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ABSTRACT

Southern Africa is considered a stable continental region in spite of several reported medium size earthquakes, some of which
caused considerable damage and casualties. The 1969 Ceres 6.3 magnitude earthquake is considered the most destructive and
caused serious damage estimated at US$24 million, with 12 mortalities and many more injured. Others include six mining related
tremors which caused significant damage i.e. Welkom 1976, Klerksdorp 1977, Welkom 1989 and Carletonville 1992 seismic events.
Notable for their damage to infrastructure was the 9th March 2005 Stilfontein event near Klerksdorp and 5th August 2014 event
near Orkney.

Most buildings and structures in South Africa are not designed to resist even relatively low intensity earthquake. Most architects,
engineers and builders in South Africa do not consider seismic resistance as a design requirement. In this work, potential damage
caused by strong earthquake was estimated for three classes of buildings situated in Sandton, Cape Town, Durban and
Port Elizabeth. The effect of earthquakes causing damage was studied by considering the “worst case-scenario”; i.e. the occurrence
of an earthquake with the maximum possible magnitude for an area. In four studied urban areas, expected damage was estimated
for three classes of buildings: unreinforced masonry, bearing wall, low rise, reinforced concrete shear wall, without moment
resisting frame, medium rise, and reinforced concrete shear wall, without moment resisting frame, high rise. The results of the
analysis showed that in case of occurrence of a strong earthquake, the most damage is expected for the building classified as

‘unreinforced masonry, bearing wall, low rise, and reinforced concrete shear wall’.

Introduction

Numerous studies have been conducted to estimate the
risk of damage to buildings in urban areas of South
Africa, due to seismic activity (Kijko et al., 2002; 2003;
Davies and Kijko, 2003; Fernandez, 1974). The studies
by Kijko et al. (2002; 2003) provided the seismic hazard
and risk for Tulbagh in the Western Cape Province,
where the strongest and most damaging tectonic
earthquake of magnitude 6.3 in South Africa occurred.
Davies and Kijko (2003) discussed the possible impact of
seismic activity on the South African insurance industry
by estimating seismic damage to buildings using a
probabilistic (statistical) approach.

Although earthquakes of tectonic origin that are
destructive are infrequent in South Africa, they have the
potential to affect the insurance industry and the country
as a whole. The occurrence of the destructive Ceres
earthquake should be regarded as a warning of such
potential (Theron, 1974). The event occurred on

29 September, 1969 in the Ceres-Tulbagh region of the
Western Cape Province about 100 km northeast of Cape
Town. Serious damage occurred to buildings in the area
(valued at a total of U.S. $24 million) (Singh et al., 2009).
The structural damage to buildings varied from almost
total destruction of old and poorly constructed buildings
to large cracks in better designed and built structures
(Figure 1). Twelve people were killed and many more
injured (Singh et al.,, 2009). Other large events of
tectonic origin felt in South Africa include the 1912
Koffiefontein earthquake of magnitude 6.2, the
31 December 1932 Cape St Lucia earthquake of local
magnitude 6. Paleoseismic studies show that a large
earthquake with an estimated magnitude of about
8 occurred in the area of Koffiefontein some 50,000
years ago (Visser and Joubert 1990; Joubert et al., 1991).

Moreover, there is a relatively high risk to structures
in Gauteng due to mining related seismicity (Figure 2).
A moderate to large earthquake could cause serious
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Figure 1. Damage observed at Tulbagh after the Ceres earthquake (adapted from Fernandez, 1974).

damage to structures in nearby cities and thus loss of
life. The largest recorded earthquake in a mining area is
the recent Orkney earthquake, which occurred on
5 August 2014 and had a local magnitude ca. 5.5 (Midzi
et al., 2015). Other events include the 5 March 2005,
Stilfontein earthquake (Durrheim et al., 2007), Welkom
1976, Klerksdorp 1977, Welkom 1989 and Carletonville
1992 events. Many of these events resulted in some level
of damage to structures / buildings on the surface.

The foremost objective here is to define, prioritise and
convince the South African building authorities to implement
localised strategic steps to improve safety practices. As a
best practise, a standardised tool should be developed to
quantify this objective that uses a uniform engineering-
based loss estimation approach to quantify damage,
economic loss and casualties throughout the country.

The metropolitan areas of Gauteng and Northwest
Province, Cape Town, Durban, Port Elizabeth and
Pietermaritzburg are in particular at a higher risk due to
the increased number of residential, industrial and
commercial structures. It has been proven that
adherence to set minimum standards can significantly
reduce the loss of life and damage as a result of large
earthquakes (FEMA, 1994).

In a survey carried out by Pule and Singh (2010),
only 19% of respondents from the South African
engineering community considered earthquake effects
in their structural designs/constructions. Given the
damage observed historically, it is necessary to increase
the awareness of the seismic risk under construction
engineers by including seismic design parameters in
their designs of structures.
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The practice of relating ground motion parameters to
damage and losses by means of a damage probability
matrix (DPM) was developed by Whitman et al. (1973).
Thereafter, Whitman’s earthquake loss-estimation
formalism became standard and was applied around the
world (e.g. in China, Chen et al., 1997; Yong et al., 1998;
In the USA, Rojahn et al., 1997; Reitherman, 1985;
Whitman, 1986; In New Zealand, Dowrick and Rhoades,
1990; 1993; In Russia, Shojgu et al., 1992; Italy, Bramerini
et al., 1995; Orsini, 1999; Portugal, D’Ayala et al., 1997
and Germany, Tyagunov et al., 20006).

In general, the estimation of future expected damage
to structures can be done in two different ways, by
probabilistic and deterministic methods (Kijko, 2011).
In this study, the deterministic method was used, with
MM intensity levels used as a measure of ground motion.
The main seismic parameters needed in deterministic
seismic risk analysis for a selected site are, the area
specific maximum possible earthquake magnitude 772,
and ground motion prediction equation (GMPE). In the
following section will discuss the procedure applied for
calculation of m,,, and the relevant GMPE for South
Africa.

Deterministic seismic risk analysis

Deterministic seismic risk analysis (DSRA) involves the
development of a particular seismic scenario, according
to which expected damages/losses are calculated.
The scenario consists of the assumed occurrence of a

seismic event of a specified size and location. A typical

DSRA procedure consists of the following five phases

(Kijko, 2011):

¢ Identification and characterization of all seismic event
sources capable of producing significant ground
motion at the site.

e Selection of a particular “scenario seismic event”, i.e.,
the event that is expected to produce the strongest
level of shaking. The scenario seismic event is
described in terms of its size and the distance from
the site.

e Seclection of a shortest source-to-site distance
(scenario seismic event source to site). The distance
may be expressed as an epicentral or hypocentral
distance, depending on the type of distance,
specified in the ground motion prediction equation
(GMPE). Modified Mercalli (MM) intensity is preferred
above peak ground acceleration (PGA) since:
(i) in South Africa the area-characteristic ground
motion prediction equations are known compared to
the virtually non-existing peak ground acceleration
(PGA) records, and
(i) the vulnerability curves used in this report are
provided in terms of MM intensity.

e Using the appropriate attenuation relation, a ground
motion parameter is then computed for all respective
sites. In this study an intensity attenuation equation
was used and thus the ground motion is estimated in
terms of intensity levels.

Earthquake Magnitude
® 40-45

®46-50

®51-55 g
@®56-60

@s.1-75

Figure 2. Mining related seismicity of magnitude 4.0 and above in the gold mining regions of South Africa.
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e Calculation of the expected damages/losses at the
site that result from these ground motions.
The deterministic estimates are based on a random
set of “scenario seismic events” but they make use of
statistical tools in providing a distribution for the
expected damage (Davies and Kijko, 2003).

The extent of damage, ranging from none to total, is
divided into damage states, each of which is described
both by words and by a range of damage factors.
The damage factor denotes the ratio of the value of
the physical damage (due to the seismic event) to the
replacement value (ATC-13, 1985). For each level of MM
intensity of ground shaking, the numbers in the
corresponding column of a Damage Probability Matrix
(DPM, Whitman et al., 1973) provides the distribution of
the expected damages. Note that the values in each
column of the DPM sum to 100% because each number
in the matrix is the probability that a building will
experience a particular level of damage as the result of
a particular intensity. The originality of the scale is that
it imports the measurable calibration of damage, in
terms of structural damage index, which depends on
severity and the extent of damage. Damage probability
matrices for the 12 building classes discussed in this
study were adapted from ATC-13 (1985).

After the description of the damage states, a
vulnerability curve is determined for each building class.
The curve is calculated for each building class and
presents the calculated average level of damage per
level of intensity. The curve is represented by the
following function:

d

max

E[D|z’]=/;dfl, (d|DHdd,

(equation 1)

where E denotes the operator of expectancy and the
function E[D|i] denotes the mean damage factor for a
given MM intensity 7 (ATC-13, 1985). When the function
E[D |1 is plotted against ground shaking i, the plot is
called a wvulnerability curve. In this study the
vulnerability curve provided by ATC-13 (1985) is used,
in which the conditional probability density functions of
damage, fp(d|i) are given in the form of Whitman’s
damage probability matrices DPM; for seven damage
states j (j = 1,...,7) and nine MM intensity levels
i (i =1V,.., XID. In ATC-13 (1985), the damage states
are called the central factors CDF; and are defined as:

e no damage when CDF,= 0%;

e slight damage when CDF,= 0.5%;,

e light damage when CDF;= 5%;

e moderate damage when CDF,= 20%;
e heavy damage when CDFs= 45%;

e major damage when CDF;= 80% and,
e total destruction when CDF;. 100%.

Intensity attenuation relations

An MM intensity attenuation relation, known also as the
ground motion prediction equation (GMPE), is a
relationship that translates the seismic event magnitude
and the distance between the seismic event epicenter
and the site of interest into the MM intensity at the site
(Peruzza, 1996). The most commonly used MM intensity
attenuation relation has the form:

Iy—1=-a,— a, |n(» - ayr, (equation 2)

where a; to a; are coefficients, » is the epicentral or
hypocentral distance in km, 7 is the MM intensity at the
site and I, is the maximum (focal) MM intensity at
the epicentre of the seismic event. The numerical values
of the coefficients a; to a; are different for different
regions and are usually estimated from MM intensity
distribution maps of the region. Most often, the
coefficients are calculated using linear regression
(Carnahan et al., 1969). The MM intensity attenuation
relations previously developed for the four regions of
interest in this study by Kijko et al. (2006) are as follows:

Johannesburg :

I, — I =-1.652 + 0.508 In(» + 0.00517 (equation 3)

Durban :

Iy — I=-0.959 + 0.325 In(») + 0.00757  (equation 4)

Port Elizabeth :

Iy — I=-2982+ 1.203 In(» + 0.0010  (equation 5)

Cape Town :

I, —1=-2983 + 1.203 In(» + 0.0010r  (equation 6)

The empirical relation between seismic event magnitude
(m) and MM intensity at the epicentre (/) was given by
Richter (1958):

S8

ILh=—ml (equation 7)

Do

Maximum possible earthquake magnitude, m,,,,

It is assumed, that in the area of concern, within a
specified time interval 7, there are 7 main seismic events
with magnitudes m,, m,, .., m, FEach magnitude
m; = My, (1= 1,..., n), where m,,, is a known threshold
of completeness (i.e., all events having magnitude
greater than or equal to my,;, are recorded). It is further
assumed that the seismic event magnitudes are
independent, identically distributed, random values with
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AREA: Capetown
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Return Period [YEARS]
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Figure 3. The mean return periods for earthquakes of specified
magnitude for Cape Toun. The red curve shows the mean return
period, while the two blue curves indicate the mean return periods
plus and minus the standard deviation.

Figure 4. The mean return periods for earthquakes of specified
magnitude for Sandton. The red curve shows the mean return
period, while the two blue curves indicate the mean return periods

Dplus and minus the standard deviation.

AREA: Port Elizabeth

10
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Magnitude

AREA: Durban
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1
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Figure 5. The mean return periods for earthquakes of specified
magnitude for Port Elizabeth. The red curve shows the mean
return period, while the two blue curves indicate the mean return
periods plus and minus the standard deviation.

a known distribution function Fy(m). The parameter
Mma 1S the upper limit of the range of magnitudes and
thus denotes the unknown maximum regional
magnitude which is to be estimated.

Given the importance of the i, value, it is
surprising how little has been done in developing
appropriate techniques for estimating this parameter.
Presently, there is no universally accepted technique for

Figure 6. The mean return periods for earthquakes of specified
magnitude for Durban. The red curve shows the mean return
period, while the two blue curves indicate the mean return periods

plus and minus the standard deviation.

estimating the value of m,,. However, Wells and
Coppersmith (1994), Wheeler (2009), and Mueller (2010)
described deterministic techniques for its assessment,
while Kijko (2004) and Kijko and Singh (2011) presented
probabilistic techniques. The importance of the correct
assessment of the regional-characteristic, maximum
possible earthquake magnitude, m,,, is that it is pivotal
in seismic risk assessments as this value can be the
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Table 1. Area-characteristic seismic hazard parameters estimated for the city of Cape Town, Sandton, Port Elizabeth and Durban.

Region/City Regional maximum possible Gutenberg-Richter Mean annual activity rate A
earthquake magnitude 7z, parameter, b-value

Cape Town 6.85 + 0.60 0.84 + 0.08 1.1 + 0.3 (for m,,, =3.0)

Sandton 5.66 + 0.30 1.40 + 0.04 23.3 + 5.9 (for My, 23.0)

Port Elizabeth 6.31 £ 0.57 1.13 £ 0.09 0.6 = 0.1 (for myy, =4.0)

Durban 6.85 + 0.60 1.03 + 0.06 2.8 £ 0.5 (for my,;, =3.0)

difference between life and death for large numbers of
people. The methodology and assumptions for
estimating m,,, used in this study is described
thoroughly by Kijko and Singh (2011).

Seismic events were selected from the South African
National Seismological Database (SANSD) of earthquakes
that occurred between 1811 and 2012. The data used in
this study were compiled by the Council for Geoscience,
Pretoria. All earthquakes are expressed in the units of
local Richter magnitude, M;. The procedures used in
calculating the m,,,, value were developed in a MATLAB
toolbox called MMAX (Kijko and Singh, 2011).

The actual computation for m,,, is based on the
application of the Kijko-Sellevoll-Bayes procedure, which
takes into account incompleteness and uncertainty of
seismic event catalogues (Kijko and Sellevoll, 1992).
The results of the computation are shown in Figures 3,
4, 5 and 6, for Cape Town, Sandton, Port Elizabeth and
Durban respectively. The obtained parameters including
Mg for the four cities are shown in Table 1.

Computation of expected damage for most typical
urban structures in South Africa

Vulnerability assessments were done for the most
prevalent of the 12 types of building classes of South
Africa as defined by Davis and Kijko (2003) and Pule
et al. (2006). The assessments were performed for the
four cities, and 3 classes of the buildings, building
class #3 (unreinforced masonry, bearing wall, low rise),
#8 (reinforced concrete shear wall, without moment
resisting frame, medium rise) and #9 (reinforced
concrete shear wall, without moment resisting frame,
high rise). Following Davis and Kijko (2003), these are
the most common structures in South African urban
areas. These three building types represent ca. 70% of all
South African urban structures and Class #3 represents
low cost housing typical for e.g. South Africa coastal
areas.

Building vulnerability is a measure of the damage a
building is likely to experience when it is subjected to
a specific level of ground shaking (for example, in terms
of peak ground acceleration, peak ground displacement,
or earthquake intensity). The dynamic response of a
structure to ground shaking is very complex, and
depends on a number of interrelated factors that are
often very difficult, if not impossible, to identify
precisely. These include:

e the exact character of the ground movement and the
shaking the building will experience;

e the extent to which the structure will be excited and

e the response to the ground shaking;

e the strength of the materials in the structure;

e the quality of construction;

e the condition of individual structural elements and of
the whole structure;

e the interaction between structural and non-structural
elements;

¢ the live load present in the building (occupancy etc.
at the time of the earthquake; other factors (Omidvar
et al., 2012).

In this study only nature of ground movement and
shaking the building is likely to experience is considered
and presented.

For each selected site, four epicentral distances,
10, 25, 75 and 100 km, are considered. The earthquake
magnitudes m,,,, are given in Table 1. The output from
the analysis of each combination of epicentral distance,
magnitude and class of the building is the expected
damage to structure (in %), known also as a central
damage factor

The estimated expected damage for the three
selected building classes is shown in Figures 7 to 18.
The vertical black line shows the estimated MM intensity
at the site. The horizontal black line denotes respectable
expected damage to the structure. The results confirm
that there is an inverse relationship between distance
from the earthquake epicenter and inflicted damage,
(horizontal black lines in figures 7 to 18). However,
it should be noted that different building classes
withstand/absorb the movement and forces due to the
shaking differently, given the different building design
principles for each class of building. For example,
a reinforced building can withstand earthquake caused
ground unreinforced
building.

vibration better than an

Discussion of the estimated damage: Cape Town
The predicted damage for building class #9 is the lowest,
while building class #3 is expected to experience the
highest damage at all distances. The damage to this
class of the buildings is approximately equal to
47% where the epicentral distance is 10 km. Therefore,
building class #3 is the most vulnerable in Cape Town.
This is a large concern as the majority of the large
volume, low cost housing in the disadvantaged areas on
the “Cape Flats” such as Manenberg (Figure 19), is of
this type.

SOUTH AFRICAN JOURNAL OF GEOLOGY
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Figure 19. Example of large scale low cost housing (Class #3)

Jfound in Manenberg on the Cape Flats, Tongaat near Durban and
Zwide near Port Elizabeth.

Durban

The predicted damage for building class #9 is the lowest
while the highest damage for all distances is also
expected to affect building class #3. Building class #3 is
the most vulnerable in the Durban area. As in
Cape Town, this is a major concern as the majority of the
large volume, low cost housing in the areas such as
Tongaat near Durban (Figure 19), is of this type.
An additional concern in Durban is that bedrock is
overlain by thick sandy cover which increases the
possibility of site amplification.

Sandton

e At epicentral distance of 10 km, building class #9 is
subject to the lowest degree of damage and building
class #3 to the highest. However, the expected
damage to building class #3 is only 12% when the
epicentre is 10 km away reducing to less than 1% if
the epicentre is 100 km away. This means that the
impact on low cost housing for Sandton is not that
severe.

e At a distance of 25 km, building Class #9 has the
lowest expected damage and building Class #3
the highest degree of damage.

e At 75 km, the lowest degree of damage is associated
with building Class #9 and the highest degree with
building Class #3.

e The predicted damage to all considered classes of
buildings at distance of 100km is negligible.

Port Elizabeth

e For all epicentral distances, the predicted damage for
building Class #9 is of the lowest, while building
Class #3 is predicted to experience the highest degree
of damage. At short distances, the predicted damage
can be as high as 32%. As in Cape Town, this is a
major concern as the majority of the large volume,
low cost housing in the areas such as Zwide near Port
Elizabeth (Figure 19), is of this type.

e Building Class #9 is the least vulnerable and building
Class #3 the most vulnerable at 75 km distance.

It should be noted that the expected damage of the
structure increases as the MM intensity increases, and as
the epicentral distance decreases. Buildings experience
more damage at the closest distance from the
earthquake epicentre, because of the higher intensity of
ground vibration. However, the expected damage also
depends on the type of building. The predicted damage
for building Class #3 is the highest in all analysed areas.
One has to remember, that this class of building is one
of the most common structures in South African urban
areas.

Conclusion and recommendations

Potential damage that can be caused by strong
earthquakes was estimated for 3 types of buildings
situated in Sandton, Cape Town, Durban and Port
Elizabeth. The analysis was performed by considering
the “worst case-scenario”, i.e. occurrence of the
maximum possible earthquake close to structures.
The Modified Mercalli intensity scale was used as a
measure of ground motion vibration. The MM intensity
was chosen, because (1) the applied damage curves
(ATC-13, 1985), describe the expected damage to the
structures as a function of intensity, and (2) application
of area-characteristic GMPEs allows for account of site
effect. In four studied urban areas, Sandton, Cape Town,
Port Elizabeth and Durban, expected damage was
estimated for three classes of buildings: unreinforced
masonry, bearing wall, low rise (class #3); reinforced
concrete shear wall, without moment resisting frame,
medium rise (class #8), and the reinforced concrete
shear wall, without moment resisting frame, high rise
(class #9). The results of our analysis showed that when
strong earthquakes occur, significant damage is
expected for building class #3 with the highest damage
at all distances for all four cites. Area characteristic,
maximum possible earthquake magnitude values #1,,,,
were used together with a region specific GMPE
equation (determined for Modified Mercalli intensity) for
epicentre distances of 10, 25, 75 and 100 km, to compute
the expected damage curves.

Since the South African government is investing a
large amount of the annual budget into the national
housing scheme, these results are vital in the design and
construction of the current low cost housing investment
by the government. This study shows that low cost
housing, especially in the coastal areas should be
redesigned to withstand possible earthquake damage to
protect this huge investment and in the process reduce
the risk of loss of life.
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