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Abstract

The consequences of structural failures, as a result of a hazard, can take several
forms: from material/structural damage and human injuries/fatalities to func-
tional downtime and environmental impact. Within a risk-based robustness
framework, consequence modelling is an important step in estimating risk, both
in determining the robustness of a building and in assessing the benefit of pos-
sible robustness-improving measures. This paper highlights the principles to be
adopted in estimating consequences arising from potential building failures. The
multi-dimensional and variable aspects of the “cost of failure” are discussed, and
the various types of consequences arising from building failure are examined. In
this respect, a categorisation of failure consequences is presented, together with
associated models for quantifying their magnitude.
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Introduction

Consideration of failure conse-
quences is essential in structural
design and assessment, including reli-
ability differentiation’ and robust-
ness evaluation.” Table I highlights
the consequence classes currently
adopted in the Eurocode suite; as can
be seen, consequences are assumed
to be dependent on the building type
and function. For the purpose of
robustness evaluation, these classes
are further elaborated with respect
to the size of the building (number
of storeys, floor area), function and
occupancy.

The distinction between consequence
classes, particularly between CC2
and CC3, is inevitably subjective to a
degree. The collapse of a ten-storey
building (currently classed as CC2)
could result in high loss of human life,
depending on the nature and time of
the accident. In this regard, a classifica-
tion based on quantitative thresholds
for human and other consequences,
rather than indirect indicators, would
enable a rationalisation of acceptable
risks and of the benefits from specific
mitigation measures.
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At present, the recommended stiat-
egy’ leading to an acceptable 1&vel bf
robustness for CC3 structured invelves
the undertaking of a sy<tenjatic risk
assessment, taking inte-account both
foreseeable and unfofeseeable events.
The risk assessméntl can be either
qualitative or guantitative but in either
case, the accepsadle risk ought to be
considereq,iixough a consideration of
the likelihcod of undesirable events
and “28sociated consequences (typi-
cdllyin"the form of a risk matrix). This
paper focuses on the explicit modelling
and quantification of consequences, as
a necessary component in a risk-based
robustness evaluation.

Risk-based Robustness

Within a risk-based framework for the
evaluation of robustness™*, the risk Ry
associated with a particular event E

may be assessed through the following
product:

R:=p: G (1)
where pr is the probability of the
(adverse) event and Cg are the conse-
quences arising from the occurrence of
the event. As formalised in EN 1991-
1-7,2 a scenario approach with respect
to potential hazards, direct damages
and follow-up failures can be adopted,
thereby expressing the risk related to
a particular structure through the fol-
lowing equation:

R=
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where it is assumed that the structure
is subjected to Ny different hazards
(corresponding to single or multiple
events), that the hazards may dam-
age the structure in Np different ways
(which can be dependent on the con-
sidered hazards) and that the perfor-
mance of the damaged structure can
be discretised into Ng adverse states
S, with corresponding consequences
C(Sy). Moreover, P(H;) is the prob-
ability of occurrence (within a refer-
ence time interval) of the ith hazard,
P(Dj|H;) is the conditional probability
of the jth damage state given the ith
hazard and P(S;|D;) is the conditional
probability of the kth adverse overall

Class | Description Examples

CC1 | Low consequence for loss of Agricultural buildings where people
human life, and economic, social do not normally enter (e.g. storage
or environmental consequences are buildings, greenhouses)
small or negligible

CC2 | Medium consequence for loss of Residential and office buildings, public
human life, economic, social or buildings where failure consequences
environmental consequences are are medium (e.g. office building)
considerable

CC3 | High consequence for loss of human | Grandstands, public buildings where
life, or economic, social or environ- the consequences of failure are high
mental consequences are very great (e.g. concert hall)

Table 1: Consequence classes adopted in EN 1990"

Structural Engineering International 1/2012

Scientific Paper 99



structural performance state given the
jth damage state.

Consequences can take various forms
(and hence be measured in different
units), leading to a vector representa-
tion, that is, C = [Cy, C5,...C,,]. As a
result, the above equations would also
be expressed in vector form with R =
[Ry, Ry,...Ry] being a column vector. In
the special case, where all consequences
are measured through a single quantity
for simplicity or convenience (e.g. in
monetary units), then a summation of
risks can be undertaken, leading to the
following expression for the total risk:

Ng
Rlolal = 2 Rm (3)

m=1

Should this be deemed acceptable, a
single-objective optimisation problem
may be formulated, in which various
mitigation and avoidance measures
can be assessed through Eq. (3) sub-
ject to safety/reliability constraints.
Alternatively, in cases where differ-
ent consequence forms are considered
explicitly, multi-objective optimisation
and multi-criteria decision analysis
may be required, in which the relative
weighting between different impacts
is dependent on societal preferences
determined through stakeholder input.

When performing a risk assessment
for robustness purposes using Eqs (1)
to (3), the purpose is to determine the
magnitude of consequences in relation
to a triggering event. In this respect, it
is beneficial to sub-divide the conse-
quences into two categories, namely
direct and indirect, which may then be
used within a risk assessment frame-
work, together with acceptability crite-
ria for different structural forms, types
and functions. The separate treatment
of direct and indirect consequences
can be exploited further by defining a
robustness indicator as a simple func-
tion of these two components.®

Direct consequences are normally
associated with initial damage or par-
tial collapse of some constituent ele-
ments of the structure. With regard to
Eq. (3), direct consequences would be
confined to initial damage states, and
therefore the associated risk could be
evaluated as below:

Ny N,

RDirecl:zP(I_Ii) P(D/ |I_Iz)Cz(S/)
i=1 j=1

(4)

On the other hand, indirect (or fol-
low-up) consequences would extend
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Fig. 1: Distinction between direct and
indirect consequences for robustness
assessment

beyond initial damages and be associ-
ated with any progressive collapse, as
well as the ensuing loss of functional-
ity and/or other malfunctions due to
adverse combination of constituent
failures. The range (and extent) of
indirect consequences to be quanti-
fied would depend on the definition
of the “system” considered in assess-
ing robustness. This system can extend
beyond the structure per se and may
include the impact on surrounding
structures, services and people, as . well
as the wider socio-economic{ fgbiic
served by the structure upder vonsid-
eration. For indirect cons¢quénces, the
full risk representation as given by Eq.
(3), would need to befapplied. Figure 1
shows schematically Jhow these two
consequence ceiponents relate to the
various parts\ofEq. (3).

Factors Affecting the
Consequences of Failure

The consequences of building failures
vary significantly from structure to
structure, and may depend on a wide
range of factors; related to the hazard,
the structure and its function. There-
fore it is important to consider the
various influencing factors, and ensure
they are well defined, before attempt-
ing to quantify the consequences.

Firstly, the nature of the hazard will
considerably affect both the scale and
type of the consequences considered.
In robustness assessment, the hazard
can take many different forms, rang-
ing from extreme values of the design
actions and accidental actions, to
deterioration processes and human
errors associated with the design,
execution and use of a structure. The
type of hazard under consideration
will have a considerable influence
on the consequences. Additionally,
the greater the level and duration
of a hazard the more significant the
consequences will be. For example, a

fire will have an adverse effect on the
mechanical properties of the struc-
ture, directly affecting its ability to
withstand loads, but may also gener-
ate fumes and toxic pollutants which
could be dispersed in the atmosphere.
Moreover, it is also possible for a
hazard to create a chain effect: for
example, an impact may be followed
by an explosion, which may in turn be
followed by a fire.

The properties of the structure will
influence both the vulnerability and
robustness of a building. The conse-
quences will be sensitive to factors
such as the materials used, building
type, age, size, height, layout (includ-
ing ease of evacuation), type of con-
struction and quality of construction.
The consequences of failure are also
dependant on the use or occupancy of
a building. This will govern the num-
ber of people exposed to the hazard,
and therefore the possible number
of injuries or fatalities. Additionally,
the use or occupancy will influence
the building contents and the quality
of building services and finishes (e.g.
ventilation, plumbing and electrical
systems) present.

Buildings in rural areas, or close to a
water source, may be more vulnera-
ble to environmental consequences as
pollutants are more easily transported
in open air/water. In contrast the con-
centration of people in urban areas
will be significantly greater, increas-
ing the number of people exposed to
the hazard and therefore the level of
human consequences observed. Also,
the availability of emergency ser-
vices and accessibility to treatment
for injuries will most likely be best
in urban areas. Hence, the proportion
of fatalities may be lower in these
locations, while an increased number
of injuries could be observed (due
to the expected increased survival
rate). Finally, when studying the cost
of repair or reconstruction, remote
locations may have higher costs due
to increased labour and material
costs. In other words, the location of
a building will have some bearing on
the consequences arising from any
given failure event.

Depending on the time of day, differ-
ent building types may experience dif-
ferent occupancy levels. For instance,
places of work and education will expe-
rience high levels of occupancy during
working hours, whereas at night these
buildings may be almost empty. In con-
trast, residential buildings will reach

Structural Engineering International 1/2012



peak occupancy at night, when the
occupants are sleeping. Therefore, the
potential for mass casualties is depen-
dent on both the time of day the expo-
sure occurs and the occupancy pattern
for the structure. Further temporal
variations can occur daily, weekly,
monthly, seasonally, etc. Additionally,
the time frame considered (days/weeks/
years) in the consequence analysis may
affect the outcome of such an analysis.
For example, the economic and social
consequences associated with loss of
functionality will be dependent on the
period of time over which they are
assessed.

Finally, the meteorological conditions,
during and after the failure event,
may have some impact on the conse-
quences. In particular air conditions
(including wind direction, wind speed,
terrain, etc.) will influence the level
of dispersion of any toxic pollutants,
leading to an increase or decrease
in the environmental consequences
accordingly.

Identification and Categorisation
of Consequences

As discussed in the previous section,
the consequences will depend on a
wide range of factors related to the sys-
tem. Therefore, at the onset of any con-
sequence analysis, it is important that
a detailed description of the system
is developed. This system definition is
also of importance when defining the
direct and indirect consequences, dis-
cussed previously. All possible conse-
quences which may occur should be
documented. In general, these may be
considered under four main headings:
human, economic, environmental and
social. At a later stage, and following
consultation with the relevant parties,
it may be possible to reduce this list by
omitting “insignificant” consequences.
However, such omissions should be
justified and documented.

Table 2 presents an example of the
individual consequences which may
arise due to a building failure, sepa-
rated into the proposed categories.
This categorisation is consistent with
the vector representation of the con-
sequences discussed previously (where
each vector component would cor-
respond to the categories above) and
allows for the inclusion of a wide range
of consequences, possibly with differ-
ent units of measurement. It should be
noted that the different types of con-
sequences within each category may

Category Direct consequences

Indirect consequences

Human Injuries

Fatalities

Injuries
Fatalities

Psychological damage

Economic

Repair of initial damage

Replacement/repair of contents
(as a result of initial damage)

Replacement/repair of structure

Replacement/repair of contents

Replacement/repair of nearby
structures

Loss of functionality/production
Temporary relocation

Clean up costs

Rescue costs

Regional economic effects

Investigation/compensation

Environmental | CO, emissions

Toxic releases

CO, emissions
Toxic releases

Environmental studies/repair

Social

Loss of reputation

Changes in employment/lifestyle
patterns

Changes in professional practice

Table 2: Categorisation of consequences

also have different units(of sieasure-
ment, increasing the compleXity of the
consequences vector./Tnss example is
certainly not an exnaystive list of the
individual consequences which may
occur and shouid be reviewed on a
case-by-caligybasis. Finally, a clear dis-
tinction, between the different types
of <dorisequences should be made
ta/_ensdre certain consequences are
not=Omitted or double-counted. For
example, if the rescue costs (e.g. fire
brigade, ambulance) are considered,
one should be careful not to include
the costs associated with pre-hospital
treatment in the injuries term. Clearly,
some of the above categories can be
quantified through past experience,
statistical modelling and the develop-
ment of accident scenarios, though
the degree of plausibility and desired
accuracy is subject to assumptions and
idealisations that have not so far been
tested to any significant extent.

Quantification of Consequences

The individual consequences of build-
ing failure may be considered to lie
within the remit of multiple subject
areas (e.g. earthquake engineering
loss estimation, economics and epi-
demiology). This section reviews past
experience, from a variety of fields, in
quantifying the consequences of fail-
ure and presents suggested approaches

Structural Engineering International 1/2012

for estimating mean values for some
of these terms. Such single point esti-
mates should be considered as a start-
ing point in estimating consequences,
which are typically highly uncertain
quantities. However, a probabilistic
approach, accounting for both alea-
tory and epistemic uncertainties, is
likely to be most appropriate in the
majority of cases.

Fatalities

Fatality prediction is strongly influ-
enced by the extent and actual mode
of failure, which could be captured
through the collapsed floor area frac-
tion and its spatial position within the
building. These factors should be cen-
tral to any models which estimate the
fatalities arising as a result of building
collapse. In the subject area of earth-
quake loss estimation, such models
have been developed and calibrated
using field data from various events.
Although building collapses as a result
of earthquakes may have some differ-
ences from those caused by the haz-
ards under consideration in this paper,
these models offer a good starting
point for predicting the number of
fatalities as a result of an extreme
event. A model® was presented for
predicting the number of fatalities in
a particular building, due to building
collapse as a result of earthquake, has
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been presented previously. This model
defined the number of people killed,
K, as:

Ky =KmaxMoM3 (M4+Ms) 5)

where K, is defined as the maximum
number of people in the building and
M, to M5 are a range of modification
factors, with values between zero and
one. M, represents the percentage
of people in the building at collapse:
this may be determined from detailed
occupancy studies, or can be taken con-
servatively as one. M3 accounts for the
fraction of people trapped by debris.
For the failure of buildings, this term
should also account for the percentage
of people able to evacuate the build-
ing before collapse (or, in the case of
partial collapse, the portion able to
move to a safe part of the building).
M, signifies the number of trapped
individuals killed instantly by the col-
lapse, which will be largely dependent
on the building type. Finally, M5 is the
post-collapse mortality factor and is
related to the building type, as well
as the effectiveness of the emergency
response.

To determine the usefulness of this
model for building failures, the above
equation has been applied to a well-
documented example. In 1995, the
Alfred P. Murrah federal building,
Oklahoma, suffered partial collapse as
a result of a malicious bomb attack.®
At the time of collapse, there were
361 people in the main nine-storey
building, of which 167 died and 156
were injured.” Using floor plans of the
building together with images of the
collapse, it has been estimated that
40% of the occupiable floor area in
the main building collapsed. For rein-
forced concrete buildings, it has been
proposed® that 40% of trapped indi-
viduals will be killed instantly by the
collapse and 70 to 90% (depending
on the effectiveness of the emergency
response) of persons injured will con-
sequently die as a result of their inju-
ries. Inserting these values into Eq.
(4) predicts that between 159 and 188
fatalities would be expected for a col-
lapse of this magnitude. This is in good
agreement with the actual number of
fatalities (167) observed and indi-
cates that this model presents a good
starting point for building failure fol-
lowing a hazard. Clearly, the above
model is empirical and the proposed
values for the modifiers will require
refinement and validation based on
further case studies. More detailed
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Fig. 2: Murrah Building bombing

models could be developed but they
depend on input which is rarely avail-
able a priori.

Once the estimated number offatali-
ties has been determined, gnc¢<may
wish to convert this in{o moOnetary
terms so that an overall “failure cost”
may be computed. linunplementing
such an approaclf, \the contentious
issue of deterfiliring the economic
value of humuagivlife has to be con-
sidered. Alyade range of approaches
can besfound to estimate this value,
incl¥ding® (a) willingness-to-pay and
willingriess-to-accept approaches, (b)
estimiates of the value of a statistical
life (VSL), (c) insured value statis-
tics, (d) lost earnings estimates and
(e) approximations of the societal
value of life. More information on
the specific methods available can be
found in the study of Janssens et al.’
As might be expected, there is con-
siderable variation in the cited values:
reflecting varying social and eco-
nomic contexts, as well as differences
in scope and context. However, it
may be worth noting that, in general,
many estimates for the VSL lie within
the €1 to €2 million range. Though, a
recent paper'® suggests that in rela-
tion to life-safety risks due to terror-
ist threats a higher value of $7,5 m is
typically adopted in the United States.
Alternatively, the number of fatali-
ties can be considered separately to
the overall failure cost, resulting in
a multi-objective optimisation prob-
lem to achieve the optimum bal-
ance between robustness and risk/
consequences.

Injuries

The development of models to pre-
dict the number of injured persons,
which may be anticipated as a result
of building collapse, is a more complex
task. It is generally recognised that the
statistics for casualty numbers from
past failure events are often inconsis-
tent.!'2 Among other factors, this can
be attributed to the fact that there is
no standard threshold at which vic-
tims may be classified as injured. Also,
as casualty statistics are often based
on the individuals seeking emergency
treatment, those who seek private
treatment or choose to self-medicate
may not be included. Therefore, it
may be more challenging to develop
an injury model similar to that pre-
sented for fatalities and further work
is required in relation to this.

Again, one may wish to convert the
number of people injured into mon-
etary terms. For injuries, it is likely
that the “cost” may be significantly
higher than that for fatalities, and could
include, some or all of, pre-hospital
emergency treatment, emergency
department services, hospital services,
visits to private physicians, rehabilita-
tion costs, lost income and insurance
compensation received. A large amount
of research has been undertaken in the
medical profession on this topic. The
World Health Organisation (WHO)!?
provides a detailed review of the fac-
tors contributing to injuries and of
the techniques (e.g. “cost-of-illness”)
used to evaluate the cost of related
consequences. Additionally, the WHO
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Injury | Category Percentage of
scale fatality cost

0 No injury —

1 Minor 0,5

2 Moderate 5

3 Serious 10

4 Severe 20

5 Critical (survival 70

uncertain)
6 Fatal 100

Table 3: Proposed injury classification and
associated costs

CHOICE project has produced costs
per hospital stay by hospital level, out-
patient visits and cost of outpatient
visits, for the 14 WHO regions. On the
other hand, an approach similar to
that used in the transport sector could
be adopted, where the injury cost is
expressed as a percentage of the fatal-
ity cost adopted.'* Table 3 presents a
possible injury classification and its
relationship to fatality costs, based on
the approaches outlined in Reference
[15,16]. The values in Table 3 do not
take into account long-term -effects
associated with injury recuperation and
recovery that could lead to the overall
injury cost being greater than 100% of
the assumed fatality cost. Finally, given
such uncertainties and complexities,
the number of injuries could also be
considered separately using the vector
representation recommended earlier.

Replacement/Repair of Structure

Following partial/total collapse of a
building the most substantial economic
consequence is likely to be the cost of
repair or replacement of the building
and its contents. This is also likely to
be the simplest (relatively) to estimate
and can be divided into two categories:
the cost of replacement or repair of the
structural components (structural cost)
and the cost of replacement or repair
of its contents (non-structural cost).

The structural cost will be dependent
on the extent of damage, structure
type, size, etc. and can be estimated
from the initial construction cost. This
value should account for all build-
ing components, including piping,
mechanical and electrical systems,
building materials and built-in fix-
tures. The building replacement cost
models used in Hazus'> are based
on industry-standard cost-estimation
models and provide a good starting
point for estimating this term.

Meanwhile, the non-structural cost
will depend on the market price and

nature of the contents, which should
both be taken into account, as well as
the extent of damage. This can be more
difficult to quantify, requiring greater
detail about the function of the struc-
ture. Hazus simplifies the estimation of
non-structural costs by assuming the
non-structural cost is directly related
to the structural cost. This is also con-
sidered to be a reasonable assumption
for consequence analysis as part of a
robustness assessment.

Table 4 lists the cost for full replace-
ment of the structure for a selection
of structures with high potential con-
sequences of failure (defined as build-
ings with more than 15 storeys or
greater than 5000 m?, i.e. CC3 build-
ings according to EN 1991-7%). These
estimates are based on the US con-
struction market; however, they could
be adapted for different nations as
necessary. Additionally, the approxi-
mate ratios of the structural cost to
the non-structural costs proposed in
Hazus are also given.

The costs given in Table 4 represent
those associated with total collapsepf
the structure. For partial collgpselas a
result of a hazard, an appfoaglii’similar
to that used in earthquake“engineer-
ing loss estimation studies would be
appropriate: where(tih¢ cost of repair
or replacement i€ related to a damage
severity index, \possibly related to
the percefitgge’ floor area or volume
damaged”).

Qtker’Economic Consequences

Additionally, economic consequences
such as loss of functionality and

regional economic effects can be
included in the analysis. For a busi-
ness, a measure of loss of functionality
can be computed from predictions of
the lost gross domestic product or lost
value added. Whereas, for residential
buildings (as well as some offices and
retail units), any loss of functionality
will probably incur costs related to the
temporary relocation requirement of
the occupants. This can be estimated
using appropriate rental values for the
area.

Lastly, the economic consequences can
also include intangible factors such
as the effect of a building failure on
the regional economy and any loss
of reputation experienced. Although
these consequences are more difficult
to evaluate, they can be considerable.
For example, the impact of the col-
lapse of the World Trade Centre Twin
Towers on the regional economy has
been estimated to be between 7,2
and 64,3 billion USD.!” Therefore, for
landmark buildings, a consequence
analysis should go some way towards
including these effects. In such cases,
special attention is warranted with
regard to the definition of the appro-
priate spatial and temporal domain,
since indirect losses can readily dwarf
direct losses due to damage and even
collapse of the specific building expe-
riencing the hazard.

CO, Emissions

In most cases, the environmental con-
sequences are represented by the esti-
mated level of CO, emitted, during
clean-up and reconstruction of the

Building description Structural cost USD/ft? | Structural cost :
(USD/m?) non-structural cost

Apartment block 111,69 (10,38) 1:05

8 to 24 storeys; 145 000 ft> (13 500 m?)

Hotel 93,47 (8,68)

8 to 24 storeys; 450 000 t> (41 800 m?)

Underground parking lot 49,2 (4,57)

100 000 t? (9300 m?)

Department store 71,54 (6,65) 1:1

1 storey; 110 000 ft?> (10 200 m?)

Large warehouse 56,58 (5,26)

1 storey; 60 000 ft (5600 m?)

Offices 88,21 (8,19)

11 to 20 storeys; 260 000 ft> (24 200 m?)

School 92,8 (8,62)

130 000 ft? (12 000 m?)

Hospital 125,6 (11,67) 1:15

4 to 8 storeys; 200 000 £t (18 600 m?)

Table 4: Structural and non-structural costs (based on Hazus") for buildings with high
consequences of failure (i.e. CC3 buildings in EN 1991-1-7°)
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Material CO; emitted
Steel 1820 kg CO,/t
Cement 800 kg CO,/t
Reinforced 260-450 kg CO,/t
concrete

Table 5: CO, content per tonne for some
typical building materials

damaged building. The CO, emissions
may be computed by multiplying esti-
mates of the quantity of different build-
ing materials required by values similar
to those shown in Table 5. Furthermore,
the CO, emissions for any associated
transport may also be included in this
term. Additionally, the release of pol-
lutants and the cost of environmental
studies and any related repair may be
included, however, these are likely to
be considerable only for special struc-
tures (e.g. nuclear power plants), which
are outside the scope of this paper.

These quantities can be converted to
monetary units,though,at present there
is a wide range of values quoted for
the economic cost of CO, emissions.'*
Until a greater degree of consensus is
achieved, it might be sensible to con-
sider environmental costs as a separate
component of the consequence vector,
with its significance assessed through
appropriate stakeholder engagement
and contextual input.

Conclusions

This paper has outlined the steps which
may be followed when performing a
consequence analysis, as part of a risk
based robustness evaluation. The range
of consequences which may arise as a
result of building failure (following a
hazard) have been discussed, and the
complexity and variability in their esti-
mates were highlighted. Additionally, a
categorisation of failure consequences
and associated models for their quan-
tification has been presented.

Clearly, developing and validating mod-
els for estimating the consequences aris-
ing as a result of building failure is not
an easy task. This is due to a number
of reasons, including the fact that the
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events under consideration are rela-
tively rare. Also, detailed information
regarding the consequences of such
events is scarce. Further detailed inves-
tigations of the consequences of past
events should be undertaken, to refine
the models proposed in this paper and
to allow the development of a probabi-
listic approach capturing the full range
of uncertainties associated with the
various consequence types. A multi-
disciplinary approach may be useful in
undertaking such studies, as it is likely
that similar work is being undertaken
in, for example, medicine, economics
and sociology. However, the input from
civil engineers is key, as they have to be
familiar both with the models used and
the context in which these are applied
for particular structures.
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Further Information

1. COST Action TU0601 homepage: www.cost-
tu0601.ethz.ch

2. LESSLOSS project homepage: www.lessloss.
org

3. Hazus—natural hazard loss estimation meth-
odology: www.fema.gov/plan/prevent/hazus

4. WHO CHOICE project: www.who.int/ choice
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