GEOMATICS, NATURAL HAZARDS AND RISK Tavior & F .
2024, VOL. 15, NO. 1, 2300837 e aylor rancis

https://doi.org/10.1080/19475705.2023.2300837 Taylor & Francis Group

8 OPEN ACCESS ".) Checkforupdates‘

First-order approximation towards empirical seismic
vulnerability assessment of low-cost unreinforced
masonry buildings in South Africa

Thando Nqgasha®, Zeenat Khoyratty®, Mulemwa Akombelwa?®, Mayshree Singh®
and Andrzej Kijko®

2School of Civil Engineering, Surveying and Construction, University of KwaZulu Natal, Durban,
South Africa; PSchool of Civil & Environmental Engineering, University of the Witwatersrand,
Johannesburg, South Africa; “Natural Hazard Centre, Pretoria University, Pretoria, South Africa

ABSTRACT ARTICLE HISTORY

The 5 August 2014 Orkney earthquake in South Africa caused sig- Received 26 October 2023
nificant damage to low-cost unreinforced masonry buildings. After Accepted 26 December 2023
the earthquake, post-earthquake surveys were conducted to assess
damage and deduce the intensity experienced by these buildings.
During these surveys, only buildings that were reported as dam- .

. . . L S unreinforced masonry

aged were investigated. Th|§ study conducted an empirical seismic buildings; earthquake
vulnerability assessment using data collected from those surveys. damage; fragility curves
However, for a comprehensive assessment, the data should include
all buildings in the study area. Hence in this study, a first-order
approximation was applied to gather sufficient data to construct
fragility curves for low-cost unreinforced masonry buildings in
South Africa. The damage probability matrix technique was used
for fragility curve construction. The fragility curves were constructed
using the intensity and damage data, statistical models, and model
fitting techniques. The fragility curves obtained in this study pre-
dicted comparable but slightly lower damage compared to other
curves for unreinforced masonry buildings of similar typology.
Although the method applied was able to produce fragility curves
comparable with other studies, it is recommended that in order to
get a reliable fragility curves all the buildings in the study area
should be investigated including those that suffered little to no
damage.
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2014-Orkney earthquake;

1. Introduction

Around the world, masonry buildings have a long and rich construction history,
well-established construction methods and materials, and are relatively low-priced.
These buildings are extensively used both in developed and developing countries
worldwide. Sorrentino et al. (2019) argued that even though masonry buildings have
several advantages, they are extremely vulnerable to seismic damage. Damages to

CONTACT Thando Ngasha @ ngashat@ukzn.ac.za

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/
licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited. The terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by
the author(s) or with their consent.


http://crossmark.crossref.org/dialog/?doi=10.1080/19475705.2023.2300837&domain=pdf&date_stamp=2024-01-06
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.tandfonline.com
https://doi.org/10.1080/19475705.2023.2300837

2 (&) T.NQASHA ET AL.

these buildings have been documented in several studies (Isik, E., 2023; Isik et al.
2023; Bilgin et al. 2022; Kiyono and Kalantari 2004). Halder et al. (2020) showed that
unreinforced masonry (URM) buildings would experience heavy damage even for a
seismic event having peak ground acceleration (PGA) as low as 0.18 g, which is the
design parameter for buildings in the Northeast region of India as per the Indian
seismic code. Meanwhile, Bilgin et al. (2022) established that low-rise masonry build-
ings could reach the near collapse damage state at a PGA of 0.16g. Yon (2021) deter-
mined that after an earthquake some sections of the affected structure may be unsafe
for habitation, depending on the level of damage experienced by the structure. The
damage experienced by the structure depends on the amount of shaking, local geo-
logical conditions, building design, construction methods and materials of the building
(Panzera et al. 2018). Assessing post-earthquake damage for vulnerability assessment
comes with many challenges, one being that methods that produce very detailed dam-
age data are associated with small sample size while methods involving large samples
tend to not record details about damage.

In this study an empirical seismic vulnerability assessment was used to characterize
seismic vulnerability of low-cost unreinforced masonry (URM) buildings that were
damaged during the 2014 Orkney seismic event using data collected from a post-
earthquake field survey. In that survey, damage data was obtained from buildings that
were reported to have been damaged while other buildings were not surveyed.
However, for a comprehensive assessment, the data should include all buildings in
the study area, regardless of whether they were damaged or undamaged. Hence in
this study a first order approach was applied to gather sufficient data to construct fra-
gility curves for low-cost unreinforced masonry buildings in South Africa.

Efforts have been made for many years to determine the seismic vulnerability of
structures to earthquake damage. Seismic vulnerability assessment is utilized in seis-
mic risk management and prioritizing pre-earthquake strengthening of structures
(Menegon et al. 2019). Three key methods are used for expressing seismic vulnerabil-
ity of structures to earthquake damage: empirical assessment approach, analytical
assessment approach, and hybrid assessment approach (Kassem et al. 2020). The
empirical method was chosen for this study since it utilises visual observations to esti-
mate seismic vulnerability. Empirical seismic vulnerability assessment requires three
primary components: probable ground motions, damage, and building typology.

Unreinforced masonry buildings are the most common type of buildings in the
Orkney area. These buildings are particularly vulnerable to seismic activities due to
their structural typology and sub-standard construction materials such as masonry
materials that are not reinforced, weak mortar between the bricks and unsupported
walls (Khoyratty 2016). The reliability of the empirical method largely depends on
the quantity and quality of the observed data; hence this study used first order
approximation for improving the quantity of data for reliable fragility curve construc-
tion. The aim of the study was to predict damage of unreinforced masonry buildings
in future earthquakes and provide guidelines for the design parameters of these build-
ings in terms of seismic shaking. Such information could inform emergency response
teams and disaster planning by the state authority.
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The Orkney region is situated in a seismically active zone, and the majority of
inhabitants around this area reside in low-cost, URM buildings provided by the gov-
ernment and other relevant stakeholders. These structures are highly vulnerable to
seismic activities, contributing to increased seismic risk as they are exposed to signifi-
cant seismic hazards. To enhance the design of these buildings, it is crucial to investi-
gate the level of seismic hazard that can result in damage. This is typically achieved
through the use of fragility curves. While fragility curves for URM buildings have
been developed for several studies (Ademovi¢ et al. 2020; Biglari and Formisano;
2020; Rosti et al. 2018), however, there are currently no existing fragility curves for
these types of buildings in South Africa. This gap can be attributed to the insufficient
data available for constructing fragility curves. The proposed study aims not only to
construct fragility curves for unreinforced masonry buildings in South Africa but also
to utilize a first-order approach in working with the available data to construct empir-
ical fragility curves.

1.1. Seismicity in the Orkney region

The Orkney region in South Africa, is located in an intraplate region, these regions
are characterized with low frequency of seismic activities. According to Jogunoori
(2012), intraplate seismic events occurrence is 6 times lower than interplate earth-
quakes. Between the years 1980 and 2014, the Orkney region experienced close to
400 seismic events with local magnitudes (My) equal to or greater than 2.5, two hav-
ing a local magnitude greater than (M) of 5 (see Figure 1). These events included
the 2005 Stilfontein event and the 2014 Orkney event. The seismic activities in this
region are suspected to be caused by mining activities (Brandt 2011), since there was
no clear evidence of seismic activities in the area before mining activities began. On
March 9, 2005, an earthquake with a local magnitude (ML) of 5.3 struck approxi-
mately 2,400 meters deep, in a mining area in Stilfontein. This earthquake caused
damage to several buildings most notably to four apartment blocks, two schools and
an old age home, leaving more than 50 people injured and claimed the life of two
mine workers. It is crucial to highlight that seismic events are a periodic occurrence
in the Orkney region, the 2014 earthquake being the largest one so far.

The 2014 Orkney earthquake had a local magnitude of (M;) 5.5 with a focal depth of
5km. It occurred on 5 August 2014 in the city of Matlosana, North West province in
South Africa (see Figure 2). This earthquake was felt throughout South Africa and in
some neighbouring countries such as Lesotho, Swaziland, Botswana and Mozambique. It
had a European macro-seismic scale (EMS-98) intensity range of between I and VIII (see
Figure 2). It resulted in one casualty and damaged more than 600 structures, the vast
majority being low-cost URM buildings within the radius of 50km from the epicenter,
most notably Khuma, Kanana and Jourberton (see Figure 2). This earthquake highlighted
the vulnerability of such buildings to earthquake damage, as some better constructed
buildings closer to the epicentre were not damaged. Over 1000 shocks were documented
in the month following this earthquake, it was suspected that these were aftershocks trig-
gered by the main event (Manzunzu et al. 2017). The effects of the 2014 Orkney earth-
quake varied significantly across the region. Mulabisana et al. (2019) reported variations
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Figure 1. Seismic events around Orkney regions with local magnitude equal to or greater than
(Mp) 2.5 for the period between 1980 and 2014.

of frequency and amplitude ratios across different sites; frequencies varying between 0.5
and 35Hz with an average of 7.9 Hz. The amplitude ratios varied strongly from 1.66 to
11.69, with only two with maximum peaks smaller than 2.

Geological conditions play a significant role in the variation of earthquake effects.
The average shear wave velocity is greater on hard rocks such as granite and slower
through less compacted rocks such as silt stone and unconsolidated sediments.
Similarly, seismic waves travel at higher velocities through highly elastic rocks and
slower through those with lower elasticity. Additionally, the geological composition of
the Earth’s crust plays a role in how far the effects of an earthquake are perceptible.
Aged, well-consolidated, and less fractured crust allows seismic energy to propagate
more efficiently. The characteristics of the geology of the area may affect the intensity
of the ground motion during an earthquake. Soft, loose soils such as clay, sand, and
gravel may cause seismic waves to increase in amplitude and duration while hard and
dense rock such as granite can attenuate seismic waves, causing them to decrease in
amplitude and duration. Borcherdt (1970) reported that maximum horizontal veloc-
ities for a site underlain by younger mud were ten times greater than those recorded
in bedrock.

The Orkney region is prone to seismic activities, possibly due to extensive mining
operations in the area. The allure of mining opportunities has attracted numerous
residents, leading to a surge in demand for affordable housing. Consequently, the
government and other stakeholders invested in low-cost housing for disadvantaged
individuals. This has created a precarious situation where earthquake-vulnerable,
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Figure 2. Outline of the areas mostly affected by the 2014 Orkney event and intensity map of the
event.

low-cost buildings are being constructed in a seismically active region, resulting in an
elevated seismic risk for these buildings.

1.2. Unreinforced masonry buildings structural typology

Unreinforced masonry (URM) buildings exist globally and have been used since 4000
BCE for providing shelter. These buildings are found throughout Latin America, the
Himalayan region, Africa, Europe, the Indian subcontinent and Asia. This type of
buildings has several advantages, such as fire resistance, inexpensive construction,
weather protection and providing thermal insulation. There are several variations of
URM buildings, In Seattle in the United States, the most common URM buildings
are three story buildings constructed from bricks and mortar which have wooden-
frames and roofs without structural reinforcement, and these are prone to collapse
during an earthquake (Perbix and Burke 1989). These are old buildings that were
constructed without the considerations of building codes and are more prone to
earthquake damage (Bruneau 1994). In preliminary surveys carried out in 2007 and
2012, it was determined that more than 800 old URM buildings were vulnerable to
collapse during a big earthquake such as the 2001 Nisqually earthquake with a
moment magnitude of 6.8 (Doughton and Raghavendran 2015). In India the most
common URM buildings are two story buildings constructed from bricks and mortar
which have wooden-frames and roofs (Sinha and Brzev 2002). These buildings are
also constructed without the consideration of any building codes and guidelines and
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as a result they suffered devastating damage during the 1997 Jabalpur earthquake of
moment magnitude 5.8 (Bhattacharya et al. 2014).

Extensive research has been conducted in recent decades to reduce building vul-
nerability to earthquake damage, resulting in new building codes, however, buildings
built in terms of these codes are characteristically found in wealthy countries. Several
hospitals in Turkey were constructed considering the latest buildings codes, including
features such as beams and columns that absorb the energy of the earthquake and
earthquake resilient systems such as seismic isolation system and seismic dampers
which minimize the energy that goes into the buildings by absorbing or diverting it.
During the 6 February 2023 Turkey-Syria earthquakes of moment magnitude 7.8 and
7.7 these buildings saw a 75% reduction in earthquake shaking, survived the earth-
quake with minimal damage and remained functional after it (Ozbulut 2023). Over
the past 30years Iran saw a decrease in the use of masonry materials in buildings
that were designed according to the Iranian standard seismic code (Standard No.
2800), however, buildings constructed from masonry materials and without the
implementation of buildings codes still exist in rural areas and some monumental
and historical buildings. One of the features that make these buildings vulnerable to
earthquake damage is that they have no horizontal and vertical confining elements
(Biglari and Formisano 2020). For most developing regions in Latin America, Africa,
Asia, the Middle East and Southern Europe, the most common type of URM build-
ings are single story buildings constructed from brick and mortar. These buildings
are generally constructed from basic masonry materials and are built without follow-
ing any building regulations or building codes, resulting in continuing vulnerability
to earthquake damage (Bhattacharya et al, 2014). Residents in these areas typically
have limited financial resources and limited expertise in engineering or construction,
so there has been minimal effort to safeguard them from the seismic risks posed by
earthquakes.

One of the most common types of URM buildings in South Africa are houses pro-
vided by the Housing Development Agency to those who need basic shelter (see
Figure 3). These are rectangular buildings constructed from concrete bricks and
cement mortar plastered with one coat cement plaster. They typically have an area of
35 square meters with dimensions of ca. 7m by 5m and a base height of 2.5 m with
1 external door, three interior doors, four exterior windows and a total of 4 rooms
(Figure 3). These were the buildings that were most damaged by the 2014 Orkney
earthquake and were the ones assessed in this study. They were constructed between
1998-2006 in accordance with the South African Bureau of Standards (SABS) 1200
building standards. These standards were developed in the 1970s and covered various
aspects of building construction and safety, including structural design, materials, and
building practices but did not have any specification for seismic actions. SABS 1200
remains the primary reference for construction in the country, however the building
standards landscape in South Africa has evolved since then, and newer standards
have been introduced. In 2011 the South African Bureau of Standards introduced
SABS 10160-4, which provides strategies and guidelines for designing buildings that
are subject to seismic actions, mainly to protect against major catastrophic structural
failures and loss of life. These standards also specify the seismic zones within which
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Figure 3. Structural layout of a common unreinforced masonry building in South Africa, (top left)
floor plan; (top right) side elevation; (bottom left) front elevation and (bottom right) photograph.

structures must be designed and constructed to withstand the impact of seismic
ground motion. To sum up, the buildings in this study were constructed prior to the
introduction of the building codes that consider the impact of seismic events. Prior
the 2014 Orkney earthquake there were no reported damages to these buildings,
hence this the first study to investigate earthquake damage to them. Pule et al. (2015)
discussed that most buildings and structures in South Africa are vulnerable to seismic
activities since they lack design elements to withstand even mild seismic activities.
Seismic resistance is generally not regarded as a standard design consideration by
most architects, engineers, and builders in the country.

While URM buildings are a favourable for simple and affordability housing, they
pose a significant risk when exposed to seismic activities, especially those constructed
without the implementation of building codes

1.3. Vulnerabilities of URM buildings to earthquake damage

Although masonry buildings have several advantages that make them a suitable
choice for providing basic shelter they have disadvantages, one being their vulnerabil-
ity to earthquake-generated ground vibration. On 06 February 2023, two earthquakes
in Turkey with moment magnitudes of 7.8 and 7.7 resulted in significant building
damage across 10 provinces (Erdik et al. 2023). Most of these buildings were unre-
inforced masonry buildings that were constructed prior the implementation of
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earthquake-resistant design codes (Erdik et al. 2023; Isik 2023). The site survey of
damage of buildings by the 5 August 2014 Orkney event, confirmed some of the
known vulnerabilities of URM buildings to earthquake damage (Khoyratty 2016). Some
of the factors that validate their vulnerability to seismic activities are poor mortar
(Figure 4a), weak load bearing walls (Figure 4ab), weak unsupported walls (Figure
4c¢,d), lack of vertical confining elements, poorly supported wall openings (Figure 4e-i),
inadequate brick strength (Figure 4j), as well as heavy and stiff structural design.

Both load bearing and non-load bearing walls of masonry buildings are made of
heavy masonry materials like bricks or stones, bound together with mortar. If the
strength of these brick units is less than that of the design strength, they become
weak points of the structure and may fail when subjected to seismic loading
(Figure 3j). Unreinforced masonry walls are typically stiff and brittle, excessive bend-
ing and shearing during an earthquake can result in failing of these walls, these fail-
ures are usually noticed as horizontal, vertical and diagonal cracks (Figure 3a-i). This
common weakness of unreinforced masonry walls can cause the building to become
unstable which subsequently may lead to collapse. Horizontal cracks are typically
found at the intersection of the walls with the roof or floor and vertical cracks are
common where walls intersect other walls. These cracks may form as a result of weak
finish that is unable to hold together the difference in movement between walls. Most
buildings that collapsed or experienced severe damage during earthquakes in Turkey
between 1992 and 2004 had failure in load bearing walls (Dogangiin et al. 2008).
Unreinforced masonry buildings usually lack vertical confining elements, which can
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lead to the formation of diagonal cracks propagating from openings of the building
(Figure 4e-i). Most buildings must have wall openings such as windows and doors,
which introduce weak-points where most of the damage starts to occur, since these
areas act as hinges and may rotate as the building undergoes back and forth move-
ments. In URM buildings, most mortar that is used to hold bricks together may not
be strong enough. This was observed in the Northern part of the Netherlands, where
the buildings were not designed and constructed to resist earthquake loading and
where some of the building materials were below standard for resisting earthquake
loading (Jafari et al. 2017). During the 2014 Orkney earthquake one person was killed
as a result of a wall collapsing on him (Khoyratty 2016). Weak mortar may also cause
masonry elements to peel from the building and fall onto occupants (Figure 4a).

Masonry buildings are generally heavy and rigid, making them effective in with-
standing hurricanes and strong winds, however, the rigidity makes the structure more
vulnerable to earthquake damage. This was evident in unreinforced masonry struc-
tures in Haiti that withstood heavy hurricanes but not seismic activities (Marshall
et al. 2011). During the 2014 Orkney earthquake, Khoyratty (2016) noted a pattern of
damage patterns which were mainly: corner cracks, damage above windows and
above door openings, falling plaster and diagonal cracks. In many cases there was an
absence of confining elements, weak brick force and not enough mortar between the
bricks, which contributed to the severity of damage observed (Figure 4a-j).

Most URM buildings were initially built without sufficient measures to withstand
seismic events. As a result, these buildings have several features that make them vul-
nerable to seismic activities. The buildings in the Orkney region had majority of these
features, as a result they were heavily damaged during the 2014 Orkney earthquake

1.4. Seismic vulnerability assessments methods

There are three main methods for seismic vulnerability assessments: analytical methods,
empirical methods, and hybrid approaches (Shabani et al. 2021). The analytical method
utilizes detailed structural parameters and seismic hazard or simulation tools to construct
fragility curves. This method has been applied in several studies (Domaneschi et al. 2021;
Marasco et al. 2021), including an assessment of the seismic vulnerability of existing
school buildings in Northern Italy conducted by Domaneschi et al. (2021). While this
method is beneficial in situations where no damage data from past earthquakes is avail-
able, it necessitates seismic hazard calculation tools or well-established ground motion
models (GMMs) for accurate hazard estimation. Unfortunately, these tools are often
lacking in regions with less advanced seismic systems. Furthermore, generating analyt-
ical vulnerability curves is a time-intensive process that requires significant computa-
tional resources. Empirical methods utilize the correlation between seismic intensity
and observed damage for seismic vulnerability assessment. This approach relies on
damage data from past earthquakes, and it is further discussed in section 1.4.1.
The hybrid approach involves integrating fragility curves obtained from the empirical
method with the results from analytical methods (Yepes-Estrada et al. 2017;
Yepes-Estrada and Silva, 2017; Kappos et al. 2006). This method is also employed for
the calibration of fragility curves.
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Both the analytical method and hybrid approach necessitate the calculation or
simulation of seismic hazard for the investigated region. This calculation involves the
use of GMMs. Notably, South Africa lacks its own GMMs, opting to adopt models
from other regions. This practice introduces uncertainty into the seismic hazard cal-
culation and, consequently, introduces uncertainty into the fragility curves. In con-
trast, the empirical method can be applied in developing regions that lack advanced
technologies such as earthquake simulation tools and well-established GMMs.
Therefore, in this study, the empirical method was employed for seismic vulnerability
assessment.

1.4.1. Empirical seismic vulnerability assessments in URM buildings

Since seismic events may cause damage to structures which can be seen and assessed,
the most appropriate methods to predict future damage are empirical. Empirical
methods as opposed to simulation, are particularly suitable for non-engineering struc-
tures that are made up of materials of uncertain strength whose earthquake resistance
is difficult to calculate. There are several methods for empirical seismic vulnerability
assessment. These methods include rapid visual screening assessment methods, vul-
nerability index (VI), and damage probability matrixes (DPMs).

A rapid visual screening assessment procedure provides information about seismic
vulnerability of a large number of buildings in a region. It is based on the correla-
tions between the predicted seismic performance of the building and building struc-
tural typology, materials and design methods. The estimates of seismic performance
are based on expert opinions (Alam and Haque 2020), pushover analyses (D’Altri
et al. 2021), dynamic response studies (Chdcara et al. 2018) and the performance of
similar building types in past seismic events (Batalha et al. 2019). Since this method
assesses a large number of buildings it can only assess clear and visible damage that
can be seen from aerial imagery. When rapid visual screening calculates the probabil-
ity of building collapse, it may not be suitable for calculating probabilities for lower
levels of damage that cannot be seen from aerial images.

This method has been employed in various regions for seismic vulnerability assess-
ments, such as Croatia (Pavi¢ et al. 2020) and Turkey (Arkan et al. 2023). While it
can offer a seismic vulnerability overview for a large number of buildings in a region,
it lacks the specificity required for a detailed vulnerability assessment. Additionally,
its application necessitates the availability of the exposure model for the study area
(Arkan et al. 2023; Pavi¢ et al. 2020). Given the limited progress in developing an
exposure model for the Orkney region, this method may not be suitable for use in
this study.

The vulnerability index measures the seismic behaviour of different building types.
It ranges between 0 for the least vulnerable structures designed according to the most
recent seismic design standards, and 1 for the most vulnerable structures. This
method uses numerical analysis of the building structural typology to assess vulner-
ability and it is used when there is no observed past earthquake building damage
data (Kassem et al. 2020). The vulnerability assessment of the building is carried out
by finite element analysis and structural integrity calculations. This method has been
successfully used by Ferreira et al. (2019) to model seismic vulnerability of URM. It
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has also been employed to assess the seismic vulnerability of historic buildings in
Croatia (Hadzima-Nyarko et al. 2017). It proves valuable for determining seismic vul-
nerability in cases where there is no information on the performance of buildings in
past earthquakes. It is important to note that this method provides only an estimation
and does not rely on real damage data.

The DPM method uses a matrix where each number expresses the probability that
a building will experience a level of damage equal to or greater than a certain damage
state index for a given Intensity Measure Level (IML) (Rosti et al. 2018). The DPM
method uses damage observed from past earthquakes to determine vulnerability in
terms of fragility curves or vulnerability functions (Biglari and Formisano 2020). The
given damage state index (dsi) from past earthquakes are used to estimate the
expected damage from future earthquakes. For this study fragility curves were used,
which described the probability of a certain dsi being reached or exceeded for a speci-
fied IML. The results of this method are highly sensitive to the building typologies
(Rosti et al. 2022). The procedure for this method involves assessment and prepar-
ation of damage data; selecting intensity measure type; selecting a statistical model
for vulnerability or fragility curve; selecting and applying an appropriate statistical
model fitting procedures and assessment of the model’s goodness of fit.

The DPM method is used when a seismic vulnerability assessment is conducted
for detailed damage classes (Rosti et al. 2018) and can be used in any building type
where the damage and intensity data is available (Rossetto et al. 2014). This method
has been successfully used in several studies for seismic vulnerability assessment in
URM buildings for example, after the 2017 Iran-Iraq earthquake that occurred along
the in the Zagros fold and thrust belt (Biglari and Formisano., 2020), 1962 and 1969
Sarajevo and Banja Luka earthquakes (Ademovi¢ et al. 2020), and 2009 L’Aquila
earthquake (Rosti et al. 2018).

1.5. Assessing post-earthquake damage data

The reliability of vulnerability and fragility curves depends strongly on the quality
and quantity of observations of damage and intensity data. The quantity and quality
of data depends in turn on the survey method; hence the reliability of the fragility
curve depends on the survey method. There are four main survey methods for post-
earthquake damage assessment, namely rapid surveys; detailed engineering surveys;
surveys by reconnaissance teams and remotely sensed surveys. Rapid surveys are types
of surveys for preliminary assessment of the usability of the buildings. These surveys
are suitable for all building types and they result in large sample sizes, however, they
have substantial errors and are considered less reliable (Luli¢ et al. 2021). Remotely
sensed surveys use data such as aerial imagery to assess damage. This method is mostly
suitable for all building types and results in a high sample size; however it is only able
to capture clear and visible damage that can be seen in the imagery (Stone et al. 2018).
Detailed engineering surveys and surveys by reconnaissance teams are reliable, relatively
detailed and are suitable for all building types. The sample size from these surveys
varies from small to large depending on the available resources, in most cases they
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result in small sample size (Rossetto et al. 2014). Following the 2014 Orkney earth-
quake, surveys by reconnaissance teams were used to investigate damage in buildings.

1.5.1. Orkney earthquake post event damage survey

In the aftermath of the 2014 Orkney earthquake, Khoyratty (2016) conducted post-
earthquake field assessments to investigate the extent of damage caused on low-cost
unreinforced masonry (URM) buildings in the three townships in the Orkney region,
namely Khuma, Kanana, and Jouberton. The survey was carried out by reconnais-
sance teams. As described in section 1.5, this method is considered relatively reliable
and yields detailed damage data. However, it requires a significant amount of time and
resources and may result in a low sample size in situations where resources are limited.
In this case the team, consisting of five individuals, had only three days to survey over
3,000 hectares of land with over 75,000 buildings. Given the time and resource con-
straints, it was not feasible to survey all of the buildings in the area. As a result, the
survey targeted only those buildings that had been listed in the municipality database
as damaged. This limitation made the data somewhat unsuitable for constructing a reli-
able fragility curve. To construct a reliable empirical fragility curve, a complete dataset
of all buildings in the sample area is necessary, regardless of whether they were dam-
aged or undamaged. Hence in this study a first-order approximation method was
applied to supplement the datasets, this was done by applying the first order approxi-
mation method to estimate the damage to buildings that had not been surveyed.

Approximations in science and engineering are employed whenever a numerical
value, model or function is unknown or difficult to calculate. Various levels of
approximations come with varying levels of precision and can be categorized accord-
ing to the order of magnitude of the associated approximation errors. Four orders of
approximation may be applied: zeroth order, first order, second order and higher
order. A zeroth-order approximation signifies the initial scientific estimation. This
preliminary estimate involves numerous simplifications, and when a numerical value
is required, it is typically devoid of significant figures. A first-order approximation
represents a more informed estimate in scientific contexts. This approach involves
making certain simplifying assumptions, and when a numerical value is required, it is
often provided with only one significant digit. A second-order approximation is sci-
entific estimation that describe a relatively accurate answer. This approach involves
making few assumptions and when a numerical value is required, the answer usually
includes two or more significant figures. Higher order approximations are generally
not categorized by numerical designations, but they are more advanced approxima-
tions that are vital for enhancing comprehension and portrayal of reality. In this
study a first order approximation was used to estimate the damage, yielding a single
significant digit estimation.

After the 2014 Orkney earthquake residents were urged by the councillors to
report any damage to their buildings that might have occurred as the results of an
earthquake. A total of 61 residents reported damage. All these buildings were govern-
ment- built houses with typologies as described in Section 1.2. It was assumed that
buildings in close proximity to the identified buildings were not damaged, and these
were given a dsi of 0.
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1.6. Selecting intensity measure type

Earthquake shaking can be defined in terms of Intensity measure levels (IMLs).
Generally, intensity is highest near the epicentre and weakens with increasing distance
from it. Several methods for measuring earthquake intensity are used. In regions with
well advanced systems of seismic monitoring, the intensity can be expressed in terms of
ground motion and predicted by the ground motion models (GMMs). In regions with
less advanced systems of seismic monitoring, IMLs are estimated according to standar-
dised scales that give discrete interval numbers to observations of the effect of ground
motion on people, objects and buildings. There are several of these intensity scales. The
most commonly used being Modified Mercalli Intensity (MMI) and the European
Macroseismic Scale (EMS-98). The advantage of these scales is that they relate the felt
intensity to observed damage. EMS-98 has been used in several studies, it was used for
damage assessment after the 6 February 2023 Turkey earthquake (Isik et al. 2023)

2, Methodology

For this study the damage probability matrix (DMP) method was used for direct empir-
ical fragility curve construction. The method consisted of four major steps. The first
step was to prepare damage and intensity data and to select the damage and intensity
measuring scale. The second step was to select the statistical model for the fragility
curve; the third step was to select statistical model fitting techniques; and the last step
was the assessment of the model’s goodness of fit.

2.1. Preparation of damage data and selecting intensity measure type

Direct fragility curves construction requires two main inputs, namely, intensity
(explanatory variable) and damage (response variable). The damage data was collected
from the surveys carried out following the 2014 Orkney earthquake. After the 2014
Orkney earthquake, buildings in the affected area were not repaired immediately.
This delay allowed for the collection of accurate damage data. This contained a total
of 61 buildings that were surveyed by a reconnaissance team. The data was collected
in three townships namely, Khuma, Kanan and Jourberton. Information was gathered
from residents about the damage to their properties. The overall data recorded
included location of the investigated buildings, pictures, and descriptions of structural
damage. The recorded structural damage was used to determine dsi of the buildings.
Rossetto et al. (2014) recommended a minimum of 100 data points to be used in the
process of reliable fragility curve construction, this ensures that the fragility curve is
reliable and the significance of the trend is justifiable. Hence in this study a first-
order approximation method was used to supplement the data.

From the post-earthquake survey, it was reported that only buildings that were
reported to be damaged were surveyed. This was a major shortcoming encountered
while constructing the fragility curves. Therefore, a first-order approach was used to
supplement the dataset. In this approach, it was assumed that the buildings within
the same street of the damaged buildings that were not reported to be damaged to
the municipality officials, did not experience any damage and so were given a dsi of



14 (&) T.NQASHA ET AL.

0 (see Figure 5). This was a reasonable assumption since the residents were urged to
report to the municipality any damage that had been caused by the earthquake in
their buildings. Moreover, nearby residents had a chance to report if their buildings
experienced any damage to the surveying team during the field survey. The location
of the buildings that were assumed to have no damage were collected from georefer-
enced orthophotographs with a maximum ground resolution of 30 cm and horizontal
accuracy on the orthophotos of 5m CE90. This accuracy was more than adequate for
this application since the dimensions of the properties were 25m x 15m, hence a
radius of 5m will always fall within the boundaries of the property when the centre
of the property is selected (see Figure 6). The data obtained from first-order approxi-
mation was then combined with the field data to prepare data for constructing the
fragility curves. A total of 553 supposedly undamaged buildings were collected from
orthophotographs, making up a total of 614 buildings to be used for fragility curve
construction. The IML of all the buildings were extracted from the intensity map of
the 2014 Orkney earthquake. The EMS-98 scale was used to measure damage and
intensity (see Table 1 and Table 2). This scale is widely used in seismic vulnerability
assessment of unreinforced masonry buildings, due to its implicit correlation between
damage and felt intensity (Hill and Rossetto 2008). The damage data was then pre-
pared for fragility curves construction by constructing binary responses, of 1 if the build-
ing had suffered damage equal to or greater than dsi and 0 if not. The final data for
constructing fragility curves was then expressed the as IML with its binary response.

26°39'12"E 26°3014'E 26°39'16"E 26°39'18"E 26°39'20"E 26°39'22"E 26°39'24"E
I I T —————

Botswana

26°56'0" m;x’s:z}

South
Africa
26°56'2" Sources: Esri, USGS; NOAA‘
Sources: Esri, Garmin, USGS,
NPS

26°56'4"

26°56'6"

26°568"S] |

@ Detailed_field _survey
@ Remote_sensed_survey

Figure 5. Shows how the remote surveys was carried out.
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Figure 6. Shows recorded coordinates of a building with a 5m error radius within the property.

Table 1. EMS-98 abbreviated damage scale (Griinthal 1998).

Damage state index (dsi) Damage title

Grade 0 No damage

Grade 1 Negligible to slight damage
Grade 2 Moderate damage

Grade 3 Substantial to heavy damage
Grade 4 Very heavy damage

Grade 5 Destruction

Table 2. EMS-98 abbreviated intensity scale (Grunthal 1998).
Perceived shaking ~ Not felt Weak Light Moderate Strong Very strong Severe Violent  Extreme
IML | 1I-11 \Y% \' Vi Vi Vil IX X+

2.2. Selection of statistical model and fitting procedures for fragility curve

Among the several statistical models for constructing fragility curves, Rossetto et al.
(2014) discussed three statistical models: Generalized Linear Model (GLM), Generalized
Additive Models (GAM) and Gaussian Kernel Smoothers (GKSs). GLMs were used in
this study since their models are well established and have strong predictive capacity.
They have been used for fragility curve construction in various structures including
buildings (Ioannou et al. 2012). The fitting technique used was the maximum likeli-
hood method. GLMs together with the maximum likelihood method are considered
suitable when the data is collected from a single seismic event (Rossetto et al. 2014).
Since building by building data was available, the Bernoulli distribution was
applied to describe the GLM data. The Bernoulli distribution is a special case of the
binomial distribution. The Bernoulli distribution can be linked with 3 functions: Logit
(Equation 1), Probit (Equation 2), and Cloglog (Equation 3). Fragility curves were
constructed for all the link functions in R software package (R Core Team 2013).
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Assessment of the model’s goodness of fit was based on the Akaike information cri-
terion (AIC).

1
1 + exp(Vy + Vilog(IML))

(1)

y ~f(YIML,0) = (1 — )™, where u= P(DS > dsi) =

y ~ f(y[IML,0) = (1 = u)'™, where u= P(DS > dsi) = [V, + Vilog (IML)]
()

y ~f(IML,0) = (1 — p)'™, where = P(DS > dsi) = 1+ exp[—exp(Vy+Vilog (IML))]
3)

where:
f(Y|IML, 0) is the probability density function
u is the mean damage for a given IML
IML is an intensity measure level of a data point i
yj = 1 if the building sustained a damage DS > dsi and y; = 0 if the building sus-
tained damage DS < dsi;
Vo and V; are model parameters corresponding to the damage state index (dsi)

3. Results and analysis

A total of 614 data points were collected, of which 61 related to houses with reported
damage. The surveyed buildings had a dsi and IML that ranged from 0 to 5 and V to
VIII respectively (see Figure 7). Most damaged buildings had a dsi of 2 and IML of VI,
three buildings being totally destroyed. The intensity range for destroyed buildings is
between VII and VIII (see Figures 7 and 8). The buildings closer to the epicentre
observed higher shaking and had higher damage (Figure 8). There was a small correl-
ation between IML and dsi as shown by smaller R-squared value (see Figure 9).

As detailed in the methodology section, fragility curves were constructed from
mean damage per IML (Figure 10a) and number of buildings reaching or exceeding a
certain dsi per IML (Figure 10b). Figure 10a illustrates the relationship between IML
and mean dsi. From this figure it is observed that an increasing IML resulted in
increasing mean dsi. There was a strong correlation between these two variables,
highlighted by the higher R squared value. The number of buildings reaching or
exceeding a particular dsi was constructed from Figure 7, this figure summarises the
data points grouped according to IML and dsi. Figure 10b shows the cumulative
number of damaged buildings. Figure 10a and b were used in fragility curve construc-
tion. Curves were constructed for 3link functions for all dsi: Logit, Probit and
Cloglog link functions. Table 3 was used to identify an optimum fragility curve based
on the AIC value, as noted from this table, Cloglog had the best fit for dsl to ds3,
Logit had the best fit for ds4 and Probit had the best fit for ds5. The best fitting fra-
gility curves are shown in Figure 11. From this figure, probabilities of reaching or
exceeding dsi were relatively low from IML 4 to 6 and was a sharp increase between
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reaching or exceeding dsi for all IML.

Table 3. The AIC value for all fragility curve for three link functions.

Model ds1 ds2 ds4 ds5
Logit 606 372.65 203.19 117.07 61.05
Probit 643.15 393.05 216.65 120.07 60.8
Cloglog 592.43 365.64 201.92 118.81 61.674

IML 7 to 8. The probability of exceedance increased with increasing IML for all dsi.
Maximum probabilities were observed at intensity 9 for all dsi. The probability of
exceedance decreased with increasing dsi e.g. ds5 had the lowest probabilities for all
IMLs and dsl had the highest probabilities for all IMLs.
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Figure 11. Fragility curves for the best fitting link functions.

4. Discussion

The study predicted significantly higher damage of the URM buildings for higher
ground shaking. Similar occurrence is observed in other published studies in different
parts of the world. This can be explained by the fact that the stronger seismic shaking
causes more displacement to the structural elements of the buildings, and this results
in more damage to the rigid elements of the building. The predicted mean damage
for each IML was somewhat lower compared to other studies conducted in URM
buildings. Ademovi¢ et al. (2020) obtained a mean damage of 1 for IML 7 on similar
type of buildings in Banja Luka and Sarajevo. Biglari and Formisano (2020) predicted
a mean damage of 0.8 for IML 7 for similar class of buildings in Iran. In this study a
mean damage of 0.4 for obtained for IML 7 (Figure 10a). This implies that buildings
in the study area experienced less damage for similar levels of seismic shaking com-
pared to similar buildings in other regions. The reason for the lower damage value
might be bias due to most buildings in the study being assumed to have suffered no
damage. Other reasons might include local building construction materials and local
geological effects. Most buildings are constructed from earth materials such as soils
and rocks, and the specific materials used can vary depending on the region and local
geology, the buildings in this study were constructed from 140 mm, 3.5 mPa concrete
blocks with cement mortar joints. Buildings in the Biglari and Formisano (2020)
study were constructed from 10mPa sand lime bricks with cement mortar. When
considering the building materials, the buildings in this study were more vulnerable
than buildings assessed by Biglari and Formisano (2020).

Local geological conditions can also have a significant effect on the damage of
structures during earthquakes. The ground motion during an earthquake is influenced
by the characteristics of the local geology, which can amplify or reduce the seismic
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waves as they travel through the earth. In the study area, Mulabisana et al. (2019)
reported significant site amplifications during the 2014 Orkney earthquake.

The fragility curves were constructed for all damage states for higher intensity
measure levels (IV to VIII), since the study area was relatively close to the epicenter.
From the constructed curves, the probability of exceedance increased with increasing
seismic intensity for all damage states and increased with decreasing dsi. This was
also observed in fragility curves constructed by Ademovi¢ et al. (2020) and Biglari
and Formisano (2020). The reason for this observation is that buildings experiencing
higher intensity are more likely to be damaged, and smaller damage is more likely to
occur than higher damage. This study found a slightly lower probability of exceed-
ance for all dsi compared to the study published by Biglari and Formisano (2020). At
intensity 7, Biglari and Formisano (2020) published probability of 0.45 for ds1 while
in this study dsl has a probability of 0.3, this was due to this study having lower
mean damage compared to the study by Biglari and Formisano (2020).

South Africa has more three million low-cost houses that are provided by the gov-
ernment for low income citizen. In addition, majority of South Africans in townships
and rural areas reside in unreinforced masonry buildings. The results of this study
indicate that buildings closer to the epicenter are more likely to experience higher
intensity and greater damage. This information can inform future developments of
low-cost unreinforced masonry (URM) buildings, ensuring they are situated farther
from potential seismic sources. The findings reveal potential intensity levels (IMLs)
more likely to cause damage, and this information can be incorporated into design
codes to ensure approved building designs can withstand specific seismic intensities.
The obtained results can also assist disaster response teams in estimating damage to
URM buildings and the effect of this damage after an earthquake or in assessing the
seismic risks associated with these structures (Domaneschi et al. 2019).

These results can also aid in identifying existing buildings that require retrofitting,
typically those exposed to higher intensity during seismic events. As mentioned in
the introduction section, buildings in the study area are vulnerable to seismic activ-
ities and face elevated seismic hazards. Therefore, it is advisable for these structures
to undergo retrofitting to mitigate their vulnerability to earthquake damage. Various
retrofitting methods exist, and the choice depends on the type of unreinforced
masonry (URM) buildings. Some well-researched reinforcement methods include wall
reinforcement (Dadras Eslamlou et al. 2019), addition of confining elements (Borah
et al. 2023; Gkournelos et al. 2022), stiffening of roof and floor framing (Senaldi et al.
2014), incorporation of base isolation systems (D’Amato et al. 2019; Nakamura and
Okada 2019), and soil improvements (Kempfert and Raithel 2005). As highlighted in
section 1.3, the predominant damage observed in buildings after the 2014 Orkney
earthquake was on the walls. Therefore, the most suitable retrofitting method involves
reinforcing these walls. Masonry wall reinforcement has demonstrated a 1.5 times
improvement in a building’s resistance to seismic loading (Borah et al. 2023). Various
methods are available for reinforcing masonry walls, including adding plastering,
epoxy injection, buttressing, and incorporating external steel or fibre-based reinforce-
ments (Gkournelos et al. 2022).
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In this study the investigated buildings were assumed to have similar vulnerability
to earthquake damage, since they had similar structural typology. However, even
though the buildings originally had similar typology, some residents had made reno-
vations in them. These renovations can strength or weaken the buildings, for
example, adding a door or a window to the building, will weaken the building, while
plastering the building will strengthen it. First-order approximation was used on
buildings that were not surveyed, this was done by assuming that these buildings had
no damage, since they were not reported by the residents and the damage was not
seen from orthophotos. However, it might happen that the was damage but the resi-
dents did not find it significant to report it. Also damage that ranges from dsl to ds4
cannot be seen from orthophotos, hence this may result in unreliable fragility curves
for these damage states if indeed there was some damage to these buildings. It is evi-
dent that these buildings did not reach ds5 because ds5 could be seen from orthopho-
tos, and from the available orthophotos that were taken after the 2014 Orkney
earthquake the buildings look like they have no damage, hence the approximation
made in this study is best applicable for constructing reliable fragility curve for ds5.

5. Conclusion and recommendations

The Orkney area is susceptible to medium seismic activities, linked with the extensive
mining activities. The 2014 Orkney earthquake resulted in damage to a number of
buildings. A total of 61 buildings were reported to be damaged, with damage ranging
from minor damage to total collapse, most damaged buildings had moderate damage,
and three buildings being totally destroyed. The earthquake underlined the deficien-
cies of current URM buildings in the area. Several factors contributed to the worsen-
ing of damage, these included absence of confining elements, weak brick force and
not enough mortar between the bricks. The shaking caused by the event was stronger
closer to the epicenter. Damage was also worse closer to the epicentre, where a total
of 3 buildings collapsed.

In this study, data from a post-earthquake damage survey conducted after the 2014
Orkney earthquake was used for empirical vulnerability assessment. However, due to
the small sample size of the data, a first-order approximation was used to increase
the sample size. This was achieved by assuming that all buildings that were not
reported to be damaged had no damage. A total of 553 buildings were collected using
this method and these buildings were assumed to be undamaged. In total 614 build-
ings were used for fragility curve construction.

Empirical fragility curves were constructed using the DPM method. The newly
derived fragility curves predicted somewhat lower damage levels compared to other
studies. The lower predicted damage levels were attributed to most buildings in the
study area having been assumed to have had no damage, which significantly reduced
the mean damage and resulted in lower predicted damages. The method used in this
study enabled relatively reliable fragility curves to be constructed using data that
would have been unusable for empirical fragility curve construction. This would be
useful in constructing empirical fragility curves using data from past earthquake
where there were large sampling errors as was the case in this study. However, the



22 (&) T.NQASHA ET AL.

method used was only possible given the availability of remotely sensed data like
orthophotos, and an intensity map of the event.

In order to improve the fragility curves, it is recommended that future post-earthquake
damage surveys assess all buildings in the study area, where possible. Alternatively,
where there is limited amount of time and resources, a smaller sample size can be
taken and all buildings in the sample should be assessed. It is also recommended to
employ an analytical approach for constructing fragility curves in the same type of
buildings so as to validate the newly constructed curves. The advantage of analytical
seismic vulnerability assessment is that it uses structural properties to construct fragility
curves and is not affected by additional factors such as local site effects and building
vulnerability. Such additional factors also need to be investigated to obtain a holistic
understanding of damage trends.
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