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Abstract 

This study introduces a comprehensive global vulnerability database designed to enhance re-

gional seismic risk assessments. It addresses the limitations of existing databases, which often 

rely on oversimplified models that fail to capture story-level engineering demand parameters 

and some seismic response patterns. Covering more than 1,400 building classes, the database 

incorporates an advanced numerical modelling approach, utilizing stick-and-mass multi-de-

gree-of-freedom oscillators. Key contributions include: 1) a suite of updated vulnerability func-

tions for structural damage across building types; 2) a set of region-specific story-loss 

functions, which use story demands like drifts and floor accelerations to produce more robust 

estimates of losses due to non-structural damage; and 3) a dataset of vulnerability functions 

for losses in building contents. To demonstrate the value of the new database, we perform a 

comparison between the new vulnerability functions and those in the original version of the 

database, which were derived from simplified single-degree-of-freedom models. 
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1. INTRODUCTION

Over the past century, earthquakes have caused nearly one million fatalities and one trillion 
USD in economic losses, primarily due to the poor seismic performance of vulnerable build-
ings. This highlights the importance of reliable performance assessments for building to under-
stand seismic risk drivers and aid decision-making for mitigation [1]. These assessments must 
account for damage in structural components, non-structural components and building contents, 
which represent over 50% of the buildings’ value across the globe [2]. 

The Global Earthquake Model (GEM) Foundation’s first database of fragility and vulnerability 
functions, introduced by Martins and Silva [3], included nearly 500 building classes modelled 
as simplified single-degree-of-freedom (SDOF) systems. While useful for regional analysis, 
these models cannot capture some complex behaviors such as higher-mode effects or story-
level demands like peak story drift (PSD) and peak floor acceleration (PFA), limiting their re-
liability for non-structural and contents loss estimation. 

To address these gaps, detailed component-based multi-degree-of-freedom (MDOF) models are 
often adopted to improve accuracy, but they are computationally expensive and impractical at 
regional scales. On the other hand, intermediate models, such as stick-and-mass MDOF sys-
tems, offer a promising balance, enabling the incorporation of higher-mode effects. They fur-
ther capture story-level seismic demands (e.g., PSD and PFA) with greater computational 
efficiency [4–6], which can be used with story-loss functions (SLFs) [7] to produce refined loss 
estimates at story level, especially for non-structural components [8]. 

This study expands Martins and Silva’s database [9] from 500 to over 1,400 building classes 
and replaces SDOF models with the more robust stick-and-mass MDOF oscillators. It intro-
duces new fragility and vulnerability functions that provide enhanced damage and loss esti-
mates for structural components and building contents, in addition to a set of vulnerability 
functions derived using region-specific SLFs to quantify losses in drift-sensitive and accelera-
tion sensitive non-structural components. The new database is compared against the original 
version, revealing major differences that highlight the role of robust vulnerability modelling in 
robust risk management. 

2. GLOBAL VULNERABILITY DATABASE

2.1. Global Building Class Coverage 

The updated vulnerability database expands building classes from 500 to over 1,400, covering 
a wide range of structural attributes and geometric characteristics that affect seismic perfor-
mance. Buildings are categorized based on key factors including primary construction materi-
als, lateral load-resisting systems, seismic code levels, and ductility levels. The database also 
incorporates region-specific attributes influencing non-structural performance, such as non-
structural component anchorage, dominant inelastic mechanisms, and floor type. Additional 
classification factors include height (number of stories) and occupancy (residential, commer-
cial, industrial), which impact the type and quantity of non-structural components and contents. 
Figure 1 shows the distribution of these attributes across building classes in the database. Fur-
ther details are available in Yepes-Estrada et al. [10]. 
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(a) (b) (c) 

(d) (e) 

Figure 1: Distribution of building classes by (a) material, (b) number of stories, (c) lateral load-resisting system, 
(d) code level, and (e) ductility level. 

2.2. Numerical Modelling

The original vulnerability database by Martins and Silva [3] used simplified SDOF models. The 
updated version adopts stick-and-mass MDOF models to capture story-level demands such as 
PSD and PFA, along with higher-mode effects and demand concentrations. In the new models, 
masses are concentrated at each floor and connected by nonlinear springs that define the shear 
force-drift behaviour (Figure 2). These models assume a shear-dominated response and do not 
account for torsional modes, but still offer high reliability and computational efficiency for 
regional seismic risk assessments [11,12]. The MDOF systems are implemented in OpenSeesPy 
[13], using the “Pinching4” material to define shear force-drift relationships with bilinear, tri-
linear, or quadrilinear backbone curves, depending on the type of building nonlinear response. 

Figure 2: MDOF idealization of regional building stock 
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The stick-and-mass MDOF models are derived on the basis of the SDOF capacity curves in the 
original database of Martins and Silva, where the capacity is expressed as a relationship be-
tween spectral acceleration (SA) and displacement (SD). The derivation relies on the approach 
proposed by Lu et al. [12], which was originally developed to calibrate MDOF stick models 
from the HAZUS capacity-curve database [14]. This method uses the principles of structural 
dynamics to convert the capacity curve to the pushover curve of the corresponding MDOF sys-
tem, which describes the relationship between roof displacement and base shear. This relation-
ship is then proportioned for individual stories based on the first-mode shape. More details can 
be found in Lu et al. [12]. An example is shown in Figure 3 for the calibration. 

 

Figure 3: SDPF and MDOF pushover curves, with story shear vs. drift for a 3-storey reinforced concrete dual 
system with high code and medium ductility 

The numerical modelling procedure described above is further facilitated with the development 
of the Vulnerability Modelers Toolkit (oq-vmtk). The oq-vmtk is an open-source library de-
signed for comprehensive seismic vulnerability assessment built with OpenSeesPy. It enables 
researchers, engineers and earthquake catastrophe modelers to: 1) develop single- and multi-
degree-of-freedom models; 2) conduct nonlinear time-history analyses; 3) derive both fragility 
and vulnerability functions. The oq-vmtk supports a range of analysis types, like modal, gravity, 
nonlinear static (i.e., pushover) and dynamic time-history analyses (i.e., cloud analysis). The 
toolkit features a visualization library for seismic demand profiles, fragility curves and vulner-
ability functions further assisting developers in efficiently debugging their numerical models. 
The toolkit is available on https://github.com/GEMScienceTools/oq-vmtk. 

2.3. Loss Modelling 

2.3.1. Structural Losses 

To derive structural losses, fragility functions for structural damage for each building class, 
quantifying the probability of exceeding various damage states (DSs) across a range of intensity 
measures (IMs) were first calculated. Four global DSs are considered: slight, moderate, exten-
sive, and complete. These states are identified through structural analysis when predefined 
thresholds of an engineering demand parameter (EDP) are reached, with maximum interstorey 
drift ratio or 𝜃max chosen due to its strong correlation with global structural damage. 
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In the original database by Martins and Silva [3], DS thresholds for structural damage in SDOF 
oscillators were expressed in terms of spectral displacement. In this study, these thresholds are 
converted to 𝜃max for MDOF systems, as detailed in Table 1, following structural dynamic prin-
ciples. The yield (SDy) and ultimate (SDu) spectral displacement are acquired from the capacity 
curves in the original vulnerability database. ℎ𝑖 is the height of the “i-th” story and 𝛤1 is the 
first-mode modal transformation factor. To convert each DS to the corresponding loss, damage-
to-loss ratios are used [15,16], which represent the repair cost of the DS, normalized by the 
building’s structural replacement cost. These are also reported in Table 1. 

Table 1: MDOF damage state thresholds for the four damage states 

Damage State Maximum Interstorey Drift Ratio Threshold Mean Damage-to-Loss 
Ratio 

Slight 𝜃𝑚𝑎𝑥,𝐷𝑆 = 𝑚𝑎𝑥𝑖=1,..𝑛𝑠
[
Γ1(𝜙1,𝑖 − 𝜙1,𝑖−1)𝑆𝐷𝑦

ℎ𝑖

] 5% 

Moderate 
𝜃𝑚𝑎𝑥,𝐷𝑆

= 𝑚𝑎𝑥𝑖=1,..𝑛𝑠
[
Γ1(𝜙1,𝑖 −  𝜙1,𝑖−1)(0.67𝑆𝐷𝑦 + 0.33𝑆𝐷𝑢)

ℎ𝑖

]
20% 

Extensive 
𝜃𝑚𝑎𝑥,𝐷𝑆

= 𝑚𝑎𝑥𝑖=1,..𝑛𝑠
[
Γ1(𝜙1,𝑖 −  𝜙1,𝑖−1)(0.33𝑆𝐷𝑦 + 0.67𝑆𝐷𝑢)

ℎ𝑖

]
60% 

Complete 𝜃𝑚𝑎𝑥,𝐷𝑆 = 𝑚𝑎𝑥𝑖=1,..𝑛𝑠
[
Γ1(𝜙1,𝑖 − 𝜙1,𝑖−1)𝑆𝐷𝑢

ℎ𝑖

] 100% 

Based on the above information, fragility functions for structural damage are derived via the 
cloud analysis approach [17], which subjects the structure to a set of unscaled ground-motion 
records. A set of 700 records is used here, acquired from different strong-motion databases [18–
20]. Probabilistic seismic demand models are then fitted to the results of cloud analysis to char-
acterize the relationship between IM and EDP using a power-law function (Equation 1). Fra-
gility functions are finally derived as lognormal cumulative distribution functions, with the 
following statistical parameters (see Equation 2): 

• 𝜇𝐷𝑆: median
• 𝛽𝑇𝑂𝑇𝐴𝐿 =  √𝛽𝑅𝑇𝑅

2 +  𝛽𝑀𝑂𝐷
2 : total dispersion accounting for the record-to-record varia-

bility 𝛽𝑅𝑇𝑅
2  and the modelling uncertainty 𝛽𝑀𝑂𝐷

2  (set to 0.30)

Subsequently, structural vulnerability functions representing the normalized economic loss due 
to structural damage across varying IM values, E(LRS|IM), are derived for all building classes. 
These functions are derived by combining the fragility functions with appropriate damage-to-
loss ratios (Table 1) via Equation 3. To account for the uncertainty in E(LRS|IM), the approach 
proposed by Silva [21] is applied. This method quantifies the influence of record-to-record var-
iability on seismic loss predictions across different structural systems. The standard deviation 
in the loss ratio given IM, denoted as 𝜎𝐿𝑅|𝐼𝑀 is estimated using a semioval curve approximation, 
as expressed in Equation 4. 

𝐸𝐷𝑃 = 𝛼𝐼𝑀𝛽 Equation 1 

𝑃(𝐷𝑆 ≥ 𝐷𝑆𝑖|𝐼𝑀) =  Φ (
𝑙𝑛𝐼𝑀/𝜇𝐷𝑆𝑖

𝛽𝑇𝑂𝑇𝐴𝐿
) Equation 2 
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𝐸(𝐿𝑅𝑆|𝐼𝑀) = ∑ 𝑃(𝐷𝑆 = 𝐷𝑆𝑖|𝐼𝑀)𝐿𝑅𝐷𝑆𝑖

𝑛𝐷𝑆

𝑖=1

 
Equation 3 

𝜎𝐿𝑅𝑠|𝐼𝑀 = √𝐸(𝐿𝑅𝑆|𝐼𝑀) (−0.7 − 2 𝐸(𝐿𝑅𝑆|𝐼𝑀) + √6.8 𝐸(𝐿𝑅𝑆|𝐼𝑀) + 0.5) 
Equation 4 

It should be noted that the fragility and vulnerability functions are derived for different IM 
types, including Peak Ground Acceleration (PGA), 5%-damped Spectral Acceleration at 0.3, 
0.6 and 1.0s (SA(0.3s), SA(0.6s), SA(1.0s)), average spectral acceleration at a period range of 
0.1-1.0s (AvgSA). 

2.3.2. Building Contents Losses 

Building contents refer to the non-structural items inside a building that are not part of its struc-
tural or architectural systems and do not contribute to its functionality. These include furniture, 
equipment, appliances, and other movable objects that can be damaged or displaced during an 
earthquake. Contents fragility and vulnerability derivation is similar to structural components, 
however, there are key distinctions, particularly regarding the way damage states are consid-
ered. For instance, building content damage is classified as either completely damaged or non-
damaged because contents are likely to be replaced under any level of damage (e.g., if a televi-
sion breaks, it is completely unusable). Moreover, the EDP used to characterize content damage 
is the maximum PFA. Therefore, PFA is used as EDP instead of MIDR in Equation 1. 

The PFA thresholds defining whether building contents are damaged depend on the ductility of 
the structure (e.g., low, high) and the occupancy type (e.g., residential, commercial, or indus-
trial), and they are obtained from the HAZUS Technical Manual [14]. Content fragility func-
tions are eventually derived as lognormal cumulative distributions, with median and dispersion 
parameters (𝜇𝐷𝑆 and 𝛽𝑇𝑂𝑇𝐴𝐿) like those used for structural components. To convert fragility 
into vulnerability functions, 𝐸(𝐿𝑅𝐶|𝐼𝑀), a damage-to-loss model is used. Given that the DSs 
of building contents are binary (either damaged or undamaged), the damage-to-loss model has 
a unity value (complete loss) if contents are damaged and zero if contents are undamaged.  

2.3.3. Nonstructural Losses 

Nonstructural components refer to the various parts and elements of a building or structure that 
do not contribute to its primary load-bearing function but serve functional, aesthetic, and oper-
ational purposes. This includes architectural features and electrical/mechanical fixtures such as: 

• Interior finishes: flooring, ceilings, partitions, and wall finishes.
• Mechanical, electrical, and plumbing systems (MEP): HVAC (heating, ventilation, and

air conditioning), electrical wiring, elevators, lighting, water supply, sewage systems,
and fire protection systems.

• Windows and doors
• Exterior finishes: these include cladding and exterior facades.
• Internal and external partitions.
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Unlike structural fragility and vulnerability, non-structural vulnerability functions defining the 
expected loss ratio, given the intensity measure level, 𝐸(𝐿𝑅𝑁𝑆|𝐼𝑀), are not derived from the 
global DSs. Instead, they are created by aggregating losses sustained by individual stories via 
SLFs that express these losses as a function of the EDP attained at each story or floor, such as 
PSD and PFA (see Figure 4). This method provides more precise loss estimates, which is crucial 
since non-structural components often drive economic losses, particularly at lower IM levels. 
To this end, a comprehensive data collection is carried out to construct region-specific story 
loss functions, which include: 

• Review of normalized nonstructural component quantities (i.e., per m2 floor area) found
typically in distinct building and occupancy (i.e., residential, commercial, industrial)
classes

• Review of regional repair costs associated with damage to nonstructural components
• Resolving missing data with information from complete databases such as FEMA P-58

[22] and additional literature [23,24]
• Derivation of story loss functions using oq-vmtk for drift- and acceleration-sensitive

components

Figure 4: Estimation of story-based nonstructural losses coupling seismic demands distribution for MDOF ideali-
zations and storey loss functions 

Once the building is analyzed via NLTHA, the total non-structural loss ratio associated with 
each ground motion ground motion can be computed using the relevant EDPs and SLFs and then 
aggregated across all stories and floors. The non-structural vulnerability function, 𝐸[𝐿𝑅𝑁𝑆|𝐼𝑀], 
is finally characterized by fitting a Weibull regression model using the method described in [25]. 

3. RESULTS AND DISCUSSION

This section provides key comparisons between the new and original vulnerability databases in 
terms of fragility and vulnerability functions. Figure 5(a-c) compares the 𝜇𝐷𝑆 values of struc-
tural fragility functions across different building height ranges. The horizontal axis has the val-
ues from the new database, while the vertical axis shows the values of the original database. 
For one-story buildings (Figure 5(a)), which have a SDOF in both databases, the 𝜇𝐷𝑆 values are 
identical. Figure 5(b) depicts buildings up to 8 stories, which show slight deviations in 𝜇𝐷𝑆 due 
to the updated modelling strategy, which accounts for higher-mode effects. The average differ-
ence is within 18%, so it is not anticipated to significantly affect regional risk analyses. Figure 
5(c) reports the 𝜇𝐷𝑆 for building classes ranging from 8 to 20 stories. The average difference 
exceeds 40% compared to the original database, which is attributed to the lack of higher-mode 

764



Karim Aljawhari, Al Mouayed Bellah Nafeh and Vitor Silva 

effects in SDOF models although they can cause larger deformation. Hence, the old models 
may significantly underestimate seismic losses. 

Figure 5. The new vs. original databases in terms of 𝝁𝑫𝑺 for structural building-level fragility: a) one-story; b) up 
to 8 stories; and c) 8-20 stories 

The above trends are confirmed in Figure 6, which compares structural vulnerability functions 
for mid-rise and high-rise reinforced concrete dual systems. For the mid-rise building (5 stories) 
in Figure 6(a), the functions are not very different, whereas Figure 6(b) demonstrates that the 
losses in the high-rise (35 stories) from the MDOF modelling strategy to 2.5 higher than those 
calculated through the SDOF vulnerability function. 

   Figure 6. The new vs. original databases in terms of structural vulnerability for reinforced concrete dual system 
with medium code level and ductility class: (a) 5 stories; and (b) 35 stories 

Figure 7 presents a further comparison but considering non-structural vulnerability functions 
for two residential building classes. These are a high code 5-storey reinforced concrete moment 
frame with high ductility (Figure 7(a)), and a moderate code 2-storey steel moment frame with 
high ductility (Figure 7(b)). The 𝐸(𝐿𝑅𝑁𝑆|𝐼𝑀) values are significantly lower considering the 
new MDOF models, which exceeds 35% at some IM levels. This can be explained by the fact 
that the new non-structural vulnerability functions are based on SLFs that capture story de-
mands, allowing for more refined loss predictions. The original SDOF models, on the other 
hand, provide a single drift or acceleration values, which can overestimate losses. 
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   Figure 7. The new vs. original databases in terms of non-structural vulnerability functions for (a) residential 5-
story reinforced concrete moment frame with high code and ductility, and (b) residential 2-story steel moment 

frame with medium code and ductility. 

4. CONCLUSION

This study presented a comprehensive global seismic vulnerability database that delivers de-
tailed fragility and vulnerability functions tailored regional risk assessments. This database 
adopts an advanced and effective numerical modeling approach featuring stick-and-mass 
MDOF oscillators to provide reliable seismic response simulations across a broad range of 
building classes. Leveraging the early version of the database by Martins and Silva[9], the up-
dated global vulnerability database enhances risk assessments through these innovations: 

• A broad inventory of over 1,400 building classes, encompassing diverse construction
materials, lateral load-resisting systems, code compliance levels, ductility characteris-
tics, and building heights.

• A refined numerical modeling approach that upgrades the simplified SDOF systems
from the original dataset to stick-and-mass MDOF oscillators. This allows for explicitly
estimating story-level demands and captures complex seismic behaviors such as soft-
story and higher-mode effects, improving damage and loss characterization.

• A new set of building-level fragility and vulnerability functions for structural damage
and loss, derived using the new MDOF oscillators.

• A parallel set of fragility and vulnerability functions for building contents.
• A detailed dataset of region-specific SLFs for losses in non-structural components at

the story level. Corresponding vulnerability functions for non-structural losses over a
range of IM levels were also generated.

• The oq-vmtk – an open-source automated vulnerability assessment toolkit that trans-
forms SDOF models into MDOF stick-and-mass oscillators, performs a variety of seis-
mic analyses, and generates all associated fragility and vulnerability outputs.
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