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ABSTRACT 
The built environment, particularly buildings, is susceptible to both structural and economic damage caused 
by a wide range of catastrophic events, including earthquakes, floods, landslides, debris flows, hurricanes, 
and tsunamis. In recent decades, the intensity and frequency of some of these natural hazards have increased 
due to ongoing climate change. Consequently, there is a growing need to investigate the effects of multiple 
interacting hazards and to adopt a multi-risk perspective. However, to date, the various metrics used in risk 
assessment for individual hazards are generally not comparable. Therefore, as a first step toward a 
comprehensive multi-risk evaluation, a multilayer assessment framework integrating different risks 
represents a significant contribution. 
Italy is among the countries most affected by natural disasters, highlighting the importance of 
multidisciplinary approaches for developing multi-vulnerability models that estimate the impacts of such 
events on the built environment. The predominant structural types of residential buildings in Italy include 
unreinforced masonry and reinforced concrete, mainly in the form of frames with brick infill. To address 
this, an analytical model was developed to assess the out-of-plane response of masonry elements such as 
load-bearing walls and infill panels. The model simulates a dual arching mechanism within the wall 
thickness using an incremental procedure with out-of-plane displacement control. This model was then 
integrated into a Monte Carlo simulation, allowing for variability in both the geometric and mechanical 
properties of walls, which were previously classified into different categories. Finally, a surrogate 
vulnerability model was derived from the Monte Carlo results. 
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INTRODUCTION 
Geological, hydrological, and hydraulic instability phenomena are widespread in Italy, causing significant 
damage and posing serious threats to the population, infrastructure, environment, and buildings [1,2]. In 
recent years, several catastrophic events have resulted in substantial destruction and loss of life. A global 
dataset [3] estimates that between 1998 and 2023, Europe experienced over 500 major damaging floods. 
Floods are among the most frequent and costly natural disasters worldwide [4], highlighting the urgent need 
for coordinated risk management strategies [4,5]. As noted by [6,7], flash floods and debris flows pose 
severe risks, particularly in mountainous regions, where they can be triggered by intense rainfall or dam 
failures, with devastating consequences downstream. These risks are exacerbated by factors such as 
hydraulic infrastructure degradation, climate change-driven hydrological intensification, and increased 
exposure due to urban expansion [7,8]. Effective flood and debris flow risk assessment is therefore crucial 
for designing both structural and non-structural mitigation strategies. 

A comprehensive risk assessment must integrate hazard, vulnerability, and exposure [7]. However, in 
practice, risks from different hazard sources are often evaluated separately. To address this limitation, 
transitioning towards a unified multi-risk framework is essential for assessing the combined impact of 
multiple hazards within a given area [9,10]. The goal is to establish a consistent methodology that accounts 
for interactions between natural processes. As a preliminary step, a multi-layer vulnerability evaluation can 
be conducted, assessing individual hazards independently while harmonizing and standardizing 
vulnerability assessment procedures [1]. Assessing the vulnerability of the built environment, particularly 
in areas prone to multiple natural hazards, is critical due to the severe consequences of structural damage 
to buildings, and in extreme cases their collapse, can have on human life [11,12]. A robust understanding 
of vulnerability enhances risk assessment, improves emergency management, and supports mitigation and 
preparedness strategies, ultimately reducing both economic losses and human casualties [13]. Several 
studies have focused on the vulnerability of masonry [4,12,14-16] and reinforced concrete [17,18] 
structures subjected to horizontal hydraulic and debris actions. 

In Italy, the predominant structural types of residential buildings are unreinforced masonry (URM) and 
reinforced concrete (RC) with brick infill panels. URM buildings rely on load-bearing walls, meaning the 
collapse of a single wall can compromise overall stability. RC buildings, composed of frames with infill 
panels, which are particularly susceptible to out-of-plane horizontal actions. A local-type stability analysis 
[12] of individual structural (load-bearing walls) and non-structural (infills) elements provides a rational 
approach for evaluating the effects of natural events such as flash floods and debris flows, which are 
increasing due to climate change [11]. 

This paper presents an analytical model developed to assess the out-of-plane response of masonry load-
bearing walls and infill panels, considering both simple and reinforced masonry. The model was 
implemented in a Monte Carlo simulation, incorporating variations in geometric and mechanical properties 
across different wall classifications. Based on the Monte Carlo results, polynomial surrogate vulnerability 
models were derived to describe the out-of-plane behavior of walls and infill panels, providing an efficient 
tool for vulnerability assessment. 

PRESENTATION OF THE ANALYTICAL MODEL 
The analytical model, presented in this paper, simulates a plate resistance mechanism, incorporating the 
development of a double arching mechanism (vertical and horizontal) within the wall thickness. This is 
combined with an incremental procedure that controls out-of-plane (OOP) displacements. The code 
iteratively calculates equilibrium by applying horizontal forces and recalibrating the balance of forces and 



moments until wall collapse occurs. As shown in Fig. 1, cracks (in red) develop along five internal fracture 
lines, dividing the wall into four blocks. 

The model is highly adaptable, as it allows for the analysis of walls subjected to horizontal load profiles of 
varying shapes (triangular, rectangular and trapezoidal) and heights (hw), enabling the simulation of 
different types of events. Additionally, it can be integrated into a Monte Carlo simulation to derive capacity 
models for different wall types, accounting for uncertainties in geometric and mechanical parameters. From 
a multi-risk perspective, the model is designed to align with other established methodologies, such as those 
used for seismic risk assessment, enhancing its applicability across various hazard scenarios. 

 

Figure 1: Possible failure mechanism of a wall subjected to trapezoidal-shaped horizontal 
actions (combining hydrostatic and hydrodynamic effects): (a) front view, (b) flat cross 

section, (c) and (d) vertical cross sections. 

Key features of the model 
The main assumptions of the analytical model are as follows: 

• Plate-like behavior. In line with [12,15], a primary failure mechanism involves the formation of 
five internal fracture lines, dividing the wall into four blocks. Once the first fracture line develops, 
the wall is further subdivided into three segments near the perimeter constraints and two segments 
in the central area (alternative configurations will be presented in future works). 

• Position of the horizontal fracture line. The horizontal fracture line is assumed to develop where 
the external load profile induces the maximum bending moment in the wall. 

• Development of a dual arching mechanism through the wall thickness. Due to the low tensile 
strength of masonry, especially after cracking, many out-of-plane strength models in the literature 
rely on an arching mechanism (or compressed strut). This is justified by the negligible contribution 
of masonry’s flexural strength to overall resistance. The assumption aligns with the standard 
approach outlined in [19]. 



• Rigid rotation of the segments. The application of an out-of-plane displacement along the horizontal 
fracture line induces a rigid rotation of the segments around cylindrical hinges at the fracture lines. 
For simplicity, the analytical model assumes no relative slip between adjacent segments [12]. 

• Deformation along the segment height. The deformations of the external segments (i.e., the upper 
and lower parts of the wall) follow a triangular distribution along their height, with a maximum 
value at the cylindrical hinge section and zero at the opposite end. 

• Finite stiffness of surrounding beams and columns. The model accounts, for the case of infill panels, 
for the vertical deformability of the top beam in the vertical arching mechanism and the horizontal 
deformability of the columns in the horizontal arching mechanism. 

• Effect of vertical loads. In load-bearing masonry walls, the vertical arching mechanism also 
considers the effect of vertical loads from floors and upper walls, along with the contribution of the 
wall’s self-weight. 

• Non-linear stress-strain behavior of materials. (a) The compressive strength of masonry and any 
reinforcing layers (e.g., plaster) follows an elasto-plastic law with a softening branch. The stress-
strain curve is trapezoidal, consisting of an initial elastic section, a plateau representing the plastic 
phase, and a softening section with a constant negative slope, stabilizing at a residual stress level. 
(b) The tensile behavior of any external reinforcement follows an elasto-plastic law, while masonry 
tensile strength is assumed to be zero. 

OOP capacity curves of load-bearing walls and performance points 
This section presents the OOP capacity curves obtained for a main load-bearing masonry wall. Specifically, 
the analysis considers a wall oriented orthogonally to the span of the horizontal diaphragms, thereby 
supporting floor loads. The wall is constructed using solid blocks with double headers and lime mortar. 

The following curves refer to the case of a main load-bearing wall supporting a wooden floor (with an 
influence length of 3.00 m) subjected to a load of g1+g2=1.50kN/m2. For a fixed load height of hw = 2.00m, 
Fig. 2 (left) illustrates the development of the vertical arch OOP capacity for different horizontal load 
distributions, characterized by varying load shape constants k (where k= 1 corresponds to a rectangular load 
shape and k=0 to a triangular load shape). The lowest capacity is observed when the load shape is 
rectangular. Accordingly, Fig. 2 (right) displays the vertical arch capacity curves obtained for a rectangular 
load shape while varying the impacted wall ratio (hw/hp). 

      

Figure 2: OOP capacity curves of the load-bearing wall for different load profile shapes at 
a fixed load height (left), and for rectangular load profiles with varying impacted wall 

ratios (right). 



Furthermore, as shown in Fig. 3, three distinct performance points can be identified on the capacity curves, 
providing a characterization of the out-of-plane response of the investigated wall. The first performance 
point corresponds to the onset of cracking, which is identified on the capacity curve by comparing the 
computed capacity with the moment value obtained from Navier’s formula. The second performance point 
represents a moderate damage state. Finally, the third performance point is reached when the wall attains 
its maximum out-of-plane capacity. 

 

Figure 3: Performance points identified on the capacity curve of the vertical arch for the 
load-bearing wall, obtained for a rectangular load profile (hw = 3.00m). 

PROPOSAL OF SURROGATE VULNERABILITY MODELS 
To fully exploit the versatility of the analytical model presented in the previous section, it is crucial to 
establish a comprehensive taxonomy of the wall elements under investigation. This required an initial 
classification based on the functional role of these elements, distinguishing between two macro-categories: 
(i) non-structural walls and (ii) structural walls. The first category includes infill panels located within the 
envelopes of reinforced concrete frame buildings. The second category comprises load-bearing masonry 
walls, which can be further divided into main walls − those oriented orthogonally to the span of the 
horizontal diaphragms and supporting floor loads − and secondary walls, which are oriented parallel to the 
diaphragm span. Each macro-category is further subdivided into various classes based on construction 
techniques, which differ in terms of mechanical properties, geometric dimensions, and the characteristics 
of the masonry units. 

To account for the uncertainties − both stochastic and epistemic − associated with the key parameters 
defining each wall class, a Monte Carlo simulation was performed. This approach ensures that the results 
are applicable to risk assessments at a territorial scale, where detailed information about building exposure 
is often limited or unavailable. 

To characterize the out-of-plane response of the wall elements under investigation, point clouds 
representing wall capacity at key performance points were generated for each wall class and type of lateral 
action. Given the large dataset produced, surrogate vulnerability or capacity models were defined and 
calibrated to enable a direct assessment of these capacity values. This process led to the formulation of three 
second-degree polynomial equations − one for each identified performance point − specific to each wall 
class and lateral load configuration. 

Taxonomy of structural masonry elements 
The first step of the analysis involved identifying two primary classes of elements based on their structural 
function: non-structural and structural walls. The former includes infill panels, further classified into sub-
classes according to their geometric dimensions and whether they belong to existing buildings or new 



constructions. Additionally, a further distinction is made based on the size and mechanical properties of the 
blocks composing the panels. The second class comprises load-bearing masonry walls, which are similarly 
divided into sub-classes based on the characteristics of the masonry units and whether they pertain to 
existing masonry buildings or newly constructed ordinary masonry structures. For this classification, the 
subdivision of masonry types proposed in [20] was adopted as a reference. 

As an example, Tab. 1 provides the geometric properties (based on [21,22] and visual references) and 
mechanical properties (based on [23]) for the sub-class of load-bearing masonry made with single-headed 
solid bricks and lime mortar. These properties are essential for defining the wall behavior and for calibrating 
the surrogate vulnerability models. 

Table 1: Main characteristics of the load-bearing wall selected sub-class. 

Existing 
constructions 

Value range of key parameters 
Wall geometry Masonry unit size Mechanical properties 

Single-headed solid 
bricks and lime 
mortar masonry 

hp = 2.5÷3.5m 
lp = 2.5÷6.0m 
tp = 0.12m 

hb = 0.055m 
lb = 0.25m 
tm = 0.01m 

fv = fh = 2.6÷4.3MPa 
Ev = Eh = 1200÷1800MPa 

Monte Carlo simulation 
The analytical model developed and described in the previous section can be integrated into a Monte Carlo 
simulation to generate point clouds representing the capacity of various infill/wall classes, corresponding 
to selected performance points of the out-of-plane (OOP) behavior. These point clouds serve as the 
foundation for developing capacity models for load-bearing masonry walls and infill panels. 

The Monte Carlo analysis is a crucial component in simulation modeling, as it allows for the examination 
of uncertainties and variabilities inherent in complex systems. In this case, it facilitates the incorporation of 
uncertainties related to key parameters, including: 

• geometric parameters (e.g. shape ratio, slenderness, blocks and/or bricks dimensions, etc.) 
• mechanical parameters (such as, e.g., material strengths, stiffness modulus, stiffness of the external 

supports/bonds, characteristics of any reinforcements, etc.). 

At its core, the Monte Carlo analysis utilizes random sampling and statistical modelling to approximate the 
behaviour of deterministic systems under uncertain conditions. The first step in developing a Monte Carlo 
analysis is to define the problem and identify the key variables that influence the model's behavior. Once 
the relevant parameters are identified, appropriate probability distributions are assigned to these variables. 
The choice of distribution is crucial, as it directly impacts the accuracy and reliability of the simulation 
results. After establishing the probability distributions, random samples are generated for each variable. 
These samples are then used to perform multiple iterations of the model, each representing a potential 
scenario for the system's behavior. Typically, thousands or even millions of simulations are run to ensure a 
statistically robust representation of the possible outcomes. 

In this study, a uniform random distribution of values between the minimum and maximum values 
(provided in Tab. 1) was selected for the geometric parameters. For the mechanical properties, a lognormal 
distribution was used, with the mean (μ) and standard deviation (σ) calculated according to the methodology 
described in [23]. 



Surrogate vulnerability models’ coefficients of load-bearing walls class 
Once the point clouds for each performance point of the various sub-classes of load-bearing walls were 
obtained − considering both rectangular and triangular load shapes − appropriate surrogate capacity models 
were defined and calibrated based on these results. These models can still be referred to as surrogate 
vulnerability models, as they also account for the characteristics of the flood action, including the profile 
shape and loading height. In addition to providing a concise summary of the extensive numerical analysis 
conducted, these models enable the direct evaluation of capacity values at different performance points for 
the various wall classes, using simple second-degree polynomial equations. 

The choice of a polynomial model was based on a trade-off between predictive accuracy and simplicity. 
Specifically, a preliminary analysis was conducted to assess the influence of key study parameters (i.e., the 
variables in the Monte Carlo analysis) on capacity values. For masonry load-bearing walls, six main 
parameters were identified as governing capacity: the height of the infill panel (hp [m]), the inverse of its 
slenderness (tp/hp [-]), its aspect ratio (lp/hp [-]), the impacted infill ratio (hw/hp [-]), the average compressive 
strength of masonry (fm [MPa]), and the floor load (gfloor [MPa]). As with infill panels, these parameters 
influence capacity either individually (through linear or quadratic relationships) or in combination. 

For individual dependencies, height, inverse slenderness, aspect ratio, mean compressive strength, and floor 
load were found to influence wall capacity in a linear manner. In contrast, the impacted wall ratio exhibited 
a non-linear effect, necessitating a quadratic dependency. Additionally, combined dependencies were 
observed between the impacted wall ratio and other parameters, such as height, inverse slenderness, aspect 
ratio, and floor load, which could reasonably be approximated as linear. Accordingly, the surrogate 
vulnerability model for masonry load-bearing walls takes the following general form: 

(1) 𝐶𝐴𝑃𝐴𝐶𝐼𝑇𝑌 = 𝑐଴ + 𝑐ଵ ∙ ℎ௣ + 𝑐ଶ ∙ ௧೛௛೛ + 𝑐ଷ ∙ ௟೛௛೛ + 𝑐ସ ∙ 𝑓௠ + 𝑐ହ ∙ 𝑔௙௟௢௢௥ + 𝑐଺ ∙ ௛ೢ௛೛ + 𝑐଻ ∙ ൬௛ೢ௛೛൰ଶ + 𝑐଼ ∙ℎ௣ ∙ ௛ೢ௛೛ + 𝑐ଽ ∙ ௧೛௛೛ ∙ ௛ೢ௛೛ + 𝑐ଵ଴ ∙ ௟೛௛೛ ∙ ௛ೢ௛೛ + 𝑐ଵଵ ∙ 𝑔௙௟௢௢௥ ∙ ௛ೢ௛೛  

The results presented here pertain to the sub-class of load-bearing walls constructed with single-headed 
bricks (12cm wall thickness) and lime mortar. For brevity, the discussion is limited to the case of a 
rectangular-shaped load profile; however, similar trends are observed for triangular-shaped load profiles. 
Fig. 4 illustrates the variation in maximum capacity values of the masonry walls in the case study class as 
a function of key study parameters, while Fig. 5 depicts the combined dependencies between the impacted 
wall ratio and the other primary parameters. Tab. 2 provides the calibration coefficients for the associated 
surrogate vulnerability model for a rectangular-shaped load. Tab. 3 reports the values of the R2 and adjusted 
R2 parameters, which indicate the fit of the polynomial surrogate model. 



 

 

 

Figure 4: Maximum capacity of case study walls: individual dependences on key 
parameters. 



 

Figure 5: Maximum capacity of case study walls: combined dependences on key 
parameters. 

Table 2: Coefficients of the surrogate vulnerability model of the selected wall class, for 
rectangular-shaped load. 

Variables Coef. 
name 

Coef. values (rectangular-shaped load) 
First 
cracking 

Moderate 
damage 

Maximum 
capacity 

Intercept [-] c0 -6.03E+00 -4.34E+00 -2.66E+00 
hp [m] c1 8.78E-01 6.28E-01 3.78E-01 
tp/hp [-] c2 1.68E+02 1.34E+02 9.88E+01 
lp/hp [-] c3 -7.54E-01 -7.33E-01 -7.13E-01 
fm [MPa] c4 -3.57E+00 -2.56E+00 -1.55E+00 
gfloor [MPa] c5 2.15E-01 1.42E-01 6.85E-02 
hw/hp [-] c6 5.21E-01 -2.89E-02 -5.79E-01 
(hw/hp)2 [-] c7 -1.92E-03 -1.38E-03 -8.32E-04 
hp (hw/hp) [m] c8 -8.08E-02 9.76E-03 1.00E-01 
(tp/hp) (hw/hp) [-] c9 -6.55E+00 2.48E-01 7.05E+00 
(lp/hp) (hw/hp) [-] c10 -4.92E-04 -7.36E-04 -9.80E-04 
gfloor (hw/hp) [MPa] c11 -5.51E-04 -3.39E-04 -1.27E-04 

 



Table 3: Goodness of fit of the polynomial models. 

Surrogate vulnerability model Rectangular-shaped load 
R2 Adjusted R2 

First cracking 0.64 0.64 
Moderate damage 0.70 0.70 
Maximum capacity 0.67 0.67 

CONCLUSIONS 
Based on the taxonomy established for structural and non-structural masonry elements, a Monte Carlo 
simulation was performed by iteratively applying the analytical model presented in this paper. This 
approach enabled the assessment of the out-of-plane capacity of masonry infills and walls while accounting 
for potential variations in their key geometric and mechanical parameters. Consequently, it allowed for the 
inclusion of both epistemic and aleatory uncertainties for each infill and wall class, yielding capacity results 
suitable for vulnerability assessments at a territorial scale, where detailed building exposure data is often 
scarce. 

Specifically, the Monte Carlo simulation generated point clouds representing the capacity of infills/walls at 
selected performance points − namely, first cracking, moderate damage, and maximum capacity − for each 
investigated infill/wall class and load profile shape. In general, the capacity values rise with decreasing 
height and slenderness of the wall. For load-bearing walls, the floor load has a clear stabilizing effect on 
the out-of-plane capacity, contributing to the overall rotational equilibrium of the wall. 

Following the Monte Carlo simulation and the generation of a substantial dataset, surrogate vulnerability 
models were defined and calibrated against these results. These models allow for the direct estimation of 
the infill/wall capacity associated with a specific performance point and a given lateral load shape. 
Specifically, three polynomial equations − one for each selected performance point − were formulated for 
each wall/panel class, separately for rectangular and triangular load shapes. In the case of load-bearing 
walls, these equations were expressed as functions of six key parameters: panel height, inverse of 
slenderness, aspect ratio, impacted infill ratio, mean compressive strength of masonry, and the floor load. 
Furthermore, for wall classes with variable masonry unit sizes, additional parameters such as wall thickness 
and the height-to-width ratio of the masonry unit were included. 
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