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Abstract The majority of seismic activity in South Africa

is related to extensive mining operations, usually in close

proximity to densely populated areas where a relatively

weak seismic event could cause damage. Despite a sig-

nificant decrease in mining operations in the Witwatersrand

area, the number of seismic events appears to be increasing

and is attributed to the acid mine drainage problem. The

increased seismicity is raising concern amongst disaster

management centres and in the insurance industry. A better

understanding is required of the vulnerability and the size

of the potential loss of people and infrastructure in densely

populated Johannesburg and its surrounding areas. Results

of a deterministic seismic risk, vulnerability, and loss

assessment are presented by making use of a geographic

information system (GIS). The results illustrate the benefits

of using GIS and contribute to a better understanding of the

risk, which can assist in improving disaster preparedness.

Keywords Acid mine drainage � Johannesburg � Seismic

risk � Vulnerability � GIS

Introduction

From a tectonic point of view, South Africa is a typical

stable continental area, also known as an intraplate region.

These regions are usually characterized by low-level seis-

mic activity compared to world standards, with seismic

events randomly distributed in both space and time. Most

natural (tectonic origin) seismic activity takes place in the

Western Cape and northern parts of KwaZulu-Natal

(Fig. 1). However, the main contributor to seismic activity

in South Africa is mine-related which occurs in the North

West, Gauteng, and Free State provinces. These types of

events are due to deep-level gold and platinum mining.

Extensive investigations into the seismic hazard and risk

for South Africa based on both natural and mining-related

events have been done over the years (Kijko et al.

2002, 2016; Van Aswegen 2005; Esterhuyse et al. 2014).

These investigations also looked at what is expected to

happen to mine-related seismic activity once mining

ceased. However, very little research has gone into the

effect on mine-related seismicity after mine closures when

increased water levels in the mine voids are observed.

After the closure of a mine, all operations are termi-

nated. The mine water is, therefore, no longer extracted,

resulting in the flooding of underground mine voids and an

increase in the underground pressure. The increased water

levels also act as a chemical and geochemical catalyst

between the mine rock strata, mine wastes, and oxygen,

causing the water in underground voids in the mines to

become acidic (Birch 2013; du Plessis et al. 2015). Water

under high constant pressure is known to lubricate frac-

tures, fissures, and faults, which weakens the clamping

forces. The stability of the fractures, fissures, and faults is

affected allowing for seismic events to be generated

(Carder 1945; Durrheim 2006; Goldbach 2010).
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The flooding of mine voids and the resulting seismic

activity are not a new phenomenon, but the close proximity

of the metropolitan city of Johannesburg is of concern.

During active mining operation in the Witwatersrand area

in South Africa, a maximum event of ML 5.3 was observed

(Coetzee et al. 2010). If the magnitude of seismic activity

reaches the same level as observed during the height of

mining operations, as suggested by local and international

studies, a magnitude of similar size can be expected to

occur. In the past, events of this magnitude have caused

structural damage and business disruption in the Witwa-

tersrand (Coetzee et al. 2010).

During the past few years, the frequency of seismic

events appears to be on the increase, even though the

number of active mines in the area has drastically

decreased—potentially due to the presence of acid mine

water. A 2010 report by the Department of Water Affairs

on mine water management in the Witwatersrand gold-

fields reported an increase in the average number of

monthly observed seismic events from 5.9 events before

pumping in the mine voids stopped to 11.7 events (Coetzee

et al. 2010). A significant increase is also observed in

Fig. 2, in the cumulative released energy by seismic events

between 2000 and 2010 (Kijko et al. 2012). Since it is

expected that the maximum possible induced or triggered

event magnitude due to acid mine water can fall in the

same range as observed during active mining (Coetzee

et al. 2010), the increased seismic activity raised concerns

with relevant parties such as the general population living

and working in the area, disaster management agencies, as

well as the insurance and reinsurance industry. These

concerns include what the likelihood is that more seismic

events with larger and potential damaging magnitudes can

occur and what the foreseeable loss of life and infrastruc-

ture would be.

The authors endeavoured to address these concerns first

by investigating potential factors that could have a positive

impact or negative impact on acid mine water induced

seismic activity (du Plessis et al. 2015), and second, to

investigate different seismic risk scenarios in the Witwa-

tersrand area based on the current observed seismic activity

Fig. 1 Map of the expected

peak ground acceleration

(g) with a 10% probability of

being exceeded in a 50-year

period for South Africa (Kijko

et al. 2016)

Fig. 2 Cumulative log of the seismic energy released by seismic

events in Johannesburg area with ML magnitudes 2.5 and stronger

during the period 2000/01/01–2010/12/31 (Source: Kijko et al. 2012)
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in the area. Both papers focus on applying GIS tools in the

assessment procedures.

Risk is generally defined as the probability of losing

something of value. A risk assessment can quantitatively or

qualitatively estimate the risk that is associated with a

specific hazard (or threat). The risk assessment process

involves the evaluation of the observed hazard and vul-

nerability (susceptibility to loss), as well as the size of the

potential loss (van Westen 2013). A comprehensive risk

assessment combines the prospective risk to infrastructure

with the prospective risk of event-related deaths. Seismic

risk assessments should, therefore, assess the potential loss

associated with the probability of an earthquake occurring

in or within close proximity to the defined geographic area.

The correlation of the observed damage to buildings and/or

casualties (loss) with the observed intensity of the seismic

hazard should also be taken into consideration.

Probabilistic and deterministic procedures can be

applied to seismic hazard and seismic risk analyses (Davies

and Kijko 2003; Kijko 2011; Kijko et al. 2015). Proba-

bilistic approaches assess the seismic hazard and risk levels

in an area by taking into consideration all the potential

earthquake scenarios and their probability of occurring

within a specified time period (Yuan 2003), while deter-

ministic methods focus on specific earthquake scenarios of

interest. While the probabilistic methods provide a more

holistic picture, the deterministic method is easier to use

when accounting for incomplete and uncertainty informa-

tion (Mualchin 2011). The authors, therefore, chose to

apply the deterministic approach for the seismic risk

assessment in the City of Johannesburg (CoJ).

Comprehensive reviews of seismic risk and loss esti-

mation methodologies have been published since the early

1980s among others Reitherman (1985), Whitman (1986),

Keilis-Borok et al. (1984), ATC-13 (1985), FEMA 249

(1994), Grünthal (1998), Frolova et al. (2006), ASCE

41-06 (2007). The insurance industry also played a crucial

role furthering the methodology in earthquake loss esti-

mation (Steinbrugge 1982; Algermissen 1972). These

studies focus primarily on the development of damage

curves which connect a ground motion parameter such as

peak ground acceleration or Modified Mercalli intensities

to damages and losses, since serious casualties mostly

correlate with extreme damage experienced by a minority

of buildings. The deterministic seismic risk is subsequently

determined by assessing the deterministic seismic hazard,

assigning the respectable damage curves and obtaining the

relevant vulnerability curve by plotting the mean damage

factor against the hazard and connecting it to a loss value.

The popularity of GIS in seismic risk assessment has

increased over the years. Although the background calcu-

lations do not differ from the traditional approaches as

discussed above, it does provide some added advantages.

The system is capable of facilitating the amalgamation,

organization, geo-referencing, and displaying of large sets

of heterogeneous information—often of varying formats

and scale. It also serves as a tool with which the different

stages of risk assessment can be monitored and used to test

hypothetical scenarios. GIS-based risk assessments provide

an intuitive, easy-to-interpret tool to make a complex

phenomenon understandable for non-specialized users in

local and national government structures, disaster man-

agement centres, and economic departments (Servi 2004;

Rivas-Medina et al. 2013).

In this paper, we describe a GIS approach to the standard

deterministic seismic risk assessment by focussing on the

potential losses to population and infrastructure. The GIS-

based approach is described in Sect. 2. In Sect. 3, the results

of a risk assessment for two different earthquake scenarios in

two suburbs in CoJ Metropolitan Municipality are presented

and discussed. Section 4 presents a conclusion.

Gis-based seismic risk assessment

Overview

A summary of the applied GIS-based approach used to

assess the seismic risk in CoJ based on the hazard, vul-

nerability, and potential loss analysis is provided in du

Plessis et al. (2015) and described here in more detail. Two

potential scenario earthquakes and their impact on the

people and buildings are investigated in the CoJ based on

hypothetical events in the Germiston area, which is cur-

rently experiencing high levels of seismic activity (Fig. 3).

Figures 4 and 5 describe the process followed during the

assessment of the seismic risk associated with buildings

and people. The methodology applied by the authors for

assessing the vulnerability of people and buildings is

defined by Servi (2004) and Ciriannia et al. (2008), and is

described later in this section.

First, two areas in CoJ were identified: Sandton Central

Business District (CBD) (which includes the StatsSA sub-

places of Sandhurst, Sandown, and Morningside) and

Johannesburg CBD (which includes the StatsSA sub-places

of Johannesburg SP; Marshalls Town; City and Suburban;

and New Town) (Statistics South Africa 2013). The two

areas (Fig. 6) were chosen, since they consist mainly of

high-rise buildings filled with hundreds of people during

the day. They are also situated in the economic hub of

South Africa.

Seismic hazard assessment

Next, seismic hazard is determined bymodelling the effect of

two scenario earthquakes with different magnitudes. Based
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on investigations of areas exhibiting similar geological and

tectonic characteristics, Fenton et al. (2006) believe the

expected maximum possible earthquake magnitude mmax of

a tectonic seismic event in Gauteng to be in the order of 7.0.

However, the current seismic hazard models in South Africa

assume that an mmax of magnitude 6.8 can be expected for

tectonic earthquakes and that a mine-related event in the

Gauteng region will not exceed 5.5–5.6 (Davies and Kijko

2003). The assessment by Davies and Kijko (2003), how-

ever, does not take into consideration the potential effects of

acid mine water on significant component stresses currently

present in Gauteng.

The proposed GIS approach to modelling the impact of a

hypothetical seismic event is done by focusing on events of

magnitudes ML 5.3 and ML 6.0 in the two identified areas.

The epicentre (location) of both the scenario events is

presented as a green point in Fig. 3. The procedure to

calculate the seismic risk is illustrated in Figs. 4 and 5. The

numeric values in the figures represent weights, explained

further down.

In seismic hazard analysis, the Modified Mercalli (MM)

intensity scale is one of the tools used to describe the

relationship between the ground motion produced by a

seismic event and the resulting damage (Wood and

Neumann 1931; Sieberg 1923). This scale is divided into

12 levels, each describing reactions of people and animals

as well as the observed effects in and on infrastructures.

Level I of the scale describes those events ranging between

nothing was felt to slight disturbances felt by people, and

observed in the surrounding environment. Level XII refers

to the complete destruction of small and major infrastruc-

tures as well as physically visible deformations in the

geology.

The epicentral intensity I0 is defined as the MM inten-

sity at the earthquake epicentre and is a function of

earthquake magnitude m (Richter 1958),

I0 ¼ b1mþ b2; ð1Þ

with b1 ¼ 1:5 and b2 ¼ �1:0 defined as constants. The

MM intensity Ið@siteÞ at epicentral distance r (in km) is

provided by the so-called intensity prediction equation

(IPE) of a typical functional form (Lay and Wallace 1995),

I @siteð Þ ¼ I0 þ a1 þ a2 log r þ a3r; ð2Þ

with a1 ¼ 0:41544, a2 ¼ �0:34261, and a3 ¼ �0:025702:

The numerical values of coefficients a1, a2, and a3 are

different for different regions and are usually estimated

from MM intensity distribution maps.

Fig. 3 Observed seismic

activity in Johannesburg region

between 2011 and 2014 for all

magnitude levels (du Plessis

et al. 2015)

Fig. 4 Summary of the procedure to calculate the seismic risk to

buildings (du Plessis et al. 2015)
Fig. 5 Summary of the procedure to calculate the seismic risk to

people (du Plessis et al. 2015)
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Figures 7 and 8, respectively, depict the predicted MM

intensity as a function of epicentral distance for the sce-

nario earthquakes of magnitude ML 5.3 and 6.0 in the

investigated area. The estimated MM intensities for the ML

5.3 earthquake range from IV to VI. The resulting distri-

bution of intensities (Fig. 7) suggests that an event of

magnitude 5.3 would mostly affect the areas within close

proximity to its epicentre causing minor damage, but may

not have a significant impact within CoJ itself (du Plessis

et al. 2015). Significantly larger intensities are predicted for

the magnitude ML 6.0 earthquake. All the estimated

intensities exceed V with some areas exhibiting intensities

of VII and 1/2 and larger. Such intensities are classified as

strong enough to cause the destruction of poorly built

structures. A magnitude 6.0 seismic event at some distance

from the epicentre can, therefore, generate intensities to

cause significant damage in CoJ.

Seismic vulnerability assessment

In this study, the vulnerability assessment of people and

buildings is based on a framework as discussed in Servi

(2004) and put forward by Ciriannia et al. (2008). The four

identified steps are:

1. Identify evaluation variables: examining the extent of

the vulnerability analysis to be performed. This can

include social risk (e.g., population distribution and

building damage) and systematic vulnerability (e.g.,

distance from medical care and accessibility).

Fig. 6 Map showing the

positions of the Johannesburg

and Sandton CBD’s within the

City of Johannesburg

Fig. 7 Intensity map showing

the attenuation from the

epicentre of the MM intensity

IV scenario earthquake of

magnitude ML 5.3
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2. Estimate potential infrastructure damage: variables

needed to assess potential damage include building

age and condition, the surrounding ground soil struc-

ture of building, and dimensions.

3. Standardization of measurement scales of the variables

in step 2. Ciriannia et al. (2008) suggest a scale of [0,

1] to be used.

4. Determining the weights on a scale of importance for

the standardized criteria in step 3. Ciriannia et al.

(2008) propose that a pairwise comparison (a method

of comparing different entities to decide on a preferred

one) be used to rank the importance of criteria. An

example of an importance scale is shown in Table 1. A

comparison of each criterion on a scale of importance

will result in a set of criteria weights.

Building vulnerability assessment in Johannesburg CBD

and Sandton CBD required identification of the building

types. However, due to constraints in the availability of

building information in CoJ, a few specific individual

buildings were identified for analysis. Additional infor-

mation of the identified buildings’ attributes was obtained

from a website with a building catalogue (SkyScrap-

erPage.com 2014a, b).

Variables such as building age, construction material,

building condition, and a number of stories of the building

are used by Servi (2004). In this study, only the number of

floors and the construction material were considered as

information about the condition of buildings was not

available. The variable, building age, was not considered in

this study, since the general age of buildings in CoJ is

much younger than those in Servi’s study area, Turkey,

which can be up to 400 years old.

In the assessment of vulnerability to people, Servi

(2004) considered the variables: distance to a hospital

for medical help; type of access road for access to

emergency personnel; and building vulnerability. A

modified version of the pairwise comparison applied by

Servi (2004) was used for the building and people vul-

nerability analyses in this study by removing the two

variables not used and adjusting the weight to sum to 1.

Figures 4 and 5 summarize the proposed approach using

the weights from the pairwise comparison as provided in

Tables 2 and 3.

Fig. 8 Intensity map showing

the attenuation from the

epicentre of the MM intensity

VI scenario earthquake of

magnitude ML 6.0 (du Plessis

et al. 2015)

Table 1 Scale of relative

importance to be used in a

pairwise comparison (Source:

Malczewski 1999)

Intensity of importance Definition

1 A and B of equal importance

2 A equally to moderately more important than B

3 A moderately more important than B

4 A moderately to strongly more important than B

5 A strongly more important than B

6 A strongly to very strongly more important than B

7 A very strongly more important than B

8 A very strongly to extremely stronger more important than B

9 A extremely more important than B
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The attribute values for the buildings for this study were

taken from the building catalogue and rated. In the case of

infrastructure, the number of floors served as a rating tool

(i.e., a building with 12 floors had a rating of 12), but

construction materials were rated on a linear scale as done

in Servi (2004). The factors for the human vulnerability

analysis were assigned to the calculated value (i.e., the

actual distance to the nearest medical facility able to pro-

vide casualty support along the road network). The factor

representing the type of road was rated, as shown in Servi

(2004). Each of the ratings was then normalized. The

normalization process involves transforming the values to

range between 0 and 1. This is used for comparing vari-

ables on differing scales and is performed by dividing the

value (number of floors of a building) by the sum of all the

values within that field.

Seismic loss assessment

The last part of the risk assessment estimates potential

loss. Building valuation as provided by CoJ was used to

derive the direct monetary economic loss of the building.

Similarly, the number of people in each building should

be used to derive the potential casualties, but unfortu-

nately, these data are not readily available for CoJ. As an

alternative, the day-time population statistics per enu-

meration area from GeoTerraImage were used instead.

The initial building catalogue contained 52 buildings, but

only 33 of them were used in the vulnerability assessment

of people, since population statistics were not available

for the others.

Seismic risk assessment

A weighted linear combination (WLC) is used to calculated

the seismic risk for buildings or a group of people as per

the following equation:

SRi ¼ Hi � Vi � PLi � 10000; ð3Þ

where the seismic risk of a building or of a group of people

at a specific location (SRi); is equal to the multiplication of

the seismic hazard in terms of intensity (Hi) with the vul-

nerability (Vi) and the normalized potential loss (valuation)

(PLi). The result is multiplied by a constant (10,000) to

work with values greater than 1.

Results and discussion

The results of the seismic vulnerability and potential loss

assessments are independent of the size of a seismic event.

Figures 9, 10, 11, 12 are, consequently, the same for the

hypothetical earthquake magnitudes of magnitude ML 5.3

and ML 6.0. The driving force behind risk assessment is the

underlying hazard.

The analysis shows that building vulnerability is higher in

the Johannesburg CBD than in the Sandton CBD (Fig. 9).

The southwest concentration of buildings in the Johannes-

burg CBD exhibits a higher level of vulnerability than the

rest of the area. This is attributed to the nearest medical

facility being far away and the building vulnerabilities being

high. The potential monetary loss, on the other hand, is

predicted to be significantly higher in Sandton than in

Table 2 Vulnerability analysis for buildings by pairwise comparison of the identified attributes: number of floors and construction material

[adapted from Servi (2004)]

Criterion Number of floors Construction material Rounded normalized

sums (weights)

Number of floors 1 0.33 0.1

Construction material 3 1 0.9

Sum 1

Table 3 Vulnerability analysis for people by pairwise comparison of the identified attributes: building vulnerability, type of road, and distance

to hospital [adapted from Servi (2004)]

Criterion Building vulnerability Type of road Distance to hospital Rounded normalized

sums (weights)

Building vulnerability 1 3 4 0.61

Type of road 0.33 1 5 0.30

Distance to hospital 0.25 0.2 1 0.09

Sum 1
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Johannesburg (Fig. 10). The reason for this is thatmost of the

high-rise buildings in the Sandton CBD were constructed

from 2004 onwards, while the high-rise buildings in the

Johannesburg CBD were constructed before 1980, making

building prices in the Sandton CBD much higher.

The seismic vulnerability with regard to human life

seems to be higher in the Sandton CBD than in the

Johannesburg CBD (Fig. 11), mainly due to the poor spa-

tial distribution of medical facilities and the lack of main

roads in the Sandton CBD. The vulnerability of people

could possibly be reduced by improving access routes and

developing more medical facilities in the respective CBDs.

The assessment of potential loss to the population (Fig. 12)

did not show a clear pattern, except for the Johannesburg

CBD having a higher population density than the Sandton

CBD. This is attributed to high concentration of offices in

the Johannesburg CBD. The results in Figs. 11 and 12 are

based on the assumption that the building population fol-

lows the day-time population density of the surrounding

enumeration area.

Figures 13 and 15 (buildings) and Figs. 14 and 16

(people) show the final seismic risk maps that were

Fig. 9 Building vulnerability in

the Sandton and Johannesburg

CBD’s

Fig. 10 Potential monetary loss

of each building in the Sandton

and Johannesburg CBD’s
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produced using the risk Eq. (3) for the ML 5.3 and ML 6.0

scenario events, respectively.

Higher building valuations in Sandton increase the

overall seismic risk to the buildings in this area (Fig. 13).

The seismic risk is much higher for taller buildings in the

Johannesburg CBD compared to buildings under 25 stories

high. The final seismic risk assessment for the population is

much higher in the Johannesburg CBD than the Sandton

CBD (Fig. 14), as the seismic hazard and potential loss of

people were higher in the Johannesburg CBD.

The added advantages of using GIS in seismic risk

assessment can be seen in these results: heterogeneous

information in a variety of formats and from various

application domains was integrated into a single map. This

information included aerial photography, locations of

buildings and their valuations, the road network, locations

of medical facilities, and estimates of building occupancy.

The information was available in raster and vector format,

the latter as a combination of points (locations), lines

(roads), and polygons (population estimates). GIS was used

Fig. 11 Vulnerability of people

in the Sandton and

Johannesburg CBD’s

Fig. 12 Potential loss of human

lives in the Sandton and

Johannesburg CBD’s
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as a tool to assess different hypothetical risk scenarios.

Once the data had been prepared and set up in the GIS,

adding additional hypothetical scenarios was simple. Such

GIS-based risk assessments provide an intuitive, easy-to-

interpret tool to make a complex phenomenon under-

standable; for example, the different coloured symbols in

the maps simplify the interpretation of the seismic risk

associated with individual buildings. In further work, we

plan to prepare additional visualizations of the risk maps

(e.g., with different symbols and/or three-dimensional

symbols) and conduct user studies to assess which kind of

visualization is most suitable for non-specialist users in

disaster management centres.

Another advantage is that the spatial distribution of the

seismic risk in relation to infrastructures, such as towns,

medical facilities, and the road network, is highlighted in

the maps. This information makes it possible to improve

planning for disasters; for example, if one knows where the

most vulnerable buildings are, additional medical facilities

or improved access to medical facilities can be planned.

The maps also show areas that are very unlikely to be

affected, and, therefore, do not have to be included in

Fig. 13 Seismic risk of

buildings in the Sandton and

Johannesburg CBD’s based on a

seismic event of magnitude ML

5.3

Fig. 14 Seismic risk of people

in the Sandton and

Johannesburg CBD’s based on a

seismic event of magnitude ML

5.3

654 Acta Geophys. (2017) 65:645–657

123



disaster management. The maps in this paper showed the

results of two specific suburbs, but data are available for

the remainder of CoJ and could be interactively explored at

different scales or zoom levels.

Conclusion

In this paper, we described a GIS approach to deterministic

seismic risk assessment. The risk of two scenario earth-

quakes was assessed for the population and buildings in

two suburbs of CoJ. The scenario earthquakes were based

on hypothetical events in the Germiston area, which is

currently experiencing high levels of seismic activity. The

two suburbs have mainly high-rise buildings filled with

hundreds of people during the day. They are also situated

in the economic hub of South Africa. Building vulnera-

bility, the road infrastructure, distance to medical facilities,

and building occupancy were considered for the seismic

risk to people, while the number of floors and construction

material of a building, as well as its value on the municipal

valuation roll, was considered for seismic risk to buildings.

Fig. 16 Seismic risk of people

in the Sandton and

Johannesburg CBD’s based on a

seismic event of magnitude ML

6.0

Fig. 15 Seismic risk of buildings

in the Sandton and Johannesburg

CBD’s based on a seismic event of

magnitude ML 6.0
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The resulting maps show that despite the fact that

seismic vulnerability to buildings is higher in Johannes-

burg, the potential monetary loss is higher in Sandton. This

can be attributed to the fairly recent extensive expansion in

construction in the Sandton CBD. Poor spatial distribution

of medical facilities and the lack of main roads in Sandton

and the southwest of the Johannesburg CBD are factors

increasing the seismic vulnerability of people. This GIS-

based deterministic risk assessment revealed vulnerabilities

and potential losses that would have been difficult to

identify and assess otherwise. The results illustrate the

benefits of using GIS-based seismic risk assessments for a

better understanding of risk, which can lead to improved

disaster preparedness.

In further work, we plan to prepare additional visual-

izations of the risk maps (e.g., with different symbols and/

or three-dimensional symbols) and conduct user studies to

assess which kind of visualization is most suitable for users

in disaster management centres.
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