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A B S T R A C T

While climate change and urban development in mountainous terrain continue to impact society through geo- 
mass transport phenomena, quantitative risk models must evolve and be communicated as clearly as possible 
to enhance the social appropriation of knowledge. Recent advancements in mass movement risk analysis equate 
external hazard intensity measures with the internal strength of buildings. However, procedures for estimating 
building capacity and developing fragility curves remain less well-defined, particularly for masonry buildings, 
which are among the most common construction types worldwide, especially in less developed regions, and 
where laboratory or field data may be scarce. Fragility curves relate hazard intensity to the probability of 
reaching or exceeding a level of physical damage and have thus become essential tools in vulnerability and risk 
assessments related to natural hazards. This paper presents a procedure for deriving structural damage thresholds 
through fragility curves for mass movements, featuring the following characteristics: it is not based on seismic 
design parameters, does not require excessive computational resources, and is straightforward to implement. 
Recognizing that damage during a mass movement event may depend not only on the structural strength of 
buildings —assuming a rigid foundation— but also on ground resistance, which can cause permanent de
formations, this study focuses on the rigid, fixed foundation scenario. The method incorporates geometrical and 
mechanical parameters along with their associated uncertainties, and provides damage state thresholds as 
functions of momentum flux and mass movement height for two typical wall types: unconfined, unreinforced 
clay brick masonry (URM) and confined clay brick masonry (CM).

1. Introduction

Downslope movements of rock mass, debris, or soil due to gravita
tional influence —commonly referred to as mass movements (Cruden, 
1991; Hungr et al., 2014)— represent a globally significant natural 
hazard. In recent decades, both economic and human losses associated 
with mass movements have increased dramatically and are occurring 
more frequently (Aristizábal and Sánchez, 2020; Cabral et al., 2023; 
Chen and Lee, 2004; Corominas et al., 2014; Highland and Bobrowsky, 
2008; Huang et al., 2023b; Santi et al., 2011). These catastrophic events 
result from a combination of factors including population growth, urban 
and rural development in mountainous regions prone to mass move
ments, informal construction practices, inadequate natural resource 
management, and strong triggers such as unusually high rainfall driven 
by climate change, tectonic activity, and volcanic eruptions. Given this 

scenario, robust assessment of hazard, vulnerability, and risk associated 
with mass movements is vital to design and implement effective miti
gation strategies (Corominas et al., 2014). However, physical vulnera
bility assessment —defined as the susceptibility of exposed 
infrastructure to damage under a given intensity— presents unique 
challenges in the context of mass movements. The complexity of the 
phenomenon (e.g., its diverse types and rheological behaviour) and its 
interaction with built structures have caused research in this area to 
progress more slowly than in other natural hazard domains, such as 
earthquake engineering.

Historically, physical vulnerability to mass movements has been 
addressed through various approaches, each with distinct strengths and 
limitations. Empirical methods, based on statistical analysis of observed 
damage and losses following real events (Bell and Glade, 2004; Chen 
et al., 2021; Du et al., 2013; Eidsvig et al., 2014; Fuchs et al., 2007; Fuchs 
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et al., 2019a; Hu et al., 2012; Kang and Kim, 2016; Liu et al., 2002; Liu 
and Lei, 2003; Mazzorana et al., 2014; Michael-Leiba et al., 2012; 
Papathoma-Köhle et al., 2014, 2017; Sterlacchini et al., 2007; Zhang 
et al., 2018), offer valuable insights rooted in real-world data. However, 
they often suffer from data scarcity, limited transferability across re
gions or construction typologies, and insufficient explanation of the 
structural failure mechanisms—i.e., they may not adequately link 
structural damage states to hazard intensity (Fuchs et al., 2019a; Hu 
et al., 2012; Mazzorana et al., 2014; Papathoma-Köhle et al., 2011, 
2017).

Some researchers have refined empirical approaches by incorpo
rating detailed local data to develop vulnerability matrices, curves, and 
indices (Eidsvig et al., 2014; Fuchs et al., 2019b; Papathoma-Köhle et al., 
2017, 2022). However, these efforts often overlook structural damage 
mechanisms caused by flow-structure interaction, which are essential 
for robust quantitative risk analysis. Experimental approaches, such as 
small-scale laboratory studies (Sturm et al., 2018a, 2018b), contribute 
significantly to understanding flow-structure interactions and validating 
numerical models. Yet, scale effects and the difficulty in representing the 
heterogeneity of real-world buildings limit their generalizability. 
Analytical and numerical approaches (Fang et al., 2021; Feng et al., 
2019; Luo et al., 2020; Mavrouli et al., 2014; Mavrouli and Corominas, 
2010; Zeng et al., 2015) simulate structural responses and offer potential 
for generalized insights into failure mechanisms. Nonetheless, they often 
focus on specific building types (e.g., reinforced concrete frames), rely 
on seismic design parameters that may not be suitable for mass move
ment loading (Haugen and Kaynia, 2008; Kean et al., 2019; Prieto et al., 
2018a), or require computationally intensive simulations (Luo et al., 
2019b; Pu et al., 2023), which limits their applicability in practice.

It is important to recognize that empirical, experimental, and 
analytical approaches are fundamentally complementary. A compre
hensive understanding often requires integration of these perspectives; 
for example, probabilistic damage state estimates are essential for 
calculating socioeconomic impacts and can be validated with empirical 
loss data to produce robust quantitative risk assessments (Thouret et al., 
2020).

From this review, a clear and significant research gap emerges: the 
need for a practical, computationally efficient, and physically grounded 
methodology to assess the vulnerability of unreinforced (URM) and 
confined (CM) clay masonry buildings to mass movements. These con
struction types —particularly prevalent in developing countries (Villar- 
Vega et al., 2017)— have received relatively little attention in the 
literature. The required methodology should derive structural damage 
thresholds (preferably in the form of fragility curves) by directly linking 
relevant flow intensity parameters —such as momentum flux (hv2) or 
flow height (h)— to the mechanical response and damage states of 
masonry walls under lateral loads representative of mass movement 
events, while avoiding reliance on seismic parameters. Moreover, it 
should be accessible to practicing engineers, overcoming the cost and 
complexity barriers associated with sophisticated models, especially in 
regions with high exposure and limited technical or financial resources.

This article seeks to address this gap by presenting a methodology for 
assessing the physical vulnerability of URM and CM clay masonry 
buildings to mass movements, under the assumption of a rigid founda
tion. The proposed approach employs three-dimensional finite element 
modelling with a simplified representation of wall nonlinear behaviour 
(equivalent frame method), incorporates parameter uncertainty via the 
Rosenblueth point estimation technique (ensuring low computational 
cost), and derives fragility curves as functions of momentum flux (hv2) 
and flow height (h). Probabilistic damage thresholds are developed for 
buildings with one to four stories and for two common wall thicknesses. 
The methodology and its results are validated using field data from real 
events in South Korea and Colombia. This work contributes to the 
limited body of knowledge on the structural fragility of masonry 
buildings subjected to mass movements and offers a practical tool for 
calculating physical vulnerability, ultimately supporting more effective 

risk assessment and mitigation strategies.

2. Literature review

The literature review, particularly the information summarized in 
Table 1, reflects the considerable effort that has been devoted to un
derstanding and quantifying the vulnerability of buildings to mass 
movements. Various approaches have been explored, ranging from 
empirical analyses based on past events to advanced numerical simu
lations and experimental studies. However, the review also reveals a 
series of limitations and recurring gaps that underscore the need for 
alternative or complementary methodological approaches.

A significant proportion of analytical and numerical studies have 
focused primarily on reinforced concrete structures (Chen et al., 2021; 
Luo et al., 2020; Mavrouli et al., 2014; Parisi and Sabella, 2017; Pu et al., 
2023), with considerably less attention given to masonry buildings 
—both unreinforced (URM) and confined (CM)— despite their pre
dominance in many high-risk regions around the world. In some cases, 
researchers have attempted to model structural capacity using concepts 
or parameters adapted from earthquake engineering (Haugen and Kay
nia, 2008; Kean et al., 2019; Prieto et al., 2018b). While useful as an 
approximation, these adaptations may not adequately capture the fail
ure mechanisms specific to the loads imposed by mass movements.

Methods relying solely on post-event empirical data, although 
valuable, face challenges in terms of result transferability to other re
gions or structural typologies. They also tend to lack insight into the 
underlying mechanisms of structural failure (Fuchs et al., 2019a; Hu 
et al., 2012; Papathoma-Köhle et al., 2011). Moreover, high-fidelity 
numerical simulations and detailed probabilistic analyses often de
mand substantial computational resources, limiting their widespread 
application in everyday engineering practice (Luo et al., 2019b; Pu et al., 
2023). Finally, many analytical studies simplify the structural-ground 
interaction by assuming a rigid foundation (Table 1), which may not 
represent actual conditions.

In response to these identified gaps, the methodology proposed in 
Section 3 of this article has been specifically designed to offer a novel 
and practical contribution. First, it addresses the typological gap by 
focusing explicitly on the vulnerability of URM and CM masonry 
buildings. Second, it avoids reliance on seismic parameters, instead 
employing a mechanistic structural analysis tailored to masonry-specific 
failure modes. Third, it moves beyond the limitations of empirical ap
proaches by deriving physically based fragility functions that offer 
clearer insight into failure mechanisms and improved potential for 
generalization. Fourth, it mitigates issues of computational cost and 
complexity by incorporating efficient techniques such as a simplified 
equivalent frame model and the Rosenblueth point estimation method. 
Finally, it provides actionable tools for practitioners, generating fragility 
curves that directly relate flow intensity parameters (hv2 and h) to 
defined structural damage states.

Although the implementation presented in this work assumes a rigid 
foundation —acknowledged as a necessary first step in addressing 
foundation-related limitations— the overall framework (Fig. 1) explic
itly recognizes the importance of incorporating soil-structure interaction 
in future developments. The methodology described herein is therefore 
proposed as a practical and technically sound advance in evaluating the 
physical vulnerability of a critical yet frequently overlooked class of 
structures.

3. General methodology

Vulnerability is defined as the degree of physical, social, or economic 
loss experienced by an element or set of elements at risk due to a hazard 
of a given intensity (EERI Committee, 1986). This study focuses on the 
physical vulnerability of unreinforced (URM) and confined (CM) ma
sonry buildings subjected to mass movements. Physical vulnerability 
refers to the ability of infrastructure (e.g., buildings, roads, bridges) to 
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Table 1 
References on the structural vulnerability of buildings to mass movement.

Reference Input

Walhorn et al. (2005)

Developed a finite element algorithm to determine the 
structural performance of individual elements 
impacted by fluid flow, considering parameters related 
to geometry and flexural capacity only. This study does 
not include permanent ground deformation (i.e., 
flexible foundation) and is only valid for rigid 
foundations.

Haugen and Kaynia 
(2008)

Present a practical method to predict structural damage 
caused by debris flows. Using concepts from dynamics 
and structural performance under seismic loading, the 
authors applied seismic fragility curves proposed by 
FEMA (2003). The method was tested using data from a 
1998 debris flow event in Sarno, Italy. The model 
evaluated the vulnerability of six affected structures 
and compared the results with observed damage states. 
Inconsistencies were noted in some cases, prompting 
the authors to recommend further review and 
comparison of the field data and underlying 
assumptions with other events. This study does not 
include permanent ground deformation and is valid 
only for rigid foundations.

Mavrouli and Corominas 
(2010)

Present an analytical methodology for evaluating 
vulnerability and calculating fragility curves for 
reinforced concrete frame buildings subjected to rock 
block impacts. This research does not consider 
permanent ground deformation and is valid only for 
rigid foundations.

Quan Luna et al. (2011)

Used the FLO-2D model to estimate the intensity of a 
debris flow event in Selveta, Italy. Intensity measures 
included flow height, velocity, impact pressure, and 
viscosity, used as independent variables. Economic 
vulnerability was calculated based on the ratio of 
repair cost to property value. Vulnerability curves were 
derived through statistical analysis and compared with 
those from previous studies.

Papathoma-Köhle et al. 
(2011)

Identify the limitations of empirical vulnerability 
functions, particularly their restricted applicability to 
different building types or geographic contexts. 
Furthermore, these methods do not account for 
structural damage mechanisms, which limits their 
usefulness in planning for buildings exposed to mass 
movement hazards.

Hu et al. (2012)

Assert that most studies have focused on empirical 
relationships between hazard magnitude and the 
resulting degree of loss. These empirical vulnerability 
functions typically overlook key characteristics of at- 
risk buildings, such as geometry, design, and 
geographic location. Using field surveys and remote 
sensing, the authors analyse the characteristics and 
damage patterns of buildings affected by a mass 
movement event in Zhouqu, China. They conclude that 
structural systems based on reinforced concrete frames 
sustained less damage than those constructed with 
concrete masonry. The study categorizes damage into 
five levels: complete, extensive, moderate, light, and 
very light.

Du et al. (2013)

In a study similar to Li et al. (2010), the authors 
estimate vulnerability using parameters such as 
construction materials, element susceptibility, building 
height and age, foundation and slip depth, and hazard 
intensity. However, they note that many of these 
parameters remain subjective and empirical. As such, 
they recommend gradual calibration and 
documentation through objective data, expert 
judgment, and accumulated observations. In addition 
to structural aspects, the study also includes an 
assessment of the occupants’ vulnerability within the 
buildings.

Mazzorana et al. (2014)

Propose a methodological and computational 
framework —combining matrix and finite element 
methods— for scenario development that accounts for 
mudflow-structure interaction. Initially, the time- 
varying impact spectrum is quantified using a two- 
dimensional debris flow simulation (TRENT 2-D  

Table 1 (continued )

Reference Input

moving bed) and existing empirical formulations. 
Structural performance, including damage 
mechanisms, is then evaluated using the SISMICAD 
12.1 software. The study adopts two Eurocode damage 
limit states: the ultimate limit state (beyond which 
collapse occurs) and the serviceability limit state (up to 
which functionality is maintained). A third, the 
material intrusion limit state, considers the ingress of 
mud or moisture through openings such as doors and 
windows. The resulting damage susceptibility profile is 
proposed as a basis for designing effective structural 
protection. This study does not consider permanent 
ground deformation and is only applicable to rigid 
foundations.

Mavrouli et al. (2014)

Present an analytical methodology for assessing 
vulnerability and developing fragility curves for 
reinforced concrete frame buildings subjected to 
landslides. The analysis is based on single-bay, one- 
storey RC frames and explores variations in physical 
and mechanical parameters, including the potential 
presence of weak or flexible foundations (e.g., isolated 
footings). However, the procedure is not designed for 
conditions involving ground deformations. The study 
emphasises the importance of accounting for potential 
foundation failures when buildings are impacted by 
mass movements and is proposed as a preliminary step 
toward more generalizable approaches. The authors 
highlight the scarcity of studies on structural 
vulnerability in unstable or sliding slope conditions and 
advocate for greater research in this area.

Eidsvig et al. (2014)

Propose two methodologies for assessing building 
vulnerability to debris flows. Both approaches use S- 
shaped cumulative distribution functions, fitted to 
empirical data from the Martell Valley event in South 
Tyrol, Italy, in August 1987. The first model produces 
vulnerability curves, while the second develops 
fragility curves based on debris flow height as the 
intensity measure. The authors state that the 
methodology is replicable in other regions; however, it 
depends on the availability of statistically robust data 
from well-documented past events.

Kang and Kim (2016)

Analysed 11 mass movement events triggered by heavy 
rainfall in southern Korea during July and August 
2011. Flow characteristics —such as height, velocity, 
and impact pressure— were measured for 25 affected 
buildings, each of which was classified according to its 
damage state (slight, moderate, extensive, and 
complete). The study used field surveys, spatial data, 
and empirical formulas to analyse the relationship 
between damage states and mass movement intensity. 
Three empirical vulnerability curves were derived as 
functions of flow depth, velocity, and impact pressure. 
A non-linear regression analysis was performed using 
an S-shaped sigmoid function, which asymptotically 
relates vulnerability from near-zero values to a finite 
upper limit.

Papathoma-Köhle et al. 
(2017)

Present, compare, and discuss the strengths and 
limitations of various methods for assessing physical 
vulnerability to mass movements, including 
vulnerability matrices, curves, and indices. The authors 
recommend that future research integrate these three 
approaches to develop a more comprehensive 
assessment tool. They also emphasise the importance of 
incorporating factors such as built environment 
resilience, laboratory testing, flow-structure 
interaction, and systematic damage documentation to 
improve the quality of vulnerability databases.

Parisi and Sabella (2017)

Conducted a fragility analysis of reinforced concrete 
buildings using flow velocity as the intensity measure. 
The authors proposed distinct damage states and 
applied different mechanical models to beams, 
columns, and infill walls through two-dimensional 
analysis. They emphasise that seismic design plays a 
crucial role in mitigating structural fragility caused by 
mass movements. The analysis considered two-storey, 
double-bay, two-dimensional reinforced concrete 

(continued on next page)
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Table 1 (continued )

Reference Input

frames, treated as subsystems extracted from the full 
three-dimensional building structure. These frames 
were assumed to be fixed at the foundation level on an 
immovable and rigid ground (i.e., no 
soil–foundation–structure interaction effects were 
considered).

Zhang et al. (2018)

Present a database derived from a catastrophic mass 
movement that occurred in August 2010 in Zhouqu 
County, Gansu Province, Northwest China, which 
damaged over 390 buildings, including 116 reinforced 
concrete frames and 274 brick-concrete structures. 
Using tools such as FLOW-2D, photo interpretation, 
and field visits, the authors correlate hazard intensity 
with observed building damage. They propose several 
empirical models of physical vulnerability curves for 
damage assessment. However, the database lacks 
information on specific structural damage states.

Sturm et al. (2018a, 
2018b)

Developed an experimental physical model at a 1:30 
scale to simulate the 2005 flood event in 
Schnannerbach, Austria. The impact dynamics of the 
flow were tested on three buildings. The resulting 
measurements were used to validate a 3D numerical 
model (FLOW-3D), incorporating real-time monitoring 
and multivariable regression. The study establishes 
correlations between flow intensity and the resulting 
stresses on structural elements.

Cheung et al. (2018)

Used the LS-DYNA finite element software to 
numerically simulate the interaction between mass 
movements and flexible barriers, incorporating non- 
linear behaviour. The coupled analysis enabled a 
detailed investigation of the energy balance involved in 
the impact process.

Prieto et al. (2018b)

Present a methodology that links hazard intensity to 
the probability of structural damage through the use of 
fragility functions. These functions estimate the 
likelihood of exceeding predefined damage states as a 
function of debris flow intensity, in accordance with 
FEMA guidelines (2012, 2017; FEMA P-58, 2012). The 
study includes detailed damage thresholds for URM 
structures in Medellín, Colombia, with fragility curves 
expressed in terms of momentum flux. The results were 
compared with field data from debris flow events that 
occurred in July and August 2011 in South Korea (Kang 
and Kim, 2016). This research assumes a rigid 
foundation and does not account for permanent ground 
deformation (i.e., flexible foundation).

Papathoma-Köhle et al. 
(2019)

Introduce a method for calculating Physical 
Vulnerability Indices (PVI) for floods in the European 
Alps. Each characteristic of the physical environment is 
evaluated as a weighted contribution, based on expert 
input and field observations. The final index is derived 
from the sum of indicators —such as vulnerability to 
mass movement intrusion, exposure, and building 
characteristics— each adjusted by its assigned weight. 
According to the authors, PVIs offer the advantage of 
providing detailed information on specific 
environmental parameters, representing an alternative 
approach to assessing physical vulnerability. However, 
this method does not consider structural damage 
mechanisms resulting from interaction with mass 
movements.

Luo et al. (2019a)

Simulate the mass movement that occurred on 
December 20, 2015, in Shenzhen, China, using three- 
dimensional terrain modelling with the explicit 
integration software LS-DYNA. The study examines 
three scenarios: green field (no structures), moving 
buildings (to simulate ground sliding), and fixed 
buildings. The simulations demonstrate that the 
presence of densely distributed buildings significantly 
influences flow patterns, displacement distance, 
deposition zones, and the energy transfer mechanism. 
The case involving moving buildings more accurately 
represents real flow conditions, as fixed buildings 
impose greater constraints on the moving mass, 
resulting in increased deformation, higher internal 
energy, and lower kinetic energy of the soil. The largest  

Table 1 (continued )

Reference Input

dissipation of frictional energy is observed in the 
mobile building scenario due to the long sliding 
distances of damaged structures. The findings 
emphasise the importance of considering clusters of 
buildings when conducting hazard mapping and risk 
assessments for mass movement scenarios.

Feng et al. (2019)

Propose a numerical method to simulate debris flow 
and its interaction with buildings over three- 
dimensional terrain, accounting for the destruction 
process. The method uses smoothed particle 
hydrodynamics (SPH) to model the flow and finite 
element methods (FEM) to represent the structural 
components of buildings.

Fuchs et al. (2019b)

Indicate that recent advances in vulnerability 
assessment methods for buildings exposed to torrential 
hazards evidence significant research gaps. The authors 
highlight that, despite numerous studies on the 
physical vulnerability of buildings, there is still limited 
understanding of the interaction between structures 
and the triggering hazard events.

Kean et al. (2019)

Document and map the 2018 Montecito debris flow 
event in California, USA, which affected several 
buildings. Hazard intensity was quantified in terms of 
height, velocity, and momentum flux. Fragility was 
assessed using the methodology proposed by Prieto 
et al. (2018a), resulting in threshold classifications of 
light, moderate, extensive, and complete structural 
damage for wooden buildings. Fragility curves were 
developed based on momentum flux and debris flow 
height. This study does not account for permanent 
ground deformation (i.e., flexible foundations) and is 
valid only for rigid foundation scenarios.

Liang and Xiong (2019)

Investigate the vulnerability of bridge structures in 
China subjected to mass flows by developing a two- 
dimensional structural model—a transverse frame of 
two reinforced concrete columns. The impact forces of 
debris flows were applied in the frame’s plane. 
Deformations were computed using nonlinear 
pushover analysis in the CSI-Bridge software. Based on 
evaluation indices and damage exceedance 
probabilities, fragility curves were derived and 
compared with findings from other authors. This study 
assumes rigid foundations and does not incorporate 
permanent ground deformation.

(Luo, Zhang, et al., 2019) (
Luo et al., 2020)

Address a critical gap in mass movement risk analysis: 
the evaluation of structural response and vulnerability. 
The study focuses on reinforced concrete frame-type 
buildings subjected to debris flow impacts, using 
explicit time integration via the LS-DYNA software. A 
five-class damage classification system was developed, 
based on field observations and simulation results. The 
authors argue that relying on a single intensity measure 
(e.g., impact pressure) is insufficient for predicting 
damage levels. They suggest that buildings in which 
both structural and non-structural components survive 
the initial impact are more likely to reach a stable state, 
due to the rapid decrease in impact pressure. The study 
concludes that structural capacity against landslides 
primarily depends on the global lateral resistance of the 
building, although local failures —particularly in 
columns and walls perpendicular to the flow— are also 
possible. Notably, the analyses are deterministic; a 
fragility analysis that incorporates uncertainties 
related to hazard and building properties has not been 
performed due to computational limitations. The 
method used is nonetheless considered valuable for 
identifying key factors in vulnerability, supporting the 
development of fragility functions and reliability-based 
models. The foundation is not modelled; instead, fixed 
boundary conditions are applied to the base nodes of 
columns and walls, meaning that only the 
superstructure is subjected to mass movement impacts.

Luo et al. (2020)

This study incorporates the interaction between hazard 
intensity, structural damage mechanisms, and 
uncertainty in implicit variables using OPENSEES 
software and Monte Carlo simulation. Fragility curves 

(continued on next page)
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withstand hazard-related impacts. Two primary types of functions are 
commonly used to represent this phenomenon: vulnerability curves and 
fragility curves.

Vulnerability curve functions have typically been employed in re
gions where data on the economic or social consequences of past events 
is available. However, reliable data is often scarce, and these curves are 
difficult to apply retrospectively —even to the same site— because the 
underlying characteristics of the system can vary significantly. In the 
context of mass movement vulnerability, these curves are generally 
constructed by contrasting event intensity with expected economic 
losses (Papathoma-Köhle et al., 2022; Quan Luna et al., 2011). However, 
such studies do not account for the structural performance of buildings. 
As a result, they are unable to predict structural capacity or its uncer
tainty and cannot be applied in integrated multi-hazard risk analyses (e. 
g., earthquake, tsunami, Natech scenarios). An alternative approach for 
deriving loss functions involves expert judgment, in which qualified 
individuals estimate losses based on their experience and available in
formation. While this method can be valuable, it is also inherently 
subjective. By contrast, fragility curves provide, for a given intensity 
level, the probability of reaching or exceeding a specific damage state. 
These curves are often modelled using cumulative lognormal distribu
tions (FEMA, 2012) and are widely accepted as a reliable measure of a 
building’s resistance to natural hazards. Due to their probabilistic na
ture, fragility curves inherently account for uncertainty in damage 
estimation. As such, they are particularly well-suited for multi-hazard 
risk analysis and are considered essential for assessing physical risk 
related to natural phenomena, including mass movements.

Given the advantages of fragility curves —especially their capacity to 
reflect structural performance and support probabilistic risk asses
sments— this study focuses on developing a methodology to derive 
fragility curves and associated damage thresholds for URM and CM 
masonry buildings exposed to mass movements. It is first necessary to 
recognize that building vulnerability under such events stems from two 
distinct but related mechanisms: (1) the direct impact of moving masses 
on the structure, which induces deformations; and (2) permanent 
ground deformations or failures, which can compromise the foundation. 
The first scenario can be addressed as a fixed or rigid base structural 
problem, while the second involves more complex modes of 
ground–foundation failure. Fig. 1 outlines the general procedure pro
posed for evaluating building vulnerability, incorporating both effects. 
However, the focus of this study is on the first case: the structural 
response under the assumption of a rigid foundation.

4. Physical vulnerability model

Following the proposed methodology, a three-dimensional structural 
model is considered under the assumption of a rigid foundation—i.e., no 
deformations are allowed at the base. This simplification facilitates the 
modelling process by allowing the analysis to focus on the parameters 
most relevant to the system’s structural performance. To understand the 
overall behaviour of masonry buildings subjected to mass movements, it 
is important to recognize that the walls parallel to the flow direction 

Table 1 (continued )

Reference Input

for reinforced concrete frame buildings are developed. 
The authors emphasise that the selection of intensity 
measures should align with specific failure 
mechanisms, such as force-dominated or moment- 
dominated behaviour. Composite indicators like 
impact force (hv2) and overturning moment (h2v2) are 
used and reflected in the fragility curves. This research 
assumes a rigid foundation and does not account for 
permanent ground deformation.

Thouret et al. (2020)

Provide a review of the state of the art in mass 
movement risk management, emphasizing that damage 
state probabilities are essential for estimating 
socioeconomic consequences. These probabilities can 
be used in conjunction with empirical loss data to 
produce quantitative risk assessments.

Fang et al. (2021)

Using explicit time integration via LS-DYNA, this study 
investigates the failure mechanisms and structural 
response of a typical reinforced masonry building 
subjected to flood impacts. The analysis assumes a rigid 
foundation and does not consider permanent ground 
deformation.

Chen et al. (2021)

Reproduce the debris flow event of August 20, 2019, in 
Cutou Creek, Wenchuan, Southwest China, using 
FLOW-2D simulation. The study identifies momentum 
flux (hv2) as a realistic indicator of the hydrodynamic 
forces that lead to lateral building displacement and 
associated damage. A database of affected buildings 
and corresponding damage levels was compiled. Based 
on this data, physical fragility curves were proposed for 
unreinforced masonry and wood buildings, following 
the methodology of Eidsvig et al. (2014), offering a 
scientific basis for improved risk management and 
mitigation.

Luo et al. (2023)

Summarize recent developments in vulnerability and 
risk assessment related to mass movements, including 
progress in multi-hazard vulnerability modelling. The 
study emphasises that vulnerability assessment within 
a multi-hazard framework remains an emerging and 
evolving research field.

Huang et al. (2023a)

Presents a sensitivity analysis of peak impact forces 
acting on buildings, considering environmental 
parameters such as the orientation, size of openings, 
azimuthal angle, and proximity of surrounding 
structures. Impact forces were derived from a 
monophasic viscous debris flow using a simplified 
synthetic hydrograph in FLOW-3D (a computational 
fluid dynamics model), and validated through physical 
modelling.

Capparelli et al. (2023)

Calibrate a model using both numerical methods (via 
ABAQUS) and semi-quantitative techniques, assigning 
weights and scores to flood exposure and the physical 
and mechanical properties of URM buildings. 
Probabilistic analysis was conducted using Monte Carlo 
simulation to derive hazard and vulnerability indices 
for flood damage estimation. Structural stability in the 
model depends exclusively on the out-of-plane 
behaviour of walls; in-plane capacity is not considered. 
Collapse is assumed when the first wall or panel fails. 
The analysis does not include permanent ground 
deformation.

Chen et al. (2023)

Apply a risk model for different return periods, 
calculating hazard using FLO-2D and estimating 
vulnerability via adjusted empirical fragility curves 
based on observed building damage from a specific 
event, following Eidsvig et al. (2014). Structural 
damage levels and associated economic losses were 
weighted to quantify risk. The study analyses two 
building types —brick-concrete and masonry-wood— 
but does not perform physical or mechanical 
modelling. Instead, vulnerability is inferred from post- 
event damage records. While useful, the method is not 
easily generalizable due to its dependence on localized, 
event-specific data.

Pu et al. (2023)
Conclude that commonly used methods for assessing 
vulnerability to mass movements —such as Monte 
Carlo simulation and Latin hypercube sampling— are  

Table 1 (continued )

Reference Input

inadequate due to high computational demands. As an 
alternative, the authors propose dynamic contact 
modelling based on the generalized F-discrepancy 
method (GF-discrepancy), which better captures 
interactions between hazards and buildings (Chen 
et al., 2016; Yang et al., 2020). In their study, they 
derive damage mechanisms, vulnerability metrics, and 
fragility curves for a two-storey reinforced concrete 
frame building. The analysis assumes a rigid 
foundation with full constraints, excluding ground 
deformation effects.
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play a key role in resisting the impact, primarily due to their stiffness 
and strength. The mechanical and probabilistic behaviour of these 
structural elements is analysed in the following sections.

4.1. Mechanical analysis

The structural response of masonry buildings to external loads 
—including those generated by mass movements— is governed largely 
by the shear strength of the walls, particularly in low-rise buildings. This 
shear capacity can be idealized using non-linear mathematical models 
that represent each wall as an equivalent structural frame element, 
following the wide-column method (Borah et al., 2023; Gonzales et al., 
2020). In this approach, equivalent frames incorporate a half-height 
shear hinge that allows lateral deformation. A fixed-base condition is 
assumed at the bottom of the frame, while an infinitely stiff beam is 
considered at the top of the wall (Figs. 2 and 3). The shear hinge 
(modelled as a cutting ball joint) enables the construction of a 
displacement versus shear force diagram—i.e., the wall’s lateral ca
pacity curve. This modelling approach ensures that the structure’s ki
nematic compatibility conditions are satisfied.

Each equivalent frame is then assembled to construct a three- 
dimensional model of the building. The overall performance of the 
structure under mass movement loading is evaluated using a nonlinear 
static analysis procedure based on progressive failure, commonly 
referred to as the pushover method (Fig. 4). This technique is a powerful 
tool for assessing the inelastic behaviour of structures subjected to 
lateral loading (Khan, 2013). The conventional pushover method ex
amines how a structure deforms and ultimately collapses under a 
monotonically increasing lateral load distribution (Panyakapo, 2014).

With regard to masonry failure modes under lateral loads such as 
those caused by mass movements, this study emphasises the shear 
strength behaviour of walls both with and without confinement. The 
shear capacity of the masonry was analysed considering the effects of 
compressive stresses induced by gravitational loads acting perpendic
ular to the horizontal joints.

Unconfined, unreinforced masonry (URM) typically consists of walls 
constructed with fired clay bricks bonded with lime or cement mortar. 
This material system is heterogeneous and nonelastic, with brick prop
erties that vary across regions depending on local soil composition and 
the specific techniques used for molding and firing (Joshi and Jain, 

Fig. 1. Methodology for assessing the physical vulnerability of buildings to mass movements. PSDI (DS ≥ ds): Probability of reaching or exceeding a given damage 
state due to the direct impact of the mass movement on the building. PGF (DS ≥ ds): Probability of reaching or exceeding a damage state due to permanent ground 
deformation. Pcomb (DS ≥ ds): Combined probability of reaching or exceeding a damage state considering both direct impact and ground deformation. Pcomb (DS =
ds): Combined probability of being in a specific damage state resulting from either direct impact or permanent ground deformation. Su: Soil undrained strength; c: 
Effective cohesion; ϕ: Effective friction angle; h: Mass movement height; hv2: Momentum flux.

Fig. 2. URM wall and its equivalent nonlinear model.
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2013). The most critical behaviour considered in this study is based on 
the failure modes proposed by Mann and Müller (1982) (cited in Szabó 
et al., 2023), which characterize masonry response as brittle in tension 

due to the bricks and weakened by the presence of mortar joints. Three 
primary failure modes are considered: friction-shear, diagonal tension, 
and compression (Figs. 5 and 6). The friction-shear mode occurs under 

Fig. 3. CM wall and its equivalent nonlinear model.

Fig. 4. Conventional pushover analysis and building capacity curve.

Fig. 5. (a) Friction-shear failure mode: sliding along horizontal joints; (b) Friction-shear failure mode: sliding along horizontal and vertical joints in unreinforced 
masonry (URM) walls.
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low compressive normal stress and is primarily associated with weak 
bonding between mortar and brick, leading to sliding shear failures 
along the horizontal and vertical joints (Fig. 5). The calculation of shear 
strength in this mode follows the Mohr-Coulomb failure criterion, 
adjusted using an empirical coefficient based on experimental data. 

V1 =

⎛

⎜
⎝

c + μ σv

1 + μ 2h
l

⎞

⎟
⎠ tL (1) 

Where c is the cohesive strength of the masonry bed joints, μ = tan(ϕ) 
is the friction coefficient of the bed joints, ϕ is the friction angle, σᵥ 
represents the gravitational load acting on the wall, and t and L denote 
the thickness and length of the wall, respectively. h and l refer to the 
height and length of the individual bricks.

When normal compressive stresses are moderately increased, the 
shear strength of the mortar joints also increases. Under such conditions, 
it becomes likely that diagonal tension failure will occur within the brick 
units of URM walls (Fig. 6a). The shear strength associated with this 
failure mode is calculated using Eq. (2), where f’tb is the tensile strength 
of the brick, assumed to be 10 % of its compressive strength f’cb. 

V2 =

[
f´tb
2.3

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

1 +
σv

f́ tb

)√ ]

tL (2) 

At very high levels of normal stress, failure occurs in compression, 
resembling the failure mode observed under direct compressive loading. 
However, in this case, the presence of shear stress leads to a reduction in 
the masonry’s compressive strength (Fig. 6b). The shear strength asso
ciated with this failure mode is calculated using Eq. (3), where f’m is the 
compressive strength of the masonry. 

V3 =

[

(fʹm − σv)
l

2h

]

tL (3) 

With regard to deformation calculations, the relationship between 
shear stresses and the lateral stiffness of the wall enables the estimation 
of the yield-limit deformation. The wall’s stiffness in the elastic range is 
determined according to Alcocer-Martínez de Castro et al. (2013), as 
shown in Eq. (4): 

Ke =

(
H3

βEmIm
+

γH
AGm

)− 1

(4) 

Where H is the effective height of the wall; Eₘ is the modulus of 

elasticity of the masonry; Gₘ is the masonry shear modulus; A is the 
effective shear area; β is a coefficient based on wall support conditions: 3 
for cantilever walls, 12 for fixed-end walls, 9 is used for intermediate 
floors, and 3 for top floors with lightweight roofs; Iₘ is the moment of 
inertia of the wall section; γ is a shape factor relating average shear stress 
to maximum shear stress, equal to 1.2 for rectangular sections.

Recognizing that URM walls subjected to lateral loading typically 
exhibit brittle behaviour, a perfect elastoplastic capacity curve is 
assumed. The ultimate strain is taken as three times the yield strain, 
following Fenton (1989).

Confined Masonry (CM) is a construction system where the masonry 
structural walls are confined on its four sides by reinforced tie columns 
and tie beams (Adhikari et al., 2023) (Fig. 7). The confining elements 
have the same thickness as the wall.

CM walls must be properly distributed along both principal di
rections of the building, in plan and elevation. This configuration pro
vides significantly improved structural performance under lateral loads 
when compared to unreinforced masonry (URM) buildings.

Statistically calibrated trilinear capacity curves for CM walls —both 
with and without transverse reinforcement— subjected to lateral loads 
applied in-plane have been proposed by Flores and Alcocer (1996). 
Building on this and subsequent experimental work, Alcocer-Martínez 
de Castro et al. (2013) proposed a trilinear curve for the inelastic range. 
The cracking shear strength is estimated using Eq. (5). The maximum 

Fig. 6. (a) Diagonal tension failure mode in URM masonry (including cracking of bricks); (b) Compression failure mode in URM masonry.

Fig. 7. Diagonal compression failure mode in confined masonry (CM) walls and 
arrangement of reinforced tie columns and tie beams.

A.L. Silva-Ceron et al.                                                                                                                                                                                                                         Engineering Geology 352 (2025) 108091 

8 



shear strength and ultimate shear strength are determined using Eqs. (6) 
and (7), respectively. 

Vcr = (0.5vm +0.3σv)tL ≤ 1.5vmtL (5) 

Vmax = Vcr +1.26ηndb
2 ̅̅̅̅̅̅̅̅̅̅

f ’cfy
√

≤ 1.25Vcr (6) 

Vult = 0.8Vmax (7) 

Where vm is the nominal shear stress of the masonry, σv is the 
gravitational load on the wall, t and L are the wall thickness and length, 
n expresses the number of longitudinal reinforcement bars, η is the ef
ficiency factor (0.3), db is the diameter of the longitudinal reinforce
ment, f’c is the compressive strength of the concrete, and fy is the yield 
strength of the longitudinal reinforcement. Regarding the calculation of 
deformations, the relationship between the shear force and the wall’s 
lateral stiffness allows for deducing the yield-limit deformation. The 
stiffness in the elastic range is determined using Eq. (8), where Ic and Is 
represent the contributions of the tie columns and longitudinal steel to 
the total moment of inertia, respectively. 

Ke =

[
H3

βEm(Im + Ic + Is)
+

γH
AGm

]− 1

(8) 

The displacement corresponding to the maximum shear force Vmax is 
calculated as the ratio between Vmax and 25 % of the wall’s lateral 
stiffness (Ke). The displacement corresponding to the ultimate shear 
force Vult is determined by dividing Vult by 11.25 % of the wall’s lateral 
stiffness (Ke) (Alcocer-Martínez de Castro et al., 2013).

4.2. Probabilistic model

The performance analysis of masonry buildings involves multiple 
variables, each associated with a certain degree of uncertainty. To 
capture the variability of these parameters within a three-dimensional 
model, simulation methods such as the Monte Carlo technique, are 
typically employed. However, Monte Carlo simulations require a large 
number of iterations —often in the hundreds of thousands or even 
millions— to achieve statistically reliable outcomes. This makes the 
approach computationally expensive and impractical for routine appli
cation, especially in resource-constrained settings, typical of many re

Fig. 8. General procedure for obtaining structural capacity curves using the Rosenblueth point estimation method.

Table 2 
Statistical mechanical parameters URM structures.

Parameter Mean value sd

f’m (MPa) 3 0.9
c (MPa) 0.14 0.08
μ 0.6 0.3
f’cb (MPa) 5 2

Table 3 
Statistical mechanical parameters CM structures.

Parameter Mean value (MPa) sd

f’m 3 0.9
νm 0.48 0.05
f’c 20 4
fy 420 25
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gions in the Global South (Asteris et al., 2014; Thinley and Hao, 2017). If 
there are n variables, and assuming that each variable requires at least 
1000 values to define its probability density function (Heijungs, 2020), 
the total number of combinations becomes 1000ⁿ. For instance, model
ling five parameters would require 10005 runs of a three-dimensional 
structural model. In contrast, the point estimation method used in this 
study would only require 2ⁿ = 32 runs for five parameters. Therefore, 
this research adopts the point estimation method for probabilistic mo
ments originally proposed by Rosenblueth (1975), which incorporates 
both epistemic and aleatory uncertainty in the structural performance 
model. This method significantly simplifies the estimation of a func
tion’s mean and standard deviation, and although its precision may 
slightly diminish with highly dispersed variables, it remains an efficient 
and practical alternative (Thinley and Hao, 2017). From the function Y 
= f (x₁, x₂, …, xₙ), where n is the number of variables, it is necessary to 
define the mean value (μₓᵢ) and standard deviation (σₓᵢ) of each variable 
xᵢ. According to the method, there are 2ⁿ combinations of the form Yᵢⱼ…ₙ 
= f(μₓᵢ ± σₓᵢ, μₓₙ ± σₓₙ). The expected value and standard deviation of 
the function are then calculated using Eqs. (9) and (10), respectively: 

E(Y) =
∑(

Pij..n
)(

Yij..n
)

(9) 

S(Y) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

E
(
Y2

)
− [E(Y) ]2

√

(10) 

The weighting factor Pij..n for each estimate is defined in Eq. (11): 

Pij..n =
1
2n

(
1±

∑
ρij..n

)
(11) 

The term ρij..n denotes the correlation coefficients between the 
function’s variables. The number of correlations among n variables is 
given by the relation n(n− 1)

2 , and 2ⁿ weighting factors are calculated 
accordingly. A general illustration of Rosenblueth’s method is presented 
in Fig. 8.

The mean mechanical property values and their corresponding 
standard deviations for URM and CM structures were taken from Ta
bles 2 and 3, while gravitational load conditions are shown in Table 4. 
These parameters were compiled from several key references (Afanador- 
García et al., 2012; Ahmed et al., 2019; Flores et al., 2013; Joshi and 
Jain, 2013; Khanmohammadi et al., 2014; Luo et al., 2021; Magenes and 
Calvi, 1997; Meli and Reyes, 1971; Muhit et al., 2022; Odacıoğlu and 
Doğan, 2019; Paulay and Priestley, 1992; Vamvatsikos and Pan
tazopoulou, 2010). In addition, expert opinion was considered to com
plement the database. The parameters used are representative of 
existing masonry buildings, which in many cases are the result of 
informal construction processes carried out with low-quality standards.

For the probabilistic analysis based on Rosenblueth’s method, it is 
essential to consider the correlations between the involved variables. In 
general, the correlation between the physical and mechanical properties 
of masonry depends on multiple factors, including the type of masonry, 
the characteristics of confinement (if present), the properties of the 
constituent materials, the conditions of the contact surfaces, surface 
roughness, curing conditions, the presence of lubricants or slip agents, 
construction quality, and load conditions, among others. The correlation 
coefficients used in this study are presented in Table 6. These values are 
derived from a combination of published references (CEN, 2005; 
Elghazouli and Peppin, 2011; Gonen et al., 2022; Gumaste et al., 2007; 
Jafari et al., 2017, 2022; Masonry Standards Joint Committee, 2013; 
Odacıoğlu and Doğan, 2019; Pulatsu et al., 2020) and expert judgment. 
For clarity, Table 5 provides the identification of each variable used in 
the correlation matrix.

4.3. Masonry structures’ capacity curves

Three-dimensional models of URM and CM buildings were analysed 

Table 4 
Standard deviations, URM and CM structures.

Parameter Mean value (MPa) sd

σv11 0.065 0.015
σv 21 0.20 0.050
σv 22 0.065 0.015
σv 31 0.38 0.09
σv 32 0.20 0.050
σv 33 0.065 0.015
σv 41 0.49 0.110
σv 42 0.38 0.09
σv 43 0.20 0.050
σv 44 0.065 0.015

Note. σvij refers to the mean afferent gravitational load acting on a wall in 
building i, located at level j. This value includes the self-weight of the wall, slabs, 
ceiling, roof, and 20 % of the live loads.

Table 5 
Identification of variables for URM and CM used in correlation calculations.

Parameters (URM) ID Parameters (CM) ID

f’m 1 vm 1
c 2 f’c 2
μ 3 fy 3
σv 4 σv 4
f’cb 5 f’m 5

Table 6 
Correlation coefficients for URM and CM walls used in the application of 
Rosenblueth’s method.

Correlation (URM walls) ID Correlation (CM walls) ID

1_2 0.3–0.5 1_2 0
1_3 0.1–0.2 1_3 0
1_4 0.3–0.5 1_4 0.3–0.5
1_5 0.3–0.5 1_5 0.3–0.5
2_3 0.0–0.2 2_3 0
2_4 0 2_4 0
2_5 0 2_5 0
3_4 0 3_4 0
3_5 0 3_5 0
4_5 0 4_5 0.3–0.5

Table 7 
Capacity curve results for masonry structures with 12 cm wall thickness.

Structure Group Median value β

Fy (kN) Fu (kN) sdln

URM 1 Storey 102 114 0.41
URM 2 Storeys 189 221 0.36
URM 3 Storeys 302 333 0.31
URM 4 Storeys 352 386 0.31
CM 1 Storey 246 340 0.10
CM 2 Storeys 441 583 0.10
CM 3 Storeys 746 1004 0.10
CM 4 Storeys 868 1126 0.13

Table 8 
Capacity curve results for masonry structures with 20 cm wall thickness.

Structure Group Median value β

Fy (kN) Fu (kN) sdln

URM 1 Storey 166 206 0.45
URM 2 Storeys 285 337 0.37
URM 3 Storeys 411 461 0.31
URM 4 Storeys 547 602 0.27
CM 1 Storey 444 681 0.10
CM 2 Storeys 741 1040 0.10
CM 3 Storeys 1323 1780 0.10
CM 4 Storeys 1571 2004 0.13
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using the point estimation method for probabilistic moments 
(Rosenblueth, 1975), as illustrated in Fig. 8. The nonlinear behaviour of 
masonry was incorporated by idealizing the structural system with the 
equivalent frame method (wide-column approach) (Gonzales et al., 
2020). Using ETABS software, 48 representative buildings were 
modelled, categorized according to construction typology (URM and 
CM), architectural configuration (corner, party, and standalone build
ings), number of storeys (1 to 4), and average wall thickness (12 cm and 
20 cm). This included 24 URM and 24 CM structures. Considering the 
typical brick arrangements in wall construction, average wall thickness 
of 12 cm and 20 cm and an inter-storey height of 2.4 m were utilised. In 
buildings with a wall thickness of 12 cm, an average wall density in the 
longitudinal direction per floor of 0.049 m2/m2 was used, and an 
average wall density in the orthogonal direction per floor of 0.029 m2/ 
m2. For buildings with a wall thickness of 20 cm, an average wall density 
in the longitudinal direction per floor of 0.082 m2/m2 was used, and an 
average wall density in the orthogonal direction per floor of 0.048 m2/ 
m2. The geometric configurations described above are based on prior 
studies (Acevedo et al., 2017; Adhikari et al., 2023; Yekrangnia, 2023) 
and complemented by expert judgment. Following Rosenblueth’s 
method, 2ⁿ models were analysed, where n is the number of variables 
considered as random. For the 24 URM structures, uncertainty was 
incorporated into five variables (c, f’ₘ, μ, f’ₜ, σᵥ), resulting in 32 simu
lations per structure, for a total of 768 URM models. Similarly, for the 24 
CM structures, uncertainty was modelled in five variables (f’ₘ, vₘ, fᵧ, f’c, 
σᵥ), again leading to 768 models. In total, 1536 models were analysed 
using the pushover method, a progressive static nonlinear analysis 
procedure. The distribution of mass movement pressure was assumed 
uniform across the structures (Luo et al., 2020), with a maximum con
tact height of 4.8 m. The results of the lateral capacity curve parameters 
under the rigid base assumption are presented in Tables 7 and 8.

4.4. Masonry structures’ fragility curves (fix/rigid foundations)

As discussed in Section 3, fragility curves are used to quantify the 
vulnerability of buildings. Following standard practice, log-normal 
functions are adopted to define fragility curves for mass movements, 
using momentum flux (hv2) as the hazard intensity parameter—where h 
and v represent the depth and velocity of the mass movement at a given 
location, respectively (Prieto et al., 2018b). Each fragility curve is 
characterized by a median value and a log-normal standard deviation 
(β). Accordingly, the probability of reaching or exceeding a specific 
damage state, given the structural response to a defined hazard, is 
calculated using the following expression: 

P
[
DS

/
hv2] =

[
1

βDS
ln
(

hv2

hv2
DS

)]

(12) 

where:
hv2: is the mass movement impact index that represents the intensity 

of the hazard, Fig. 9.
hv2DS: is the median value of the impact index at which the building 

reaches the Damage State (DS).
βDS: is the standard deviation of the natural logarithm of the impact 

index associated with a Damage Stat (DS).
Φ: is the standard normal cumulative distribution function.

Table 9 
Log-normal distribution parameters used to construct the fragility curve for 
URM buildings (complete damage state). Based on Prieto et al. (2018a).

Parameter Median value β (sdln)

Kd 1.2 0.52
ρ (kg/m3) 2000 0.12
Cd 2 0.37
W (N) 812,793 0.60
B (m) 7.1 0.24
W/B (N/m) 115,349 0.53
Au = Ay (g) 0.53 0.33

Table 10 
Log-normal distribution parameters for fragility curves of URM and CM build
ings (wall thickness = 12 cm).

Parameter Median value β (sdln)

Kd 1.2* 0.52*
ρ (kg/m3) 2000* 0.12*
Cd 2* 0.37*
B (m) 7.0 0.21
Fyi (kN) Table 7 Table 7
Fui (kN) Table 7 Table 7

* Prieto et al. (2018a).

Table 11 
Log-normal distribution parameters for fragility curves of URM and CM build
ings (wall thickness = 20 cm).

Parameter Median value β (sdln)

Kd 1.2 0.52
ρ (kg/m3) 2000 0.12
Cd 2 0.37
B (m) 7.0 0.21
Fyi (kN) Table 8 Table 8
Fui (kN) Table 8 Table 8

Table 12 
Fragility curve parameters for URM and CM buildings (1–4 storeys, wall thick
ness = 12 cm). Intensity: momentum flux.

Structure Type Median hv2 (m3/s2) β DS

Slight Moderate Extensive Complete sdln

URM 1 Storey 3.55 7.10 7.51 7.89 0.80
URM 2 Storeys 6.69 13.38 14.54 15.69 0.80
URM 3 Storeys 10.88 21.75 22.86 23.95 0.80
URM 4 Storeys 12.66 25.31 26.54 27.75 0.80
CM 1 Storey 9.21 18.42 22.09 25.52 0.70
CM 2 Storeys 16.52 33.05 38.56 43.68 0.70
CM 3 Storeys 27.98 55.95 65.96 75.26 0.70
CM 4 Storeys 32.50 65.00 75.17 84.16 0.70

Table 13 
Fragility curve parameters for URM and CM buildings (1–4 storeys, wall thick
ness = 20 cm). Intensity: momentum flux.

Structure Type Median hv2 (m3/s2) β DS

Slight Moderate Extensive Complete sdln

URM 1 Storey 5.76 11.53 12.67 13.81 0.84
URM 2 Storeys 10.00 20.02 21.91 23.79 0.80
URM 3 Storeys 14.81 29.63 31.37 33.10 0.80
URM 4 Storeys 19.89 39.79 41.80 43.80 0.80
CM 1 Storey 16.65 33.30 42.40 51.06 0.70
CM 2 Storeys 27.80 55.60 67.15 77.99 0.70
CM 3 Storeys 49.61 99.23 116.94 133.43 0.70
CM 4 Storeys 58.81 117.62 134.76 149.78 0.70

Table 14 
Fragility curve parameters for URM and CM buildings (1–4 storeys, wall thick
ness = 12 cm). Intensity: flow depth (height).

Structure Group Median h (m) β DS

Slight Moderate Extensive Complete sdln

URM 1 Storey 0.40 0.56 0.58 0.59 0.67
URM 2 Storeys 0.54 0.77 0.80 0.83 0.67
URM 3 Storeys 0.69 0.98 1.00 1.03 0.67
URM 4 Storeys 0.75 1.06 1.08 1.11 0.67
CM 1 Storey 0.64 0.91 0.99 1.07 0.54
CM 2 Storeys 0.86 1.21 1.31 1.39 0.54
CM 3 Storeys 1.12 1.58 1.71 1.83 0.54
CM 4 Storeys 1.20 1.70 1.83 1.93 0.54
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The median value corresponds to the point at which the probability 
of reaching or exceeding the damage state is 50 %, i.e., it defines the 
threshold value. The standard deviation provides an indication of the 
dispersion of the fragility curve.

The momentum flux (hv2) —also referred to as the impact index— is 
mathematically defined as the product of the mass movement depth and 
the square of the maximum flow velocity at a given location (Fig. 9). It is 
recognized as a realistic indicator of the hydrodynamic forces that cause 
the lateral displacement of buildings and other assets (Jakob et al., 
2012). From a physical standpoint, momentum flux reflects the hydro
dynamic drag force normalized by the fluid density and the width of the 
building.

The hydrodynamic force acting on the structure is calculated based 
on FEMA (2017), as shown in Eq. (13): 

Fa =
Kd

2
Cd.ρ.B

(
hv2) (13) 

The impact coefficient (Kd) adjusts the hydrodynamic force to ac
count for the size of the material transported by the mass movement, 
which may intensify the force and increase the potential for damage. The 
drag coefficient (Cd) is included in the model to account for the resis
tance created by the interaction between the moving mass and the 
structure. The parameter ρ represents the density of the mass movement 
material, which varies depending on the type of phenomenon. The 
building width (B) is measured perpendicular to the direction of the 
flow. Each random variable used in the formulation is represented by a 
lognormal distribution function.

The structural capacity thresholds in response to mass movements 
are defined based on varying damage states, as illustrated in Fig. 10 and 
described below:

Slight Damage State. Occurs when the mass movement hazard 
equals half the building’s yield strength at the base (Kean et al., 2019). 

Fr elastic =
Fy

2
(14) 

Moderate Damage State. Defined as the point at which the hazard 
equals the building’s basal yield strength. 

Fr yield = Fy (15) 

Extensive Damage State. Occurs when the hazard reaches the 
average of the building’s yield and ultimate strength. 

Fr extensive =
Fy + Fu

2
(16) 

Complete Damage State. Reached when the hazard exceeds the 
building’s ultimate strength. 

Fr complete = Fu (17) 

The acting mass movement force (Eq. 13) can be matched with the 
building’s lateral capacity expressions (Eqs. 14, 15, 16, and 17) to solve 
for the momentum flux threshold, hv2, associated with each damage 
state, as shown in Eq. (18): 

hv2 =
2Fr

Kd.Cd.ρ.B
(18) 

By incorporating the uncertainty parameters of each variable, it 

Table 15 
Fragility curve parameters for URM and CM buildings (1–4 storeys, wall thick
ness = 20 cm). Intensity: flow depth (height).

Structure Group Median h (m) β DS

Slight Moderate Extensive Complete sdln

URM 1 Storey 0.51 0.72 0.75 0.78 0.70
URM 2 Storeys 0.66 0.94 0.99 1.03 0.67
URM 3 Storeys 0.81 1.15 1.18 1.21 0.67
URM 4 Storeys 0.94 1.33 1.36 1.39 0.67
CM 1 Storey 0.86 1.22 1.37 1.51 0.54
CM 2 Storeys 1.11 1.57 1.73 1.86 0.54
CM 3 Storeys 1.49 2.10 2.28 2.44 0.54
CM 4 Storeys 1.62 2.29 2.45 2.59 0.54

Table 16 
Buildings affected by mass movements in South Korea.

Building 
N◦

Flow depth 
(m)

Flow velocity 
(m/s)

Momentum flux 
(m3/s2)

Damage 
State

k-1 0.71 3.2 7.27 Complete
a-4 0.99 3.5 12.13 Complete
a-1 1.33 3.4 15.37 Complete
i-3 1.44 3.5 17.64 Complete
i-2 1.98 3.7 27.11 Complete
b-1 2.7 3.5 33.08 Complete
i-1 3.22 4.2 56.80 Complete
j-1 3.23 6.6 140.70 Complete

Table 17 
Summary of fragility curve parameters for complete damage in URM buildings.

Type Median hv2 (m3/s2) β DS

Complete damage sdln

South Korea field data 24 1.0

URM fragility curve (current research), 
two stories, 20 cm wall thickness

23.79 0.80

China fragility curve 26 –

Table 18 
Buildings affected by mass movements in Salgar, Antioquia, Colombia (DAPARD, 2015).

Building N◦ Latitude Longitude Flow depth (m) Flow velocity (m/s) Momentum flux (m3/s2) Damage State

7 5.958577 − 76.006682 0.45 2.52 2.84 Complete
5 5.95879 − 76.006511 0.44 3.06 4.14 Complete
4 5.958832 − 76.006497 0.57 2.95 4.98 Complete
6 5.958731 − 76.006571 0.64 2.87 5.26 Complete
3 5.958879 − 76.006485 0.7 3.44 8.25 Complete
2 5.95896 − 76.006332 1.11 3.57 14.1 Complete
1 5.95901 − 76.006252 1.19 3.76 16.88 Complete

Note. All affected buildings were single-storey URM structures with an average wall thickness of 12 cm and lightweight asbestos-cement roofing.

Table 19 
Summary parameters for fragility curves (momentum flux), complete damage, 
URM buildings (hv2 intensity).

Type Median hv2 (m3/s2) β DS

Complete damage sdln

Salgar, Antioquia, Colombia, data adjustment 7.0 0.86

URM fragility curve (current research), 
single storey, 12 cm wall thickness

7.89 0.80
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becomes possible to estimate the median momentum flux, hv2DS, and its 
standard deviation, βDS, as illustrated in Fig. 11.

4.5. Application of the proposed method

Previous research estimated fragility curves for the complete damage 
state of URM buildings under mass movements (Prieto et al., 2018b). 
That study obtained a median threshold value for momentum flux of 
23.32 m3/s2 and a log-normal standard deviation of 0.899. The analysis 
was conducted in Medellín, Colombia, on 40 buildings ranging from 1 to 
4 storeys, all with an average wall thickness of 20 cm. The researchers 
employed typical earthquake-based assumptions to estimate buildings’ 
lateral capacity and uncertainty, drawing from sources such as Acevedo 
et al. (2017). The resisting force (Fr) for the complete damage state was 
calculated using seismic parameters (Au, Ay), gravitational loads (W), 
building width (B), modal seismic parameters (α), and over-resistance 
factors (λ), in accordance with FEMA (2012), as summarized in Table 9.

The current methodology improves upon that proposal by 

incorporating the structural behaviour of URM and CM buildings spe
cifically under mass movement loads. Parameters used for wall thick
nesses of 12 cm and 20 cm are presented in Tables 10 and 11.

The parameters for fragility curves —median values and log- 
standard deviations— are summarized in Tables 12 and 13. Graphical 
representations are included in Appendix A.

Additionally, fragility curves were generated using the mass move
ment height at impact as an alternative intensity measure. The acting 
hydrostatic force was calculated based on Armanini (2008). 

Fa =
CS

2
ρgh2B (19) 

Here, gravity is 9.81 m/s2. CS is a dimensionless coefficient that 
accounts for the overpressure effect due to the dynamic behaviour of the 
flow (Hu et al., 2011; Huebl et al., 2017; Vagnon and Segalini, 2016); ρ is 
the density of the material; h is the depth (or height) of the mass 
movement; and B is the width of the structure. Due to the availability of 
only extreme data, the coefficient CS is represented by a continuous 
uniform probability distribution function. The distributions for density 
and building width are as previously defined. By matching the acting 
lateral force expression (Eq. 19) with the corresponding capacity levels 
(Eqs. 14, 15, 16, and 17), threshold heights and their associated un
certainties were derived and are presented in Tables 14 and 15. 
Graphical representations are included in Appendix B.

5. Validation

The results of the proposed model were compared with field data 
obtained from case studies in South Korea and Colombia. One of the 
main challenges in validating fragility models for mass movements lies 
in the limited availability of published data that report both hazard in
tensity measures (e.g., flow depth and velocity) and detailed structural 
classification of the affected buildings, including observed damage 
states. A comprehensive database of 68 mass movement events compiled 
by Jakob et al. (2012) includes relevant hazard parameters —flow 
depth, velocity, and momentum flux (minimum, average, and 
maximum)— but unfortunately omits structural typologies and damage 
classification schemes (e.g., HAZUS system). As a result, these data 
cannot be directly used to test fragility models based on structural 
performance. In Southwest China, 61 buildings were affected by the 
August 20, 2019 mass movement event in Cutou Gorge, Wenchuan, of 
which 19 were unreinforced masonry (URM) structures ranging from 
one to two storeys in height. According to Chen et al. (2021), this event 
verified a mean momentum flux threshold of 26 m3/s2 for a complete 
damage state. While detailed information on each individual structure 

Fig. 10. Structural capacity curve used in the probabilistic analysis.

Table 20 
Summary parameters for fragility curves (flow height), complete damage, URM 
buildings (h intensity).

Type Median h (m) β DS

Complete damage sdln

Salgar, Antioquia, Colombia data adjustment 0.70 0.55

URM fragility curve (current model), 
single storey, 12 cm wall thickness

0.59 0.67

Fig. 9. Impact index or momentum flux.
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was not available, visual analysis of images suggests an average wall 
thickness of approximately 20 cm. For the purposes of this study, we 
were able to compile sufficient and relevant data from two additional 
sources: The South Korean dataset published by Kang and Kim (2016)
and a mass movement event in Colombia that occurred in 2015. These 
two cases are described in more detail in the following sections.

5.1. Data from South Korea

A dataset that includes both hazard parameters and specific struc
tural data is provided by Kang and Kim (2016). These authors collected 
and analysed detailed information from 25 buildings affected by 11 
mass movement events in South Korea. For each site, they reported flow 
depths, velocities, and impact pressures, and also classified the building 
types and damage states according to the HAZUS system. Using the re
ported depth and velocity data, we calculated the momentum flux for 
each building. Results for the URML buildings —the most abundant 
category in the dataset— are presented in Table 16. This group includes 
eight unreinforced masonry (URM) buildings, between one and two 
storeys, all of which experienced complete damage.

An approximate cumulative distribution function was generated 
using rank probability (i.e., sorting the momentum flux values from 
lowest to highest and dividing each rank by the total number of obser
vations to obtain a probability). This empirical curve is plotted as dots in 
Fig. 12. A log-normal fragility curve was fitted to the field data, yielding 
a median momentum flux of 24 m3/s2 and a log-normal standard 

deviation (β) of 1.0.
Fig. 12 and Table 17 highlight the strong agreement between the 

empirical fragility curve based on South Korean field data and the 
model-derived fragility curve from the current study for URM buildings 
with 20 cm wall thickness and two storeys. The median values are 
remarkably similar —ranging from 23 to 26 m3/s2— and represent the 
thresholds at which complete damage is expected due to mass move
ment impact.

While the S-shaped fragility curves proposed by Chen et al. (2021)
differ in form from the fitted curve based on South Korean data and the 
function proposed here, the complete damage threshold is consistent, as 
shown in Table 17.

5.2. Intensity parameters and physical damage in buildings due to the 
mass movement occurred in Salgar, Antioquia, Colombia

In the early morning of May 18, 2015, intense rainfall occurred in the 
upper basin of the Liboriana Creek, located in the municipality of Salgar, 
department of Antioquia, Colombia. These rains triggered a series of 
debris flows that converged through multiple channels and rapidly 
descended toward the lower basin in the form of a torrential flood. Along 
its path, the mass movement destroyed approximately 90 houses, 
claimed the lives of 94 individuals, left 11 missing, and impacted an 
estimated 1397 people.

To estimate the hazard intensity parameters (flow depth h and ve
locity v) required for the validation of the proposed methodology, a 

Fig. 11. Methodology for determining building fragility curves corresponding to different damage states.
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hydraulic model of the Liboriana stream was developed using HEC-RAS 
v6.5. The simulation was based on updated 2023 topography and rep
resented a 300-year return period flow scenario, with a 40 % increase in 
discharge to account for sediment contribution. The results of the 2D 
model provided the spatial distribution of flow depth (Fig. 13) and 

velocity (Fig. 14), which were then used to calculate momentum flux 
(hv2) at the location of the affected buildings.

It is important to note that the model was run using post-event 
topography. Photographic evidence suggests that, prior to the 2015 
event, the channel was shallower, which could imply that the modelled 

Fig. 12. Fragility curves for complete damage in URM buildings from two sources: South Korea field data (dots) and the current research model (solid line) for two- 
storey buildings with an average wall thickness of 20 cm.

Fig. 13. Flow depth for the 300-year return period debris flow (free water surface).
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momentum flux values are conservative compared to the original 
conditions.

The description of the building damage was taken from the report 
prepared by the Administrative Department of Disaster Prevention, 
Response, and Recovery System of Antioquia (DAPARD, 2015), based on 
several field visits conducted between March 18 and 22, 2015. In this 
report, the destroyed or damaged houses located in different sectors of 
the municipality along the Liboriana Creek were identified and geore
ferenced using geographic coordinates. Additionally, photographic ev
idence included in the report documented the condition of the affected 
structures (Fig. 15). Based on this information, it was possible to geo
locate the impacted houses and assign to each of them the corresponding 
maximum momentum flux values, as presented in Table 18.

Fig. 15 shows one of the areas where the destroyed houses were 
located, of which only the foundation slabs remain.

To validate the proposed fragility curves, a rank-based cumulative 
distribution of momentum flux values was generated. As shown in 
Fig. 16, there is a strong agreement between field data and the model- 
derived fragility curve for single-storey URM buildings with 12 cm 
walls. This correspondence is further supported by the summary pre
sented in Tables 19 and 20.

6. Discussion

Assessing physical vulnerability due to mass movements is essential 
for reducing risk and enhancing regional resilience. Despite advances in 
understanding the interaction between mass movement hazards and 
structural fragility, vulnerability assessment remains a weak component 
in quantitative risk analyses (Huang et al., 2023a; Luo et al., 2023). This 
gap is even more pronounced for URM and CM buildings, which 
comprise a significant portion of residential and informal constructions 
globally. Although no HAZUS module currently exists for mass move
ments, the methodology developed for tsunamis serves as a benchmark 
for calculating structural fragility due to these hazards, as demonstrated 
by Kean et al. (2019) and Prieto et al. (2018a). However, it is important 
to note that those studies relied on seismic design parameters to estimate 
structural capacity (Luo et al., 2023). This paper introduces a model for 
the structural behaviour of URM and CM buildings subjected to lateral 
loads from mass movements, without relying on seismic parameters. The 
methodology is particularly suited for less developed regions where 
laboratory and field data are scarce, sophisticated equipment is un
available, and time constraints are pressing. The three-dimensional 
mechanical behaviour of URM and CM buildings is studied, empha
sizing the role of the global structural performance of the buildings in 
the shear resistance offered by the walls to in-plane lateral loads. This 
concept is based on the great rigidity and resistance that these walls offer 

Fig. 14. Flow velocity for the 300-year return period debris flow (free water surface).
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in-plane, being responsible for providing lateral stability to the building 
against mass movements. Without knowing the direction of attack of the 
flow against buildings, three-dimensional models (assuming a fixed/ 
rigid base) were analysed using the nonlinear pushover method. Each 
structure was loaded independently in its two main orthogonal di
rections, choosing the most critical response in terms of shear capacity. 
The macro-modelling approach using equivalent frames (Section 4.1) 
proved to be an effective tool for this study, allowing the capture of the 
global behaviour of masonry structures and the performance of 
nonlinear (‘pushover’) analysis with a manageable computational cost, 
in line with previous findings on its efficiency (Ahmed et al., 2019).

The Rosenblueth simulation method offers an effective and efficient 
probabilistic tool for determining the lateral structural capacity of three- 

dimensional models, specifically in terms of shear strength and associ
ated uncertainties. In comparison to the use of micromodels or detailed 
finite element models that account for dynamic interactions with impact 
loads —along with Monte Carlo simulations— the differences in 
computational cost, required resources, and processing time are sub
stantial. Moreover, its application to complex structures remains limited 
(Asteris et al., 2014; Thinley and Hao, 2017). To derive fragility curves 
or damage thresholds by equating structural capacity with hazard in
tensity from mass movements, it is feasible to use an analytical function 
based on momentum flux, flow height, or another relevant intensity 
measure. Once such a function is defined, Monte Carlo simulation can be 
employed to estimate probabilistic responses. However, in this study, 
the cumulative distribution function adopted is the log-normal 

Fig. 15. View of Margarita Village downtown affected by the torrential floods.

Fig. 16. Fragility curves for complete damage in URM buildings based on momentum flux (hv2): Salgar field data (dots) vs. current research model (solid line).
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distribution, which is widely accepted in engineering due to its strong 
empirical fit. This choice allows the analysis to be conducted efficiently, 
even within a spreadsheet environment.

Model results highlight a good agreement with damage field data. In 
the case of 2-storey thick walls (~20 cm) URM buildings, complete 
damage threshold values range between 23 and 26 m3/s2 for South 
Korea, Wenchuan in China, and this research (Fig. 12; Table 17). On the 
other hand, data from Salgar, Antioquia, Colombia, indicate, for 12 cm 
wall thickness URM buildings, a slightly lower, but not significantly 
different, threshold momentum flux field value of 7 m3/s2 as compared 
to 7.89 m3/s2 for the model (Fig. 16; Table 19). Using the mass move
ment height, h, as an intensity parameter, no significant difference is 
noted between field data and model results, i.e., 0.70 m against 0.59 m 
respectively (Fig. 17; Table 20). The main differences between field data 
and model results can be attributed, for example, to the fact that before 
the 2015 event, the Liboriana Creek channel had different topographic 
sections than it has today, which may affect the hydraulic modelled 
values compared to those of the original event. Another parameter that 
deserves some comment is the standard deviation. Previous research 
indicated log standard deviations in the order of 0.90 for momentum 
flux intensity thresholds in URM buildings (Prieto et al., 2018a), while 
lower values, e.g., 0.80, were obtained in this research (Tables 12 and 
13). This reduction in epistemic uncertainty is attributed to the use of 
the three-dimensional structural modelling approach adopted in this 
study.

An important consideration when evaluating the agreement between 
the proposed model and the field data from South Korea (Kang and Kim, 
2016) and Salgar, Colombia (DAPARD, 2015) is the possible influence of 
differences in building regulations, local construction practices, and 
specific material properties between the two geographical regions. It is 
reasonable to assume that these differences could induce variations in 
the actual resistance of the buildings to the impact of mass movements, 
which raises questions about the direct comparability of these data sets 
with a generalized model such as ours. Nevertheless, it is essential to 
contextualize this comparison within the scope and specific objectives of 
this study. The model and fragility functions developed here seek to 
represent, as a priority, the vulnerability of unreinforced masonry 
(URM) and confined masonry (CM) buildings characteristic of informal 
construction or buildings constructed to low standards or not strictly 
regulated. This construction typology is unfortunately very common in 
numerous highly dangerous areas around the world, including Colom
bian in the Andean Region and potentially representative of the URML 

structures reported in the South Korean data set used for validation. For 
this class of buildings, it is postulated that the fundamental response 
characteristics (low ductility, failure modes dominated by shear in 
walls) and the inherent variability of materials and workmanship may 
have a greater influence than the specific differences between national 
high-level design codes, whose strict application in this construction 
segment may be limited. The mechanical parameters and their un
certainties (Tables 2 and 3) were selected to reflect this generalized 
condition. In addition, the probabilistic nature of the methodology, 
through the use of the Rosenblueth method and the characterization of 
fragility with log-normal curves that include a standard deviation (β) 
(Tables 12–15), allows for the incorporation and reflection of a part of 
the expected variability in structural performance, which can come from 
both parameter uncertainty and constructive differences between 
different buildings or regions. The validation also focused on comparing 
the results for building typologies that are as similar as possible (mainly 
1–2-storey URM) between the field data and the model. Considering 
these aspects, the reasonable agreement observed in the validation, 
particularly in the thresholds for the state of complete damage (Figs. 12 
and 16; Tables 17 and 19), is encouraging. It suggests that, despite the 
undoubted contextual differences, the proposed model manages to 
capture fundamental aspects and general trends in the vulnerability of 
this kind of low-standard masonry building in different geographical 
environments. It therefore provides a useful and generalizable tool for 
preliminary assessments or in regions where there is no detailed local 
data. However, we recognize as a limitation that perfect transferability 
cannot be assumed; ideally, fragility functions should be calibrated or 
adapted locally whenever the availability of region-specific data and 
resources allow for a more accurate vulnerability and risk assessment.

Confining the walls (CM structures) and/or increasing their thickness 
improves the structural performance of buildings, as confirmed by the 
damage state thresholds. For example, for one-storey buildings, com
plete damage thresholds increase from 7.89 m3/s2 in URM constructions 
to 25.52 m3/s2 in CM buildings (Table 12). The complete damage 
thresholds for two-storey URM buildings with wall thicknesses of 12 cm 
and 20 cm are 15.69 m3/s2 and 23.79 m3/s2, respectively (Tables 12 and 
13).

The existence or not of a rigid diaphragm (usually a reinforced 
concrete mezzanine slab) attached to the walls and the gravity loads 
present in the buildings substantially influence the behaviour of the 
structures against mass movements. For example, in single-storey 
buildings with a light roof, the momentum flux damage thresholds are 

Fig. 17. Fragility curves for complete damage in URM buildings based on flow depth (h): Salgar field data (dots) vs. current research model (solid line).
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about half the magnitude present for two-storey buildings, i.e., from 
7.89 m3/s2 to 15.69 m3/s2 in URM buildings (Table 12).

Masonry structures, particularly URM buildings, respond to events 
like mass movements based on the stiffness and strength of their walls; 
the possibility of these buildings performing in the inelastic range is 
limited, as evidenced by the minimal variation in moderate, extensive, 
and complete damage state thresholds for each building (Tables 12–15) 
and graphically illustrated in Appendices A and B.

Given the damage thresholds in this study for URM and CM build
ings, it is advisable to review the damage thresholds used in the Meth
odological Guide for Torrential Flood Hazard Zoning (Ramos Cañón 
et al., 2021). This document uses qualitative information based on Jakob 
et al. (2012), to derive damage thresholds in terms of momentum flux. 
The authors determine a damage threshold of 1 m3/s2 for light damage, 
between 1 m3/s2 and 50 m3/s2 for moderate/severe damage, and greater 
than or equal to 50 m3/s2 for complete damage. For example, the 
complete damage thresholds for one-storey and two-storey buildings of 
the URM type (Table 12), equal to 7.89 m3/s2 and 15.69 m3/s2, differ 
significantly from the thresholds found in the guide.

It is worth noting that some facade walls might be subjected to out- 
of-plane loads during a mass movement. These walls will respond with 
low bending, leading to local failure modes. Although the general 
methodology presented allows for the analysis of this case, this study 
focused on the analysis of the structure’s global failure.

Hydrodynamic and hydrostatic models were used to quantify hazard 
intensity and find the damage thresholds and fragility curves. The hy
drodynamic model, in terms of momentum flux (hv2), is essential when 
the kinetic component is significant; the hydrostatic model, in terms of 
impact height of the flow (h), can be relevant when the flow loses ve
locity and turbulence and the gravitational potential component in
creases. Lastly, while the general methodology considers structural 
damage from permanent ground deformation, this aspect was not 
developed in the present study. Addressing it should be a priority for 
future research.

7. Conclusions

This study reviewed the literature on structural vulnerability to mass 
movements in urban and rural areas, highlighting a recognized need to 
quantify vulnerability through the use of fragility curves. It is estimated 
that in underdeveloped countries, at least 70 % of the building stock 
consists of masonry structures (URM and CM). Accordingly, the devel
opment of a clear and computationally efficient methodology to esti
mate damage state thresholds for these building types is essential for 
effective risk reduction.

The global structural vulnerability of buildings to mass movements 
was assessed by examining the shear failure mechanisms of URM and 
CM typologies. The study presents an efficient procedure for calculating 
damage state thresholds and their associated uncertainties—offering a 
practical balance between analytical rigor, computational cost, and ease 
of implementation.

Thresholds are provided for four levels of structural damage —slight, 
moderate, extensive, and complete— for URM and CM buildings ranging 
from one to four storeys, with two representative wall thicknesses (12 
and 20 cm). Fragility curves are presented as functions of both mo
mentum flux and flow height.

Although empirical field data linking hazard intensity to structural 
damage remain limited, the proposed model shows good agreement 
with available datasets, including a mass movement database from 
South Korea and field data from an event in Colombia. These validations 
support the robustness of the model.

The damage thresholds proposed, along with their quantified un
certainty, are intended to represent informally constructed masonry 
buildings—common in underdeveloped regions where construction 
standards are often inadequate. Mechanical properties of masonry were 
compiled from a range of sources, including empirical studies and expert 

knowledge. While the results may not be directly transferable to all 
contexts, the methodology itself is flexible and easily adaptable.

Overall, the proposed methodology offers a meaningful contribution 
to the understanding of physical vulnerability in clay brick masonry 
buildings exposed to mass movement hazards. It is computationally 
accessible, straightforward to implement, and adaptable to multi-hazard 
risk frameworks—including those addressing earthquakes, permanent 
ground failure, and Natech events. As such, it represents a valuable tool 
for reducing disaster risks, particularly in data-scarce and resource- 
limited settings that are affected by climate variability.

Nomenclature

(
hv2

DS
)

Median value of the impact index at which the building 
reaches a damage state threshold

A Effective or net cross-sectional shear area of masonry
Au The ultimate strength of the building in terms of seismic 

acceleration
Ay The yield strength of the building in terms of seismic 

acceleration
B Plan dimension of the building. The direction of mass 

movements is perpendicular to this dimension
c Cohesion
cd Drag coefficient
db The diameter of the longitudinal reinforcement
E(Y) Expected value of the function
Em Masonry elasticity modulus
Fa Hydrodynamic or hydrostatic acting force
f’c Specified compressive strength of the concrete
f’cb Specified compressive strength of the bricks
f’m Specified compressive strength of the masonry
Fr The building-resistant force for different damage state 

thresholds
f’tb Specified tensile strength of the bricks
Fu The buildings’ ultimate strength
fy Yield strength of the longitudinal reinforcement
Fy The basal yield strength of the building
Gm Modulus of stiffness in shear of the masonry
h Height brick, debris flow depth
H The effective height of the wall
hv2 Momentum flux or impact index
Ic Moment of inertia of the confining columns of the wall
Im Wall section inertia
Is Moment of inertia of the longitudinal steel of columns of the 

wall
Kd Impact coefficient
Ke Stiffness in the elastic range
L Wall length
l Length brick
n Number of longitudinal bars in the wall, number of variables 

to correlate in the Rosenbluth method
Pij..n Weighting factors
qult The ultimate strength of the out-of-plane walls
S(Y) The standard deviation of the function
t The effective thickness of the wall
v Debris flow frontal velocity
V1 Shear strength due to friction-shear failure mode. URM walls
V2 Shear strength due to diagonal tension failure mode. URM 

walls
V3 Shear strength due to compression failure mode. URM walls
Vcr Cracking shear strength. CM walls
vm Diagonal compressive strength of masonry
Vmax Maximum shear strength. CM walls
Vult Ultimate shear strength. CM walls
W Gravitational loads present in the structure
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α Modal parameter
β Factor that depends on the support conditions at the ends of 

the wall, Standard deviation of the natural logarithm of a 
variable

βDS Standard deviation of the natural logarithm of the impact 
index associated with a damage state

γ Shape factor
η Efficiency factor
λ Over-resistance factor, coefficients for fixed H/t ratios
μ Masonry friction coefficient
ρ Debris flow density
ρij..n Correlation coefficients
σv Vertical compressive load on the wall
Φ The standard normal cumulative distribution function

Abbreviations

CM Confined clay brick masonry
URM Unconfined, unreinforced clay brick masonry
sd The standard deviation of a variable
PSDI(DS ≥ ds) Probability of reaching or exceeding a state of damage in 

the building, given that structural deformations occur in it 
due to the impact (Rigid base assumption)

PGF(DS ≥ ds) Probability of reaching or exceeding a state of damage in 
the building foundations, given that there are permanent 
ground deformations

Pcomb(DS ≥ ds) The combined probability of reaching or exceeding a 
state of damage, given that the structure shows deformations 
due to debris flow impact or loss of support due to permanent 
deformations of the ground

Pcomb(DS = ds) The combined probability of being in a state of 
damage, given that the structure presents deformations due to 
debris flow impact or loss of support due to permanent 
deformations of the ground.

Pcomb(DS ≥ C) The combined probability of reaching or exceeding 
complete damage state, given that the structure shows 
deformations due to debris flow impact or loss of support due 
to permanent deformations of the ground.
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Appendix A. Appendix

Fig. A1. Fragility curve for 1-storey URM buildings with an average wall thickness of 12 cm. Intensity parameter: momentum flux.
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Fig. A2. Fragility curve for 1-storey URM buildings with an average wall thickness of 20 cm. Intensity parameter: momentum flux.

Fig. A3. Fragility curve for 2-storey URM buildings with an average wall thickness of 12 cm. Intensity parameter: momentum flux.

Fig. A4. Fragility curve for 2-storey URM buildings with an average wall thickness of 20 cm. Intensity parameter: momentum flux.
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Fig. A5. Fragility curve for 3-storey URM buildings with an average wall thickness of 12 cm. Intensity parameter: momentum flux.

Fig. A6. Fragility curve for 3-storey URM buildings with an average wall thickness of 20 cm. Intensity parameter: momentum flux.

Fig. A7. Fragility curve for 4-storey URM buildings with an average wall thickness of 12 cm. Intensity parameter: momentum flux.
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Fig. A8. Fragility curve for 4-storey URM buildings with an average wall thickness of 20 cm. Intensity parameter: momentum flux.

Fig. A9. Fragility curve for 1-storey CM buildings with an average wall thickness of 12 cm. Intensity parameter: momentum flux.

Fig. A10. Fragility curve for 1-storey CM buildings with an average wall thickness of 20 cm. Intensity parameter: momentum flux.
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Fig. A11. Fragility curve for 2-storey CM buildings with an average wall thickness of 12 cm. Intensity parameter: momentum flux.

Fig. A12. Fragility curve for 2-storey CM buildings with an average wall thickness of 20 cm. Intensity parameter: momentum flux.

Fig. A13. Fragility curve for 3-storey CM buildings with an average wall thickness of 12 cm. Intensity parameter: momentum flux.
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Fig. A14. Fragility curve for 3-storey CM buildings with an average wall thickness of 20 cm. Intensity parameter: momentum flux.

Fig. A15. Fragility curve for 4-storey CM buildings with an average wall thickness of 12 cm. Intensity parameter: momentum flux.
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Fig. A16. Fragility curve for 4-storey CM buildings with an average wall thickness of 20 cm. Intensity parameter: momentum flux.

Appendix B. Appendix

Fig. B1. Fragility curve for 1-storey URM buildings with an average wall thickness of 12 cm. Intensity parameter: flow depth.
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Fig. B2. Fragility curve for 1-storey URM buildings with an average wall thickness of 20 cm. Intensity parameter: flow depth.

Fig. B3. Fragility curve for 2-storey URM buildings with an average wall thickness of 12 cm. Intensity parameter: flow depth.

Fig. B4. Fragility curve for 2-storey URM buildings with an average wall thickness of 20 cm. Intensity parameter: flow depth.
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Fig. B5. Fragility curve for 3-storey URM buildings with an average wall thickness of 12 cm. Intensity parameter: flow depth.

Fig. B6. Fragility curve for 3-storey URM buildings with an average wall thickness of 20 cm. Intensity parameter: flow depth.

Fig. B7. Fragility curve for 4-storey URM buildings with an average wall thickness of 12 cm. Intensity parameter: flow depth.
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Fig. B8. Fragility curve for 4-storey URM buildings with an average wall thickness of 20 cm. Intensity parameter: flow depth.

Fig. B9. Fragility curve for 1-storey CM buildings with an average wall thickness of 12 cm. Intensity parameter: flow depth.

Fig. B10. Fragility curve for 1-storey CM buildings with an average wall thickness of 20 cm. Intensity parameter: flow depth.
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Fig. B11. Fragility curve for 2-storey CM buildings with an average wall thickness of 12 cm. Intensity parameter: flow depth.

Fig. B12. Fragility curve for 2-storey CM buildings with an average wall thickness of 20 cm. Intensity parameter: flow depth.

Fig. B13. Fragility curve for 3-storey CM buildings with an average wall thickness of 12 cm. Intensity parameter: flow depth.
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Fig. B14. Fragility curve for 3-storey CM buildings with an average wall thickness of 20 cm. Intensity parameter: flow depth.

Fig. B15. Fragility curve for 4-storey CM buildings with an average wall thickness of 12 cm. Intensity parameter: flow depth.

Fig. B16. Fragility curve for 4-storey CM buildings with an average wall thickness of 20 cm. Intensity parameter: flow depth.
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Eidsvig, U.M.K., Papathoma-Köhle, M., Du, J., Glade, T., Vangelsten, B.V., 2014. 
Quantification of model uncertainty in debris flow vulnerability assessment. Eng. 
Geol. 181, 15–26. https://doi.org/10.1016/j.enggeo.2014.08.006.

Elghazouli, A.Y., Peppin, R.J., 2011. Seismic design of buildings to eurocode 8. Noise 
Control Eng. J. 59 (2). https://doi.org/10.3397/1.3532782, 212-212,1. 

Fang, Q., Liu, S., Zhong, G., Zhang, H., Liang, J., Zhen, Y., 2021. Nonlinear simulation 
and vulnerability analysis of masonry structures impacted by flash floods. Shock. 
Vib. 2021, 1–20. https://doi.org/10.1155/2021/6682234.

FEMA, 2003. HAZUS-MH MR4. Technical manual. National Institute of Building Sciences 
and Federal Emergency Management Agency (NIBS and FEMA).

FEMA, 2012. Hazus–MH 2.1. Technical manual. Federal Emergency Management 
Agency. https://www.researchgate.net/publication/328175418_HAZUS-MH_21_Ea 
rthquake_Model_Technical_Manual.

FEMA, 2017. Hazus Tsunami model technical guidance, 11. https://www.fema.gov/floo 
d-maps/products-tools/hazus.

FEMA P-58, 2012. Seismic performance assessment of buildings, 2nd ed. 1. FEMA, p. 9 
https://www.atcouncil.org/docman/fema/246-fema-p-58-1-seismic-performance- 
assessment-of-buildings-volume-1-methodology-second-edition/file.

Feng, S.J., Gao, H.Y., Chen, H.X., 2019. Numerical simulation of failure process of 
buildings under the impact of flow slide. Environ. Sci. Eng. 2, 217–223. https://doi. 
org/10.1007/978-981-13-2224-2_27.

Fenton, V.C., 1989. Seismic design of masonry. Ann. N. Y. Acad. Sci. 558 (1), 288–299. 
https://doi.org/10.1111/j.1749-6632.1989.tb22578.x.

Flores, L.E., Alcocer, S.M., 1996. Calculated response of confined masonry structures. In: 
Eleventh World Conference on Earthquake Engineering, Acapulco, Paper No. 1830.

Flores, V., Sánchez-Tizapa, S., Arroyo, R., Barragán, R., 2013. Mechanical properties of 
solid clay brick masonry used in Chilpancingo, Gro (Mexico). Inform. Constr. 65 
(531), 387–395. https://doi.org/10.3989/ic.12.084.

Fuchs, S., Heiss, K., Hübl, J., 2007. Towards an empirical vulnerability function for use in 
debris flow risk assessment. Nat. Hazards Earth Syst. Sci. 7 (5), 495–506. https://doi. 
org/10.5194/nhess-7-495-2007.
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Papathoma-Köhle, M., Kappes, M., Keiler, M., Glade, T., 2011. Physical vulnerability 
assessment for alpine hazards: state of the art and future needs. Nat. Hazards 58 (2), 
645–680. https://doi.org/10.1007/s11069-010-9632-4.
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Papathoma-Köhle, M., Gems, B., Sturm, M., Fuchs, S., 2017. Matrices, curves and 
indicators: a review of approaches to assess physical vulnerability to debris flows. 
Earth Sci. Rev. 171, 272–288. https://doi.org/10.1016/j.earscirev.2017.06.007.
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Aufleger, M., 2018a. Experimental analyses of impact forces on buildings exposed to 
fluvial hazards. J. Hydrol. 565, 1029–1042. https://doi.org/10.1016/j. 
jhydrol.2018.07.070.

Sturm, M., Gems, B., Keller, F., Mazzorana, B., Fuchs, S., Papathoma-Köhle, M., 
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