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Abstract

Confined masonry (CM) houses are widely used in low- and mid-rise houses
worldwide, especially in countries with emerging economies. CM emerged in Latin
America as a response to the severe damage observed in unreinforced masonry
buildings following significant earthquakes in the early twentieth century. In
Colombia, CM construction dates back to the 1930s, with houses up to five stories
tall. A key challenge in seismic risk estimation is predicting the behavior of prevalent
construction typologies in a region to inform risk mitigation and management
strategies. As a part of a larger project called the National Seismic Risk Model for
Colombia, this study presents a seismic fragility assessment of CM houses,
evaluating the effects of masonry strength, masonry unit type, wall density,
construction quality, and number of stories. A total of 72 archetype houses,
representative of Colombian CM structures, were analyzed across low,
intermediate, and high seismicity zones. Nonlinear models were proposed and
calibrated using quasi-static cyclic tests on confined masonry walls and shaking table
tests on scaled buildings. For each archetype, nonlinear time history analyses were
conducted in OpenSees, using approximately 370 hazard-consistent ground-motion
records to represent the hazard at each site of interest. The results from these
structural analyses are then combined with damage information to obtain fragility
curves for this building typology. The fragility results of this study, combined with
vulnerability functions, will serve as inputs to calculate risk metrics later on as part
of the National Seismic Risk Model for Colombia. The present work provides a
region-specific fragility assessment, calibrated with local experimental data, which
enhances its applicability within Colombia and potentially to other Latin American
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countries with similar construction practices and standards. These findings can
contribute directly to national seismic risk mitigation initiatives.
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Introduction

Toward the end of the last century, the structural engineering community learned that even
moderate-magnitude earthquakes could lead to substantial societal impacts (Chung, 1996;
Eguchi et al., 1998). For example, in Colombia, the magnitude 6.1 Coffee Region earth-
quake in 1999 resulted in significant damage due to its proximity to densely populated
areas like Armenia and Pereira, its shallow depth, and the vulnerability of the building
stock at that time. The National Administrative Department of Statistics reported approxi-
mately 1200 fatalities, 8500 injuries, and the displacement of more than 159,000 people,
while 36,000 dwellings collapsed and 43,500 dwellings sustained minor to moderate dam-
age (DANE, 1999). Despite updates to seismic design standards, the level of structural
damage and associated economic losses (Asfura and Flores, 1999), estimated at approxi-
mately US$1.9 billion (Restrepo and Cowan, 2000) were unacceptably high.

In response to the need for better national-scale risk information, the Colombian
Geological Survey conceived and funded the Seismic Risk Model for Colombia (MNRS,
for its initialism in Spanish) in 2021. The initiative aims to assess the impacts and potential
consequences of future earthquakes, thereby supporting emergency response, recovery,
and reconstruction policies. One of the objectives of the MNRS is to estimate the fragility
and vulnerability functions of commonly used structural typologies, such as reinforced
concrete (RC) frame buildings, RC wall buildings, reinforced masonry (RM), unreinforced
masonry (URM), partially confined masonry, and CM. This study focuses on one such
typology: CM houses. Specifically, it examines engineered buildings designed according to
seismic code provisions, and the results are not applicable to informal or non-engineered
housing. Although formal seismic codes have existed in Colombia for roughly four
decades, enforcement largely depends on socioeconomic conditions, with non-engineered
construction still common in lower-income communities (Acevedo et al., 2020).

CM is a construction typology widely used in low- and mid-rise buildings throughout
Latin America, Europe, and Asia. According to Yepes-Estrada et al. (2017) masonry struc-
tures represent over 55% of the building stock in Latin America, where 31% correspond
to URM, 22% to CM and 2% to RM buildings. CM structures comprise masonry walls
enclosed by RC confining elements (Figure 1). Typically, the masonry wall is constructed
first, followed by the casting of the RC members. This construction method distinguishes
CM from both URM, which lacks confinement, and RM, which typically integrates rein-
forcement within the wall itself. CM walls emerged as an alternative construction system in
different countries to improve the poor behavior observed in URM houses (Meli et al.,
2011). For example, CM houses were built in Mexico and Chile following the 1940 Mexico
City and 1928 Talca earthquakes. In Colombia, the first records of one- to five-story CM
houses date back to the 1930 (Yamin and Garcia, 1992).
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Figure 1. Example of CM houses in Colombia.
Images adapted from Google Street View (Google LLC, 2023).

To support national risk assessments like the MNRS, various methodologies have been
developed to derive seismic fragility functions. Martins and Silva (2021) summarize these
methods, which span from detailed nonlinear modeling approaches such as the 3D finite
element models of RC frame buildings subjected to nonlinear dynamic analyses (Martins
et al., 2016; Ulrich et al., 2014), to more simplified and computationally efficient proce-
dures using single-degree-of-freedom or multi-degree-of-freedom oscillators subjected to
nonlinear static analyses (Silva et al., 2013; Vamvatsikos and Allin Cornell, 2006). While
national-scale risk models often rely on simplified numerical models (Dolsek, 2011;
Martins and Silva, 2021; Villar-Vega et al., 2017), this study adopts a different approach
using 3D nonlinear time history (NLTH) analyses of CM building models to derive fragi-
lity functions for building classes.

Several authors have reviewed the different strategies developed to model the nonlinear
seismic response of CM structures (Borah et al., 2021; Marques et al., 2020; Rankawat
et al., 2021). These approaches range from detailed micro-models to simplified macro-
models. Micro-models capture the interaction between units and mortar with high accu-
racy but are rarely used due to their high computational cost. Simplified macro-models
such as wide column, strut-and-tie, or equivalent strut approaches are more efficient but
often fail to represent key aspects like axial load effects or composite wall action. To
address these limitations, Borah et al. (2021) proposed an equivalent strut model that
includes a vertical element to simulate gravity load transfer and a diagonal element to rep-
resent lateral resistance. This model is adopted in this study as a balance between physical
realism and computational efficiency.
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Fragility curves for CM buildings have been developed by several authors from numeri-
cal and experimental analysis (GEM, 2022; Gonzales et al., 2020; Lovon et al., 2018;
Martins and Silva, 2021; Rota et al., 2010). The values of these fragility curves are highly
influenced by the mechanical properties of the masonry, the wall’s density of the buildings
and the axial load considered in the analysis. Unlike previous research, which often
assumes simplified or idealized configurations, this work incorporates irregular geometries
and realistic material laws to better capture the physical mechanisms governing seismic
response.

As previously mentioned, this article develops seismic fragility curves for CM houses
representative of the Colombian building stock. For this purpose, first, representative
archetypes were first developed using an analysis of typical CM houses across the country,
reflecting regional variations in construction practices and materials. These archetypes
were then designed following the requirements of Chapter D of the latest Colombian seis-
mic design code, NSR-10 (AIS, 2010), to ensure compliance with current structural stan-
dards. A total of 72 archetypes were defined and modeled using OpenSees (McKenna
et al., 2010), with a modified version of the equivalent Vertical-Diagonal (V-D) strut
model proposed by Borah et al. (2021). The numerical model was validated using experi-
ments from the literature and validated at the element and structure levels. The response
of these archetype buildings was evaluated through NLTH analyses, utilizing a hazard-
consistent ground motion set selected based on the Conditional Scenario Spectra (Arteta
and Abrahamson, 2019). This approach allowed for the development of fragility curves
specific to Colombian CM buildings, which represent a valuable input to the MNRS
project.

Database compilation

The assessment of CM behavior using fragility curves at a regional level requires selecting
representative housing prototypes, hereinafter referred to as archetype houses. Fragility
curves can then be developed using numerical results obtained from a numerical analysis
of the response of the archetype houses at various seismic demand levels. A comprehensive
database of 34 CM houses, ranging from one to four stories, was compiled. The sources
used to create the database included drawings and structural design documents for CM
houses provided by local structural engineers and a literature review of master’s and doc-
toral theses as well as peer-reviewed journal articles (Acevedo et al., 2020; Arias Acosta,
2005; Borah, 2021; Maldonado Rond6n and Chio Cho, 2008; Yamin and Garcia, 1992)
aimed at assessing the behavior of CM houses under lateral loads. After the assembly of
the database, a statistical analysis was performed to characterize representative values of
relevant system properties, such as floor area, wall thickness, wall densities in each direc-
tion, number of stories, and inter-story height, among others. This analysis identified
trends and average values for several construction attributes that were later used to define
archetype houses.

Furthermore, a statistical analysis was conducted for each attribute in the database to
identify the ranges for each variable to define the archetype structures. One limitation of
the database is that it does not differentiate the masonry brick material. However, CM
houses with clay units were considered for the proposed archetype houses, as clay units
are the most common masonry units in the country, according to data from Portilla et al.
(2025). Regarding the roof and slab type, archetype houses were categorized as having
rigid diaphragms, flexible diaphragms, or no diaphragms (lightweight roofs). In typical
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Table I. Quality levels represented by f/,, of CM archetypes

Number of stories Low level (MPa) Intermediate level (MPa) High level (MPa)
| 2.0 35 5.0
2 35 5.0 6.5
3and 4 4.5 6.0 7.5

Flexible
i Diaphragm §

Representative
Buildings

O

3 stories
4 stories

i Rigid
! Diaphragm §

Figure 2. Definition of the archetype houses scheme.

CM houses, diaphragms can vary depending on construction materials. Floor and roof
slabs built with RC are typically considered rigid diaphragms, due to their high in-plane
stiffness. In contrast, lightweight roofs constructed with timber, or light-gauge steel ele-
ments are classified as flexible diaphragms, given their lower in-plane stiffness. The quality
and strength of masonry units were accounted for by varying the compressive strength of
the masonry, f, defining three different quality levels for houses with one, two, three, and
four stories, as shown in Table 1. The dimensions and detailing of the confining elements
in the CM walls were designed following the latest Colombian building code requirements
for earthquake-resistant construction NSR-10 (AIS, 2010).

Figure 2 presents all possible combinations resulting from the attributes considered for
one- to four-story houses. The compressive strength of the masonry was also varied
according to the proposed performance levels for each architectural configuration. In
total, 72 archetype houses were obtained by summing all possible combinations.

Despite the limited size of the database, the archetype buildings were chosen from dif-
ferent regions of the country. Data obtained from literature review (Acevedo et al., 2020;
Maldonado Rondon and Chio-Cho, 2008; Yamin and Garcia, 1992) provided information
about the range of floors and wall distribution for CM buildings across various regions in
Colombia. The selected geometric properties for the archetypes were constrained to fall
within the interquartile range (i.e. between quartiles one and three) of the box and whisker
plots presented in Figure 3. Wall densities (W.D.) were considered in both the transverse
(width) and longitudinal (length) directions of each archetype. Figure 3 shows that CM
dwellings typically have floor areas of less than 100 m? and inter-story heights between 2.3
and 2.6 m. To facilitate identification, archetype houses were labeled using the following
system: ARQ# H#_fm# DS§, where ARQ is the architecture plan number which is
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Figure 3. Archetype houses variability in terms of database houses.

associated with predefined wall densities in X and Y direction, and is specified in the data-
base of the archetypes, H is the number of stories, fm is the masonry compressive strength
(1), and DS denotes either DF (flexible diaphragm) or DR (rigid diaphragm). A set of
schematic representations of all archetype buildings, including 3D views, floor plans, ele-
vations, and key structural and material properties, is included in the Supplementary
Material of this article.

Ground motion selection

The present study uses a ground motion selection methodology called the Conditional
Scenario Spectra (CSS), first proposed by Abrahamson and Al Atik (2010). The CSS
methodology allows the selection of ground motions in a hazard-consistent approach.
Moreover, the CSS are a set of realistic ground-motion spectra with assigned rates of
occurrence that reproduce the hazard at a site of interest over a range of hazard levels
(return periods) and a range of structural periods (Arteta and Abrahamson, 2019).

The CSS procedure follows the methodology described by Arteta and Abrahamson
(2019), in which Uniform Hazard Spectra (UHS) are first calculated for a range of return
periods. Conditional Mean Spectra (CMS) are then computed following (Baker, 2011),
and used to guide the selection of ground motions whose spectral shapes are consistent
with both the CMS and its variability (Jayaram et al., 2011). The CMS is conditioned on
a target spectral acceleration value at the period of interest, commonly referred to as the
conditioning period (T*) (Baker, 2011). Ground motions are then scaled and assigned
occurrence rates to match the hazard across all periods and levels.

A set of ground motions was selected to be consistent with the seismic hazard in several
principal cities of Colombia. In this study, the ground motions selected for the cities of
Barranquilla, Bogota, and Cali were used, representing cities in low, intermediate, and
high seismicity zones, respectively. Finally, the hazard calculation was carried out for eight
return periods and nine conditional structural periods (T*), as shown in Table 2. Figure 4
presents the UHS of the three cities and some of the response spectra of the ground
motions selected using the CSS.
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Table 2. Discretization of the hazard performed for the selection of accelerograms

Parameter Description
Return period, TR [Years] [75, 150, 225, 475, 975, 2475, 4975, 9975]
Soil types [Rock, Soil] = [VSgo > 760 ? 360? > Vsy = 180 ?}
Conditional periods T* [s] [0.01,0.1,0.3,0.6,0.7, 1.0, 1.5, 2.0, 3.0]
Barranquilla Bogota Cali
103 3 3

Sa (g)
=

= TR75 TR975
10 * § =——TR150 TR2475
— TR225 TR4975

TRA75 memem TRO975

=== TR75-150

== TR150-225

= TR225-475
TR475-975
TR975-2475
TR2475-4975
TR4975-9975

Sa(g) | T*=0.1s

Sa(g) | T*=0.3s

T (s) T (s)

Figure 4. UHS and corresponding response spectra for ground motions with different hazard levels in
three cities: Barranquilla, Bogota, and Cali.

The intensity measure (IM) used to estimate the fragility of CM is the pseudo-spectral
acceleration at the fundamental period (Sa[T7]). Given that this research aims to develop
fragility function for houses of different number of stories, the choice of the conditioning
period of the CSS will be the closest to the fundamental period of these houses. Thus, for
one- and two-story houses Sa(7=0.1s) is used, and for three- and four-story houses
Sa(T =0.3s) is used.



8 Earthquake Spectra 00(0)

In the end, for each city, the ground motion set includes approximately 3000 to 3500
signals in total, which corresponds to an average of 425 to 500 horizontal ground motion
records per hazard level and conditioning period (Arroyo et al., 2025). These records were
selected in pairs to form two-component time histories, with each pair consisting of two
orthogonal horizontal components from the same event. The vertical component of
ground motion was not considered in this study.

Nonlinear numerical models

Masonry is an anisotropic and highly nonlinear material. Its behavior is highly affected by
attributes such as the mortar used and the type of masonry unit. However, micro-models
that detail each of these attributes result in high computational costs and demand numer-
ous input parameters, which are not always straightforward to define or estimate.

As an alternative to micro-models, macro-models can effectively represent the seismic
behavior of structures, particularly for understanding the global response of the structure.
The novel V-D strut model proposed by Borah et al. (2021) was used to model the arche-
type houses. This methodology incorporates lateral load resistance with a diagonal strut,
as other authors have implemented (Raka et al., 2015; Rankawat et al., 2021; Torrisi et al.,
2012). In addition, it explicitly models a more realistic axial force distribution among the
masonry wall and the tie columns with the presence of a vertical strut. Given that the
archetypes will be subjected to lateral loads in both directions during the seismic analysis,
a modification to the original model of Borah et al. (2021) was proposed in this study. The
modification involves an additional diagonal strut to account for the reversed cyclic load-
ing, as shown in Figure 5.

Inelastic models

The proposed Modified V-D Strut Model was implemented in OpenSees (McKenna et al.,
2010). These numerical models were then calibrated with 14 experimental tests on single
CM walls performed by different authors (Arias Acosta, 2005; Borah et al., 2021; Cruz
Sagastume, 2013; San Bartolomé et al., 2013; Singhal and Rai, 2018). Furthermore, 3D
models were calibrated using the experimental results reported by Arias Acosta (2005).

‘ i ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ Ti Beam with modified modulus
ie-beam
-—
— = ‘
i
Masonry o l;‘ramc
panel : i <:> clement Diagonal
i
i
i
i

1
i
1
1
1 Hy struts for
1
1
i
T

) Vertical strut lateral loads
Tie-column for gravity
loads

NI E

Figure 5. Modified V-D strut model proposed.
Adapted from Borah et al. (2021).
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Table 3. Material properties used in the inelastic models

Material Value adopted References
Concrete f! =21 MPa, ¢, =0.0020 Guerrero et al. (2022)
Gre=25N/m, E.=4400, /f! Pugh et al. (2015)
f.= 0.10f/, Ex=0.10 (%)
G.=0.4E,
Steel f,= 442 MPa, ¢, = 0.0029 Carrillo et al. (2021)
fs. =636 MPa, &, =0.07 Carrillo et al. (2023)

fsue =487 MPa, &, =0.02

Espoe = 0.1, &, =0.1

Masonry fr=2.0 —7.5MPaq, ¢m, =0.003 Kaushik et al. (2007)
E., = 622f,, for horizontal perforation units Guerrero et al. (2022)
E., =775f",, for vertical perforation and solid units Borah et al. (2021)
f,, =0.08f,

i, = 0.60f", &, =0.006

Table 3 summarizes the main material properties and modeling parameters used in this
study. Additional details and assumptions are described below.

Each CM panel is modeled with three frame elements (two tie columns and one tie
beam) and three struts (two diagonal and one vertical strut), as shown in Figure 5. Tie
columns were modeled using standard nonlinear elements (forceBeamColumn) with dis-
tributed plasticity and fiber sections at the integration points (Spacone et al., 1996).
Second-order P-A effects were considered in these tie columns using the Corotational for-
mulation (see Section 6.3.1 of Filippou and Fenves [2004]). Concrete was modeled as
unconfined, because tie elements do not have confinement zones in the transversal reinfor-
cing detailing, using the uniaxial material Concrete02IS available in OpenSees. The linear
softening post-peak branch of the concrete model was regularized according to Coleman
and Spacone (2001) to enforce objectivity in the local and global post-peak response. The
fracture energy of concrete (Gr) in compression (Jansen and Shah, 1997) was taken as
25 N/mm for unconfined concrete, as suggested by Pugh et al. (2015). This fracture energy
is defined here from the peak stress until the end of the f softening branch in the stress-
strain curve multiplied by the length of the integration point L;p. The strain corresponding
to the compressive strength f! was taken as &, =0.0020 and the elastic modulus E. was
estimated as E. :4400\/ﬁ according to Guerrero et al. (2022). The tensile strength of the
concrete, f; , was assumed as 0.10f7, and the tension softening stiffness, £, was estimated

as E,=0.10 (%L;‘) The concrete strength used for CM tie columns was 21 MPa according

to the information collected in the database. In addition, the uncracked shear modulus of
concrete was taken as G, =0.4E,.

The stress-strain behavior of the reinforcing steel was modeled using the uniaxial
Hysteretic material implemented in OpenSees. This formulation requires the maximum
strength, initial stiffness, ultimate strain, yielding, softening, and hardening of the steel as
input parameters. For the monotonic yield capacity of the reinforcement bars commercia-
lized in Colombia, the values reported by Carrillo et al. (2021) and Carrillo et al. (2023)
were used; the yield stress of the steel and the yield strain were taken as f, = 442 MPa
and ¢, = 0.0029, respectively. Also, the maximum tensile capacity was defined as



10 Earthquake Spectra 00(0)

fs,, =636 MPa, and the associated strain for this was set at &, =0.07 to account for the fail-
ure by rupture of the steel bar. Conversely, the maximum compressive capacity was set as
Sfsue =487 MPa, and was defined with an associated strain of &, =0.02 to consider the
potential failure by buckling of the longitudinal bars, as stated by Carrillo et al. (2023). A
failure strain was defined as 0.1 for the reinforcement steel according to Carrillo et al.
(2021). The remaining parameters to model the hysteretic response of the material were set
following the guidelines of Mazzoni et al. (2007), and the failure was modeled using the
MinMax wrapper.

Due to the high stiffness of the tie beam resulting from the presence of the masonry wall
that restricts its vertical displacement (Borah, 2021) and considering that the slab can be
used as a horizontal confinement element, this element was modeled as an elastic element
using the command ElasticBeamColumn. Borah (2021) conducted a parametric analysis
using finite element models to determine the effective width of the vertical strut and a mod-
ification factor for the modulus of elasticity that would result in deflection values for the
confinement beam consistent with experimental results. As a result, these authors found
that the tie beam would have a modified modulus of elasticity equivalent to 20 times its
actual modulus of elasticity, that is, 20E,, and the vertical strut would have an equivalent
width of 0.75L,,, where L,, is the length of the CM wall excluding the tie-columns. The
thickness of the vertical strut corresponds to the thickness of the wall. The area of the strut
is estimated as the width times the thickness of the vertical strut. The vertical strut was
modeled as a truss element. For masonry, the uniaxial material Concrete021S proposed by
Kent and Park (1971) and modified by Scott et al. (1982) was used. In the case of the verti-
cal strut, the associated compressive strength was that of masonry, denoted as f,, and the
associated strain at this strength was ¢,, =0.003 according to Kaushik et al. (2007).
Similarly, the modulus of elasticity proposed by Guerrero et al. (2022) was used, where
E,, =622f) for masonry with horizontal perforation units; and E,, =775f,, for units with
vertical perforation and solid units. Finally, the tensile strength of masonry was chosen as
£, =0.08f; based on the suggestion of Borah et al. (2021). The ultimate compressive strain
of masonry was set to &,, =0.006 and the corresponding stress is 0.20f, (Kaushik et al.,
2007).

The diagonal struts provide the lateral resistance of the CM wall. The lateral strength of
this diagonal strut is not the same as the compressive strength of the masonry because of
the different possible failure modes. Borah et al. (2021) argued that a brittle shear failure at
the brick-mortar interface in the form of bed joint sliding or stepped cracks or a combina-
tion are the predominant failure modes under lateral loads usually observed in CM houses.
Therefore, the diagonal strut strength corresponds to the weakest possible failure mode; in
this study, this parameter is called the effective shear strength of masonry, f;; and it is esti-
mated with Equation 1 or 2 depending in the aspect ratio (AR) (Borah, 2021). The thick-
ness of the diagonal strut is equal to the nominal thickness of the masonry units, while the
width is equal to 1/3 L, where Ly is the length of the diagonal strut according to the analy-
sis performed by Borah et al. (2021). The area of the strut is estimated as the width times
the thickness of the diagonal strut. The loads applied to each CM node were obtained from
the ETABS model, CSI (2015) and then exported to OpenSees. The structural response of
the CM walls is influenced by the axial load since the f;, is proportional to the vertical
stress in the wall (o), as well as other variables as the thickness of the wall (¢), the longitudi-
nal reinforcement ratio in tie-columns (p,), the f; and f of the tie elements. The influence
of axial load on lateral behavior has been noted in the literature; for instance, Tarque et al.
(2022) reported that while axial load increases lateral strength, it also reduces displacement



Archbold et al.

elastic beam-column

Jforce beam-column

FBC,
FBC 4—_/( /
russ
— Steel
FBC —_— — Concrete

C. M. - Concrete

o

=

B
The cross sections is %71 o
discretized in fibers £

N 20

—0.02 —0.01 0.00
Strain

C. M. - Masonry fss Vertical
truss

C. M. - Masonry

=)

=3

Stress [MPa]
|
|

_

Stress [MPa]

!
N}

Diagonal
truss

—0.0050 —0.0025 0.0000

—0.0050 —0.0025 0.0000
Strain

Strain

Figure 6. Modified equivalent V-D strut model for CM houses.

capacity, making CM walls more brittle. For each one of the walls the level of axial load
was estimated using ETABS and with this data the calculation of the f;; was done. This
ensures that the mechanical properties of each wall in the numerical model—at all story
levels—are updated in terms of the corresponding axial load. For the archetypes in this
study, the vertical stress in the walls ranged between 0 MPa (no axial load) to 0.586 MPa.
The mass used for the dynamic analysis corresponds to the dead load and 25% of the live
load. A summary of the configuration of the model that represents a single CM wall is pre-
sented in Figure 6. To consider openings due to doors or windows, a reduced factor (FR)
of the effective shear strength was estimated using Equation 3:

fys:0.096t04217f/?n-827f/2-081p?.OlS(1 +0_)0»235AR04101 lf‘ARgl (1)

0. 134t0-133f/0-836f/84107p0.002 (1+ 0_)0.004

m !

Jos= JR0248

if AR>1 (2)

FR =0.64> — 1.64, +1 (3)
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where A4, is the ratio between the opening area and the wall area (Singhal and Rai, 2018).
The walls should not have significant openings to ensure satisfactory earthquake perfor-
mance. It is important to note that AIS (2010) limits the openings in CM walls to 30% of
the wall area.

Due to its complexity and the high computation cost, soil-structure interaction was not
considered in this study. Furthermore, nodes at ground level were modeled as fixed. As
previously mentioned, the archetype houses floor systems were modeled under two condi-
tions: as rigid diaphragm and as flexible diaphragm. For the rigid diaphragm models, in-
plane displacements of all nodes at each floor level were constrained to move together in
OpenSees by applying multi-point constraints (RigidDiaphragm command) among all
nodes at each diaphragm level. For the models with a flexible diaphragm, the diaphragm
was modeled as a shell element (Shel/[MITC4 in OpenSees) with mechanical properties
E.=20,000 MPa using 4400\/]7 , a Poisson coefficient of 0.20 and thickness of the slab of
0.10 m. Considering post-earthquake surveys and past experimental studies, Kollerathu
and Menon (2017) stated that flexible diaphragms significantly alter the seismic behavior
of masonry structures. The roof of the archetypes with flexible diaphragm is modeled with-
out constraints, which means that the displacement of each node is independent of the
others.

Calibration and validation of inelastic models

The validation of the models was performed for different types of masonry units (hollow,
tubular, or solid) and were done at two levels: at the element level (for a single CM walls),
and at the structure level (for scaled CM houses). In these calibrations, adjustment factors
for the properties of the constitutive curve of the effective shear resistance were estimated.
An effective area factor (FA,) was estimated for hollow and tubular masonry units to
account for the reduced area that transfers the loads, due to the holes in the bricks. This
effective area factor was applied to the transversal area of the strut. The adjustment and
effective area factors are shown in Table 4.

The first set of single CM wall specimens to be calibrated were those with hollow
masonry bricks reported by Cruz Sagastume (2013). The experimental program included
seven wall specimens; however, only five single CM wall panels (ME1, ME2, ME3, ME4,
and MEY) were chosen in this study. The aspect ratios of the five full-scale CM walls ran-
ged between 0.6 and 2.2, and all were constructed with a height of 2.5 m, including the
slab. In addition, the thickness used for the masonry and the columns was 0.12 m, and the
width of the columns was 0.15 m. The walls were subjected to cyclic loads applied in a
pseudo-static manner. Figure 7 shows that the analytical model (orange curve) fits well
with the experimental model (black curve).

Table 4. Masonry adjustment factors for the diagonal strut constitutive model

Unit type Fe,. Fe, FEmss FAss
Solid 0.89 — 0.15AR 1.00 0.50if AR<I.5 1.00
0.90if AR>1.5
Hollow 0.94 — 0.12AR 0.80 0.50 0.90 — 0.15AR

Tubular 0.86 — 0.18AR 0.65 1.00 0.88 — 0.18AR
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Figure 7. Comparison between measured and predicted response of CM walls with hollow bricks: (a)
MEI, (b) ME2, (c) ME3, (d) ME4, and (e) MES.

The calibration of the solid masonry wall bricks was carried out using the specimens
reported by Borah et al. (2021). A group of four specimens (ME1, ME2, ME3, and ME4)
with aspect ratios ranging from 1.04 to 2.75 were chosen from their experimental cam-
paign. All of them were constructed with a height of 2.34 m, including the slab. In addi-
tion, the thickness used for both the masonry and the columns was 0.12 m, and the width
of the column was 0.15 m. The walls were subjected to pseudo-static cyclic loads. The
envelope of the cyclic response was recovered and compared with the response obtained
from the pushover analysis obtained from the nonlinear analytical model, as observed in
Figure 8. This figure shows that the analytical model (orange curve) fits well with the ini-
tial stiffness of the elastic part of the experimental model (black curve).

Finally, a set of calibrations of CM walls with tubular bricks were conducted. This
masonry unit type is frequently used in Colombia and thus, it was used to model most of
the archetypes of one and two stories considering that tubular units are only permitted for
these number of floors. On the other hand, hollow and solid bricks were used in three and
four-story houses. Two specimens were chosen independently: W1 (San Bartolomé et al.,
2013) and MTUB (Diaz et al., 2017). In both cases, the tie-columns included transverse
reinforcement through stirrups: Bartolomé et al. used #2 stirrups and Diaz et al. used #1
stirrups, spaced at 10 cm near the joints and at 25 cm in the remaining length of the col-
umns. The response of specimen W1 is shown in Figure 9a. The analytical model (orange
curve) generally fits the elastic and plastic parts well and correctly predicts peak deforma-
tion and shear base values as well as the corresponding deformation. The response of
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specimen MTUB is presented in Figure 9b. In this case, the analytical model (orange
curve) acceptably fits and accurately predicts peak shear force, and the load-displacement
envelope approximates the experimental one (black curve).

In the final step in the calibration process, three CM buildings of one, two, and three
stories tested by Arias Acosta (2005) were used to validate the proposed nonlinear model
for these 3D specimens. As shown in Figure 10, the hysteretic response from the numerical
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models and the target experimental curves yields good agreement both in the plastic branch
of the curve and in the stiffness degradation branch. The constitutive variables besides f;,
used to define the constitutive relationship of the diagonal struts are obtained multiplying
the masonry constitutive variables by its adjustment factors obtained from the calibrations
and that were previously shown in Table 4.

Fragility analysis

A fragility function shows the probability of exceeding a damage state (DS) given an IM
value. A fragility analysis is performed in this section to link a given ground motion inten-
sity to the probability of a given CM house reaching or exceeding a specific DS. This anal-
ysis requires the definition of an engineering demand parameter (EDP) highly correlated
with the damage to the CM house under analysis. In this study, the peak inter-story drift
ratio (IDR), defined as the maximum IDR across all stories in the building, was selected as
the EDP to estimate fragility due to its strong correlation with structural damage in con-
fined masonry buildings, as noted by Ruiz-Garcia and Negrete (2009). Using data from
experimental tests, these authors established the relationship between wall capacity and
stiffness loss at different inter-story drift values. They also demonstrated how factors like
axial compressive stress, wall height-to-length ratios, and reinforcement configurations
influence structural response.

To assess the fragility of each archetype, the PEER-PBEE methodology was implemen-
ted. The PEER-PBEE methodology allows assessing a structure’s expected performance in
terms of decision variables that are of direct interest to the different stakeholders
(Deierlein and Moehle, 2004; Giinay and Mosalam, 2013). This can be done using the
total probability theorem according to Equation 4. Fragility functions are derived from
the convolution of structural response and the variability of the definition of the DSs.
This is expressed as follows in Equation 5 and can be expressed in a discrete way using
Equation 6; where P(DS>ds|EDP =edp) represents the probability of exceeding a DS
given that an edp value was reached. Furthermore, p(EDP|IM) is the probability of occur-
rence of an EDP level given that an IM level has occurred:

(DV) = m G(DV|DM)dG(DM|EDP)dG(EDP|IM)dA(IM) (4)
P(DS>ds|IM) = JP(DS>ds|EDP)p(EDP= edp|IM) (5)
P(DS>ds|im;) = Xm: [P(DS>ds|edp;) p(edp;|im;)] (6)

j=1

Carrillo and Rincon (2023) compiled DS definitions for CM walls from various studies
(Astroza and Schmidt, 2004; Ruiz-Garcia and Negrete, 2009; Tarque et al., 2022). Their
review informed the adoption of four DSs for this study, ranging from DS1 (onset of diag-
onal cracking) to DS4 (collapse). Table 5 summarizes these DS definitions alongside the
median IDR values and dispersion parameters (8). In this study, lognormal is the distribu-
tion of choice to fit the damage data. This decision is based on its simplicity, the fact that
it’s been used for decades in the industry to fit fragility data, and more importantly, it
seems to fit engineering data relatively well (Porter, 2021). The median values for DS1 and
DS2 were adopted from Ruiz-Garcia and Negrete (2009), whose damage state definitions
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Table 5. Description of the damage states selected P[DS=ds;|IDR].

DS Description 0 [IDR %] B

DSI Onset of diagonal cracking mechanism 0.16 0.40

DS2 Diagonal cracks can be observed. The wall is reparable and 0.27 0.40
minimal damage is observed.

DS3 Maximum shear strength is reached. Extensive damage is observed. 0.49 0.40

DS4 Collapse of the wall 0.73 0.40

Adapted from Ruiz-Garcia and Negrete (2009), Tarque et al. (2022), and Astroza and Schmidt (2004).

align with those used in this study. Their experimental data reflect conditions that match
the CM walls in the selected archetypes, specifically the presence of axial load and the
absence of horizontal reinforcement. The DS3 median value was taken from Tarque et al.
(2022), whose DS2 definition corresponds to extensive damage and the attainment of
shear capacity, which closely matches our DS3 criteria. Since Astroza and Schmidt (2004)
were the only authors to report a median value for the near-collapse limit state, the med-
ian proposed in their study was adopted in this work for DS4. All three references used
CM wall specimens with axial load levels consistent with those considered in this study
(0, =0 — 0.586 MPa). A constant dispersion (B8) of 0.40 was adopted for all damage states
due to the lack of specific dispersion values reported in the literature. This value of 0.40 is
within the range of values found in the literature (Ruiz-Garcia and Negrete, 2009; Tarque
et al., 2022).

To perform the fragility analysis of the archetypes, first, the structural response of each
archetype had to be studied. Each archetype was assigned to one of three representative
cities (Barranquilla, Bogota, and Cali) to reflect low, intermediate, and high seismicity
zones. NLTH analyses were performed to obtain EDP vs IM data. Each run used the 3D
OpenSees model subjected to bi-directional loading, with a pair of horizontal ground
motion components applied simultaneously along the longitudinal and transverse direc-
tions of the structure, without enforcing any specific orientation strategy. The vertical
component of ground motion was not considered. As previously mentioned, the IM used
for one- and two-story houses was Sa(T =0.1s), while for three- and four-story houses, it
was Sa(T=0.3s).

From these NLTH runs, sets of EDPs and their corresponding IM are obtained, as
shown in the scatter plot of Figure 11a. In this case, as previously discussed, the IM of
choice was S,(77); from these scatter plots it can be noted that increasing values of the IM
yield increasing EDP levels, as anticipated. However, it is also possible to see in the figure
that the dispersion in EDP values grows with larger S,(7}), suggesting that this IM might
not be an efficient choice to predict the seismic behavior of these type of structures. The
efficiency of an IM refers to its ability to minimize the variability of an EDP when sub-
jected to ground motions with the same intensity (Davalos and Miranda, 2019). Several
authors have proposed alternative IMs that could improve efficiency (Baker and Allin
Cornell, 2005; Davalos and Miranda, 2019; Eads et al., 2015; Raghunandan and Liel,
2013). Despite its limitations, S,(77) was selected as the IM based on project-wide decisions
made for the National Seismic Risk Model of Colombia. Given the model’s nationwide
scope, a standardized set of structural periods of interest (0.1's,0.3s,0.65, 1.5, and 2.0 s)
was established through an analysis of the Global Earthquake Model (GEM) database.
These pairs of EDPs vs IM are then binned by intensity level, as shown in Figure 11b.
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Figure 11. Scatterplot results for model ARQI_H3_fm7.5_DR for: (a) EDP versus IM and (b) bin data
process.

From there, the estimation of fragility functions is straight forward and can be obtained
following the methodology presented by Baker (2015) by fitting lognormal distributions to
the sorted and binned data. In this figure, “Hz Lev X” refers to the hazard level associated
with return period, previously explained in the Ground Motion Selection section of this
study, where X ranges from 1 to 7, representing increasing Sa(T;) levels.

A lognormal distribution of EDP given the value of IM, p(edp;|im;) in Equation 5, was
estimated for each of the bins. To prevent unrealistic structural responses from biasing the
fragility estimation, a data censoring threshold was applied. As Martins and Silva (2021)
noted, numerical models can converge at deformation levels that represent complete struc-
tural failure but result from model limitations rather than realistic behavior. Following
the approach proposed by (Martins and Silva, 2021), who established a threshold at 1.5
times the EDP corresponding to complete damage, a censoring threshold at twice the med-
ian IDR for DS4 was defined, which indicates the onset of global collapse. This approach
ensures that unrealistically high responses are excluded from the statistical estimation of
fragility functions. Then, the results of the convolution of Equation 6 for each DS were
adjusted to a cumulative lognormal distribution. Finally, this process is repeated for each
archetype. Figure 12 shows fragility curves for archetypes of one story with rigid dia-
phragm and Figure 13 for flexible diaphragm. It is possible to see that archetypes with
flexible diaphragms have lower values of theta, which suggests that these archetypes are
more vulnerable to seismic demands.

Finally, fragility curves for the structural typologies were generated. The typologies
were named, using a modified version of the GEM taxonomy (Brzev et al., 2013), MA/
MC/DMO/H:X, where MA corresponds to masonry, MC to confined masonry, H: X
represents the number of stories, and DMO indicates moderate energy dissipation. For
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Figure 13. Fragility curves of archetypes of one story with flexible diaphragm.

instance, MA/MC/H:1/DMO represents a one-story CM house with moderate dissipation
capacity. The houses’ typology fragility curves were estimated by combining the time
history analysis data of all the archetype houses that represent the typology. Then, the
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Table 6. Fragility curves of confined masonry houses

Typology IM (g) Parameter DSl Ds2 DS3 Ds4
MA/MC/DMO/H:I Sa(T = 0.1 s) 0g] 0.67 0.89 1.35 1.95
B 0.50 0.52 0.6l 0.71
MA/MC/DMO/H:2 Sa(T = 0.1 s) 0 [g] 0.42 0.59 0.93 1.38
B 0.58 0.58 0.65 0.75
MA/MC/DMO/H:3 Sa(T=035) 0g] 0.39 0.57 0.87 1.20
B 0.55 0.51 0.53 0.57
MA/MC/DMO/H:4 Sa(T=035) 0g] 0.28 0.46 0.82 1.28
B 0.70 0.66 0.69 0.75

application of the methodology previously explained in this section, namely, using
Equation 6 for the combined data were performed, obtaining the typology fragility curves
as shown in Figure 14. The median and standard deviation defining the fragility functions
for each of the typologies were obtained and are presented in Table 6, and in Figure 14.

Results in Figure 14 allow to compare the fragility curves with the same IM, for exam-
ple, MA/MC/DMO/H:1 with MA/MC/DMO/H:2 or MA/MC/DMO/H:3 with MA/MC/
DMO/H:4. CM houses of one story have a lower probability of exceeding a DS when com-
pared to CM houses of two stories. Similarly, MA/MC/DMO/H:3 performs seismically
better than MA/MC/DMO/H:4, as indicated by their higher median Sa(T) values across
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Figure 15. Comparison of fragility functions for one-story CM houses with curves developed by Lovon
etal. (2018).

all DSs. This suggests that three-story houses require stronger ground shaking to reach the
same level of damage, including collapse. The standard deviation of all the collapse fragi-
lity curves estimated is higher than that of the other DS. One explanation associated with
increasing dispersion is the lack of collapse data for high /M values. The uncertainty in the
building response near the collapse could also impact the dispersion of the data.

The fragility curves of CM houses were compared with the fragility curves of other
typologies of the MNRS. Furthermore, a comparison with the results of other authors
who developed fragility curves of CM walls was also performed. Figures 15 and 16 com-
pares CM fragility curves with the ones estimated by Lovon et al. (2018). In the study by
Lovon et al., both formal and informal CM dwellings were studied. Due to differences in
the IM used between this study and Lovon et al. (2018), the fragility curves may vary.
Thus, the fragility curves of the current study were recalculated with PGA and Sa [0.2 s],
which was the IM used by Lovon et al. for one-story and two-story CM houses respec-
tively. The results indicate that CM buildings in Colombia lie between the formal and
informal fragility curves reported by Lovon et al. This could be attributed to the wide-
spread use of tubular clay bricks in Colombia, which often exhibit low compressive
strength.
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Figure 16. Comparison of fragility functions for two-story CM houses with curves developed by Lovon
etal. (2018).

Concluding remarks

CM buildings are widely used in Latin America and other emerging countries. The exten-
sive use of CM houses underscores the importance of understanding their seismic behavior
to anticipate potential structural and societal consequences. In this study, seismic fragility
curves were developed to assess the fragility of CM buildings in Colombia. A country-
specific database of CM buildings was compiled, and 72 archetypes representing common
CM construction practices were proposed and analyzed to ensure the robustness of the
fragility assessment.

The archetypes were modeled using a modified version of the “Equivalent V-D Strut
Model,” proposed by Borah et al. (2021). This study modified the macro-model to incor-
porate 3D structural models, considering alterations in strength due to wall openings. It
accounts for the gravitational effects of permanent loads and seismic forces derived from
selected accelerograms. These archetypes were evaluated through nonlinear time history
analyses using approximately 370 ground motion records consistent with the seismicity of
three main cities: Barranquilla, Bogota, and Cali. Furthermore, the models were validated
against experimental data, including quasi-static cyclic tests and scaled shaking table tests,
ensuring consistency with observed structural behaviors.
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The fragility analysis revealed several important trends. As expected, shorter CM build-
ings, particularly one- and two-story houses, demonstrated lower probabilities of severe
DSs, such as extensive damage or collapse. This improved seismic performance was attrib-
uted to their reduced seismic demands and better force distribution. In contrast, taller
structures, including three- and four-story houses, exhibited higher fragility due to
increased mass and reduced wall density, which amplified seismic effects. Material proper-
ties, such as masonry compressive strength, were found to play a critical role in seismic
performance; houses constructed with stronger masonry units showed significantly lower
probabilities of collapse compared to those with weaker materials. In addition, diaphragm
rigidity had a marked impact on fragility, with rigid diaphragms offering better seismic
performance than flexible ones across all damage states.

The study underscores the importance of refining the Colombian seismic code (NSR-
10) to address the specific vulnerabilities of CM buildings. Current code provisions should
be revisited to include minimum requirements for tie column dimensions, masonry mate-
rial quality, and wall opening allowances, which could significantly reduce fragility and
enhance seismic performance.

While the fragility curves developed in this study are specific to Colombia, they hold
broader relevance for other Latin American countries with similar construction practices
and seismic conditions. By leveraging these findings, future studies can expand the under-
standing of CM fragility and its implications for seismic risk across the region.

This research also highlights opportunities for further advancements. Expanding the
regional database to include more diverse archetypes could capture additional variations
in construction practices across Colombia. Conducting experimental tests on CM walls
built with local materials would provide critical data to refine damage state definitions and
improve fragility assessments. Incorporating spatial arrangements of archetypes in future
simulations would better represent collective seismic behaviors in urban environments.

The fragility curves developed in this study represent a critical input for Colombia’s
National Seismic Risk Model, supporting efforts to improve seismic safety and reduce vul-
nerabilities associated with future earthquakes. By addressing region-specific fragility and
advancing the understanding of CM seismic performance, this study contributes to
broader disaster resilience initiatives in Colombia and beyond.
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