
14th International Conference on Applications of Statistics and Probability in Civil Engineering, ICASP14
Dublin, Ireland, July 9-13, 2023

Addressing the pitfalls of risk-based methods for fire safety design of
structures

Andrea Franchini
PhD Candidate, Dept. of Civil, Environmental and Geomatic Engineering, University
College London, London, UK

Carmine Galasso
Professor, Dept. of Civil, Environmental and Geomatic Engineering, University College
London, London, UK

Jose L. Torero
Professor, Dept. of Civil, Environmental and Geomatic Engineering, University College
London, London, UK

ABSTRACT: Risk-based design and assessment methods are gaining popularity in the context of
performance-based structural fire engineering. Nevertheless, they often ignore that there exists a strong
dependency between the combustion process and the structural features, impacting the structural safety
assessment outcomes. This paper compares a conventional risk-based design approach with a methodol-
ogy named the Maximum Allowable Consequence (MAC) approach proposed by the authors to address
such a limitation. An illustrative example concerning the fire safety design of a bridge is presented. It is
shown that the considered risk-based approach yields coefficients of variation on the consequence metric
one order of magnitude larger than the MAC approach. Finally, this approach enables the explicit selec-
tion of the design variables that make the bridge compliant with the desired performance objectives.

1. INTRODUCTION
Risk-based design and assessment approaches

developed for natural hazards such as earth-
quakes and wind have been increasingly applied
in performance-based structural fire engineering.
These approaches span from analytical/numerical
methodologies (e.g. first-order reliability method
(Guo and Jeffers, 2015)), as well as simulation-
based approaches (e.g. Monte Carlo sampling
(Hopkin et al., 2021)) from structural reliabil-
ity analysis to procedures based on the Pacific
Earthquake Engineering Research centre (PEER)’s
performance-based earthquake engineering (PBEE)
framework (e.g., (Porter, 2003)), reviewed by Shri-
vastava et al. (2019). All these approaches start
from the definition of fire (hazard) scenarios. Then,
they compute fire-induced structural response and

use the structural analysis results to estimate a prob-
abilistic demand model (i.e., structural response in
terms of an engineering demand parameter vs haz-
ard intensity measure) and derive statistics of the
resulting hazard-induced consequences (e.g., dam-
age levels, repair costs, downtimes, and casual-
ties). The selected consequence metrics are then
appraised against a set of pre-defined design objec-
tives. Finally, the design variables are updated until
an objective-compliant (or optimal) solution is at-
tained.

From a fire safety design perspective, however,
these methodologies need to be revised to deliver
more optimised design solutions. Indeed, such ap-
proaches ignore the coupling between a fire and
the surrounding structure(s) (Torero, 2006, 2013).
Specifically, while the fire releases thermal energy
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and species that deteriorates structural properties,
the heated environment, in turn, affects the com-
bustion process through radiative feedback, ventila-
tion constraints and geometric effects on the buoy-
ant fluxes. Additionally, heat and species release
triggers people’s response and activate fire safety
measures to control fire grown and spread. Due
to this coupling, approaches that estimate conse-
quences based on a set of preliminarily defined haz-
ard scenarios cannot identify the conditions which
maximise fire impacts. Furthermore, they cannot
exploit the beneficial influence that design deci-
sions (structural layout, cross-sectional properties
and shape, materials) can have on fire intensity and
other fire characteristics. In this sense, the fire sce-
nario should be an analysis output and becomes an
additional design variable as opposed to being con-
sidered a design/assessment input.

The Maximum Allowable Damage methodology
by Cadena et al. (2022) partially embraces this
unique fire feature by suggesting that scenario as-
sumptions should be updated during the assess-
ment. Nevertheless, this method does not compute
the fire scenario yielding maximum consequences
nor quantifies uncertainty propagation to conse-
quence metrics of interest. Such quantification
is instead an advantage of risk-based approaches.
However, their reliance on preliminary fixed fire
scenarios raises concerns about the result’s signif-
icance and hampers their capacity to deliver robust
optimal solutions (i.e., insensitive to small changes
in uncertain input quantities (Zang, 2002)).

The dynamic coupling between structures and
fire also makes the Markovian-dependence as-
sumption (Baker et al., 2021) for the vari-
ables/distribution/calculation steps involved in the
PEER-PBEE framework (e.g., intensity measure,
engineering demand parameter, damage measure)
ill-founded. In particular, non-efficient and non-
sufficient (Padgett et al., 2008) intensity measures
are considered (e.g., fuel load density, maximum
fire temperature, fire duration). Additionally, the
strong dependence of the combustion process on
the surrounding environment (including its struc-
tures) hinders the accuracy of hazard occurrence
models calibrated on empirical data from past

events.
To cope with these limitations, Franchini et al.

(2023) have recently developed an alternative
methodology to fire safety design named the Max-
imum Allowable Consequence (MAC) approach.
This paper aims to compare a risk-based approach
and the MAC approach, highlighting their differ-
ences and the potential benefits of the latter.

2. CONSIDERED METHODS
Figure 1 compares a general risk-based (RB) and

the MAC design methodologies. Both considered
approaches start by defining performance objec-
tives regarding life safety and serviceability limit
states or property protection. Then, the selected
objectives guide the choice of consequence metrics
of interest. In this regard, RB methods generally
refer to distributions (or statistics) of the consid-
ered consequence or annual exceedance rates (i.e.,
risk curve). Differently, the MAC approach focuses
on a consequence potential model from which the
maximum consequence a fire can cause is derived
and compared to a threshold (the MAC) set by end
users. This threshold might refer to life safety,
property protection or continuity of operation per-
formance objectives.
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Figure 1: Fire safety design: (a) Risk-based approach;
(b) MAC approach.

In the second step (Figure 1a), a typical RB ap-
proach probabilistically characterises the features
and likelihood of fire scenarios that might threaten
the structure under investigation. Most of the litera-
ture refers to post-flashover temperature curves de-
veloped through random sampling of fuel load den-
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sity, ventilation factors, room geometry and surface
materials (Shrivastava et al., 2019). These factors
exhibit large building-to-building variability. Ad-
ditionally, they should be designed to influence the
fire’s growth and spread so that consequences are
limited to a tolerable level. This goal is achieved
in combination with appropriate detailing of struc-
tural capacities. In contrast, handling these param-
eters as random variables limits the designer’s abil-
ity to positively affect the combustion process and
results in unnecessarily uncertain consequence dis-
tributions.

The scenarios’ probabilities of occurrence are
calculated based on statistical data from previous
events in buildings of the same occupancy category
as the considered one (e.g., (Sleich et al., 2002)).
Nevertheless, such data cannot consider an indi-
vidual structure’s peculiarities which strongly im-
pact the fire characteristics. In this respect, Torero
(2019) discussed that each fire scenario is unique
and, therefore, should not be assigned a probabil-
ity of occurrence. The result is a fire occurrence
model affected by significant uncertainty, which
propagates to the consequence estimates and en-
tails potentially misleading results. Similarly, for
structures other than buildings in which flashover
fires are not representative (e.g., bridges), the fuel
bed location is required for scenario definition.
Yet, previous studies (e.g., (Ma et al., 2019; Zhu
et al., 2023)) assigned an equal probability of oc-
currence to different possible ignition locations.
Following the scenario definition, an RB approach
computes consequences based on structural anal-
ysis and eventually uses them to inform decision-
making (third and fourth steps in Figure 1a).

Figure 1b illustrates the proposed MAC method-
ology. Instead of analysing the structural response
to a set of pre-defined scenarios, the approach
builds a consequence potential model which cap-
tures the relationship between the structural fea-
tures and the fire phenomenon (second step). After-
wards, in the third step, numerical optimisation is
applied to identify fire scenario characteristics that
maximise consequences in the considered structural
context. Such information is somehow "masked"
by the large result dispersions when using RB meth-

ods.
Once the scenario maximising consequences is

found, Monte Carlo sampling (MCS) propagates
uncertainties due to the considered random vari-
ables (e.g., material properties, initial temperature)
to consequence estimates. This analysis outputs the
probability Pr

[
MC > MAC

]
that realisations of the

maximum consequence potential random variable
MC are larger than the maximum allowable thresh-
old (MAC). Furthermore, the coefficient of varia-
tion of MC (named CoVMC) measures the solution’s
robustness to input variability. Importantly, the de-
signer is called to choose which sources of uncer-
tainty are significant for the considered problem.
Thus, Pr

[
MC > MAC

]
and CoVMC only appraise

the effect of those selected sources.
Comparing how uncertainty propagation tech-

niques are used in RB and MAC approaches is pos-
sible. Specifically, the former aims to estimate a
consequence distribution that accounts for all the
relevant uncertainty sources (including but not lim-
ited to those considered in the MAC approach).
Then, based on these results, it calculates statis-
tics of those distributions or consequence occur-
rence rates for performance assessment. Differ-
ently, the MAC approach first uses deterministic
scenario analysis to identify the fire scenario yield-
ing the most severe effects on the structure. After-
wards, it quantifies such a calculation’s robustness
to uncertainty.

A final comparison regards the design updat-
ing effect (see Figure 1). In the MAC approach,
updating the design variables (through compara-
tive assessment or optimisation) modifies the con-
sequence potential model, thereby allowing the de-
signing of fire scenarios whose maximum conse-
quences and robustness are tolerable. In contrast,
RB approaches modify the design variables until
the response to the pre-set scenarios is acceptable.

The following sections compare the RB and the
MAC approach through the fire safety design of a
case-study bridge.

3. ILLUSTRATIVE EXAMPLE
3.1. Case-study description

This section performs the fire safety design of
the single-span bridge studied by Peris-Sayol et al.
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(2015), which (in the initial configuration) consists
of five W36x300 steel girders supporting a con-
crete slab. The performance objective is for the
bridge to resist a car fire for twenty minutes with-
out collapsing. Therefore, the time to collapse
(tc) is the consequence metric of interest. In the
context of the MAC approach, the twenty-minute
threshold represents the maximum allowable con-
sequence (tc,MAC = 20min).

Figure 2 shows the problem geometry. Only
one girder is considered and studied in the 2-D x-y
plane. Furthermore, the left-hand side of the beam
is fixed to demonstrate the MAC approach’s abil-
ity to find worst-case conditions that are not obvi-
ous just based on judgement. The girder is sub-
ject to a uniformly distributed load q= 42.17kN/m,
which accounts for dead and traffic loads. Follow-
ing the Load Model 1 from EN (1991b), the traffic
effect is also represented through a tandem system
of two concentrated loads located at xts = αtsLgir.
Here, Lgir = 21.34m is the length of the girder and
αts ∈ [0,1] a scaling factor. The design variables
are the scaling factors of the bridge clearance (XH),
the girder depth (XHgir) and the girder width (Xb f ).
Such factors are collected in the vector X.
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Figure 2: Case study bridge.

The bridge is subject to a localised car fire with
the fuel bed positioned at xbed = αbedLgir. As for
the fire model, the heat release rate (HRR) curve
grows linearly and reaches the peak hrrmax at a time
tmax. Then, it remains constant until the burnout
time tbo. HRR parameters and energy released val-
ues representative of natural fires were obtained
from the experimental data reported by Tohir et al.
(2013).

The use of these data is different for the RB and
MAC design approaches. More precisely, the prob-
abilistic distributions for peak HRR, time to peak

and energy released (ER) suggested in the reference
and summarised in Table 1 are adopted for the RB
design. The same table shows that the fuel bed and
the tandem system locations are assumed uniformly
distributed, recognising that they might be at any
longitudinal position when the fire ignites. Other
uncertainty sources included in the analysis are the
steel material properties. Their distributions were
obtained from the work of Devaney (2015) and are
listed in Table 1.

Table 1: Random variables considered in the example.

Parameter Distributon
Heat release rate (RB only)

Peak HRR [kW] Weibull(5256, 2.03)
Time to peak [min] Weibull(31.3, 2.12)

Energy released [MJ] Weibull(5233, 3.23)
Fuel bed location [-] Uniform(0.035, 0.965)
Tandem location [-] Uniform(0.028, 0.972)

Steel material (RB and MAC)
Yielding stress [MPa] Lognormal(281, 0.07)
Elastic modulus [GPa] Lognormal(210, 0.03)

Density [kg/m3] Normal(7850, 0.01)

When applying the MAC approach, the experi-
mental data on vehicle fires inform the selection
of boundary conditions for scenario optimisation.
First, ER is fixed to a conservative value of 7GJ.
Then, an HRR curve characterised by hrrmax,re f =
5000kW and tmax,re f = 10min as per NFPA-502
(2011) is taken as the reference curve. Finally, scal-
ing factors αhrr,max ∈ [0.4,1.6] and αtmax ∈ [0.6,1.4]
are selected based on the experimental data. Even-
tually, the vector α =

[
αbed,αhrr,max,αtmax ,αts

]
identifies a fire scenario. Then, the bridge’s thermo-
mechanical response is computed for each scenario
through the procedure described in the next section.

3.2. Thermomechanical response calculation
3.2.1. Heat transfer and thermal analysis

The heat flux from the fire to the girder is re-
quired to define boundary conditions for thermal
response analysis. To that end, the girder is discre-
tised into 0.5 m-long elements, and it is assumed
that the heat flux to each of them is constant at a
given time step.
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The calculation combines several heat transfer
models from localised fires. At each time step, the
mean flame height (defined as the distance above
the fire source where the intermittency has declined
to 0.5) is calculated as per Hurley et al. (2015) and
compared to the bridge clearance. This comparison
distinguishes the two cases of flames not impinging
or impinging on the deck. In the first case, a smoke
layer forms at the deck level and transfers radia-
tive and convective heat to the deck elements above
the fuel bed footprint (Bx in Figure 2). The smoke
temperature is obtained through Hasemi’s localised
fire model for flames not impinging the ceiling, re-
ported in EN (1991a). On the other hand, only
radiative heat transfer is considered for girder ele-
ments positioned outside the boundaries of the fuel
bed. This flux is calculated using the point source
model (Hurley et al., 2015).

In the second case, the flame impinges on the
bridge deck, turns and spreads horizontally. When
this happens, Heskestad and Hamada (1993) ob-
served that the mean horizontal flame length is ap-
proximately equal to the difference between the
free flame height and the height of the obstruct-
ing surface. Thus, the heat flux to girder elements
in contact with the flames is taken as 85kW/m2.
This value is representative of objects immersed
in flames (Hurley et al., 2015). Conversely, only
radiative heat transfer computed through the point
source model is considered for the other elements.

The obtained heat flux is used as the boundary
condition for the thermal response analysis, aim-
ing to compute the temperature’s time history in the
girder. Assuming a constant temperature distribu-
tion across the section is acceptable for this calcu-
lation. Thus, under this hypothesis, the temperature
development in the girder is obtained through the
lumped thermal mass approach described by Quiel
et al. (2015).

3.2.2. Structural response and consequence anal-
ysis

The temperature’s time histories are used to cal-
culate the bridge’s structural response through the
OpenSees for fire software (Jiang et al., 2015). In
this process, the displacement of each girder node
is recorded. Then, the time to collapse tc is detected

when any of the conditions described by Hu et al.
(2021) occurs: i) runaway behaviour of girder de-
flection; ii) reversal of horizontal displacement at
the free-end support; iii) excessive vertical deflec-
tion. This procedure calculates the time to collapse
tc (X,α) for a given fire scenario and design vari-
able configuration.

When applying the considered RB approach, cal-
culating tc for one of the pre-set scenarios de-
scribed in Section 3.1 estimates a realisation of the
random variable tc. Differently, in the MAC ap-
proach, tc (X,α) represents the consequence poten-
tial model (see Figure 1). At first, it is used to com-
pute the fire scenario properties αMC yielding the
minimum time to collapse tc,MC for a given design
variable configuration X′:

tc,MC,αMC = min
{

tc
(
X′,α

)}
(1)

Next, the consequence potential model is applied to
investigate the uncertainty effect on tc,MC through
MCS. The analysis estimates the distribution of the
random variable tc,MC, its coefficient of variation
CoVtc,MC , and the probability that the time to col-
lapse is lower than the MAC threshold (i.e., the fail-
ure probability Pr

[
tc,MC < tc,MAC

]
). Among them,

the CoVtc,MC quantifies the robustness (i.e., limited
variability) of the computed solution to input un-
certainties. In this study, only the uncertainty of
steel material properties is considered and repre-
sented through the distributions of Table 1.

4. RESULTS
The initial bridge design configuration is named

"Design A" and is characterised by a design vari-
able vector XA = [1,1,1]. When applying the RB
approach, MCS for hazard scenario generation pro-
vides the light-grey curves in Figure 3. In addi-
tion, experimental HRR curve envelopes from To-
hir et al. (2013) are reported. Comparing them to
the curves generated through MCS, it is noted that
a large number of samples exhibit a growth rate
higher than the observed ones. For safety assess-
ment, this is a conservative condition when paired
with high energy released. In addition, several sam-
ples reach the peak HRR at a time significantly
larger than the 20 min threshold. Each of these
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HRR curves is associated with a random location
of the fuel bed and tandem system as presented in
Figure 4. As shown in Table 2, the resulting tc dis-
tribution is characterised by a mean of 29.60 min,
a mode of 23.70 min and a CoV equal to 0.351.
Furthermore, the probability that the time to col-
lapse is lower than the 20 min threshold is 0.041.
This probability might be acceptable considering
the short time required to evacuate the bridge in the
case of a fire so that collapse does not threaten life
safety. Hence, according to the RB method, De-
sign A complies with the performance objectives
and does not require updating.

Figure 3: Heat release rate curve comparison.

Figure 4: Fuel bed and tandem system location com-
parison.

Table 2: Design method comparison.

Design A B
Method Risk-based MAC MAC
XH [-] 1.00 1.00 1.05

XHgir [-] 1.00 1.00 1.20
Xb f [-] 1.00 1.00 1.15
αbed [-] Random 0.654 0.734

αhrrmax [-] Random 1.580 1.272
αtmax [-] Random 0.608 0.612
αts [-] Random 0.631 0.696

tc [min] Random 11.47 20.23
tc mean [min] 29.60 12.32 20.79
tc mode [min] 23.70 12.23 21.33

CoVtc,MC [-] 0.351 0.040 0.021
Pr[tc < tc,MAC] 0.041 1.000 0.026

Consider now the MAC approach. Figure 3
presents the long-cold and short-hot limits con-
stituting the boundaries for scenario optimisation.
Solving Eq. 1 for Design A provides the scenario
vector αA listed in the third column of Table 2 and
plotted in Figure 3-4. The corresponding time to
collapse is tc,MC,A = 11.47min. Because this time is
significantly lower than the MAC threshold, a sen-
sitivity study is conducted for design variable up-
dating. Consistently, Design B in Table 2 is se-
lected. This configuration requires a 5% increase
in bridge clearance, a 20% increase in the girder
depth and a 15% increase in the flange width. The
resulting time to collapse is tc,MC,B = 20.23min.

The observation of Table 2 and Figure 3-4 re-
veals that the fire scenarios yielding tc,MC are no-
ticeably different from each other. In particular,
maximum consequences are structure-specific and
do not derive from boundary values. Therefore, se-
lecting fire scenarios a-priori and neglecting this
dependency undermines achieving life safety ob-
jectives. Indeed, judgement and/or random sam-
pling do not ensure capturing the information on
the maximum consequence. Even when captured,
such information is hidden behind the large result
dispersion (light-grey curves in Figure 3 and circles
in Figure 4).

A large and misleading dispersion can also be ob-
served in the results of MCS in Figure 5. In par-

6



14th International Conference on Applications of Statistics and Probability in Civil Engineering, ICASP14
Dublin, Ireland, July 9-13, 2023

ticular, the figure plots the distribution of tc,A from
the RB approach and those of tc,MC,A and tc,MC,B
from the MAC approach. Here, the large uncer-
tainty propagated through the RB approach is vi-
sually apparent. Consistently, when comparing the
coefficients of variation in Table 2, the one corre-
sponding to the RB approach is one order of magni-
tude larger than that resulting from the MAC-based
design (0.351 vs 0.040 and 0.021). Hence, these
data emphasise again the excessive result uncer-
tainty deriving from the RB design approach.

Figure 5: Distributions of the time to collapse from the
RB design and MAC approaches.

Figure 5 shows that the tc,MAC threshold belongs
to the tail of the tc,MC,A distribution and is approxi-
mately fifteen standard deviations far from the me-
dian. Thus, for this case, a sample size of 104 was
considered, and Pr[tc,MC,A < tc,MAC] was conserva-
tively assumed equal to 1. Differently, Design B
presents a failure probability equal to 0.026, es-
timated through 5x104 simulations. As discussed
above for tc,MC,A, such a value is tolerable for life
safety.

Figure 5 also plots the risk curve from the RB
design approach. Such a curve shows the mean an-
nual probability that the time to collapse is lower
than the value on the horizontal axis. For its calcu-
lation, the car fire’s occurrence frequency was as-
sumed equal to 0.0684 fires/year as per Ma et al.
(2019). As expected, the results of the MAC ap-
proach overlap with those from the RB design ap-
proach in the high-consequence (i.e., low tc) low-

probability region. Therefore, a performance as-
sessment based on the RB approach in that region
provides similar conclusions to those of MAC. Nev-
ertheless, when considering design updating, the
RB method cannot detect which variables are more
effective in diminishing maximum consequences.
Indeed, even neglecting the computational burden
of an MCS-based design update, the RB design ap-
proach searches variables that improve the response
to the preliminarily selected scenarios. Hence, it
ignores the set of solutions that diminish fire in-
tensity. In contrast, the MAC approach focuses on
such solutions and optimises the balance between
diminishing fire intensity and increasing structural
capacity. This objective is achieved simultaneously
with an assessment of the solution’s robustness to
selected sources of uncertainty.

5. CONCLUSIONS
In the context of fire safety design under uncer-

tainties, this paper compared a risk-based design
approach with a novel methodology recently pro-
posed by the authors (Maximum Allowable Con-
sequence approach), yielding the following conclu-
sions:

• Most RB design approaches consider fire haz-
ard scenarios as additional uncertainty sources
and set them as analysis inputs. Such an as-
sumption ignores that a strong coupling be-
tween the fire phenomenon and the structure
exists enabling an ad-hoc design variable se-
lection to decrease fire intensity. Instead, re-
lying on preliminarily selected scenarios does
not allow for exploiting such a relationship.
Furthermore, the information on maximum
consequences might be lost or hidden behind
large uncertainty propagation.

• In contrast, the MAC approach determines fire
scenarios maximising consequences as analy-
sis outputs. Then, it uses MCS to investigate
the impact of selected uncertainty sources on
the solution robustness. In this way, the de-
sign update exploits the dynamic coupling de-
scribed above without losing information on
the uncertainty effect.

• For the fire safety design of a case-study
bridge, the RB design approach entailed coef-
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ficients of variation on the estimated time to
collapse one order of magnitude larger than
MAC (0.351 vs 0.040). Furthermore, accord-
ing to the RB design approach, the initial
design configuration complied with the per-
formance objectives within a tolerable fail-
ure probability (0.041). However, the maxi-
mum consequences entailed by this configura-
tion exceeded the allowable threshold. Even-
tually, the MAC approach provided a solution
with higher robustness to uncertainty (CoV =
0.021) and maximum consequence level com-
plying with the selected objective.
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