
Reliab
Catast
 
 
 
A. Gupt
AIR World
 

  
 
 
  
 
 
 
SUMMA
Recent na
facilities 
results in 
given the
however,
observed 
Thus, it i
quantified
selection,
This pape
associated
primary 
compone
valuation
network m
various m
 
Keywords
 
 
1. INTR
 
In the re
physical
facilities
damaged
in Japan
many ot
Given th
global su
potential
develop,
mitigatio
 
The loss
industria
maintena
externals
there is a
loss pote

ble Quant
trophe Ri

ta, C. M. Ra
dwide Corporat

ARY: 
atural catastro
can also be se
monetary los

e concentratio
 often pales i
after the Toh

is imperative 
d such that in
, communicat
er summarize
d with industr
components o
nts typically 

n of the comp
model to bette

mitigation mea

s: industrial fa

RODUCTIO

ecent past, e
 damage (de

s throughout
d by the M7

n that was da
ther such ex
he typically 
upply chains
ls, be reliab
, evaluate an
on measures.

s potentials 
al facility (e.
ance charact
s lifelines, am
a paucity of 
entials, as o

tification a
isk for Ind

amirez, J. Pa
tion, San Franc

ophe events ha
eriously impa

sses associated
on of value a
in comparison
huku earthqua
that the perfo
formed pre-ca
tion, and imp
es a methodol
rial facilities a
of the metho
observed at 

onent classes
er capture the
asures. 

facilities, loss p

ON 

earthquake ev
enoted as PD
t the world.
.4 Izmit Eart

amaged by th
amples (e.g.
high PD an
, it is impera
ly quantified
nd select, co
. 

for these i
g., pharmace
teristics, its 
mong many 
facility-leve

opposed to th

and Mitig
dustrial F

ark & P. Ma
cisco, CA 94111

ave shown tha
acted by earth
d with direct p
at one geogra
n to the assoc
ake, from cont
ormance of th
atastrophe dec
lementation o
ogy for devel
and illustrates

odology are e
industrial fa

 to derive fac
e business inte

potentials, mi

vents have r
D) and busin
 Notable ex
thquake in 1
he 2007 M6.
., NIST 199
nd BI value 
ative that the
d such that 
ommunicate,

industrial fac
eutical, petro
operational 
others, whic

el historical l
hat for resid

gation of
Facilities

artin 
1, USA 

at along with r
quakes, tsuna

physical dama
aphic location
ciated moneta
tingent busine

hese facilities,
cision making
of appropriate
loping reliable
s the applicati
engineering-ba
cilities, a we
cility-level vu
erruption loss 

itigation, vuln

resulted in s
ness interrup
xamples are 
999 (PEER,
6 Niigata Ch
7, Eshghia e
associated w

e performanc
informed de

, and implem

cilities depe
ochemical, h

network, re
ch make reli
loss data that
dential and c

residential and
amis and other
age of industri
n for such fa
ary loss from 
ess interruptio
, in terms of m
g can substant
e physical and
e quantitative
ion of the met
ased compone
eighting of th
ulnerability fun

potential, and

nerability, com

evere monet
ption (denote

the Tupras
, 2000), the K
huetsu‐Oki E
et al. 2005, 
with these f

ce of these fa
ecision maki
ment approp

end on man
high-tech ma
eliance on t
iable risk qua
t inhibits a re
commercial c

d commercial 
r natural catas
ial facilities, w
acilities. This 

direct busine
on by affectin
monetary loss
iate the devel
d financial ris
e measures of 
thodology thr
ent-level vuln
he vulnerabili
nctions, an op
d cost-benefit 

mponents 

tary losses a
ed as BI) to
s refineries i
Kashiwazaki
Earthquake (
Suzuki, 200

facilities and
acilities, in te
ing can occu

priate physic

ny factors in
nufacturing)
third-party v
antification a
eliable statis
construction

construction,
strophes. This
which can be s

physical dam
ess interruptio

ng global supp
s potentials, b
opment, evalu

sk mitigation 
f seismic loss 
rough a case-s
nerability fun
ity functions 
ption for inclu
evaluations to

associated w
o numerous i
in Turkey t
i nuclear pow
(IAEA, 2007
06, Cruz et a
d their impo
erms of mone
ur pre-catast

cal and finan

ncluding the
), its construc
vendors, inte
a difficult ta

stical definiti
n. These com

 industrial 
s exposure 
substantial 
mage loss, 
on and, as 
ply chains. 
be reliably 
uation and 
measures. 
potentials 

study. The 
nctions for 

based on 
usion of a 
o evaluate 

ith direct 
industrial 
that were 
wer plant 

7), among 
al. 2010). 
ortance in 
etary loss 
trophe to 
ncial risk 

e type of 
ction and 
ernal and 
ask. Also, 
ion of the 

mplexities 



necessita
 
Industria
types of 
compone
Figure 2
thermal 
specific 
distinct 
have dif
need for 
 

 

 
Figure 

 

 
Fig

 
A compo
to captur
of physic
the facil
compone
facility B
 
Thus, re
the abili

ate an engine

al facilities a
components
ents may be 

2 shows the v
generation f
configuratio
value distrib

fferent relativ
a componen

 1. Example o

gure 2. Breakd

onent-level e
re the busine
cal damage t
ity operation
ent physical 
BI loss poten

liable quanti
ity to captur

Mech'l 
Equip.
32%

Elect'l 
Equip.
10%

Control/Off
ce Bldg

5%

eering-based 

also pose a un
s (Figure 1), 

present in d
value distrib
facilities loca
on of each pla
butions influ
ve vulnerabi

nt-level evalu

of components

down of expo

evaluation of
ess interrupti
to the compo
nal network 
damage los

ntial. 

ification of t
re both the d

C

T

fi Chimney
1%

d approach to

nique challen
which may e

different prop
ution of two
ated close to
ant dictates t

uence the fac
ilities to sei
uation of the 

s observed at i

osure value am

f the seismic
ion loss pote
onents. The c
which additi
s potentials 

the seismic lo
difference in

Conveyors
2%

Boilers
25%

Generators
8%

Turbines
18%

o evaluate the

nge in that th
exhibit mark
portions (in t
o power gene
o one anothe
the value pro
cility-level s
smic ground
seismic vuln

industrial faci

mongst compo

c vulnerabilit
entials associ
components 
ionally comp
can then be 

oss potential
n relative vu

e risk potenti

hese facilities
kedly differen
terms of val
eration facili
er; however, 
oportions of t
eismic vulne

d motions. T
nerability of 

ilities. All exh

nent classes fo

ty also has th
iated with pr
(or aggregat

prises of life
carried forw

ls associated
ulnerability o

Turbines
24%

Mech'l 
Equip.
17%

Elect'l 
Equip.

5%

ials for such 

s are compri
nt seismic vu
ue) even wit
ities. Both fa
as can be se

their constitu
erability as d
These consid
industrial fa

hibit different 

for two coal-fi

he added adv
roduct disrup
tes of the sam
elines and in
ward to captu

d with industr
of each com

s

Control/Offi
ce Bldg

2%

facilities.  

sed of many 
ulnerability, a
thin similar 
acilities are c
een in the fi
uent compon
different com

derations poi
acilities. 

seismic vulne

red power pla

vantage of b
ptions on the
me) can be p
terdependen
ure the impa

rial facilities
mponent type

Docks
6%

Boilers
26%

Generators
19%

Pipe Racks
1%

different 
and these 
facilities. 
coal-fired 
igure, the 

nents. The 
mponents 
int to the 

erability. 

ants. 

eing able 
e account 
placed on 
cies. The 

act on the 

s requires 
e and the 



distribution of components within a facility. The methodology presented in this paper utilizes an 
engineering-based component-level approach to evaluate the seismic risk for industrial facilities. 
 
 
2. METHODOLOGY OVERVIEW 
 
The methodology presented in this paper employs a component‐level approach to develop the seismic 
vulnerability of the major component classes typically observed at industrial facilities. The 
vulnerability is defined in terms of damage functions,1 for evaluating the physical damage (PD) loss to 
industrial facilities. The advantage of the engineering-based component-level approach is that since it 
aggregates up the expected performance at the component level to the facility level, it is capable of 
capturing the differences in valuation and performance of constituent components thereby providing 
realistic estimates of the PD losses. Furthermore, this approach results in uniformity in the risk 
evaluation across different types of industrial facilities. The component‐based approach to estimating 
PD losses also provides a reliable means for assessment of the business interruption (BI) losses. The 
capability of modelling the damage states of components, coupled with industrial process network 
modelling, allows for a robust determination of the facility BI losses, which are heavily dependent on 
the numerous interactions between the various components and lifelines (e.g., electricity generation 
and supply, steam, nitrogen, transportation networks, among others). The PD portion of the 
methodology essentially comprises of the following three primary steps: 
 
 Step 1: Different assets within an industrial facility are categorized into component classes 

(e.g., tanks, flares, cooling towers, process towers, equipment, and contents) and sub-
components (e.g., in the case of flares: freestanding, guyed, and derrick flares) and their 
vulnerability is derived based on on‐site investigations, engineering analysis, literature review, 
and historical data. The grouping of assets into component classes is done based on similarity 
of structural characteristics, functionality, and importance, while the sub‐grouping is intended 
to capture any significant differences in vulnerability that may exist within a component class. 

 Step 2: The replacement cost for the entire industrial facility is partitioned into the 
replacement costs for the previously defined component classes. 

 Step 3: The PD damage function for the entire industrial facility is derived by appropriately 
weighting the PD damage functions of the component classes and sub‐components at the 
facility.  

 
2.1 Component and Facility Damage Functions Development 
 
The derivation of the seismic vulnerability, in terms of damage functions, for the various component 
classes and specific sub-components is based on a combination of information obtained from literature 
reviews, on-site investigations and information from facility personnel, engineering analyses, and 
historical data. These primary building blocks of the methodology are discussed below:  
 
 On‐site investigations: On‐site investigations conducted by the authors both in the pre-

catastrophe situation (for risk assessment and mitigation purposes) and in the post-catastrophe 
situation (for damage assessment and repair) have resulted in a wealth of information such as 
condition of key components, observed failure modes, unique characteristics of components, 
clarifications on the valuation breakdowns for various facilities, among other information, 
which is invaluable in developing the component-level vulnerability. 

 Literature review: A thorough review of the technical literature provides information on the 
documented performance of various components during laboratory testing and/or detailed 
analytical evaluations. 

 Historical observations: Review of documentation of observed damage to various facilities 

                                                            
1  Damage functions for physical damage (PD) are relationships between a measure of the physical hazard (e.g., ground shaking, wind 

speed, and flood depth) and a “damage ratio,” which is a ratio of the cost for repair of the component to the total replacement value of the 
component. 



d
s
i
v

 E
c
p
v
t

 
Impleme
function
damage 
compone
exhibit d
actual le
significa
primary 
1) the ha
damage 
damage 
 
Addition
hazard in
(or loss)
distribut
from co
observat
the unce
 

 
Figure 3

axis no

 
The foll
steel pip
engineer
Typical b
The beam
the trans
longitud

D
am

ag
e 
R
at
io

during past c
similar com
insurers rega
validation of
Engineering
computer m
performance
variability in
the confiden

enting the p
ns for over fo

functions fo
ents, for exa
different vuln
evel of fill du
ant differenc
observations

azard intensi
increases wi
ratio attained

nally, there i
ntensity. As 
) ratios for 
tion that is sh
omponent to
tions, historic
ertainty in the

3. [Left] Exam
ot shown to pr

lowing demo
pe rack was e
ring-based an
bents includ
ms are bolted
sverse directi
dinal direction

PGA 

catastrophe e
mponents in 
arding losses
f the compon
g analyses: 

models of re
e of such c
n material pro
nce in the exp

process descr
our-hundred 
or some com
ample flares 
nerability bas
uring the tim
ces in vulner
s from Figur
ity for onset 
ith increasin
d by the diffe

s intrinsic va
conceptually
every hazar

hown in Fig
o componen
cal performa
e damage rat

mple of damag
reserve propri

onstrates the
evaluated to 
nalysis. The
e 7 beams su
d to the colu
ion at the bot
n.  

(g)

events provid
future catas

s experienced
nent vulnerab

the authors
epresentative

components. 
operties, des
pected perfor

ribed above
components

mponents. So
(guyed, der

sed on heigh
me of the eve
rability, sub
re 3 (left) are
of physical 

ng hazard int
ferent compo

ariability in 
y shown in F
rd intensity 

gure 3 (left). 
nt, has been
ance reports, 
tios is explici

e functions fo
ietary nature o

quantificat

e application
illustrate ho

e example pi
upporting pip
umns and the
ttom bay of 

Analyzer
Boilers
Buildings
Chimney Stack
Compressor St
Compressors
Cooling Tower
Cranes
Conveyors
Dams
Distribution Ci
Electric Transm
Electric Power 
Equipment Con
Flares
Furnaces
Gas Turbines
Generators
Large Horizont
Large Motor-Op
Large Vertical V
Motor-Driven P
Motors
Open-Frame St
Pipe Racks
Pipelines
Plant Electrica
Plant Equipme
Plant Mechanic
Process Contro
Process Tower
Pumps
Highways/Runw
Silos
Tanks
Transporation A
Transformers
Wells
Chlorination Eq
Circuit Breaker
Current Transf
Disconnect Sw
Electrical Equi
Electrical/Mech
Filter Gallery
Lightning Arres
Sediment Flocc
Well Pumps

des informat
strophe even
d by facilitie
bility. 
s have cond
e and uniqu

The analys
sign characte
rmance of th

e, the author
s and sub-co
ome of the c
rrick, or free
ht-to-diamete
ent, among o
-component-
e that differe
damage vari

tensity varies
nent also var

the actual d
Figure 3 (righ

value; it is
The quantif

n carried o
and claims d
itly consider

or select comp
of this informa
tion of damage

n of the abo
ow a compon
ipe rack con
pes, and are 
e lateral load
each bent an

ks
tations/Pumping Plants

s

rcuits
mission Towers

Backups
ntents

tal Vessels
perated Valves
Vessels with Formed Heads

Pumps

tructures

l Equipment
nt
cal Equipment
ol Equipment
rs

ways/Railroads/Roads

Assets

quipment
rs
formers
witches

pment
hanical Equipment

stors
culation

tion for asses
nts. Data av
es during pas

ducted detai
ue compone
ses include
eristics, amon
e component

rs have dev
omponents. F
components 
e standing), 
er ratios, roof
other factors.
-level damag
nt componen
ies amongst 
s amongst co
ries. 

amage susta
ht), there is 
s the mean 
fication of th
out based o
data. During 
red. 

ponents comm
ation). [Right]
e functions. 

ve described
nent damage 
nsists of typ
28.5 feet (8.

d resistance is
nd periodic b

ssing the exp
vailable from
st events is c

led analytic
ents to dete
sensitivity 

ng others) th
ts. 

eloped comp
Figure 3 (lef
are further c
tanks, amon
f type, constr
 Where thes
ge functions
nts exhibit d
components
omponents; 

ained by a co
a distribution
(or the exp

his uncertain
on engineeri
evaluation o

monly found in
] Conceptual 

d methodolo
function can

pical multi-ti
7m) high by
s provided b
racing of con

pected perorm
m facility ow
ritical and is

cal evaluatio
ermine the 
analyses (to
at assist in im

ponent-level
ft) presents t
categorized 
ng others. Ta
ruction, main

se conditions
s are develop
ifferent vuln

s; 2) the rate 
and 3) the m

omponent fo
n of possible

pected value
nty, which al
ing analyse
of the catastr

n industrial fac
figure of unce

ogy. A repre
n be formula
ier steel fram
y 15 feet (4.6
y diagonal b
nsecutive be

mance of 
wners or 
s used for 

ons using 
expected 

o capture 
mproving 

l damage 
the mean 
into sub-
anks will 
ntenance, 
s result in 
ped. The 

nerability; 
at which 

maximum 

or a given 
e damage 
) of that 
lso varies 
s, onsite 
ophe risk 

 

cilities (y-
ertainty 

esentative 
ated from 
me bents. 
6m) wide.  
bracing in 
nts in the 



A finite-element model of a typical bent was developed. The dead load and seismic mass were 
computed from the self-weight of the structural elements and by assuming a range of pipe loads 
corresponding to 20, 40 and 80 percent of the plastic moment capacity for each beam. An eigen-value 
analysis was carried out to evaluate the modal properties of the bent structure in the transverse 
direction; the fundamental periods were computed to be 1.78, 2.47 and 3.46 seconds, respectively, for 
the 20, 40 and 80 percent beam load cases. A nonlinear static (pushover) analysis was carried out to 
identify key inelastic response limit states and quantify the corresponding ground motion intensity in 
accordance with the provisions of ASCE/SEI 41-06. The lateral load was distributed in an inverted 
triangular pattern. The pushover analysis accounted for the formation of axial plastic hinges 
(compression buckling and tension yielding) in the bracing elements and columns, and flexural plastic 
hinges in the columns and at the mid-span of the beams where the braces connect. 
 
Figure 4 presents the pushover curves for lateral loads in the transverse direction, as well as key limit 
states and corresponding equivalent ground motion PGA. The spectral acceleration (Sa) was 
predominately utilized to quantify ground shaking intensity, although the corresponding peak ground 
acceleration (PGA) was also quantified.  The hinges are color coded to signify the extent of plastic 
deformation, which can range from minimal yielding (B-purple) to significant loss of strength 
associated with member collapse (C-yellow). To quantify the effects of seismic mass (beam gravity 
loading) on the ground motion intensity associated with each limit state, three PGA values are 
presented corresponding to the 20, 40 and 80 percent beam load cases discussed previously. 
 

 
 

Figure 4. Pushover curve and limit states for representative steel pipe rack. 
 
As Figure 4 indicates, with increasing lateral loads in the transverse direction, the first plastic hinge 
formed at the compression brace (buckling), followed by a sharp drop in strength and subsequent 
strength gain at a reduced stiffness. Next, flexural hinging of the bottom beam occurred at the brace 
connection due to the large force unbalance associated with the buckled compression brace. Hinging at 
the column bases followed near the ultimate strength of the structure. The structure continued to 
deform with decreasing strength until hinges develop in the columns above the bottom bay. At this 
point of the analysis, a mechanism formed above the bottom bay, as the beams are not welded to the 
columns, and the analytical model collapses. 
 
The limit states on the pushover curve in Figure 4, having already been related to ground motion 
intensity, can be related to levels of damage and corresponding repair costs to establish damage ratios. 
This exercise was carried out in discussions with facility personnel to determine the actions that would 
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2.4 Assessment of BI Loss Potentials for Components and Facilities 
 
The procedure discussed previously results in damage functions for assessing the PD losses. 
Assessment of BI losses is significantly more complex, especially for highly integrated facilities with 
multiple process chains, bottlenecks, and redundancies. The major contribution to BI loss is the loss of 
revenues incurred when product chains are not functioning either partially or completely. Disruption 
of product chains can occur for a variety of reasons: 
 
 Partial or complete damage to one or more components on the product chain (for example, 

damage to a particular flare can result in the entire product chain being non-operational); 
 An internally consumed by-product from a different product chain is unavailable because that 

chain has been adversely affected; 
 One or more lifelines (e.g., steam, power, gas, nitrogen, transportation networks, electricity 

generation and supply, among others) feeding the product chain have been adversely affected 
(this can also include external lifelines, if pertinent data is available), or 

 Transfer of finished products has been impeded by damage to storage, loading and/or 
transportation systems. 

 
A reliable assessment of the BI loss requires that a detailed network model be built that accounts for 
the functional dependencies between all the components and lifelines comprising a product chain. Key 
input to this process is a relationship between the physical damage to a component or lifeline and the 
downtime2 associated with the same. The authors have assembled information on various components 
and developed a database that provides estimates of the downtime of a component given the physical 
damage expectation for the same. Development of this database has relied on information gathered 
from facility operators at various industrial facilities and information in the public literature. This step 
also considers whether the damage to a component has occurred in “peace time” (i.e., at a general low 
level of damage to the facility and surrounding areas) or in “catastrophe time,” wherein the facility and 
other facilities in the area have sustained severe damage and there may be a shortage of parts and labor 
for getting the component back into service thereby resulting in increased downtime. As with the 
physical damage relationships, there is variability associated with the downtime for a component given 
the physical damage, which needs to be explicitly incorporated in a probabilistic loss evaluation. 
 
The process for developing facility-level downtime functions is as follows: 
 
 The expected physical damage to the constituent components of the facility is generated for 

numerous simulations of the earthquake events. Note that, as shown in Figure 3 (right), 
different levels of damage are computed for the same component in the various simulations. 

 Based on the physical damage estimated for each component for each of the simulations, the 
distribution of the downtime for each component is calculated.  

 The network model is executed and the BI damage functions for the facility are derived under 
the assumption that a facility is not producing until all components in it have resumed normal 
operations. Hence, in each simulation used to derive the facility downtime function, the 
downtime value retained for the facility is equal to the largest downtime value of all the 
constituent components. Different variations of this process can be implemented depending on 
particular facility and product chain characteristics. 

 
The process described above, in itself, does not capture the entire risk potential as additionally lifelines 
including third-party vendors may need to be considered. It is important to recognize that, especially 
in large industrial facilities, if the interaction between product chain components and lifelines is 
neglected, then the prediction of the downtime of the product chain and therefore of the BI losses may 
be systematically underestimated. This can only be addressed through a facility specific evaluation. 

                                                            
2  Business interruption is typically quantified in terms of downtime, or the time in days it would take for a component or network to return 

to full operability. A downtime function relates the intensity of physical damage sustained by a component or facility to the number of 
days it would take to return the component or plant or facility to pre-event conditions or full operability. 
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functions for the same. The relative value of the major component classes is then used to weigh the 
individual components’ vulnerability to arrive at the overall industrial facility vulnerability. This 
approach results in a transparent and more reliable quantification of the catastrophe risk as it quantifies 
the risk at the component level, which is not only based on sound engineering, but can also be 
validated against the limited historical data more effectively. Furthermore, assessment of the risk at the 
component level allows for developing risk hierarchies that allow for development of focused 
mitigation options and cost-benefit evaluations amongst various mitigation options. Combining 
component level risk assessments with network modelling further allows for quantification of the 
business interruption risk associated with the process network.  
 
The methodology not only yields itself to computing mean loss potentials, but can also be used to 
propagate the variability associated with the individual component vulnerability (in terms of physical 
damage and downtime) to obtain the uncertainty of the loss potential at the facility level. In summary, 
the methodology presented allows for reliable quantification of the catastrophe risk that can then be 
used for informed decision making for risk management purposes. 
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