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ABSTRACT: This paper describes seismic safety requirements of citizens, using a quantitative evaluation of
the target seismic safety level from a previous Japanese survey, and estimates of expected and “tolerable”
damage from a survey in Vancouver, Canada. The Japanese survey derived user’s willingness to pay premium
combined with marginal cost data to determine the safety level in terms of a reliability index. In the Canadian
survey, marginal cost of measurable increases in seismic safety for specific structural types in Canada were
determined through interviews with practicing structural engineers, and opinions about tolerable damage lev-
els were determined through a survey of non-experts. Subsequently to the earlier Japanese study, the Cana-
dian survey provides insights into social needs and social response to seismic experience.  
The paper is intended to contribute to the perceived need to involve public participation in the selection of
safety levels, while at the same time recognizing that the public has little knowledge of structural safety. It is
hoped that comparisons and contrasts from such results will improve our ability to formulate performance
based design standards that meet the needs of society. 

1 INTRODUCTION 

The development of codes and standards has 
evolved over the past four decades from judgments 
of safety factors by a few eminent experts on the 
code committees, to elaborate studies and analyses 
of probabilities by code committees and designers. 
The group that has not yet been consulted is the lay 
public. In this paper, we focus on two very different 
groups from the lay public.  

Japan is well-known to be an earthquake prone 
country. The safety level of Japanese buildings is 
largely determined by their seismic performance. 
Japanese society expects an adequate seismic safety 
level, yet no socially explicit consensus has been de-
termined to quantify this level. The need for explicit 
target safety levels is further emphasized by the in-
troduction of the performance-based design ap-
proach.

Vancouver Canada is also a location of high 
seismic potential, but the frequency of strong earth-
quakes is relatively low. There is much less experi-
ence with earthquake damage than in Japan. Mem-
bers of the public are expected to have a lower 
awareness of seismic risk. There remains, however, 
a need to establish safety levels and damage control 
through codes that are acceptable to the public. 

In both Japan and Vancouver Canada there is a 
need to retrofit old buildings to a suitable standard, 
hence a need to have a framework for rational deci-
sion making regarding the costs and benefits of a ret-
rofit.  

Determination of safety requirements is a chal-
lenging task. In the past several methods have been 
devised to address this issue: (1) Calibration to cur-
rent, “accepted” design practice, (2) calibration to 
the background risk in society, (3) reliability-based 
optimal structural design, where the failure cost and 
probability is included in the objective function, and 
(4) determination of the social consensus level. In 
this paper, the last two approaches are explored and 
compared.  

Following the Kobe earthquake of 1995 the pub-
lic in Japan has been sensitized towards a need for a 
consensus safety level. Because users do not have a 
clear and consistent notion of safety levels, the first 
two authors conducted a survey in Japan that inves-
tigated the social consensus level by determining 
what people were willing to pay as a premium for 
seismic safety (Hirata and Ishikawa 2001). 

This paper outlines a quantitative evaluation of 
the target seismic safety level from the foregoing 
Japanese survey and an additional survey in Canada. 
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3 SEISMIC SAFETY REQUIREMENTS IN 
VANCOUVER CANADA 

The purpose of this phase of the investigation is to 
establish a means by which users of structures can 
communicate their perceptions of seismic structural 
safety, after having been informed by structural ex-
perts as to the probabilities and costs associated with 
varying levels of safety. The investigation is focused 
on the seismic safety of several building types in the 
Vancouver, Canada, area. While the Japanese study 
aimed at determination of safety index, with its fo-
cus on failure or survival, the Vancouver study is 
aimed at proportion of damage, for example, damage 
cost as a fraction of building replacement cost. 
While current seismic codes focus on protection for 
life safety and collapse, recent earthquakes in major 
North American cities and in Kobe, Japan, have 
shown that the damage cost is extremely important.  

3.1 Predicted risk and damage 
The survey of a small number of citizens was 

conducted in order to determine their opinions about 
seismic risk and tolerance for damage. In order to 
obtain opinion from the lay public, it was first nec-
essary to inform them as to some basics of the 
physical situation as it affects seismic safety. In the 
Vancouver area, there is almost no experience with 
earthquakes of significant size, yet there is potential 
for these, and there is news of faraway events along 
with reminders that these could happen nearby. In-
formation provided to the lay public was based on a 
series of interviews with several experienced struc-
tural engineers in the area.  

The citizen survey was carried out from Novem-
ber 2004 to March 2005. The results in this paper are 
computed based on a sample of 64 responses to the 
questionnaire (Table 2). 

The Vancouver respondents were asked to rank a 
number of life risks. The Vancouver sample showed 
that earthquake risk is considered to be relatively 
low, along with snow damage, wind, and terror at-
tack, compared with higher perceived risks such as 
global warming, air pollution, and motor vehicle ac-
cidents.  

Table 2. Outline of user questionnaire in Vancouver 

Group Business people General Citizens
Date Nov. 2004 Mar. 2005
Answers 25 39
Collecting rate 69% 33%
Gender (M:F) 18:7 20:19
Age 20s-70s 20s-60s

This result is not surprising, because experience 
with earthquakes in Vancouver is almost nil, and an 
aware public recognizes that there are many life 
risks and that earthquakes are not among the likely 
ones. An implication of this result is that there 
would not likely be public support for significant 
expenditures to mitigate seismic risk when there are 
many other priorities for funds. Further, there is not 
likely a private market for significant seismic up-
grading of housing. 

The size expected (by lay people) of a major 
earthquake in Vancouver represented by Modified 
Mercali Intensities (MMI) is shown in the Fig. 3.  

MMI VIII, which most respondents ex-
pected, corresponds to peak ground acceleration 
slightly higher than the current code value for Van-
couver (NBCC 1995). The NBCC code is based on a 
peak ground acceleration and velocity with 10% 
probability of exceedance in 50 years (a 475 year re-
turn period). 

Fig. 4 shows the return period estimated by the 
respondents, and the mode corresponds to the code 
value. These results indicate a fairly realistic under-
standing of the seismic hazard, and a conformance 
with what seismic experts would estimate. The vari-
ability in responses would be expected, since there is 
such a scarcity of actual data in the region.  

Predicted damage of respondents own houses is 
shown in Fig. 5. Most respondents assume the dam-
age would be moderate (or about 10-30 percent of 
replacement cost). The variability of responses is 
consistent with the actual variability of the perform-
ance of housing, since the structural performance of 
detached houses is highly variable and dependent on 
architectural style and arrangement as much as by 
structural details.  
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Fig. 3 Predicted earthquake in Vancouver  
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Fig. 4 Return period prediction as earthquake cycle 
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Fig. 5 Predicted damage of respondent’s houses 

3.2 Damage evaluation 
Respondents were asked about the relationship be-
tween safety and cost of housing. 81% of respon-
dents agree there is a relationship and most agreed 
that there is an upper limit to safety. The implication 
here is that they understand that 100 % safe is not 
possible, and that houses in particular contain many 
surprises in behaviour that cannot be rationally over-
come by normal structural design. Further, most 
houses are not structurally designed – rather they are 
layed out by architects or designers and built to ac-
cepted rules. 

Respondents were shown an estimate (based on 
experts’ opinions) of the damage to be expected 
(percent of replacement cost) as a function of seis-
mic intensity (Mercali intensity) for a typical house, 
office building, and unreinforced masonry schools 
(of which there are many in the Vancouver region). 
They were then asked for their comfort level with 
the current safety as represented by the predicted 
damage levels, and the percent increase they would 
be willing to pay to reduce the damage. The damage 
reduction cost was presented to them, based on ex-
perts’ estimates (from the structural experts survey 
described in the next section). 

In the case of their own house, about two third of 
respondents were comfortable with current risk that 
implies about 10 to 30 percent damage in a seismic 
event of MMI VIII, which is slightly greater than the 
design code basis. Fig. 6 indicates the proportion of  
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Fig. 6 User estimate of reduction rate for existing wooden de-
tached house 

responses that would be willing to pay to reduce the 
damage rate (by retrofit of their house). It shows that 
this willingness to pay varies greatly. About 6% of 
respondents would not pay to reduce the damage 
levels, while 30 % would pay about 8% of replace-
ment cost to reduce the damage to almost zero (ex-
perts’ estimates indicated that retrofit costing about 
8% of house value could reduce damage to almost 
zero. This is a very crude estimate.) 

In the case of office buildings (workplace) the 
experts’ estimate of damage was slightly higher 
(about 15% for MMI VIII). About two third of re-
spondents were comfortable with this. Fig. 7 indi-
cates the proportion of responses that would support 
reduction of the damage by retrofit (it is implied that 
they recognize that office rent would have to pay for 
this). Most respondents would prefer some reduction, 
but few would support the cost of reduction of dam-
age to almost zero. 

The situation with unreinforced masonry schools 
in Vancouver is of great interest. Estimated damage 
in a MMI VIII event is about 30% or more, and ex-
perts’ estimate was that it would cost about 30% of 
building cost to reduce this to almost zero. About 
30% of respondents indicated comfort with the cur-
rent situation, most would like to see expenditures to 
reduce the damage by at least half, and about 30% 
would support damage reduction to almost zero (Fig. 
8).

This situation illustrates what Section 4 shows 
analytically. From a cost-benefit viewpoint, it is 
clear that it does not make sense to spend 30% of re-
placement value now, to eliminate a probability of 
30% damage in the future, when the damage prob-
ability is very small. Retrofit expenditures to reduce 
future damage will generally prove to be unjustified 
from a cost-benefit viewpoint when the damage 
costs are only the direct building repair costs. The 
more important reasons for retrofit are protection of 
life, protection of home, school or  
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Fig. 7 User estimate of reduction rate for existing medium-rise 
RC office building 
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Fig. 8 User estimate of reduction rate for existing unreinforced 
masonry school 

business continuity, and mitigation of possible 
community large-scale disruption. 

While most of the foregoing is concerned with 
current buildings and their possible retrofit, respon-
dents were also asked about the future code provi-
sions. Cost-safety relationships based on experts’ 
opinions were used as a basis. 

For a future new house, Fig. 9 indicates the cost-
safety relationship as estimated by structural experts. 
Respondents were asked to plot their estimate of 
willingness to pay on the indicated line. Most re-
spondents indicated willingness to pay up to 5% of 
total cost extra to achieve greater than 50% increase 
in safety (seismic force level).  
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Fig. 9 User’s willingness to pay for future house 

An important observation here is that the cost of 
increases in force level and safety is very small for 
new structures, and there is willingness to pay a 
small increase as indicated above. Experience with 
building developers, however, is that there is strong 
resistance to even a small increase to pay for seismic 
safety. This dichotomy between developers and 
owners poses an interesting dilemma for code writ-
ers, who get strong resistance to any changes in the 
code that increase requirements, yet strong demands 
from the public to provide improved safety. 

General satisfaction with the building code was 
examined by finding that respondents would prefer a 
slight improvement in human life protection and in 
function of buildings, as indicated in the histogram 
of Fig. 10. 
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Fig. 10 Code requirement 

4 RATIONAL DECISIONS BASED ON 
DAMAGE ESTIMATES FOR VANCOUVER 

This investigation is focused on the seismic safety of 
several building types in the Vancouver, Canada, 
area. While the Japan study aimed at determination 
of reliability index, with its focus on failure or sur-
vival, the Vancouver study is aimed at proportion of 
damage, for example, damage cost as a fraction of 
building replacement cost. While current seismic 
codes focus on protection for life safety and col-
lapse, recent earthquakes in major North American 
cities and in Kobe, Japan, have shown that the dam-
age cost is extremely important. 

4.1 Rational retrofit decisions based on structural 
experts’ opinions 

 “Rational” in this discussion means a strategy 
aimed at minimizing total present value of expected 
cost in decisions as to the need and amount of retro-
fit to improve seismic safety. This discussion also 
assumes that damage costs (not life loss) dominate 
the consequences of major earthquakes in North 
America, and even in the 1995 Kobe, Japan earth-
quake.

Seismic damage can be represented by a Damage 
Probability Matrix (DPM), or by a Mean Damage 
Factor (MDF) (ATC-13 1985). The MDF is the ex-
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pected value of damage as percentage of replace-
ment cost, for a sequence of Modified Mercali Inten-
sities (MMI). The MMI values were related to peak 
ground acceleration (pga) through an empirical rela-
tionship (Trifunac and Brady 1975). Structural ex-
perts in California developed DPM’s (from which 
MDF can be calculated) for many building types 
(ATC-13 1985). These were modified by Onur 
(Onur 2001) to adjust for Vancouver conditions. We 
have used these as a basis, but have derived specific 
MDF’s from our survey of structural experts in the 
Vancouver area. 

At the very high MMI values, damage levels 
rated “major” or greater become more likely, and 
near collapse or full collapse, with loss of life, is 
possible. We assume damage levels of 60 percent 
and higher (rated as “major damage” in the ATC-13 
document) represent “failure”. From the DPM the 
conditional probability of failure given the occur-
rence of earthquakes of the various magnitudes was 
estimated, and then the unconditional probability of 
failure based on the estimated probabilities of the 
various MMI magnitudes was calculated. 

Based on the DPM collected by Onur (Onur 2001, 
2004), the estimated probabilities of failure (for 50 
year reference period) are: 5 x 10-5 corresponding to 
� � 4 for detached houses, almost 0 for office build-
ings, and 5 x 10-3 corresponding to � � 2.5 for unre-
inforced masonry schools. These can be compared 
with failure probabilities and safety indices deter-
mined in the Japan study outlined in the foregoing.  

This result indicates that safety for Vancouver 
structures is generally acceptable (compared with 
other norms for structures) in the case of housing 
and office structures, but is not satisfactory for unre-
inforced masonry schools. This result is consistent 
with the citizen’s survey which showed a strong 
preference for improving the safety of the unrein-
forced masonry schools. It should be noted that the 
Government of British Columbia has pledged a pro-
gram of retrofit or replacement of such schools, thus 
the lay opinion, expert opinion, and government pol-
icy all seem to be in harmony on this issue.  

The several structural experts in the Vancouver 
area were asked to examine the DPM’s and MDF’s 
that were developed in California, and to modify 
them to agree with their own opinions, based on lo-
cal experience. The experts’ opinions were deter-
mined through a personal interview process with a 
questionnaire to focus the discussion. 

The low, average, and high values of MDF’s 
from the interviews were tabulated for each MMI 
value and for each of three structural types: a typical 
existing wood detached house built prior to 1990, 
medium-rise concrete frame office, and unreinforced 
masonry school. The interview also determined es-
timates of the upgrade costs of the same building 
types, in terms of the percentage of replacement cost 

that would be required to attain a quantified value of 
reduction in damage estimate. 

Table 3 gives the MDF for these three basic 
structural types. The MDF values represent esti-
mates of the fraction (of replacement cost) of dam-
age to be expected in the structure for an earthquake 
of the MMI value in the column. There was consid-
erable variation among the experts. This should be 
expected, since the definition of the building types 
was broad, and each respondent would have their 
own sense of what a “typical” building in the class 
would be like. The low estimate generally con-
formed to the values suggested earlier by Onur 
(Onur 2001), while the high estimates represent a 
less optimistic view of what may occur in a seismic 
event. 

Table 4 provides, for the MMI values of interest,  
peak ground acceleration as percent of gravity (pga), 
annual probability of  occurring  or exceeding (ape) 
estimated for the Vancouver area (usually called the 
probability of exceedance), based on estimates from 
NBCC (1995), with the resulting annual probability 
of occurrence uj. The latter is based on the approxi-
mation that the given increments of pga and MMI 
constitute a set of discrete possibilities. 

The probability of MMI less than VI is large, 
with negligible damage. The probability of MMI 
greater than X is negligible. Thus the only conse-
quences (losses) of interest are included with the an-
nual probabilities given in the table. 

Table 3.  Mean Damage Factors for three building types in 
Vancouver 

VI VII VIII XI X XI XII
High estimate 0.01 (0.16) 0.20 (0.4) 0.60 - -

Mean 0.01 0.04 0.11 0.13 0.33 0.31 0.39
Low estimate 0.01 0.04 0.06 0.12 0.23 0.28 0.38

( ) : Interpolated value for the lack of answer.

VI VII VIII XI X XI XII
High estimate 0.07 (0.26) 0.45 (0.73) 1.00 - -

Mean 0.03 0.09 0.18 0.16 0.43 0.39 0.51
Low estimate 0.01 0.04 0.08 0.17 0.24 0.39 0.51

VI VII VIII XI X XI XII
High estimate 0.25 (0.43) 0.60 (0.80) 1.00 - -

Mean 0.08 0.13 0.36 0.35 0.65 0.67 0.80
Low estimate 0.03 0.10 0.23 0.35 0.52 0.66 0.80

Unreinforced
masonry school

MMI

MMI

MMI

Detached
house

RC office

Table 4. Peak ground acceleration, annual probability of  oc-
curring, and annual probability of occurrence 

MMI pga ape uj

VI 0.07 0.015 0.010 
VII 0.13 0.005 0.004 
VIII 0.26 0.001 0.0005 
IX 0.53 0.0005 0.00045 
X 1.00 0.00005 0.00005 
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The occurrence of any of the events represented 
by the various MMI values may be taken as a sum of 
Poisson processes, each with the occurrence rates uj
as given in Table 4. Hence the total expected annual 
damage cost (as a percentage of replacement cost) is 

Ca = � MDFj uj                                      (1) 

Where j distinct values of MMI and u are consid-
ered. Ca could be considered the fair annual insur-
ance premium that should be paid to indemnify the 
owner for the damage.  

Damage in this investigation is represented by the 
MDF values, and is the direct damage to the struc-
ture due to the earthquake, as a fraction of replace-
ment cost. Most real decisions about retrofit would 
include other damage costs, such as death and in-
jury, loss of use, disruption of business or commu-
nity, etc. 

Seismic damage is usually mitigated by retrofit-
ting. In order to achieve an appropriate balance 
(minimum of total cost) with initial or retrofit cost 
and damage cost, we require the present expected 
value of the damage cost. This is the present value of 
an annuity of annual amounts Ca, with an appropri-
ate real interest rate i.  

The present expected value of the damage cost, 
assuming continuous compounding and Poisson oc-
currence rates for each MMI level (Sexsmith 1983) 
is

Cp = � [(MDFj uj) /( i + uj)]                    (2) 

Where MDFj is the MDF for MMI value j, and  uj
is the annual occurrence rate of MMIj. i is the inter-
est rate or discount rate. 

For annual occurrence rates of the order found for 
earthquakes of the intensities considered (u<<i),  this 
can be approximated by 

Cp = Ca / i                                                (3) 

Structural engineers were also asked to estimate 
the cost of retrofit construction Cr to reduce the 
damage percentages to lower values. From this in-
formation we can develop a policy for retrofitting, 
based on minimizing the expected value of total pre-
sent cost. Cr is the cost to perform the retrofit as a 
fraction of replacement cost of the structure. 

For a proposed retrofit a new value of Cp is calcu-
lated using the new projected values of MDF. De-
note this as Cpr. If the retrofit is to result in “almost 
zero” potential damage, then Cpr becomes zero. The 
total cost of achieving the retrofit Ct is the retrofit 
cost Cr plus the new present expected value of dam-
age Cpr:

Ct = Cr + Cpr                                           (4) 

Table 5 Result derived from expert survey 

Ca Cp Cr Cpr Ct

High estimate 0.0011 0.021 0.10 0.0 0.10
Mean 0.0004 0.009 0.08 0.0 0.08

Low estimate 0.0004 0.008
High estimate 0.0023 0.047 0.20 0.0 0.20

Mean 0.0008 0.017 0.20 0.0 0.20

Low estimate 0.0004 0.007

High estimate 0.0049 0.099 0.60 0.0 0.60

Mean 0.0016 0.031 0.30 0.0 0.30
Low estimate 0.0010 0.020

Unreinforced 
masonry 
school

Structure type

Wooden 
detached 

house

RC office

And the retrofit should be performed if this total 
is less than the original value of Cp that is in effect 
before the retrofit. Table 5 provides results of a cal-
culation that serves as an example for “rational” ret-
rofit policies for the three building types. In Table 5, 
retrofit costs are based on the costs estimated by the 
experts to bring the expected damage to almost zero. 
The costs represent fraction of replacement cost. Cpr
is therefore taken as zero in all cases. The interest 
rate was assumed to be 0.05. 

In all cases, the value of Ct is substantially greater 
than Cp, indicating that retrofit costs are not justi-
fied. In the case of housing and office buildings this 
is due to the fairly low probabilities of damage, re-
flected in low values of Cp. In the case of schools, 
the damage costs are relatively high, but the retrofit 
costs are also very high. In such cases it will be nec-
essary to consider demolition and replacement rather 
than retrofit. 

This calculation was done using consequence 
costs reflecting only cost of repair as a fraction of 
replacement cost. Other consequence costs, which 
could be estimated and included, include loss of use 
of the facility, disruption, life loss, medical costs, 
and other items. Thus the conclusions are limited to 
the cases in which damage costs dominate. 

4.2 Conclusions from the Vancouver Survey 
The Vancouver survey of non-experts showed a 

surprising consistency with the expert opinions. The 
non-experts required slightly more safety in the 
sense of damage reduction than was currently in the 
built structures, but of course the codes have gener-
ally improved this in the past decade and it will be 
reflected in new structures. 

The structural experts provided information that 
was used to examine existing safety and costs for 
retrofit. It indicated that existing safety index values 
were generally within accepted norms. Survey re-
sults and an expected cost minimization procedure 
outlined above, indicated that retrofits are unlikely 
to be cost effective in generic structural types. This 
does not mean that specific structures should not be 
considered for retrofit, based on individual analyses. 
In particular, consideration of a specific, rather than 
generic, structure will no doubt raise issues of other 
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consequences, including medical, life loss, disrup-
tion, and loss of use. All such costs need to be esti-
mated and included where they are relevant.  This 
will generally increase the benefit of retrofit. 

The interviews with experts show that the cost of 
retrofit of existing structures is generally very high 
in proportion to the damage reduction that can be 
obtained. Even if additional damage costs (eg. loss 
of use, community disruption, etc.) were included it 
is likely that retrofit would be difficult to justify in 
many cases. Only if life loss is an issue will retrofit 
be generally cost-effective.  In contrast, the cost of 
increasing the safety substantially is very low for 
new structures being designed. Thus the new design 
codes are justified in continuing to improve the pre-
scribed safety, at very small increases in cost. 

Finally, the safety requirements of Vancouver re-
spondents and of Japanese respondents appeared to 
be consistent with what should be expected. The 
Japanese have much higher probabilities of damage, 
hence the required safety level as indicated by � is 
slightly lower than the value for Vancouver. 
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