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Abstract

Conventional earthquake fatality models represent building performance as a binary
collapse state, an assumption that overlooks severe failure modes and systematically
underestimates fatalities. This study advances the collapse volume ratio—a continuous
metric quantifying the reduction of survivable space during collapse—into a probabilis-
tic framework that directly links structural failure to fatality risk. Although previously
introduced and quantified in limited studies, we extend its role from an observational
measure to an analytical component of performance-based earthquake engineering mod-
eling. The framework is designed for versatility, allowing implementation with different
levels of data availability, including site-specific collapse observations, collapse fragility
functions, or complete-damage fragility functions. Its applicability is demonstrated by
leveraging post-earthquake data from reinforced concrete moment frame buildings af-
fected by the 2023 Kahramanmaras earthquakes and through case studies of mid-1970s
non-ductile and post-1997 ductile concrete space-frame archetypes in California. Re-
sults show that conventional approaches, constrained by binary collapse assumptions,
may underpredict fatalities by up to fortyfold at high shaking intensities. In contrast,
the proposed framework reproduces observed fatality rates, estimating that under Max-
imum Considered Earthquake shaking, non-ductile buildings may experience fatality



rates of 65%, compared to 11% for ductile buildings. These findings provide quanti-
tative evidence of the life-safety benefits of modern seismic design and highlight the
urgent need for retrofit policies addressing older, non-ductile construction.

Collapse volume ratio, earthquake fatalities, non-ductile concrete buildings, performance-
based earthquake engineering, seismic retrofits

1 Introduction

Earthquakes cause excessive human consequences, including deaths, injuries, and long-term
impacts on affected populations |1, [2, |3, |4, 5|, 6]. Fatalities inside buildings are primarily
linked to structural damage. Classic studies identified elevated risks for occupants on ground
floors, where structural elements carry more loads and are prone to failure |7, 8. More
recent research has shown that casualty outcomes also depend on earthquake characteristics,
building use and occupancy patterns, and the speed of rescue and treatment |9, |10].

Structural collapse produces both immediate fatalities through crushing and delayed
mortality from untreated injuries |11}, (12} |13} |14} [15]. Survivors trapped under debris often
face prolonged entrapment, during which severe injuries can worsen without timely rescue
or treatment |16, 5]. A key determinant of survival is entrapment time, as extended con-
finement increases the likelihood of developing crush syndrome and acute renal failure |17].
Hospitalization records show that up to 80% of survivors rescued from collapsed buildings
sustain crush syndrome [18], underscoring how structural failures inflict traumatic injuries
and shape the medical complications that follow.

Because collapse mechanisms so strongly influence mortality, fatality modeling must ac-
count for the structural vulnerabilities that drive these failures. An important portion of the
existing building stock remains at high risk of collapse, particularly older reinforced concrete
frames built before the mid-1970s in the US and similar pre- and early-code construction
worldwide |19} |20, 21}, 22, 23, [24]. Non-ductile reinforced concrete buildings lack proper seis-
mic detailing, such as insufficient transverse reinforcement and poor confinement at beam-
column joints, which can lead to brittle behavior and rapid collapse [25, 26]. These weak-
nesses have been repeatedly confirmed in the field, most recently in the 2023 Tiirkiye-Syria
earthquakes, where widespread soft-story and pancake failures were documented [27, 28 29].

Earthquake casualty models provide the link between such structural vulnerabilities and
human consequences |30} 31}, (32, 33, [34} 35, |36} 37, [38} 39]. These models typically assume
that increasing levels of structural damage correspond to higher rates of injuries and fatal-
ities, with the most severe outcomes associated with building collapse [40} |41]. Consistent
with field observations |42, 43| 9, 10], current approaches consider collapse as the dominant
mechanism of earthquake fatalities. Accordingly, state-of-the-art frameworks model collapse
in a binary fashion—a building either collapses or it does not—and assign fatality rates to
collapsed structures based on expert elicitation and sparse post-earthquake data. For in-
stance, widely used methodologies often assume fixed rates such as a 10% fatality ratio for
collapsed reinforced concrete moment-frame buildings [41], regardless of the collapse severity
(Figure|l)) . Modern software tools for casualty estimation, including those used in HAZUS
[41] and FEMA P-58 |44} 45| workflows, rely on this binary approach to quantify risks and
evaluate the benefits of mitigation strategies such as retrofitting.
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Figure 1: IHlustration of the relationship between collapse volume ratio (R) and earthquake
fatality rates. The collapse volume ratio ranges from 0 (no collapse) to 1 (complete pancake
collapse), representing the fraction of safe space lost within a building. Empirical evidence
suggests that fatality risk increases with larger collapse volume ratios, with rates as high
as 40-80% observed in near-total collapses for concrete buildings , e.g., slope could go
from 0.4 to 0.8. The lower horizontal line illustrates the simplifying assumption in current
casualty models, where a fixed fatality rate (e.g., 10%) is applied uniformly to all collapsed
buildings. Photographs show examples of buildings at different levels of collapse severity
and values of R. Photographs were extracted from [5]

While this paradigm represents the current standard in disaster risk modeling, earthquake
observations increasingly reveal its limitations , . Fatalities are not driven solely by the
binary occurrence of collapse, but by the extent of collapse. Safe spaces within buildings are
progressively lost as vertical load-bearing elements fail. Localized collapse mechanisms, such
as the failure of a single story, place occupants of that story at disproportionately higher risk,
while global pancake collapses reduce survivable spaces across all floors. These distinctions
are not captured in current binary models, which obscures the structural mechanisms leading
to fatalities.

To address this gap, researchers have introduced the concept of the collapse volume ratio,
a continuous measure of the fraction of safe space lost due to partial or total collapse [7,
, , |§|, , , . This ratio ranges from 0 for a fully standing building to 1 for com-
plete collapse, with intermediate values representing partial collapses (Figure [1]). Empirical
evidence suggests that higher collapse volume ratios are strongly correlated with increased
fatality rates, reaching values of 40-80% in extreme cases . Although data scarcity
has prevented precise calibration of this relationship, a linear approximation is reasonable,
since the collapse volume ratio is directly proportional to the loss of safe space. Critically,
this insight reveals that binary collapse models may substantially underpredict fatalities with
their 10% rate, independent of the collapse severity .

Despite progress in modeling structural response , , predicting collapse volume
ratios remains challenging. Most fragility models developed over the past decades focus on
damage states ranging from slight to complete damage, with limited attention to structural

behavior beyond the onset of collapse , , . Consequently, casualty models lack the



granularity to capture collapse-induced mechanisms of severe injury and death.

At the same time, advances in observational technologies, such as Light Detection And
Ranging (LiDAR) and unmanned aerial vehicles (UAVs), provide highly detailed information
on collapsed buildings [54, 55, 56, 57, 58]. These capabilities enable systematic exploration
of empirical collapse volume ratios and create new opportunities to improve fatality rate
estimates.

Although previously introduced and quantified in limited studies [59], we extend the
collapse volume ratio from an observational indicator to an analytical component within
performance-based earthquake engineering. We propose a modeling framework for earth-
quake fatalities that explicitly represents the collapse volume ratio and calibrate it using
a unique dataset collected after the 2023 Kahramanmaras Earthquake in Turkey [28]. We
begin by diagnosing the limitations of prevailing fatality models, then present three formu-
lations aligned with different levels of data availability: (i) direct collapse observations, (ii)
collapse fragility functions, and (iii) complete-damage fragility functions. We then introduce
the empirical collapse volume ratio data and the fitted models. Finally, we demonstrate
the framework for ductile and non-ductile reinforced concrete frame buildings and discuss
implications for risk modeling and retrofit policy.

2 Limitations of Existing Fatality Models

Current earthquake fatality models rely on a binary treatment of structural collapse and are
heavily extrapolated from limited data [40} 60, (61, 41]. In this section, we demonstrate the
asymptotic properties of such models and highlight how they can substantially underestimate
fatalities in collapsed buildings.

Let F' be the random variable representing the fatality rate (ratio of deaths to total
occupants), where F' € [0, 1]. Let DS denote the building’s damage state after an earthquake,
such that

DS € {None, Slight, Moderate, Extensive, Complete}.

The most severe category, Complete, corresponds to irreparable structural damage, which
may or may not involve physical collapse. Thus, Collapse is a subset of DS = Complete.
Next, let IM denote the intensity measure representing the maximum shaking intensity
experienced by the building. Examples include peak ground acceleration (PGA) or spectral
acceleration Sa(7T') at the fundamental period T of the structure, such that IM € R™.
Using the law of total expectation (tower property), the expected fatality rate conditional
on shaking intensity can be expressed as:

E[F | IM] = E[E[F|DS] | IM] =Y E[F | DS) P(DS | IM). (1)
DS

Since fatalities occur predominantly in collapsed buildings, the contribution of other
damage states is negligible. For example, in HAZUS, the fatality rate for Collapse is set
at 0.10 for concrete buildings, whereas the rate for Extensive damage is only 0.0001—a
thousand times smaller [41]. Thus, the expectation simplifies to:

E[F | IM] ~ E[F | DS = Complete|] x P(DS = Complete | IM). (2)
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In practice, however, most risk models (e.g., HAZUS) do not explicitly model Collapse
[41]. Instead, Collapse is treated as a conditional probability within the Complete damage
state:

E[F | IM] =~ E[F | Collapse] x P(Collapse | DS = Complete) x P(DS = Complete | IM).
(3)
Here, E[F | Collapse] is the fatality rate given collapse, P(Collapse | DS = Complete) is
the assumed collapse probability within the Complete state, and P(DS = Complete | M)
is the complete-damage fragility function. Importantly, P(Collapse | DS = Complete) is
modeled as a constant, independent of 1M [41].
This formulation produces an unrealistic saturation of fatality rates at high shaking levels.
When IM — oo, the probability of complete damage approaches one. Thus,
Ml/[im E[F | IM] = E[F | Collapse| x P(Collapse | DS = Complete). (4)
—00
For reinforced concrete moment-frame medium-rise buildings, HAZUS sets E[F' | Collapse] =
0.1 and P(Collapse | DS = Complete) = 0.1, yielding an upper fatality rate of only 1% (Fig-

ure .
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Figure 2: Comparison of the HAZUS fatality model with observed fatality rates from the
2011 Christchurch earthquake. The curve shows the expected fatality rate E[F' | IM]. Black
markers represent two reinforced concrete buildings: the CTV building (75% fatality rate at
0.68g) and the PGC building (42% fatality rate at 0.63g) [46].

This saturation at 1% starkly contradicts earthquake observations. In the 2011 Christchurch
earthquake, 185 people died, 135 of them in just two reinforced concrete moment-frame build-
ings. These structures experienced strong shaking (0.63-0.68g) and exhibited high collapse
volume ratios, leading to fatality rates of 42% and 75%, respectively [46]. Current fatality
models are fundamentally unable to capture such outcomes, as they cap fatality rates at
levels forty to seventy times lower (Figure [2).

In the United States, current fatality models are calibrated primarily using data from
moderate earthquakes, such as the 1994 Northridge (M,, 6.4) and 1989 Loma Prieta (M,
6.9) earthquakes |62, |60 |61]. These events caused relatively few building collapses and very
few fatalities. Extrapolating fatality rates from such limited events to larger earthquakes
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with extensive collapse is problematic. For example, assuming a constant 10% probability
of collapse given complete damage ignores the fact that reinforced concrete buildings can
experience large collapse volume ratios under strong shaking. As illustrated in Figure|l} this
assumption leads to severe underestimation of fatalities in high-intensity events.

In sum, existing fatality models can underestimate earthquake deaths by factors of 40
to 70 (predicting 1% versus observed 42% and 75%) in realistic collapse scenarios, due to
their reliance on a binary notion of collapse and calibrations from moderate earthquakes. To
overcome this limitation, we first introduce a new model for collapse volume ratios, which
then serves as the foundation for developing a more realistic framework for earthquake fatality
modeling.

3 A Probabilistic Model for Collapse Volume Ratios

Let R denote the collapse volume ratio, interpreted as the fraction of originally safe interior
volume rendered unsafe by structural failure. By construction,

0 no collapse (building stands),
R €[0,1], R=<1 full /pancake collapse, (5)
r € (0,1) partial collapse (e.g., soft-story).

Conditioning on an intensity measure /M, e.g., PGA or Sa(T"), we specify R as a mixed
discrete—continuous random variable with point mass at 0, point mass at 1, and a continuous
density on (0,1) (Figure [3):

P(R=0]IM) = po(IM), (6)
P(R=1]IM)=p,(IM), (7)
Frim(r | IM) = [1 = po(IM) — pi(IM)] f(r; IM), 7€ (0,1). (8)

For brevity, we suppress the explicit dependence on IM in what follows and write pq, p1,
and f(r) unless ambiguity may arise (Figure |3)); all are functions of I M.
The corresponding CDF is

(

0, r <0,
) T:()’
Fa(r)=3"" )
po—i-[l—po—pl}F(r), 0<r<l,
(1, r>1,

where F(r) = [ f(u)du (Figure [3)).
Throughout, we adopt a Beta density for the continuous component:

r¢ 1 — 1t

) = Betars C.n) = ——pr—t—

re (0,1), (10)
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Figure 3: Mixed discrete—continuous probability model for collapse volume ratios R condi-
tioned on shaking intensity IM. (a) The distribution includes point masses at R = 0 (no
collapse) and R = 1 (full collapse), with a continuous density (1 —py—p1)f(r) for 0 <r <1
(partial collapse). (b) The cumulative distribution shows jumps of size py and p; at 0 and
1. Both point probabilities and the density evolve with M, reflecting how stronger shaking
increases collapse likelihood and severity.

where B((,n) denotes the Beta function,

B(¢,n) = /1 71— )7 dt. (11)
0
We employ the mean—precision reparameterization
C=puo, n=(1—p)p, 1 = logistic(f + 61 In I M), (12)
with precision ¢ > 0, where the logistic function is defined as
logistic(z) = ! —.
l14+e®

This choice flexibly captures shifts in the distribution of the partial-collapse severity with
the shaking intensity.

The random event R > 0 is equivalent to Collapse, representing the sudden and ir-
reversible loss of load-carrying capacity that reduces safe interior space (e.g., through a
soft-story failure). Conversely, R = 0 corresponds to no collapse. Formally,

{R >0} < {Collapse}, {R=0} & {=Collapse}. (13)

Since collapse occurs only within the Complete damage state, we note that {Collapse} C
{DS = Complete}. For damage states below Complete (DS € {None, Slight, Moderate, Extensive}),
the collapse volume ratio is R = 0.
To address different levels of data availability and computational workflows, we develop
three versions of the collapse volume ratio model: (a) a site-specific model, (b) a model
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coupled with collapse fragility functions, and (c¢) a model coupled with complete-damage
fragility functions (Figure {4)). The site-specific model is tailored to regions where empirical
data on collapse volume ratios are available. The second and third versions are designed
for broader applicability: they leverage existing fragility models to generalize the framework
beyond single sites, allowing integration with established performance-based earthquake en-
gineering methodologies. This tiered approach acknowledges the scarcity of direct collapse
volume ratio data and the current limitations of numerical modeling, while ensuring that
the proposed framework can be adapted to both data-rich and data-poor contexts.

[P(DS = Complete) = p; v 250

P(Collapse) = 1 —p,

N

P(Collapse) = 1 — p,

. pcv[1—q]
P(Partial
Collapse)
P(Full
Collapse)
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P(R = 1)

P(Collapse)[1 — q]

Probability
Probability

= P(R>0) m— P(R > 0)

PO<R<1)
02 P(R> 1) 021 PR>1) 00 L
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Figure 4: Three formulations of the collapse volume ratio model showing how probabilities
of no collapse, partial collapse, and full collapse evolve with shaking intensity. (a) The site-
specific model directly estimates these probabilities from regional collapse volume data. (b)
The collapse-coupled model links collapse ratios to existing collapse fragility functions (e.g.,
from advanced structural modeling methodologies) through conditional factors. (c¢) The
complete-damage—coupled model relates collapse ratios to complete-damage fragilities (e.g.,
HAZUS) also through conditional factors. Together, these models provide flexible pathways
to incorporate empirical data, simulations, or legacy fragilities.

3.1 A Site-specific Model

In regions where data on collapse volume ratios are available, we directly calibrate the mixed
distribution in @f. This setting corresponds to a zero—one inflated Beta distribution,
where mass probabilities are placed at R = 0 (no collapse) and R =1 (full collapse), and a
Beta density governs outcomes in (0, 1) (partial collapse).

Here py and p; are specified by lognormal fragility functions:

lnIM—lnaO) (14)

=1—-®
Po ( b

InIM —1
p1 = CD(%) ) ag < ap, (15)

where ®(-) is the standard normal CDF (Figure [{a)). The parameters ao and a; are the
median intensity levels at which there is a 50% probability of any collapse (R > 0) and of
full collapse (R = 1), respectively. The parameter b is the logarithmic standard deviation,
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assumed equal in both fragility functions to avoid curve cross-overs [63]. The continuous
component is given by f. Equations f govern the probabilities of no collapse
and full collapse as shaking increases, while ((12)) tunes the distribution of partial collapse
severities.

3.2 A Model Coupled with Collapse Fragility Functions

In many regions, direct observations of collapse volume ratios are not available, making
it difficult to calibrate site-specific models. A practical alternative is to leverage existing
or compute new collapse fragility functions, which are increasingly produced through mod-
ern performance-based earthquake engineering (PBEE) methods [20} [51]. Recent PBEE
approaches, such as FEMA P-58 [44, 45|, combine advanced computational models with
extensive experimental data on structural components. These methods enable explicit sim-
ulation of collapse onset, identifying when dynamic instabilities occur (e.g., soft-story or
sidesway mechanisms) or when vertical load-carrying elements experience drifts and defor-
mations that exceed their capacity. As a result, collapse fragility functions have become
more widely available than collapse volume ratio data and provide a valuable entry point for
extending our framework.

To adapt to this setting, we formulate the collapse volume ratio as a conditional probability
model given collapse. Specifically, rather than using a zero—one inflated Beta distribution
(as in the site-specific case), we use a conditional one-inflated Beta distribution (Figure [4D)).
This reflects the fact that once collapse occurs (R > 0), the distribution of outcomes can be
split between partial and full collapse.

We define the collapse fragility function as

P(Collapse | IM)=P(R>0|IM)=1— p,. (16)

Notice that the parameters of this fragility function are given by the median ay and
lognormal standard deviation b defined in Equation [I14 We also define the conditional
transition to full collapse as

(17)

q(IM)=P(R=1| R>0,IM)_@<M)’

s

where « is the median shaking intensity at which the probability of full collapse becomes
50%, and S is the logarithmic standard deviation. Here both terms depend on IM, but we
suppress it for brevity.

The resulting mixture weights are

P(R=0|IM)=py=1— P(Collapse | IM),
P(R=1[IM) = p, = P(Collapse | IM)q, (18)
P(O<R<1|IM)= P(Collapse | IM)[1 — ¢,
and the partial-collapse distribution remains a Beta regression as in ({10)—(12)).

This formulation has two important features (Figure . First, it generalizes the site-
specific model by coupling with collapse fragility curves, which can be derived from numerical

9



simulations or empirical studies in other regions. Second, the factor ¢ acts as a multiplicative
adjustment: it modulates the distribution of collapse volume ratios so that it reflects regional
differences in collapse probabilities and vulnerabilities. As a result, the functional form of
p1 differs from the site-specific case (here it is expressed as the product of two fragility
functions), but this trade-off yields broader applicability in data-scarce settings.

3.3 A Model Coupled with Complete Damage Fragility Functions

A third version of the model leverages the large libraries of complete-damage fragility func-
tions that were developed in earlier generations of performance-based earthquake engineer-
ing. Historically, approaches such as the capacity-spectrum method used pushover curves
and spectral displacement estimates to define damage states [64]. These simplified, static
procedures allowed for computationally efficient modeling, enabling the creation of extensive
catalogs of fragility functions in tools such as HAZUS [41]. As a result, complete-damage
fragilities are widely available across regions and structural types, and continue to underpin
many regional risk assessments.

The main limitation of these older models is that they cannot explicitly reproduce lo-
cal collapse mechanisms (e.g., soft-story failures), which are critical for casualty estimation.
Instead, they treat Complete damage as a broad state encompassing both irreparable but
standing structures and those that have collapsed. Consequently, simplified conversions
have been used to approximate collapse rates within the complete-damage state, but these
ignore shaking intensity and cannot capture variation in collapse severity. Our formula-
tion addresses this gap by introducing collapse volume ratios within the complete-damage
framework.

We define the probability of reaching the complete-damage state as

(19)

InIM —1
P(DS > Complete | IM) = p.(IM) = @(u) ,

be

where a. and b, are the median and logarithmic standard deviation of the fragility. Con-
ditional on DS > Complete, we introduce two transitions:

InIM —1In X
o(IM) = P(R > 0| DS > Complete, IM) = q><;) |

K (20)

g(IM)=P(R=1| R>O,IM):<I><M),

B

where A,y govern the transition from standing-but-complete-damage to collapse, and «, 3
govern the transition from collapse onset to full collapse. Here, p., v, and g depend on I M,
but we suppress it for brevity as well. Also, notice that ¢ is the same as the one in the model
coupled with Collapse fragility functions (Figure .

The resulting mixture weights are

P(R=0|IM)=1-p.v,
P(R=1|IM)=np.vq, (21)
PO<R<1|IM)=p.v[l—q],
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and the continuous partial-collapse distribution is again modeled using the Beta regression
of (10)—(12).

This formulation extends the applicability of our model to settings where only complete-
damage fragility functions are available, as in HAZUS (Figure [dd]). It preserves compatibility
with legacy fragility libraries, while embedding collapse volume ratios as a richer measure
of failure severity. A key difference relative to the site-specific model is that the functional
forms of py and p; now involve products of lognormal fragility functions rather than single
ones. The benefit, however, is wide generalization: calibrated parameters from one structural
class (e.g., non-ductile concrete frames) can be combined with complete-damage fragilities for
other classes, allowing the distribution of collapse volume ratios to flexibly capture regional
variations in collapse tendencies even in data-poor contexts.

3.4 Parameter Estimation

The three formulations introduced above can all be estimated from data using maximum like-
lihood. Let & = {(R;, IM;)}", denote a sample of collapse volume ratios with associated
shaking intensities. Estimation naturally separates into two components: first, the param-
eters governing the probabilities of no collapse and full collapse are fitted using all data;
second, the Beta regression parameters are obtained using only the subset of observations in
the partial-collapse range.

Discrete probabilities. For all three model versions, the fragility-based probabilities of
R =0 and R =1 are fitted with the full dataset.

Site-specific model. Here py and p; are given by —, parameterized by (ag, a1, b).
The log-likelihood is

3

l(ag,ay,b Z [I{Ri =0} Inpo(IM;)+I{R; = 1} Inpy(IM;)+I{R; € (0,1)}In (1—p0(IMi)—p1([Mi))]

=1

Collapse-coupled model. In this case, the event R > 0 corresponds to collapse. The
collapse fragility P(Collapse | M) is first estimated using

m

(ag,b) = > [I{Ri — 0} Inpo(IM;) + I{R; > 0} In(1 — pO(IMi))].

=1
Conditional on R > 0, the transition to full collapse is modeled by q(IM) with parameters
(o, ), estimated using the subset S = {R; > 0}:
(e, B) = 3 [IH{R: = 1 nq(IMg) + I{R; € (0,1)}In(1 - g(IM))].
i€S
Complete-damage—coupled model. Here the probability of reaching the complete-damage
state is first fitted using observed damage states or catalog fragilities:
l(ac, b Z [I{DSi > Complete} Inp.(IM;) + I{DS; < Complete} In(1 — pC(IMi))] )

=1
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with p.(IM) = P(DS = Complete | IM) defined by parameters a. and b. in Equation [19]
Conditional on DS > Complete, the probability of collapse is governed by v(IM) = P(R >
0| DS > Complete, M), with parameters (A, ) estimated through

= Y [I{Ri = 0}In(1 — v(IM;)) + I{R, > 0} 1nv(IMZ~)]

i:DS; >Complete

The transition from partial to full collapse, g(IM), is then estimated in the same way as in
the collapse-coupled model.

Beta regression. The Beta regression parameters (6y,0;,¢) are fitted using only the
partial-collapse cases {R; € (0,1)}. With pu(IM) = logistic(6p + 601 In I M), the log-likelihood
is

(6,01, 9) = Z [(Mz’¢ —DInR; + (1= pa)d — 1)In(1 — R;) — In B, (1 — Mz‘)éﬁ)],

R;€(0,1)

where p; = p(IM;) from Equation [12) and B() the Beta function from Equation [11]

This separation ensures that the full dataset informs the probabilities of no collapse and
full collapse, while the Beta regression is calibrated only on observations that characterize
the distribution of partial collapses.

4 Empirical Data on Collapse Volume Ratios

We assembled a unique dataset on collapse volume ratios for reinforced concrete buildings
affected by the 2023 Kahramanmarag earthquakes in Tiirkiye |28]. The dataset is based on
detailed visual inspections of virtual records of damaged buildings in Antakya, Gaziantep,
and Malatya—cities with large stocks of medium-rise reinforced concrete moment-resisting
frame apartment buildings. These typologies were confirmed by the authors during multiple
post-earthquake deployments. Both the 4:17 am (UTC+3) M 7.8 and the 1:24 pm (UTC+3)
M 7.7 earthquakes produced high levels of shaking in these regions |65} [66]. Figure |5 and
Supplementary Figure 1 show the distribution of peak ground accelerations (PGA) and
spectral accelerations at period of vibration of 1.0 second (Sa[l.0]) for these two events,
respectively.

These cities contain thousands of medium-rise multi-family buildings, predominantly
reinforced concrete moment frames. To document collapse volume ratios in this building
stock, we combined two complementary sources of information, allowing us to capture both
localized collapse mechanisms and broader regional patterns (Figure [6)).

(1) Online video footage. We compiled publicly available videos of damaged buildings
that had sufficient resolution to determine collapse mechanisms. In particular, we used
footage where the number of collapsed stories could be clearly identified (e.g., Fig. @ Eight
online sources, including two drone-based YouTube videos, provided information on 323
buildings from Antakya and Malatya [67, 68, 69, [70, 71, 72, |73 [74]. Most footage was ac-
quired within three days of the earthquakes, preserving the immediate post-event conditions
before debris removal.
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Figure 5: Peak ground accelerations (PGAs) from the 2023 Kahramanmarag earthquakes.
Panels show shaking for (a) the M 7.8 and (b) the M 7.7 events, respectively. The shaking
estimates were obtained through USGS ShakeMaps. Collapse volume ratios were extracted
for buildings located in Antakya, Gaziantep, and Malatya, highlighted on the maps.

(2) Satellite Imagery. To complement the video dataset, we used high-resolution satellite
images covering a neighborhood with 33 concrete buildings in Gaziantep [75], which expe-
rienced comparatively lower shaking. By comparing pre- and post-event imagery, we could
reliably distinguish between fully standing buildings (R = 0) and complete pancake collapses
(R = 1). However, partial collapses (0 < R < 1) could not be consistently identified from
satellite data.

Combining both sources yielded 467 buildings with usable collapse information. To refine
classifications, we performed an additional step for buildings that remained fully standing
immediately after the earthquake (Figure[7). Using updated satellite imagery from May 2025,
we distinguished between (i) buildings repaired and still standing (DS < Complete, R =
0) and (ii) buildings later demolished due to structural or financial infeasibility (DS >
Complete, R = 0).

We further obtained the original number of stories for each building using Google Street
View records. The initial dataset contained 467 buildings, but we excluded one- and two-
story structures and buildings taller than seven stories to focus on medium-rise reinforced
concrete buildings as defined in HAZUS [41]. The final dataset consists of 356 buildings,
with an average height of 4.7 stories and a standard deviation of 1.1. (Figure [7)).

For each building, the collapse volume ratio was computed as

x
R=—
n
where n is the total number of stories and x is the number of collapsed stories. Events were
classified into mutually exclusive categories: DS < Complete, R=0,0< R<1,and R=1

(Figure [7)).
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footage (insets) to document collapse mechanisms. Orange dots mark individual build-

ings identified in the satellite image, while the inset frames show drone footage that enabled
estimation of the number of collapsed stories and computation of collapse volume ratios.
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Figure 7: Distribution of number of floors and collapse volume ratios (R) in the dataset.
Collapse ratios were categorized into R = 0 (no visible collapse), 0 < R < 1 (partial collapse),
and R =1 (complete collapse). These classifications form the basis for fragility modeling.
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Finally, ground shaking was estimated at each building site using ShakeMap data ob-
tained directly from the USGS API [76]. We extracted peak ground acceleration (PGA)
and spectral accelerations at building locations. We also extracted spectral accelerations
at 1 second. Details of the interpolation methods are documented in the USGS ShakeMap
technical references [77]. Figure |§] and Supplementary Figure 2 show the scatter plots of R
versus PGA and versus Sa[l.0], respectively.
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Figure 8: Relationship between peak ground acceleration (PGA) and collapse volume ratio
(R) across all regions. Blue markers represent individual buildings with valid damage ob-
servations, where R = 0 indicates that the building is fully standing, 0 < R < 1 indicates
partial collapse, and R = 1 indicates complete collapse.

5 Fitted Collapse Volume Ratio Model

We estimated all model parameters using maximum likelihood estimation (MLE), as de-
scribed previously. Because the data were not uniformly distributed across shaking levels,
we incorporated weights into the log-likelihood function to ensure a good fit across the full
intensity range. To compute these weights, we divided the shaking intensity into four equal-
width intervals. For PGA, the range was 0.1-0.9 g, and for Sa[l.0], the range was 0-2.0 g.
Each data point within an interval was assigned a weight inversely proportional to the num-
ber of observations in that interval. This approach balanced the contribution of data-sparse
and data-dense regions.

For the parameters a and [ that define ¢ (Equation , the likelihood function was
ill-conditioned due to the scarcity of partial-collapse observations in the dataset. With a
larger dataset, these parameters could be robustly estimated using the same MLE framework
established earlier. In the present study, however, we addressed this limitation by calibrating
the collapse-coupled model to align with the shaking intensities at which the site-specific
model yields P(R > 1) = 0.25 and P(R > 1) = 0.25. Solving the resulting two-equation
system provided consistent values for alpha and [, while all other model parameters were
obtained directly through MLE.

The resulting parameter estimates are reported in Table [1] for the three model formu-
lations as a function of PGA. Figure [0 shows that P(R > 0) and P(R > 1) both increase
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monotonically with shaking intensity, and—as expected—do not cross, since R =1 C R > 0.
The three fitted versions yield comparable results. For example, at 0.5 g, P(R > 0) equals
0.36, 0.38, and 0.46, while P(R > 1) equals 0.23, 0.22, and 0.27. These small differences
reflect the distinct formulations underlying each model. Table 2/ and Supplementary Figure
3 present analogous results for Sa[1.0].
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Figure 9: Fitted collapse-volume-ratio (R) models. Maximum-likelihood fits show the prob-
ability that R > 0 (any collapse; dark blue) and R =1 (full collapse; light blue) versus peak
ground acceleration (PGA).

Table 1: Fitted parameters of collapse-volume-ratio (R) models with respect to peak ground
acceleration (PGA). Maximum-likelihood estimates are reported for the three formula-
tions—(a) site-specific, (b) collapse-coupled, and (c¢) complete-damage—coupled.

() These numbers were computed by equaling probability targets to the site-specific model
instead of MLE.

Parameters a. [g] b, aglg a1 [g] b a [g] g 7y A o 01 o
Site specific ~ — - 116 295 236 @ - —~ —~ ~  -0.13 043 11.55
Collapse —~ ~ 091 — 1.88 0.15% 5310 — —  -0.13 0.43 11.55
Complete 020 120 - — — 0.15% 531 056 5.26 -0.13 043 11.55

Furthermore, we examine how the average value p of the Beta distribution f(r) evolves
with shaking intensity. Figure 10| and Supplementary Figure 4 show the fitted relationships
as a function of PGA and Sa[1.0], respectively, for cases where R € (0, 1). These results allow
us to track not only changes in the mean p but also in the variance, given by pu(1—pu)/(14¢).
Tables (1] and [2| report the corresponding fitted parameters for the Beta regression as well.
The positive values of #; confirm that p increases with shaking intensity. By construction,
the formulation ensures the expected limits: limzy; o = 0 and limyp oo pt = 1.
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Table 2: Fitted parameters of collapse-volume-ratio (R) models with respect to spectral ac-
celeration at 1.0 seconds (Sa[1.0]). Maximum-likelihood estimates are reported for the three
formulations—(a) site-specific, (b) collapse-coupled, and (¢) complete-damage—coupled.

() These numbers were computed by equaling probability targets to the site-specific model
instead of MLE.

Parameters a. g  be aplg] a1 [g] b a lg] 6} vy A 6o 61 )
Site specific — — 277 733 241 — — — - -0.30 0.35 T7.11
For Collapse - — 237 — 210 0.33% 4990 - ~  -0.30 0.35 7.11
For Complete 0.37 1.39 - - —0.33%) 499 190 6.35 -0.30 0.35 7.11

1.0 T

« —IJ

gog4— fn

2

go.e—

%0.4—

2 0.2 1

(@)

0.0

0.2 0.4 0.6 0.8 1.0
Peak Ground Acceleration (g)

Figure 10: Beta regression fit for collapse volume ratio (R) as a function of peak ground
acceleration (PGA). The black curve shows the fitted mean p, while the blue densities f(r)
illustrate the conditional distribution of R at selected PGA levels. The model captures both
the expected trend and variability in collapse severity with increasing shaking.

Next, we computed the expected value of R given the intensity measure IM. From the
definition of our model

E[R|IM]=0x P(R=0]|IM)+ /1r x f(r)P(R € (0,)[IM)dr +1 x P(R = 1|IM)

We can eliminate the first term. In the second term, P(R € (0,1) | IM) can be taken
outside the integral, leaving only r and f(r) inside. The integral then simplifies to the mean
of the Beta distribution, u. The third term equals p;. Altogether:

E[R[IM] = ppx (1 —p1 —po) + p1 (22)

As discussed in the modeling section, py and p; are defined differently across model
versions, but once obtained, the same expression provides the expected collapse volume
ratio.
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Using this formulation, we computed E[R | IM] for all three models. The expected value
increases monotonically with /M for both PGA- and Sa[l.0]-based predictions (Figure
and Supplementary Figure 5). Across the full range of ground motions, the three model
versions produce nearly identical results. This suggests that, in practice, the choice among
model formulations may have little impact on outcomes. Instead, modelers can select the
formulation that best aligns with the information available—for example, site-specific curves
if sufficient data exist, models coupled with collapse fragilities when structural simulations
provide those estimates, or models based on complete damage fragilities if those functions
are available.
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= Site-specific model
084 —— Collapse-coupled model
= Complete-damage-coupled model
- == Refi Ratio: 0.1
— 0.6 4 eference Ratio
=
g —
o —'-———-—-"‘""'—“-
“\J
0.2
0.0

0.0 0.2 0.4 0.6 0.8 1.0
Peak Ground Acceleration (g)

Figure 11: Expected collapse volume ratio E[R | IM] as a function of peak ground acceler-
ation (PGA). The curves show predictions from the three formulations: site-specific (solid),
collapse-coupled (dashed), and complete-damage—coupled (dotted). The red dashed line
marks a reference ratio of R = 0.1. All models indicate increasing collapse severity with
shaking, with close agreement across formulations.

We also compared our estimates of E[R | IM] with current practice. HAZUS, based
largely on expert judgment in the U.S. reports collapse probabilities that effectively corre-
spond to average collapse ratios between 0-15% (Table 12-8 in [41]). For reinforced concrete
moment-resisting frames, HAZUS prescribes a fixed 10% ratio across all shaking levels. Our
results show that this assumption severely underestimates collapse severity. Expected ratios
fall below 10% only at very small PGAs (e.g., below 0.1 g). At higher shaking levels, they
rise sharply. At 1.0 g PGA, the three models predict expected ratios between 0.39 and
0.44—almost four times greater than the HAZUS value. This is consistent with observations
from past earthquakes; for example, in the 2011 Christchurch earthquake, the PGC and
CTYV buildings exhibited R values of 0.6 and 0.8, respectively [46].

6 A New Probabilistic Model for Fatality Estimation

We develop a new probabilistic model for estimating fatality risk, building on the collapse
volume ratio (R) framework. To compute E(F' | IM) through R, we require a relationship
between fatalities (F') and collapse volume ratio. Prior work by So et al. [47, |10, 46]
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compiled the limited global datasets relating F and R. Although no theoretical form has
been established, we adopt a simple linear relationship:

E[F|R] = kR (23)

This assumption interprets R as a proxy for the loss of survivable space during partial
or total structural collapse, implying fatalities rise in direct proportion to R. In the absence
of collapse (R = 0), the model predicts zero fatalities. While some trauma injuries leading
to fatalities can occur in non-collapsed buildings, these are more appropriately addressed
by models of nonstructural damage or background shaking-related injury rates. Here, we
restrict attention to fatalities caused by building-collapse-induced trauma.

With this functional form, fatalities can be expressed as a function of ground shaking
through the tower property:

E[F|IM] = E|[E[F|R]|IM| = E[kR|IM)] (24)
Using results from Eq. and the linear properties of expectation, we can compute
E[F|IM] = k(pu x (1 = p1 — po) + p1) (25)

This formulation captures fatalities arising specifically from collapse.

To calibrate the proportionality constant x, we regressed observed fatality rates against
collapse volume ratios for reinforced concrete mid-rise buildings with documented outcomes:
the PGC (5-story) and CTV (6-story) buildings from the 2011 Christchurch earthquake
(New Zealand) and a 6-story building from the 1999 Foggia earthquake (Italy) [? 7 |. The
observed pairs are (R, F') = (0.6,0.42),(0.8,0.75), (0.9,0.88). Using least squares with the
slope constrained through the origin, we obtained x = 0.91. This value provides the best fit
between collapse volume ratio and fatality rate for concrete buildings; other typologies (e.g.,
timber) are expected to yield lower slopes.

6.1 HAZUS significantly underestimates fatality rates

We first estimated fatality rates for pre-code (non-ductile) reinforced concrete moment-frame
medium-rise buildings using HAZUS [41]. Pre-code buildings refer to pre-1941 structures
constructed before modern seismic design requirements were introduced, when ductility and
detailing provisions were largely absent. As a result, these buildings are especially vulnerable
to brittle failure once their strength limits are exceeded. Medium-rise concrete buildings in
HAZUS correspond to 4-7 stories. We applied the lognormal fragility functions for complete
damage (Table 5.40 in HAZUS [41]), based on peak ground acceleration (PGA). To com-
pute fatalities, HAZUS assumes a uniform collapse volume ratio of 10% across all shaking
intensities and a 10% fatality rate given collapse. As illustrated in Figure [2] this results in
fatality rates that increase asymptotically but remain below 1%.
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Figure 12: Comparison of predicted fatality rates from the proposed collapse volume ra-
tio-based model (black) and HAZUS estimates (red) as a function of peak ground accel-
eration (PGA). The proposed model shows a sharp increase in fatality rates with shaking
intensity, reaching values above 40% at 1.0 g, while HAZUS assumes substantially lower
rates that do not exceed 1%.

We then applied our complete-damage—coupled model using the same HAZUS fragility
functions for complete damage in mid-rise non-ductile concrete frame buildings. From Equa-
tion 20, we computed v and ¢, then used these together with the complete damage fragility
to estimate py and p; from Equation 21} We determined p from Equation [12] and finally
computed E[F|IM] from Equation [25]

Our model produces markedly higher fatality rate estimates than HAZUS. At 1.0 g
PGA, the proposed approach predicts a fatality rate of 39.9%, compared with 0.9% from
HAZUS—a 44-fold difference (Figure . Moreover, comparison with observed cases high-
lights that actual fatality rates can exceed even our estimates. For example, during the
2011 Christchurch earthquake, the CTV building reached a 75% fatality rate at only 0.68
g, and the PGC building reached 42% at 0.63 g [46]. These comparisons underscore that
existing approaches, such as HAZUS, substantially underestimate fatality rates in vulnerable
buildings, especially under strong shaking.

6.2 Fatality risks in non-ductile versus ductile concrete buildings

Finally, we study fatality risk in non-ductile versus ductile buildings using modern fragility
functions derived from advanced structural modeling for California. A prior study by Liel et
al. developed fragility functions for a range of reinforced concrete moment-frame archetypes
designed in Los Angeles, California [22, [23]. In our analysis, we focused on their four-story
space-frame case: a non-ductile frame designed to the 1967 Uniform Building Code (typical
of pre-1970s construction) and a ductile frame designed to ASCE 7-02 and ACI 318-05
provisions for high-seismic regions [23]. Their estimated first-mode periods are 0.94 s for the
ductile archetype and 2.0 s for the non-ductile archetype.

For each archetype, Liel et al. developed collapse fragility functions using nonlinear
frame models built in OpenSEES [23]. These models captured material nonlinearities, joint
behavior, and large deformation effects, and were calibrated to experimental data. Collapse
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capacity was then assessed through incremental dynamic analysis (IDA), subjecting the
frames to suites of ground motions scaled to increasing intensities.

We adopt the collapse-coupled version of our collapse volume ratio model to study these
archetypes. Because the ductile and non-ductile frames have different vibration periods, we
expressed the results at a common reference period by converting them to the Sa[1.0]. This
was done using the collapse margins reported in [23], defined as the ratio between the median
collapse capacity and the spectral acceleration corresponding to the Maximum Credible
Earthquake (MCE), i.e., with a probability of exceedance of 2% in 50 years. Specifically,
we multiplied the Sa[l1.0] at the MCE level (0.79g) by the reported collapse margin (Table
3 in [23]) to obtain the median collapse capacity at that period: 0.53 for mid-1970s (non-
ductile) buildings and 2.56 for post-1997 (ductile) buildings. The resulting lognormal fragility
functions were defined with these medians and logarithmic standard deviations of 0.64 for
the non-ductile case and 0.63 for the ductile case.

Using Equations 21| and 25 we determined E[F|IM]. We identified stark differences in
fatality risk between ductile and non-ductile buildings. At Sa[l.0]=1.09g —corresponding
to current MCE demands in the updated ASCE 7-22 provisions [78]—the estimated fatality
rates diverge sharply: 11% for ductile buildings versus 65% for non-ductile buildings. This
hazard level is higher than the 0.79g MCE value from the ASCE 7-02 provisions used in the
original fragility studies [23], yet the trends remain consistent: post-1997 ductile buildings
exhibit relatively controlled collapse probabilities of 16% (only slightly above the 10% de-
sign target), whereas non-ductile buildings exceed 93% collapse probability (Supplementary
Figure 6) [23]. These findings are also consistent with past earthquake observations, where
widespread failures of non-ductile concrete frames produced catastrophic losses while more
modern, ductile designs fared significantly better [20]. Taken together, the results under-
score the urgent importance of retrofitting non-ductile buildings, as their presence drives
an almost tenfold increase in fatality risk—from 11% to 65%—and represents a persistent
life-safety gap in the built environment.
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Figure 13: Estimated fatality rates for ductile (post-1994) and non-ductile (pre-1970s) rein-
forced concrete space-frame archetypes as a function of spectral acceleration at 1.0 s. Results
show that, at the MCE level defined in ASCE 7-22 (Sa[1.0] = 1.09g, dashed line), fatality
risk is an order of magnitude higher in non-ductile frames (64%) compared to ductile frames
(10%). These findings highlight the life-safety benefits of modern seismic design and the
urgent need for retrofitting vulnerable non-ductile buildings.

Conclusions

We developed a new modeling framework to predict earthquake fatalities arising from the
collapse of buildings. Unlike existing methodologies, this framework explicitly incorporates
collapsed volumes, a key variable empirically linked to fatality rates in past earthquakes.

The framework was implemented in three versions to accommodate different levels of data
availability: (1) site-specific data, (2) collapse fragility functions, and (3) complete-damage
fragility functions. This versatility allows direct coupling with established performance-based
earthquake engineering workflows, including HAZUS and FEMA P-58.

Our results highlight a major limitation of current fatality models: they asymptotically
saturate at unrealistically low rates (e.g., ~1% in HAZUS at high shaking intensities), con-
tradicting field observations of much higher fatality rates in reinforced concrete buildings,
for example, 42% and 75% for two collapsed buildings during the Christchurch Earthquake.
By explicitly modeling collapsed volumes, our framework avoids this saturation and more
closely reproduces observed outcomes. In particular, we showed that current approaches can
underpredict fatality rates by up to a factor of 44 for non-ductile concrete buildings.

We further demonstrate the versatility of our framework by applying a version that
integrates state-of-the-art structural modeling techniques for California buildings. Using this
approach, we estimate that under Maximum Considered Earthquake (MCE) shaking, mid-
1970s non-ductile concrete buildings exhibit fatality rates of about 65%, whereas post-1997
ductile buildings show much lower rates, on the order of 11%. These results underscore the
life-safety benefits of modern seismic design in California and highlight that retrofit policies
targeting older, non-ductile construction can prevent far more fatalities than previously
recognized, as earlier models may underestimate fatality risk by up to fortyfold.
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