Transform fault * Large felsic complex 

* 
• • 

Fe/sic complex, shield volcano 
or volcanic field 13 or more 
cinder cones) 

Cinder cone; small shield volcano 

Chilcotin Group basalt flows 
(Miocene-Pliocene) 

Quaternary Chilcotin Group flows 

Volcanic plug, feeder to 
Chi/cotin basalts 

/)\_ Area of long lived volcanicity 
~ including Pleistocene eruptions 

; 

l~"~,· 

~LATE 

55° 

CANADA 
\.f.s:A. 

Figure 1 -- Quaternary volcanic vents in the Canadian Cordillera. 
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TABLE 2 -- General relationships between volcano types, predominant lava, eruption styles, and common eruptive characteristics (from 
{5}, Table 1.1, p. 2) 

Predominant 
Volcano lava Relative 
type Composition Viscosity Eruption style Common Eruptive Characteristics 

Shield1 Basaltic Fluidal Generally non-explosive Lava fountains, lava flow (long), lava lakes 
(mafic) to weakly explosive and pools 

Andesitic Less Generally explosive but Lava flows (medium), explosive ejecta, 
fluidal sometimes non-explosive tephra falls 

Composite2 Dacitic to Viscous to Typically highly explosive Explosive ejecta, tephra falls, pyroclastic 
rhyolitic very viscous but can be non-explosive, flows and surges, and lava domes 
(felsic) but can be especially after a large 

non explosive explosion 

1 Generally located in the interior of tectonic plates ("intraplate") and presumed to overlie "hot spots," but also may occur in other 
tectonic settings (eg., Anahim Volcanic Belt, Galapagos, Iceland, Kamchatka). 

2 Generally located along or near the boundaries of convergent tectonic plates (subduction zones); also called strato-volcanoes (eg. 
Cascade-Garibaldi Volcanic Belt, Wrangell Volcanic Belt). 
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atmosphere cooling the global climate by 2°C for 
two years following the eruption. This cooling 
caused considerable hardship and famine in 
temperate areas of the Northern hemisphere. 
We can only speculate upon the consequences of 
an eruption of the scale of Toba, Sumatra which 
expelled 2,500 km8 (DRE) of tephra and a~ a 
consequence may have brought about the last ice 
age {6}. 

Volcanic Risk 

Erupting volcanoes only become a risk when 
there is something valued that may be destroyed 
- either lives, property or resources. Risk is 
usually assessed on the basis of the number of 
human lives which may be lost as a result of a 
hazardous event {7}. But, in actual fact natural 
disasters throughout history have taken' only a 
small fraction of the lives that have been lost in 
armed conflict. In 1,000 years of record keeping, 
volcanoes have taken less than 300,000 lives {5}. 
The death toll from the recent Gulf War probably 
took at least a third that number of lives in just 
a few short weeks. Why then do we concern 
ourselves with the risk of death from natural 
hazards? The reason probably has more to do 
with the unexpectedness of the deaths and the 
belief that if more had been known or done, then 
perhaps, these lives could have been spared. 

Yokoyama et al. {8}, devised a method for 
assessing risk at a volcano (Table 3). High risk 
volcanoes "score" 10 or above. Using this scheme 
and our present knowledge level, no Canadian 
volcano falls into the high risk category. 
Growing populations, however, increase the risk 
posed by volcanos both here and abroad. For 
example, Mount Ruiz, Columbia, was not 
considered a high risk volcano, yet, its eruption 
on November 13, 1985, killed 25,000 people - the 
greatest volcanic disaster since the eruption of 
Mount Pelee at the turn of the century. A 
poignant point brought out in Voight's {9} 
retrospection of this event, was the observation 
that in 1845, a similar event wiped out 1,400 
people - all those that lived in the town at that 
time. In 1985, 30,000 people now lived in the 
same area and a repeat of the 1845 event 
resulted in an order of magnitude escalation in 
the loss of life. In a similar vein, the Philippine 

volcano of Mayon produced pyroclastic flows 
during its 1814 eruption which killed 1,200 
people - 800,000 people now live in the same area 
{9}. 

TABLE 3 -- Proposed criteria for identification of 
high-risk volcanoes {8}. A score of 1 is assigned 
for each rating criterion that applies; 0 if the 
criterion does not apply. 

HAZARD SCORE 

1) High silica content of eruptive products 
(andesite/dacite/rhyolite) 

2) Major explosive activity within last 500 yr 
3) Major explosive activity within last 

5,000 yr 
4) Pyroclastic flows within last 500 yr 
5) Mudflows within last 500 yr 
6) Destructive tsunami within last 

500yr 
7) Area of destruction within last 5,000 yr is 

>10 km2
/ 

8) Area of destruction within last 5,000 yr is 
>100 km2 

9) Occurrence of frequent volcano-seismic 
swarms 

10) Occurrence of significant ground 
deformation within last 50 yr 

RISK RATING 

1) Population at risk >100 
2) Population at risk >1000 
3) Population at risk >10,000 
4) Population at risk >1 million 
5) Historical fatalities 
6) Evacuation as a result of historical 

eruption(s) 

In Canada we are blessed with a country still 
r~latively unpopulated so a volcanic eruption, 
with few exceptions, will probably result in no 
direct casualties (or at least very few). How then 
do we assess the risk if no lives are to be lost? 

How do we figure into our equations of risk the 
loss of a forest, of spawning streams, of a river, 
and of people displaced? These will be the legacy 
of any large explosive volcanic eruption in 
Canada. 
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Preparing for an E:ruption 

Despite infrequent natural disasters in Canada, 
we should not ignore the fact that we live in a 
tectonically active region in which future 
earthquakes and volcanic eruptions are a 
certainty. Peterson and Tilling {10} have shown 
that countries experiencing many small eruptions 
are best able to cope with them, no matter what 
the economic status of the region. However, they 
find that countries faced with infrequent events, 
even when that country is scientifically 
advanced, have extreme difficulty dealing with 
volcanic events. "Unrest at long-quiescent 
volcanoes is particularly difficult to diagnose: 
such unrest does not necessarily culminate in an 
eruption, but if an eruption does occur, it may be 
particularly violent. Either outcome poses 
difficult challenges to scientists, not only in their 
study of the volcano, but in their public 
relations." {10}. 

Monitoring unrest at a volcano is a complex 
exercise that does not necessarily result in easy 
or straight forward answers. Figure 2 shows the 
relationship of scientists monitoring a volcano to 
a few of the groups that would become involved 
in any volcanic emergency. Communication 
between the groups and emergency planning are 
the key to effective response to a natural 
disaster. 

Emergency planning is carried out in British 
Columbia by the Provincial Emergency Program 
(PEP) and Emergency Preparedness Canada 
(EPC). The responsibilities of both these 
agencies is outline by Dalley {11} and Pollard 
{12}. A critical review of emergency planning in 
British Columbia can be found in Anderson et al. 
{ 13}. At present, the level of preparedness for a 
volcanic eruption consists of a notification 
network set up between the agencies involved 
(Figure 3). Each agency has specific 
responsibility to pass information on to other 
involved agencies and to respond according to its 
individual mandate. In the case of Transport 
Canada, its responsibility will be to reroute 
aircraft away from the eruption and set up safe 
routes around the trouble area. PEP will be 
responsible for notification of the municipality 
and people Jiving in the region affected. The 
Geological Survey of Canada (GSC) assumes 
responsibility for hazard warning {14}, 

monitoring and passing information on to the 
other involved agencies as outlined it its 
'Statement of Responsibility' {14}. Assessment of 
potential volcanic activity will be handled by a 
committee called the 'Volcanic Activity 
Evaluation Committee' (VAEC). The guidelines 
and mandate of this committee are given in 
Hickson {14}. 

In addition to possible future volcanic eruptions, 
the Garibaldi Volcanic Belt, in particular, poses a 
considerable threat in the form of large rock 
failures {15, 16, 17 and 18} and catastrophic 
debris flows {19}. In fact, several deaths have 
already occurred from landslides in this region. 
The volcanoes are extremely rugged regions of 
high relief underlain by unstable, poorly 
consolidated and/or strongly jointed volcanic 
rocks. These conditions have already lead to a 
number of failures and debris flows. Comparable 
debris flows generated in volcanic areas have 
much greater run out distances than those 
generated in nonvolcanic areas, in part, because 
of a greater percentage of fine material in 
"volcanic" debris flows {19}. These factors must 
be taken into consideration before any 
development in the vicinity of the volcanoes. 

Conclusions 

British Columbia and Yukon are blessed with 
some of the most spectacular scenery in the 
world - but we must not forget this scenery owes 
its origins to cataclysmic events in the earths 
interior. Uplift, mountain building, earthquakes 
and volcanoes are all part of our heritage. 
Although the Canadian Cordillera has been 
spared continuous volcanism on a human time­
frame - it has not on a geological one. We must 
try to look beyond the short recorded history of 
the human species when we are dealing with 
geologic hazards which have recurrence intervals 
longer than 50 years. Hazard zonation and 
planning must be an integral part of our future if 
we are to save lives and property. In the area of 
emergency planning for volcanic eruptions we 
can help by increasing public awareness and 
putting into place well thought out emergency 
plans. Detailed geological work at specific 
volcanoes that potentially threaten populations 
would help quantify the risk from future 
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eruptions, rock failures and debris flows. This 
work should be carried out before rezoning or 
major shifts in population occur. We may not see 
an eruption in Canada in our lifetime, on the 
other hand we may - shouldn't we be prepared? 
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Communication of Geologic Uncertainty 

Karl Terzaghi was the originator, and certainly the master, of integrating the theories of soil 
mechanics with the realities of geology. In tracing the evolution ofTerzaghi's thinking, Einstein 
[l] expresses a central idea that emerges late in Terzaghi's career: that the geotechnical 
engineer should apply theory, but temper it in the context of the uncertainty of nature. 
Translated into practice Terzaghi introduced this idea as the observational procedure, long at the 
core of the profession's ability to cope with extreme uncertainties in geologic conditions. As 
Terzaghi recognized, geologic uncertainties are endemic to geotechnical engineering. Even after 
geologic unknowns have been evaluated as thoroughly as possible within pragmatic project 
constraints, some degree of residual uncertainty inevitably remains, which may be related either 
to incomplete knowledge of geologic conditions and material properties or to imperfect 
understanding of the processes and mechanics involved. To the extent that these uncertainties 
may give rise to adverse consequences, risk results. 

If the profession has advanced since Terzaghi's day in its ability to reduce risks through such 
techniques as the observational approach, its progress in expressing the risks and uncertainties 
that remain has been less impressive. In his 1964 Terzaghi lecture "Role of the 'Calculated 
Risk' in Earthwork and Foundation Engineering" Casagrande [2] saw the process of dealing with 
risk as containing two elements, the first having to do with geologic uncertainty and the second 
with acceptable risk: 

(a) The use of imperfect knowledge, guided by judgment and experience, to estimate 
the probable ranges for all pertinent quantities that enter into the solution of the 
problem. 

(b) The decision on an appropriate margin of safety, or degree of risk, taking into 
consideration economic factors and the magnitude of losses that would result from 
failure. 
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Despite use of the word "probable," Casagrande did not advocate the use of numerical 
probability to quantify unknowns, and instead relied on verbal descriptions such as "grave" risks 
and "great" uncertainties. While the significance of these terms to practicing engineers and 
geologists might be immediately evident, they are too ambiguous to allow for accurate 
communication to others. By contrast, if uncertainty is to be accurately communicated then it 
must be quantified, and this in tum requires that verbal descriptors be translated into 
probabilistic statements. 

In 1964, it is safe to say that there was little need to accurately communicate geologic 
uncertainties to those beyond the design or project team. The second step of Casagrade's 
process clearly implies that decisionmaking about appropriate margins of safety and acceptable 
degrees of risk was then within the sole purview of the same engineers or geologists who 
assessed the uncertainties. But the realities of engineering geology practice almost 30 years later 
are vastly different, and neither Casagrande nor other practitioners of his day could have 
foreseen such developments as the adversary process that now surrounds most significant 
engineering projects, the need to address environmental as well as public safety risks, the current 
degree of regulatory and public involvement in the design process, the trend toward competitive 
bidding for professional services that invariably increases uncertainty and risk, and the 
accountability through litigation for risk judgments. 

All of these factors go to the issue of determining what degree of risk in a project is acceptable, 
and while engineers and geologists have long relied on satisfying codes and standards of practice 
within the profession itself, this is not sufficient to address risk concerns of other parties to the 
decisionmaking process. Engineers and geologists can indeed assess the degree of geologic 
uncertainty, but they can no longer act as the sole arbiter of whether the resulting risk level is 
acceptable. Decisions regarding acceptable risk are more and more frequently undertaken by 
clients, project owners, regulatory bodies, competing interest groups, and the public at large. 
Essentially then, the need for probabilistic quantification of uncertainties derives from the need 
to communicate risk judgments between the parties involved in the two separate steps of 
Casagrade' s process, who no longer are the same. 

Rationale for Probabilistic Approaches 

More concrete justification for probabilistic characterization can be provided in the context of 
natural hazard assessment. Consider the example of a potentially unstable rockmass situated 
above a group of residences, where quantifying the probability of loss of life due to a rockslide 
might be warranted by the following: 

(1) The meaning of verbal descriptors of likelihood is often different from one person 
to another, for example when both geologic and engineering time scales can be 
applied. A rockslide could legitimately be characterized as "imminent" by a 
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geomorphologist and "unlikely" by an engineer concerned only with the lifetime 
of the structures, but the probability of a rockslide within a defined period does 
not depend on this context. 

(2) Expert opinion communicated to a public authority considering evacuation of the 
residences might have very different implications for a rockslide characterized as 
"possible" versus a rockslide probability given as, say, 0.5. Probabilistic 
characterization may make such actions or decisions more defensible by more 
clearly documenting the expert opinions expressed at the time they were made. 

(3) Allocation of resources for hazard mitigation depends on a consistent measure of 
relative risk. Stabilization measures for several rockslopes having similar failure 
consequences would logically be applied first to those with highest failure 
probability. In addition, probabilistic characterization provides the basis for more 
formal methods of decision analysis whereby the need for slope stabilization, 
various means to accomplish it, and alternative measures such as warning 
systems, can be evaluated. 

(4) A probability statement may reduce the liability of the engineer or geologist by 
explicitly identifying the possibility of an adverse outcome and providing an 
unambiguous expression of opinion regarding its likelihood. Whereas a 
conventional assessment might conclude that "a rockslide is unlikely to occur" (or 
worse, neglect to mention the possibility altogether), a statement of rockslide 
probability given as 0.1 supports the same conclusion while explicitly 
acknowledging uncertainty in the assessment and allowing others the opportunity 
to make informed judgments about the degree of risk and whether actions to 
reduce it may be warranted. 

Possibly the most important justification for probabilistic characterization is the irreplaceable 
heuristic it provides for understanding potential failure modes and gauging the relative 
importance of various necessary steps in the failure sequence. In reviewing geotechnical 
failures, Peck [3] found that they usually result from multiple deficiencies whose effects 
coincide. Assigning probabilities to these component failure events requires that they be 
individually considered and thought through, and the exercise of defining and decomposing 
failure modes is often more important than the individual probability values themselves. Once 
the key elements in the failure process are defined and those with greatest uncertainty are 
isolated, potential steps to make the design more robust often become immediately apparent. 
For any important geotechnical structure or natural hazard that embodies significant risk, the 
value of performing such an imaginary post-mortem prior to failure, rather than an actual one 
afterwards, is evident. 
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Failure Mode Decomposition 

The previous landslide example can be explored more fully to better develop the principles of 
decomposition and introduce the symbology of fault trees. To eliminate some of the intentional 
oversimplification of the previous discussion, suppose now that the rockslope in question is 
situated above a suburb of Vancouver and that the residences are unoccupied during daytime 
hours. If loss of life is to result then not only must a rockslide be triggered, but the debris must 
travel a distance sufficient to reach the houses, and the rockslide must occur at night. A fault 
tree using this simple decomposition as a first approximation is given on Figure l(a), and the 
probability of the "top event" (loss of life) would be derived from probabilities assigned to each 
of the three component events shown. 

However, realistic estimates of rockslide probability might not be possible without discriminating 
among various triggering mechanisms including earthquakes, high pore pressures induced by 
extraordinary rainfall, and other causes under normal conditions not directly attributable to 
extreme events. The first refinement to the fault tree on Figure 1 (b) reflects these mechanisms. 
Here the probability of "normal" triggering might be estimated from the failure frequency of 
adjacent slopes at similar inclinations, and the probability of extreme earthquake and rainfall 
failures from seismic hazard and rainfall frequency analyses to determine the likelihood of 
critical ground motion and pore pressure values causing failure in stability analyses. Even 
further refinement, if warranted, is shown on Figure l(c), which recognizes that there are no 
unique "critical" ground motion and pore pressure values at which a rockslide will or won't be 
triggered with certainty. Rather, failure probability varies in proportion to the level of ground 
motion or rainfall. In this case, ranges of extreme loadings are defined. The probabilities that 
these conditions will occur and the corresponding probabilities that the slope will fail in response 
are discrete approximations to continuous probability distributions for demand (or hazard) and 
capacity (or fragility) used in system reliability fields. 

As Figure 1 shows, the complexity of the fault tree, the number of individual probabilities that 
must be estimated, and the analytical effort to support these estimates, all increase geometrically 
with the level of decomposition. On the other hand, it may not be possible to estimate 
probabilities for complex failures without some minimum level of disaggregation. In 
geotechnical applications, a central element in representing the failure process is to achieve a 
degree of decomposition in the failure sequence that sufficiently identifies key sources of 
uncertainty without reaching a level of complexity that obscures the relationships between 
component events and sacrifices the clarity that systematic probabilistic approaches can provide. 
Irrespective of the level of decomposition adopted, fault trees, event trees, or related approaches, 
are essential to systematically identifying the derivative sources of uncertainty in a geologic 
process and communicating the results. 
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Probability Interpretations 

If probabilistic expression of uncertainty were as straightforward as the above example suggests, 
probability applications would have long ago achieved the same acceptance in geotechnical 
practice that they enjoy in structural engineering, where the field of structural reliability 
constitutes a recognized subspecialty. Whereas steel and concrete can be statistically sampled, 
tested, and characterized, geotechnical engineers and geologists have long argued (not without 
irony) that geologic conditions are too variable to allow such probabilistic approaches to be 
applied, and that these approaches would ignore the element of judgment that constitutes the 
essence of geotechnical practice. These objections stem from the dichotomous concepts of 
probability itself that trace their roots to the philosophy of science and the foundations of logical 
inference. While most geologists and geotechnical engineers recognize the statistical 
interpretation of probability and its shortcomings, few have been familiarized with the use of 
probability as the quantified expression of judgment. It is this alternative but equally admissible 
probability interpretation that is fundamental to expressing and communicating geologic 
uncertainty. 

"Statistical" Probability 

The most widespread definition of probability, the relative frequency concept, is based on the 
relative number of times a certain outcome will occur in a series of trials performed either by 
inference or actual experiment. According to this concept (called 11 statistical 11 probability here 
because of its usual connotation) one would infer a 50% probability that the toss of an unbiased 
coin would come up heads if a sufficiently large number of trials were performed; likewise, soil 
strength would be probabilistically characterized by obtaining a sufficient number of laboratory 
or field measurements. 

The use of statistical probability is well developed in geotechnical engineering for such problems 
as slope stability where statistical data on strength can be obtained from the laboratory [4], or 
liquefaction where statistics can be derived directly from field case histories [5]. The problem 
with the statistical interpretation of probability arises in connection with an unknown state of 
nature where repeated trials are not meaningful, or where suitable analytical models of the 
phenomenon do not exist. For example, the probability that a fault is present at a specified 
location cannot be determined by repeated sampling: either the fault exists or it does not. 
Similarly, the probability of piping in a dam foundation cannot be directly derived from 
statistical analysis of soil gradation because too many other factors influence the process whose 
relationships are not quantified by any available procedure of analysis: statistically 
characterizing an input parameter is not by itself sufficient if the principal unknowns involve the 
process itself. In both of these circumstances, judgment of the engineer or geologist is 
paramount, and is not accounted for by statistical probability interpretations. This has led some 

45 



46 GeoHazards '92 

to reject probabilistic methods as inapplicable to many areas of geotechnical practice, when in 
fact the deficiency lies in the statistical interpretation of probability rather than in the method 
itself. 

"Judgmental" Probability 

Another interpretation, the subjective degree-of-belief approach, defines probability as the 
measure of one's confidence in the prediction of a particular outcome. This interpretation holds 
that probability is a measure of an individual's belief based on all information available, be it 
statistical and data-based, or empirical and experience-based. Relevant statistical data, while 
admissible, need not be formally incorporated in the probability estimate. Perhaps the best 
example is provided by the weatherman who predicts an 80 % chance of rain in a certain 
forecast. In making this prediction, statistics indicating rain on this date for, say, 55 % of the 
past years of record may indeed be relevant. In addition, however, particular aspects of frontal 
patterns and the weatherman's past experience with similar situations are essential elements in 
formulating his 80% degree-of-belief that it will rain today. In a similar way, an engineer's 
evaluation of piping failure probability for a dam may be made with an awareness of, but not 
necessarily directly derived from, piping failure statistics for other dams. 

Judgment is therefore a fundamental element in the subjective degree-of-belief probability 
interpretation, so much so that the term "judgmental probability" is adopted here to avoid the 
pejorative connotation of the term "subjective" among engineers and laymen alike which would 
suggest that it is unscientific and therefore somehow inadequate. In fact, judgmental probability 
is the quantified expression of opinion, and as such may be expected to vary from one individual 
to another in the same way as judgment itself. Far from being non-rigorous, this property of 
judgmental probability captures and quantifies the essence of individual experience, and by doing 
so directly addresses the shortcomings of statistical probability in geotechnical engineering. 

This is not to deny the role of statistical probability, and in fact the two interpretations are 
complementary. The calculus of probability does not depend on the interpretation adopted, and 
risk characterizations in geotechnical practice that utilize both are usually the most useful, as the 
subsequent case histories will show. As just one example, it is widely recognized that in most 
places the historic earthquake record is too short to justify the use of statistical data alone in 
seismic hazard analyses. These data are consequently supplemented by judgmentally-derived 
assessments of maximum magnitude and other important factors such as attenuation and source 
zonation, which themselves are subject to geologic uncertainty. The more sophisticated 
applications of seismic hazard analyses assign judgmental probabilities to these uncertainties [6], 
thus combining statistical and judgmental probability to evaluate ground motion probability more 
accurately than would be possible using either interpretation alone. 
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.Judwiental Probability Assessment 

Inasmuch as quantifying geologic uncertainty through judgmental probability is so vital to the 
understanding of risk in geotechnical practice, the common reluctance of geotechnical engineers 
to do so must be addressed. Casagrande [2] for example viewed "calculated risks" as those 
"which at present defy quantitative analysis," although he did not hesitate to advocate the 
application of judgment in qualitative form to them. Also, geologists often protest that geologic 
uncertainties are too great to be quantified, which is much like objecting to estimating large 
numbers because of their magnitude. These misgivings have much to do with the fact that an 
entire body of statistical theory provides numerical rules for statistical probability determination, 
while little related guidance is available for judgmental probability assessment. Although 
procedures involving artificial bets and lotteries are sometimes used in decision theory 
applications to elicit judgmental probability statements, geotechnical engineers often perceive 
such techniques as trivializing the uncertainties and the judgmental process used to derive them. 
Instead, explicit guidelines have been found useful to those being asked to assess judgmental 
probabilities for geologic uncertainties. By providing background and structure, such guidelines 
elevate the probability assessment process above that of just an armchair guess. This guidance 
is reproduced below in unabridged form, essentially as it has been provided to those asked to 
assess judgmental probabilities in geotechnical practice. 

Guidelines for Judgmental Probability 
Assessment in Geotechnical Practice 

The art of geotechnical engineering has been described as the ability to make rational decisions 
in the face of imperfect knowledge. Geotechnical decisions almost always incorporate 
uncertainty to one degree or another, and the engineer must rely on judgment - the difficult to 
define but nonetheless very real interpretive process that derives from the sum total of one's 
experience, insight, and intuition. 

Assessing judgmental probabilities requires that one apply this ability together with available 
theory to quantify uncertainties that accurately express one's degree of belief in the state of 
nature, engineering properties, or outcome of a process. You have been asked to assess your 
judgmental probabilities for aspects of the conditions at hand where recognized uncertainties 
exist. In expressing these opinions, you may feel that there is insufficient information, or that 
you do not qualify as an expert in the field. However, these probabilities are based on your 
personal understanding of the site with information currently available to you, and the object is 
to elicit your opinion about how much uncertainty exists. Do not be intimidated that there are 
those with greater technical expertise. Right now there is nobody who knows more about both 
this site and the processes involved, and it is for exactly this reason that your expressions of 
uncertainty are sought. There is no correct or incorrect answer, only a numerical probability 
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statement that quantifies your judgments and uncertainty in these judgments as accurately as 
possible. 

The assessment of judgmental probability is a systematic process of self-questioning, and it is 
important that you interrogate yourself about all of the possible outcomes that might occur 
without discarding any prematurely. Ask why you presently believe a particular outcome will 
occur or state of nature exists, what the support for your belief is, and how strongly you believe 
it. At the same time, carefully consider the evidence that now exists for alternative outcomes 
and the quality of the information incorporated in your assessment. 

Research has been conducted using both experienced scientists in general and geotechnical 
engineers in particular whereby judgmental probabilities of measurable properties are assessed, 
then testing or experiments are performed for comparison [7, 8, 9]. Observations derived from 
these studies and from experience can be summarized as follows: 

(1) overoptimism. Geotechnical engineers are often overoptimistic in their best 
estimates of a particular parameter, state of nature, or probability. In providing 
a best estimate or most likely value, it is important to recognize that many 
engineers incorporate a bias for favorable outcomes even though most of us feel 
ourselves to be conservative. Some engineers tend to be consistently pessimistic 
in their estimates, but they are probably the minority. The point of judgmental 
probability assessment is to be neither conservative nor unconservative, as either 
will skew the outcome. With this in mind, it may be appropriate to calibrate your 
probabilities for any bias that you feel may apply. 

(2) overconfidence. Geotechnical engineers often display more confidence in their 
estimates than they should, and this tendency may increase the more experienced 
an engineer becomes. Overconfidence is not the same as overoptimism: rather 
than a bias in the mean value of a parameter, overconfidence is represented by 
insufficient dispersion about the mean. Stated differently, the best estimate may 
be accurate, but there is insufficient recognition of the possibility of higher or 
lower values. Even though your probabilities may accurately reflect the most 
likely value or outcome, do not underestimate the possibility that other outcomes 
may be more likely than you suspect. 

Experience shows that the following techniques are helpful in the process of assessing 
judgmental probabilities. 

(1) Decomposition. Most people have an intuitive grasp of probabilities only in the 
range of about 0.1 to 0. 9, and for events considered to be "very unlikely," it may 
be quite difficult to differentiate between assigned probabilities of, say, 0.01 and 
0.001. Decompose a complex or very unlikely event into a sequence of simpler 
component events each having a probability within some more limited range (such 
as 0.1 to 0.9) you feel comfortable in assessing. Component probabilities can 
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then be aggregated provided that each is "conditional," or predicated on the 
occurrence of the preceding event in the sequence. 

The more a complex event can be decomposed, the less need there is for 
precision in estimating probabilities of the individual components. When there 
are more than a few component events having probabilities in the range of 0.1 -
0.9, reasonable variations within this range usually produce aggregated results in 
the same order of magnitude, which represents the overall level of accuracy to 
be expected in virtually.any probability assessment. It is almost always easier to 
make rough estimates of probabilities for many simple events than to make a 
single precise estimate for a highly complex and very unlikely one. 

(2) Consistency. Suppose that shear strength can fall within three possible ranges and 
that you assign a probability of 0.3 to each one. Something is inconsistent 
because the sum of the probabilities of all possible outcomes must be 1.0. Either 
one or more strength is more likely than you estimated, or there remains another 
possible strength range that is unaccounted for. 

Proportional likelihoods are sometimes easier to estimate than absolute ones, and 
proportional ranking of outcome probabilities can provide another consistency 
check. If the first strength is twice as likely as the second and ten times more 
likely than the third, this statement can be algebraically translated into 
probabilities that sum to 1.0. These can be compared to your initial probabilities 
and adjusted accordingly until the final result is consistent with basic probability 
rules and your judgment. 

(3) Limits. Suppose some state of nature has only two possible outcomes - say that 
either liquefaction-susceptible soils exist at a site or they don't. If you are 
completely and totally uncertain, then either outcome is equally likely and the 
probability of each is 0.5. But if you feel the presence of such soils is more 
likely than not, then the probability that they exist is something greater than 0.5. 
If you are not completely sure they exist, then the probability is something less 
than perhaps 0. 9. Questioning yourself about the upper and lower bounds of your 
uncertainty may help you to converge on your best probability estimate. It is 
sometimes more useful to think in terms of simple chance ratios such as one-in­
three or four-out-of-five than the corresponding decimal fractions. 

(4) Normalizing. Whether we realize it or not, much of our accumulated experience 
and resulting judgment relies on case history data, either published or personal. 
Consciously search both literature and memory for case histories (or better yet 
case history compilations) of circumstances similar to those you are addressing. 
You may be able to evaluate to what extent your situation is better or worse than 
"typical" conditions represented by the case history database and normalize your 
judgmental probability accordingly. For example, the historical dam failure 
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frequency due to piping is about 10-5 per dam per year. If you believe your dam 
to be 10 times safer against piping than most, a normalized probability estimate 
would be 10-6. Whether used directly or as a check on other techniques, 
comparisons with statistical data help to establish that your judgmental probability 
is in the right ballpark. 

These techniques should help demonstrate that judgmental probability assessment is quite similar 
to the ordinary application of judgment in geotechnical engineering and differs from it only in 
requiring more explicit statements and careful reflection about all possible conditions and their 
likelihoods. Experience has shown that a written description providing the rationale in support 
of probability estimates and describing the experience upon which it is based forms an essential 
element of the probability assessment process. 

Case Histories 

Case histories provide perhaps the best way to illustrate how judgmental and statistical 
probability interpretations are integrated to express uncertainty in geotechnical practice, and 
three such cases are described below. The illustrations have been selected with emphasis on 
natural hazards and their effects on engineered structures. In addition, how the assessments 
were used and interpreted is discussed to provide the basis for lessons learned. 

Sinkhole Risk Assessment 

The Ocala Uplift in central Florida provides one of the few high quality limestone deposits in 
the state sufficiently above the water table to allow for large-scale conventional mining. 
Unfortunately these same circumstances have promoted extensive karstification, and both ancient 
infi.lled (paleokarst) sinkholes and active sinkhole collapses are common throughout the area. 
Expansion of one such mining operation required the construction of a dyke lOm high and 
1200m long to retain fresh water. Although they were not revealed by conventional exploration 
and geophysical surveys, the potential for sinkholes in the dyke foundation, and the resulting risk 
due to dyke failure from sinkhole collapse, were clear. 

A troubling indication of this potential was provided by slimes ponds in an adjacent area 
containing tailings from rock washing operations as shown on Figure 2(a). Periodic drops in 
fluid level of up to 1 m in these impoundments provided evidence of sinkhole activity. Yet 
curiously, no sinkhole-related damage or failure of these dykes had ever occurred despite their 
total length of some 13 km. The dilemma was then whether to proceed with construction of the 
proposed dyke in the face of the risks posed by the known presence of sinkholes in the area, or 
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the direction of subduction on Vancouver 
Island and on the Olympic Peninsula in 
northern Washington is another key piece of 
evidence [16], [ 17]. 

Subduction events are rare but can be 
quantified. Constraints on potential ground 
motion can be made because the position of 
the plate interface is known from the 
microearthquake seismicity [18], seismic 
reflection [19] and seismic refraction results 
[20], and information from other subduction 
zones can be used to obtain a realistic range of 
estimates on rupture behavior and thus surface 
ground motion. The most important parameter 
for hazard estimates is the down-dip extent of 
the seismogenic zone. Simplistically, this 
surface is defined by the length of contact 
between the brittle portion of the overlying 
continental crust (about 30 km - see Fig. 3) 
and the subducting plate. The down-dip end of 
the potential rupture surface is roughly in the 
region of the outer coast of Vancouver Island. 
Recent subduction earthquakes in 1985 in 
Mexico and Chile [21] have had significant 
seismic energy coming off the subduction fault 
to depths of about 40 km. The surface of the 
subducting plates is slightly older and colder in 
these instances and thus the seismogenic zone 
may be expected to be slightly deeper than in 
the Cascadia region. Recent thermal modelling 
of the Vancouver Island region [22] suggests 
the maximum depth of the seismogenic region 
may be slightly less than 30 km. 

One study that generated simulated 
accelerations for the Cascadia subduction zone 
predicts ground motions at the distance of 
Vancouver from the seismogenic zone would 
be smaller than those that would be expected 
from larger subcrustal earthquakes [23]. The 
main difference in hazard from subduction 
earthquakes is the long duration of strong 
shaking associated with large ruptures and the 
large area of shaking involved. The long 
duration can adversely affect certain types of 
structures and the liquefaction potential of 
saturated soils. 

Good examples of the kinds of effects that a 
subduction earthquake will have can be seen 
in examining the damage caused by the great 
1964 Alaska earthquake (M = 9.2) in the city 
of Anchorage [24] which is about the same 
distance from the down dip end of the Alaska 
seismogenic zone as Vancouver is from the 
Cascadia seismogenic zone. The estimated 
three minutes of strong shaking during the 
Alaska earthquake damaged numerous larger 
structures. Single family wood frame dwellings 
and other similar small wood frame structures 
performed excellently as a class of 
construction, when not located in an areas 
subject to soil failure. 
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Figure 1. A ten year sample of seismicity in the Vancouver Island region. Seismicity is not 
complete in the United States. Crosses are events less than magnitude 2, circles between 2 and 
3, triangles between 3 and 4 and squares 4 and greater. Line AB is the cross section shown 
in Figure 3. 
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Figure 2. Depth distribution of a three year sample of crustal earthquakes in southern Georgia 
Strait. 
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Figure 3. A 50 km wide corridor projected on to the cross section shown in Figure 1. 
Earthquakes continue to the west within the subducting plate but do not meet the plotting 
criteria of less than 5 km in standard error of depth used here. 
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Deterministic Basis for Seismic Design in B.C. 

D.D. Campbell & J.L. Rotzien 
Dolmage Campbell Ltd. 

Vancouver, British Columbia 

1 Abstract 

Seismic design in Canada has been based upon probabilistic models which have produced judgemental design 
parameters ranging widely in both accuracy and practical sensibility. Advances in seismic monitoring, 
measuring and understanding of the earth's crust everywhere now make it possible to establish specific 
deterministic seismic design criteria throughout most of North America. In particular the active crustal 
tectonics of British Columbia are now reliably and accurately known and therefore form a dependable 
framework for deterministic analyses. This paper presents a seismic hazard zoning map for British Columbia 
that is based upon peak ground accelerations (PGA) that can be expected to be generated by the maximum 
credible earthquakes (MCE) that will occur on the specific seismically active geologic structures in the crust. 
The attenuation relationship between PGA and MCE (Schnabel and Seed), has been strongly verified by 
records from the 1989 Loma Prieta earthquake. 

The degrees of certainty are not everywhere uniform in this analysis and time will doubtless present new data 
that will require adjustments to be made in the maps; however, it is anticipated that such adjustments will 
be more in the nature of fine tuning of the instrument rather than major repairs. The intent of the 
compilation of this seismic hazard map is to provide a technically dependable, valid and sensible basis for 
seismic design in British Columbia. 

The validity of a so-called "mega-subduction earthquake" (M9+) proposed in 1988 for the subducting 
Cascadia plates is negated on the basis of physical plate geology and seismic records. 

2 Introduction 

Earthquakes are elastic shock waves in the earth 
originating from brittle failures of the earth's 
crust. They are caused by the release of 
compressive and/or tensional strains built up as 
various segments of the crust interact to the 
rotational forces of the earth and the changing 
heat fluxes in the hot plastic mantle below the 
crust. There are two types of crust, continental 
and oceanic, which are primarily differentiated by 

widely contrasting specific gravities and density. 
The oceanic crust is derived directly from molten 
magma that rises from the underlying mantle 
through fissures in the crust. This magma is a 
mix of heavy elements that solidifies at the 
(oceanic) surface to form dense oceanic crust of 
basic to ultrabasic rock. The continental crust is 
made up primarily of lighter elements that have 
risen to the surface of the original molten earth 
and have coalesced into the present continents. 
Continental crust rarely recycles into the mantle, 
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the oceanic crust with minor exceptions, always 
does. 

Because the continental crust is lighter than the 
oceanic crust, when the two collide the oceanic 
crust is generally forced down under the 
continental crust and eventually sinks into the 
mantle. This type of plate interaction, termed 
subduction, generates the largest number oflarge 
magnitude earthquakes in the crust. Where 
crustal plates collide obliquely or break into 
segments that slide past one another, the sliding 
occurs along steeply dipping transcurrent faults. 
Such transcurrent faults presently generate the 
second largest number of major earthquakes in 
the world. Thrust faults occur where crustal 
rocks fail or collide under compression and one 
segment overrides the other. This can occur in 
all types of crust and is the primary element in 
subduction zones. Normal faults are the 
opposite of thrust faults in that the crust fails 
and separates in tension, resulting in the down­
dropping of blocks. This type of rock failure is 
the principal cause of earthquakes in rift valleys 
and in intracontinental relaxation zones. 

3 Zoning of Seismic Hazard in B.C. 

There are two methods for estimating the 
maximum possible earthquake ground motions 
that will affect specific sites: (i) The deterministic 
method, which is applicable where crustal seismic 
mechanisms are located, understood and 
monitored, and (ii) The probabilistic (Cornell) 
method which has been developed for areas 
where the seismic mechanisms are not clearly 
identified. 

The deterministic method is primarily based on 
the Maximum Credible Earthquake (MCE). The 
MCE is derived from an evaluation of known 
tectonically active crustal structures and related 
measured seismicity. The MCE on each active 
fault structure is commonly taken to be the 
highest recorded magnitude plus one half a 
magnitude. This methodology for seismic 
analysis has successfully stood the test of long 
term application in cordillera-type crusts similar 
to B.C. for transcurrent faulting and for 
subduction generated thrust faulting. The 

deterministic evaluation of seismic hazards also 
requires the development of a relationship 
between the MCE within the target region and 
the site ground motions. Seismic ground motion 
diminishes with distance from the source 
earthquake hypocenter because of geometric 
spreading and non-elastic attenuation. The 
ground motion parameters of peak ground 
acceleration (PGA), velocity (PGV) and 
frequency response spectra of the spreading 
seismic waves can be derived from the magnitude 
and distance relationships of earthquakes within 
all types of the earth's crust, [2]. 

The seismic parameter used most often to define 
ground motion for design purposes, the PGA, 
can be derived for different types of earth crust 
from empirical relationships between measured 
earthquake magnitude and distance to the 
earthquake hypocenter. Increasingly dependable 
PGA attenuation curves have been derived from 
magnitudes and hypocentral distances in the 
earth's crust. Those developed by Schnabel and 
Seed [3], and subsequently modified and 
substantiated by the Loma Prieta data, have 
proven to be most dependable for Cordillera­
type crust and have been adopted for the present 
study. With the great increase in installations of 
seismograph stations throughout North America 
in the 1980's, it is now possible to locate active 
earthquake source structures in the crust, to 
determine their mode of failure and to develop 
a reasonably dependable specific earthquake 
location map for those areas of British Columbia 
that experience significant seismicity. Specific 
zones of PGA can now be developed in B.C. to 
fit this framework of identified active earthquake 
structures. 

The U.S. National Building Code produced a 
zoned acceleration coefficient earthquake map, 
in January, 1992, that covers the entire 
continental U.S.A and is to be the guide for 
seismic design of all future structures in the 
U.S.A 

This paper presents a PGA zonation map for 
British Columbia as derived from the geological 
structural framework (Fig. 1) and the recorded 
seismicity of the province (Fig. 2), which matches 
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very well with the U.S. earthquake zoning map. 
This PGA zone map of B.C. (Fig. 2) is intended 
for use in the definitive determination of seismic 
hazard and required design parameters in B.C. 
The seismic database for eastern B.C. is not as 
clearly defined as that to the west, due to 
apparent industrial seismic overprint. Continued 
monitoring of seismically suspect crustal 
structures in the eastern half of the province will 
be required to verify the activity in these areas. 
The application of conservatively high seismic 
parameters for local areas may be required until 
the seismic record is sufficiently refined to permit 
a specific deterministic analysis. 

4 Seismotectonics of B.C. 

Coastal British Columbia and the Alaska 
Panhandle together represent a seismotectonic 
mirror image of California. The northern two 
thirds of the B.C. coast, including the Alaska 
Panhandle, is seismically dominated by the highly 
active Queen Charlotte Fault (Fig. 1 ). This 
transcurrent fault is the boundary of the Pacific 
Plate (oceanic) and the North America Plate 
(continental) along which earthquakes in excess 
of M 8 occur over a length of about 2000 km. 
The most significant difference between the San 
Andreas and the Queen Charlotte faults is that 
the San Andreas Fault is largely on-shore, while 
the Queen Charlotte Fault is off-shore. If, for 
comparison, the San Andreas is transposed as a 
mirror image to the Queen Charlotte location we 
find that the seismic frequencies and intensities 
of these two plate boundary faults are essentially 
identical, with somewhat more recorded M 8 
events along the Queen Charlotte than along the 
San Andreas. The Queen Charlotte Fault 
extends southward (off-shore) to the northern tip 
of Vancouver Island, where it in effect 
terminates the north end of the Cascadia 
Subduction zone, as does the northern San 
Andreas Fault at the south end of Cascadia. 

The only other known active faults in B.C. are 
related to the north tip of the Cascadia 
subducting plate, beneath the southern third of 

Vancouver Island. One of these faults is the 
east-dipping subduction zone itself, the other is 
the Nootka Fault, which is a normal fault that is 
cutting off the north remnant of the subducting 
Cascadia Plate along the sea floor west of 
Vancouver Island as well as beneath the Island 
and east to the vicinity of Powell River, (Fig. 1 ). 
The subduction related faults in southwest B.C. 
occur relatively deep within the crust, none have 
been found that break the surface on land. They 
occur at three geological structural types of sites: 
(1) as shear and/or thrust faults within the 
overriding North America Plate; (2) as shear 
failures along the interface zone that spans the 
top of the subducting Pacific Plate and the 
bottom of the overriding North America Plate; 
and (3) as tension failures of the subducting 
Pacific Plate as it breaks up against and beneath 
the North America Plate. The foci of these 
failures range in depth from 5 to 50 kilometers, 
depending on which plate they occur within. All 
of the recorded earthquakes in southwest B.C. 
greater than magnitude 3 appear to have been of 
these subduction-related types. 

The mainland coast of B.C. is bordered by a belt 
of granitic intrusive rocks that forms a tectonic 
barrier 200 kilometers in width and over 30 
kilometers in depth (Fig. 1) that is virtually 
aseismic, except for the possible subsurface 
Terrace Zone and the eastern extremity of the 
subsurface Nootka Fault Zone, (Fig. 1). 

The interior of the province from the east 
boundary of the Coast Range batholith 
(intrusive) belt to the Rocky Mountain Trench is 
essentially aseismic except for a scattering of M 
3-M 4 epicenters in the south end of the 
Okanagan Valley, and in the southeast comer of 
the province, and a line of four pre-1942 events 
of about M 5 that have been arbitrarily located 
along the Y alakom Valley that forms the 
southeast boundary of the Coast Range 
batholith. 

At least two of the Y alakom events are clearly 
mislocated and probably belong along the line of 
the Nootka Fault to the west. The other two 
occurred when the west coast population was too 
sparse to provide dependable seismic intensity 
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reports and the recording seismographs were 
distant and the events have therefore been 
arbitrarily located. The complete absence both 
of minor seismicity and of geological evidence for 
active faulting in this area negates the probability 
of these events having been accurately located. 

At present, the Rocky Mountain Trench 
comprises a suspect seismic structure east of 
Prince George and in the Kinbasket (Mica) 
Reservoir on the basis of the location of isolated 
events. 

The northeast (Peace River) corner of the 
province, east of the Rocky Mountains, is in the 
Plains which have no significant seismic hazard 
potential (Fig. 2). 

The north coast mainland and near-shore islands 
of B.C. are virtually devoid of recorded seismic 
events greater than M 3. The active Queen 
Charlotte Fault is too far offshore to transmit 
significant ground tremors to the mainland, even 
for magnitude 8.5 events. Only two land areas 
on the north coast are susceptible to major 
earthquake hazard, these are, (Fig. 1 ): the St. 
Elias mountain range in the extreme northwest 
corner of B.C. that is bracketed by the active 
Fairweather and Denali faults; and the Queen 
Charlotte Islands, immediately flanking the 
Queen Charlotte transcurrent fault to the west. 
One other area that has minor possible exposure 
to seismic hazard is a very local linear seismic 
zone immediately west and north of Terrace. 
This zone has experienced one recorded M 4, 
one M 3 and at least six M 2 events; however, 
there is no surface expression of active faulting 
in the area. The presence of hot springs and 
proximity of recent volcanism in this region may 
indicate that the seismicity is related to structural 
post-volcanism adjustments in the crust. 

Vancouver Island is the most populous area of 
B.C. affected by seismic events. The south end 
of the Queen Charlotte Fault is offshore of the 
north tip of Vancouver Island (Fig. 1 ). The 
structural interaction between this transcurrent 
fault and the fragmented oceanic plates at the 
north edge of Cascadia Subducting Plate is not 
clearly defined by the seismic record and sea 

floor studies; however, the present evidence 
indicates that the Queen Charlotte Fault is 
continuing to extend southward, cutting off the 
subducting plates in the process. [4,5] Geological 
evidence indicates that in the last 10 million 
years it has advanced at an overall average rate 
of 4 meters per 100 years. Earthquakes offshore 
at the south end of the QC Fault present very 
low earthquake hazard to the north tip of 
Vancouver Island. 

There are no known active surface faults on 
Vancouver Island; however, there is a linear 
zone of strong subsurface seismicity between 
Gold River and Campbell River (Fig. 1 ). The 
alignment of this linear seismic zone exactly 
matches the projection of the active Nootka 
Fault, which has been identified in the seafloor 
oceanic crust to the west, extending about 150 
km seaward from the island. The Nootka Fault 
appears to separate the subducting oceanic Juan 
de Fuca Plate to the south from the remnant, 
non-subducting Explorer Plate to the north, (Fig. 
1 ). The projection of this fault alignment 
suggests that the subsurface seismicity beneath 
this part of Vancouver Island originates from the 
breaking up of the subducted portion of the 
Explorer plate which now appears to be 
detached from the active Cascadia subduction 
system to the south, (Fig. 1 ). There is no known 
surface rupture from the four or five significant 
earthquakes that have occurred along this 
alignment beneath Vancouver Island and the 
Mainland. The instrumented events have 
originated at depths of 25 km or more, near or 
below the bottom of the continental crust. 

The other potential seismic hazard zone on 
Vancouver Island is that portion of the island 
south of N anaimo and Tofino. That part of the 
Island is underlain by the northern extremity of 
the subducting Juan de Fuca plate portion of 
Cascadia. Lithoprobe surveys [6] indicate that 
the subducted plate is at a depth of 60 km below 
Nanaimo and that subduction has probably 
ceased at and north of that latitude. Recorded 
sporadic seismicity identifies that the subduction 
zone is active beneath Victoria and 
southeastward beneath Puget Sound. The 
subduction surface is approximately 40 kilometers 
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beneath Victoria and comprises the principal 
source of seismic hazard for the south end of 
Vancouver Island, (Fig. 2). 

The only source of seismic hazard for the Lower 
Mainland is the down-dip terminus of the 
subduction surface to the west of Vancouver and 
south of the U.S. border. This subduction 
surface has an anticlinal configuration between 
Nanaimo and Portland (Fig. 2), which appears to 
be related to the termination of active 
subduction north of N anaimo. The recorded 
seismicity of the subduction zone is highest in 
frequency and intensity within about 100 km 
north and south of the axis of this anticlinal 
form, which lies along latitude 48°, about 50 km 
north of Seattle and south of Victoria. In 
shallow-dipping subduction zones such as 
Cascadia, the high fluid content of both the 
subducting and overriding plates, as well as the 
thin loading by the leading edge of the overriding 
continental plate, result in aseismic sliding for 
the initial 100 kilometers or so downdip from the 
subduction trench. Thus, landward subduction 
seismicity along the Cascadia zone begins 
approximately at the outer coastlines of 
Vancouver island and Washington, at which 
location the subduction zone is 25-40 kilometers 
deep and much of the nascent fluid content has 
been forced out of the rocks. Although the 
magnitudes of the earthquakes down-dip on the 
subduction zone increase, so also does the 
distance from the surface and the resulting 
attenuation of the seismic wave. From this depth 
seismic waves attenuate appreciably before they 
reach the surface. The B.C. Lower Mainland lies 
beyond (east of) the down-dip termination of the 
Cascadia Subduction zone and about 70 
kilometers above it, well beyond significant 
seismic hazards from that source. 

From Puget Sound south to northern California, 
where the subducting plate is cut off by the San 
Andreas Fault, the Cascadia seismic zone is 
consistently active with earthquakes of 
magnitudes of M3-M7, indicating that subduction 
is progressing in an orderly manner and not 
storing the energy required for a 
megaearthquake. 

5 Deterministic seismic risk zoning of B.C. 

The proposed peak ground acceleration (PGA) 
zoning for western B.C. has been constructed by 
taking the maximum credible earthquake (MCE) 
for each active fault structure and, by means of 
the Loma Prieta verified acceleration attenuation 
curves, determining the distance that the selected 
boundary PGA's would extend from the causative 
fault plane and be projected to the surface. 

In the present analysis the writers have selected 
two zones of values of peak ground acceleration. 
These two adjacent zones bracket decreasing 
values of PGA away from each of the active 
seismic source structures described in the 
preceding section. (Fig. 2). The highest PGA 
zone is directly adjacent to the causative fault 
and extends away from both sides of the fault to 
a distance equivalent to a PGA of 0.30 g. (For 
an MCE of 7.5 on the Cascadia subduction 
surface and an MCE of M 8.5 on the Queen 
Charlotte Fault.) The next zone, adjacent to the 
first zone and more distant from the source, 
spans the distance from the 0.30 g boundary 
outward to the 0.15 g boundary, (Fig. 2). These 
PGA boundaries have been selected for the 
present study because they represent boundaries 
of generally worldwide distinctive earthquake 
hazard effects. For example, many dams of all 
types have experienced ground accelerations of 
0.30 g with no significant damage; whereas, 
above that level some dams have been 
appreciably damaged. An Earthquake Intensity 
Scale recently developed for Papua New Guinea 
demonstrates the relationship between zonation 
and damage thresholds. The intensity index of 
VI is at the 0.30 g threshold, below which 
physical damage is minimal. Highlights of the 
description for Intensity Zone VI are: "General 
excitement, some roaring sounds. Minor 
household breakages, heavy furniture moves. 
Church bells ring. No damage to normal 
buildings but at the threshold of minor damage 
to water tanks and weak dwellings. Minor 
landslides." The next higher intensities, (VII, 
VIII), indicate a marked material damage 
change: "Most water tanks burst, buildings sway 
violently, threshold of structural damage to "well 
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built" structures, seiches on lakes and reservoirs, 
extensive landslides, liquefaction occurs ... , etc." 

Local foundation materials of course have a 
pronounced impact on intensities and the 
amplification of ground acceleration, but for 
bedrock foundations the selection of a zone 
boundary of 0.30 g PGA represents a boundary 
for seismic zoning above which threshold 
structural damage has proven to be increasingly 
critical in most seismic locations in the world. 
The boundary limits of 0.30 g and 0.15 g PGA 
have also been very well corroborated by the 
Loma Prieta damage data for both bedrock and 
soil foundations. 

The zones of highest seismic risk ( +0.30 g) in 
B.C., as projected at the surface (Fig. 2), do not 
underlie highly populated or developed areas 
except for the southwest corner of Vancouver 
Island and mid Vancouver Island. Victoria, 
Campbell River and Powell River are the only 
large municipalities that are possibly exposed to 
relatively high seismic risk damage, based on the 
conservative procedure of adding one half a 
magnitude to the largest event recorded on the 
subduction zone (for Victoria) and the Nootka 
Zone (for Campbell River and Powell River). 
Most of the Queen Charlotte Islands and all of 
the northwest St. Elias appendage of B.C. are 
under high risk of earthquake damage; however, 
they are presently devoid of large man-made 
structures. 

The 30 km-wide Nootka seismic risk zone that 
crosses Vancouver Island at Campbell River is 
zoned as high seismic risk; however, because the 
monitoring period of that area has been 
relatively short and the magnitude of one of the 
three large events is only estimated this 
categorization could change significantly, up or 
down, with additional future monitoring of 
seismic events. 

The north tip of the Cascadia Subduction Zone 
that underlies Vancouver Island south of 
Nanaimo comprises a source of moderate to high 
seismic damage risk to Victoria and the 
southwest coast of the island. Victoria lies 
approximately at the 0.30 g PGA boundary for a 

M 7.5 event on the subduction zone at depth. 
This ground acceleration should not present 
serious structural design problems for most of 
the south end of the Island where foundations 
are generally firm glaciated bedrock and glacial 
till. Foundation problems could arise however in 
areas of local glacial and post-glacial clays and 
outwash deposits. 

Vancouver and the Lower Mainland lie beyond 
the 0.15 g eastern edge of the seismic risk zone 
of the Cascadia Subduction. The sharp decrease 
of seismic activity on this subduction zone north 
of the 49th parallel strongly suggests that 
subduction of the slab has drawn to a close in 
that region ( 6). In any case, assuming that the 
subduction zone is capable of producing an MCE 
of M 7.5, (M 7 + 0.5), north of the 49th parallel 
and immediately west of Vancouver, because of 
the long distance ( +60 km) from the top of the 
seismic zone up to the surface at Vancouver, the 
PGA at Vancouver would be a little over 0.1 g. 
On the bedrock and till foundations of most of 
the metropolitan area 0.1 g may hardly be 
noticed by many people and would not be 
significant to the integrity of even only 
reasonably well built structures. The many dams, 
structures and industrial installations in and east 
of the Vancouver environs would definitely not 
be affected. The above levels of cited bedrock 
acceleration are also generally too low to induce 
liquefaction, unless resonance is built up in 
unconsolidated material by reflection of seismic 
waves off surrounding bedrock, as in the 
destructive 1985 earthquake in Mexico City. In 
the Lower Mainland concern has been expressed 
regarding liquefaction of parts of the Fraser 
Delta. Various agencies are studying this 
potential problem. Most of the deposits that 
make up the delta are glacial and glacial-fluvial 
in origin and are not susceptible to liquefaction. 
Sample borings [8, 9] indicate that a number of 
locally distributed near-surface deposits may be 
prone to liquefaction. The assessment presented 
in this paper indicates a bedrock PGA at the 
delta of 0.10 g, or less, with no closed bedrock 
configuration to induce local resonance, as 
occurred at Mexico City. Borings of the delta 
deposits indicate no evidence of liquefaction 
disturbance of the deeper (glacial) deposits in 
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the last 13,000 years, indicating either that there 
has been no major earthquake effects on the 
delta in that period or that the deeper material 
in the delta deposits is not liquefiable. 

6 Giant Subduction Earthquakes 

Five years ago an hypothesis was postulated by a 
California seismologist that the Cascadia 
subduction zone beneath the U.S. Pacific Coast 
could perhaps be capable of generating a giant 
earthquake, ( + M 9). The basic reasoning was 
that since three other subduction zones around 
the Pacific Rim have produced such "mega" 
earthquakes in historical times and since 
Cascadia has not, then Cascadia must be "stuck" 
and will therefore "catchup" by means of a giant 
dislocation. In 1988 a technical paper by Dr. G. 
Rogers [10] suggested that the Cascadia zone 
could be capable of a M 9.2 earthquake, even 
though most Cascadia geological and 
seismological characteristics differ markedly from 
those of the known circumPacific giant 
earthquake zones. The critical fallacy of the 
postulation of a "megasubduction earthquake" is 
that the comparison of the Cascadia subduction 
zone with the three existing circumPacific giant 
earthquake subduction zones virtually ignores not 
only the geological and physical (mechanical) 
differences between these zones and Cascadia 
but also the fact that many other subduction 
zones throughout the world, much larger than 

Cascadia, have far more similarities to the 
existing megaearthquake zones, yet have long 
seismic histories of very well recorded 
earthquakes, none of which have exceeded M 
8.5. The significant differences between the 
three large earthquake subduction zones and 
Cascadia are summarized in Table 1. The 
comparison of the oceanic plate characteristics in 
Table 1 clearly indicates that the Cascadia 
subduction plate is a very poor candidate for a 
giant earthquake. It strongly suggests that the 
recorded level of seismicity that exists on the 
Cascadia zone is most likely precisely what "we" 
will get for the next 5-10 million years. The 
preponderance of geological, geophysical, seismic 
and physical evidence strongly indicates that the 
Cascadia subduction zone is expiring (in 
geological time scale terms) and is incapable of 
storing the necessary energy to generate a giant 
(M9) earthquake. In addition, the assertion that 
the Cascadia zone is "stuck" belies the high, 
consistent seismicity of the zone as recorded in 
the last ten years. Large earthquakes are 
common on Cascadia, for example, in one week 
ending August 23, 1991, four earthquakes of M 
5.9, 5.6, 6.9, and 4.4 occurred on the subduction 
zone, distributed along a 600 km distance from 
northern Oregon south to northern California. 
These very significant large earthquakes 
occurring on the same zone within one week 
certainly do not suggest that the source zone is 
"stuck", but rather that it is progressing very 
satisfactorily. 

TABLE 1 --

Cascadia 
N azca (Chile) 
Aleutian 
Nankai (Japan) 

Characteristics of subducting Pacific plates 

Thickness Surface 
Age (my) (km) Roughness 

10 8 Smooth 
60 60 High 
60-100 50 Extreme 
140 40 Extreme 

Closure Rate Maximum 
glliyr Magnitude 

2-4 
8-10 
8 
5+ 

7.0 
9.5 
9.1 
8.5 
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In view of the above summarized technical 
evidence against it, the writers consider that the 
hypothesis of a possible giant earthquake 
occurring on the Cascadia is not technically valid. 
Therefore, it is considered that the likelihood of 
a giant earthquake ("mega-subduction") occurring 
on the Cascadia zone does not warrant 
consideration in a seismic hazard analysis for 
British Columbia. 

It should be appreciated that even if this 
hypothetical anomalous megaearthquake event 
did occur, the attenuation from the subduction 
zone (plane) to the bedrock foundation of the 
Lower Mainland (Vancouver) could result in a 
PGA of about 0.18 gin that area. This would be 
felt and could liquefy near-surface deposits of the 
delta, but it would certainly not comprise a 
significantly destructive event for structures 
founded on the bedrock or glacial till that 
underlies most of the Lower Mainland. 
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