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This study presents the most recent development of a nationwide earthquake risk
model for non-engineered masonry buildings in Malawi. Due to its location within
the East African Rift, Malawi experienced several moderate earthquakes that
caused seismic damage and loss. Recently, a new probabilistic seismic hazard
model has been developed by considering fault-based seismic sources, in
addition to conventional areal sources. The most recent 2018 national census
data provide accurate exposure information for Malawian people and their assets
at detailed spatial resolutions. To develop seismic fragility functions that are
applicable to Malawian housing stocks, building surveys and experimental tests of
local construction materials have been conducted. By integrating these new
developments of seismic hazard, exposure, and vulnerability modules, a
quantitative seismic building collapse risk model for Malawi is developed on a
national scale. For the rapid computation of seismic risk curves at individual
locations, an efficient statistical approach for approximating the upper tail
distribution of a seismic hazard curve is implemented. Using this technique, a
seismic risk curve for a single location can be obtained in a few seconds, thereby,
this can be easily expanded to the whole country with reasonable computational
times. The results from this new quantitative assessment tool for seismic impact
will provide a sound basis for risk-based disaster mitigation policies in Malawi.
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1 Introduction

Risk-informed decision-making is the key to allocating and using resources for disaster
risk management efficiently. For low-to-middle-income countries exposed to earthquakes,
quantitative seismic risk decision-support tools are not readily accessible. This is
particularly important for Eastern African countries, where available seismic data and
models are lacking, building and population exposure models are incomplete, and seismic
vulnerability models directly applicable to local buildings are not developed. In this regard,
the Global Earthquake Model (GEM) Foundation (https://www.globalquakemodel.org/
gem) has contributed significantly by developing open-source seismic hazard and risk
models worldwide. However, their models are not sufficiently detailed to capture country-
specific characteristics of seismic hazard, exposure, and vulnerability (Poggi et al., 2017).
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Malawi is one of the least developed countries in Eastern Africa. It
is located within a —900 km long segment of the western branch of the
East African Rift, hosting earthquakes with moderate moment
magnitudes (M,,) (e.g, 1989 M, 6.3 Salima earthquake and
2009 M,, 6.0 Karonga sequence). The areas along Lake Malawi and
Shire River are surrounded by border and intra-basin faults with
geomorphic evidence for surface rupturing M, 6.5 to 7.8 late
Quaternary earthquakes (e.g., Flannery and Rosendahl, 1990;
Jackson and Blenkinsop, 1997; Hodge et al., 2020; Shillington et al.,
2020; Wedmore et al., 2020). The population in Malawi is concentrated
in these areas with active seismicity (e.g., Blantyre, Zomba, Salima,
Mzuzu, and Karonga), except for the capital city Lilongwe. More
people migrate to urban areas (e.g,, urban population percentages have
increased from 14.8% in 2000, 16.0% in 2010, to 19.3% in 2023; https://
www.worldometers.info/world-population/malawi-population/), and
the number of informal settlements has increased in areas
surrounding Lilongwe, Blantyre, Mzuzu, and Zomba (National
Statistical Office of Malawi, 2018). The most prevalent construction
type is low-rise masonry buildings which are not seismically resistant
(Bureau TNM, 2016). Due to high seismic vulnerability under
moderate shaking conditions (e.g., peak ground acceleration (PGA)
less than 0.2 g), the occurrence of moderate-to-large earthquakes can
be very destructive to the country. Although seismic risk profiles have
been evaluated by international agencies, such as World Bank and
GEM Foundation, detailed seismic risk assessments that incorporate
country-specific hazard-exposure-vulnerability information have not
been conducted for Malawi.

Over the last decade, significant improvements have been made
to characterize seismic hazard and quantify seismic risk in Malawi.
After the occurrence of the 2010 Karonga earthquake (Biggs et al.,
2010), the first-generation fault-based probabilistic seismic hazard
analysis (PSHA) model was developed by Hodge et al. (2015) and
was subsequently extended to probabilistic seismic risk analysis
(Goda et al, 2016). These early investigations were aimed at
regional assessments of seismic hazard and risk in Malawi but
lacked detailed characterizations of seismic sources other than
seven major border faults and were not based on local exposure-
vulnerability data/models. To gather more local data related to
seismic hazard (e.g., topographical data to identify surface
features of faults and geodetic data) and seismic risk (e.g., local
population and building inventory data and local construction
material data), the PREPARE (enhancing PREParedness for East
African countries through seismic Resilience Engineering) project
was launched and conducted between 2016 and 2022. The main
outcomes from the PREPARE project includes new geodetic data to
constrain the rate of rift extension in Malawi (Wedmore et al., 2021),
new active fault and seismogenic databases for Malawi (Williams
et al., 2022a; Williams et al., 2022b), and a new PSHA model that
takes into account fault-based seismic sources, in addition to
conventional areal sources (Williams et al., 2023). The most
recent 2018 national census data, together with a series of local
building surveys (Kloukinas et al., 2020), provide more accurate
exposure information for Malawian people and their assets at
detailed spatial resolutions (Goda et al, 2022). From seismic
fragility assessment viewpoints, experimental tests of local
construction materials and wall panels have been conducted
(Kloukinas et al., 2019; Voyagaki et al, 2020), and new seismic
vulnerability functions have been derived by analyzing failure
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mechanisms of the main building components (Novelli et al,
2021) and by performing numerical simulations of building
behavior under seismic loading (Giordano et al., 2021).

Building upon the above-mentioned refinements on seismic
hazard, exposure, and vulnerability modules, this study presents a
new nationwide earthquake risk model for non-engineered masonry
buildings in Malawi. The focus is given to the collapse of masonry
buildings by reflecting local features of the current building stock.
For the rapid computation of building collapse risk curves at
individual
approximating the upper tail distribution of a seismic hazard

locations, an efficient statistical approach for
curve, which can be considered as an improvement of a power
function approximation proposed by Cornell et al, 2000, is
implemented. Using this technique, a seismic risk curve for a
single location can be obtained very quickly (typically, less than a
few seconds, depending on the length of simulations that are
required to obtain stable collapse risk assessment results),
thereby, this can be easily expanded to the whole country with
reasonable computational times. The results from this new
quantitative decision-support tool will provide a sound basis for
science-based and risk-informed policies for disaster preparedness
in Malawi. To facilitate the uptake of the developed building collapse
risk assessment tool and the obtained results, the data and MATLAB

codes are included in the Supplementary Material.

2 Collapse risk model for masonry
buildings in Malawi

A quantitative seismic risk assessment for non-engineered
masonry buildings in Malawi can be carried out by combining a
seismic hazard module, building exposure module, and seismic
vulnerability module and by considering uncertainties associated
with these modules. Such risk assessments are often performed by
generating stochastic event sets, simulating shaking intensity values
for individual events, and evaluating seismic damage severities for a
building portfolio of interest (Mitchell-Wallace et al., 2017). For a
full probabilistic seismic risk assessment over a wide area, the
computational resources required become critical. To circumvent
this challenge, a seismic hazard curve, which is a plot of the seismic
hazard parameter (e.g., PGA and spectral acceleration) as a function
of annual frequency of exceedance, is approximated by a surrogate
statistical model. This facilitates the quantitative seismic risk
evaluations at numerous building locations. A computational
procedure of the quantitative seismic risk assessment is shown in
Figure 1 for the case of Malawi. Explanations of the model
components are provided in the following subsections by
focusing on the overall procedure; details of the respective model
components can be found in relevant articles that are dedicated to
the specific topics.

2.1 Seismic hazard model for Malawi

2.1.1 Fault-based probabilistic seismic
hazard model

Malawi is located in East Africa (Figure 2A). A 900-km long
section of the western branch of the East African Rift traverses across
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FIGURE 1

Seismic risk assessment procedure for masonry buildings in Malawi.
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(B) Digital elevation model and finite fault sources for Malawi (Williams

Malawi from north to south. An instrumental earthquake catalog of
Malawi shows higher seismicity along the East African Rift. To
characterize continental level seismicity, Poggi et al. (2017) used this
catalog to develop an areal seismic source model for East African
Rift. In their model, a single source zone covers the active seismic
areas of Malawi (i.e., from Lake Malawi to Shire River Basin),
without recognizing local geological features, such as the
Livingstone Fault, the Bilila-Mtakataka Fault, and the Thyolo
Fault (Flannery and Rosendahl, 1990; Jackson and Blenkinsop,
1997; Wedmore et al., 2020).

The most recent PSHA model for Malawi considers fault sources
collated within the Malawi Seismogenic Source Model (MSSM;
Williams et al., 2022b; Williams et al., 2023), in addition to the
areal sources delineated by Poggi et al. (2017). Slip rates are assigned
to the MSSM sources based on geodetic (Wedmore et al., 2021) and
seismic reflection data from Lake Malawi (Shillington et al., 2020),
and the magnitudes of earthquakes along these faults are inferred
from empirical fault scaling (Leonard, 2010). The considered fault
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sources are shown in Figure 2B; the faults are concentrated near Lake
Malawi and some border and intra-basin faults are inland. To reflect
aleatory uncertainty in the MSSM sources down-dip extent and how
geometric segmentation influences earthquake occurrence, five
source models are generated by considering the direct use of the
MSSM and four magnitude-frequency distributions (truncated
exponential and characteristic models) with two different
hypotheses regarding fault width. In total, the five source models
are implemented in a logic tree.

Another key element of the PSHA model for Malawi is the
selection of ground motion models. Since country-specific ground
motion models are not available in Malawi (Holmgren et al., 2023),
four ground motion models (Atkinson and Adams, 2013; Akkar
etal., 2014; Boore et al., 2014; Chiou and Youngs, 2014) are adopted
from other seismic regions and implemented in the logic tree. The
model by Atkinson and Adams (2013) is for the stable continental
region; the model by Akkar et al. (2014) is from the European
SHARE project; and the models by Boore et al. (2014) and Chiou
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Seismic hazard maps of Malawi in terms of peak ground acceleration for the return periods of (A) 100 years, (B) 500 years, and (C) 1,000 years. The
seismic hazard values are adjusted for average shear wave velocities based on Wald and Allen (2007).

and Youngs (2014) are from the NGA-West2 project. These four
models are regarded to be equally applicable. Due to the
unavailability of local site condition information (e.g., measured
near-surface shear wave velocity profiles) for the whole Malawi, the
USGS’s global Vg3, data (Wald and Allen, 2007) are adopted to
reflect the first-order site amplifications in the ground motion
intensity estimation. The Vg3p map for Malawi is shown
in Figure 2C.

By combining 20 logic tree branches (i.e., 5 source models and
4 ground motion models) and taking PGA as a representative
ground motion parameter (note: this choice is consistent with
seismic fragility functions for non-engineered masonry structures;
Novelli et al., 2021), Williams et al. (2023) generated stochastic event
catalogs for 10 million years, evaluated site-specific seismic hazard
curves, and produced probabilistic seismic hazard maps at multiple
return periods. The maps presented in Williams et al. (2023) were
generated for a 0.2° by 0.2° latitude-longitude grid. However, to allow
results with higher spatial resolution and a better integration with
exposure and vulnerability data in Malawi, in this study, we
recalculated the hazard maps for a 0.1° grid. Figure 3 shows the
seismic hazard maps of Malawi in terms of PGA for the return
periods of 100, 500, and 1,000 years. The displayed PGA maps are
the mean of the 20 logic tree estimates. The current national seismic
hazard map in Malawi is based on PGA specified at the return period
of 1,000 years, while global/regional seismic hazard studies (e.g.,
Poggi et al., 2017) mainly consider the return period of 500 years.
Therefore, the three return periods considered in Figure 3 are
relevant from practical viewpoints. At the return period of
100 years, the influence of the fault sources is not obvious
(Figure 3A). With the increase of the return period, high seismic
hazard areas, e.g., near Karonga in northern Malawi and near
Blantyre and Zomba in southern Malawi, are more highlighted in
Figures 3B,C. To appreciate the effects of the epistemic and aleatory
uncertainty of the hazard components (i.e., seismic source models
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and ground motion models), 20 PGA maps for the return period of
1,000 years are shown in Figure 4. The results clearly demonstrate
large variability of the seismic hazard estimates due to the seismic
source models and ground motion models (see Williams et al. (2023)
for further discussions).

2.1.2 Upper tail approximation of site-specific
seismic hazard curves

The calculations of the full PSHA results require significant
To facilitate the
calculations of Malawian masonry buildings on a national

computational resources. collapse risk
scale, the upper-tail approximation of the PSHA results by
utilizing the extracted seismic hazard values at the nine return
period levels (i.e., 100, 200, 500, 750, 1,000, 2,000, 2,500, 5,000,
and 10,000 years) for individual locations. For each location, the
extracted PGA data are plotted on different probability papers
and the most suitable probability distribution is identified
through the least squares fitting. In this study, four candidate
distributions, i.e., lognormal, Gumbel, Frechet, and Weibull, are
considered. The horizontal and vertical plotting positions (x and
y, respectively) of the lognormal, Gumbel, Frechet, and Weibull
distributions are summarized in the second column of Table 1.
To select the most suitable model among the four candidates, the
linear correlation coefficient between the values from PSHA and
the fitted model is used. Once the best-fitting model is identified
(i.e., probability distribution as well as intercept and slope of the
fitted linear line y = ¢; + ¢, X x), samples of the annual maximum
PGA at a given site can be generated from the formulae in the
third column of Table 1.

Figure 5A shows the correlation coefficients between the
extracted PSHA data and the fitted upper tail approximation
models at 2,905 locations (grid spacing of 0.1°). On the other
hand, Figure 5B shows the selected distribution types of the best-
fitting upper tail approximation models. The minimum correlation

frontiersin.org
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FIGURE 4

Seismic hazard maps of Malawi in terms of peak ground acceleration for the return period of 1,000 years by considering 20 logic tree branches.

coefficients are above 0.999 at all locations. The best-fitting models
are either Weibull or lognormal distribution. Using the simulation
formulae (Table 1), the annual maximum PGA samples can be
generated rapidly, and the simulated PGA values can be used for
probabilistic seismic risk analysis.
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2.2 Masonry buildings in Malawi
Housing construction in Malawi has a crucial influence in

determining the socioeconomic and financial impacts of earthquakes
(and other natural hazards). Houses in local communities are one
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TABLE 1 Plotting positions and simulation formulas for different probability distributions.

Distribution type

Plotting positions*

Simulation formula for PGA**

Lognormal x = In(PGA)and y = DL(P) PGA = exp(—ci/c; + (1/c;) x N(0,1))
Gumbel x=PGAandy = —In (-In(P)) PGA = —¢;/c; = In (=In(U (0, 1)))/c,
Frechet x = In(PGA)and y = —In(-In(P)) PGA = exp(—ci/c; — In (=In(U(0,1)))/c,)
Weibull x = In(PGA)and y = In (-1In(1 - P)) PGA = exp(—ci/c; + In (-In(1-U(0,1)))/c2)

*In is the natural logarithm, P is the cumulative probability, and @' (®) is the inverse standard normal distribution function.
**N (0,1) is a standard normal random number and U (0,1) is a standard uniform random number.
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(A) Correlation coefficient of the probabilistic seismic hazard data and the fitted upper tail approximation models. (B) Distribution type of the best-

fitting upper tail approximation models.

of the most vulnerable elements for a variety of reasons: 1) poor quality
of construction materials, 2) poor and variable construction practice,
and 3) lack of building design and construction provisions. Although
practical guidelines for constructing safer houses are available
(e.g, Bureau TNM, 2016), the uptake and adoption of such
practices are not prevalent and slow.

The Malawi census serves as a main reliable source of information
on the population and residential buildings in Malawi (National
Statistical Office of Malawi, 2018). In the census, existing dwellings
are divided into three categories: (a) permanent (made of burnt clay
bricks and iron sheet roofs), (b) semi-permanent (made of unburnt
clay bricks and thatched roofs), and (c) traditional (made of rammed
earth, daub and wattle or timber walls and lightweight thatched roofs).
Out of 4,805,431 housing units listed in the 2018 census, 41.1% are
permanent, 23.0% are semi-permanent, and 35.9% are traditional.
97% of the census surveyed dwellings can be considered as low-rise
unreinforced constructions, consisting of owner/family occupied
(85%), rented (12%), and institutional or other types (3%). The
finest spatial administrative units of the census-based building data
are enumeration areas. In this study, the enumeration areas are used
for the spatial data resolutions of the seismic risk assessments. For
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each enumeration area, the numbers of permanent, semi-permanent,
and traditional housing units are obtained by relating district-level
information and enumeration area-level information. Figures 6A,B
show maps of the population and masonry housing units at
18,714 enumeration areas. The numbers are adjusted for Year
2023 from Year 2018 by multiplying a factor of 1.192 (https://
www.worldometers.info/world-population/malawi-population/).

2.3 Collapse fragility functions of masonry
buildings in Malawi

Unreinforced masonry buildings in Malawi are vulnerable to
seismic loading. As part of the PREPARE project, Kloukinas et al.
(2020) conducted local building surveys in southern Malawi. A series
of in situ and laboratory tests were conducted to measure the strengths
of local construction materials in Malawi (Kloukinas et al., 2019) and
to evaluate the in-plane and out-of-plane strengths of masonry wall
panels (Voyagaki et al, 2020). These experimental investigations
indicated low strength values of locally-sourced construction
materials (both bricks and mortar), compared to typical strength
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FIGURE 6

(A) Population map and (B) masonry housing unit map based on Malawi census enumeration areas. The numbers are adjusted for Year 2023.

values reported in the literature for the same construction type, and
significant variability of material strengths due to construction
conditions. Based on the gathered local data from the surveys and
laboratory tests and detailed geometrical and structural features of
Malawian masonry buildings, Novelli et al. (2021) applied the Failure
Mechanism Identification and Vulnerability Evaluation (FaMIVE)
method (D’Ayala and Speranza, 2003) to 646 surveyed fagades to
assess critical failure modes (e.g., gable failure, out-of-plane failure,
strip failure, and in-plane failure). The experimental results were also
useful for developing finite-element models of Malawian masonry
buildings to evaluate the stability of unreinforced masonry buildings
under seismic excitations (Giordano et al., 2021).

The seismic fragility functions developed by Novelli et al. (2021)
distinguish buildings based on the geometric and structural features
and associate them with three vulnerability classes: A (poor-quality
construction), B (medium-quality construction), and C (high-quality
construction). Typical buildings that are classified as the vulnerability
classes A, B, and C are shown in Figures 7A-C, respectively. Buildings
with vulnerability class A are made of mud mortar combined with
fired bricks of poor fabric quality and unfired bricks from poor to high
fabric quality and have smaller building footprints than a typical floor
plan of 8 m x 6 m (Figure 7A). Buildings with vulnerability class B
are made of fired bricks characterized from poor to a good quality
fabric and have weak connections between walls due to the presence of
mud mortar in these houses (Figure 7B). Buildings with vulnerability
class C are made of fired bricks from poor to good quality fabric
and cement mortar with the presence of strengthening elements
(e.g., ring beams) and have larger floor plans than a typical plan of
8 m x 6 m (Figure 7C).

In developing seismic fragility functions of non-engineered
masonry buildings in Malawi, three types of ultimate (collapse)
behavior are considered in terms of static pushover (SPO) curves
(i.e., post-yield part of a force-displacement curve). To capture the
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variable structural configurations of actual buildings in Malawi, an
SPO curve is obtained for each surveyed wall/fagade using the
measured building geometry (Novelli et al., 2021) and the material
strength data from the in situ and laboratory tests (Kloukinas et al.,
2019; Voyagaki et al., 2020). The SPO curves are derived by assuming
that the structural behavior of fagades may be governed by geometric
instability (D’Ayala 2011), limited ductility
(Lagomarsino, 2015), and strength degradation (Tomazevic, 2007).

and Paganoni,

The geometric instability behavior and the strength degradation
behavior consider three branches of an SPO curve (with different
definitions of the control points of the SPO curve), whereas the limited
ductility behavior considers two branches of an SPO curve without a
plateau in the pushover curve. The SPO curves are obtained for all
surveyed facades by considering three ultimate behavioral patterns
(reflecting the variability of the geometrical structural features).
Subsequently, the SPO2IDA tool (Vamvatsikos and Cornell, 2006)
is employed to convert SPO curves to incremental dynamic analysis
(IDA) curves. The IDA curves are then used to derive seismic fragility
curves for nine combinations of building vulnerability classes (A, B,
and C) and failure modes (geometric instability, limited ductility, and
strength degradation).

The collapse fragility functions for the vulnerability classes A, B,
and C by considering geometric instability, limited ductility, and
strength degradation as ultimate behavior are shown in Figures
8A-C, respectively. The input seismic intensity parameter for these
collapse fragility functions is PGA, and the form of the collapse fragility
function is the lognormal distribution. For the same ultimate behavior,
buildings with the seismic vulnerability class A are more vulnerable
(ie, positioned towards the left-hand side of the figure), followed
by those with the seismic vulnerability classes B and C. The order
of seismic vulnerability is consistent with the building survey
classifications. When the collapse fragility functions for different
ultimate behavior are compared, those with limited ductility are
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FIGURE 7

Vulnerability class B

Vulnerability class C

Photos of typical masonry houses in Malawi with (A) seismic vulnerability class A, (B) seismic vulnerability class A, and (C) seismic vulnerability

class (C).

more vulnerable than those with geometric instability or strength
degradation. It is also important to mention that the collapse limit
state that is predicted through the seismic fragility functions shown in
Figure 8 is for a building fagade, and this may not coincide with the
complete destruction of a house.

The final task of the exposure-vulnerability modules is to assign
seismic fragility functions (Figure 8) to the census building data, which
are specified as permanent, semi-permanent, and traditional. The
association of the collapse fragility functions and the census housing
categories is conducted by reflecting local knowledge and experiences
gained through the building surveys and experiments conducted in
Malawi (Kloukinas et al., 2020; Novelli et al, 2021). In this study,
FaMIVE-based collapse fragility functions with the vulnerability classes
A, B, and C (Figures 8A-C) are assigned to traditional, semi-permanent,
and permanent buildings, respectively. For each vulnerability class,
there are three possible ultimate behavioral patterns (ie., geometrical
instability, limited ductility, and strength degradation). The different
ultimate behavior is considered to be equally likely.

2.4 Collapse risk assessment of masonry
buildings in Malawi

With the site-specific seismic hazard curves in terms of the annual

maximum PGA (Section 2.1) and the building collapse fragility
functions (Section 2.3) for the census-based building inventory of
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masonry houses (Section 2.2), a building collapse risk curve for each
building class (i.e., permanent, semi-permanent, and traditional) can
be derived via Monte Carlo methods by implementing the following
simulation steps for each building location and type:

Step 1: Set the number of simulations N (e.g., 1 million samples
with each representing a 1-year period).

Step 2: Extract the PSHA results for a site of interest (i.e., PGA
values at the nine return period levels) and perform the upper tail
approximation of a seismic hazard curve. Then, simulate N
realizations of the annual maximum PGA.

Step 3: For individual annual maximum PGA values, evaluate the
collapse probability of a building. Uncertainty associated with the
ultimate SPO curve behavior can be accounted for by choosing one
of the three seismic fragility functions for the suitable seismic
vulnerability class according to the assigned weights. Specifically, for
a given PGA value, the collapse probability can be obtained for the
selected seismic fragility function. A standard uniform random number
is generated and compared with the obtained collapse probability to
determine whether the building is in the collapse damage state.

Step 4: Post-processing of the results from Step 3 can be presented

as the collapse probability risk curve or a collapse probability map
for a selected return period.
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Collapse fragility functions for the vulnerability classes A, B, and C based on different ultimate behavior in terms of static pushover curves: (A)

geometric instability, (B) limited ductility, and (C) strength degradation.

‘When the numbers for individual building classes are available (e.g.,
Figure 6), the results can be used to calculate the number of collapsed
buildings at each location (e.g., enumeration area) from the binomial
distribution B (n,p) (ie, the number of trials n corresponds to the
number of buildings and the event probability p corresponds to the
collapse probability), and these results can also be visualized in a map
format. When the building cost information is available, the collapse
risk assessment can be extended to seismic loss estimation, thereby
facilitating the financial seismic risk analysis (note: this is outside of the
current study’s scope; see Giordano et al, 2023). It is important to
emphasize that the collapse simulation based on the upper tail
approximation is very fast because a full implementation of site-
specific PSHA is circumvented. This allows the simulations of the
building collapse risk over a large spatial region.

Moreover, using similar quantitative seismic risk analysis
methods, retrospective seismic risk assessments have been
conducted by focusing on the 1989 Salima earthquake (Kloukinas
et al., 2020) and the 2009 Karonga earthquake (Goda et al., 2022). In

these investigations, predicted earthquake risks in terms of damaged
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buildings were compared with the reported earthquake damage from
these historical events. The results indicated that the predicted and
reported earthquake damage extents overlap, but the uncertainties
associated with the predicted and reported damage estimates are
significant. For instance, seismic hazard information was lacking,
exposure information was incomplete, while the damage extent might
have been underreported. Therefore, such retrospective assessments
were insightful but not conclusive, and the results of the retrospective
analyses must be interpreted carefully.

3 Nationwide collapse risk assessment
of masonry buildings in Malawi

3.1 Collapse risk assessment of masonry
houses at single locations

Seismic hazard assessments in Malawi depend significantly on
the fault source models and the ground motion models. Williams
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Seismic hazard curves for (A) Karonga and (B) Salima. The mean and 20

et al. (2023) considered 20 branches in the logic tree to capture
uncertainty (Figure 4). This uncertainty can be propagated to the
building collapse risk assessments. To demonstrate the collapse risk
assessment of masonry buildings at specific locations, Karonga and
Salima are chosen (Figure 6A). Among the major cities in Malawi,
Karonga has the highest seismic hazard due to the proximity to local
faults (including the St. Mary Fault which hosted the 2009 sequence;
Biggs et al., 2010; Macheyeki et al., 2009; Figure 2B) and the
Livingstone Fault. Salima has a moderate seismic hazard and
experienced the My, 6.3 earthquake in 1989 (Gupta and Malomo,
1989). Figures 9A,B show the seismic hazard curves for Karonga and
Salima. In the figures, seismic hazard curves for the 20 branches and
the weighted average are shown. The effects of epistemic uncertainty
are significant at these locations. For instance, the PGA values at the
return period of 1,000 years for Karonga (Figure 9A) range from
04gtol0g.

By considering individual 20 seismic hazard curves for each
location, the building collapse risk curves for a permanent house are
evaluated and the results are shown in Figure 10. To assess the effects
of the ultimate behavior of SPO curves, three cases are considered
(i.e, strength degradation, geometric instability, and limited
ductility). In both Karonga and Salima, due to the proximity to
several local faults (Figure 2B), the influence of the fault-based
seismic hazard characterization is more significant than that of the
ultimate collapse behavior. The individual collapse risk curves tend
to increase rapidly at certain return period levels. This is due to the
brittle nature of unreinforced masonry building failures in Malawi,
represented by relatively steep slopes of the seismic fragility
functions (Figure 8). Furthermore, Figure 11 compares the
building collapse risk curves for permanent, semi-permanent, and
traditional houses at Karonga and Salima considering different
ultimate behavior (note: the variability due to hazard uncertainty
is suppressed by considering the weighted average case). The results
show the variations of the collapse risk curves for different house
types (permanent versus semi-permanent versus traditional) and for
different ultimate collapse behavioral patterns. The former
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corresponds to the differences of the collapse fragility functions
for the vulnerability classes A, B, and C (Figure 8). It can be observed
that the building classifications according to the vulnerability classes
have significant impacts on the collapse risk curves. Overall, it is
important to account for influences from seismic hazard uncertainty
and seismic vulnerability uncertainty in the final building collapse
risk assessments.

3.2 Nationwide collapse risk assessment of
masonry houses

By repeating the collapse risk assessments for three types of
masonry houses (i.e., permanent, semi-permanent, and traditional)
at the 2,905 grid locations, national level collapse risk assessments
can be carried out. Figures 12A-C, Figures 12D-F, and Figures
12G-T1 show the collapse probability maps corresponding to the
return periods of 100, 500, and 1,000 years for permanent, semi-
permanent, and traditional houses, respectively. The PGA maps for
the return periods of 100, 500 and 1,000 years are shown in Figures
3A-C, respectively. The seismic hazard inputs are based on the
equally weighted cases and the seismic fragility functions consider
three ultimate behavioral patterns of SPO curves. The collapse risk
maps shown in Figure 12 are useful for appreciating the relative
collapse risks for different building classes (permanent, semi-
permanent, and traditional) and for different seismic hazard
levels. It can be observed that the collapse risks for permanent
houses that are away from Lake Malawi (e.g., near Lilongwe) are
generally low, even for the long return period levels, whereas those
near Karonga and north/south of Blantyre and Zomba are associated
with relatively large collapse risks. With the increase of the seismic
vulnerability from the class C (permanent) to A (traditional), the
high collapse risks prevail over a wide region near Lake Malawi and
along Shire River in southern Malawi. These high collapse risks can
be understood by comparing the corresponding PGA maps
(Figure 3) and the collapse fragility functions (Figure 8). Due to
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the anticipated poor seismic performance of semi-permanent and
traditional houses in Malawi (which are mainly made of low-quality
bricks with mud mortar and are not equipped with strengthening
structural elements, such as ring beams and wall buttresses), the
probability of building collapse increases rapidly when houses are
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subjected to PGA =0.15 g or greater. At the seismic hazard level of
500 to 1,000 years, most masonry houses are at high risks of
structural collapse. The relative collapse risk information, such as
Figure 12, is useful for identifying the risky areas within a country
and for seismic design and strengthening purposes.
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Building collapse risk curves for
ultimate behavior.

With the detailed exposur
buildings in Malawi (Figure 6B

can be evaluated for each building type (permanent, semi-permanent,
and traditional) by simulating the samples from the binomial
distribution (Section 2.4). Such building collapse count maps of
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(A, B) permanent, (C, D) semi-permanent, and (E,

e models of unreinforced masonry
), the number of collapsed buildings
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, F) traditional houses at Karonga and Salima considering different

permanent, semi-permanent, and traditional houses corresponding
to the return periods of 100, 500 and 1,000 years are shown in
Figure 13. Because the numbers of permanent, semi-permanent,
and traditional houses in individual enumeration areas are different
and the spatial distribution of enumeration areas is not uniform, the
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FIGURE 12

Collapse probability maps of (A—C) permanent, (D—F) semi-permanent, and (G-I) traditional houses corresponding to the return periods of 100,

500 and 1,000 years.

results of the building collapse counts are rearranged at a 0.01° grid.
This changes the number of spatial data points from 18,714 to 15,740.
As baseline, the total number of permanent, semi-permanent, and
traditional houses at the 15,740 grid points is shown in Figures 13A, E,
I, respectively. The baseline building exposure data show that more
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permanent houses exist in southern Malawi (note: there are
concentrations of permanent houses near major urban areas, such
as Lilongwe, Mzuzu, and Karonga). On the other hand, many
traditional houses exist in central Malawi near Lilongwe. The
building collapse count maps show that the collapse risks for
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permanent houses are greater in southern Malawi due to the larger
number of existing permanent houses and the relatively high seismic
hazard in this region. The collapse risks for semi-permanent houses are
concentrated south of Lake Malawi (e.g, Mangochi) and along the
western coast of Lake Malawi. The collapse risks for traditional houses
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are higher in the surrounding regions of Lilongwe and Salima in
central Malawi and near the southern boundary in Shire River Basin
(where the Thyolo Fault is located). This type of collapse risk mapping
quantifies how many buildings may be at risk and thus may be more
relevant to emergency managers and policymakers.
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4 Conclusion

This study developed a nationwide seismic collapse risk
assessment tool and obtained results for non-engineered masonry
houses in Malawi. The new seismic risk model incorporated the
latest seismic hazard characterization of active faults in the southern
segment of the East African Rift and country-specific collapse
fragility functions that are applicable to Malawian masonry
constructions. The fault-based seismic hazard model reflects the
current understanding of the fault sources and ground motion
intensities for Malawi and represent their uncertainties using
20 logic tree branches in the seismic hazard model. On the other
hand, the bespoke collapse fragility functions for Malawi have been
derived based on local building surveys, experimental tests of local
construction materials, and plausible failure mechanisms of the
main load-bearing structural elements of the Malawian houses.
Overall, the new quantitative seismic risk model constitutes the
significant improvements, compared to those without Malawi-
specific hazard-exposure-vulnerability models, as typically done
by international organizations. This calls for more fault-based
seismic hazard models and local seismic vulnerability data to be
collected elsewhere within the East African Rift’s Western Branch,
where seismic risk is still typically evaluated using areal-based
seismogenic sources (e.g., Poggi et al, 2017) and international
reference models for building characteristics (e.g., WHE-PAGER
classifications).

The seismic risk results were facilitated by the upper tail
approximations of seismic hazard curves. For each building type
and location, the collapse risk curves were derived by reflecting
possible hazard and vulnerability
Furthermore, the upper tail approximation method allowed the

seismic characteristics.
fast evaluations of building collapse risks at the national level,
thereby informing emergency managers and seismic engineers of
relative seismic risks in Malawi and of possible benefits of seismic
strengthening (e.g., a change from the vulnerability class A to the
vulnerability class C). On the other hand, the building collapse count
maps provides emergency managers and policymakers with total
risk exposure to the current building stock. The developed tools can
also quantify epistemic uncertainty associated with the seismic
hazard (e.g., seismic source models and ground motion models)
and the building exposure-vulnerability (e.g., classification of
buildings with respect to seismic vulnerability classes and
ultimate building capacities).

To facilitate the uptake of the new seismic hazard and risk
assessment tools for Malawi, the computer codes and the obtained
results (e.g., building collapse probability maps) are made available
in the Supplementary Material section. The dissemination of the
quantitative seismic risk decision-support tools is one of the goals of
the PREPARE project.
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