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Abstract: Adobe construction represents 5.3% of the total Portuguese building stock according to
the latest National Housing Census. The distribution of these adobe buildings is scattered across
the country, with higher density in the central region and in Algarve in the south, where the seismic
hazard is highest. A large proportion of these buildings are still in use for residential and commercial
purposes and are of historical significance, contributing to the cultural heritage of the country. Adobe
buildings are known to exhibit low seismic resistance due to their brittle behavior, thus making them
vulnerable to ground shaking and more prone to structural damage that can potentially cause human
fatalities. Three buildings with one-story, two-stories, and two-stories plus an attic were numerically
modeled using solid and contact elements. Calibration and validation of material properties were
carried out following experimental results. A set of 30 ground motion records with bi-directional
components were selected, and non-linear time-history analyses were performed until complete
collapse occurred. Two novel engineering demand parameters (EDPs) were used, and damage
thresholds were proposed. Finally, fragility and fatality vulnerability functions were derived. These
functions can be used directly in seismic risk assessment studies.

Keywords: adobe buildings; seismic vulnerability assessment; fragility functions; physical damage
estimation; fatality vulnerability functions; indoor fatalities; LS-DYNA; Portugal

1. Introduction

In this study, the seismic vulnerability assessment of three Portuguese adobe buildings
was conducted to derive fragility and fatality vulnerability functions, which can be used
to estimate losses due to earthquakes. Over the past centuries, Portugal has experienced
numerous earthquakes; a lesser-known event from the 18th century, the 1722 Algarve
earthquake, occurred 33 years before the well-known great 1755 Lisbon earthquake and
tsunami, and caused widespread damage in Algarve. More recent events in Portugal such
as the 1909 Mw 6.0 Benavente earthquake, the 1969 Mw 8.0 Algarve earthquake, and the
1980 Mw 6.8 Azores earthquake are examples of events where significant damage was
observed. The 1909 Benavente earthquake, despite its recorded moderate magnitude (Mw
6.0), is known to be the largest crustal earthquake in the Iberian Peninsula [1]. It occurred
around a period during which the Art Nouveau movement was gaining popularity in the
central region, and adobe constructions were in vogue. According to a post-earthquake
survey report of the 1909 Benavente earthquake [2], 879 buildings were damaged: 20%
reported light damage, 40% reported moderate damage, and the remaining 40% were
completely damaged. Furthermore, there were severe casualties that resulted in 46 deaths,
out of which 30 were from the village of Benavente. The direct and indirect consequences
of this event played an important role in influencing the local seismic building culture.
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The majority of the past studies regarding the seismic vulnerability of adobe buildings
were focused on the South American building stock. Tarque et al. [3] developed analytical
fragility functions following the displacement-based earthquake loss assessment (DBELA)
methodology [4] for commonly found one story buildings from Peru. Ahmad et al. [5]
broadly proposed fragility functions for a range of commonly found buildings, including
adobe structures in Pakistan. A study focused broadly on the South American building
stock [6] developed fragility functions for unreinforced masonry with adobe blocks, using
single-degree-of-freedom (SDoF) oscillators to model the response of the buildings. Re-
cently, Martins and Silva [7] developed analytical fragility and vulnerability functions using
censored cloud regression analysis, for one, two, and three-story adobe buildings. Finally,
Sumerente et al. [8] developed fragility functions, combining in-plane and out-of-plane
loading conditions, for typical one- and two-story adobe buildings in Peru.

According to Abeling and Ingham [9], the building volume loss is considered a better
damage descriptor for estimating risk to occupants as compared to traditional damage
states because it can be directly correlated with earthquake fatalities. Such data is essential
to better estimate earthquake-related risk and losses, thus minimizing economic losses
and mitigating fatalities. The fragility and vulnerability functions of the Portuguese adobe
buildings with one-story, two-stories, and two-stories plus an attic were derived following
the steps listed below.

1. Building surveys that contained well-documented evidence such as building schemat-
ics and descriptions of the buildings were examined. However, due to the scarcity
of a large dataset specific to adobe buildings, three buildings with one archetype per
building class of one-story, two-stories, and two-stories plus an attic were selected for
the case study presented herein.

2. These selected buildings were numerically modeled using the advanced finite ele-
ment method-based software LS-DYNA [10]. These models were tested by following
experimental validation and a series of sensitivity analyses to check the influence of
various parameters.

3. A set of 30 bi-directional ground motion records were selected based on the peak
ground acceleration (PGA) as the intensity measure (IM), and used to perform several
non-linear time-history analyses until the complete collapse of the buildings.

4.  To derive the fragility functions, two novel engineering demand parameters (EDPs)—
namely the crack propagation ratio (CPR) and volume loss ratio (VLR)—were selected,
and damage thresholds were proposed such that they can be correlated with the
damage classifications of the European Macroseismic Scale (EMS-98) [11].

5. The fragility functions were derived using the well-established cloud analysis [12] to
quantify physical structural damage due to a given IM.

6.  Furthermore, a fatality vulnerability function was derived to estimate indoor fatalities.

2. Characterization of Adobe Buildings in Portugal

According to the 2011 Population and Housing Census of Portugal (INE) [13], the total
building stock of Portugal comprises 3,353,610 buildings, out of which the adobe building
stock amounts to 178,422 buildings, i.e., about 5.32% of the whole Portuguese building
stock (Figure 1).
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Figure 1. Geographical distribution of adobe buildings in Portugal, as reported in the INE 2011 [13].

In Portugal, earthen materials have been used to construct loadbearing walls in the
form of adobe or rammed earth for the construction of buildings, especially in the central
and southern regions of the country. Locally, earth-based building materials are divided
into three different types of building techniques: rammed earth, known as “taipa”; wattle-
and-daub, “tabique”; and adobe [14]. Currently, there is a lack of reliable vulnerability
models for adobe buildings in Portugal. In this study, the advances in computational
modeling capabilities were utilized for the development of sophisticated numerical models
that can simulate the complete collapse of a full-scale building subjected to bi-directional
loading and are capable of predicting crack propagation and volume loss. As previously
mentioned, there are many adobe buildings in the central and southern part of the country,
due to the existence of sandy soils and the presence of lime, which has been reported to
be used as a stabilizing agent. It can be observed that the central region of Portugal has
the highest density of adobe buildings, since it was the prevailing construction system
adopted for the first half of the 20th century [15] and the legacy from the patrimony built
in that period is still significant. As part of the endeavor towards the preservation of the
inheritance and cultural heritage of the country, from the historical past to the present,
adobe buildings irrespective of the grandeur or simplicity are extremely important. In fact,
many patrimonial buildings of high historical, cultural, and architectural value [16] are
still in a reasonable conservation state [17]. The factor that led to the upsurge in adobe
as a construction material of choice, especially in the central region, is credited to the Art
Nouveau movement that spread across Europe in various forms. This movement had
a significant influence in some Portuguese cities [18], particularly in Aveiro, where it is
estimated that 30-40% of the buildings are still adobe buildings [19]. The Southern region
of Algarve, where the seismic hazard is relatively high [20], has a high density of adobe
buildings, as shown in Figure 1.

Database of Adobe Buildings Information

An appropriate selection of the buildings to be modeled depends largely on the avail-
ability of building survey data containing documented evidence with building schematics,
dimensions, and detailing with photographs that can be consulted to infer information
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about the exterior walls, interior walls, openings, lintel beams, roofing systems, attic, and
features such as gable end walls.

Three building surveys pertaining to earth-based buildings in continental Portugal
were examined in this study, namely, the Algarve survey report [21], the Alentejo survey
report [22], and the survey of fagade walls in Aveiro [19]. From these surveys, it was
concluded that it was essential to segregate these earthen buildings according to the
primary, secondary, and tertiary construction material that was used to build the external
walls and then the internal walls, respectively. The surveys reported a vast amount
of buildings constructed using taipa as both their primary and secondary construction
material, along with some buildings that used adobe and tabique as the secondary and
tertiary construction materials for internal walls. From these surveys, we selected a one-
story building with gable end walls in which both the primary and secondary construction
material used was adobe. The selection of buildings with two and more stories was
carried out following studies [23] that were archived at the University of Aveiro’s database,
which documented detailed building drawings constructed with adobe as the primary
construction material. It is noteworthy to mention that these buildings, located in the
municipality of Tlhavo, are currently in use, as shown in Figure 2a,b.

Figure 2. Photographs of the main facades: (a) two-story (Building 2); (b) 2-story plus an attic
(Building 3).

3. Case Study Buildings—Geometrical and Material Properties

The information obtained from the documented evidence discussed in Section 2 was
studied in detail and incorporated in the LS-DYNA software environment to build the
numerical models and perform the vulnerability assessment of the three selected case study
buildings, namely Buildings 1-3.

3.1. Geometrical Properties

The selected buildings are unique buildings due to their geometrical properties such
as exterior wall thickness, story or inter-story heights, total area, percentage of openings,
and building features such as lintel beams and gable-end walls. Each case study building
is described below.

3.1.1. Building 1

This one story building with gable-end walls, was located in the county Castro Marim
in Algarve was utilized for residential purposes, but was abandoned at the time of the
survey. Its floorplan is rectangular, and it is divided into four compartments. The primary
and secondary construction material is adobe, and the external walls are 30 cm thick,
remaining constant along the height of the building. The thickness of the walls was modeled
by adopting a “two-parts” scheme in order to avoid computational instabilities, as shown
in Figure 3c. The internal walls are 15 cm thick and divide the various compartments of the
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building. However, for simplifying the numerical models and reducing the computational
cost, these internal walls were not modeled in this study. The main fagade has a door
and two windows on either side. Each visible multicoloured block is termed as a ‘part’,
and these different parts constitute the prisms that are numbered from 1-7, as depicted
in Figure 3a. The interlocking of blocks was modeled by arranging them in a staggered
pattern, and the addition of constraints at the intersections simulate the interlocking of two
orthogonal walls, as shown in Figure 3c. Since buildings are built using lintel beams, these
elements were included above the openings in the numerical models. These are elastic
members constituted by a set of blocks whose nodes are constrained at the edges in the
X, y, and z directions, as shown in Figure 3a. These are structural components that are
important to model, as they play an important role in preventing the onset of premature
collapse mechanisms due to seismic loading. The gable-end walls compose both the left
and right facades of the building and do not have any openings, as shown in Figure 3b.
The roof is composed of simple wood beams and trusses, which support the ceramic
roofing tiles. The beams of the roofing system were modeled using a discrete element
with compression-only springs added in the two orthogonal directions with equal spacing,
as shown in Figure 3a,c. The mechanical properties of the wooden beams of the roofing
system were defined according to prescriptions from Eurocode 5 [24]. The dimensions of
the building are summarized in Table 1, and the geometrical details and features that have
been modeled in the LS-DYNA environment are shown in Figure 3a—c. Further details
pertaining to numerical modeling are discussed in Section 4.

Table 1. Building characteristics and dimensions.

Building Characteristics Building 1 Building 2 Building 3
Total no. of stories 1 2 2 + Attic
Length (m) )\({—j.irect'ion 6.30 10.80 8.20
-direction 7.80 9.30 12.00
49.14 100.44 98.40
1st Story 2.85 3.30 2.40
Height (m) 2nd Story - 3.30 3.60
Attic - - 3.00
Total height (m) 2.85 6.60 9.00
Total no. of external walls 4 4 4
External wall thickness (cm) 30 60 40
Gable-end walls Yes No Yes
Lintel beams Yes Yes Yes
Total no. of window openings 4 15 16
Total no. of door openings 2 3 4

Total percentage of openings (%) 10 20 15
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Figure 3. Dimensions of Building 1 and details of the modeling in the LS-DYNA environment: (a) elevation view showing
the front (main fagade), (inset right) close-up of a lintel beam; (b) elevation view showing the symmetric left and right gable

end walls; (c) plan view of the building and position of compression-only springs: (left inset) wall thickness detail (right

inset) close-up view of a corner intersection, constraints, and interlocking.

3.1.2. Building 2

The two-story residential building is located in the municipality of Ilhavo and is
currently in use (see Figure 2a). Its floorplan is rectangular and composed of a ground
and first floor with equal inter-story heights. The primary construction material is adobe,
while the external walls are 60 cm thick as a constant throughout the entire height of the
building. The interior walls are 15 cm thick and were built using a secondary construction
material (tabique). These thin tabique internal walls have a much lower structural capacity
when compared to the thick adobe external walls. For this reason, as well as to reduce
the computational demand of the numerical models, these elements were not modeled in
this study. Nonetheless, a recent study by Battaglia et al. (2020) [25] indicates that tabique
walls can lead to a slight reduction in the structural capacity. Each of the fagades has
multiple openings, as presented in Figure 4a,b. The lintel beams were modeled above each
of the openings, as previously described. The roof is composed of simple wood beams and
trusses, which support the ceramic roofing tiles. The beams of the roofing system were
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modeled using a discrete element with compression-only springs in one direction, as shown
in Figure 4c. The mechanical properties of the wooden beams of the roofing system were
defined according to prescriptions from Eurocode 5 [24]. The dimensions of the building
are summarized in Table 1, and the geometrical details are shown in Figure 4a—c. Further
details pertaining to numerical modeling are discussed in Section 4.
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Figure 4. Dimensions of Building 2 and details of the modeling in the LS-DYNA environment: (a) elevation view showing
the front (main facade); (b) elevation view showing the left and right walls; (c) plan view of the building and position of

compression-only springs (left inset) wall thickness detail.

3.1.3. Building 3

The two-story plus attic with gable-end walls is a residential building also located
in the municipality of [lhavo. Similar to Building 2, this one is also currently in use (see
Figure 2b). Its floorplan is rectangular and is composed of a basement which serves as
a storage and a wine-cellar with a lower height than the other two stories, a habitable
first floor with multiple compartments, and an attic at the top. The primary construction
material is adobe. The external walls are 40 cm thick, which is constant throughout the
entire height of the building. The interior walls are 15 cm thick and were built using a
secondary construction material (tabigue); these walls were not numerically modeled for
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the reasons described for Building 2. Each of the fagades has multiple openings, as shown
in Figure 5a,b. The lintel beams were modeled above each of the openings, as mentioned
previously. In the basement level, there are windows that are fixed and unopenable,
serving only for lighting, whereas the above story and attic have openable windows that
are used for lighting and ventilation. The flooring system consists of wooden beams that
are equally spaced at 40 cm and the roof that consists of wooden trusses. The beams of
the roofing system were modeled using a discrete element with compression-only springs
added in the two orthogonal directions with equal spacing as shown in Figure 5a,c. The
mechanical properties of the wooden beams of the roofing system were defined according
to prescriptions from Eurocode 5 [24]. The dimensions of the building are summarized in
Table 1, and the geometrical details are shown in Figure 5a—c. Further details pertaining to
numerical modeling are discussed in Section 4.
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Figure 5. Dimensions of Building 3 and details of the modeling in the LS-DYNA environment: (a) elevation view showing
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3.2. Material Properties

The study of adobe mechanical properties is of paramount importance to improve the
reliability of numerical models, which can then be used to derive fragility and vulnerability
functions. Several studies and experimental campaigns have been conducted at the Civil
Engineering Department of the University of Aveiro since 2005, providing crucial insights
and information to sustain more robust numerical models. Adobe has also been extensively
studied in Portugal, but mainly on the characterization of its mechanical properties [26,27].
The experimental campaigns on in-plane cyclic tests on full-scale double-T shaped adobe
walls carried out by Silveira et al. [28] provided the value of Young’s modulus (E) adopted
herein. The material properties reported by Silveira et al. [28] were incorporated in a case
study by Sarchi et al. [29] to create two finite element models, that were then used to
develop fragility functions.

3.2.1. Testing the Modeling Platform

In the context of this study, it was pertinent to first test the modeling platform, herein
LS-DYNA, then check if the results of the experimental tests were reproducible and
thus applicable. A numerical model of the adobe double-T wall experiment reported
in Silveira et al. [28] was recreated in the LS-DYNA environment as shown in Figure 6a,
and a trial range of values of Young’s modulus was applied and tested in the linear range.
Each of the eigenmodes and their corresponding eigenfrequencies were checked, and it
was found that at a Young modulus of 738 MPa, the corresponding frequency was 23 Hz, as
shown in Figure 6b, henceforth providing a match to the experimental results. This value
was corroborated by another study [30] that suggested that the Young modulus should be
lower than 1 GPa for this kind of material.

w00¢

Figure 6. Recreated single adobe double-T wall in the LS-DYNA environment (a) dimensions and
detailing; (b) Top and isometric view of the in-plane mode of vibration with its corresponding
matched frequency f = 23 Hz.

3.2.2. Sensitivity Analysis

A sensitivity analysis was performed in which the various parameters involved in the
numerical modeling such as tensile strength, normal energy, and shear energy release rates,
and coefficients of friction were tested by using different proposals from the literature. Itis a
well-known fact from the scientific literature that adobe masonry exhibits a brittle behavior,
owing to its low compressive, tensile, and shear strength [31-35]. For this reason, when
subjected to cyclic action, adobe masonry usually presents a low resistance capacity. The
tensile strength was assumed to be 0.05 MPa [31], and the recommendations from Lourenco
and Pereira [36] were followed to define the initial range of parameters such as the normal
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energy release rate and shear energy release rate. According to AlShawa et al. [37], it is
acceptable to assume equal shear and tensile parameters for masonry. The parameters
that influenced the structural response the most were the normal and shear energy release
rates. Thus, the final values of normal energy and shear energy release rate adopted in
this study for buildings 1, 2, and 3 are 10 N/m, 30 N/m, and 20 N/m, respectively. From
the literature, there was no clear recommendation for the coefficient of friction. Thus, a
static coefficient of 0.4 and a dynamic coefficient of 0.3 was assumed. A summary of all
the mechanical properties and input parameters adopted for the numerical models of the
adobe buildings are given in Table 2.

Table 2. Mechanical properties and input parameters of the numerical models.

Element Mechanical Properties Value Units
Young’s modulus 0.74 GPa
SOLID elements Poison’s ratio 0.30 -
Density 1500 kg/m?
Static coeff. of friction 0.4 -
Dynamic coeff. of friction 0.3 -
. Scale factor for segment penalty stiffness 1.0 -
Cohesive elements Normal and shear failure stress 0.05 MPa
Normal and shear energy release rate 10, 30, 20 N/m
Normal (CN) and tangential stiffness 0.74 GPa
Timber elasticity modulus 7.00 GPa
Springs Timber elasticity modulus (5%) 4.70 GPa
Design compressive strength 16.00 MPa
Design bending strength 14.00 MPa

4. Framework for Vulnerability Assessment

The framework for vulnerability assessment of the adobe buildings is shown in
Figure 7, and each of these steps is discussed in detail in the following subsections.

INPUT PROCESSING OUTPUT
Building selection Non-linear analysis : :
. oo 2 : Fragility functions
Model ;issembly : D“fﬁ extraction i _ P _
Routine 1 : outine 3 i | Fatality vulnerability functions
Ground motion selection Statistical analysis

Figure 7. Framework for vulnerability assessment of adobe buildings.

4.1. Numerical Modeling

LS-DYNA, a general-purpose finite element software capable of simulating complex
real-world problems, was used in this study. A shared memory parallel (SMP) double
precision solver was utilized to improve the convergence of the non-linear analyses, and a
combined finite-discrete element [38] strategy was adopted to simulate various stages of
damage, such as cracking of walls and volume loss. The development of the numerical mod-
els in this study followed the recommendations from Karanikoloudis and Lourenco [31],
and Lourenco and Pereira [36].

The pre-processing, processing, and post-processing of the numerical models can be
broadly categorised into three steps, as shown in Figure 8. Firstly, the detailed building
drawings are used to define the geometry in the software environment (LS-PrePost [39])
Secondly, the assembled models have to be processed and the data stored. Finally, the
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relevant data is extracted and further post-processed to obtain results such as the maximum
displacements or fraction of cracked walls. To improve the computational performance and
accuracy of these steps, automatic processes have been implemented in the MATLAB [40]
routines (1-3). For each of the three steps mentioned above, a schematic of these routines
is shown in Figure 8. Routine 1 was used for assembling the required geometry of the
building based on a simplified input protocol. It efficiently generates the nodes and
the solid elements and connects the segments to produce the complete building model.
Routine 2 was used to execute the second step of this process, that is, running the static
and dynamic analyses, which are performed in a stepwise manner. It generates a set of
instructions that can be run from the system console that controls the LS-DYNA solver and
can run multiple analyses simultaneously while efficiently segregating and storing the data
generated. Routine 3 was used to execute the third step of this process: the extraction of
the relevant data from the analyses, which, in the present study, mainly relates to crack
propagation and volume loss.

PRE-PROCESSING

PROCESSING

POST-PROCESSING

Routine 1

Routine 2

Routine 3

Geometry assembly
LS-DYNA input deck cards

Gravity analysis
+

Non-linear time history analyses

Extraction of data related to
Crack propagation
Volume loss

Model ready!

Figure 8. Procedure utilizing the automated algorithms in LS-DYNA for pre-processing, processing,
and post-processing of the building models.

4.1.1. Solids Elements for Walls

To suit this study’s objectives, it is pertinent to model the collapse mechanism of the
buildings. This process allows quantifying the crack propagation and the volume loss of
material. According to a classification given by D’Altri et al. [41], this modeling strategy
can be considered a block-based approach, and a similar novel computational modeling
strategy was proposed by Pulatsu et al. [42]. To this end, the building was discretized
uniformly into blocks, as shown in Figure 9. In this study, the buildings were modeled
utilizing three different mesh size discretization to reproduce the required wall thickness.
The thickness of the walls is modeled adopting a “two-parts” scheme, in order to avoid
computational instabilities. Thus, to reproduce a wall of 30 cm thickness, we used two
blocks of 15 ¢m each. Furthermore, each block is constituted of two elements with a mesh
size of 7.5 cm each, as shown in Figure 3c. The same approach has been applied to the
other two buildings as shown in Figures 4C and 5C. Finally, the computational cost plays
an important role, and larger mesh sizes help in reducing the cost significantly. A summary
of the components of the models is given in Table 3.

Table 3. Numerical modeling characteristics.

Building 1 Building 2 Building 3

Mesh size (cm) 7.5 15 10
Block size (cm) 15 30 20

No. of nodes 141,408 123,156 300,654

No. of solid elements 42,223 37,040 89,962

No. of parts 5162 4433 10,932

Total volume of blocks composing the walls (m?) 17.80 124.90 89.90
Roof Spring-based Spring-based Spring-based




Buildings 2021, 11, 200

12 of 22

Traction

(@)

Contact interface .-~
T %

‘ Solid element

‘ Cohesive element
_ | (zero thickness)

Solid element

Plane of discretization

Figure 9. Procedure utilizing the automated algorithms in LS-DYNA for pre-processing, processing,
and post-processing of the building models.

The elements used in our models were LS-DYNA's standard three-dimensional solid
elements formed by eight nodes (hexahedron) ELFORM_TYPE_1, based on linear shape
functions using one-point integration with constant stress [10]. The material properties
attributed to these blocks is *“MAT_001, an isotropic elastic material model [10]. This combi-
nation of solid elements and associated material properties proved to be efficient, enabling
multiple non-linear time history analyses. However, while working with solid elements, it
is possible to develop Hourglassing (HG). This is a pathology that can potentially cause
numerical inconsistencies due to the development of nonphysical, zero energy modes of
deformation that produce zero strain and no stress in the solids. To control this numerical
error, an HG control (IHQ4) that follows a stiffness form of type 2 Flanagan-Belytschko has
been utilized, with a Hourglass coefficient (QH) of 0.05 [37].

4.1.2. Segment Contact Interface Elements and Cohesive Mixed-Mode Material Model

The solid elements were connected using zero thickness master and slave interfaces. A
penalty stiffness approach was used to model the separation, impact, and sliding with fric-
tion between blocks. A *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_TIEBREAK
was used as these automatic contacts are non-oriented, and can detect penetration coming
from either side of the master and slave segments. The selected contact algorithm is based
on the *MAT_138 [10], which has a Discrete Crack Model, and it was assumed that the
tensile behavior is governed by a bilinear traction separation law with linear softening,
as shown in Figure 10a. This material model has a pre-defined failure criterion, and the
cohesive elements were removed after meeting the criteria. No damage was assumed in
the initial state of the buildings. The schematic of a master and slave node is shown in
Figure 10b, and a summary of the mechanical properties and input parameters adopted for
the numerical models are given in Table 2.

“slave” node

segment normal

projection distance

“master’” segment

“contact” point

(b)

Figure 10. Material models in LS-DYNA: (a) Mixed-mode traction-separation law adapted from [10]; (b) assessment of

projection distance for a free slave node adapted from [43].
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4.1.3. Optimization

Due to the large deformations of the solid elements from their original position, an element
may become so distorted that its volume becomes negative. This behavior increases processing
time and eventually causes premature termination of the analysis. A function to remove such
elements was incorporated using the *DEFINE_ELEMENT_DEATH_SOLID_SET [10] option.
This functionality tracks solid blocks that fall below the base of the building and removes them
from the calculation. This optimization significantly improved the computational performance
and required storage, while maintaining a steady iterative timestep.

4.2. Eigenvalue Analysis

Eigenvalue analysis is fundamental towards understanding the fundamental period of
vibration of the buildings. The modes of vibration corresponding to the X and Y direction
of the building models with significant mass participations are shown in Figure 11a—f. The
local modes with corresponding low values of mass participation are not shown for the
sake of brevity.

X-direction Y-direction

T=044s T=043s
() (£)

Figure 11. Fundamental periods of vibration and the corresponding modes for translation in X-direction and Y-direction:
(a,b) building 1; (c,d) building 2; (e,f) building 3.
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4.3. Hazard Demand

A set of 30 bi-directional ground motions records were selected based on the local tec-
tonic regime in Portugal and a seismic hazard disaggregation study for the most populated
regions [44]. The IM considered was PGA, and the records were segregated into five bins
between 0.05 g and 1.05 g. Some of these records were scaled to cover the range of PGA
required to induce collapse. A limit was set for the duration of the records, since it was
not computationally feasible to use ground motion records that exceeded 60 s in duration.
Figure 12 illustrates the acceleration spectra for the selected ground motion records along
with the median spectrum and the 16th and 84th percentile spectra.

10"
——Mean
- — -16th and 84th quantile

Spectral acceleration (g)

107! 10°

Period (sec) Period (sec)

(a) (b)

Figure 12. Response spectra of the bi-directional components of the selected ground motion records: (a) horizontal

component in X-direction; (b) horizontal component in Y-direction.

4.4. Non-Linear Time History Analysis

Non-linear time history analyses were performed on all three building models using
the set of selected ground motion records in the two orthogonal directions. A gravity
analysis prior to a non-linear time history analysis ensures that the model is preloaded
prior to applying dynamic loads. In this manner, it is possible to clearly distinguish the
preloading phase from the transient phase [45]. The pre-loading was performed using a
high damping in order to get a soft response (pseudo-static) to avoid any dynamic effects,
whereas for the non-linear time histories, a damping of 3% was assumed [31].

In these analyses, it was expected that depending on the intensity of the ground
motion records, the contact interfaces develop cracks due to the energy input. This effect
causes the solid elements of the walls get displaced from their original position, and trigger
a combined collapse mechanism. The failure modes of these buildings under seismic
loading depend on the mechanical properties and on the overall geometric configuration
of the building [17,46]. Examples of the end stage of the non-linear time history analyses
according to the different assumed damage states are shown in Figure 13a-o.
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5

P

Figure 13. Crack formation and volume loss shown at the end stage of the non-linear time history analyses sustained by buildings 1-3
for the 5 damage states: (a,d,g,j,m) building 1; (b,e,h k,n) building 2; (c,f,i,1,0) building 3.

4.5. EDPs and DSs

To compute the probability of exceeding a set of damage states, it is necessary to estab-
lish clear criteria relating each damage state with an engineering threshold (i.e., engineering
demand parameter). We adopted the damage states from the European Macrosceismic Scale
(EMS 98) [11], and defined a damage criteria based on two EDPs: (1) the crack propagation
ratio, which refers to the cracks that develop on the walls prior to the onset of detachment of
the blocks, and (2) the volume loss ratio, which refers to the post-failure movements of the
blocks that have the potential to cause fatalities. The two novel EDPs are sub-categorized
into the five damage states (DS1 to DS5) in Table 4. The thresholds for the novel EDPs
were defined following the post-earthquake damage observations from So and Pomonis
(2012) [47], in which typical volume loss for collapse of European masonry buildings were
indicated. The data generated from the non-linear time history analyses pertaining to crack
propagation and volume loss were extracted using the automated MATLAB routines and
segregated for further analysis.

Table 4. EDPs and DSs and the corresponding damage thresholds.

EDPs DSs Damage Description Threshold
. . DS1 Negligible to slight 15%
Crack propagation ratio DS 2 Moderate 259
DS 3 Substantial to heavy 10%
Volume loss ratio DS 4 Very heavy 25%
DS 5 Destruction 40%

4.6. Cloud Analysis

Fragility assessment is an important step in seismic risk assessment [12]. Fragility
functions define the conditional probability of exceeding a damage state for a given IM.
Incremental Dynamic Analysis (IDA) [48] and Multiple Stripe Analysis (MSA) [49] are
commonly used in fragility studies. However, these methods usually require a large
computational effort due to the need to scale the ground motion records, and perform
a large number of dynamic analysis. The issue of computational effort is particularly
important in the current study, as the detailed numerical models are computationally-
demanding. Thus, for the sake of simplicity, the Cloud analysis procedure was adopted [12].
This procedure has been used in recent structural fragility studies and it is capable of
considering the record-to-record variability and other sources of uncertainty related to
structural modeling. The steps followed for the fragility assessment are described below,
and illustrated in Figure 14.
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The results extracted from the non-linear time history analysis were plotted (IM vs.
EDP) in a logarithmic scale, and a linear regression was performed to generate a
trendline that best fits the data.

The following equation was used to calculate the expected value of the dependent
variable (EDP) given an IM. A homogeneity of variance was assumed for the IM-EDP
random variables; hence the model can be described as shown in Equation (1).

E[log(EDP)|IM] = b x log(IM) + log(a)

/21 (log(EDP) ~E[log (EDP) | 1M,])* @
Orec—rec = )

where E[log(EDP)|IM] stands for the expected logarithm of EDP given an IM, b and
log(a) are the regression parameters, 0yec—ec is the record-to-record variability, 1 is the
no. of records, and EDP; corresponds to the i-EDP value obtained from the non-linear
analysis for the corresponding IM;.

The structural fragility functions obtained from the probabilistic model can be ex-
pressed using Equation (2).

@

EDP,, — E[log(EDP|IM
P[EDP>dsi|1M]:1_q>< 4s; — E[log(EDP| )])

Orec—rec

where @ is the cumulative normal standard distribution and the ED Py, is the damage
threshold (e.g., 15%) corresponding to a given damage state (e.g., DS1).
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Figure 14. A schematic of the fragility assessment procedure: (a) probability of exceedance for three IMLs given a damage
threshold; (b) Fragility function for a given damage state.

4.7. Fatality Vulnerability Functions

The method to estimate fatality rates in this study follows the methodology proposed

by Abeling and Ingham [9], which uses a relationship between the volume loss of the
building and an expected fatality ratio. The buildings volume loss is a damage descriptor

that

measures the ratio between the volume of debris (V;) and the space capacity (V)

measured up-to a height of 2 m from the floor level, as shown in Figure 15. The volume
loss can be calculated using Equation (3).

Volume loss = Ya 3)
Ve
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A cloud of fatality ratio (FR)—IM data was produced by multiplying the volume loss
obtained from each of the structural analysis by the corresponding FR proposed by Abeling
and Ingham [9]. This cloud of points was then fitted to a lognormal cumulative density
function, as defined in Equation (4)

)

Fatality ratio = 0.52 x ® <h1(IM)—9>

p

where 0.52 is the maximum fatality ratio corresponding to 100% volume loss as per [9],
@ is the cumulative normal standard distribution, 6 is the logarithmic mean, and § is the
logarithmic standard deviation, as presented in Table 5.

Volume of
debris (V)

Figure 15. Illustration of volume loss using Building 2 (adapted from Okada [50]).

Table 5. Fatality vulnerability parameters for adobe buildings.

Building Class 0* B **
1-story 1.06 0.88
2-story 0.45 0.75

2-story plus attic 0.45 0.77

* —logarithmic mean, ** f—logarithmic standard deviation.

5. Results

The results of this study for the three adobe buildings are presented in terms of
the derived fragility and fatality vulnerability functions, as shown in Figure 16a—f with
comparisons to the recent study by Martins and Silva (2020) [7]. The corresponding
fragility parameters (i.e., p—logarithmic mean and o—logarithmic standard deviation) are
presented in Table 6 and the fatality vulnerability parameters are presented in Table 5. It
can be inferred from the values of dispersion (i.e., 0) in Table 6, that there are two different
values for the dispersion, one value corresponding to DS1-DS2 and another for DS3-DS5.
The difference arises due to the two EDPs selected to predict the different phenomenon.
It is intuitive to understand that a building can develop cracks after which volume loss
occurs. The 1-story building is less vulnerable in the first damage states, due to the absence
of a story above and the low height. It becomes vulnerable in the last damage states, since
post-cracking, the walls lose their load bearing capacity, and these blocks are immediately
displaced from their original position. Also, the elastic period of the buildings has an
influence on DS1 and DS2, while DS3-DS5 are in the non-linear range. According to
Ginell and Tolles [32] the post-elastic behavior of adobe is different from ductile building
materials, since it is a brittle material characterized by low compressive, tensile, and shear
strength. It is worth noting that all the buildings are unreinforced, and their load bearing
capacities rests solely on the integrity of the walls.
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Figure 16. Fragility and fatality vulnerability function for each of the building classes, respectively (a,b) 1-story; (c,d) 2-story;
(e,f) 2-story plus an attic.
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Table 6. Fragility parameters for adobe buildings.
Building Class IM DS1 DS 2 DS 3 DS 4 DS 5
u* o ** u o u () 1 o u o
1-story PGA —0.89 0.39 -067 039 —-043 037 —-020 037 —0.08 0.37
2-story PGA —1.38 0.43 -1.00 043 -038 050 —-0.05 0.50 0.12 0.50
2-story plus attic PGA -1.39 0.42 -09% 042 046 049 017 049 —-0.02 0.49

References

* p—logarithmic mean, ** c—logarithmic standard deviation.

6. Conclusions

This study presented the development of fragility and vulnerability functions for
typical adobe buildings in Portugal, one of the most vulnerable types of construction in
the country. The selection of the buildings to numerically model was carried out based
on survey data comprising building drawings, photographs, and information regarding
the construction practice and material properties. The sensitivity of mechanical properties
and modeling options was assessed, and calibration and validation of material properties
were carried out following the results from a full-scale experimental in-plane cyclic tests
on adobe walls. A set of 30 ground motion records with bi-directional components were
selected, and non-linear time-history analyses were performed until collapse was reached.
Two novel EDPs were adopted and damage thresholds were proposed such that they can
be correlated with damage classifications in agreement with the European Macroseismic
Scale (EMS-98) [11]. Fragility functions were then derived following the cloud analysis
methodology [12] and compared to a recent study [7].

The fragility functions proposed herein can be used directly in the assessment of
damage due to earthquake scenarios, or in probabilistic risk analysis to identify regions
in the country where the probability of collapse of these structures is particularly high.
Similarly, the vulnerability functions in terms of fatality rates can be employed to assess
human losses, which is particularly important for the development of risk management
measures.
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