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ABSTRACT: Earthquake consequences should ideally be reported in terms of 3-D 
losses: Damage, Death and Downtime. A quantitative risk assessment model is advanced 
to examine the three loss types. Loss functions are developed from the principles of 
fragility analysis, cost estimation, plus fault trees. By incorporating the effects of 
epistemic and aleatory uncertainty, the 3-D loss types are then combined and integrated 
for all potential earthquakes to give an aggregate expected annual dollar-equivalent loss.  
To illustrate the comprehensive approach, the utility of the proposed model is 
investigated and illustrated for the bridges with different detailing classes of non-seismic, 
ductile seismic, and damage avoidance design. It is shown that indirect losses overwhelm 
direct damage, typically by an order of magnitude. 

1 INTRODUCTION 

Earthquakes are one of the most hazardous natural events which may cause devastation without 
warning. Losses due to these types of catastrophes can be characterized in terms of the 3-D’s: 
Damage, Death and Downtime. Performance-based earthquake engineering (PBEE) consider these 3-
D’s as Performance measures. As such they should also be addressed in loss estimation procedures as 
the repair cost will not only be the direct damage “loss” suffered by the owner, but also indirect losses 
to users in terms of death and downtime. Thus total losses strictly represent the sum of both direct and 
indirect losses that necessitate repair or rebuilding due to earthquake effects. Generally, only implied 
losses from structural damage are considered for the design of infrastructure.  

Figure 1 presents a recently developed four-step approach to rapidly assess the direct financial losses 
arising from structural damage to constructed facilities was developed (Mander and Sircar 2009; 
Sircar et al. 2009). The four-step probabilistic loss model is visually interrelated through log-log 
graphs. These losses for each damage state take into account randomness and epistemic uncertainty as 
well as the effect for loss (cost, downtime and death) surge following a major hazardous event. The 
model considers 30% price surge due to inflation in prices of material and labour in the wake of 
devastating earthquake. Their inter-relationship via power equations leads to straight lines between 
specified coordinates. The loss estimation framework is divided into four interrelated steps which 
follow the arrows in Figure 1 as follows: (a) hazard analysis, (b) structural analysis, (c) damage/loss 
analysis; and (d) loss estimation. When these losses are integrated over all possible seismic scenarios, 
the Expected Annual Loss (EAL) can be computed directly in terms of a simple formula. The 
approach is extended herein to encompass death and downtime. 

2 DIRECT LOSS ESTIMATION FRAMEWORK 

The framework developed by Mander and Sircar (2009) for financial loss analysis of seismically 
damaged structures is extended herein.  This is a quantitative four-step process to estimate the 
expected annual losses for different types of structure. Figure 1 shows the four-step framework along 
with its connectivity between each step. The inter-relationships may be approximated as capped linear 
functions in log-log space. The main objective of using the direct four-step procedure is to relate the 
seismic losses with well-known seismic demand and structural capacity parameters. 
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In order to estimate expected annual losses, it is essential to provide a well-defined relation between 
intensity measure (IM) and annual frequency (fa), referred to herein as the seismic hazard-recurrence 
relationship. From Figure 1(a) a graphical representation of the relationship between hazard recurrence 
rate and the intensity measure is provided. As seen, the power relationship is plotted as straight line on 
log-log plot through two points and this represents a suitable approximation of hazard analysis. A 
similar power relationship for structural analysis between IM and Engineering Demand Parameters 
(EDP) also exists. Figure 1(b) thus presents straight line relationship in log-log space for IM and EDP 
in the form of drift θ.  

 
Figure 1: The Four-step approach used to estimate losses. 

A compound relationship governing the four-step model and which gives mutual relationships 
between the four graphs follows (Mander and Sircar 2009): 

 
(1) 

where fa = annual frequency; Sa = spectral acceleration; fDBE  and Sa DBE are the annual frequency and 
spectral acceleration demand (an IM) for design basis earthquake (DBE), typically taken as 10 % in 50 
years or fDBE = 1/475; θ = column (or interstory) drift on the structure for the considered event; θDBE = 
interstory drift on the structure for DBE; b = exponent that represents the slope of the line on log-log 
plot for Figure 1(b); c = constant, equal to the slope (in log-log space) of the line in Figure 1(c) and it 
is determined from empirical calibration of frequency with fatality curve; k = empirical seismic hazard 
constant; L = loss; and LDBE  = loss corresponding to design basis earthquake. The exponent d in Figure 
1(d) is inter-related to the first three exponents k, b and c via d = bc / (-k). 

(a) (b) 

(d) (c) 
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The proposed two-parameter power curve with upper and lower cut-offs to represent a loss as a 
function EDP is expressed as (Mander and Sircar 2009):   

 
(2) 

in which θc = f θDB5 = critical drift (where f = adjustment factor for low damage structures where f > 
1, generally f = 1, but this may have a different value for certain special structure types; and θDB5 = 
drift value for onset of complete damage); Lc = loss at critical drift (at the onset of complete damage; 
Damage State 5); Lon = loss at onset of damage state 2; and Lu = loss at complete damage or toppling 
of structure. 

3 PROPOSED DEATH LOSS MODEL 

As the probability of death loss associated with each damage state is not distinctly defined, the model 
is calibrated using probable death loss at the onset of Damage State 5 (complete collapse or toppling 
(Mander and Elms 1994)). The model is then bounded with upper and lower cut-offs based on 
structural drift. Figure 2 uses fault and event trees to analyse the probability of death loss due to a 
catastrophic earthquake for bridges.  The chance of fatality at the onset of complete damage (drift 
corresponding to onset of Damage State 5) is taken as 10% for buildings and bridges (Mander and 
Elms 1994). Empirically it has been seen that normally 0.7 < d < 0.85 for general case and for special 
cases, d > 1. The empirical death loss model with upper and lower cut-offs takes the form as shown in 
Figure 1 (c) and formally expressed as:  

 
(3) 

in which DLc = probability of death loss for drift corresponds to the onset of complete damage; DLon = 
probability of death loss at onset of Damage State 2; DLu = ultimate probability of death loss (at 
complete damage or toppling of structure) = 0.75. 

 

Figure 2: Fatal accident probability for a bridge collapse due to an earthquake. 
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4 PROPOSED DOWNTIME LOSS MODEL 

Mander and Sircar (2009) used vulnerability curves along with losses to derive the total probable loss. 
A similar approach is used herein this leads to the following equation. The total probable downtime 
loss due to earthquake of a given probability is the sum of the corresponding value for the damage 
states and it can be expressed as: 

 
(4) 

where  and  are the respective probability and downtime loss for ith damage state. 

The proposed downtime loss model is a power curve. This also has upper and lower cut-offs; it can be 
represented using downtime losses in terms of structural drift. This relationship can be expressed as: 

 
(5) 

in which DTc = downtime at onset of damage state 5 (complete damage or toppling); DTu  = downtime 
at complete damage or toppling, downtime at this point will be maximum and does not increase after 
that (DT < DTu = 150 weeks ~ 3 years, for bridges (Mander and Basoz 1999)); DTon = lower bound on 
downtime is based on the concept that there will be no damage to structure when earthquake intensity 
is less than damage state 2 (when DT < DTon, DT = 0) and can be estimated as:   

 
(6) 

where θon = the onset of damage (normally taken as θon = θDS2 = drift value for Damage State 2), at this 
state the structure is expected at least some kind of inspection by experts which can lead to downtime. 

5 CALIBRATION OF LOSS MODEL 

It is evident from Eqs. (5) and (6) that several parameters need to be calibrated for the loss model. 
These parameters are chosen to give a weighted least squares best-fit solution to a full analysis 
resulting from implementation of Eq. (5). Mander and Basoz (1999) postulated the downtime for each 
of the 5 HAZUS damage states for highway bridges. This is then used to multiply the vulnerability 
probability with expected losses (consequences) to obtain probable losses for a given EDP. The sum of 
the product of the probability of drift and its expected outcome (Eq. (4)) is then calibrated using the 
power curve with the upper and lower cut-offs. This model has been calibrated for different bridges 
located in California. For each type of bridge, the sum of product of downtime losses and the 
lognormal distributed drift corresponding to each damage state  is calculated and a curve is generated 
(Sircar et al. 2009; Solberg et al. 2008). The median values thus obtained are curve fitted using a 
power curve with upper and lower cut-off. There are considerable epistemic uncertainties in these 
estimates due to contractual variabilities and scope of work, this is discussed below. 

6 ANALYSIS OF EAL 

Using the calibrated loss model along with hazard and structural analysis, loss estimation can be 
developed. Utilizing dispersion factors, in conjunction with median coordinates, an expected value 
(mean) loss curve can be developed. EAL may be estimated by simply calculating the area under mean 
curve of the Figure 1(d) which can expressed as:  

 
(7) 
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where (  and ( , are the mean values of the primary loss curve coordinates. FAR can be 
calculated from using expected annual death losses (EADL) from by: 

) (8) 

7 BRIDGE-SPECIFIC LIKELIHOOD OF DEATH-LOSS 

Given a catastrophic event, the number of expected fatalities can be estimated using the probability of 
death loss multiplied with the average number of people present (Np) in the danger zone of the travel 
length (L+S): 

 
(9) 

where n = occupancy of vehicle; AADT = annual average daily traffic; L = the length of the  bridge 
(m); S = approach stopping distance (m); and V = vehicle speed (km/h). 

8 CASE STUDY: SEISMIC, NON-SEISMIC AND DAMAGE AVOIDANCE DESIGN 

The model is implemented on prototype bridges designed for 0.4g ground acceleration with a return 
period of 10% in 50 years. These bridges are designed for same loading but different specification as 
shown in Figure 3 (Mander et al. 2007). The DAD bridge is also designed based on California 
seismicity with the same column dimensions but different construction details as the ductile seismic 
resistant bridge. The non-seismic design is regular non-ductile concrete structure details. It is proposed 
from previous work that DAD uses armoured connection details. The combination of rocking action 
along with post-tensioned prestress tendons and dampers to provide high initial (pre-rocking) stiffness 
and supplemental energy dissipation helps in preventing damage (Solberg et al. 2009).  

 
Figure 3: The 5-span prototype bridge used and design attributes. 

To investigate the relative importance of 3-D losses and compare bridge losses on monetary scale the 
prototype bridge is considered. A bridge of five-spans, 40 m each and 15 m width, is assumed to be 
constructed with a cost of $1,200/m2 and an annual average daily traffic (AADT) of 60,000 with 
occupancy of a vehicle as 1.2. Based on U.S. Department of Transportation (2007) recommendations, 
the value of statistical life is assumed as $ 6.0 million. The toll tax is assumed as the sum of amount 
the bridge owner will lose as toll, the cost of extra miles travelled by the driver to reroute and wear 
and tear to the rerouted route. It is conservatively assumed as $1.0 per vehicle per pass. 
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9 RESULTS 

The direct loss model is implemented for damage, death and downtime losses on three different types 
of structural design (Non-Seismic, Seismic and DAD) as shown Figure 4 for California seismicity. 
The FAR for Non-Seismic structure is 4.62; for Seismic, it is 0.88 and for DAD it is 0.27. Result 
shows that expected annual downtime (EADT) for Non-Seismically designed bridges is 2.11 days 
whereas for bridge designed using Seismic design specifications has only 6 hours. Bridge designed 
using DAD technique performs better than Seismic design with only 3.6 hours as EADT.  

Table 1 tabulates a summary of the 3D losses in terms of expected annual losses for all possible 
earthquake scenarios.  The results show that the seismic design saves more than $149,000 per year by 
just adapting the ductile design. The DAD design can save another $11,000 per year just by improving 
the construction details to a dry-jointed armoured connection.  

Table 1: Comparative study of prototype bridges showing 3-D losses per year. 

Parameters 
Non-

Seismic 
Seismic DAD 

Analysis Assumptions 

Length of bridge = 200m (five spans of 40m)  

Breath = 15m 

Construction Cost = $1,200/m2  

Total Construction Cost = $ 3.6 million 

Vehicle Speed = 100km/h, Vehicle Occupancy = 1.2 

Annual Average Daily Traffic, AADT = 60,000 

Value of a Statistical Life, VSL = $ 6 million 

Approach stopping distance =100m (for 100 km/h speed) 

Assumed equivalent toll tax for each passage = $ 1.0 

EAL ($/million) 6,210 917 176 

FAR 4.62 0.88 0.27 

EADL 0.000405 7.72E-05 2.37E-05 

EADT 2.11 0.25 0.15 

Damage Loss ($) 22,356 3,301 634 

Human Loss ($) 22,664 4,317 1,325 

Downtime Loss ($) 126,600 15,000 9,000 

Total Loss/year $171,620 $22,618 $10,958 

% Cost of Bridge 4.77 0.63 0.30 

 

It is also of interest to have some insight as to the expected 3-D losses for the two commonly used 
earthquakes applied in design, specifically DBE and MCE (maximum considered earthquake, 2% in 
50 years). Table 2 presents scenario losses for DBE and MCE based on different detailing and uses 
these scenario losses for prototype the bridge to estimate losses in monetary terms.  It should be 
emphasized that the DAD design has no losses for the DBE and MCE scenario events. As depicted in 
figure 5, the extent of 3-D losses was studied relative to each other for expected annual losses and 
scenario event losses.  

Table 2: Comparative study of scenario losses for DBE and MCE 

 

http://www.ers.usda.gov/publications/mp1570/mp1570d.pdf�
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Figure 4: Results for the 3-D loss analysis. 

10 DISCUSSION 

A probabilistic 3-D loss estimation framework that directly relates hazard to response and hence losses 
has been advanced.  As might be expected, non-seismically designed structures are not only hazardous 
but dangerous. Naturally, seismically designed structures perform considerably better and the losses 
are markedly reduced.  Nevertheless, the total losses, which include damage, death and downtime, are 
considerable; the latter two overwhelm the physical loss.  These losses can be further reduced to the 
point of elimination under DBE and MCE with smart judicious design and detailing using DAD.  This 
emerging DAD approach can also reduce losses for rare extreme events not normally considered by 
design, but captured in the EAL analysis.  While ductility clearly helps, there is also no substitution for 
high strength and damage elimination. 
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Although the simple direct four-step probabilistic loss estimation framework works well in estimating 
the 3-D losses, the absolute accuracy may be dependent on certain parameters and assumptions 
leaving the final results, in an absolute sense, somewhat in  doubt.  However, the results remain 
comparatively consistent amongst the different options considered.  Downtime losses are the most 
significant for the cases investigated. Results shows that compared to their historic non-seismic 
counterparts, modern ductile bridges designed in accordance with contemporary seismic design 
specifications expect significantly less total losses.  Improved detailing using the emerging DAD 
armouring details further improves the overall system performance. The capital cost for making any of 
these improvement changes in the design is negligible, thus clearly worthwhile. 

 
Figure 5: Relative 3-D losses of various detailing standards for the prototype bridges: (a) 

Expected annual losses; (b) Scenario losses. 

11 CONCLUSIONS 

From the work presented in this paper following conclusions are drawn: 
1) The four-step risk modeling approach is shown to be a comprehensive stochastic model for esti-

mating the damage, death, and downtime losses due to earthquakes.  
2) Death losses due to earthquakes are slightly more than damage losses.  
3) Downtime losses may overwhelm the other direct and indirect losses, and based on the example 

herein may be some 3 to 7 times greater than physical damage losses. 
4) Losses can be further reduced if DAD concepts are employed in design and construction. 
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