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Abstract 

The increasing frequency and impact of natural hazard events worldwide, despite significant 

mitigation efforts, highlight the need for a paradigm shift in vulnerability assessment methods. 

A reliable approach must account for the effects of sequential events, whether dependently or 

independently related, as evaluating such events separately and summing their impacts can 

lead to inaccurate assessments. This study focuses on the impact of ashfall from volcanic erup-

tions, which increases axial loads on structural elements, altering lateral strength and dynamic 

properties of buildings due to the added seismic mass. 

In cases of significant overloads, such as those near a volcano's central vent or during heavy 

rainfall, roof failure may occur, causing building interruptions and posing risks to occupants. 

The study introduces a mechanical method to quantify these effects by updating fragility curves 

to reflect the sequence of ashfall-induced overloads followed by seismic events. This methodol-

ogy directly incorporates changes in structural lateral strength and dynamic properties, along 

with the probability of horizontal slab failure. The resulting fragility curves provide damage 

assessments across various grades, offering a realistic scenario given the likelihood of earth-

quake sequences during volcanic eruptions. This approach emphasizes the importance of ac-

counting for multi-hazard interactions to enhance vulnerability assessments and disaster 

preparedness. 

Keywords: Vulnerability assessment methods, Multi-hazard interactions, Ashfall overloads, 

Seismic events, simplified mechanical method 
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1 INTRODUCTION 

The increasing frequency and impact of natural hazards worldwide, despite significant mit-

igation efforts, underscore the need for a paradigm shift in vulnerability assessment methodol-

ogies. Traditional approaches that evaluate hazards independently and aggregate their impacts 

can lead to inaccurate risk estimations, failing to capture the complex interactions between se-

quential events.  

Early seismic vulnerability frameworks, such as those developed in Japan and the U.S. dur-

ing the 1970s, evolved in Europe through methodologies like GNDT [1], Risk-UE [2], and 

Vulneralp [3]. Recently, the Italian Department of Civil Protection (DPC, Dipartimento della 

Protezione Civile) issued a framework for National Risk Assessment [4,5]. All the approaches 

therein developed have been used within an expert elicitation approach for comparative fragility 

analysis [6], by using 10 typological classes (for both unreinforced masonry – URM - and Re-

inforced Concrete – RC - buildings) representative of Italian building assets. For the latter fra-

gility curves are taken from the studies of [7,8,9]. In contrast, volcanic risk models, focusing 

on roof collapse due to tephra accumulation [10,11,12,13], emerged later, driven by the infre-

quency of large eruptions affecting urban centers. 

Historically, risk assessments were compartmentalized, with hazards evaluated using iso-

lated protocols and metrics [14]. This fragmentation limited cross-risk comparability, empha-

sizing the need for a unified multi-hazard framework grounded in consistent methodologies. 

Additionally, critical advancements acknowledge that one hazard can intensify vulnerability to 

another. For instance, volcanic ash loads exacerbate seismic vulnerability [11,12,13]. These 

time-dependent interactions demand dynamic models that address both abrupt and gradual asset 

deterioration. 

To tackle these complexities, probabilistic methods have been pioneered in projects like 

Na.R.As. (2004-2006) [15], ARMONIA (2004–2007) [16], and MATRIX (2010–2013) [17].  

This study focuses on ashfall from volcanic eruptions, which introduces significant axial 

loads on buildings, altering their lateral strength and dynamic properties due to the added seis-

mic mass. In extreme cases—such as prolonged ash accumulation near a volcano’s central vent 

or in combination with heavy rainfall—roof failure may occur, disrupting building functionality 

and posing serious risks to occupants. Furthermore, given the strong correlation between vol-

canic activity and seismic events, assessing the combined effects of these hazards is crucial for 

improving risk evaluation and mitigation strategies. 

To address this challenge, the study proposes a mechanical-based methodology that updates 

fragility curves to account for sequential ashfall-induced overloads followed by seismic events. 

This approach directly integrates structural modification effects, including variation in lateral 

strength and modifications in dynamic behavior, as well as the probability of horizontal slab 

failure. The resulting fragility curves provide realistic damage assessments across various 

grades, reflecting the likelihood of multi-hazard sequences during volcanic activity. Thus, the 

proposed approach enhances disaster preparedness by offering a more reliable and physically 

grounded framework for evaluating the risks associated with complex hazard scenarios, ulti-

mately supporting more effective mitigation and resilience strategies. 

2 DERIVATION OF BASELINE SEISMIC FRAGILITY CURVES VIA POST 

METHOD 

This section presents the procedure used to derive seismic fragility curves via the simplified 

mechanical method, POST. These fragility curves are then utilized as baseline in subsequent 

sections to assess variations caused by the added mass of ash load. 
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2.1 Briefly description of simplified mechanical method POST 

The POST (PushOver on Shear Type models) method is a simplified mechanical approach 

for seismic vulnerability assessment of Reinforced Concrete (RC) buildings [18,19,20,21]. It 

evaluates the non-linear static response of RC buildings by assuming a shear-type behavior, 

which simplifies the structural analysis. The method considers the influence of infill panels on 

both the structural response and the assessment of building damage, with damage states defined 

according to the European Macroseismic Scale (EMS-98) [22]. 

The key steps in the POST method include: 

• Building Model Definition: The model is based on global dimensions, number of

storeys, and age of construction. It uses a simulated design procedure to estimate

element dimensions and reinforcements based on historical design codes and seismic

classifications.

• Seismic Capacity Assessment: The non-linear static response is evaluated through a

pushover analysis, assuming a shear-type model. The method considers the tri-linear

behavior of RC columns and the in-plane response of infill panels. The capacity

curve of the equivalent Single-Degree-of-Freedom (SDoF) system is derived, and

seismic capacity is evaluated in terms of spectral intensity measures at different dam-

age states (DSs).

• Fragility Curve Derivation: Fragility curves are derived using a Monte Carlo simu-

lation approach, accounting for uncertainties in geometry, material properties, capac-

ity models, and seismic ground motion. The method translates qualitative EMS-98

damage descriptions into mechanical displacement thresholds for both RC columns

and infill panels.

The POST method has been validated using a large database of RC buildings affected by the 

2009 L'Aquila earthquake, showing good agreement between predicted and observed damage 

scenarios. It is particularly useful for large-scale seismic vulnerability assessments, providing 

a balance between simplicity and accuracy. For further details, the reader may refer to 

[18,19,20,21] where detailed theoretical developments and validation example are provided. 

2.2 Archetype building definition 

The archetype buildings in this study were chosen based on a statistical analysis of the geo-

metric characteristics of the national building inventory. According to census data (ISTAT 

2001), 85% of reinforced concrete (RC) buildings have up to three stories. Specifically, 18% 

are single-story buildings, while 48%, 19%, and 7% have two, three, and four stories, respec-

tively. Additionally, 8% of RC buildings have five or more stories. 

By examining the ratio of the total number of apartments to the number of buildings, the 

average number of apartments per building was determined for different story counts. As ex-

pected, the number of apartments increases with the number of stories. This growth is more 

than proportional, as it is influenced by two factors: the increase in plan surface area and the 

rise in the number of apartments per storey as the total number of stories increases. 

Furthermore, by analyzing ISTAT data and the historical evolution of seismic classification 

in Italy, it can be inferred that approximately two-thirds of the entire RC building inventory 

was designed to resist only gravity loads, without accounting for the effects of lateral loads that 

simulate seismic actions. Consequently, the simulated design phase in this study is carried out 

by considering only gravity loads, based on technical codes and construction practices in place 

before 1970. The dimensions of the columns are designed based on the loads acting on an ef-

fective area surrounding them, with the longitudinal reinforcement proportionally determined 
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according to the code requirements in force at the time. The floor plans of the archetype build-

ings considered in this study are illustrated in Figure 1. 

Figure 1: Archetypes buildings used in this study. 

2.3 Non linear response and fragility curves derivation 

The mechanical model of the archetype buildings is developed using a non-linear model for 

both RC columns and external infill panels. Specifically, the model for RC columns is based 

on [23], while the model for infill panels follows [24]. 

The pushover curve is derived using a MATLAB code that implements a closed-form procedure 

based on the shear-type assumption. This procedure allows for the determination of the base 

shear–roof displacement relationship once a force distribution is defined. 

In Figure 2a, the interstorey displacement distribution at the peak step of the pushover curve 

for the two-storey building archetype is shown, consistent with the shear-type model assump-

tion. The grey lines represent the variations due to different sources of uncertainties discussed 

in Section 2.1, while the black line represents the median model. 

Figure 2b displays the median capacity curve (black line) for the two-storey building archetype, 

along with the uncertainty bounds (grey lines) derived from considering various sources of un-

certainties. The capacity curve is obtained by approximating the building's behavior as a Single-

Degree-of-Freedom (SDoF) system at the first vibration mode. This involves dividing the base 

shear by the effective mass of the SDoF and the modal participation factor of the 1st mode, and 

the roof displacement by the modal participation factor of the 1st mode. 
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Figure 2: Capacity curves for the virtual population of two- four- and six-storey building archetypes considering 

all uncertainties (grey) and the median model (black) and ensuing fragility curves. 

The seismic capacity is defined in terms of the damage classification outlined in the EMS-98. 

Displacement thresholds corresponding to the five damage levels for RC columns and infill 

panels are used to determine the overall damage to the building, following a damage classifica-

tion scheme detailed in [21]. 

The introduction of the source of uncertainties outlined in section 2.1 within a MonteCarlo 

simulation technique allows define a probabilistic distribution of seismic capacity at different 

damage levels, represented in figure 2c as fragility curves for the two-storey building archetype. 

The fragility curves obtained for the three archetype buildings are utilized as baseline in subse-

quent sections to assess variations caused by the added mass of ash load. 

3 DYNAMIC VULNERABILITY UPDATING 

This section examines the variations in building response and fragility curve estimations caused 

by the added mass at the roof level, such as that resulting from ash load following a volcanic 

eruption. 

It is evident that the addition of mass at the roof level influences the dynamic parameters of the 

building or its simplified model, i.e., the Single-Degree-of-Freedom (SDoF) system. Specifi-

cally, the added mass leads to changes in both the effective mass of the SDoF and the modal 

participation factor of the 1st mode. The added mass has a dual effect on the modal participation 

factor: it alters the shape of 1st vibration mode and increases the effective mass of the SDoF, 

both of which are considered in its definition. Overall, these effects result in a reduction in the 

modal participation factor of the 1st mode due to the added mass at the roof level. 

Additionally, the addition of a mass at the roof level affects the axial load on structural elements. 

Assuming this load acts solely on the RC columns, it influences both the resistance and capacity 

values in the non-linear model of the columns. This occurs while the cross-sectional area and 

reinforcement area of the columns remain unchanged, as they were determined in absence of 

the added mass during the design and construction phases of the building. 

Figure 3 demonstrates the impact of adding an increasing mass at the roof level on the ca-

pacity curve and displacement capacity. Overall, a reduction in all ordinate values is observed 

due to the increase in the effective mass, despite the decrease in the modal participation factor 

of the 1st mode. Regarding the displacement capacity for the first three damage levels (slight, 

light, and moderate damage), an increasing trend is noted, attributed to the change in the shape 

of the 1st vibration mode, which results in an elongation of the effective period. However, for 

the most severe damage level, the increase in axial load leads to a rise in displacement capacity, 

consistent with the model proposed by [23]. 
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Figure 3: Variation in capacity curves and displacement capacity due to added roof mass for the median model 

of the virtual population of two- four- and six-storey building archetypes 

Finally, Figure 4 shows the variation in the probability of collapse as a function of two intensity 

measures: peak ground acceleration (PGA) and ash load. When the ash load is zero, the 

probability of collapse corresponds to the fragility curve derived in Section 2.3. As the ash load 

increases, the resulting changes in the building's dynamic parameters and structural behavior—

due to modifications in the capacity curve and displacement capacity—lead to a rise in the 

probability of collapse. 

Figure 4: Variation in exceeding probabilities of DS4 due to the added roof mass for the two- four- and six-sto-

reys building archetypes. 

3.1 Variation in collapse fragility curves considering the probability of failure of RC 

slabs 

All the computations in the previous section do not account for the possibility that the slab, as 

a structural element, could fail under ash load due to exceeding its design strength. To incorpo-

rate this effect, the probability of slab failure can be explicitly considered and combined with 

the results obtained above. 

The ashfall vulnerability functions used in this study are derived from [12], which were devel-

oped through numerical simulations of roof behavior at the collapse limit state for various flat 

structure types (see Figure 5). By adjusting assumptions regarding constraint conditions and 

material strength, lower and upper load limits were established for each roof type, specifically 

for a single-span slab with a width of 5 meters. These theoretical curves are then validated with 
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loading tests conducted on a sample of real roofs up to the collapse limit, showing good agree-

ment. 

It has to be noted, that this vulnerability function aligns well with those derived in the study by 

[25]. 

Figure 5: ashfall vulnerability functions for RC slab typologies modified from Zuccaro et al., 2008 

In the case of a system exposed to two hazards (such as earthquakes and ash loads, as consid-

ered in this study), the overall fragility formulation should be expressed in terms of the two 

demands [17]. Specifically, when the vulnerabilities to the hazards are completely independ-

ent, as in this case, the multi-hazard vulnerability factor can be calculated as: 

(1 − 𝑃𝑓) = (1 − 𝑃𝑓1)(1 − 𝑃𝑓2) → 𝑃𝑓 = 𝑃𝑓1 + 𝑃𝑓2(1 − 𝑃𝑓1) (1) 

where 𝑃𝑓1 and 𝑃𝑓2 are the probability of failure due to ash loads and earthquakes, respectively. 

Therefore, the 3D fragility function presented in Figure 4, which accounts for the two hazards 

(earthquakes and ash loads) but not considering the possibility of slab failure under ash load, 

is updated in Figure 6 to explicitly include this effect. 

It is important to note that explicitly incorporating the failure of the slab results in a signifi-

cant increase in the overall fragility formulation, as shown in Figure 6. 

Figure 6: Variation in exceeding probabilities of DS4 due to the added roof mass for the two- four- and six-sto-

reys building archetypes, incorporating roof slab collapse probability (newer slab). 

4 CONCLUSION 
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This study addresses the growing need for advanced vulnerability assessment methodologies in 

the face of increasing natural hazards, particularly the cascading effects of multi-hazard scenar-

ios such as volcanic ashfall and seismic events. 

The non-linear response of existing RC archetype buildings is evaluated using the simplified 

mechanical method POST, which explicitly accounts for the influence of infill panels in deter-

mining building lateral resistance and damage estimation, following the EMS-98 classification. 

The POST method automates the building model definition, pushover analysis, seismic capacity 

assessment, and fragility curve derivation, incorporating uncertainties in geometry, materials, 

and ground motion through Monte Carlo simulations. These fragility curves are then utilized as 

baseline with reference to multi-hazard scenarios such as volcanic ashfall and seismic events. 

This study demonstrates that the addition of ash load at the roof level significantly alters the 

dynamic properties of buildings, including changes in the effective mass and modal participa-

tion factor of the Single-Degree-of-Freedom (SDoF) system. Secondly, ash loads increases the 

axial load on structural elements, particularly RC columns, influencing their resistance and ca-

pacity in the non-linear model. These effects are clearly shown in the increase of the probability 

of collapse with increasing ash load, as demonstrated by the updated fragility curves that ac-

count for both ashfall and seismic demands. 

Additionally, the explicit consideration of the failure probability of slab due to ash load signif-

icantly increases the overall fragility formulation. This highlights the importance of accounting 

for the failure of horizontal structural elements in multi-hazard vulnerability assessments. 

Traditional approaches that evaluate hazards independently often fail to capture the complex 

interactions between sequential events, leading to inaccurate risk estimations. By focusing on 

the combined effects of ashfall and earthquakes, this research provides a more comprehensive 

framework for assessing structural vulnerability and resilience. The proposed methodology pro-

vides a more realistic and physically grounded framework for assessing structural vulnerability. 

The 3D fragility functions, updated to include slab failure, offer a robust tool for evaluating the 

combined risks of these hazards. 

REFERENCES 

[1] Benedetti, D., Benzoni, G., Parisi, M.A., 1988. Seismic vulnerability and risk evaluation 

for old urban nuclei, Earthquake Engineering & Structural Dynamics 16(2), 183–201. 

[2] Lagomarsino, S. and Giovinazzi, S., 2006. Macroseismic and mechanical models for the 

vulnerability and damage assessment of current buildings. Bulletin of Earthquake Engi-

neering 4, 415-443. 

[3] Guéguen P., Michel C., LeCorre L., 2007. A simplified approach for vulnerability assess-

ment in moderate-to-low seismic hazard regions: application to Grenoble (France). Bul-

letin of Earthquake Engineering 5(3), 467–490. 

[4] Dolce M, Prota A, Borzi B, da Porto F, Lagomarsino S, Magenes G, Moroni C, Penna A, 

Polese M, Speranza E, Verderame GM, Zuccaro G. Seismic Risk Assessment of residen-

tial buildings in Italy. Bull Earthq Eng., 2020. https:// doi. org/ 10. 1007/ s10518- 020- 

01009-5 

[5] Italian Civil Protection Department National Risk Assessment 2018. Overview of the po-

tential major disasters in Italy Updated December 2018 

[6] da Porto F, Donà M, Rosti A, Rota M, Lagomarsino S, Cattari S, Borzi B, Onida M, De 

Gregorio D, Perelli FL, Del Gaudio C, Ricci P, Speranza E Comparative analysis of the 

3306



fragility curves for Italian masonry and RC buildings Bull Earthq Eng 19(7):219–231, 

2021. 

[7] Del Gaudio, C., Di Ludovico, M., Polese, M. et al. Seismic fragility for Italian RC build-

ings based on damage data of the last 50 years Bull Earthquake Eng 18, 2023–2059, 2020.  

https://doi.org/10.1007/s10518-019-00762-6 

[8] Rosti A., Del Gaudio C., Rota M., Ricci P., Di Ludovico M., Penna A., Verderame G.M.  

Empirical fragility curves for Italian residential RC buildings Bulletin of Earthquake En-

gineering, 2020. https://doi.org/10.1007/s10518-020-00971-4. 

[9] Borzi B, Faravelli M, Di Meo A Application of the SP-BELA methodology to RC resi-

dential buildings in Italy to produce seismic risk maps for the national risk assessment 

Bull Earthq Eng., 2020. https:// doi.org/ 10. 1007/ s10518- 020- 00953-6   

[10] Biass, S, Bonadonna, C, Di Traglia, F, Pistolesi, M, Rosi, M, Lestuzzi, P., 2016. Proba-

bilistic evaluation of the physical impact of future tephra fallout events for the Island of 

Vulcano, Italy. Bulletin of Volcanology 78, 37. 

[11] Lee, K., Rosowsky, D., 2006. Fragility analysis of woodframe buildings considering com-

bined snow and earthquake loading. Structural Safety 28(3), 289-303. 

[12] Zuccaro, G., Gacace, F., Spence, R., Baxter, P., 2008. Impact of Explosive Eruption Sce-

narios at Vesuvius. Journal of Volcanology and Geothermal Research 178(3), 416-453. 

[13] Selva, J., 2013. Long-Term Multi-Risk Assessment: Statistical Treatment of Interaction 

among Risks. Natural Hazards 67(2), 701-722. 

[14] Marzocchi, W., Garcia-Aristizabal, A., Gasparini, P., Mastellone, M. L., Di Ruocco, A., 

2012. Basic principles of multi-risk assessment: a case study in Italy. Natural Hazards 

62(2), 551-573. 

[15] Marzocchi, W., Mastellone, M., Di Ruocco, A., Novelli, P., Romeo, E., Gasparini, P., 

2009. Principles of multi-risk assessment: interactions amongst natural and man-induced 

risks. Tech. rep. European Commission, Directorate-General for Research, Environment 

Directorate. 

[16] Del Monaco, G., Margottini, C., Spizzichino, D., 2007. Armonia methodology for multi-

risk assessment and the harmonisation of different natural risk maps. In: Armonia: applied 

multi-risk mapping of natural hazards for impact assessment, European Commission pro-

ject, Contract 511208. 

[17] Liu, Z., Nadim, F., Garcia-Aristizabal, A., Mignan, A., Fleming, K., Luna, B., 2015. A 

three-level framework for multi-risk assessment. Georisk: Assessment and Management 

of Risk for Engineered Systems and Geohazards 9(2), 59-74. 

[18] C. Del Gaudio, P. Ricci, G.M. Verderame, G. Manfredi. Development and urban-scale 

application of a simplified method for seismic fragility assessment of RC buildings. Eng 

Struct 91:40–57, 2015. https://doi.org/10.1016/j.engstruct.2015.01.031  

[19] C. Del Gaudio, P. Ricci, G.M. Verderame, G. Manfredi. Observed and predicted earth 

quake damage scenarios: the case study of Pettino (L’Aquila) after the 6th April 2009 

event. Bull Earthq Eng, 2016. https://doi.org/10.1007/s10518-016-9919-2  

[20] C. Del Gaudio, P. Ricci, G.M. Verderame, G. Manfredi. Urban-scale seismic fragility 

assessment of RC buildings L’Aquila earthquake. Soil Dyn Earthq Eng 96:49–63, 2017. 

https://doi.org/10.1016/j.soildyn.2017.02.003 

3307

https://doi.org/10.1016/j.engstruct.2015.01.031
https://doi.org/10.1007/s10518-016-9919-2
https://doi.org/10.1016/j.soildyn.2017.02.003


[21] C. Del Gaudio, P. Ricci, G.M. Verderame. A class-oriented mechanical approach for seis-

mic damage assessment of RC buildings subjected to the 2009 L’Aquila earthquake. Bul-

letin of Earthquake Engineering, 1-25, 2018. https://doi.org/10.1007/s10518-018 0365-1 

[22] Grünthal, G. (ed.): European Macroseismic Scale 1998 (EMS-98). Cahiers du Centre Eu-

ropéen de Géodynamique et de Séismologie 15, Centre Européen de Géodynamique et de 

Séismologie, Luxembourg, 99 pp., 1998. 

[23] Di Domenico, M., De Risi, M. T., Ricci, P., Verderame, G. M., & Manfredi, G. Empirical 

prediction of the in-plane/out-of-plane interaction effects in clay brick unreinforced ma-

sonry infill walls. Engineering Structures, 227, 111438, 2021. 

[24] Liberatore, L., Noto, F., Mollaioli, F., & Franchin, P. In-plane response of masonry infill 

walls: Comprehensive experimentally-based equivalent strut model for deterministic and 

probabilistic analysis. Engineering Structures, 167, 533-548, 2018. 

[25] Verderame, G. M., Polese, M., & Cosenza, E. Vulnerability of existing RC buildings un-

der gravity loads: A simplified approach for non sway structures. Engineering Struc-

tures, 31(9), 2141-2151, 2009. 

3308

https://doi.org/10.1007/s10518-018%200365-1

