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introduction
The growth of the global economy has 
increased the demand for affordable con-
struction materials and the proliferation of 
construction methods. Presently, concretes 
produced with Portland cement are the 
most widely used construction materi-
als in the world in terms of volume. The 
development of infrastructure, industry 
and housing is largely attributable to read-
ily available raw materials, and the strength 
and durability characteristics of concrete. 
However, these manufacturing and 
development activities are climate-forcing, 
as the production of Portland cement 
contributes up to 5% of all anthropogenic 
carbon dioxide emissions (Damtoft et 
al 2008). It is also known that concrete has 
substantial heat capacity and is thus able to 
store large amounts of energy. This energy 
is released thermally into the atmosphere, 
further influencing the climate-change 
conundrum.

Sustainable development has been 
defined as “development that meets the 
needs of the present without compromising 
the ability of future generations to meet 

their needs” (Brundtland 1987). In devel-
oping nations, sustainable development 
activities are often disregarded as a result 
of the urgent demand for basic economic 
growth that is facilitated by the provision 
of economic infrastructure or “investments 
and related services that raise the produc-
tivity of other types of physical capital, e.g. 
education, power, water system, communi-
cation …” (Perkins et al 2005). Currently, 
South Africa, which is a member state of 
the United Nations, The African Union 
and the Southern African Development 
Community, is a signatory of various 
treaties and resolutions implemented by 
these organisations for the achievement of 
sustainable development goals (AUC 2015). 
In the continental context, South Africa 
leads the implementation of continental 
initiatives for growth and sustainable 
development.

In this paper, the thermal behaviour of 
simple concrete structures exposed to the 
Southern African climate is studied. The 
research presented seeks to make a mean-
ingful contribution to the development 
of climate change mitigation strategies. It 

light-coloured concrete 
surfacing for urban 
heat-island mitigation 
in southern Africa
T P Mlilwana, E P Kearsley

Global population growth and rapid urbanisation have resulted in the rapid transformation 
of natural topographies that are now dominated by engineering materials and structures. 
It is widely recognised that economic development is largely attributable to infrastructure 
development. However, this development has come about with adverse consequences. In 
this paper, the effects of surface characteristics, climatic parameters and material properties 
on the thermal environment and near-surface heat islands in urban areas were investigated. 
An experiment was conducted in which simple concrete structures with varying surface 
characteristics were constructed and instrumented. The effect of solar absorptivity was clearly 
visible, with structures surfaced with low absorptivity materials exhibiting lower surface and 
effective temperatures. Following the experimental programme, numerical simulations of 
the simple concrete structures were performed using finite element modelling. The analyses 
showed that the thermal environment of concrete structures is sensitive to changes in solar 
absorptivity, climatic parameters, cross-sectional dimensions, and material properties. It 
was found that the use of low absorptivity or highly reflective surfacing and the selection 
of appropriate dimensions can be used to significantly reduce the temperatures of concrete 
infrastructure, including buildings and pavements, thereby providing an evidential basis for the 
use of low absorptivity surfacing materials to mitigate climate change in Southern Africa.
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is proposed that the use of light-coloured 
surfacing materials, which absorb minimal 
quantities of solar radiation, and the inclu-
sion of thermal parameters in the design 
of concrete structures could be effective 
measures for the reduction of urban air 
temperatures, thereby reducing cooling 
demands. If such measures are widely 
implemented they would contribute to 
the development of key infrastructure in 
Southern Africa in a sustainable manner.

bAcKground
Since the early 1960s, the response of 
concrete structures to climatic parameters 
such as ambient temperature, solar radia-
tion and wind speed have been investi-
gated. However, many of these studies 
were either performed in relatively cold 
European climates, or climate-change-
related factors were not considered. 
Consequently, the recommendations 
obtained several decades ago require vali-
dation due to increases in the average glob-
al temperature and increased variability in 
regional climates. In addition to the change 
in global climates, in recent times Southern 
African climatic conditions have exhibited 
greater variability between extremes due 
to El Niño oscillations (Hulme et al 2001). 
Under the Paris Agreement, 197 countries 
agreed to limit the increase in the global 
average temperature to “well below 2°C 
above pre-industrial levels” (UNFCCC 
2015). The Intergovernmental Panel on 
Climate Change (IPCC) developed a special 
report on the impacts of global warming of 
1.5°C above pre-industrial levels and related 
greenhouse gas emissions. The report indi-
cated that the occurrence and intensity of 
extreme events would substantially worsen 
if the global average temperature increased 
by 1.5°C, and that this limit could be 
exceeded as early as 2030 or by 2038 if CO2 
emissions did not decrease. Beyond the 2°C 
threshold, the impacts of climate change 
would become irreversible (IPCC 2018).

urban heat islands
The urban heat island is a microclimatic 
phenomenon that occurs within urban 
areas in which the ambient and near-
surface temperatures are warmer than the 
suburban and rural surroundings. This is 
primarily due to convective heat transfer 
from the surfaces of two engineering 
materials – concrete and asphalt. These 
construction materials are the dominant 
materials in urban areas, with pavement 

materials making up between 29% and 45% 
of urban footprints (Akbari 2012). Concrete 
is a thermal mass material that has high 
volumetric heat capacity. The increased 
storage and release of thermal energy 
result in an increase of the surround-
ing air temperature throughout diurnal 
cycles. The increase in air temperature is 
more pronounced at night when concrete 
releases the energy absorbed during the 
day. As a result of the heat-island effect, 
cooling requirements increase, and energy 
consumption increases by 2% to 4% for 
every 1°C rise in the daily maximum air 
temperature above a threshold of 15°C to 
20°C (Akbari 2009). Additionally, these 
high urban temperatures are associated 
with increased production of ozone, which 
presents environmental, health and eco-
nomic challenges (Rosenfeld et al 1996). 
Figure 1 (Oke 2002) shows a cross-section 
of a city in which the greatest increase in 
temperature occurs in the transition zone 
from rural to suburban spatial planning as 
vegetation and open greens are reduced. 
These ambient temperatures are main-
tained in suburban areas and reach peak 
temperatures above urban areas where the 
largest difference between urban and rural 
temperatures (∆Tu–r) is observed.

While heat islands are localised in 
nature they are, however, a global chal-
lenge that disproportionately affects urban 
centres in developing countries where 
economic and social infrastructure are 
required on an urgent basis and where 
sustainability has thus far been neglected 
by planners and policymakers. In research 
by Power and Mills (2005) it was found 
that the increased production of smog in 
Southern Africa had resulted in drastic cli-
matic changes and subsequently increased 
energy use in major South African cities 
including Bloemfontein, Cape Town, 

Durban, Johannesburg and Pretoria. Smog 
promotes atmospheric warming, thereby 
increasing the demand for mechanical 
cooling that is powered by combusting fos-
sil fuels which in turn increase atmospheric 
carbon (Power & Mills 2005).

cooling technologies
The demand for cooler cities has resulted 
in increased research and development of 
cooling technologies which include blue 
roofs, sky gardens, cool pavement technol-
ogy, and the usage of light-coloured surfac-
ing on concrete structures. These technol-
ogies have been found to reduce ambient 
and structural temperatures, but the capital 
and maintenance costs often render such 
methods unfeasible. In studies performed 
in North American cities, it was found that 
cooling a city by 3°C would reduce smog by 
12%, resulting in annual energy savings of 
US$360 000 000 ($579 983 000), of which 
US$76 000 000 ($122 440 000) was a result 
of cooling the pavements (Rosenfeld et 
al 1996). The net values in May 2019 of 
the aforementioned monetary savings are 
parenthesised. Increasing the reflectivity 
of buildings by whitewashing can result in 
direct energy savings of up to 14% and 19% 
on cooling peak power and electrical cool-
ing energy respectively (Taha et al 1988). 
These researchers showed that the use of 
reflective materials to cool urban areas is 
not only feasible but would result in signifi-
cant future economic benefits.

solar absorptivity
Solar radiation has the largest effect on 
temperature distributions in concrete 
structures. Air is transparent to light and 
allows approximately 90% of the visible 
light and some of the infrared fractions 
of the electromagnetic spectrum to pass 
through it. The solar absorptivity of a 
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surface is a non-dimensional parameter 
which determines the quantity of visible 
light or global radiation that is absorbed 
by the surface. This property is measured 
relative to the reflectivity of a black body 
which would absorb all visible light wave-
lengths on the electromagnetic spectrum. 
During the day, the thermal balance of a 
construction material is determined by the 
reflection and absorption of solar radia-
tion. The use of low absorptivity materials 
results in reduced absorption of thermal 
energy which is characterised by lower 
surface and mean temperatures during the 
day, and lower air temperatures at night, 
as less thermal energy is stored and subse-
quently released as longwave radiation.

interaction of structures and 
climatic parameters
It is widely accepted that climatic parame-
ters contribute to the deterioration of build-
ings, pavements and other types of concrete 
structures, as temperature variations con-
tribute to several distress modes, including 
fatigue, deflection and block cracking. They 
are of interest in structures with large hori-
zontal surface areas such as pavements and 
the superstructures of bridges and buildings 
where temperature variation can result in 
adverse volumetric movement. Movement 
due to thermal loading is primarily of inter-
est in instances such as the following:

 Q Where the cross-section varies, dif-
ferences in thermal gradients can lead 
to transverse cracking in extreme 
conditions.

 Q In integral structures, where expan-
sion and contraction of the bridge 
superstructure lead to stresses in the 
deck and rotation of the piers and/or 
abutments.

 Q In continuously reinforced concrete 
pavements, where cracking and local 
buckling can be caused by large tem-
perature changes.

In general, concrete structures undergo 
three types of temperature-induced volume 
change – uniform expansion of an entire 
cross-section due to uniform increase in 
the temperature, linear expansion and 
contraction whereby volume change occurs 
equally but in opposite directions around a 
neutral axis, and lastly, non-linear changes 
due to uneven heating and cooling through 
a cross-section (Larsson & Thelandersson 
2011; Elbadry & Ghali 1983). The linear and 
non-linear components of expansion cause 
rotational changes in the form of warping, 
even in simply supported superstructures. 

If these movements are restrained, com-
pressive and tensile stresses will be generat-
ed in the case of expansion and contraction 
respectively. In most structural applica-
tions this restraint occurs due to changes 
in cross-section or thermal gradients. In 
concrete pavement structures, which have 
large horizontal surfaces and are exposed 
to climatic actions, temperature variations 
can result in curling. Curling occurs due to 
temperature differences between the top 
and bottom of the pavement as shown in 
Figure 2. During summer months, daytime 
gradients cause downward curling, while 
upward curling is observed at night.

In a study investigating temperature 
distributions in asphalt and concrete pave-
ments in Southern Africa by Williamson and 
Marais (1975) it was found that the mean 
temperature range at the surface of concrete 
pavements varied annually by between 11°C 
and 31°C, and that of asphalt pavements 
varied by 10°C to 15°C. The measured 
temperature gradients in concrete pavements 
were approximately half of those measured in 
asphalt pavements, while the minimum sur-
face temperatures experienced by concrete 
pavements were higher than those in asphalt 
pavements. The authors attributed this tem-
perature variation to the lower emissivity of 
mass concrete which was 0.68 compared to 
0.87 for bituminous surfaces. A review of the 
thermal characteristics of concrete indicates 
that this difference was more likely due to 
the differences in solar absorptivity and the 
superior volumetric heat capacity of concrete.

It is evident from the aforementioned 
research that climate change is an 
unequivocal global challenge that will have 
catastrophic effects on the economies of 
developing countries by 2030 if adequate 
mitigation measures are not implemented 
with immediacy. The economical and 
sustainable design of future infrastructure 
requires the simultaneous consideration of 
climatic loading and climate change mitiga-
tion measures. Engineers should consider 
the surface characteristics of concrete, 
namely solar absorptivity and emissivity, 
and influence the energy balance within and 
surrounding the structure or element. In 
particular, this should be applied on struc-
tures with large horizontal components, 
such as pavements, bridges and buildings.

The research presented in this paper 
includes a study of the effect of solar 
absorptivity, climatic parameters, cross-
sectional dimensions and material proper-
ties in order to form a basis for climate 
change mitigation strategies in infrastruc-
ture development. Physical modelling is 
conducted to monitor thermal performance 
of simple concrete structures and quantify 
the effect of solar absorptivity, followed by 
numerical simulation using finite element 
modelling to verify the observed results 
and extend the range of cross-sectional 
dimensions and materials considered. 
Comparisons are made between surface 
colours, dimensions and aggregates, in 
conjunction with brief discussions of the 
practical application of these results.

Longer Shorter

(a) Downward curling (b) Upward curling

Figure 2 Curling of concrete pavement structures (Huang 1993)

Table 1 Mix design

component relative density Quantity (kg/m3)

CEM II 52.5N 3.02 382

Dolomite stone (9.5 mm) 2.84 880

Dolomite crusher sand 2.84 1004

Water 1.00 210

Theoretical concrete density 2.48 2476
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eXPerimentAl ProgrAmme
The experimental programme was con-
ducted for two primary purposes – firstly 
to investigate the thermal response of 
simple concrete structures exposed to cli-
matic parameters in Southern Africa, and 
secondly to aid the development and vali-
dation of numerical simulations that would 
be used to expand the research scope.

materials and mix design
Simple concrete structures were 
instrumented and constructed using 
normal-weight concrete produced with 
locally available materials. Table 1 shows 
the relative densities and quantities per m3 
of the materials used. These materials were 
selected as they were readily available and of 
high quality. The mix design was developed 
to produce normal-weight concrete with 
a 28-day target compressive strength of 
40 MPa, which is a typical compressive 
strength used for a wide range of structural 
applications in Southern Africa

construction of test structures
Three simple concrete structures were 
instrumented and cast in the University 
of Pretoria Concrete Laboratory using 
normal-weight concrete produced with the 
abovementioned mix design. The rectangu-
lar structures were 1 000 mm long, 230 mm 
wide and 150 mm deep without any steel 
reinforcement provided. In order to develop 
experimental data that was comparable 
to real concrete structures and previous 
research relevant to this paper, a depth 
similar to that of conventional rigid pave-
ments was used. To simulate the behaviour 
of the homogenous concrete material that 
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would be used in numerical simulations, 
no steel reinforcement was used in the 
test structures. Prior to the casting of the 
concrete, various instruments were installed 
throughout the structure cross-section at 
the mid-point to measure the thermal per-
formance of the concrete structures.

In each structure, 11 temperature sen-
sors (negative resistance thermistors) were 
provided internally to determine internal 
temperature distributions and effective 
temperatures, while one temperature sensor 
was provided externally 25 mm from the 
top surface to measure the temperature of 
the surrounding medium (see Figure 3 on 
page 5). During the manufacturing process, 
verification of each sensor was performed 
using the base resistance of 5 000 Ω at 25°C 
in a LAUDA-Brinkmann® RP 1840 water 
bath using a steady-state verification time of 
twenty minutes. Vishay Precision Group, Inc 
EPG-Series 350 concrete embedment strain 
gauges were provided along the centre line 
of each structure to investigate early age and 
long-term thermal movement under climatic 
loading (see Figure 3). The instrumentation 
was connected to a data acquisition unit, 
where data was collected at 15-minute inter-
vals throughout the study.

Conventional rotary drum mixers were 
used to produce the concrete which was 
placed and compacted using industrial 
poker vibrators. Immediately after placing, 
plastic sheeting was provided for 48 hours 
to prevent moisture loss, after which they 
were stored under laboratory conditions for 
seven days (see Figure 4 on page 5).

experimental set-up
An experimental set-up was designed 
to empirically investigate the thermal 
performance of the structures, which were 
painted with white, grey and black acrylic 
paints. The concrete structures were 
embedded in silica sand, which served as 
a thermal sink as well as prevented the 
heating of the non-horizontal surfaces 
(see Figures 5 and 6). That is, for each 
structure only a single horizontal surface 
measuring 1.00 m × 0.23 m was directly 
exposed to climatic factors. A geotextile 
layer was provided below the sand layer 
to allow for the free drainage of rainwa-
ter which was allowed to run off as the 

experimental set-up was elevated from the 
supporting surface.

The experimental set-up was located 
on the roof of the University of Pretoria 
Concrete Laboratory. This roof was select-
ed as it satisfied several criteria, including:

 Q An unobstructed horizon
 Q Realistic exposure to solar radiation
 Q Free atmospheric moisture movement.

data acquisition system
Temperature and strain data was 
measured and recorded throughout 
the casting, curing and longterm 
monitoring of three concrete beams. 
These measurements were recorded 

Greytop beam

Blacktop beam

Whitetop beam

All instrumentation was connected 
to the data acquisition system.

20
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Figure 5 Schematic presentation of experimental set-up
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through an acquisition system with 
a total of 42 individually logged 
channels. A schematic layout of the data 
acquisition system is shown in Figure 7. 
The temperature data was recorded 
through a Campbell Scientific CR6 data 
logger, while the embedded and surface 
strain gauge data was recorded with 
Catman® data acquisition software using 

HBM QuantumX strain gauge amplifiers. 
The aforementioned logging systems were 
controlled using a personal computer that 
was located in the adjacent laboratory.

Climatic data was obtained from a 
weather station located on the roof of a 
building which has good solar exposure 
and largely unobstructed horizons on the 
University of Pretoria Hatfield campus.

eXPerimentAl results 
And discussion

early-age thermal behaviour
In Phase I, the three concrete structures 
were cast and cured in the laboratory 
for seven days, after which they were 
transferred to an outdoor testing facility 
at the University of Pretoria where they 
were stored for a further six weeks from 
December 2017 to January 2018. The 
purpose of the latter stage of Phase I was 
to ensure that the structures would reach 
a constant hygrothermal state that would 
be comparable for each structure since the 
exposure conditions were identical. The 
effective temperature or weighted mean 
temperature of the structural cross-section 
was used as the thermal response indica-
tor for the duration of the experimental 
phase. Figure 8 shows the ambient air and 
effective temperatures measured in each 
structure during Phase I.

Following Phase I, the concrete struc-
tures were moved to the University of 
Pretoria Concrete Laboratory roof where 
they were stored in an upright position 
for seven days. The structures were then 
embedded in sand and painted. Figure 9 
shows the influence of orientation and 
surface colour. In an upright position, all 
four sides of the structures were exposed to 
solar radiation, resulting in high effective 
temperatures. The effect of surface colour 
was immediately visible with lower albedo 
surfaces showing a large reduction in effec-
tive temperatures in less than 24 hours 
after the paint had been applied.

long-term thermal performance
Table 2 shows the climatic conditions 
measured during the experimental phase. 
The monthly maximum, minimum and 
average monthly range in temperature 
measured during the experimental phase 

Personal Computer

Campbell Scientific CR6 data logger HBM Quamtum X Data Acquisition System

Temperature 
sensors Foil strain 

gauges

Embedded 
strain gauges

Experimental set-up

Figure 7 Schematic presentation of data acquisition system
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Table 2 Climatic conditions in Pretoria

variable summer winter

Maximum daily 
average solar 
intensity (W/m2)

1 020 660

Time at sunrise 05:00 06:00

Time at sunset 18:30 17:00

Maximum ambient 
air temperature (°C)
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Figure 9 Influence of orientation and surface colour
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for each concrete structure are shown in 
Table 3. While the temperatures decreased 
from summer to winter, the reduction in 
maximum and minimum temperatures, 
as well as the monthly range, was lower 
for low albedo surfaces. These results 

support the use of light-coloured surfaces 
for reducing temperature differentials and 
near-surface ambient temperatures.

Table 4 shows a comparison between 
the results measured in the concrete 
structure with grey paint and experimental 

data measured by Williamson and Marais 
(1975). These results indicate that simple 
structures can be used to simulate the 
behaviour of concrete structures such as 
pavements. It can be seen that the use of 
light-coloured surfacing on a full-scale 
pavement would result in decreases in the 
pavement temperature and near-surface air 
temperature.

numericAl simulAtion
Numerical simulation was used to extend 
the study beyond the limitations of physical 
modelling, namely time and financial cost. 
The commercially available suite of finite 
element packages, Abaqus, was used to 
develop a two-dimensional heat transfer 
model for normal-weight concrete sections. 
The Abaqus/Standard analysis module that 
was used to develop a two-dimensional 
heat transfer model makes use of a back-
wards difference algorithm programmed 
in the Complete Abaqus Environment 
(Simulia 2011). Data obtained from the 
experimental programme was used to 
develop and validate the heat-transfer 
model. The objective of the numerical sim-
ulations was to develop a model that could 
simulate daily and seasonal temperature 
variation and thermal gradients in concrete 
sections by taking into account climatic 
factors, surface characteristics and conduc-
tive heat transfer within the material.

material and model properties
The thermal characteristics of concrete 
were assigned to the model using a 
homogenous two-dimensional solid 
material. Table 5 shows the physical con-
stants assigned to the model, namely the 

Table 3 Extreme temperatures measured during experimental study

month
whitetop (°c) blacktop (°c) greytop (°c)

max min range max min range max min range

January 34.8 16.6 18.2 46.3 17.0 29.3 44.4 16.7 27.7

February 36.1 16.4 19.7 47.5 17.0 30.5 45.0 16.9 28.1

March 36.6 13.9 22.7 48.0 14.9 33.1 45.4 14.9 30.5

April 25.9 11.4 14.5 36.4 12.3 24.1 33.9 12.2 21.7

May 21.3 6.1 15.2 29.6 6.6 23.0 27.6 6.6 21.0

June 16.7 3.9 12.8 23.3 4.7 18.6 21.8 4.7 17.1

July 14.3 1.6 12.7 19.8 2.4 17.4 18.4 2.4 16.0

Table 4 Comparison of concrete pavement temperatures

month

concrete pavement 1972 (°c) greytop beam 2018 (°c)

maximum minimum
full depth 

range
maximum minimum

full depth 
range

April 34 23 12 33.9 23 13

June 21 17 9 21.8 19.4 13

Table 5 Model parameters

Attribute value

Stephan-Boltzmann constant 
(W·m–2· K4)

5.67 × 10-8

Absolute zero (°C) –273.15

Table 6 Material properties

Property range value used

Conductivity 
(W/m·°C)

2.2 – 2.7 2.5

Density  
(kg/m3)

2 400 – 2 600 2 460

Specific heat 
(J/kg·°C)

800 – 1 000 880

Sky temperature

Ambient temperature

Heat transfer between 
element and sand

Solar radiation

Long wave radiation

Wind

Convection

Concrete element

Figure 10 Energy balance of heat transfer model
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Stefan-Boltzmann constant which governs 
radiative heat transfer from the solid mate-
rial, as well as the reference or absolute 
zero temperature.

Table 6 shows the material properties 
used to develop the model. The density of 
concrete was determined experimentally 
from 200 mm diameter cylinders that were 
produced with the same concrete used to 
cast the main concrete structures, while 
the remainder of thermal properties were 
obtained through an extensive literature 
study. To incorporate the effect of moisture 
changes under wetting and drying cycles, a 
partition was made at mid-depth with wet 
and dry thermal characteristics applied to 
either section.

energy balance
In order to accurately simulate climate fac-
tors in a two-dimensional model, the climatic 
factors considered in the study were applied 
to the model as loads and interactions on the 
various model boundaries. Figure 10 shows 
the climatic factors and heat transfer mecha-
nisms used in the model.

model discretisation and validation
The solid material used to develop the heat 
transfer model was discretised using quad-
ratic C2D4R Abaqus/Standard heat transfer 
elements with 1:1 aspect ratio. These are 
two-dimensional continuum (solid) elements 
with four nodes. Heat transfer occurs linear-
ly by diffusion in both directions across each 

element (Simulia 2011). The mesh fineness 
was determined iteratively to determine a 
constant solution or an absolute error of less 
than 0.1%, as shown in Figure 11. A final ele-
ment size of 2.5 mm × 2.5 mm was selected 
for model implementation.

Figure 12 shows a comparison between 
measured and simulated results under 
summer climatic conditions from 1 March 
to 8 March 2018. The effective temperature 
or weighted mean temperature of the 
structure cross-section was used as the 
thermal response indicator. These results 
show a good correlation between effective 
temperatures in the physical model and 
finite element model with absolute errors of 
less than 2°C for each surface colour.
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Figure 12 Comparison of experimental and simulated temperature variation
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numerical simulations
Idealised climatic input data was used 
to simulate summer and winter climatic 
conditions. Figure 13 (page 9) shows the 
idealised ambient temperature and solar 
radiation data used. Figure 14 shows the 
influence of albedo on the surface tem-
peratures of concrete structures. It can 
be seen that, for a concrete section with 
the surface characteristics of white paint, 
the effective daily temperature follows a 
sinusoidal function similar to that of the 
ambient temperature. These results pro-
vide further support for the use of light-
coloured surfacing materials to mitigate 
the effects of climate change and reduce 
the urban heat-island effect.

effect of cross-sectional dimensions
Figure 15 shows the effect of cross- sectional 
dimensions on the effective temperature 
of concrete sections with whitetop surface 
characteristics. It can be seen that increas-
ing surface areas and overall volume results 
in reduced effective temperatures. This is 
due to:

 Q Increased reflection/absorption of solar 
energy

 Q Increased transfer of thermal energy 
from surface by conduction

 Q Increased insulation of the structure 
with increasing width.

The aggregate type used in concrete deter-
mines the thermal properties of concrete 
due to its large volumetric proportions. 

Figure 16 shows the influence of aggregate 
type on the thermal response of concrete. 
Dolomite and granite aggregate were used 
with assumed thermal conductivities of 
2.7 W/m·C° and 2.6 W/m·C° respectively. 
With increasing conductivity, energy is 
transferred from the warm surface to the 
cooler parts of the concrete structure by 
conduction. It can be seen that the use of 
high conductivity aggregates could be a 
useful measure for reducing the surface 
temperatures of concrete structures.

Figure 17 shows the relative effects 
of the climatic, material and geometric 
parameters investigated using numerical 
simulation. These results show that the 
surface colour and cross-sectional depth 
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have the largest influence of temperature 
differentials in concrete structures. 
Increasing absorptivity or reducing albedo 
and increasing depth resulted in significant 
increases in the temperature differentials 
and linear thermal gradient. Increases in 
wind speed and moisture were found to 
increase the loss of thermal energy from 
the radiated surfaces by convection to the 
surrounding air and conduction to the sur-
rounding materials respectively.

conclusions
An experimental study was conducted 
to determine the effect of surface colour 
on the thermal response of concrete 
structures exposed to climatic loading. 
The use of light-coloured surfacing as 
a cost-effective measure to mitigate the 
urban heat-island effect and climate change 
in Southern Africa was investigated. This 
was followed by numerical simulation of 
the concrete structures using finite element 
methods. The verified numerical model 
was then extended to include the effects 
of cross-sectional dimensions and thermal 
characteristics of normal-weight concrete 
produced with South African aggregates. 
The following conclusions were drawn:

 Q High albedo surfacing effectively reduced 
the surface temperatures of concrete 
surfaces by between 60% and 75% when 
compared to highly absorptive surfaces. 
The mitigation of global climate change 
and the reduction of air temperatures in 
urban areas require the use of innovative 
materials and construction methods.

 Q The implementation of the above-
mentioned climate change and heat-
island mitigation measure could be 
implemented at low cost through the 
whitewashing of building structures, 
replacement of roofing and façade cov-
ers with high-albedo alternatives during 
scheduled maintenance periods, and the 
use of light-coloured compound pig-
ments during the production of cement 
and concrete.

 Q Increasing cross-sectional width 
resulted in increased surface tempera-
tures due to the increased absorption of 
global radiation, while increasing cross-
sectional depth resulted in a reduction 
in the effective temperature within 
concrete structures, regardless of the 
surface colour.

 Q Concrete structures with cross-sectional 
widths greater than or equal to 600 mm 
could be modelled as having adiabatic 
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boundaries. As such, heat transfer on 
the vertical faces of the structures or 
edge effects could be neglected for such 
widths. The aforementioned conclusion 
was true for concrete structures with a 
maximum depth of 1 000 mm.

 Q Wind speed, represented by a convec-
tive heat-transfer coefficient, resulted in 
the reduction of surface temperatures 
in concrete structures. The influence 
of the above wind speed was, however, 
negligible for speeds in excess of 10 m/s. 
Through a parametric investigation it 
was found that wind aids the cooling 
of surfaces, with potential reductions 
of up to 25% in the maximum surface 
temperatures for average wind speeds in 
unobstructed areas.

 Q The effects of rainfall and variations in 
atmospheric relative humidity were not 
investigated explicitly in this research; 
however, the effects of moisture varia-
tion were investigated. In practice, such 
variations would occur as a result of 
precipitation in urban infrastructure 
and varied exposure in partially sub-
merged hydraulic structures. It was 
observed that the increase in thermal 
conductivity due to increased moisture 
resulted in the increased uniformity of 
thermal gradients. Thus, the increase 
in moisture has temporary beneficial 
effects; however, the subsequent drying 
would likely cause internal restraint and 

surface cracking if the tensile capacity 
of concrete is exceeded. Thus, wetting 
and drying cycles could increase the 
rate of deterioration of concrete struc-
tures and other structures.
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introduction
Hill and Theron (1981) described the Cape 
Flats as a low-lying, sand-covered expanse, 
linking the southwestern Cape mainland 
with the mountainous Cape Peninsula. 
More specifically, it can be defined as the 
area bounded by the Muizenberg – Cape 
Town, and the Cape Town – Bellville – 
Eerste River railway lines (Hill & Theron 
1981) as shown on the Google Earth image 
(with geological map overlay) in Figure 1. 
Within this area of approximately 460 km2, 
the whitish transported sands are referred 
to as the Quaternary sands of the Cape 
Flats. The same transported sand deposits 
extend northwards along the west coast 
through Bloubergstrand to Atlantis; 
however, these sand-covered areas do not 
lie within the geographical boundaries of 
the Cape Flats and did not form part of the 
area considered in the research presented 
in this paper.

The topography of the Cape Flats is 
typical of a coastal plain; that is flat and 
low-lying. The area is characterised by 
a dune system which is poorly defined 
in some areas. The average elevation of 
this low relief area is approximately 30 
metres above mean sea level (m amsl) with 
the highest sand dunes reaching about 

65 m amls (Adelana et al 2010). In several 
dune depressions, saturated soils and shal-
low inundation lead to the formation of 
flat, marshy areas known as wetlands.

The Cape Flats aquifer, a predominantly 
unconfined sandy aquifer extending from 
the False Bay coastline northwards to 
the Tygerberg Hills in the northeast and 
Milnerton in the northwest, received 
significant attention during the 2017/2018 
water crisis in Cape Town. The porous 
and permeable sands underlying the Cape 
Flats form a large water storage unit, which 
extends to a maximum depth of approxi-
mately 55 metres (Hay et al 2015). An 
abstraction project was launched during 
the drought period, which is currently in a 
developmental phase.

On the Cape Flats, sediments of 
Quaternary age overlie Neogene deposits, 
which in turn rest on a basement of 
Precambrian and Paleozoic rocks. The 
Quaternary deposits, divided into the 
Holocene and Pleistocene epochs, are 
mainly aeolian sands and calcarenites of 
the more recent Witzand, Springfontyn 
and Langebaan Formations, but with 
minor littoral sand and calcrete-capped 
coquina of the older Velddrif Formation 
(see Figure 1). The research was concerned 

geotechnical properties 
of cape flats sands
N Fouché, P W Day

The sand-covered coastal plain connecting the Cape Peninsula mountain chain to the 
southwestern Cape mainland is known as the Cape Flats. The whitish windblown sands covering 
this area of approximately 460 km2, referred to as the Quaternary sands of the Cape Flats, provide 
founding for the rapid and ongoing development in the area. A knowledge of the geotechnical 
properties and engineering behaviour of these sands is essential for design of suitable 
foundations for proposed structures and earthworks associated with such developments.
 By combining, analysing and interpreting the wealth of existing and available geotechnical 
information from previous and new soil investigations undertaken in the area, the Quaternary-
aged sands of the Witzand, Springfontyn and Langebaan Formations from the Cape Flats were 
characterised in terms of their physical properties and engineering behaviour. The sands from 
the study area were classified based on their grading, Atterberg limits, maximum dry density 
and optimum moisture content, minimum dry density, California Bearing Ratio (CBR), erodibility 
and corrosivity, and characterised in terms of their compressibility, shear strength, permeability, 
volumetric behaviour during shear including liquefaction potential, in-situ density and moisture 
content and specific gravity.
 The Cape Flats sands were found to be highly variable (with both inter- and intra-formation 
variation), with a wide range in many material properties, principally a function of soil texture, 
gradation and degree of cementation. The findings of this research may be used to form initial 
appreciation of the likely properties of the material and potential problem areas.
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with the recent aeolian deposits which 
typically cover the surface of the study 
area. These sands are derived from: (1) the 
weathering and subsequent deposition of 
Malmesbury and Table Mountain Group 
sediments, under marine condition, and 
(2) beaches in the area from where sands 
were blown inland and deposited as dunes 
on top of the marine sands (Adelana et al 
2010). According to Rogers (1980) (after 
Theron et al 1992), borehole data revealed 
a maximum thickness of approximately 
65 m in the Springfontyn Formation in 
Atlantis. The deep-seated basement rocks 
underlying the Quaternary and Neogene 
deposits comprise the Cape Granite Suite 
in the extreme west and metasediments 
of the Malmesbury Group (Hill & Theron 
1981). Small outcrops of these Precambrian 
and Palaeozoic rocks have been identified 
in several localities. Residual granites and 
shales are commonly exposed in shallow 
test pits in the area. The formations of the 
Quaternary period of the Cenozoic Era are 
shown in Table 1.

Literature on the geotechnical and engi-
neering geological properties of the upper 
Quaternary age sands of the Cape Flats is 
limited. Many geotechnical investigations 
have been undertaken in the area; however, 

the valuable geotechnical data obtained has 
largely remained unexplored and unpub-
lished. Noteworthy research contributions 
of an engineering geological nature have 
been made by Amdurer (1956), Brink (1985) 
and Stapelberg (2009). There are, however, 
geographical and investigative limits 
associated with this prior research. Several 
other studies have been undertaken, involv-
ing the upper sands of the Cape Flats, but 
these focused mainly on specific aspects, 
such as liquefaction potential (Parker 1991; 
Schoeman 2018), groundwater in the Cape 
Flats aquifer (Henzen 1973; Adelana et 
al 2010) and the use of geotextiles in the 
sands (Kalumba 1998). This is in contrast 
with numerous other sand bodies, such 
as the Kalahari sands masking the inte-
rior of Southern Africa, which have been 

Figure 1  Geological map of the Cape Flats (1:250 000 Geological Series, 3318 Cape Town)  
(Theron 1990)

Data collection

Existing data 

(Test pit and borehole profiles, 
laboratory and in-situ test results, 

groundwater level data)

New data

(In-situ and laboratory methods 
to supplement existing data)

Data input

(Organising, extracting relevant data 
from reports, capture in database)

Processing

Determination of 
soil classification and 

characterisation parameters 

Analysis

Descriptive statistics and 
regression techniques

Figure 2 Flow chart of methodology

Table 1  Lithology of the Cenozoic Formations of the Cape Flats (after Theron et al 1992 and Johnson et al 2006)

group formation lithology Age

Sandveld

Witzand Aeolian, calcareous, quartzose sand Holocene (0.01 Ma to present)

Quaternary
Springfontyn Aeolian, quartzose sand with intermittent clay and peaty layers

Pleistocene (2.6 – 0.01 Ma)Langebaan Aeolian, calcrete-capped calcareous sandstone 

Velddrif Littoral, calcrete-capped coquina
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researched extensively. Like the Kalahari 
sands, the Cape Flats sands are of major 
engineering importance, and the value of 
investigating its engineering properties 
is evident.

The following broad description is 
often applied to the Cape Flats sands: 
light-coloured, poorly graded (uniform), 
fine and medium quartzitic aeolian sand, 
with the group symbol ‘SP’ assigned to it 
based on the Unified Soil Classification 
System. This description provides an indi-
cation of the basic properties of the mate-
rial underlying the Cape Flats and creates 
the impression of a uniform deposit of 
mainly sandy soils. However, these soils 
have been found to be highly variable, 
with a wide range of values assigned to 
many material properties.

The research presented in this paper 
represents the first contribution towards 
comprehensively describing, classifying 
and characterising the Quaternary-aged 
sands of the Cape Flats area in terms of 
their physical properties and engineer-
ing behaviour by utilising geotechnical 
information from previous and new soil 
investigations undertaken in the area. 
Classification is undertaken according to 
various standard classification systems 
based on grading, Atterberg limits, maxi-
mum dry density and optimum moisture 
content, minimum dry density, California 
Bearing Ratio (CBR), erodibility and 
corrosivity. Characterisation is based on 
the geotechnical properties of the sands, 
including in-situ density and moisture 
content, specific gravity, compressibility, 
shear strength, permeability and volu-
metric behaviour during shear including 
liquefaction potential.

methods

method overview
The research methodology flow chart is 
shown in Figure 2.

data collection
Over the period extending from January 2016 
to June 2019 investigation data was gathered 
from 14 geotechnical practices operational 
in the Cape Flats. In-situ and laboratory 
data from 155 site investigations undertaken 
within the boundaries of the study area 
was collected and recorded. The obtained 
investigation reports date back to 1965. 
The data obtained included: (1) test pit and 
borehole profiles which included MCCSSO 
(moisture content, colour, consistency, 
structure, soil type and origin) descriptions, 
groundwater level information and other 
pertinent details such as sidewall stability, 
refusal and sampling depths, (2) in-situ test 
results from penetrometer tests (such as SPT, 
CPT and DCP), plate load tests, double-ring 
infiltrometer (DRI) tests, and nuclear density 
tests (Troxler), (3) laboratory test results from 
index tests, compaction tests, CBR tests, 
collapse potential tests, direct shear tests 
and chemical analysis, and (4) perched and 
permanent groundwater levels from inves-
tigation reports (e.g. monitoring wells and 
CPTu pore water pressure dissipation tests) 
and from the National Groundwater Archive 
(NGA). Most of the data is from the shallow 
soil profile (0 to 3 m below ground level).

To supplement the existing data, samples 
of soil and groundwater were collected for 
laboratory testing, and in-situ tests were 
performed on sites in Mfuleni, Blue Downs, 
Mitchell’s Plain, Gatesville, Bellville South, 
Matroosfontein and at the Capricorn Business 

Park in Muizenberg. The aim was to provide 
additional data where information on a spe-
cific property was limited or absent. In-situ 
testing comprised CPTu testing to estimate 
friction angle, stiffness and liquefaction 
potential, continuous surface wave (CSW) 
tests to measure shear wave velocity from 
which shear stiffness can be inferred, DRI 
tests to measure the infiltration capacity 
of the shallow sands, and nuclear density 
tests. Laboratory tests performed on soils 
sampled from the study area included grad-
ing analysis (sieve and hydrometer), funnel 
test for minimum index density, collapse 
potential test, constant head permeability test, 
water pycnometer for specific gravity, direct 
shear test (reconstituted sands), and triaxial 
strength and resilient modulus tests (partially 
saturated, compacted sands). Chemical tests 
were also performed on groundwater to assess 
the corrosion potential.

Data for processing and analysis came 
from:

 Q 978 site investigation points [test pits, 
boreholes, in-situ tests (not including 
SPTs within a BH), and groundwater 
monitoring wells/sampling locations] – 
591 from the Witzand Formation, 289 
from the Springfontyn Formation and 
98 from the Langebaan Formation

 Q 178 boreholes
 Q 547 test pits
 Q 1 740 in-situ test results
 Q 1 552 laboratory test results
 Q 471 groundwater level measurements.

For the approximately 460 km2 study 
area, there are about two site investigation 
points per km2 (based on total area divided 
by number of investigation points), and 
eight data points (in-situ, laboratory or 
groundwater level result) per km2. Aerial 

Table 2 Determination of classification properties

geotechnical classification parameter number of tests/results method/procedure

Grading (texture, Cu, Cz, Sp, Gc and GM) 400
ASTM 2007
PSD curve/percentage particles passing

Soil classification
389 (USCS, AASHTO)
152 (DoT 1990 TRH14)

USCS (ASTM 2017)
AASHTO (AASHTO 2008)
TRH14 (DoT 1990 TRH14)

CBR
Soaked, laboratory CBR 166 Experimental (ASTM 2016)

In-situ CBR (DCP CBR) 168 Paige-Green and Du Plessis (2009)

Corrosivity

pH, EC 101 (pH), 98 (EC) Experimental (SABS methods 3136 and 3135)

Langelier Saturation Index (LSI)
ACEC class
Aggressiveness indices (N, LCSI, SCSI)

2 (LSI, N, LCSI, SCSI)
17 (ACEC)

LSI (from pH and pHs)
ACEC class (BRE 2005)
N, LCSI, SCSI (Basson 1989)

Erodibility
1 (EI)
10 (K-factor)
333 (gravel-wearing course)

Erosion index (Msadala et al 2010)
K-factor (Wischmeier & Smith 1978)
Gravel-wearing course suitability (DoT 1990 TRH20)
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photographs with site investigation points 
can be viewed in Fouché (2021).

The raw data from past and new inves-
tigations was captured in a Microsoft Excel 
database. The additional information that 
was captured included geological forma-
tion, testing and sampling depth, position 
of the water table and in-situ moisture 
content where available. Data processing 
involved the application of various state-
of-the-art methods and transformation 
models to determine and/or estimate the 
soil classification and characterisation 
parameters from the raw data. The meth-
ods and procedures used to calculate each 
geotechnical parameter are given in Table 2 
on page 15 (classification properties) and 
Table 3 (characterisation properties).

Once all classification and characterisa-
tion parameters were determined, data 
analysis commenced, involving descrip-
tive statistics to summarise and draw 
conclusions from the data, and regression 
techniques to find statistically significant 
relations between the studied parameters.

results And discussion

classification parameters

Grading
A typical PSD (particle size distribution) 
curve for Cape Flats sands is shown in 

Figure 3, which illustrates the typical 
shape and slope of the curve. The steep 
curve reflects the predominance of 
particles with sizes between 0.6 mm 
and 0.075 mm. The typical fines content 
(< 0.075 mm) is around 5%. For this soil, 
the coefficient of uniformity (Cu) is 2.9 
and the coefficient of curvature (Cz) is 1.1, 
indicative of a poorly (uniformly) graded 
soil. The predominance of fine sand size 
particles and uniform gradation of the 
sands contribute to higher void ratios 
(lower density), which will influence all 
aspects of engineering behaviour. The 
Cape Flats sands typically display no 

reduction in length upon drying, with a 
shrinkage product (Sp) of zero, irrespec-
tive of grading. A characteristic lack of 
coarse sand and gravel size particles will 
result in the grading coefficient (Gc) also 
being equal to zero. The relatively low 
grading modulus (GMav = 1.2) is also the 
result of a general lack of a coarse fraction.

Four hundred grading results were 
grouped per formation and into 1 m depth 
intervals to study inter-formation and 
vertical variation in texture. The result 
is shown for the Springfontyn Formation 
in box plots (see Figure 4). Similar graphs 
for the other formations can be found 

Table 3 Determination of characterisation properties

geotechnical parameter number of tests/results method/procedure

Collapsibility

Collapse potential (CP) – directly 21 Experimental (Schwartz 1985)

Collapse potential (CP) – indirectly 18
Brink (1985)
Priklonski (1952 – refer to Howayek et al 2011)

Hydraulic conductivity/ 
infiltration capacity

k value – directly 12 Experimental – no processing

Hydraulic conductivity (k) – indirectly 33
Carrier (2003)
Chapuis (2004)
CPTu dissipation test method

Shear strength 

φ’ and c’ – directly 19 Experimental – no processing

φ’ – indirectly
1526 SPTs (178 profiles)
16 CPT/CPTu profiles

SPT:
Wolff (1989 – as cited in Hettiarachchi & Brown 2009)
Kulhawy and Mayne (1990)
Chen (2004)
CPT/CPTu:
Durgunoglu and Mitchell (1975 – as cited in Meigh 1987)
Robertson and Campanella (1983)
Kulhawy and Mayne (1990)

Dilative/contractive behaviour (liquefaction potential)
1526 SPTs (178 profiles)
4 CPTu profiles

SPT: Idriss and Boulanger (2004)
CPTu: Robertson (2016)

Compressibility 

E’, E0, Mr moduli – directly
8 (E and Mr results)
10 (E0 profiles)

Experimental – no processing

E modulus – indirectly
1521 SPTs (178 profiles)
4 CPTu profiles

SPT: Stroud (1989)
CPTu: Robertson (2009)
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in Fouché (2021). The 25th percentile 
(1st quartile), median (2nd quartile), and 
75th percentile (3rd quartile) values are 
represented by the horizontal lines of 
the box. The vertical lines outside the 
box (whiskers) extend to the minimum 
and maximum values. The mean value is 
illustrated by the cross on the plot. Outlier 
values are plotted as individual points 
either above or below the maximum and 
minimum points.

The predominance of fine (0.075 mm 
to 0.425 mm), and to a lesser degree, 
medium (0.425 mm to 2 mm) sand size 
grains is evident from Figure 4. The coarse 
sand- and gravel-size content is typically 
very low, and the average fines content is 
around 10% in this formation. Particle size 
outliers are mostly associated with the 
few gravelly soils or sands with significant 
fines content. By studying and comparing 
the results for the Witzand, Springfontyn 
and Langebaan Formations, the following 
emerges for the shallow soil profile:

 Q The sands from the Witzand Formation 
possess a higher degree of uniformity 
compared to the Springfontyn and 

Langebaan Formations. This is shown 
by the higher average fine sand content 
and the lower medium sand and fines 
content associated with the Witzand 
Formation (refer to Fouché 2021). 
Analysis of variance (ANOVA) test-
ing confirmed significant differences 
between the Witzand and Springfontyn 
Formations in terms of fine sand and 
fines content.

 Q Springfontyn Formation sands generally 
have higher silt and clay content and 
less ‘clean’ sands compared to both the 
Witzand and Langebaan Formations.

 Q The Witzand Formation sands are more 
often silty than clayey (and plastic), 
whereas the opposite is true for the 
Springfontyn and Langebaan Formation 
deposits.

 Q Soils with notable gravel fractions are 
more prevalent in the Witzand and 
Langebaan Formations, mostly repre-
senting the presence of calcrete gravel.

 Q A disparity with previous research is 
noted. The Langebaan Formation sands 
were not found to be coarser than the 
Witzand and Springfontyn Formation 

sands, as suggested by Roberts (2001) 
and Franceschini (2003). This can pos-
sibly be ascribed to lateral variability in 
the Langebaan Formation, with coarser 
sands probably distinctive of some 
areas.

 Q There is a slight decrease in the aver-
age fine sand content with depth in all 
formations.

 Q There is a slight increase in the average 
clay and silt content from surface to 3 m 
depth in all formations.

 Q Although these trends can possibly be 
explained by geological processes such 
as fine sands remaining mobile whilst 
coarser fraction settles under gravity, 
the data becomes much sparser with 
depth and these findings are therefore 
inconclusive.

Plasticity properties
The aeolian sands of the Cape Flats 
contain limited soil fines and are typically 
non-plastic or slightly plastic. The typi-
cally lower clay content in the Witzand 
and Langebaan Formations, compared to 
the Springfontein Formation, is shown 
in the low percentage of soils with 
measurable PI in these formations. Ten 
percent of soils have measurable PI in the 
Springfontyn Formation, whereas only 
1.6% and 2.5% of soils in the Witzand and 
Langebaan Formations, respectively, have 
measurable PI.

For soils with a quantifiable plastic 
phase, the range in the Atterberg Limit 
and clay content values is PI: 3–14%, 
PL: 9–37%, LL: 19–36%, LS: 1–5%, and 
clay content: 3–30%. Interestingly, when 
comparing individual clay content to PI 
pairs for soils from the three formations, 
similar clay content consistently produced 
higher PIs in the Witzand Formation. 
This is most likely due to clay mineral 
type, with kaolinite likely dominant in the 
Springfontyn and Langebaan Formations, 
and illite or possible smectite (montmoril-
lonite) presumably present in the Witzand 
Formation. Further research is necessary 
to either confirm or reject this initial 
finding. Based on the criteria by Van der 
Merwe (1964), and Dakshanamurthy and 
Raman (1973), the soils were found to be 
non-expansive. Clayey sands contain-
ing increased quantities of illite and/or 
smectite clays will be prone to hydration 
expansion.

The plasticity properties of the clayey 
and cohesive soils (alluvial, lacustrine and 
estuarine deposits) found interlayered 
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with the sandy horizons, and of the 
residual Malmesbury soils, were studied by 
Amdurer (1956) and fall outside the scope 
of this paper.

Maximum dry density and 
optimum moisture content
The maximum dry density and optimum 
moisture content results from 167 samples 
are presented in this section. The compac-
tion data was separated by formation and 
initially into 1 m depth intervals, but no 
noteworthy variances or trends with depth 
emerged. The data for the upper 2 m was 
therefore combined and are presented as 
box plots in Figures 5 and 6.

When compacted to its maximum 
density, the Cape Flats sands typically 
do not achieve densities as high as other 
soils, rarely exceeding 1 900 kg/m3. The 
predominance of fine sand-sized particles 
hinders further densification. The presence 
of angular grains and micro shells can also 
be a contributing factor.

The highest MDDs at the lowest 
OMCs were typically achieved in the 
Springfontyn Formation, followed by 
the Witzand and then the Langebaan 
Formation. ANOVA statistical testing 
revealed that the variation between the 
means of all three data sets is significant. 
Higher compaction densities were often 
associated with an increase in the range 
of particle sizes, and hence the highest 
densities in the Springfontyn Formation. 
The compacted densities achieved for the 
Witzand Formation sands reflect the typi-
cally narrower range of particle sizes in this 
formation. The few high densities in this 
formation are due to some soils with coarse 
sand and gravel fractions. The results for 
the Langebaan Formation sands could not 
be explained by the grading and will be 
influenced by factors such as the distribu-
tion of grain sizes, average particle size 
and particle shape. Grading parameters 
were found to be poor predictors of MDD 
and OMC.

Soil classification
The shallow Cape Flats soils were classified 
according to the Unified Soil Classification 
System, the TRH14 classification system 
(DoT 1990 TRH14), and the AASHTO Soil 
Classification System. The results of the 
more general USCS, as well as the TRH14 
system for road layerworks, are presented 
as Figures 7 and 8 (refer to Fouché 2021 
for the distribution of the AASHTO 
soil classes).
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Classification according to the TRH14 
system (DoT 1990 TRH14) reveals that 
all soils from the Cape Flats fall in the 
“gravel-soil” category of G7 to G10 quality 
materials. The sands from the Witzand and 
Springfontyn Formations are distributed 
relatively equally between the G7, G8 and 
G9 classes. The Langebaan Formation 
sands are all G7 and G8 quality, possibly 
influenced by the limited number of soils 
classified. No noteworthy variation in soil 
classes with depth was observed. Lower 
selected layer materials (G8 and G9) may 
be sourced from borrow pits in any of 
the three formations. Borrow pits in the 
Langebaan Formation are more likely to 
yield upper selected material (G7) than 
those in other formations.

In the Cape Flats sands, the CBR at 
93% of MDD is mostly the sole factor 
preventing G8 to G10 soils to be classi-
fied as G7 material, except for the rare 
occasions where the PI exceeds 12%. 
Most of the Cape Flats sands conform 
to the definition of a “sand” in SABS 
1200M: Roads (General), and as such these 
materials should be compacted to 100% 
MDD when used in selected pavement 
layers. If the CBR at 100% MDD is used 
in the classification, 90% of the samples 
from the Springfontyn Formation, 95% 
from the Witzand Formation and virtu-
ally all the samples from the Langebaan 
Formation would classify as G7 materials. 
Furthermore, for classification as G5 or 
G6 material, the low grading index was a 
limitation for at least half of the soils.

california bearing ratio (cbr)

Laboratory-soaked CBR
A statistical summary of laboratory-soaked 
CBR values at different percentages of 
Modified AASHTO MDD is shown in 
Figure 9 for the Witzand Formation. 
Similar graphs for the other formations can 
be found in Fouché (2021). One hundred 
and sixty-six samples were included in the 
analysis, all from a depth of less than 3 m.

Despite the dry densities typically 
being the highest in the Springfontyn 
Formation and the lowest in the Langebaan 
Formation, the CBR results show an 
opposite trend. The bearing strength of 
the Langebaan Formation sands are typi-
cally the highest, followed by the Witzand 
Formation sands. Statistical analysis 
showed that, overall, the variation in CBR 
between formations is not well defined and 
varies with compaction level.
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The higher CBR results obtained for 
the Langebaan and Witzand Formations 
can possibly be explained by the pres-
ence of angular micro shells increasing 
interlocking and friction and/or nodular 
calcrete affecting the maximum particle 
size. The presence of angular micro shells 
has been confirmed through a CT scan 
image of Witzand Formation sands (refer 
to Figure 11).

Although it is evident from Figure 9 
that bearing strength decreases with 
decreasing compaction, a strong relation-
ship between individual CBR and dry den-
sity values did not emerge, reflecting the 
influence of factors such as interparticle 
friction, particle shape and grain size dis-
tribution on CBR (in addition to density).

In-situ CBR
In-situ CBR values were derived from the 
results of 168 DCP tests undertaken on 
33 sites to a maximum depth of about 
4 m below ground level. Summarising and 
interpreting the DCP CBR results provide 
an indication of subgrade strength of the 
in-situ soils, and material classification 
in accordance with TRH14 (DoT 1990 
TRH14) can be obtained from approxi-
mate correlations. The predictive model 
proposed by Paige-Green and Du Plessis 
(2009) was used to estimate CBR from the 
cone penetration rate (DN in mm/blow). In 
the Witzand and Langebaan Formations, 
refusal of the DCP probe often occurred in 
the upper 1 m, presumably on calcretised 
sands, which reflected in the DCP CBR 
values (see Figure 10). A gradual increase 
in DCP CBR with depth was noted in the 
Springfontyn Formation, and probably 
reflects the effect of friction on the rods in 
the fine sands and silty and clayey sands.

The estimated material G classes 
from DCP CBR – using the proposed 
relationship by Paige-Green and Du Plessis 
(2009) – were found to be lower than 
those from the TRH14 system. This could 
be due to the in-situ density being lower 
than that used in the TRH14 classification 
(DoT 1990 TRH14).

other soil classification properties
The main findings associated with the 
remainder of the soil classification proper-
ties are as follows:

 Q The minimum index density of the fine 
and medium sands, all with minor fines 
content (sampled in the Witzand and 
Springfontyn Formations), varies from 
about 1 420 to 1 590 kg/m3. An increase 

in minimum dry densities was typically 
associated with higher Cu values.

 Q From the CT scan image of disturbed 
Witzand Formation sands shown in 
Figure 11, it is evident that most particles 
are sub-rounded to sub-angular in shape, 
with a fair proportion of angular grains. 
Micro shells are also present. Typically, 
for a given Cu, the minimum index 
density will decrease with increasing 
particle angularity. Soil erodibility will 
also be influenced by particle shape, and 
the angular shapes shown in the CT scan 
image will provide particle interlocking, 
making it more difficult for sand grains 
to detach and be transported.

 Q The erodibility of the Cape Flats sands 
was typically low (and rarely moder-
ate), which can mainly be attributed to 
the low silt and very fine sand content 
– representing the particles most vul-
nerable to detachment – and the high 
permeability resulting in rapid infiltra-
tion and less runoff.

 Q Unpaved roads with Cape Flats sand 
as a wearing course will be prone to 
corrugation (formation of loose or fixed 
parallel crests and troughs) and ravel-
ling (the generation of loose particles 
under traffic).

 Q The soils from the Cape Flats are 
often moderately and strongly alkaline 
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(pH > 7.9), particularly in the Witzand 
and Langebaan Formations, posing a 
corrosion risk to buried steel. The pres-
ence of calcium carbonate in the sands 
from these formations contribute to the 
alkaline conditions. From the resistivity 
results, the widespread presence of soils 
and groundwater with low electrical 
resistivity is noted, often classified as 
moderately to extremely corrosive based 
on resistivity alone. The aggressiveness 
of the soil and groundwater should be 
evaluated in combination with all other 
influencing factors to determine a more 
meaningful corrosion risk (Basson 1989).

 Q Groundwater level data from 471 loca-
tions, taken over a 10-year period, shows 
that the average GW level in winter is 

2 mbgl and in summer drops to 3 mbgl. 
Significant variation in the depth to 
groundwater is expected in the study 
area, with the water table rising above 
ground level in places.

characterisation parameters

Collapse settlement
The collapse potential of the Cape Flats 
sands was evaluated using the predictive 
methods by Brink (1985) and Priklonski 
(1952 – refer to Howayek et al 2011) and by 
means of collapse potential tests.

Empirical methods
Brink’s (1985) method, which is based on a 
critical value of dry density (1 672 kg/m3) 

below which soils have been found to be 
prone to collapse settlement, shows that, 
despite the low dry densities suggesting 
significant collapse potentials, the low clay 
content associated with the Cape Flats 
sands prevents the formation of a collapsible 
fabric. These soils are therefore simply com-
pressible in the absence of other chemical 
bonds. Brink’s method is therefore not valid 
in the predominantly clean sands of the 
Cape Flats.

The relation given by Priklonski (1952 – 
refer to Howayek et al 2011) is based on the 
liquidity index (the ratio of the difference 
between the natural water content of the 
soil and its plastic limit to its plasticity 
index). All plastic soils included in the 
assessment were found to be non-collapsible. 
A reduction in the moisture content of these 
soils could ultimately reduce the liquidity 
index to below zero, marking the presence 
of highly collapsible soils. Seasonal ground-
water fluctuations must be considered. Soils 
deemed collapsible at a certain point in time 
using this method may not be collapsible at 
other times. For this reason, and due to the 
predominance of clean sands in the study 
area, this method is not considered ideal for 
use with the Cape Flats sands.

Collapse potential tests
Twenty collapse potential tests were under-
taken in the oedometer. The limited num-
ber of collapse potential tests stems from 
the difficulty in obtaining undisturbed 
samples from these typically cohesionless 
soils. Some rearrangement of soil particles 
during the sampling and preparation 
procedures is, however, inevitable, which 
will have an effect on the test outcomes. 
The soils were all collected from the upper 
3 m of the soil profile (mostly the upper 
1.5 m) from Witzand and Springfontyn 
Formation deposits (fines content ≤ 6%). 
The void ratio–effective stress curves for 
tests undertaken by the authors are shown 
in Figure 12. Based on the classification 
of severity of collapse by Schwartz (1985) 
(after Jennings 1974), all soils were placed 
in the ‘no problem’ category (CP < 1%). It 
should be noted that most of the initial 
dry densities are below the critical value 
suggested by Brink (1985), confirming the 
unsuitability of this predictive method. 
From the void ratio–effective stress curves, 
noteworthy normal settlement is evident 
prior to saturation due to the reduction in 
void space in the absence of strong particle 
bonds. The natural moisture content of 
the sands varied from about 1% to 10%. 

Figure 11 CT scan image of Mfuleni sand (Sitela 2018)
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The tested soils are therefore compressible 
at natural moisture content and possess a 
very low collapse potential when saturated. 
The results are considered representative 
of sands from the Witzand Formation 
(excluding soils with other bonding agents). 
The typically higher fines content of the 
sands from the Springfontein Formation is 
likely to result in more soils with collaps-
ible fabrics. The calcareous soil horizons 
from the Langebaan Formation, with 
calcium carbonate as cementing agent, may 
also be prone to collapse settlement. Due 
to the lack of plate load test results on the 
Cape Flats sands, the collapsibility of sands 
with salts or CaCO3 or Fe2O3 as bonding 
agents could not be established.

Shear strength
The shear strength parameters of Cape 
Flats sands were determined by con-
solidated drained direct shear tests (some 
from past investigations) and monotonic 
triaxial compression tests. In addition, 
shear strength was estimated using 
transformation models based on SPT and 
CPT/CPTu data. Note that the results of 
the static load triaxial tests, performed on 
partially saturated, modified (94% Mfuleni 
sand with 6% added non-plastic soil fines) 
and compacted sand, can be obtained from 
Fouché (2021).

Shear strength of reconstituted sands
Eleven direct shear tests were carried 
out on soaked reconstituted sands from 
the study area. The result for one test on 
sand from Matroosfontein (33°57’23.3”S, 
18°35’32.6”E) is shown in Figure 13. For 
sands with a range of textures including 
clayey or silty sands, fine uniform sands 
and well-graded sands and with densities 
ranging from 1 350 to 1 750 kg/m3, the 
peak friction angles vary from about 30° 
to 40°, with cohesion values up to about 
13 kPa. For soils compacted to similar dry 
densities, coarser soils and/or soils with a 
wider range of particle sizes are typically 
associated with higher friction angle values. 
The stress-strain curves typically showed 
a gradual increase in shear stress to failure, 
indicative of loose contractive sands.

Transformation models
The shear strength of the Cape Flats sands 
was also estimated using transformation 
models based on SPT, CPT and CPTu data. 
It should be noted that friction angles (and 
all other parameters such as elastic modu-
lus) were calculated from SPT N values 

assumed to be N60 values (although energy 
input is not measured in SA).

In Figure 14, SPT blow counts (not cor-
rected for overburden pressure) are plotted 
with depth for the three formations. An 
overall trend of increasing SPT N with 
depth is shown for all formations, mainly 
due to increasing confinement with depth. 
Notwithstanding this, significant variation 
in soil consistency was noted both hori-
zontally and vertically in the study area, 
with frequent trend reversals. Softer soils 
often underlie denser deposits. Variation 
in penetration resistance with depth in 
normalised profiles is mostly associated 
with changes in soil type and/or degree of 
cementation. Looking at inter-formation 
variation, statistical testing revealed sig-
nificant variation in the means of all three 
data sets, in particular variation between 
the Springfontyn Formation (with an aver-
age N of 26) and the Langebaan Formation 
(with an average N of 33).

In Figure 15, friction angles estimated 
using Chen’s (2004) SPT-based method are 
plotted against average SPT depth. This 
method was found to produce estimates 
closest to the friction angles from the 
direct shear test. The average φ’ varies 
between the narrow limits of about 39° 
and 41° for all depth intervals, and there 
is no pronounced increasing φ’ trend with 
depth. The outcome can largely be ascribed 
to the variations in moisture content, soil 
density and grain characteristics with 
depth and laterally across the study area. 
At shallow depths, low φ’ values of about 
28° are representative of very loose and 
loose sands, and high φ’ values up 46° 
are possibly associated with cemented 

soils. When comparing the results for the 
different geological formations, slightly 
higher friction angles were noted for the 
soils from the Langebaan Formation. This 
can be ascribed to either the presence of 
soil cementation or the lower number of 
data values available for the soils from this 
formation. Statistical testing confirmed the 
notion, with the difference between the 
means of the Langebaan Formation and 
Witzand Formation in particular being 
statistically significant.

Friction angles were also derived from 
Robertson and Campanella’s (1983) CPT 
based transformation model, and Kulhawy 
and Mayne’s (1990) CPTu method. Overall 
comparison of SPT, CPT and CPTu derived 
friction angles shows that the means of 
the three friction angle data sets vary 
significantly. SPT-derived friction angles 
have the lowest mean of about 40° and are 
closest to the direct shear values when 
compared at similar relative densities. CPT 
and CPTu data sets both have average fric-
tion angles exceeding 42°. From the current 
assessment, it appears that Chen’s (2004) 
SPT-based method is most suitable when 
estimating friction angles from penetration 
tests in Cape Flats sands.

Dilative/contractive behaviour 
(liquefaction potential)
The aim of investigating the volumetric 
behaviour and liquefaction potential of 
the Cape Flats sands was to determine 
the probable occurrence and extent of 
cyclic liquefaction during a ground-
shaking event. By plotting normalised cone 
resistance and friction ratios from four 
CPTu tests (undertaken in the Witzand 
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Formation to approximately 10 m depth) 
on Robertson’s SBTn chart (Robertson 
2016), the sands were found to be mostly 
dense and dilative. These soils may be 
prone to cyclic liquefaction with deforma-
tions occurring during cyclic loading, 
when a brief loss in shear resistance occurs. 
Deformations will stabilise when the cyclic 

loading ends. Loose, contractive sands were 
noted, but limited in extent.

The cyclic liquefaction potential of the 
Cape Flats sands was studied in terms of 
the triggering of liquefaction. Figure 16 
shows the liquefaction triggering curve in 
blue with cyclic stress ratio (CSR)–(N1)60cs 
data points for a design earthquake with 

a moment magnitude of 6.0 and a PGA of 
0.15 g. The design earthquake compares 
to the magnitudes and horizontal ground 
accelerations recorded for historic seismic 
events associated with the intraplate fault 
line extending through the study area 
(SANS 2010; Brandt 2011). Of the 1 526 
data pairs obtained from 178 boreholes 
plotted in Figure 16, only 19 pairs from 14 
boreholes showed the potential to liquefy 
during an earthquake with the magnitude 
and acceleration mentioned above. It is 
evident that the Cape Flats soils are typi-
cally resistant to liquefaction during an 
earthquake of the specified magnitude and 
acceleration. Liquefiable soils were identi-
fied in all three formations, between upper 
and lower depth limits of about 3.2 m and 
19 m, with layer thicknesses varying from 
about 0.3 m to 2 m. Liquefaction can only 
occur in saturated soils and therefore the 
outcome will be influenced by changes in 
water levels.

Compressibility
The assessment of compressibility focuses 
on the soil elastic modulus (E’). The results 
associated with the resilient modulus (Mr) 
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acquired from repeated load triaxial tests, 
and the small strain elastic modulus (E0) 
obtained from CSW tests, can be found in 
Fouché (2021).

The soil elastic modulus was deter-
mined through triaxial testing on modified 
Witzand Formation sands and estimated 
using SPT and CPT-based transformation 
models (refer to Table 3 on page 16).

soil elastic modulus

Triaxial testing
Monotonic triaxial tests were performed 
on modified sands (94% fine sand with 
6% inert soil fines added) prepared at two 
densities (1 560 kg/ m3 and 1 660 kg/ m3), 
each at OMC and 75% of OMC. The 
four sample types (density and moisture 
content variants) were subjected to all-
round pressures of 50 kPa, 100 kPa and 
150 kPa, and a static vertical load applied 
until specimen failure occurred. The 
results (plots of deviator stress against 
axial strain) showed that the 9% moisture 
content (75% of OMC) specimens experi-
enced a dilative response to shear at both 
1 560 kg/m3 and 1 660 kg/m3. At 12% 
moisture (OMC) the stress-strain curves 
are indicative of a more ductile material 
(larger strains before failure occurs) (see 
Figures 17 and 18). An increase in soil 
strength with increasing soil density was 
noted, the result of increased inter-grain 
sliding friction, interlocking friction and 
rolling friction. Lower peak stress was 
noted for the 9% moisture specimens (at 
both soil densities), indicating a reduction 
in strength with decreasing moisture 
content. Soil strength typically increases 
as soil moisture decreases due to reduced 

lubrication of interparticle contacts 
and an increase in suctions. The lower 
moisture content samples were, however, 
subjected to higher compaction energy 
(longer periods of compaction), likely 
leading to particle damage (abrasion and 
breakage) and reduced frictional resist-
ance and strength.

The elastic modulus of the material was 
obtained from the gradient of the initial 
straight-line portion of each stress-strain 
curve and plotted against confining pres-
sure (see Figure 19). Typically, an increase 
in soil stiffness is related to an increase 
in confining pressure, as indicated by 
the trendlines in Figure 19, and noted in 
Figures 17 and 18 (gradients of the stress-
strain curves). This result is expected, as 
a rise in confining pressure increases the 
resistance to vertical pressure. It should be 
noted that the triaxial elastic moduli values 
may be a slight overestimation of true 
stiffnesses because of the membrane which 
enclosed the specimens during testing.

Transformation models
The SPT-based method proposed by Stroud 
(1989) was applied in the study, as it rec-
ognises the influence of strain on stiffness. 
Elastic moduli were calculated from 1 521 
SPT N60 values from 178 boreholes distrib-
uted across the study area. SPT N-values 
were not corrected for stress level, as Stroud 
argued that both penetration resistance and 
stiffness increase with increasing overburden 
pressure. The elastic modulus of the Cape 
Flats sands was determined for three qnet/qult 
ratios. Factors of safety of 3 (qnet/qult = 0.33), 
7 (qnet/qult = 0.14) and 20 (qnet/qult = 0.05) 
on bearing capacity were selected. The over-
consolidated curve from Stroud’s graph was 
considered to best represent the stress history 
of the site soils. It is the continuous mobilisa-
tion of the dune sand across the low-gradient 
landscape during summer months (by the 
dominant south-easterly winds), together 
with removal of dune sands for mining pur-
poses, which will result in over-consolidation 
in most areas.

A
xi

al
 s

tr
es

s 
(k

Pa
)

800

700

600

500

400

300

200

100

0

Axial stress (mm/mm)
0.040.030.020.010

50 kPa 100 kPa 150 kPa

Figure 17 Stress-strain plot for ρd = 1 660 kg/m3, w = 9% specimens

A
xi

al
 s

tr
es

s 
(k

Pa
)

800

700

600

500

400

300

200

100

0

Axial stress (mm/mm)
0.060.040.020.010 0.050.03

50 kPa 100 kPa 150 kPa

Figure 18 Stress-strain plot for ρd = 1 560 kg/m3, w = 12% specimens

E’
 m

od
ul

us
 (M

Pa
)

120

100

80

60

40

20

0

Confining pressure (kPa)
16014012010080604020

1 660 kg/m3, 9%1 560 kg/m3, 12%1 560 kg/m3, 9% 1 660 kg/m3, 12%

Figure 19 Elastic modulus versus confining pressure



Journal of the South african institution of civil engineering Volume 64 Number 2 June 2022 25

The stiffness data was separated into for-
mation and into 2 m depth intervals to allow 
inter formation and vertical variations to 
be studied. The average modulus value for 
each depth interval was plotted against the 
relevant strain level. The result is shown in 
Figure 20 for the Witzand Formation (refer 
to Fouché 2021 for similar plots for the 
Springfontyn and Langebaan Formations). 
The influence of strain on stiffness is 
evident – as the qnet/qult ratio increases 
(and the factor of safety decreases) there is a 
marked decrease in soil stiffness.

The spread of the modulus values in each 
depth interval is also given in the form of box 
plots as shown for the Witzand Formation 

and a factor of safety of 3 (see Figure 21). 
These plots enable the spread of the soil com-
pressibility data to be studied and for detailed 
comparison between formations.

In separate plots, individual elastic 
modulus values were plotted against the 
average SPT depth for each formation, 
which showed an overall positive relation-
ship between the elastic soil modulus and 
test depth as the overburden pressure 
and soil relative density increased. A 
large spread in the data about the plotted 
trendlines was noted, illustrative of the 
non-uniform stiffness profiles.

Soil stiffness in the Langebaan 
Formation consistently exceeds equivalent 

values in the other formations. Cemented 
sands and limestone banks are considered 
to be responsible for the higher stiffnesses. 
Similar stiffness profiles are observed for 
the Witzand and Springfontyn Formation 
soils to a depth of about 7 m. Below this 
depth, the Springfontyn Formation soils 
consistently display greater stiffness.

Elastic moduli estimated from 
Robertson’s CPTu-based method were 
found to be comparable to SPT-derived 
stiffnesses based on Stroud’s method.

other soil characterisation 
properties
The main findings associated with the 
remainder of the soil characterisation 
properties are the following:

 Q The specific gravity of soils with pre-
dominantly sand-size grains, ranges 
between 2.62 and 2.69. The range of 
values obtained for seemingly similar 
soil textures can be ascribed to the 
mineralogical makeup of the soils. Soils 
containing organic matter were associ-
ated with lower values of Gs.

 Q The unconsolidated aeolian sands from 
the study area are mostly semi-pervious, 
as determined with the constant head 
permeability test. The associated soil 
types ranged from clayey silty fine sand 
to well-graded sand. The wider range 
of hydraulic conductivities previously 
documented for Cape Flats sands reflect 
the presence of cohesive soils, peaty 
layers and cementation. The predictive 
methods by Carrier (2003) and Chapuis 
(2004), based on grading and in-situ 
density, were found to overestimate soil 
permeability in comparison with the 
laboratory-determined values.

 Q Surface infiltration rates vary between 
1.2 × 10-4 and 5.5 × 10-4 m/s (average of 
2.4 × 10-4 m/s), as determined through 
DRI testing. These moderate to high 
infiltration rates will result in generally 
minor runoff or ponding, thus aiding 
recharge of groundwater in the uncon-
fined aquifer underlying the study area. 
Notwithstanding this, blinding of the 
surface with soil fines and detritus, and 
the presence of less permeable layers 
below surficial soils can hinder recharge 
rates, and result in ponding and flood-
ing on the ground surface during peri-
ods of heavy rainfall.

 Q In the upper metre of the soil profile, 
bulk density varies between 1 624 kg/m3 

and 1 951 kg/m3. The in-situ moisture 
content ranged from 2.4% to 6.3%. 
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The calculated dry densities, varying 
between 1 571 kg/m3 and 1 844 kg/m3, 
represent the typically loose, shallow 
sands and the dense cemented sands 
regularly occurring close to the soil 
surface in the Witzand and Langebaan 
Formations.

conclusions And 
recommendAtions
There are very few publications on the 
geotechnical and engineering geological 
properties of the upper Quaternary age 
sands of the Cape Flats. Many geotechni-
cal investigations have been undertaken 
in the area, but the valuable geotechnical 
data from these investigations has largely 
remained uninvestigated and unpublished. 
The aim of this research was to present 
the first major contribution towards clas-
sifying and describing the recent aeolian 
sands covering the entire Cape Flats area 
in terms of their physical properties and 
engineering behaviour.

The Cape Flats sands have been found 
to be highly variable, with a wide range in 
many material properties. The findings of 
this research may be used to form initial 
appreciation of the likely properties of 
the material.

This research has shown that there is 
merit in broadening the current approach 
to site investigations of the Cape Flats, 
which traditionally rely heavily on shal-
low test pits and dynamic penetrometer 
testing. It should, however, be noted 
that this aspect will be dependent on 
development requirements.
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introduction
Infrastructure development projects in 
Southern Africa – and in Africa at large – 
have increased substantially in the last few 
decades. In the majority of these projects, 
steel reinforced concrete (RC) is usually the 
preferred construction material owing to its 
well-known advantages over other materials 
(Neville 2011). These infrastructure devel-
opments are costly capital investments by 
local and national governments that nowa-
days demand an almost maintenance-free 

service life in order to optimise the long-
term return on investment. As a result, it 
is now acutely incumbent upon engineers, 
contractors and other stakeholders to work 
together to ensure that the risk of durabil-
ity failure is minimised by implementing 
appropriate design, specification and con-
struction approaches and procedures so that 
new RC structures meet the desired mini-
mum design life. Specifically, RC structures 
in marine environments have an inherent 
high risk of chloride-induced corrosion of 

An assessment of a 
practical implementation 
of the deemed-to-satisfy 
durability design and 
specification approach in 
the swakopmund–walvis 
bay freeway upgrade 
project in namibia
M Otieno, K Walter

Steel corrosion in reinforced concrete (RC) structures in the marine environment is a major 
concern for engineers and asset managers. This paper presents an assessment of the 
application of a deemed-to-satisfy durability design and specification approach on the newly 
constructed RC bridges on the Swakopmund–Walvis Bay Freeway upgrade in Namibia, with 
a desired service life of at least 100 years. The deemed-to-satisfy design and specification 
approach comprised a combination of South African recommendations for binder type, 
minimum binder content and w/b ratio, EN 206-1 recommendations for cover depth, and South 
African National Roads Agency Limited (SANRAL) durability index targets along with on-site 
concrete quality control guidelines on placement, compaction and curing. As-built concrete 
durability properties (i.e. water sorptivity, oxygen permeability and chloride conductivity) and 
cover depth were measured and used to check (using a Fickian-based service life model) if the 
deemed-to-satisfy specifications were adequate. The results showed that the as-built concrete 
durability properties surpassed the deemed-to-satisfy durability performance targets, while 
the on-site cover depth values showed significant inadequacies in some bridge elements. 
The service life estimations showed that the deemed-to-satisfy durability performance 
specifications were adequate. Considering the relatively high concrete quality achieved on site, 
it is clear that the 100-year service life could have been achieved more sustainably using a good 
balance of concrete quality and cover depth [e.g. a lower concrete quality (using less cement) or 
lesser coved depth] if a more rigorous performance-based durability design and specification 
approach had been used. Ultimately, the service life analyses using the as-built concrete model 
input parameters highlight not only the critical importance of both concrete quality and 
cover depth in achieving durable RC structures prone to steel corrosion, but also the inherent 
limitations of the deemed-to-satisfy durability design and specification approach.
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the steel reinforcement (Mackechnie 2001), 
and a number of studies (Tuutti 1982; 
Nilsson et al 1996; Bentur et al 1997) have 
been dedicated to understanding both the 
mechanisms of deterioration and the devel-
opment of design approaches (Tang 1996; 
DuraCrete 1998; LIFE-365 2005) in order to 
meet and/or extend the desired design life.

Durability design and specification of RC 
structures can be implemented using either 
a prescriptive approach or a performance-
based approach, or a combination of both 
(Beushausen et al 2016). The case study 
presented in this paper assessed the dura-
bility potential of four newly constructed 
post-tensioned RC bridge structures on the 
Swakopmund–Walvis Bay Freeway upgrade 
project in Namibia (Figure 1). In the project, 
concrete durability design and specifica-
tions were made using a deemed-to-satisfy 
approach comprising South African recom-
mendations for binder type, minimum bind-
er content and w/b ratio (Mackechnie 2001), 
EN 206-1 (EN 2013) recommendations for 
cover depth, and South African National 
Roads Agency Limited (SANRAL) durability 
index target recommendations (Nganga 
et al 2017). The following section presents 
a brief overview of the durability index 
approach that was critical in checking if 
(i) the SANRAL-adopted specifications were 
achieved on site, and (ii) the desired service 
life was achieved.

durability index approach
South African durability indexes (DIs) 
comprise a suite of three tests, namely 
oxygen permeability, water sorptivity and 
chloride conductivity, typically referred 
to as the durability index tests (Alexander 
2018) – SANS 3001:CO3-1 (SANS 2015a), 
SANS 3001:CO3-2 (SANS 2015b) and 
SANS 3001:CO3-3 (SANS 2015c). The tests 
are performed on concrete disc specimens 
(70 ± 2 mm diameter, 30 ± 2 mm thick-
ness) and are used to quantitatively assess 
the penetrability of concrete with respect 
to gas permeability, absorption (or capillary 
suction) and diffusion, respectively. The 
penetrability of concrete with respect to 
these transport parameters is character-
ised using durability indexes, namely the 
oxygen permeability index (OPI), the water 
sorptivity index (WSI) and the chloride 
conductivity index (CCI). The latter was 
of specific interest considering the marine 
exposure environment of the RC bridge 
structures assessed in this study, but the 
other two indexes were also determined, as 
will be seen later in the paper.

This approach links the DI parameters, 
service life models and performance speci-
fications, and can therefore be used for pre-
qualification and specification of concrete 
mixes, and/or in service life design in a 
performance-based durability design and 
specification framework (Alexander et al 
2008; Beushausen et al 2021). It has been 
successfully implemented in a number of 
construction projects including major free-
way projects by the South African National 
Roads Agency Limited (SANRAL) (Nganga 
et al 2017). In the Swakopmund–Walvis 
Bay Freeway upgrade, the tests were crucial 
in checking if the SANRAL-adopted DI 
specifications were achieved on site.

In the project presented in this paper, 
the South African chloride ingress model 
(Mackechnie 2001) was used after con-
struction to assess the potential durability 
performance of the post-tensioned RC 
bridges. The model uses the 28-day CCI 
of a given concrete to predict the time-
integrated (i.e. long-term) diffusion coef-
ficient which is used in a Fickian model 
together with other input parameters (e.g. 
cover depth, chloride threshold, etc) to 
predict the expected design life. In this 
study, Crank’s solution to Fick’s second 
law of diffusion (Poulsen & Mejlbro 2006) 
(Equation 1) was used:

Cx,t = Cs 1 – erf ⎫
⎪
⎭

x
2√Dat

⎫
⎪
⎭

 (1)

where Cx,t is the chloride concentration 
at a depth x from the concrete surface at 
a given time t, Cs is the surface chloride 
concentration, Da is the apparent chloride 
diffusion coefficient, and erf is the math-
ematical error function.

According to this model, the design life is 
defined as the time taken for chlorides to 
penetrate through the concrete cover and 
reach a critical concentration at the steel 
level necessary to induce steel corrosion. 
Equation 1 was used to determine the 
potential design life using input parameters 
(cover depth and diffusion coefficient) 
obtained from the as-built concrete and 
compared with the design life that had 
been assumed based on the deemed-to-
satisfy design approach that was used.

deemed-to-satisfy durability 
design and specification approach
In this approach, specifications are based 
on a selection of a set of durability param-
eters (e.g. cover depth, binder type, etc) 
depending on the type of structure and 
aggressivity of the exposure environment. 
From a design and specification point of 
view, it is assumed that if the aggressivity 
of an exposure environment is similar to 
that used to recommend the adopted dura-
bility parameters and/or targets, and the 
as-built concrete meets the durability tar-
gets, then the concrete is deemed to meet 
the corresponding durability potential, 
usually in terms of design life (Alexander et 
al 2008; Beushausen et al 2021).

the swAKoPmund–wAlvis bAY 
freewAY uPgrAde ProJect
The focus project in this study was the 
Swakopmund–Walvis Bay 30-km freeway 
upgrade in the Erongo region on Namibia’s 
Atlantic west coast. It forms part of 
the inland route between the cities of 
Walvis Bay and Swakopmund, as well as 
the Trans-Kalahari, Trans-Kunene and 

Figure 1 Schematic layout of the RC bridges in the Swakopmund–Walvis Bay freeway upgrade project
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Trans-Zambezi highways. The project 
is expected to increase the movement 
(including import and export) of goods 
considerably along these corridors. The 
project was funded by the Namibian 
government (the client) under the Roads 
Authority of Namibia, to a total estimated 
cost of circa 950 million Namibian dollars 
(1 ZAR = 1 Namibian dollar). The project 
consisted of constructing four post-
tensioned RC bridges with overall deck 
lengths ranging between 56 m and 109 m. 
Two of the bridges spanning the Swakop 
River were each constructed using more 
than 2 500 m3 of concrete, while an excess 
of 1 700 m3 of concrete was used in the 
remaining two bridges (see Figure 2).

The harsh marine exposure conditions 
posed a high risk of steel corrosion in the 
RC bridges, and therefore demanded that 
careful durability design, specification and 
construction considerations be intention-
ally made. The client’s brief to the consul-
tant included a requirement for durable 
RC bridges with a functional life of at least 
100 years, with the client willing to accom-
modate the associated cost implications.

exposure environment of the 
bridges and their characterisation
Coastal environments are known to be 
aggressive to steel RC structures; struc-
tures in these environments experience 
severe chloride-induced steel corrosion and 
subsequently premature durability failure 
(Richardson 2002; Elsener 2005; Otieno et 
al 2016; Beushausen et al 2021). Past stud-
ies have shown that the Namibian coast is 
one of the most aggressive environments in 
Southern Africa with respect to steel corro-
sion in RC structures (Bulley 1986). Typical 

examples depicting the aggressiveness of 
the Namibian coast include:
i. A case study on the corrosiveness of the 

Namibian coast is the Omaruru River 
RC Bridge in Henties Bay which showed 
that the bridge, constructed in 1982 
using a 45 MPa concrete (presumably 
made with plain Portland cement) and 
50 mm cover depth, suffered severe 
chloride-induced corrosion of main 
reinforcing steel in both the bridge 
deck and piers only 11 years after its 
construction, necessitating major repair 
works in a bid to ensure it meets its 
desired design life (Hess 1996).

ii. A 20-year study on corrosion along 
the Southern African coastline which 
showed that the Namibian coastline 
exhibited higher corrosion rates for 
mild steel (up to 0.85 mm/yr at the 
Walvis Bay military base located about 
20 km from the coast) than those 
recorded in Cape Town and Durban 
(Callaghan 1991).

The aggressiveness of the Namibian coast 
can be attributed to its climatic conditions. 
The Namibian coastal towns experience 
a high relative humidity ranging between 
69% and 96% in Swakopmund and between 
73% and 95% in Walvis Bay while the 
average rainfall between Swakopmund 
and Walvis Bay is only 10 mm per annum 
(Robertson et al 2012). This is significantly 
higher than that in the dry inland environ-
ment such as Windhoek which has a rela-
tive humidity between 18% and 51%, and 
is comparable to other aggressive coastal 
environments in Southern Africa such as 
Durban (73–83%) and Cape Town (71–83%) 
(SA Weather). Strong south- westerly winds 
are carried over the Namibian coastline 

due to the South Atlantic anticyclone over 
the ocean to the southwest of Namibia. 
The winds undoubtedly transport airborne 
chlorides to the inland environments and 
cause foggy conditions; between 113 and 
140 fog days per annum have been record-
ed on the stretch of coastline between 
Swakopmund and Walvis Bay (Bulley 1986; 
Olivier 1995).

Based on the characterisation of the 
exposure environment, it was clear that 
chloride-induced steel corrosion would 
be the dominant mode of deterioration in 
the post-tensioned RC bridges. Durability 
service life design considerations for 
the bridges were therefore based on this 
mode of deterioration. Using the EN206-1 
(EN 2013) exposure environment classifica-
tions, the bridge exposure environments 
were categorised as ‘XS1’ which denotes 
‘structures exposed to airborne salt but not 
in direct contact with seawater or inland 
saline waters’. For this project, the two 
critical sources of chlorides in this environ-
ment were identified as both (i) air-borne 
chlorides, and (ii) from trucks transporting 
salt along the road and from the tyre tracks 
of vehicles approaching from the adjacent 
salt-gravel roads.

deemed-to-satisfy durability 
specifications for the project
The desired design service life of the RC 
bridges was 100 years (DoT 1981: TMH7). 
In the application of the deemed-to-
satisfy durability design and specifica-
tion approach, past experiences and 
studies were relied on to specify salient 
concrete mix parameters such as binder 
type and content, maximum water-to-
binder (w/b) ratio, and site quality control 
aspects including adequate compaction 
and proper curing (DoT 1981: TMH7; 
COLTO 1998). A minimum cover depth 
of 50 mm was specified for all RC bridge 
elements following the recommendations 
of EN206-1 for structures classified as XS1 
(EN 2013). Table 1 presents a summary 
of the deemed-to-satisfy design and con-
struction specifications that were adopted 
for the project.

In addition to these specifications, 
it is worth mentioning that the struc-
tural design serviceability limit state crack 
widths were limited to less than 0.20 mm 
by varying both the maximum tensile 
stresses in the concrete and bar-to-bar 
spacing to within acceptable limits (DoT 
1981: TMH7). Cracking is directly related 
to durability of the bridge structures, as 

Figure 2  Photographs of some of the bridges in the Swakopmund–Walvis Bay freeway upgrade 
project during construction
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studies have shown that the presence of 
cracks (even incipient cracks) in concrete 
significantly increases the risk of steel cor-
rosion in cracked RC structures (Otieno 
et al 2010; Otieno et al 2016; Otieno 2017). 
The limitation of crack width to 0.20 mm 
is much higher than crack widths as low 
as 30 μm which permit chloride ingress 
(Djerbi et al 2008), but lower than the com-
monly referred to threshold of 0.40 mm 
below which long-term steel corrosion 
propagation is similar to that in uncracked 
concrete depending on the combination 
of parameters such as concrete quality 
and cover depth (Pettersson & Jorgensen 
1996; fib-Model-Code 2010). Furthermore, 
a 0.20 mm crack width is also susceptible 
to physical and/or chemical crack sealing, 
which ultimately reduces the risk of steel 
corrosion in RC structures (Schießl & 

Edvardsen 1993; Edvardsen 1999; Gagné et 
al 2001; Neville 2002).

other durability-related 
project specifications
In addition to the deemed-to-satisfy dura-
bility specifications, the following were also 
specified and implemented:
i. All above-ground concrete elements 

were coated with a silane-based water-
repellent impregnation cream.

ii. All concrete faces in contact with soil 
were coated with a bitumen-based pro-
tective coating.

iii. The top surfaces of the bridge decks 
were coated with a waterproof spray-on 
polyurea.

iv. In areas where inadequate cover depth 
to steel reinforcement was measured, 
an additional overcoat of a cementitious 

waterproofing and protective slurry 
mortar was applied.

The above preventive measures were taken 
by the engineer in order to reduce the 
inherent risk of steel corrosion in the bridg-
es considering the harsh marine exposure 
environment. However, it will be important 
to assess whether these measures were 
necessary to ensure that the bridges meet 
their desired 100-years design life. This will 
be re-visited later in the paper.

verificAtion of the deemed-
to-sAtisfY durAbilitY 
ProJect sPecificAtions
The underlying assumption in a deemed-
to-satisfy approach is that, within reason-
able limits, an RC structure constructed 
using the adopted design and specification 
parameters (e.g. w/b ratio, binder type, 
cover depth, curing, etc) will meet the 
desired durability performance, i.e. design 
life. Verification of the as-built durabil-
ity performance of the RC structure is 
therefore an important and useful process 
to ascertain its assumed durability per-
formance – more than it is in a rigorous 
performance-based design and specifica-
tion approach (Beushausen et al 2021). 
This is important, because in cases where 
the RC structure is found to be deficient 
in meeting the desired durability perfor-
mance, appropriate remedial action can be 
taken promptly. In the verification process, 
the steps outlined below, which are covered 
in the following sections, were followed:
i. Durability index testing of the as-built 

concrete
ii. In-situ cover depth measurements
iii. Service life estimation using the South 

African chloride ingress model.

durability index testing
Companion disc specimens for DI testing 
were obtained from either 150 mm cubes 
or 600 × 400 × 150 mm test panels – see 
Table 2 for a summary of the sample size, 
and Figure 3 for photographs of the test 
panels from which DI test scores were taken. 
The test panels were cast to match the 
direction of casting of the bridge element 
of interest. All the specimens for durability 
testing were made using the concrete used 
to cast selected bridge elements (piers, abut-
ments and decks). More test panels were 
cast compared to the cube specimens to 
cater for the expected inherent variability in 
the as-built concretes in the various bridge 
elements. The cube specimens were cured 

Figure 3 Casting of horizontal and vertical test panels on site

Table 1 Summary of the deemed-to-satisfy design and construction specifications

concrete mixa on-site concrete production target di valuesc

 Q Binder type: 50/50 PC/GGBS
 Q Minimum binder content: 

380 kg/m3

 Q Maximum w/b ratio: 0.50

 Q Minimum cover depth: 
50 mmb

 Q Adequate compaction
 Q Curing using an 

impermeable membrane for 
a minimum period of 10 days

 Q Minimum OPI: 9.10 (–Log k)d

 Q Maximum WSI: 10 mm√hr
 Q Maximum CCI: 2.2 mS/cm

a  Adopted from South African recommendations (Mackechnie 2001); ground granulated blast furnace 
slag (GGBS) imported from South Africa

b  Adopted from EN 206-1 (2013)
c  Adopted based on the appropriate DI targets that are used in SANRAL projects located in marine 

exposure environments (Nganga et al 2017)
d  k is the coefficient of gas permeability of the concrete in m/s

Table 2 Summary of test specimens and sample size

type of specimen
number of 

specimens cast

number of coresc 
extracted from 
each specimen

number of di 
disc specimensd 
from each core

Cubes (150 mm) 4 1 2

Test panelsa
verticalb 10 8 2

horizontalb 10 8 2

a  600 × 400 × 150 mm
b  Direction of casting of the test panel
c  70 ± 2 mm diameter cores
d  70 ± 2 diameter × 30 ± 2 mm thickness
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in a water bath for 28 days in the laboratory, 
while the test panels were cured on site 
following the same curing regime as the 
in-situ bridge elements. The cube speci-
mens were used to determine the potential 
durability properties (OPI, WSI and CCI) 
of the concrete used in the project while 
the test panels were used to determine the 
actual (in-situ) durability properties of the 
as-built concrete.

Due to logistical on-site challenges 
experienced in the course of the project, 
the DI test specimens were cored from 
the cube specimens and test panels at the 
end of the respective curing durations and 
then stored in the site laboratory and later 
transported to a laboratory in Windhoek 
for cutting to the required disc specimen 
thickness of 30 ± 2 mm. The disc specimens 
were then transported to the University of 
the Witwatersrand (Wits) in Johannesburg 
for DI testing in the concrete laboratory 
of the School of Civil and Environmental 
Engineering. The whole process resulted in 
the specimens being tested at different ages 
ranging from 50 to 132 days after casting 
(even though the curing durations were not 
altered), and one would expect that this 
could have resulted in a large variability in 
the DI test results. To test this hypothesis, 
statistical analyses were carried out to assess 
the variabilities in the DI results, which are 
represented by the error bars (at 95% con-
fidence interval) in Figures 4 and 5. Based 
on the results, the variability in the results 
as a result of the different testing ages was 
considered insignificant (i.e. a null hypoth-
esis), a trend which can be attributed to the 
expected slow microstructural development 
in the slag-blended concretes (Beushausen 
et al 2012). The statistical analyses also indi-
cated that it was not necessary to consider 
the DI results separately for either the four 
bridges or the various bridge elements in 
each bridge.

Outliers were manually removed from 
the test results (based on the coefficient 
of variability values) and not considered 
in the subsequent analyses. A summary 
of the DI results is presented in Figures 4 
and 5. As expected, the results show that 
the laboratory-cured concretes had better 
durability potential than the as-built con-
cretes, i.e. higher OPI, lower CCI and lower 
WSI (Beushausen et al 2021). The results 
also corroborate those of previous similar 
projects that showed that there is generally 
higher variability in the on-site DI values 
(Nganga et al 2017). It is also clear that the 
target OPI, WSI and CCI values were met, 

a trend that can be attributed mainly to 
good quality control on site, i.e. adequate 
compaction and curing.

cover depth measurements
Concrete cover acts both as a physical and 
chemical protective layer to the embedded 
reinforcing steel (Broomfield 2007). It is 

therefore important in the implementation 
of a durability design that not only is ade-
quate depth of concrete cover specified but 
that it is also achieved on site during con-
struction. Therefore, measurement of the 
actual cover depth in the various as-built 
bridge elements was considered a critical 
component in the verification process of 
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Table 3 Summary of the sampling for cover depth measurements

bridge

number of cover depth readings

Abutments Piers deck

A1 A2 P1 P2 P3 d1 d2 d3 d4

MR52 Bridge 59 60 100 100 100 140 139 134 139

Swakop River Bridge A 44 42 58 58 59 140 132 131 126

Swakop River Bridge B 43 45 59 60 51 129 125 118 135

TR2/2 Bridge 60 60 88 – – 119 120 – –
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the deemed-to-satisfy specifications. This 
was done despite the prior checking of 
the cover depth (e.g. ensuring the correct 
placement of cover blocks) in each bridge 
element’s formwork before casting. The 
target minimum cover depth was 50 mm. 
An electromagnetic cover depth measure-
ment device (cover meter) with an accuracy 
ranging between ±  5.0 mm and ± 7.5 mm 
was used. Even though this accuracy 
range meets the BS 1881-204 (BS 1988) 
requirements for cover depth measure-
ments ≤ 100 mm, it was still considered 
significant from a durability viewpoint 
(i.e. service life estimation), and the cover 
meter was carefully calibrated before use to 

reduce the variability due to the inherent 
large accuracy range.

Scan surface areas of approximately 
30 per m2 were selected for cover depth 
measurement on each face of each bridge 
element. Cover depth measurements were 
taken perpendicularly to the layer of rein-
forcing steel closest to the concrete surface 
for each scan area, i.e. linear scan method. 
Readings were taken to identify individual 
steel bars within each 1.0 m2, with 3 to 4 
cover depth readings at 150 mm spacing 
being taken for each bar in each scan area. 
In instances where more than 10% of cover 
depth readings fell below the specified lower 
limit of 50 mm, the area was re-scanned to 

ascertain the readings. Outliers, if any, were 
removed manually from each of the three to 
four readings of each scan area by engineer-
ing judgement taking into account the accu-
racy of the cover meter. Table 3 presents a 
summary of the sample sizes for cover depth 
measurements for each bridge element after 
removal of outliers.

Reinforcing bars with inadequate 
(< 50 mm) concrete cover were marked on 
the concrete surface and, as had already 
been mentioned, a cementitious water-
proofing and protective slurry mortar coat-
ing applied on these areas as a proactive 
‘corrective measure’ in a bid to ensure that 
the durability of the bridge structure is not 
compromised. The durability performance 
of these coatings was not assessed in 
this study.

Figure 6 shows the results of the cover 
depth measurements, while Figure 7 shows 
a lognormal distribution curve fitted using 
MATLAB® to the histogram of the as-built 
cover depth measurements. Up to 30% of 
the cover depth readings fell below the 
target cover depth of 50 mm.

service life estimation
As already indicated, the dominant mode 
of deterioration in the post-tensioned RC 
bridges was identified as chloride-induced 
steel corrosion. Consequently, for service 
life estimation purposes, corrosion initia-
tion was taken as the durability limit state, 
i.e. service life. This was assessed using the 
South African chloride ingress prediction 
model (Mackechnie 1996; Beushausen et al 
2021) that defines the corrosion initiation 
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limit state as ‘the accumulation of a critical 
amount of chlorides at the level of the steel 
(i.e. chloride threshold) to initiate corrosion 
of the embedded reinforcing steel ’. The ser-
vice life analyses involved determining the 
chloride concentration at the level of the 
steel after 100 years of exposure (Cx,t), and 
comparing this with the chloride threshold. 
The model (Equation 1) input parameters 
used in the analyses were as follows:
i. Cover depth (x): The cover depth meas-

urements presented in the previous sec-
tion were used in the analyses. From a ser-
vice life standpoint, the minimum cover 
depth values were considered critical.

ii. Apparent chloride diffusion coef-
ficient (Da): The Da value used in the 
analyses was obtained from the as-built 
chloride conductivity index values 
presented earlier (see Figure 4(b)) using 
an empirical nomogram developed for 
the South African chloride prediction 
model (Mackechnie 2001). From a 
service life standpoint, the maximum 
chloride conductivity index value was 
considered critical.

iii. Chloride threshold: A conserva-
tive value of 0.4% by mass of total 
cementitious content was adopted as 
the chloride threshold in the analyses 
(Beushausen et al 2021).

iv. Surface chloride concentration (Cs): 
Taking into account the exposure envi-
ronment and binder type, a conservative 
Cs value of 3.0% by mass of total cemen-
titious content was used in the analyses 
(Mackechnie 2001).

Figure 8 shows the chloride profiles deter-
mined using the aforementioned model 
input parameters. From this figure, two 
observations can be made. First, it is clear 
that if the specified cover depth of 50 mm 
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was achieved in all the RC bridge elements, 
the desired 100-year service life would be 
surpassed, i.e. the chloride concentration at 
the steel level would be less than the chlo-
ride threshold value after 100 years’ expo-
sure. Secondly, it is also clear that even in 
instances where the specified cover depth 
of 50 mm was not achieved (see Figure 
6), the 100-year service life would still be 
achieved as a result of increased concrete 
quality. This necessitated a careful look at 
the analyses results presented in Figure 8 
to determine the minimum cover depths 
for the various concrete qualities (quanti-
fied using chloride conductivity index) 
required to achieve the desired 100-year 
service life. These are presented in Figure 
9, which shows that even though the speci-
fied concrete cover of 50 mm may not have 
been achieved in some instances during 
construction of the various RC bridge 
elements, the expected loss in service life 
(Beushausen et al 2021) is compensated 
by the relatively high concrete quality 
achieved on site.

The determination of the minimum 
cover depths for the various concrete 
qualities shifts the focus to cases where the 
minimum cover depth (25, 30 or 37.5 mm) 
was not achieved. Effectively, considering 
the high concrete quality of the in-situ 
concrete achieved during the construc-
tion of the bridges, the prescriptive design 
cover depth of 50 mm can be viewed as an 
‘over-specification’. From a steel corrosion 
risk standpoint, two combinations of cover 
depth and concrete quality with the highest 
risk of steel corrosion were then identified, 
namely (i) 25 mm and 0.3 mS/cm, and 
(ii) 37.5 mm and 1.4 mS/cm. An analysis 
was therefore carried out to determine the 
expected loss in service life considering 
the corrosion risk posed by a combination 
of inadequate cover depth (< 37.5 mm) and 
concrete quality (< 1.4 mS/cm). The results 
are summarised in Figure 10 and Table 4.

imPlicAtions of the 
service life estimAtions
The service life estimations presented in 
the previous section show that the deemed-
to-satisfy concrete durability specifications 
adopted for the Swakopmund–Walvis 
Bay Freeway upgrade project were overly 
conservative. This outcome can be attrib-
uted to a number of factors, but it can be 
expected that concrete quality played a 
significant role. The results clearly cor-
roborate the findings of previous studies 

(Otieno 2017) that highlight the impor-
tance of concrete quality (i.e. penetrability) 
in minimising the risk of steel corrosion 
in RC structures; in the project, the target 
penetrability, especially with respect 
to chloride ingress, was exceeded (see 
Figures 4 and 5).

The outcome of the verification of the 
durability performance of the bridges also 
highlights the need to implement more 
rigorous performance-based durability 
designs. Together with good on-site quality 
control in place, rigorous performance-
based design and specification can help 

Table 4 Expected loss in service life as a result of not achieving the minimum cover deptha

bridge bridge element element label
minimum 

measured cover 
depth (mm)b

expected loss 
in service 

life (years)

MR52 Bridge

Abutment
A1 42 –

A2 36 24.1

Pier

P1 45 –c

P2 40 –

P3 42 –

Deck

D1 34 46.9

D2 29 80.3

D3 33 55.9

D4 36 24.1

Swakop River 
Bridge A

Abutment
A1 51 –

A2 49 –

Pier

P1 53 –

P2 45 –

P3 52 –

Deck

D1 33 55.9

D2 39 –

D3 40 –

D4 37 9.9

Swakop River 
Bridge B

Abutment
A1 49 –

A2 44 –

Pier

P1 37 9.9

P2 34 46.9

P3 53 –

Deck

D1 45 –

D2 42 –

D3 37 9.9

D4 37 9.9

TR2/2 Bridge

Abutment
A1 48 –

A2 50 –

Pier P1 39 –

Deck
D1 44 –

D2 48 –

a  The minimum cover depth (37.5 mm) used in the analyses is based on the service life predictions 
using the lowest measured concrete quality (1.4 mS/cm)

b  Only cases where the measured (actual) cover depths were below the minimum cover depth of 
37.5 mm were considered

c  100-year service life exceeded (i.e. cover depth > 37.5 mm) – see Figure 10
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minimise wastage and ultimately contrib-
ute towards making concrete a more sus-
tainable construction material. In this proj-
ect it is clear that with the good concrete 
quality that was achieved on site, concrete 
cover could have been reduced (by up to 
12.5 mm), and in effect, decrease member 
cross-section sizes to reduce the volume of 
concrete used in the project. However, the 
inherent challenges faced by contractors in 
achieving the target cover depth – as was 
experienced in the Swakopmund–Walvis 
Bay Freeway upgrade project – should be 
borne in mind, for example, by incorporat-
ing allowable tolerances on concrete ele-
ment dimensions, reinforcing steel bending 
dimensions, and using good-quality, dense 
cover blocks. It should be pointed out that 
good on-site quality control is critical 
when cover depth is reduced as a result of 
increased concrete quality.

From a service life point of view, the 
service life estimations present the project 
engineers and client with an objective 
basis to make forward-looking decisions 
regarding possible actions to reduce the 
risk of steel corrosion in the bridges. Such 
actions may include setting the frequency 
of durability-related bridge inspections, 
implementation of other corrosion protec-
tion methods, e.g. sacrificial anodes (in 
addition to the surface coatings already in 
place), or a combination of these.

As mentioned earlier, a number of 
preventive measures were implemented on 
the bridge elements, including application 
of a cementitious surface coating in areas 
where inadequate cover depth (< 50 mm) 
to steel reinforcement was measured. 
However, based on the service life analyses, 
it is clear that such preventive measures 
were necessary in only 0.8% of the bridge 
elements (see Table 4) where cover depth 
was ≤ 37.5 mm (and not ≤ 50 mm), by vir-
tue of the good concrete quality achieved 
on site (i.e. chloride conductivity values up 
to 36% lower than the target 2.2 mS/cm). 
Ultimately, this underscores the impor-
tance of good concrete quality that in most 
cases can be achieved if relevant steps such 
as compaction and curing are taken to con-
trol in-situ concrete quality. Furthermore, 
good concrete quality can also help in 
minimising the accelerating effects of 
cracks in concrete (Otieno 2017).

conclusions
The objective of this paper was to 
present an analysis and verification 

of the deemed-to-satisfy design and 
specification approach that was used in the 
Swakopmund–Walvis Bay Freeway upgrade 
project on the Namibian coastline. The 
analyses showed that the deemed-to-satisfy 
performance targets were overly conserva-
tive. Achieving the target of 50 mm cover 
depth on site seemed to be a challenge, 
with up to 30% of the on-site measurements 
being < 50 mm. Nevertheless, the service 
life analyses showed that, taking into 
account the high concrete quality achieved 
on site, a cover depth of at least 37.5 mm 
was adequate. This effectively meant that 
only 0.8% of the cover depth measurements 
were inadequate. This underscores the 
importance of ensuring good concrete qual-
ity, which in most cases can be achieved if 
relevant steps such as adequate compaction 
and curing (method, time of commence-
ment and duration) are taken to control 
in-situ concrete quality. Ultimately, the 
service life analyses highlight not only the 
critical importance of both concrete quality 
and cover depth in achieving durable RC 
structures prone to steel corrosion, but also 
the inherent limitations of the deemed-to-
satisfy durability design and specification 
approach. In summary, the deemed-to-
satisfy approach is still worth using if a 
rigorous performance-based design and 
specification approach cannot be used 
instead of not taking durability into account 
in the design, specification and construc-
tion of RC structures.
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introduction
Traditional force-based seismic design 
approaches require the use of a period 
dependent acceleration response spectrum 
to determine the equivalent base shear. 
Figure 1 shows the horizontal elastic 
design response spectra for 5% damping, 
normalised by ground acceleration ag 
for different soil conditions, specified 
by SANS 10160-4 (SANS 2017), which is 
similar to EN 1998-1 (EN 2004b).

The fundamental period of vibration 
is determined from empirical equations 
set out in codes of practice, or by more 
detailed methods using moment-curvature 
relationships and eigenvalue analyses. The 
fundamental period of vibration T of a 
single degree of freedom (SDOF) system is 
a function of the mass m of the structure 
and the horizontal stiffness k of the late-
ral supporting elements as presented in 
Equation 1.

T = 2π
m
k

 (1)

Structural walls in medium- to low-rise 
buildings are comparatively stiff and there-
fore have short fundamental periods. The 
short period produces large equivalent base 
shear forces and overturning moments. The 
axial forces due to gravity loads are small 
in medium- to low-rise buildings compared 
to high-rise buildings. These relatively low 
ratios of axial force to equivalent horizontal 
force result in large foundations.

In the principles of capacity design, spe-
cific lateral resistant elements referred to as 
the critical region are identified and suitably 
detailed to resist the seismic displacement 
demand through ductile behaviour. This 
can be regarded as an element with enough 
local ductility to form a plastic hinge in 
order to dissipate energy, thereby protecting 
the rest of the structure (Priestley & Pauley 
1992 pp 37–38). The capacity design prin-
ciples are widely adopted by design codes. 
Engineers follow this approach to identify 
hinge mechanisms, which improve the pre-
diction of nonlinear structural behaviour. In 
the case of structural wall systems without 

investigating the behaviour 
factor and seismic response 
of structural wall systems 
in low- to medium-rise 
buildings when soil-structure 
interaction is considered
P W W Visagie, T N Haas, G P A G van Zijl

Practicing engineers typically follow linear methods for seismic design and assessment, 
confining their approach to the requirements of SANS 10160-4 (SANS 2017). This generally 
leads to a conservative design, leaving little space to apply additional tools for design 
refinement.
 Soil-structure interaction has beneficial effects for most building structures under seismic 
action. However, incorporating soil-structure interaction in the analysis influences the 
fundamental period, damping and ductility, and will therefore influence the behaviour factor 
prescribed by design codes. The behaviour factor is necessary for linear methods (force-based 
methods) to predict the nonlinear behaviour of the structure.
 This investigation assessed the current behaviour factor for reinforced concrete walls in 
low- to medium-rise buildings, as prescribed by SANS 10160-4 (SANS 2017), when soil-structure 
interaction is incorporated in the analysis. The buildings were initially designed and detailed 
using linear methods, with the prescribed behaviour factor, and then tested using nonlinear 
methods that do not require the use of a behaviour factor.
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basements, this critical region is in the lower 
part of the wall, between the foundation 
and, generally, the first storey. To ensure 
that the hinge mechanism forms in the 
critical region before excessive foundation 
rotation, the foundation is designed to resist 
a moment larger than the moment resulting 
from a static analysis. This is termed the 
overstrength moment. The overstrength 
moment requirements will result in even 
larger foundations.

Including soil-structure interaction 
(SSI) in the analysis may be essential to 
more accurately compute the building 
dynamic response (e.g. Mourlas et al 2020). 
SSI inclusion can improve the computed 
seismic response of a structure by period 
lengthening, kinematic effects, additional 
damping caused by soil hysteric damp-
ing and radiation damping. These effects 
generally reduce the seismic response and 
therefore produce smaller foundations.

Linear analysis methods are force-based 
and require the use of a behaviour factor (or 
force-reduction factor) to simulate the non-
linear behaviour of a structure under seismic 
action. This behaviour factor is related to 
the ductility capacity and the fundamental 
period of vibration. Both the ductility and the 
fundamental period are influenced by SSI. 
Furthermore, due to the variation in assess-
ing ductility and ductility capacity, there is 
no real uniformity in the codified behaviour 
factors (Priestley et al 2007 pp 13–14).

The purpose of the study was to assess 
the behaviour factor prescribed by SANS 
10160-4 (SANS 2017) for structural wall 
systems in low- to medium-rise buildings 
when SSI is incorporated in the analysis, by 

investigating a series of reinforced concrete 
wall building-frame systems. The inves-
tigation commences by assuming fixed 
foundations before incrementally reducing 
the foundation size to determine its effects. 
Reducing the foundation size increases 
the contribution of the structural frame in 
resisting seismic action. These structural 
systems are initially designed using linear 
methods with prescribed behaviour factor 
and then assessed using nonlinear methods 
that are independent of a behaviour factor.

behaviour factor
If the lateral resisting system possesses 
sufficient ductility to behave inelastically, 
then the equivalent inertial forces due to 
seismic action can be greatly reduced from 
that of an equivalent elastic system. This 
principle is explained in Figure 2, where 
the force-displacement relationship of a 
simplified elastic system is shown against 
an elastoplastic system.

From Figure 2 the displacement ductil-
ity μ∆ is defined in Equation 2 as:

μ∆ = 
∆u

∆y
 (2)

where ∆u and ∆y are the ultimate displace-
ment and yield displacement, respectively.

If we consider that a seismic event 
induces a displacement demand on a 
structure, rather than a force demand, the 
required equivalent force can be greatly 
reduced if we ensure that the structure 
possesses sufficient ductility.

The force-reduction factor is presented 
by Equation 3:

R = 
Vel

Vy
 (3)

where Vel is the force of an equivalent 
elastic system while Vy is the force for the 
elastoplastic system.

Several researchers have proposed a 
relationship between the force-reduction 
factor (R), ductility (μ) and period (T), 
referred to as the R-μ-T relationship. 
Commonly used approximations are the 
equal energy and equal displacement prin-
ciples, as presented in Equation 4.

R = 
�

�
� 1

√2μ – 1
μ   

 T < TB
 TB < T < TC'
 TC' < T

 (4)

Eurocode 8 (EN 2004b) and SANS 10160-4 
(SANS 2017) include this force reduction 
by means of a behaviour factor q and is a 
combination effect of the force-reduction 
factor and an overstrength factor Ω as 
presented in Equation 5.

q = R × Ω (5)

The overstrength can be regarded as the 
structural strength redundancy inherent in 
code-based structural design, for example:

 Q Material factors used in design
 Q Confinement effect of reinforced con-

crete members
 Q Minimum reinforcement requirements
 Q Elements that can add to resistance not 

considered in the design.
EN 1998-1 3.2.2.5 (EN 2004b) describes the 
behaviour factor as “an approximation of the 
ratio of the seismic forces that the structure 
would experience if its response was com-
pletely elastic with 5% viscous damping, to the 
seismic forces that may be used in the design, 
with a conventional elastic analysis model, 
still ensuring a satisfactory response of the 
structure”. The behaviour factor is therefore 

Sd T/ag
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TB Tc TD 3.01.5
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Ground Type 2
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Ground Type 4

Drg. 714a

Figure 1  Normalised elastic design response spectra for different soil conditions (5% damping) 
(SANS 2017)
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Figure 2  Force-displacement of an idealised 
inelastic system and an equivalent 
elastic system
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an attempt to incorporate the advantages of 
the nonlinear behaviour of a structure into 
linear elastic methods of analysis.

SANS 10160-4 (SANS 2017) prescribes 
a behaviour factor q for structural wall 
systems as 5, when strict rules for confine-
ment reinforcement of the critical regions 
are adhered to. The detailing rules are taken 
from the ACI 318 code and the definition 
of the height of the plastic region is taken 
from the Swiss Code: SIA 262:2003 (Retief 
& Dunaiski 2009 p 181). The behaviour 
factor greatly reduces the design base shear. 
Figure 3 illustrates the design acceleration 
response spectrum of a completely elastic 
system (q = 1) against the design accelera-
tion response for a behaviour factor of 5.

soil-structure interaction (ssi)
Soil-structure interaction (SSI) analysis 
is the evaluation of the combined response 
of the structure, foundation and the soil 
under the foundation (NIST 2012 p iii).

SANS 10160-4 (SANS 2017) does not 
explicitly set out specifications for soil-
structure interaction. Eurocode 8 part 5 
(EN 2004c) lists the types of structures 
that require SSI analysis. These are 
structures where the interaction between 
the soil and the foundation could have a 
negative effect on the seismic response, 
therefore a “fixed base” analysis is likely to 
be unconservative. Annex D of Eurocode 8 
part 5 (EN 2004c) states: “For the majority 
of common building structures, the effects of 

SSI tend to be beneficial, since they reduce 
the bending moment and shear forces in 
the various members of the superstructure.” 
Eurocode 8 does not, however, provide 
more specific guidelines on the design and 
modelling aspects.

ASCE (American Society of Civil 
Engineers) reports, together with other US 
codes and technical guidelines, provide 
more detailed procedure for evaluating 
and assessing structural systems with 
SSI. This investigation followed ASCE/
SEI 41-17 (ASCE 2017) and ASCE/SEI 7-16 
(ASCE 2016) guidelines for including SSI in 
a rational manner, while keeping within the 
framework of the South African national 
design codes and Eurocode 8.

SSI influences the seismic response of a 
structure by period lengthening, kinematic 
effects, and foundation damping caused 
by soil hysteretic damping and radiation 
damping. These effects are discussed in the 
following subsection.

Period lengthening
Consider the single degree of freedom 
(SDOF) oscillator shown in Figure 4.

A fixed base oscillator refers to the 
standard SDOF oscillator fully restrained 
to a base with infinite stiffness (no springs), 
while a flexible base oscillator refers to a 
SDOF oscillator connected to a flexible 
base (with springs).

With reference to Figure 4, the clas-
sical period lengthening expression from 
Veletsos and Meek (1974), derived through 
Equations 6 to 11:

∆ = 
F
k

 (6)

T2 = (2π)2 
m
k

 = (2π)2 
m∆

F
 (7)

∆
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where:
 ∆  Deflection of the fixed base
 ∆

~
  Deflection of the flexible base

 F Static lateral force
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Figure 4  Schematic illustration of the deflection caused by a force applied to: (a) fixed-base 
structure, and (b) structure with vertical, horizontal, and rotational flexibility at its base 
(NIST 2012 p 2-2)
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 k Lateral stiffness of the oscillator
 uf  Horizontal translation of the oscillator 

at its base
 θ  Base rotation angle
 h  Effective height of the oscillator
  T

~
  Lengthened period of the flexible base

  T  Period of the fixed base
  kx Translational stiffness of the base
 kyy Rotational stiffness of the base

Although earlier versions of ASCE 7 pre-
sent the equation for period lengthening 
in a similar form, the latest ASCE/SEI 7-16 

refers to the ratio 
T
~

T
 but does not provide 

an expression for this ratio. ASCE/SEI 
41-17 specifies that the period extension 
should be determined using a mathemati-
cal model and stipulates that approximate 
periods shall not be used.

Kinematic effects
Large stiff foundations can cause the foun-
dation motion to deviate from the free-field 
motions due to base slab averaging and 
embedment effect. Simplistically, base slab 
averaging is caused by an incoherence 
in response of different parts of a single 
foundation, which results in an averag-
ing effect over the foundation. Typically, 
ground motion reduces with depth, which 
is referred to as embedment effect.

Kinematic interaction will result in a 
decrease in the response of the building 
under seismic action. These effects are 
usually accounted for in the design by 
response spectrum modification factors 
called RRSbsa and RRSe. RRSbsa is the 
response reduction factor for base slab 
averaging and RRSe is the response reduc-
tion factor for foundation embedment. 
ASCE/SEI 41-17 (ASCE 2017) and ASCE/
SEI 7-16 (ASCE 2016) propose empirical 
formulae to account for these effects. 
The product of RRSe and RRSbse is used 
to reduce the response spectrum. These 
factors are unrelated to the force-reduction 
factor (or behaviour factor). The reader is 
referred to NIST GCR 12-917-21 Chapter 3 
(NIST 2012) for a detailed description.

The investigation was more concerned 
with the effects that would influence the 
behaviour factor, such as ductility and 
damping. The RRS was therefore conserva-
tively ignored (RRS = 1).

Foundation damping
Foundation damping can contribute to the 
total damping and is typically introduced 
through Equation 12:

βtot = βf  + 
βi

⎫
⎪
⎭

T
~

T
⎫
⎪
⎭

n

eff

 (12)

where βf  is the foundation damping and 
βi is the initial viscous damping, which is 
normally assumed as 5% for typical build-
ing structures.

The contributions to foundation 
damping are soil hysteretic damping βs 
and radiation damping βrd. Soil hysteretic 
behaviour is conceptually similar to any 
strain dependent material hysteretic behav-
iour. Seismic waves reflecting from the 
base, back into the ground, are called radia-
tion waves and causes radiation damping.

ASCE/SEI 7-16 (ASCE 2016) and ASCE/
SEI 41-17 (ASCE 2017) set out the same 
procedure to incorporate damping, as 
presented by Equation 13, and was used in 
this investigation.
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T
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⎪
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2

 

βs + βrd (13)

Soil hysteretic damping βs values can be 
obtained from Table 8-6 of ASCE/SEI 41-17 
(ASCE 2017). These values are a function 
of the geotechnical conditions and effective 
peak acceleration obtained from the accel-
eration response spectrum.

Radiation damping βrd is determined 
from empirical expressions based on Wolf 
(1985) and is presented by Equation 14:

βrd = 
1

⎫
⎪
⎭

T
~

Ty

⎫
⎪
⎭

2

 

βy + 
1

⎫
⎪
⎭

T
~

Txx

⎫
⎪
⎭

2

 

βxx (14)

where Ty and Txx represent the transla-
tional and rotational periods, respectively.

Assessing behaviour factor with ssi
Establishing an exact behaviour factor for 
a specific lateral resisting system creates 
many difficulties and should be carefully 
considered. Some of the difficulties when 
assessing the behaviour factor are briefly 
discussed here.

Defining ductility
There is a lack of consensus as to the 
appropriate definition for yield and 
ultimate displacement when a bilinear 
approximation of the force-displacement 
relationship is produced, resulting in vari-
ous definitions of ductility (Priestley et al 
2007 pp 12–13).

R-μ-T relationships
The expressions describing the relation-
ship between ductility, force-reduction 
and fundamental period are approxima-
tions. The expressions hold on average, 
but can be irregular (Chopra 2012 
pp 289–290).

Codified behaviour factors
Design codes often consider additional 
redundancies within the behaviour factor. 
Eurocode 1998-1: 3.2.2.5 (EN 2004b) states 
that the values of the behaviour factor 
account for the influence of the viscous 
damping being different from 5%.

As a commentary on the potential 
shortcomings of existing design guidelines 
on SSI, NIST GCR 12-917-21 (NIST 2012 
p 4-3) identifies that there is no link pre-
scribed between behaviour factors intended 
to represent structural ductility and SSI. 

ASCE/SEI 7-16 (ASCE 2016) limits the 
reduction in design base shear when SSI is 
considered in the equivalent static lateral 
force procedure. Equations 19.2-1 and 
19.2-3 of ASCE/SEI 7-16 are repeated here 
as Equations 15 and 16:

V~ = V – ∆V ≥ αV (15)

α = 

�
�

� 0.7
0.5 + R/15

0.9  

 R  ≤ 3
 3 < R < 6
 R  ≥ 6

 (16)

where R is the response modification factor 
(force reduction factor).

Interestingly, it is observed that the 
limits relate to the behaviour factor (or 
force-reduction factor). The commentary 
chapters of ASCE/SEI 7-16 section C19.2 
state: “The limitation on potential reduc-
tions caused by SSI reflects the limited 
understanding of how the effects of SSI 
interact with the R factor.” (ASCE 2016)

SSI influences the damping and ductil-
ity of a structure and therefore influences 
the behaviour factor. Figure 5 illustrates 
the influence of SSI on the ductility with 
a simple standalone concrete wall on a 
flexible foundation. The yield displacement 
∆y at the effective height of the wall will 
increase with the displacement due to 
foundation flexibility, ∆F, to ∆'y .

If the design displacement ∆D is strain-
limited it will increase by approximately 
the same amount. The ductility capacity 
can then be expressed through Equation 17.

μ = 
∆D + ∆F

∆y + ∆F
 (17)
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If the design displacement is limited by 
codified maximum drift, then the ductility 
capacity can be expressed in Equation 18.

μ = 
∆D

∆y + ∆F
 (18)

With the likely reduction in ductility 
capacity, a similar reduction in behaviour 
factor would be expected. However, 
amongst other effects, SSI will contribute 
to the total damping of a structure. This, 
according to EN 1998-1 (EN 2004b), will 
also influence the behaviour factor.

Frame contribution
Most structural walls in buildings are not 
standalone elements but are connected to 
columns with horizontal elements (slabs or 
beams). If SSI is included in linear models, 
the horizontal elements will be designed to, 
in part, accommodate the additional rota-
tion at the base of the wall.

The contribution of the frame to the 
stability of the structure will increase 
proportionally with foundation rotation. By 
considering the simplified structural wall 
frame shown in Figure 6, and assuming 
that the vertical members are rigid, it is 
expected that, for a foundation rotation of 
θ, a similar additional rotation would occur 
in the horizontal frame elements at the 
wall face, resulting in the frame contribut-
ing more to the stability of the structure.

buildings investigAted
The buildings were chosen to be simplified 
representations of a typical commercial 
building in South Africa.

building type
An office building, corresponding with the 
importance class 2 of “ordinary building” 
in SANS 10160-4 (SANS 2017) was chosen 
as the basis of the investigation. Figure 7 
illustrates the typical building layout.

The reference floor layout consists of 
a 250 mm thick reinforced concrete flat 
slab, with 6 m single spans on either side 
of the reinforced concrete wall in the 
direction of loading, to represent relatively 
slender contributing frame elements. 
This study considers seismic action in the 
north-south direction. It is assumed that 
the buildings are stable in the east-west 
direction.

This investigation focused on medium- 
to low-rise buildings. Buildings with 7, 5 
and 3 storeys were chosen for this reason. 

Table 1 represents the summary of the 
building and floor heights investigated.

loading
Self-weight: The concrete density γconc was 
taken as 24 kN/m3, with a 250 mm slab 
thickness resulting in the slab self-weight 
of 6 kN/m2.

Permanent load: For an office building 
with masonry as infill panels with a typical 
arrangement of internal brickwork together 
with tiling, services and screed, an additional 
dead load (DL) of 5.5 kN/m2 was estimated.

Imposed load: SANS 10160-2 (SANS 
2011) Table 1 prescribes a 2.5 kN/m2 
imposed load for offices.

structural wall
The wall aspect ratio is defined as the 
total height Hw to wall length Lw. For a 
given global displacement ductility μ∆ the 
local curvature ductility demand μΦ will 
increase as the wall aspect ratio Hw/Lw 
increases (Priestley & Pauley 1992 p 400).

Squat walls with small aspect ratios 
are more likely to be dominated by shear 
behaviour. To ensure ductile, flexure- 
dominated behaviour, rather than the more 
brittle, shear-dominated behaviour, it would 
make sense to limit the aspect ratio to some 
extent. SANS 10160-4 (SANS 2017) does 
not explicitly limit this ratio. EN 1998-1 
(EN 2004b), however, makes use of a factor 
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kw to adjust the behaviour factor according 
to the prevailing mode of failure, which is 
a function of the aspect ratio. The expres-
sion for kw reduces the behaviour factor for 
aspect ratios lower than two, implying an 
expected loss in ductility for aspect ratios 
lower than two.

As the aspect ratio increases, the 
lateral drift limits become the more 

prominent allowable displacement limits. 
This means that, for slender walls with 
large aspect ratios, the member would not 
reach its full ductility capacity associated 
with strain limits but would rather reach 
drift limits associated with secondary 
damage of non-structural infill panels. 
Priestley et al (2007 pp. 325–327) suggest 
that, for aspects ratios of approximately 9 
and larger, a structural wall is expected to 
reach storey drift limits while still behav-
ing elastically.

This study investigated rectangular 
walls with aspect ratios of 3 and 5. These 
ratios fall within the practical range 
for structural walls associated with 
ductile, flexure-dominated behaviour. 
The wall length will therefore change 
with a change in building height. Table 2 
represents the wall lengths corresponding 
to each aspect ratio and building height 
investigated.

The width of the walls was kept con-
stant at 300 mm. This largely corresponds 

Figure 7  Reference floor layout

Table 1 Storey heights investigated

storey height (m)

7 storeys 5 storeys 3 storeys

Foundation 0 0 0

Level 1 4 4 4

Level 2 7.2 7.2 7.2

Level 3 10.4 10.4 10.4

Level 4 13.6 13.6

Level 5 16.8 16.8

Level 6 20

Level 7 23.2

Table 2 Wall lengths investigated

storeys
height 

(m)

length of wall (m)

Aspect 
ratio 3

Aspect 
ratio 5

3 10.4 3.47 2.08

5 16.8 5.60 3.36

7 23.2 7.73 4.64

Table 3 Ground types to SANS 10160-4 (SANS 2017 Table 1)

1 2 3

ground 
type

description of stratigraphic profile

Parameters a

vs,30
m/s

NsPt
blows/30 cm

cu
kPa

1
Rock or other rocklike geological formation, 
including at most 5 m of weaker material at 
the surface

> 800 – –

2

Deposits of very dense sand, gravel or very 
stiff clay, at least several tens of metres in 
thickness, characterised by a gradual increase 
of mechanical properties with depth

360 – 800 > 50 > 250

3
Deep deposits of dense or medium-dense 
sand, gravel or stiff clay with thickness from 
several tens to many hundreds of metres

180 – 360 15 – 50 70 – 250

4

Deposits of loose-to-medium cohesionless 
soil (with or without some soft cohesive 
layers), or of predominantly soft-to-firm 
cohesive soil

< 180 < 15 < 70

a vs,30
 =  average value of propagation of S-waves in the upper 30 m of the soil profile at shear strains 

of 10–5 or less
 NSPT =  standard penetration test blow count
 cu =  undrained shear strength of soil, expressed in kilopascals (kPa)
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to suggested limits by Priestley and Pauley 
(1992 p 403) for lateral stability.

ground type
It is observed from Figure 1 that differ-
ent soil types will influence the seismic 
response of a building. Table 3 (page 43) 
provides a description of the soil types 
as presented in Table 1 of SANS 10160-4 
(SANS 2017), which is similar to EN 1998-1 
(EN 2004b Table 3-1).

This investigation focused on Ground 
Type 3 as per EN 1998-1 Ground Type C 

lc

b w

lw

b 0

Figure 8  Boundary elements in wall section – SANS 10160-4 Annex C (SANS 2017)
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(EN 2004b), which is consistent with 
soil conditions commonly found in the 
southwestern region of the Western Cape 
Province, an area under the highest risk 
associated with natural seismic activity in 
South Africa.

It can be observed from Figure 1 that 
Ground Type 3 represents a reasonable 
average response for all four ground types.

The relevant soil parameters used in 
this investigation are:

Shear wave velocity vs,30  . . . . . . . . . . 180 m/s
Expected bearing capacity qu . . . . . .400 kPa
Stress strain modulus Es  . . . . . . . . . . 50 MPa
Poisson’s ratio υ . . . . . . . . . . . . . . . . . . . . . . 0.4
Soil density γsoil . . . . . . . . . . . . . . . . 18 kN/m3

method of investigAtion
The method used in this investigation is 
presented in a stepwise manner.

step 1:  equivalent lateral 
force procedure

A reinforced structural wall system with 
fixed base was analysed using the equiva-
lent later force method as prescribed by 
SANS 10160-4 (SANS 2017). The design 
base shear Vn is calculated assuming a 
behaviour factor of 5.

Vn = SAd(T, ag, q) × Wn (19)

SAd is the design acceleration spectra (nor-
malised to gravity acceleration g). Wn is the 
nominal sustained vertical load acting on the 
structure. The lateral force pattern used to 
translate the base shear to an equivalent iner-
tial force per storey is given in SANS 10160-4 
(SANS 2017) as presented in Equation 20.

Fi = Vn 
hiWi

∑jhjWj
 (20)

 hi, hj  storey height above the base to 
level i or j respectively

 Wi, Wj  nominal sustained vertical load of 
floor i or j respectively

The force pattern should represent the 
mode shape of the first mode of vibration, 
given the simplification of the lateral force 
method that higher modes do not contrib-
ute to the response of the structure.

The fundamental period of vibration is 
determined using FE eigenvalue analysis 
assuming the structural wall stiffness as 
50% of the elastic stiffness (0.5EI). An itera-
tive procedure whereby the fundamental 

period of the wall is reassessed after it was 
initially designed to resist equivalent forces 
produced by an initial estimate of the fun-
damental period, is considered more accu-
rate. However, design codes intentionally 
provide formulae to produce short periods 
and therefore conservatively large design 
base shears, which is an additional redun-
dancy when specifying behaviour factors. 
The period associated with the 50% elastic 
stiffness will produce the lowest allowable 
design base shear within the framework of 
SANS 10160-4 (SANS 2017).

SANS 10160-4 (SANS 2017) prescribes 
a peak ground acceleration (PGA) of 0.1 g 
for all regions experiencing natural seismic 
activity in South Africa (Zone I regions), 
despite indicating higher nominal peak 
ground accelerations with a 10% probability 
of exceedance in 50 years in Figure A.1 
of SANS 10160-4 (SANS 2017). The code 
committee deemed it inappropriate to 
increase the PGA magnitude, as one of the 
main motivations for revising the seismic 
loading code was due to the perception 
from engineers that the PGA was too con-
servative. To overcome this concern, the 
lower limit of the redundancy factor bor-
rowed from Uniform Building Code:1997 
(UBC) was rather adjusted to effectively 
increase the PGA from 0.1 g to between 
0.12 g and 0.15 g (Retief & Dunaiski 2009 
pp 173–174). Remaining consistent with 
SANS 10160-4 (SANS 2017), a PGA of 0.1 g, 
together with the redundancy factor, was 
used for design; however, a PGA of 0.15 g 
was used for the nonlinear assessment of 

the structures. A PGA of 0.15 g reflects a 
more accurate value for the southwestern 
region of the Western Cape Province.

step 2: code design
The structural wall system was reinforced 
to resist the total fixed base moment, 
following capacity design principles. The 
wall boundary elements were detailed 
according to SANS 10160-4 (SANS 2017) 
Annex C. The boundary elements provide 
confinement in regions of the walls where 
the concrete fibres are highly stressed 
under seismic action and prevent buckling 
of the longitudinal reinforcement under 
load reversal. The confinement effects 
and resistance to reinforcement buckling 
are critical to ensure ductile behaviour 
in structural walls. Figure 8 shows a 
typical wall with boundary elements as 
per SANS 10160-4 (SANS 2017). The 
structural frame is designed according to 
SANS 10100-1 (SANS 2000).

step 3:  nonlinear static assessment 
(pushover analysis)

Nonlinear static procedures were per-
formed on the 2D models used to present 
the lateral resisting system. The nonlinear 
static procedure was used to produce a 
capacity curve for the designed building, 
which is shown in Figure 9.

The N2 method prescribed by Eurocode 
1998-1 (EN 2004b) is used to determine 
the target displacement (or displacement 
demand). The process is briefly described  
here:

F*

Fy*

dy* dm* d*

Em*

A

Figure 10  Elastic-perfectly plastic idealisation of the capacity curve of an equivalent SDOF system – 
EN 1998-1  p 216 (EN 2004b)
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A bilinear elastic-perfectly plastic 
approximation of the capacity curve is 
determined through ensuring that the area 
under the bilinear curve is equal to the 
area under the capacity curve, until the 
formation of the plastic mechanism. This 
implies that the energy of the equivalent 
system is equal to that of the original, 
which is illustrated in Figure 10 (page 45).

The yield force Fy is initially taken as 
the ultimate force on the capacity curve. 
The yield displacement dy is determined by 
Equation 21:

dy = 2 ⎫
⎪
⎭
dm – 

Em

Fy

⎫
⎪
⎭
  (21)

where Em is the area under the curve and 
dm is the displacement at the formation of 
the plastic hinge mechanism.

The multi degree of freedom (MDOF) 
system is transformed to an equivalent 
SDOF through Equation 22:

Γ = 
∑miΦi

∑miΦi
2 (22)

where mi is the mass per floor i. The 
normalised shape vector Φi represents the 
lateral deformed shape. A simple example 
for calculating the transformation factor is 
shown in Figure 11.

The equivalent SDOF system can then 
be calculated using Equations 23, 24 and 
25.

F* = 
∑F

Γ
 (23)

d* = 
∑d

Γ
 (24)

Γ = ∑miΦi (25)

The effective period T* of the equivalent 
SDOF system can then be calculated using 
Equation 26.

 T* = 2π
m*d*y

F*y
 (26)

The displacement of the SDOF system d*t 
can be determined using the 5% damped 
elastic spectra and Equations 27, 28 and 29, 
with an adjustment for shorter periods 
where the equal displacement approxima-
tion does not apply.

d*t = d*et = Se(T*) ⎫
⎪
⎭

T*
2π

⎫
⎪
⎭

2
 if T ≥ Tc (27)

d*t = 
d*et

qu  
1 + (q0 – 1)

Tc

T*
 ≥ d*et if T < Tc (28)

q0 = 
m*Se(T*)

F*y
 (29) 

The target displacement (or displacement 
demand) for the MDOF system dt is calcu-
lated as:

dt = d*t × Γ (30)

The pushover analysis formed the basis of the 
nonlinear assessment as it allows for a clear 

assessment of ductility. The capacity curve 
also indicates a certain level of reliability 
by showing the target displacement against 
displacements associated with structural 
failure. In addition to this, there are more 
consensus in guidelines on the use of SSI 
with the pushover analysis, as opposed to SSI 
in time-history analysis (THA), where the 
specifications can involve complex variations 
in parameters that could detract from the 
main influences of the study. The THAs 
were therefore used as displacement response 
verification of the results from the pushover 
analyses.

Figure 11  Example for calculating the transformation factor Γ

m4

m3

m2

m1

38

27

17

8

level deflection mass Φ mΦ mΦ2

1 8 20 0.21 4.2 0.88

2 17 20 0.447 8.94 4

3 27 20 0.711 14.22 10.11

4 38 20 1 20 20

Sum: 47.36 34.99

 m* = ∑miΦi = 47.36

 Γ = 
∑miΦi

∑miΦi
2
 = 47.36

34.99
 = 1.354
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step 4: reduce foundation sizes
The foundation size was systematically 
reduced to resist a percentage of the fixed 
moment. As the foundation moment 
reduces, the contribution of the frame for 
stability increases.

SSI will also influence the response; 
therefore Steps 1 to 3 are repeated. The 
effects investigated in this study are 
defined per step as:

 Q Step 1: Longer fundamental period 
of vibration will produce smaller 
base shear, but larger displacement. 
Figures 12 and 13 illustrate the effects 
of period lengthening on the response.

 Q Step 2: Lower design base shear forces 
produce smaller foundation overturning 
moments. Reinforcement requirements 
for the wall reduce, while the reinforce-
ment in the contributing frame increases 
with increased displacement response.

 Q Step 3: SSI was incorporated in the 
models using the beam-on-nonlinear 
Winkler foundation (BNWF) models. 
This method also corresponds to 
Method 2 of ASCE/SEI 41-17 Chapter 8 
(ASCE 2017).

The target displacement was calculated using 
the N2 procedure prescribed by EN 1998-1 
Annex B (EN 2004b) but included the effects 
of SSI as prescribed by ASCE/SEI 41-17 
(ASCE 2017). An initial investigation showed 
that the Coefficient Method prescribed by 
ASCE/SEI 41-17 (ASCE 2017) compares well 
with the N2 procedure for walls with fixed 
bases (i.e. walls where SSI are not included).

SSI influences the ductility and damp-
ing. Damping is also influenced by ductil-
ity. The procedure is therefore iterative. 
Convergence is found when the difference 
in the displacement between successive 
iterations is smaller than 1 mm. The 
adapted iterative procedure is presented in 
Figure 14.

step 5: inelastic time-history analysis
Structural systems with reduced base sizes 
were analysed with THAs. The displace-
ment responses were used as an additional 
verification to determine whether the 
structures meet required demands. Three 
accelerograms obtained from PEER Strong 
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Figure 14  Procedure to incorporate SSI in pushover analyses

Table 4 Accelerograms chosen from PEER Strong Motion Database

earthquake source station date PgA unmatched PgA matched

Chalfant Valley PEER Strong Motion Database Bishop–LADWP South St, 180 20 July 1986 0.126 (g) 0.202 (g)

Umbria Marche PEER Strong Motion Database Castelnuovo–Assisi, 270 26 September 1997 0.105 (g) 0.177 (g)

Loma Prieta PEER Strong Motion Database 090 CDMG Station, 47381 18 October 1989 0.36 (g) 0.195 (g)
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Motion Database (PEER 2020) were 
matched with South African conditions 
and are presented in Table 4 (page 47).

Spectral matching is the nonuniform 
scaling of a ground motion to match a tar-
get response spectrum. The target spec-
trum is the spectrum defined by SANS 
10160-1 for Ground Type 3 (SANS 2017). 
Figure 15 illustrates the matching 
principle.

A total of 24 models were investi-
gated, which are summarised in Table 5. 
M100 (or Mfixed) refers to the baseline 
models where the walls are designed and 
modelled with fixed support conditions 
at the base, with the bases not explicitly 
modelled, therefore not considering SSI, 
whereas M60 is the base size with capac-
ity to resist 60% of the fixed moment. 
Figure 16 explains the model notation, and 
the foundations sizes are summarised in 
Table 6.

numericAl modelling
SeismoStruct from Seismosoft (Seismosoft 
2020) is a commercial finite element 
software which was used for all nonlinear 
modelling. SeismoStruct predominantly 
uses the fibre section approach, whereby 
a member is represented by a series of 
cross-sections that are divided into a 
number of fibres, separately representing 
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Table 5 Models investigated

Aspect ratio 5 Aspect ratio 3

3 storeys 5 storeys 7 storeys 3 storeys 5 storeys 7 storeys

M100 base 3M100AR5 5M100AR5 7M100AR5 3M100AR3 5M100AR3 7M100AR3

M80 base 3M80AR5 5M80AR5 7M80AR5 3M80AR3 5M80AR3 7M80AR3

M60 base 3M60AR5 5M60AR5 7M60AR5 3M60AR3 5M60AR3 7M60AR3

M40 base 3M40AR5 5M40AR5 7M40AR5 3M40AR3 5M40AR3 7M40AR3

Table 6 Foundation sizes investigated

Aspect ratio 5 Aspect ratio 3

foundation size l × b × t (m) foundation size l × b × t (m)

3 storeys 5 storeys 7 storeys 3 storeys 5 storeys 7 storeys

M100 base Fixed Fixed Fixed Fixed Fixed Fixed

M80 base 6.3×1.5×0.6 7.9×2×0.7 10×2.2×1.1 8.8×2.2×0.6 11.1×1.8×0.7 12.2×2.4×1

M60 base 5.7×1.3×0.5 7×1.9×0.6 8.8×2.2×1 7.9×1.7×0.5 10.2×1.6×0.6 11.3×2.2×0.9

M40 base 4.9×1.2×0.4 6.3×1.7×0.5 8.1×2×0.9 6.5×1.5×0.5 9×1.5×0.6 10.5×2×0.9

Number of storeys

Percentage of the fixed moment

Aspect ratio

5 M80 AR3

Figure 16  Model notation
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the concrete and the reinforcing steel. Each 
fibre consists of its own associated uniaxial 
stress-strain relationship. The fibres are 
then integrated to obtain the stress-strain 
state of the section. Separate material rules 
are used for confined concrete, unconfined 
concrete and reinforcing steel.

Priestley et al (2007 pp 195–196) and 
the SeismoSoft user manual (Seismosoft 
2020 p 297) define some of the advantages 
and disadvantages of using fibre elements. 
The main considerations for this study are 
described as the follows:

Advantages:
 Q No prior moment-curvature analysis of 

members is necessary.
 Q The hysteretic response is defined by 

the material properties; there is no need 
to introduce any element hysteretic 
responses.

 Q Direct modelling of axial load-bending 
moment interaction in both strength 
and stiffness.

 Q The member’s post-peak strength 
reduction can be directly modelled.

 Q Straightforward representation of 
biaxial loading.

 Q Structural damping is directly 
modelled.

disadvantages:
 Q Fibre elements model flexural response – 

shear strength and deformation are not 
modelled directly.

 Q The interaction between flexural ductil-
ity and shear strength is not modelled 
directly.

 Q Strain penetration requires special 
treatment.

 Q Excessive computing time for large 
models.

Nonlinear modelling for shear deformation 
in cracked reinforced concrete sections 
under dynamic loading falls outside 
the scope of this study. However, shear 
deformation will increase the displacement 
capacity corresponding to strain-based 
flexural limit states (Priestey et al 2007 
p 185). Not considering shear deforma-
tion when testing whether the structures 
meet their corresponding displacement 
demands is therefore deemed conservative. 
Furthermore, the additional assessments on 
ductility are based on the relative change 
in ductility. Shear deformation should not 
influence these results, provided that the 
methods of analysis and assessment are 
consistent for all models.

A single frame was modelled to 
represent the lateral resisting system of 
the structure, as presented in Figure 17. 
The elements and connection are briefly 
explained, with reference to Figure 17.

elements
Wall elements consist of confined 
concrete elements to represent the wall 
boundary elements, and unconfined con-
crete for the web section of the wall. Slab 
elements are fixed to the wall with rigid 
links along the length of the wall. The slab 
elements are beam elements with the width 
equal to the panel width of the bay. All 
slab elements are modelled as unconfined 
concrete elements and are connected to 
the columns with pinned connections, 
therefore not transferring moments to the 
columns. Column elements are designed 
to remain elastic, therefore limiting the 
column contribution to the ductility of the 
lateral resisting system. Base elements are 
fixed to the wall elements and are modelled 
as rigid beams over a set of zero-tension, 
zero-length spring elements. As this study 
assesses the relative change in ductility, 
it was deemed unnecessary to introduce 
the additional parameter of base stiffness 
to the investigation. The stiffness of the 
base was therefore assumed to be rigid 
for all structures considered. Modelling 
a rigid foundation is an accepted method 
for inclusion of SSI in the analysis. The 
reader is referred to the design standards 
of ASCE/SEI 41-17 (ASCE 2017) for the 
recommended methods of analyses.

The stiffness of the individual spring 
elements depends on the dimensions 
of the foundations and the spacing. 
The modulus of subgrade reaction was 
calculated using expressions proposed by 
Bowles (1996). An elastic perfect-plastic 
force-displacement spring compressive 
response was modelled, with zero tensile 
resistance. As an example case of a 10.2 × 
1.6 m foundation (L × B), the foundation 
specific modulus of subgrade reaction kv 
was calculated to be 63 796.53 kN/m3. 
Using 25 zero-tension spring elements 
to represent the SSI under a foundation, 
the minimum number recommended 
for accuracy as per NIST GCR 12-917-21 
(NIST 2012), each internal spring’s stiff-
ness and capacity were calculated to be 
43 481 kN/m (kv × L/24 × B) and 272 kN 
(qu × L/24 × B) respectively. The embed-
ment depth influence factor was assumed 
to be unitary.

lumped mass
To represent the full mass associated with 
the seismic response of the equivalent 
frame, a lumped mass was introduced at 
every level. The lumped masses do not 
contribute to the axial load on the struc-
tural wall, as this is modelled directly, but 
contribute to the mass participation during 
seismic loading.

Performance criteria
The monotonic relationships shown in this 
section serve to clearly illustrate strain 
limits; however, the recommended strain 

Column 
element

Hinge

Column-slab

Lumped 
masses

Slab 
element

Wall-foundation

Wall-slab

Rigid base element
Zero tension, zero length, 
spring elements

Rigid base element

Wall 
element

Wall elementRigid link

Foundation length

Length   of wall

Figure 17  Numerical modelling diagram
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limits are calibrated to account for cyclic 
behaviour.

Concrete
The stress-strain relationships for confined 
and unconfined concrete proposed by 
Mander et al (1988) were used, which are 
shown in Figure 18:

where:
 fc Concrete compressive stress
 εc Concrete compressive strain
 f 'c  Unconfined concrete compressive 

strength (cylinder strength)
 εco  Strain at peak stress for unconfined 

concrete, generally assumed as 0.002
 f 'cc  Confined concrete compressive 

strength
 εcc  Strain at peak stress for confined 

concrete

The ultimate strain for confined concrete 
will depend on the amount of confine-
ment reinforcing but is expected to be 
approximately 0.02 for boundary elements 
reinforced according to SANS 10160-4 
Annex C (SANS 2017). The ultimate strain 
for unconfined concrete was conservatively 
taken as 0.0035.

Reinforcing steel
EN 1992-1-1 Clause 3.2.7 (EN 2004a), 
proposes an idealised bilinear relationship 
for design purposes, shown in Figure 19. 
SANS 10100-1 (SANS 2000 Figure 2) 
assumes an elastic-perfectly plastic curve 
for design purposes, which was assumed 
for member design in this investigation. For 
the nonlinear assessment, however, strain 
hardening was considered with the mean 
material properties.

Ultimate tensile strain for high-yield steel 
reinforcement is expected to be in excess 
of 0.1. However, ultimate tensile strain is 
reduced under load reversal. A recommended 
ultimate steel tensile strain of 0.06 was 
assumed (Priestley et al 2007 p 143).

Drift limits
To prevent excessive damage to infill 
panels and non-structural elements, 
SANS 10160-4 (SANS 2017 Clause 9.3.1) 
limits inter-storey drift to:

dr i–j ≤ 0.025hs  if  T < 0.7 s (31)

dr i–j ≤ 0.02hs  if  T > 0.7 s (32)

where: dr i–j is the relative drift between 
two storeys and hs is the storey height.
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results And discussion

target displacement
All models that include SSI achieve their 
target displacement without failure, 
implying that the behaviour factor of 5 
is an appropriate assumption. Figures 20 
to 25 show the target displacement from 
all models with reduced foundation sizes 
against the fixed base model.

It is observed that for more slender 
buildings, with wall aspect ratios of 5, there 
is no significant difference in target dis-
placement between the fixed model (M100 
model) and the SSI models (models where 
the foundations are explicitly modelled). In 
some cases, the target displacement for the 
SSI models is, in fact, less than the fixed 
base model, as shown in Figures 20 and 22. 
This is due to the shape of the displace-
ment response period, shown in Figure 26, 
where SDe is the displacement of an 
equivalent SDOF system. It is observed that 
the displacement is expected to remain 
reasonably constant or reduce for periods 
larger than the displacement corner period 
TD. Table 7 presents the recommended 
corner periods as per EN 1998-1 (2004b) 
and SANS 10160-4 (2017). The reduction 
in the target displacement seen for the SSI 
models with periods longer than TD is the 
result of the adjustments in damping, due 
to SSI and ductility, accounted for in the 
SSI adjusted method.

The expected increase in target dis-
placement with reduction in foundation 
size is better illustrated with the more 
rigid buildings, with wall aspect ratios 
of 3 (Figures 21, 23 and 25), where the 
fundamental period of vibration is typically 
shorter than the corner period TD.

Interestingly, the only model that failed 
before reaching the required target dis-
placement is the fixed model 3M100AR5. 
From Figure 24 it is observed that the 
structure failed (crushing of confined con-
crete) at a displacement of 141 mm, before 
the target displacement of 148 mm was 
reached. This possibly suggests that the 
behaviour factor of q = 5 is not appropri-
ate for all structural walls. Assessing the 
behaviour factor of fixed-base structural 
walls does not form part of the scope of 
this study; however, it is useful to consider 
the following:

 Q The period used for base shear 
calculations is calculated from an 
eigenvalue analysis, which produced 
a period exceeding the allow-
able limit of 1.4 times the period 
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calculated from empirical formulas 
given in SANS 10160-4 (SANS 2017). 
The shorter period will result in a larger 
design base shear, therefore requiring 
more steel reinforcement.

 Q For the 3-storey height and aspect 
ratio of 5 models, the structural wall 
is only 2.08 m in length. For this case, 
as the difference in stiffness between 
the structural wall and the columns 
is small, it could be argued that this 
should be treated as a frame structure 
with lower behaviour factor.

 Q The N2 method can produce con-
servative estimates for the displacement 
demands, due to the conservative 
assumption on damping. The average 
displacement demand from the THAs 
is 136 mm, whereas the N2 method 
calculates 148 mm.

 Q The approach of Mander et al (1988) 
will produce conservative estimates for 
ultimate strain for confined concrete 
(Priestley & Pauley 1992 p 98).

When assessing the same structure, but 
explicitly modelling an overstrength founda-
tion (assuming overstrength as 1.2), the SSI 
model reaches the updated increased target 
displacement of 164 mm, shown in Figure 24 
as the dashed line. This, again, implies that 
the behaviour factors prescribed by design 
codes consider additional influences not 
included in the strict definition of the factor.

relative ductility capacity 
and demand
As discussed above, one of the difficulties 
when assessing behaviour factors is the lack 
of consensus in defining ductility. For this 
reason, the term relative ductility is used 
in this section, as it assesses the ductility 
with the bilinear curve calculated using 
the equal energy principles of EN 1998 
(EN 2004b,c) when determining the target 
displacement. This does not necessarily 
suggest that the same bilinear curve is used 
when assessing ductility for Eurocode and 
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Table 7  Prescribed corner periods EN 
1998-1 (2004b) and SANS 10160-4 
(SANS 2017)

ground type
Parameters

TB TC TD TE TF

1 (EN 1998 as A) 0.15 0.4 2.0 4.5 10

2 (EN 1998 as B) 0.15 0.5 2.0 5 10

3 (EN 1998 as C) 0.20 0.6 2.0 6 10

4 (EN 1998 as D) 0.20 0.8 2.0 6 10

SD e

dg

TTE TFTDTCTB

Figure 26  Eurocode 8, general form of displacement response spectrum – EN 1998-1 2004  
Figure A.1 (EN 2004b)



Journal of the South african institution of civil engineering Volume 64 Number 2 June 2022 53

South African standards. A comparison 
can, however, be made with the idealised 
bilinear curves from the fixed base models 
calculated with the same procedure.

It was observed from the nonlinear 
analyses that the ductility capacity of the 
SSI models was significantly larger than 
the fixed base models but reduced with 
reducing foundation size. Furthermore, it 
was observed in the above subsection that, 
generally, ductility demand increases with 
reducing foundation size. The proportions 
of the increase in relative ductility demand 
against the reduction in relative ductility 
capacity are, therefore, of interest and are 
summarised in Tables 8 to 13.

The right columns show a significant 
improvement in the ductility capacity – 
ductility demand ratio for most SSI models 
against the fixed base models, indicating an 
improved safety against collapse.

It is worth noting that the actual fixed 
models will, themselves, rest on foundations 
large enough to resist the fixed moment. This 
is likely to improve the actual behaviour of 
the structure under real seismic action, but 
with a foundation designed to resist an over-
strength moment, the mode of failure is likely 
to be similar to the fixed moment.

Table 12 shows that 3M100AR5 SSI 
and 3M40AR5 have similar capacity-
demand ratios, and model 3M40AR3 
indicates a smaller ratio than 3M100AR3 
in Table 13, indicating that the advantage 
of SSI is lost with such large reductions 
in foundation sizes, also considering the 
additional reinforcement required in the 
contributing frame.

displacement response from thA
The average and maximum displacement 
responses from the THAs are summarised 
in Tables 14 to 19.

The only displacement response that 
exceeds the predicted target displace-
ment is 7M40AR5, where the maximum 
demand exceeds the target displacement 
by 3 mm. The structures perform surpris-
ingly well when subjected to the ground 
motions, indicating that a behaviour factor 
of 5 is still appropriate. The results are, 
however, irregular. An apparent abnormal-
ity of a maximum response of 43 mm 
for 7M80AR3 is observed; however, it is 
observed that the average response does 
not deviate significantly from the maxi-
mum. The model was subjected to various 
adjustments for variables such as:

 Q Ground motion records, matched and 
unmatched

Table 8 7AR5 Relative ductility

model
relative ductility ductility capacity/

ductility demandductility demand ductility capacity

7M100AR5 2.05 2.98 1.46

7M80AR5 2.60 6.35 2.44

7M60AR5 2.28 5.95 2.60

7M40AR5 2.00 5.16 2.58

Table 9 7AR3 Relative ductility

model
relative ductility ductility capacity/

ductility demandductility demand ductility capacity

7M100AR3 2.19 3.05 1.39

7M80AR3 3.56 10.79 3.03

7M60AR3 3.67 9.67 2.64

7M40AR3 2.89 7.49 2.59

Table 10 5AR5 Relative ductility

model
relative ductility ductility capacity/

ductility demandductility demand ductility capacity

5M100AR5 2.34 2.86 1.22

5M80AR5 2.57 5.02 1.95

5M60AR5 2.54 4.94 1.94

5M40AR5 1.92 3.65 1.90

Table 11 5AR3 Relative ductility

model
relative ductility ductility capacity/

ductility demandductility demand ductility capacity

5M100AR3 2.76 3.66 1.32

5M80AR3 3.26 8.00 2.45

5M60AR3 3.71 8.00 2.15

5M40AR3 3.72 7.30 1.97

Table 12 3AR5 Relative ductility

model
relative ductility ductility capacity/

ductility demandductility demand ductility capacity

3M100AR5 2.61 2.48 0.95

3M80AR5 2.76 3.53 1.28

3M60AR5 2.63 3.36 1.28

3M40AR5 2.23 2.81 1.26

3M100AR5 SSI 2.22 2.81 1.27

Table 13 3AR3 Relative ductility

model
relative ductility ductility capacity/

ductility demandductility demand ductility capacity

3M100AR3 2.32 3.60 1.55

3M80AR3 2.82 5.33 1.90

3M60AR3 3.15 5.33 1.69

3M40AR3 3.65 5.20 1.43
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 Q Reduced time step
 Q More stringent convergence criteria
 Q Upper bound of 2 × soil stiffness and 

bearing capacity
 Q Various soil damping ratios.

The resulting displacement responses do 
not deviate significantly from the above.

Further investigations are recommend-
ed with more ground motion records and 
advanced stress-strain curves to represent 
the soil hysteretic behaviour.

conclusions
The paper reports on the investigation of the 
effects of soil-structure interaction on the 
behaviour factor in the seismic response of 
low- to medium-rise commercial buildings 
with structural wall systems in typical South 
African conditions. Nonlinear finite element 
pushover analyses were performed on a total 
of 24 buildings designed with linear seismic 
procedure, considering the parameters there-
of, the number of storeys (3, 5, 7), structural 
wall height to length aspect ratio (3 and 5), 
wall foundation size expressed as a percentage 
of the fully fixed moment resistance capacity 
(100%, 80%, 60%, 40%), Ground Type 3 repre-
senting a median response curve, and seismic 
demand based on a behaviour factor of 5.

Based on the results of this investiga-
tion, the following conclusions are drawn:

 Q All SSI models achieve their target 
displacement with significant additional 
capacity, therefore confirming that 
the behaviour factor adequately (and 
possibly conservatively) represents the 
expected ductility when linear (force-
based) methods are used.

 Q The target displacement increases with 
the reduction in foundation size.

 Q The increase in target displacement for 
structures with fundamental periods 
larger than the corner period TD is 
mainly the result of a reduction in damp-
ing with reduction in foundation size. 
The more slender buildings with wall 
aspect ratios of 5 illustrate this principle.

 Q For structures with fundamental 
periods smaller than the corner period 
TD the increase in target displacement 
is more significant due to the linear 
relationship between displacement 
response and fundamental period for 
periods between TC and TD. The more 
rigid buildings with wall aspect ratios of 
3 illustrate this principle.

 Q The required base shear associated with 
the target displacement reduces with 
reduction in foundation size.

Table 14 7AR5 THA displacement demand and target displacement

model
displacement response, thA (mm) Pushover target 

displacement (mm)Average maximum

7M80AR5 41 43 177

7M60AR5 125 144 178

7M40AR5 155 183 180

Table 15 7AR3 THA displacement demand and target displacement

model
displacement response, thA (mm) Pushover target 

displacement (mm)Average maximum

7M80AR3 110 112 153

7M60AR3 131 174 176

7M40AR3 133 155 179

Table 16 5AR5 THA displacement demand and target displacement

model
displacement response, thA (mm) Pushover target 

displacement (mm)Average maximum

5M80AR5 121 123 172

5M60AR5 115 127 173

5M40AR5 127 151 177

Table 17 5AR3 THA displacement demand and target displacement

model
displacement response, thA (mm) Pushover target 

displacement (mm)Average maximum

5M80AR3 96 107 137

5M60AR3 133 143 156

5M40AR3 110 118 171

Table 18 3AR5 THA displacement demand and target displacement

model
displacement response, thA (mm) Pushover target 

displacement (mm)Average maximum

3M80AR5 120 133 163

3M60AR5 119 125 163

3M40AR5 110 123 165

Table 19 3AR3 THA displacement demand and target displacement

model
displacement response, thA (mm) Pushover target 

displacement (mm)Average maximum

3M80AR3 95 100 110

3M60AR3 95 106 123

3M40AR3 88 93 146
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 Q The influence of foundation damping 
is relatively small for foundation sizes 
considered in this investigation.

 Q Significant improvements in ductility 
capacity to ductility demand ratios from 
the fixed base models to the M80 mod-
els are observed.

 Q For buildings with a wall aspect ratio of 
5, the improvements in ductility capac-
ity to ductility demand for the reduced 
foundation sizes remain relatively con-
stant per building height.

 Q For buildings with wall aspect ratios 
of 3, the improvements decrease with 
reduction in foundation size per build-
ing height.

 Q The improvements decrease with reduc-
tion in number of storeys and therefore 
number of contributing frames.

Further research recommendations:
 Q Include a more detailed hysteretic curve 

to represent the soil response in THAs.
 Q Include shaking table tests to confirm 

results.
 Q Consider several frame elements with 

various spans.
 Q Consider the effects of shear failure in 

the frame.
 Q Investigate the cyclic behaviour of 

unconfined frame elements like slabs.
 Q Include kinematic effects.
 Q Perform an economic study on the addi-

tional reinforcement required in the frame 
elements against the reduction in founda-
tion size and optimise the economic 
compromise between the beneficial effects 
of SSI and the disadvantages in repairing 
foundation settlement and residual tilt.

 Q Certain soil types can undergo lique-
faction under cyclic loading, which is 
detrimental to the safety of the building. 

Investigate the areas in South Africa 
where these soil types may be present.

 Q Investigate the influence of different soil 
types on rocking behaviour.

 Q Investigate the effects of shear strength 
and deformation on ductility.
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introduction
There are various types of precast concrete 
shear walls, of which the connection modes 
between assembly elements are different. 
The performance of the joints connecting 
adjacent precast panels in precast concrete 
structures is essential to ensure structural 
integrity. Depending on the construction 
method, the connection modes can be 
divided into dry and wet connection modes. 
The latter mode is suggested for the precast 
concrete structures in China (MOHURD 
2014), because the precast concrete struc-
tures connected by wet joints are equivalent 
to cast-in-situ concrete structures.

The reinforcement connection technol-
ogy that is the key in the wet connections is 
divided into direct and indirect connections. 
The direct connection between different 
steel bars includes pressed sleeve connection 
technology (Li et al 2016), assembled rebar 
with lap splice connection technology (Gu et 
al 2019), U-type reinforcement connection 
technology (Gerber & Van Zijl 2017; Chun & 
Ha 2015), and annular closed reinforcement 
anchorage technology (Gholami & Ansari 

2018; Zhu & Guo 2018). The indirect con-
nection often refers to the noncontact lap of 
the rebars, which is connected by cast-in-
situ concrete or grout, such as superimposed 
reinforced concrete walls and shear walls 
with precast hollow moulds (Chong et al 
2016; Han et al 2019). Note that different 
studies have demonstrated that direct and 
indirect connections can transfer stress 
effectively and ensure the structural integ-
rity of precast concrete shear walls.

A shear wall built with precast concrete 
two-way hollow slabs (PCHS shear walls) is 
innovative, in that the reinforcement con-
nection between different assembly units is 
a noncontact lap. As shown in Figure 1, the 
connection rebars are set in horizontal and 
vertical holes of the precast slabs before the 
concrete is poured. The shear behaviour of 
PCHS shear walls has been analysed in dif-
ferent studies, which showed that these walls 
can effectively prevent brittle shear failure, 
and sustain the vertical and lateral loads at 
the limit state (Xiong et al 2018). Vertical 
joints are used to connect precast panels in 
a horizontal direction. Thus, these joints 

An experimental study of 
the mechanical behaviour 
of squat shear walls built 
with precast concrete 
two-way hollow slabs
P Luo, J Liu

This paper proposes an innovative precast shear wall system built with precast concrete 
two-way hollow slabs (PCHS shear walls). In the joints of the precast panels of the PCHS shear 
walls, noncontact lap splices of rebars with vertical and horizontal holes are used to connect 
adjacent precast panels. These panels contribute to an automated assembly and facilitate 
pouring concrete in-situ. The mechanical behaviour of PCHS shear walls and the connection 
performance of vertical joints are examined through pseudo-static loading testing on one 
cast-in-situ concrete shear wall and four PCHS shear walls. Moreover, the influences of different 
parameters, including axial compression ratio, aspect ratio and the magnitude of horizontal 
distribution reinforcements, were analysed. It was found that the “strong bending and weak 
shear” requirement was achieved for all specimens. For the PCHS shear walls, the typical 
prominent diagonal cracks and brittle failure were prevented by the shear slippage at vertical 
joints and vertical cracks. And the vertical joint enabled the PCHS shear walls to exhibit stable 
load-bearing capacity with extensive deformations. In addition, the displacement ductility 
coefficient of all PCHS shear walls was over 5.0, and their ultimate drifts were over 1/100. The 
bearing capacity was improved with the increase of the axial compression ratio or with the 
decrease of the aspect ratio, but the deformation capacity was weakened.
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are critical sections in a new structure. The 
joints comprise connection rebars, two old–
new concrete interfaces, and cast-in-situ con-
crete, which is poured in vertical joints and 
horizontal holes. In this study, to analyse the 
connection performance of the vertical joints 
and the shear behaviour of PCHS shear walls, 
five squat shear wall specimens, comprising 
one cast-in-situ concrete shear wall and four 
PCHS shear walls, were designed and tested. 
Also, the effects of various parameters, 

including axial compression ratio, aspect 
ratio, and the magnitude of horizontal 
distribution reinforcements on the shear 
behaviour of the specimens, were analysed.

eXPerimentAl setuP

specimen design
Five shear wall specimens, named SW0, DW1, 
DW2-N, DW3-L1 and DW5-H, were designed 

and tested. Specimen SW0 was a contrasting 
cast-in-situ reinforced concrete (RC) shear 
wall specimen, and the others were PCHS 
shear walls. The design details of all these 
specimens are shown in Figure 2. The width 
and thickness of the specimens are 1 440 mm 
and 180 mm, respectively. The height of 
specimens SW0, DW1, DW2-N and DW5-H 
is 2 160 mm, and the corresponding aspect 
ratio is 1.5, while the height of specimen 
DW3-L1 is 1 440 mm, and the aspect ratio 
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is 1.0. The dimensions of the loading beam 
are 1 440 mm (length) × 280 mm (width) × 
180 mm (thickness), and the dimensions of 
the foundation beam are 2 300 mm (length) × 
600 mm (width) × 500 mm (thickness).

The cross-section of all specimens 
consists of two boundary elements and one 
mid-shear wall. The lengths of the boundary 
element and the mid-shear wall are 200 mm 
and 1 040 mm, respectively. For specimen 
SW0, the mid-shear wall is a cast-in-situ 
monolithic wall. For PCHS shear walls, the 
mid-shear walls are composed of two PCHSs, 
one vertical joint, and cast-in-situ concrete 
poured in the holes of PCHS and the vertical 
joint. The width of the PCHS is 500 mm, and 
that of the vertical joint is 20 mm.

The design principle of all specimens 
was “strong bending and weak shear” to 
study the connection behaviour of the verti-
cal joint. The longitudinal reinforcements 
of each boundary element are 5φ25, and 
the stirrups are φ8@100. The vertical and 
horizontal distribution reinforcements are 
φ8@180 and φ8@200, respectively. However, 
the horizontal distribution reinforcement of 
DW5-H is φ10@200. For PCHS shear walls, 
the vertical and horizontal distribution 
reinforcements were arranged in PCHSs. 
To ensure the connection between two dif-
ferent PCHSs, in each horizontal hole, 2φ8 
horizontal rebars with both ends anchored 
into the boundary elements were arranged. 
The connection between PCHS and the 
bottom beam depends on the vertical con-
nection rebar φ12 anchored in each vertical 
hole of PCHS. The studied parameters of 
precast concrete shear wall specimens are 
axial compression ratio, aspect ratio, and 
the magnitude of horizontal distribution 
reinforcements. The axial compression 
ratios of all specimens can be calculated as 
n = N/ fcA, where N is the axial compressive 
load, fc is the concrete compressive strength, 
and A is the gross cross-section. Note that 
the axial compression ratio of specimen 
DW2-N is 0.25, while the axial compression 
ratio of the other specimens is 0.15.

In actual structures, the vertical joints 
are used to connect different horizontal 
PCHSs. To comply with actual engineering 
conditions, a standard PCHS was averagely 
cut into two parts. Then they were rotated 
180 degrees so that two vertical edges of the 
standard PCHS were arranged relatively. The 
cut edge of the PCHSs was roughened, and 
the horizontal distribution reinforcements 
were exposed 140 mm, embedded into the 
edge boundary elements to strengthen the 
connection between PCHS and the boundary 

elements. The vertical distribution reinforce-
ments were embedded into the loading beam.

material properties
The actual cubic compressive strength 
( fcu,m) of concrete was tested on cubes with 
a size of 150 mm. The results of this test 

are shown in Table 1. The average concrete 
cubic compressive strength of each speci-
men was calculated based on the area ratio 
of precast or cast-in-situ concrete to the 
total wall cross-section. The test axial 
compressive strength of concrete ( fc,m) was 
taken as 0.76 fcu,m following GB 50010-2010 

Table 1 Concrete tested strength

specimens
concrete strength fcu,m (mPa)

Axial load n (kn)
Precast cast-in-situ Avg

SW0 – 32.27 32.27 950

DW1 43.11 35.20 39.16 1 257

DW2-N 43.11 35.20 39.16 1 928

DW3-L1 45.14 37.24 41.19 1 217

DW5-H 43.05 32.27 37.66 1 113

Table 2 Reinforcements tested strength

type grade fy,m (mPa) fu,m (mPa) δ (%) functions

A8 HPB300 320 475 27.50
Horizontal and vertical distribution 
reinforcements of PCHSs

C8 HRB400 417 473 21.25 Stirrups of the boundary elements

C8 HRB400 572 630 17.50
Horizontal connection rebars and vertical 
and horizontal distribution reinforcements 
of specimen SW0

A10 HPB300 323 452 22.00
Horizontal distribution reinforcements of 
specimen DW5-H

C12 HRB400 493 633 26.70 Vertical connection rebar

C25 HRB400 484 623 21.60
Longitudinal reinforcements of boundary 
elements

Column

Restraint beam

Distribute beam

Loading beam

Vertical jack

Horizontal
jack Base

Horizontal limiting 
displacement system

Shear wall

Bending beam

Figure 3 Test set-up
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(MOHURD 2015), which was used to cal-
culate the axial compression load.

The properties of rebars measured 
in tension tests are provided in Table 2, 
where fy,m, fu,m and δ denote the measured 
yield strength, measured tensile strength 
and percentage of total elongation after 
fracture, respectively. In Table 2, HPB 300 
denotes the hot-rolled plain rebars used 
in PCHSs, and HRB 400 denotes the hot-
rolled ribbed rebars used in other ones.

loading procedure and 
arrangement of measuring points
The test set-up is shown in Figure 3, and the 
lateral loading procedure is shown in Figure 
4. First, the constant axial compressive load 
provided in Table 1 was applied to the load-
ing beam of the specimens and held constant. 
Then, the cyclic lateral force was applied 
along the horizontal axis of the loading 
beam. Based on the elastic-plastic behaviour 
of ductile structural members, when the load 
was lower than the yield load, the force con-
trol method was used with a single loading 
cycle at each load level. The load increment 
was 300 kN for the specimens with an aspect 
ratio of 1.0, and 250 kN for the specimens 
with an aspect ratio of 1.5. After the lateral 
loading force had reached the yield load, 
the displacement control method with two 
repeated loading cycles at each displacement 

load level was chosen to investigate the 
strength degradation and rigidity degradation 
properties of the specimens. The incremental 
displacement was Δy, which is the horizontal 
yield displacement observed in the test. 
When the drift ratio of the specimens 
reached 1/40, or the lateral bearing capacity 
was lost, the test was terminated.

Load sensors measured the axial 
compressive and lateral loads. Also, a dis-
placement gauge (MH1) was positioned in 

the centre of the top beam to measure the 
horizontal displacement of the specimen. To 
obtain the displacement deviation caused by 
the slippage and the rotation of the bottom 
beam, a single displacement gauge (BH1) 
was placed on the horizontal, central axis 
of the foundation beam. In addition, two 
displacement gauges (EV5 and WV5) were 
placed on both sides of the shear walls. Two 
horizontal relative deformation measur-
ing devices (MH2, MH3) and two vertical 
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Figure 4 The lateral loading procedure

Figure 5  Layout of measurement points of specimens (unit: mm)
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relative deformation measuring devices 
(MV1, MV2) were positioned to measure the 
shear slippage and horizontal opening defor-
mation at the vertical joint and to measure 
the thickness of the region of the hollow 
core tubes. Strain gauges were mounted on 
longitudinal and horizontal rebars to moni-
tor strain responses at different locations, as 
shown in Figure 5 on page 59.

fAilure modes
The failure modes of all specimens were 
shear failure. However, for PCHS shear 
walls, a brittle failure did not occur. At peak 
load, the longitudinal reinforcement of the 
boundary elements did not yield, while the 
most horizontal distribution rebars yielded. 
Also, the root concrete of the boundary ele-
ments was not crushed during the test.

specimen sw0
Figure 6 shows the failure process and 
pattern of specimen SW0. It is worth men-
tioning that the positive and negative signs 
represent pull and push, respectively. Also, 
a cycle started with a push followed by a 
pull. When the lateral loads reached –345 
and +400 kN, horizontal flexural cracks 
appeared at the connection between the 
shear wall and the bottom beam. When the 

lateral loads were increased to –450 and 
+530 kN, minor shear cracks with a width 
less than 0.15 mm occurred. With increas-
ing lateral load, additional horizontal cracks 
occurred in the boundary elements, which 
developed into diagonal shear cracks. When 
the lateral loads were increased to –735 and 
+861 kN, diagonal tension cracks gradually 
formed. When the top displacement was 
controlled at –16.5 mm, the peak strength 
of –1 015 kN was obtained, and the width of 
the diagonal tension crack was 2.5 mm. At 
the next cycle, the width of the diagonal ten-
sion crack developed rapidly, and the lateral 
capacity decreased. Subsequently, the diago-
nal tension crack propagated throughout 
the panel, and the axial and lateral strengths 
decreased abruptly. Then the controlled top 
displacement reached –22.0 mm, the lateral 
load declined to around 80% of the peak 
strength, and the test was over.

specimen dw1
Figure 7 shows the failure process and pat-
tern of specimen DW1. When the lateral 
loads reached –310 and +350 kN, horizontal 
hair-like cracks appeared at the bottom of 
the specimen. When the drift ratio reached 
1/1000, the vertical joint was intact without 
cracking. When the lateral loads were 
increased to –376 and +350 kN, some short 

hair-like inclined cracks appeared at the 
vertical joint. As shown in Figure 7(a), when 
the lateral loads reached –550 and +597 kN, 
inclined shear cracks appeared at the height 
of 400 – 600 mm from the wall bottom.

With increasing controlled displacement, 
some short hair-like inclined cracks appeared 
around the area of vertical core tubes. When 
the drift ratios reached –1/315 and +1/403, 
a vertical shear crack region developed 
along the vertical core tube. Note that this 
crack region is 400 mm away from the west 
edge of the wall. Thereafter, three more 
vertical shear crack regions were formed 
around the thinnest region of the hollow 
core tubes. When the drift ratio was +1/138, 
some horizontal distribution reinforcements 
yielded, the precast concrete at the vertical 
shear crack regions spalled slightly, the hori-
zontal opening deformation at the vertical 
joint increased suddenly, and the specimen 
reached its peak strength, i.e. +804 kN. The 
longitudinal reinforcements of the boundary 
elements were still elastic, and the root con-
crete was not crushed (Figure 7(b)).

After the peak load point, vertical shear 
crack regions gradually developed into 
major vertical cracks, which separated 
the panel into multiple concrete straps. 
Thereafter, the load-bearing mechanism of 
the specimen was transformed from one 

Major shear 
crack

Major shear 
crack

W EW E

Figure 6  Failure process and pattern of specimen SW0

(a) Lateral load of 700 kN (b) Peak load point
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monolithic panel to a composite system 
with multiple vertical concrete straps work-
ing with horizontal connection reinforce-
ments. As shown in Figure 7(c), when the 
drift ratio reached 1/72, the ultimate point, 
in which the strength decreased to 85% of 

the peak strength, was achieved. Therefore, 
loading was continued, and more concrete 
spalling appeared around the major vertical 
cracks. The loading was terminated when 
the drift ratio was 1/36. At this point, 
cast-in-situ concrete in the vertical core 

tubes was still in good condition. However, 
as shown in Figure 7(d), severe spalling is 
found for the precast concrete around the 
outer parts of the vertical core tubes, while 
the specimen still maintained an excellent 
vertical load-bearing capacity.

W E

Vertical joint

W E

W E W E

Figure 7  Failure process and pattern of specimen DW1

(a) Lateral load 650 kN (b) Peak load point

(c) Ultimate point (d) Drift ratio 1/36
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specimens with variable parameters
The specimens under the test with variable 
parameters and at the ultimate point are 
shown in Figure 8. The axial compressive 
load of specimen DW2-N is 1 928 kN, and 
the corresponding axial compression ratio 
is 0.25, which is different from specimen 
DW1. When the horizontal hair-like cracks 
appeared at the bottom of the specimen, 
the lateral loads were –476 and +468 kN, 
which were 53.5 and 62.2% higher than 
for specimen DW1. When short hair-like 

inclined cracks appeared at the vertical 
joint, the lateral load of specimen DW2-N 
increased by 69.9% compared with that of 
specimen DW1. Also, when the first vertical 
shear crack region was formed, the lateral 
load of specimen DW2-N increased by 27.4% 
compared with that of specimen DW1. 
Thus, with increasing axial compressive 
load, the cracking loads of PCHS shear walls 
increased significantly (Figure 8(a)).

The aspect ratio of specimen DW3-L1 
is lower than that of specimen DW1, which 

is 1.0, while the cracking loads of specimen 
DW3-L1 are higher. Note that the number of 
inclined shear cracks of specimen DW3-L1 is 
more than other specimens. Also, the inclined 
shear cracks of two different directions 
intersect, and the precast concrete is cut into 
diamonds with various sizes. At the peak load 
point, vertical shear crack regions form at the 
thinnest region of the hollow core tubes, and 
minor spalling is also observed. Meanwhile, 
the horizontal distribution reinforcements 
yielded. When the drift ratio reached 1/37, the 
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Figure 9  Top lateral force-displacement hysteretic curves of walls

P/
f cbh

0

0.20

0.15

0.10

0.05

0

–0.05

–0.10

–0.15

(a) Specimen SW0

–0.20

∆/H
–0.032 –0.016 0 0.0320.016

(b) Specimen DW1

P/
f cbh

0

0.16

0.12

0.08

0.04

0

–0.04

–0.08

–0.12

–0.16

∆/H
–0.032 –0.016 0 0.0320.016

(c) Specimen DW2-N

(d) Specimen DW3-L1

P/
f cbh

0

0.16

0.12

0.08

0.04

0

–0.04

–0.08

–0.12

–0.16

∆/H
–0.032 –0.016 0 0.0320.016

(e) Specimen DW5-H

P/
f cbh

0

0.16

0.12

0.08

0.04

0

–0.04

–0.08

–0.12

–0.16

∆/H
–0.032 –0.016 0 0.0320.016

W

W E

W E

Figure 8  Crack distribution of specimens at the failure point

(a) Specimen DW2-N (b) Specimen DW3-L1 (c) Specimen DW5-H

E



Journal of the South african institution of civil engineering Volume 64 Number 2 June 2022 63

spalling was serious, while the specimen still 
maintained an excellent vertical load-bearing 
capacity, as shown in Figure 8(b).

The horizontal distribution reinforcement 
of specimen DW5-H is φ10@200, and the 
reinforcement ratio is 56% higher than that of 
specimen DW1. Note that the crack develop-
ment process of specimen DW5-H is similar 
to that of specimen DW1, but the crack width 
is smaller, as shown in Figure 8(c).

test results

hysteretic and envelope curves
The lateral force-displacement hyster-
etic relations at the top sections of the 

specimens are shown in Figure 9, in which 
the y-axis is the shear-compression relation, 
which is used to remove the effect of the 
concrete strength. Also, the x-axis is the 
drift ratio (θ), which is the ratio of the lateral 
displacement to the height of the specimens. 
Note that the shear-compression relation is 
calculated as P/( fcbh0), where P is the lateral 
load, b is the width and h0 is the effective 
height. Moreover, the effective height is 
calculated as h0 = h-as, where h is the width 
of the cross-section and as is the distance 
from the centroid of the longitudinal 
reinforcements in the boundary element to 
the corresponding edge of the shear wall. It 
can be seen that hysteretic curves of PCHS 
shear walls are much wider than those of 

the cast-in-situ shear wall SW0. The reason 
is that the failure mode of specimen SW0 is 
a brittle shear failure so that the specimen 
SW0 is broken down after the peak load. It 
is worth mentioning that the brittle failure 
of PCHS shear walls is prevented because 
the vertical shear crack regions form around 
the thinnest region of the hollow core tubes 
so that the development path of diagonal 
tension crack is prevented. For specimen 
DW2-N, the residual displacement at each 
load cycle was obviously small, implying low 
energy dissipation capacity. As the aspect 
ratio increases, the pinching phenomenon 
becomes more serious. The cracks of speci-
men DW5-H developed more thoroughly 
than the cracks of specimen DW1, and 
the hysteretic curves of specimen DW5-H 
are wider.

The envelope curves of the specimens 
are illustrated in Figure 10. As can be seen, 
the initial rigidity and maximal force of the 
cast-in-situ shear wall SW0 are higher than 
those of specimen DW1, but specimen SW0 
has no descending stage. After the peak 
load point, the lateral force of PCHS shear 
walls gradually decreases as the horizontal 
displacement increases. Also, the initial 
rigidity and the maximal force of specimens 
DW2-N and DW3-L1 are higher than 
those of specimen DW1. However, the peak 
displacements of specimens DW2-N and 
DW3-L1 are lower, and their descending 
stages are steeper. In addition, the maximal 
force increases slightly as the horizontal 
distribution reinforcements increase.

loading capacity, 
deformation and ductility
Note that the main results of all specimens 
are summarised in Table 3. It should also 
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Table 3 Characteristics of yield point, peak point and ultimate point

specimen
load 

direction

effective yield point Peak point
ultimate 

point Δu (mm)

displacement 
ductility 

coefficient μΔ
Py (kn) Δy (mm) Pm (kn) Pm/(fcbh0) Δm (mm)

SW0
push 724 7.04 1 015

0.164
16.50 16.50

2.38
pull 685 6.10 915 14.75 14.75

DW1
push 556 4.78 751

0.109
15.55 36.63

7.34
pull 574 3.99 804 15.80 27.77

DW2-N
push 618 3.49 853

0.122
12.20 21.49

4.94
pull 709 5.73 887 13.41 24.06

DW3-L1
push 718 2.94 992

0.130
9.18 15.27

6.33
pull 617 1.64 957 8.90 13.71

DW5-H
push 629 5.76 838

0.121
23.05 38.17

6.15
pull 626 6.19 817 23.09 35.32
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be noted that the effective yield point is 
generated from the envelope curves by 
the geometric drawing method. Also, the 
ultimate point is taken as the point cor-
responding to a 15% reduction in lateral 
load resistance. In addition, the shear 
compression ratio Pm/ ( fcbh0) is used to 
remove the effect of the concrete strength. 
The displacement ductility coefficient is 
the ratio of the ultimate displacement (Δu) 
to the yield displacement (Δy). According 
to Table 3, the displacement ductility coef-
ficients of PCHS shear walls are more than 
or close to 5.0, which are higher than the 
displacement ductility coefficients of the 
cast-in-situ shear wall SW0. Also, PCHS 
shear walls have an excellent deformation 
capacity.

Compared with the cast-in-situ shear 
wall SW0, the lateral bearing capacity of 
specimen DW1 reduces by 33.5%. The 
reason is that there are some old–new 
interfaces between the PCHS shear walls 
and the vertical joint. Also, the relative 
deformation between the old and new 
interfaces occurs earlier in the test to affect 
the integrity of the walls. The effective 
yield load and the peak load of specimen 
DW2-N are 17.4 and 11.9% higher than 
those of specimen DW1. However, the peak 
displacement and the displacement ductil-
ity coefficients are 18.3 and 32.7% lower.

Specimen DW3-L1 has a low aspect 
ratio equal to 1.0, while its drift ratio at the 
peak load point is over 1/100. Also, the dis-
placement ductility coefficient of specimen 
DW3-L1 is 6.33, which is similar to that of 
specimen DW1. When the aspect ratio of 
the precast shear wall declines from 1.5 to 
1.0, its lateral bearing capacity increases by 
19.2%. Also, the effective yield load, effec-
tive yield displacement, peak load, peak 
displacement, and ultimate displacement 
of specimen DW5-H are all higher than 
those of specimen DW1. Thus, it can be 
concluded that, with the increase of the 
horizontal distribution reinforcements, the 
mechanical behaviour of PCHS shear walls 
is improved, even if the horizontal distribu-
tion reinforcements are not continuous. 
The reason is that the development of the 
vertical shear crack at the thinnest region 
of the vertical hollow core tubes can be 
retarded by the horizontal distribution 
reinforcements.

shear slippage and horizontal 
opening deformation
As Figures 11 and 12 illustrate, in precast 
shear walls the joints that connect PCHSs 

and internal precast to the cast-in-situ con-
crete interfaces perform effectively. This 
is clearly obvious from the shear slippage 
in vertical joints and vertical shear cracks. 
Figures 11 and 12 also show that, at the 
initial stage when the drift ratio is less than 
1/600, there is no shear slippage or hori-
zontal opening deformation in the vertical 
joints and vertical cracks. Thus, it can be 
concluded that PCHS shear walls are inte-
grated, and the vertical joints can ensure 

a reliable connection between different 
PCHSs. Before reaching peak load, there 
is a slight shear slippage and horizontal 
opening deformation at the vertical joints. 
However, no shear slippage and horizontal 
opening deformation at the vertical shear 
cracks are found, because the vertical shear 
cracks at the thinnest region of the vertical 
hollow core tubes are not formed. Note 
that, at the peak load, the shear slippage 
of all PCHS shear walls is 1.58 – 3.48 mm 
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and, at the vertical joints, the horizontal 
opening deformation is 0.23 – 0.92 mm. 
After the peak load, the vertical shear crack 
regions gradually developed into major 
vertical cracks, and the shear slippage and 
the horizontal opening deformation were 
generated and increased with increas-
ing controlled displacement. It is worth 
mentioning that the shear slippage and 
the horizontal opening deformation at the 
vertical joints also increased.

The shear slippage and the horizontal 
opening deformation of the other speci-
mens at the vertical joints are less than 
those of specimen DW1 under the same 
lateral load. Thus, with increasing axial 
compressive ratio and horizontal distribu-
tion reinforcements and with decreasing 
aspect ratio, the shear slippage and the 
horizontal opening deformation are less. 
However, there is no specific rule for the 
vertical shear cracks.

conclusions
An innovative precast shear wall system – a 
shear wall structure that was built with 
precast concrete two-way hollow slabs 
(PCHS shear walls) – was proposed in this 
study. Noncontact lap splices of rebars with 
vertical and horizontal holes were used in 
joints to connect adjacent precast panels. The 
mechanical behaviour of four PCHS shear 
walls was experimentally analysed and com-
pared with one cast-in-situ shear wall. Also, 
the connection performance of the vertical 
joints was studied. The following conclusions 
can be drawn from the results of this study:

 Q It was shown that all specimens 
achieved the desired “strong bending 
and weak shear” and failed in the shear 
mode. The failure mode of PCHS shear 
walls was characterised by plenty of 
crisscross inclined cracks with a uni-
form width and vertical cracks along the 
thinnest region of the hollow core tubes. 
Shear slippage at vertical joints and 
vertical cracks prevented the common 
main diagonal cracks and brittle failure 
in the cast-in-situ shear wall.

 Q The bearing capacity of PCHS shear walls 
was 33.5% less than that of the cast-in-situ 
shear wall because of the old–new con-
crete interfaces. However, the deforma-
tion capacity was improved significantly. 
The displacement ductility coefficient 
reached 7.34, and the ultimate drift was 
1/33, which were greater than those of 
the cast-in-situ shear wall. Thus, PCHS 
shear walls can be used as primary lateral 
resistant members in highrise structures.

 Q The vertical joint in this study was 
a noncontact lap splice, which con-
tributes to automated assembly and 
facilitates pouring concrete in-situ. 
It could enable PCHS shear walls to 
exhibit stable load-bearing capacity with 
extensive deformations.

 Q With increasing axial compression ratio, 
the bearing capacity increased, but the 
displacement ductility coefficient, the 
peak, and the ultimate displacement 
of the precast shear walls decreased. 
The aspect ratio had a significant 
impact on the mechanical behaviour 
of PCHS shear walls. As the aspect 
ratio decreased, the bearing capacity 
increased, and the deformation  capacity 
was weakened. Also, the bearing 
capacity and the deformation capacity 
increased with increasing horizontal 
distribution reinforcements, even if the 
horizontal distribution reinforcements 
were discontinuous.
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introduction
The sustainability of transportation 
systems is a global concern, and has been 
for decades (Zhou 2012). Sustainable 
transportation could provide the present 
needs without compromising the ability 
of future generations to fulfil their own 
needs (World Commission on Environment 
and Development 1987). The essence of 
developing transportation infrastructure is 
to provide an all-inclusive means of mobility 
for users towards supporting daily oppor-
tunities with minimal externalities and 
environmental impacts (Wang et al 2018). 
Furthermore, sustainable transportation 
infrastructure results in economic growth, 
reduced poverty and improved quality of life 
in urban areas (Litman 2016; Tsikai 2016).

An indispensable aspect of sustainable 
and economically efficient transportation 
is non-motorised transportation (NMT). 
NMT, also called active transport and 
human-powered transport, includes all 
forms of travel that do not rely on an engine 
or motor for movement, including walking, 
cycling, using small-wheeled transport 

(skates, skateboards, push scooters and 
hand carts) and wheelchairs (Yazid et al 
2011; Vanderschuren 2012; Jain & Patil 
2015). In most South African cities there is 
an increase in population, and the reliance 
on NMT will become inevitable over time. 
Studies show that the adoption of NMT 
and technological developments enhances 
mobility and economic development in 
many cities, while the attendant negative 
impacts of motorised transportation can-
not be overlooked (Vanderschuren et al 
2014; Ligege & Nyarirangwe 2015). The 
inadequate management and poor mainte-
nance of vehicles, carbon emissions, traffic 
congestion, road accidents and consumption 
of finite resources pose worrying concerns 
in transportation infrastructure delivery 
(Yazid et al 2011; Rastogi 2011; Balsas 2015). 
Therefore, the significance of NMT is 
crucial towards protecting the environment, 
improving lives and making cities more 
inclusive, as indicated in the United Nations’ 
Sustainable Development Goal (SDG) 
number 11. NMT is important because it 
aims to reduce the environmental impacts 

optimising sustainable 
mobility: A performance 
assessment of non-motorised 
transport infrastructure in 
Johannesburg, south Africa
C S Okoro, K Lawani

Transportation systems are somewhat incomplete without integrating non-motorised transport 
(NMT) facilities to ensure safety, security, convenience, productivity and reduced environmental 
impact from such projects. This study examined the performance of NMT infrastructure and 
services provided to ensure smart transport and mobility in Johannesburg, South Africa. 
Two projects were identified as case studies, and a total of 21 semi-structured, open-ended 
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to enable the acquisition of relevant information. Data was analysed using thematic content 
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of transport developments and maintains 
a clean and healthy environment for good 
quality of life (Steg & Gifford 2008). The role 
and the effectiveness of NMT infrastructure 
in enhancing economic development and 
achieving SDGs were emphasised by the 
World Bank (2017). The projections of 
SDG 11.2 indicate that by 2030 most societ-
ies should be capable of providing access to 
affordable, accessible and sustainable trans-
port systems for all, improving road safety, 
notably by expanding public transport, 
with particular attention to the needs of the 
vulnerable population (women, children, 
disabled and elderly) (UN Habitat 2020).

Economically efficient, equitable and 
sustainable urban transport planning can be 
achieved by delivering multi-modal trans-
port systems inclusive of non-motorised 
modes (Rastogi 2011). Similarly, most 
people in many parts of the world are 
reliant on NMT as a travel mode because 
it is environmentally less damaging and 
improves accessibility and social cohesion 
(Nuriye et al 2014). However, the provision 
and sustainability of NMT infrastructure 
are fraught with challenges such as lack of 
existing infrastructure, poor traffic safety 
records, limited funding, lack of parking 
facilities, and affordability (Yazid et al 2011; 
Labuschagne & Ribbens 2014). Furthermore, 
NMT users are seldom given due consider-
ation or consultation during the planning 
and provision of sustainable transportation 
infrastructure, making this study timely.

There are existing studies on NMT 
infrastructure. Nuriye et al (2014) showed 
the predominance and distribution (nature) 
of NMT usage by households in Ethiopia, 
while Mitullah and Opiyo (2012) highlight-
ed the challenges of implementing NMT 
infrastructure in Nairobi. These studies 
indicated that policy challenges, inappropri-
ate design and location, lack of supporting 
measures to prevent encroachment on NMT 
infrastructures such as footbridges, traffic-
calming measures and pedestrian crossing 
signs hinder the implementation of NMT 
infrastructure. Mkhize et al (2009), and 
Labuschagne and Ribbens (2014) focused on 
policies and planning framework to support 
the delivery of NMT infrastructure, and 
indicated the role of NMTs in South Africa 
as an independent and primary mode in 
transport planning and feeder systems to 
public transport services. Mokitimi and 
Vanderschuren (2016) investigated the state 
of NMT infrastructure in the Limpopo 
Province of South Africa, emphasising 
pedestrian safety improvement. The City of 

Johannesburg’s (CoJ) efforts to improve the 
state of NMT infrastructure along major 
Bus Rapid Transit (BRT) linkages were also 
captured in the planning and feasibility 
studies (CoJ 2016). This study evaluates 
the performance of NMT infrastructure 
through the lens of the end-users to proffer 
ways of improving its performance and sus-
tainability in two areas served mainly by the 
BRT in Johannesburg. The study is signifi-
cant because there is a dearth of literature 
focusing on the actual performance of such 
NMT infrastructure in South Africa.

literAture review

non-motorised transport 
infrastructure
NMT infrastructure plays an essential 
and unique role in providing an efficient 
transport system, thereby providing essential 
mobility and accessibility to daily opportuni-
ties. NMT is a sustainable form of mobility 
and is considered by most people in any 
country as a reliable travel mode (Nuriye et 
al 2014). In cities in Japan, Germany and the 
Netherlands, 40% to 60% of all trips are made 
by walking and cycling, and in large African 
cities like Kinshasa in the Democratic 
Republic of Congo, and Dar es Salaam in 
Tanzania, walking accounts for two-thirds of 
total trips (Vanderschuren 2012). Provision 
and improvement of NMT infrastructure 
result in the prevention of several diseases, 
increased life expectancy, reduction in health 
care costs, and improvement in health and 
wellbeing – thus a beneficial investment 
(Skayannis et al 2017; 2018). Sustainable 
NMT infrastructure also reduces the 
environmental impacts of transport develop-
ments towards maintaining a clean and 
healthy environment for a good quality of life 
(Steg & Gifford 2008). Therefore, major cities 
are progressively moving towards NMT as a 
sustainable transportation system (Mkhize et 
al 2009; Rastogi 2011; Yazid et al 2011).

Performance indicators for non-
motorised transport infrastructure
The adoption of performance measure-
ment involves analysing how well policies, 
programmes and projects perform concern-
ing their intended goals (Dhingra 2011). It 
includes monitoring and evaluating different 
aspects that commonly affect operating 
conditions, such as traffic flow, safety, 
road maintenance conditions, accessibility 
and environmental impact (Fancello et al 
2014). Key performance indicators for road 

transportation infrastructure have tradition-
ally been associated with technical measures, 
emphasising functional performance, visual 
appearance and structural integrity (Horak 
et al 2001). However, road infrastructure user 
surveys should include various kinds of users, 
including NMT users (Parkhurst et al 2015).

The performance of NMT infrastructure 
can be viewed as sustainable when there 
are good traffic calming and manage-
ment measures in place, reduced traffic 
injuries and incidents, improvements in 
infrastructure, reduction of environmental 
impacts, enhancement in the quality of life 
and health of users, as well as benefits to 
the functionality of the city (Vanderschuren 
2012; Skayannis et al 2018). Therefore, the 
evaluation of the performance of NMT 
projects was considered based on the follow-
ing indicators by authors Kenworthy (2006), 
Vanderschuren (2012), Vanderschuren et al 
(2015), Mokitimi and Vanderschuren (2016), 
and Baufeldt and Vanderschuren (2017):

 Q Level of usage of the facilities – sus-
tainable NMT mobility considers the 
fact that NMT has a robust desire line 
approach, which is based on identifying 
the shortest and most used paths.

 Q Traffic management (in terms of speed 
and volume) – traffic that conflicts with 
NMT must be managed, and existing 
traffic calming measures put in place to 
control the speed and volume of traffic.

 Q User satisfaction – an integrated 
approach to providing NMT facilities, 
which considers the various stakeholders 
involved and their level of satisfaction.

 Q Level of service – the services provided 
by NMT infrastructure should serve the 
needs of multiple users at a reasonable 
cost within the physical constraints of 
the available road reserve.

 Q Safety and security – the perceived 
safety and security by users should be 
improved with NMT infrastructure.

 Q Quality of facilities – the condition of 
non-motorised modes and facilities is 
a key dimension in the development of 
sustainable cities.

 Q Improved commercial activities along 
the route.

 Q Comfort and convenience.
The performance of NMT infrastructure 
was also assessed based on intended objec-
tives for implementing the projects at the 
time of planning, such as the end-users’ pri-
orities and needs (Ramorobi et al 2010). The 
projects included in this study were intended 
to enhance accessibility to nearby BRT sta-
tions and improve the users’ quality of life.
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methods

research design
This study adopted a multiple case study 
approach to obtain in-depth information 
regarding the performance of NMT infra-
structure based on the end-users’ perception 
from selected case study areas. The case 
study method was fundamental because it 
explores a real-life contemporary system (a 
case) or multiple bounded systems (cases) 
over time, through detailed, in-depth data 
collection involving multiple sources of 
information, and reports a case description 
and case themes (Creswell 2013:97). It can 
involve an in-depth investigation of a single 
or small number of units at a specific point 
in time. Case study approaches are some-
times criticised for being biased or capable 
of selecting wrong cases, which could result 
in the lack of theoretical generalisation, but 
the use of multiple cases helps overcome 
this shortcoming, and the use of a case 
study approach is becoming increasingly 
popular, thus demonstrating its credibility 
(Thomas 2011; Hyett et al 2014). Adequately 
contextualising this study meant investi-
gating the core issues through the lens of 
the end-users of the NMT infrastructure 
relative to their experiences, perceptions 
and how they attribute meaning to specific 
events through semi-structured interviews 
(Creswell & Creswell 2018).

sampling
A qualitative research method using a 
purposive non-probability sampling strat-
egy was adopted as the most appropriate 
strategy. The rationale for using purposive 
sampling is to focus on specific predefined 
groups (NMT users) assumed to be repre-
sentative (a cross-section) of the population 
(Creswell 2014; Creswell & Poth 2017). A 
total of 21 semi-structured interviews were 
conducted in 2018, and it was identified 
that no new information was emerging and 
therefore having additional participants 
would not necessarily add more value 
(Mason 2010). Qualitative studies do not 
require large sample sizes because the aim 

is not generalisability but rather to obtain 
rich information on the participants’ expe-
riences. Furthermore, saturation can occur 
among a relatively homogenous population 
of multiple case studies with a sample 
of 12 participants (Boddy 2016). The 21 
participants comprised thirteen males and 
eight females, i.e. four students, two street 
vendors, two security guards, two shop-
keepers, one receptionist, one delivery man, 
one restaurant owner and one antiques 
shop owner, while seven participants failed 
to disclose their occupation.

interview data collection
The data collection was based on the per-
ception of the users of the NMT infrastruc-
ture, and adopting a semi-structured open-
ended interview approach was useful in 
gaining more insight through their lens. The 
interview schedule addressed the following 
context: perceived safety using the improved 
routes, level of usage, cleanliness, cost, 
maintenance, interference of motorists and 
land-use patterns, the mode of transport 
they predominantly use (demand or level of 
usage), the improvements made in the area, 
the level of satisfaction with the quality/con-
dition of infrastructure, frequency of infra-
structure maintenance and quality, traffic 
management and control, safety manage-
ment programmes in the community, value-
added elements such as the attractiveness of 
the area, street furniture and the emergence 
of new business ventures. Other aspects 
included accessibility of the infrastructure 
to all, including the disabled (sidewalks with 
wheelchair access and ramps) and com-
munity involvement in maintenance. These 
items further build on existing contexts 
identified in literature as performance meas-
ures for NMT infrastructure (Kenworthy 
2006; Vanderschuren 2012; Vanderschuren 
et al 2015; Mokitimi & Vanderschuren 2016; 
Baufeldt & Vanderschuren 2017; Skayannis 
et al 2018).

Out of the 21 interviews, 10 were in 
two South African native languages (Zulu 
and Sotho) because the people felt more 
comfortable being engaged in their native 

language. Therefore, the questions were 
translated from plain English to Zulu and 
Sotho, while the responses were tran-
scribed and translated verbatim to plain 
English by the researchers. Eleven partici-
pants preferred to be interviewed in the 
English language. The average length of the 
sessions was 25 minutes. The purpose of 
the study was explained, and participants’ 
consent was sought to audio-record the 
sessions before commencement.

data analysis
The data was thematically analysed with 
the aid of ATLAS-ti scientific software to 
identify common themes related to the 
performance of NMT infrastructure. The 
six-phase approach in Braun and Clarke 
(2006) was adopted to ensure trustworthi-
ness in the research. These entailed famil-
iarisation with the data (immersing oneself 
to understand the meaning of the words in 
the transcriptions); generating initial codes 
(identifying and collating codes relevant to 
answering the research question); search-
ing for themes (identifying codes with 
similar patterns); reviewing themes (against 
the collated data extracts and research 
question); defining and naming themes 
(in relation to literature, to capture many 
realities and provide accuracy); and writing 
up (compiling the report logically). The two 
projects were analysed on a case-by-case 
basis, but the ensuing discussion collec-
tively used cross-case analysis to identify 
the factors captured in the performance of 
both projects. Through cross-case analysis, 
it was possible to identify, compare and 
validate attributes common to these cases 
(Ghauri & Firth 2009; Beermann 2017).

reference cAse studies
The two case study projects are the 
Rosebank–Sandton and Soweto–
Johannesburg Central Business District 
(CBD) Line 1B NMT infrastructure. These 
are presented in terms of the brief feasibil-
ity studies and factors considered during 
the planning phase. Table 1 gives a profile 

Table 1 Profile of the case study projects

no Project

Project characteristics

description
feasibility 

study 
timeline

Procurement/
financing 
structure

number 
of private 
partners

Project 
amount

number 
of years in 
operation

1 NMT–Soweto, Johannesburg CBD and Line 1B New 2012–2013 Public Nil R2 315 000 3

2 NMT–Rosebank–Sandton Upgrade 2014 Public Nil N/A 2
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of the projects, which have been opera-
tional for three and two years, respectively. 
Figure 1 shows the NMT routes as pro-
posed in 2009 along BRT lines within the 
CoJ Metropole (Figure 2) in the Gauteng 
Province of South Africa.

case study 1: rosebank–sandton  
nmt infrastructure
The Rosebank–Sandton NMT project 
was a rehabilitation project that entailed 
improvements on existing NMT infra-
structure. The CoJ undertook these 
improvements to cater for walking and 
cycling passengers on these routes. The 
facilities included sidewalks, cycle paths 
and lanes; lighting to improve security; 
signage, route markers and information 
kiosks; landscaping and street furniture; 
special needs passenger accessibility; and 
pedestrian crossings (CoJ 2016). These 
improvements were intended to address 
critical aspects of the Johannesburg 
Growth and Development Strategy 
outcomes, including economic growth, 
environmental quality, accessibility and 
connectivity, liveability (create a vibrant 
public realm with high-quality public 
space), social cohesion and inclusivity; 
and public transport orientated develop-
ment and intermodal integration. The 
implementation comprised four routes in 
the area, including Route 1, which con-
nects Rosebank to Sandton; Route 2, which 
serves the Parkview area and links to the 
Rosebank CBD; and Routes 3 and 4 linking 
Melrose Arch to Rosebank. The Rosebank–
Sandton NMT project was included in this 
study because of the sustainability and 
socio-economic impact and the availability 
of rich data on the feasibility studies con-
ducted for the project.

Rationale, processes and business case
The feasibility study for the project was 
conducted in 2014, and it compared and 
considered the proposed routes and initia-
tives with other NMT projects planned 
in the area to align and integrate them 
with existing proposals. Similarly, traffic 
counts were conducted to determine the 
demand along routes and major intersec-
tions. The NMT policy guidelines and 
framework, as well as national, provincial 
and municipal policies, included the 
National NMT Policy 2008, Pedestrian 
and Bicycle Facility Guidelines 2002, 
National Public Transport Action Plan 
2007, Gauteng Province Draft NMT Policy 
2011, 2025 Gauteng Integrated Transport 

Master Plan 2013, the CoJ Draft NMT 
Policy, and the Department of Transport’s 
NMT Facility Guidelines 2014. Another 
international guideline and planning doc-
ument was the 2009 Connect2Greenways 
Guidelines, Sustrans, United Kingdom 
(Wray & Gotz 2014).

Selection criteria
For the Rosebank–Sandton NMT, factors 
such as congestion levels (traffic), usage 
of (demand for) the services, needs of the 
users, safety, design, condition of exist-
ing infrastructure, natural environment, 
parking facilities, accessibility (distances 

Figure 1 Non-motorised transport routes as proposed in 2009 (CoJ 2013b)

Figure 2 Map of Gauteng showing the City of Johannesburg Metropolitan (SA Venues 2021)
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to users), and cost were considered. In 
addition, other specific conditions of the 
environment (topography, condition of land 
use, walking distances and integration with 
existing motorised transport facilities) were 
paramount considerations, similar to the 
study conducted by Yazid et al (2011). The 
provision of NMT facilities should cater to 
a wide range of users by ensuring the safety 
of road users, improved liveability, welfare, 
and the environmental and sustainability 
issues (Vanderschuren et al 2015).

case study 2: soweto–Johannesburg  
cbd and line 1b nmt infrastructure
The CoJ proposed new pedestrian 
linkages and infrastructure along the 
Soweto–Johannesburg CBD and Line 1B 
routes requiring facilities for NMT for 
ease of access to BRT stations. The routes 
included streets providing major link-
ages to the Rea Vaya Stations in Soweto, 
and the Johannesburg CBD and Line 1B 
project (including the UJ–Wits route, i.e. 
University of Johannesburg and University 
of the Witwatersrand) within the CoJ. 
The estimated cost for the projects was 
approximately R2 315 000 ($170 000) (CoJ 
2013a:9). These included cost for light-
ing, sidewalks and cycling infrastructure 
improvements. This study evaluated the 
NMT projects because they are a strategic 
form of transportation that attracts little 
attention even though it provides variety 
and contributes to a holistic inclusion of all 
forms of transportation infrastructure.

Rationale, processes, and business case
The feasibility study was conducted in 
2012–2013. It entailed site investigations, 
interviews, and surveys to determine the 
community’s needs based on passenger 
volume and needs, the condition of facili-
ties and safety within the areas in accessing 
the Rea Vaya stations by walking and 
cycling. The stakeholder routes and pre-
ferred lines were identified, and the needs 
of the community members and users 
were investigated using interviews and site 
observations. A passenger interview survey 
was introduced to establish the peak hour 
for commuter volume, station passenger 
counts, condition of facilities, amenities 
and pedestrian links, and accident occur-
rence rates along the networks. The UJ–
Wits proposed routes in the Johannesburg 
CBD were further verified and updated 
with stakeholder consultations and site vis-
its (CoJ 2013a), with references to existing 
infrastructure audit observations.

Selection criteria
The criteria for selecting priority passenger 
volume, community facilities, quality of 
infrastructure (percentage of inadequate 
or non-existent), pedestrian infrastructure 
(areas with the greatest needs within the sta-
tion precinct), distances walked >30 minutes 
to access the stations (proximity to stations), 
and pedestrian accident occurrence (places 
within the station precincts which are 
unsafe for pedestrians to use) (CoJ 2013a:8). 
The feasibility study (Johannesburg CBD – 
UJ/Wits route) incorporated topography, 
current land use and desire lines, urban 
quality, impact on current accesses and 
businesses, and personal security in addition 
to traffic volume and speed. These variables 
were deemed to influence the performance 
of projects during the operational stage 
because they pose potential risks to the 
project and stakeholders (private investor or 
society) and were considered at the feasibil-
ity stage (Bracarense et al 2016).

findings
The analysis identified common themes 
related to the performance of NMT 
infrastructure. The performance of the 
Rosebank–Sandton NMT infrastructure 
was evaluated based on the intended objec-
tives of improving accessibility and quality 
of life of users viz-a-viz aspects, including 
the level of usage (demand) for the non-
motorised facilities, state of the facilities, 
congestion, new business ventures, uni-
versal accessibility, safety, and satisfaction 
with the transport infrastructure condition 
and services. Likewise, the performance 
of the Soweto–Johannesburg CBD NMT 
projects was assessed based on acces-
sibility, quality of infrastructure (pleasant 
cycling and walking environment and state 
of the sidewalks provided), as well as per-
ceived safety while accessing the Rea Vaya 
stations. This study also reflects on the 
maintenance of the facilities, the transport 
needs and satisfaction, concerns with noise 
pollution, and community involvement in 
cleaning and maintenance of the facilities. 
In addition, issues related to safety and 
security of users residing farther from the 
stations and needing to walk longer dis-
tances were considered.

level of usage
The high level of dependence on privately 
owned cars in urban areas and the low 
population densities and developments 
in the rural areas, coupled with lack of 

accessibility to transport links or hubs, 
can make mobility and commuting oner-
ous. Moreover, in developing countries 
there is very little consideration of or a 
sense of awareness regarding planning 
for mobility in cities to incorporate NMT 
infrastructure, and little attention is paid 
to the needs of NMT users in terms of 
road space, crossings and other ameni-
ties, thus resulting in increased accidents 
(UN Habitat 2009).

Although the NMT infrastructure 
facilities were improved in the case study 
areas to increase access to nearby BRT 
stations, participants reported that the 
facilities were in low demand as they (the 
participants) had alternative modes of 
transport besides the BRT (including taxis 
and Uber), so they had little or no need 
for NMT infrastructure nearby the BRTs. 
According to the respondents:

There are cycling lanes along the route … 
but I do not think anybody uses them … 
maybe they use them at night or early in 
the morning … but I seriously doubt it.
 I have not used the BRT in a long time. 
I drive now or use taxis when I want to 
save fuel.
 I use taxi. I have no other options. 
Access is not easy. I find it easier to use 
taxis – I want to use it, but I can’t, because 
they do not have stations where I live. It is 
about a 45-minute walk to access the BRT.
 I use the BRTs more than taxis; there 
are delays, but it is more efficient in the 
morning [when] there are a lot of buses …
 I do not use the BRT … I sometimes 
use taxis. But mostly, I use the bike.
 I use Uber when I need to get to work 
quicker or to the airport or in a rush. 
Otherwise, I use Gautrain …

The participants’ perceived level of usage 
indicated minimal uptake of the use of the 
NMT facilities. Issues highlighted were 
accessibility and availability of alternative 
modes of transport. The improvement of 
the NMT facilities seemed to meet the 
general needs of the pedestrians, but those 
of the cyclists are inadequate.

traffic congestion
Traffic congestion in South Africa relative 
to other parts of the world contributes to 
environmental, social and economic costs in 
the form of high resource consumption and 
greenhouse gas emissions. Therefore, devel-
oped nations and major cities around the 
world are strategically improving their transit 
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networks with greener alternatives and com-
plementing these with NMT to avoid traffic 
congestion. Regarding traffic congestion, the 
participants in both areas reported:

… There are spaces for cyclists at the back 
of the mall. That improved because of the 
Rea Vaya. They had to make provision 
for the cyclists, but the problem is that 
whenever they improve and add demarca-
tions, Uber and taxis always find a way to 
block those …
 The road is very busy because there 
are taverns and food stalls there … so 
instead of using two lanes, they use one 
lane … most cars are parked by the food 
stalls … so it is not that there is traffic 
congestion. Traffic is flowing, just that the 
road is busy … generally, the busier roads 
get congested sometimes … for example, 
a circle by N17, there’s a lot of traffic there 
… it’s a central road … traffic officers 
control traffic there during peak hours …
 Traffic flow is horrendous and with 
construction happening in each corner. … 
Those construction companies are operat-
ing at the same time when we’re supposed 
to be getting to work.
 There is too much maintenance on the 
roads now … we are all sharing one lane 
and it is heavily congested.
 From 14:00 to 19:00 the traffic is bad 
… the buses just stop on the roads … 
there is no bus stop. Even Rea Vaya stops 
on the road. On some roads, there’s just a 
shelter and signpost … they cause traffic 
 congestion …
 There are no lanes for the Rea Vaya …

The participants’ accounts indicated that 
NMT facilities were being misused due to 
inadequate parking facilities for motorised 
transport and ongoing maintenance. Plans to 
improve NMT infrastructure delivery should 
include measures to incorporate and manage 
design elements that could impact traffic 
management and calming measures in the 
areas. For example, strategies may include 
lowering the speed limits of motorised traf-
fic, and increasing the number of road traffic 
officers and speed cameras. In addition, 
attention to design elements, such as the 
provision of dedicated lanes for BRTs and 
parking facilities for cyclists would alleviate 
traffic problems (Vanderschuren et al 2014).

Quality and condition 
of infrastructure
One of the significant difficulties with 
NMT facilities is the ability to consistently 

maintain the quality, cleanliness and 
condition of these facilities to meet the 
needs of users such as pedestrians, wheel-
chair users and cyclists. The following 
are examples of study participants’ mixed 
feedback, ranging from satisfactory main-
tenance and cleaning to relatively good 
infrastructure (pedestrian walkways and 
cycle lanes):

Road works are done … stormwater and 
drainage issues are fixed …
 The streets mostly are clean … waste 
disposal is okay … dumped in a field, 
incinerated at times ...”
 The roads are clean.
 There is always someone doing some-
thing … In terms of cleanliness, they are 
number 1.
 … there are no potholes … Diepkloof 
[in Soweto] is an area that is developed, 
there are not a lot of things that need to be 
improved … there aren’t much issues there 
… they are in good condition …
 Phase 2 is okay and clean because it 
is relatively new … the cleaner side of 
Soweto.
 Happy with maintenance and cleaning 
… but when there is a strike, no one comes 
around.

Some of the participants strongly believed 
that the level of maintenance could be 
better:

Sandton roads are not good, even though 
it is a nice area. I have never understood 
that. It is not that amazing.
 … they do the paving … drainage 
issues happen once in a while …
 They have done the sidewalks, 
although they are not in good condition, 
not maintained regularly. They do not 
maintain the pavements anymore.
 There are streetlights, but they do not 
work; things get vandalised … there are no 
cycle lanes around this side.
 The condition of the roads [pavements] 
is not good … some potholes here and 
there … but the sidewalks are fine, clean 
and maintained.
 … Generally, the quality is good, but 
there is always room for improvement.

Other comments on community participa-
tion in cleaning and maintenance were 
proffered:

The residents clean their part of the street 
… It is how we grew up … so that the part 

of the street looks presentable … other 
than that, some people clean these roads.
 There is this program called Jozi-At-
Work … they do waste management, try 
to maintain the parks and roads … they 
are community members … Pik-It-Up also 
collects waste.
 Pik-It-Up comes once a week on 
Thursdays to clean.

Other issues raised were poor visibility 
and lack of appropriate road demarcations 
and markings. There was evidence of 
inadequate maintenance with vegetation, 
waste and loose paving along the walk-
ways in some of the areas. For the CoJ to 
achieve cleaner streets and sustainable 
NMT infrastructure quality, there should 
be well-structured longterm strategic 
policies for urban planning to effectively 
ensure that the quality and conditions 
of the available infrastructure are fit for 
purpose, meet the demand for connectiv-
ity, safety and community goals (Handy 
& McCann 2010). Decisions about where 
and how to invest in NMT infrastructure 
and how to prioritise investments that can 
improve facilities are critical for metro-
politan areas (Handy & McCann 2010). 
Furthermore, the maintenance cost of 
NMT facilities requires careful considera-
tion and planning, as it can become signif-
icantly overwhelming for a municipality’s 
budget. However, proper implementation 
of such projects can improve accessibility, 
inclusivity, acceptance and usage in the 
local communities.

safety and security
Safety and security issues are barriers 
to NMT use, including other socio-
economic and geographic factors such 
as land use developments that restrict 
users’ movement, freeways and rail lines 
with inadequate safe crossing points, 
high-traffic roads, and security issues. 
Therefore, adequate consideration regard-
ing pedestrian safety, and minimising 
high traffic volumes and speeding are 
requisite decisions rele vant to enhancing 
safety within the locations. There are also 
safety-related issues regarding cycling in 
the lower-income areas of Johannesburg, 
which explain the limited number of 
cycling activities.

Overall, the participants were con-
cerned about safety and security while 
using NMT infrastructure due to recurring 
incidents and lack of resolving such issues 
by the authorities:
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The road is always congested, which 
is not safe for cyclists … but there are 
streetlights …
 … once you leave the stations and have 
to walk, it is not safe, especially at dawn 
or at night …. when an incident occurs, 
you find communities meeting and people 
walking around at night, keeping an eye … 
we have community police forum … they 
rotate vigilance …
 … it is the hood … there is always 
crime, but there’s guys from the security 
company, they come and say maybe 
every household should contribute so 
that they can do vigilante shifts … the 
police are not reliable, even when they are 
around there is always crime and people 
vandalising.
 Security guards are around, but these 
days, they all go next to the mall, then 
there is a higher rate of crime this side and 
phone snatches.

Some areas tend to be generally associated 
with more crime and road safety issues 
(Morgan 2017). Therefore, users of NMT, 
such as cyclist and pedestrians, perceive 
that the facilities should have more 
direct links to public transport stations 
and increased safety and security levels 
(Vanderschuren et al 2014). Approximately 
40% of the total road traffic accidents 
recorded in South Africa in 2012 were 
NMT-related (Cooke et al 2017; Mokitimi 
& Vanderschuren 2017). Increased CCTV 
surveillance and continuous patrol of 
law enforcement officers increased the 
perception of safety for NMT users in 
eThekwini Municipality in Durban, South 
Africa (Cele 2018). Also, awareness initia-
tives focusing on road safety education 

can provide opportunities for behavioural 
changes (for motorised and NMT users 
(Cele 2018)).

user satisfaction
User satisfaction was assessed in terms 
of reduced cost in using NMT facilities 
due to increased walking and accessibil-
ity near the Rea Vaya, which were some 
of the objectives for the provision and 
improvement of NMT infrastructure in 
the selected case study areas. However, the 
participants reported mixed feedback about 
savings and accessibility to the stations:

For some people, they have to take more 
than one taxi to get to the Rea Vaya.
 I am satisfied, we do not have a choice, 
there [is] no train station, there are no 
options, we just have to use what is avail-
able …
 Accessibility for the disabled is okay …
 The facilities are not wheelchair-
friendly for anyone. There is nothing that 
accommodates the disabled. Even the road 
from Starbucks is slanted. So, if you roll 
off, you roll off.

User satisfaction information captured 
over a period of time has the potential to 
contribute to infrastructure planning pro-
cesses for municipalities with the capability 
of demonstrating user trends, patterns and 
behaviour, e.g. cycling activities within 
the lanes could serve as a basis for future 
developments. Furthermore, with NMT 
infrastructure users can enjoy benefits such 
as reduced fuel costs, vehicular expenses, 
licence fees, registration rates and related 
taxes, as well as saving on public transport 
fares (Cooke et al 2017). Similarly, to 

promote social inclusion, NMT infrastruc-
ture should be accessible to all, including 
the disabled (Vanderschuren et al 2015; UN 
Habitat 2020).

new business ventures
Some key infrastructural components of 
NMT have resulted in the funding of citywide 
bicycle-transport infrastructure networks. 
Bicycle micro businesses have sprung up 
from NMT infrastructures, including other 
schemes and initiatives such as lockers, secure 
parking of bicycles, Wi-Fi, bicycle repairs/
maintenance services and shops, and sellers of 
refreshments and light food along the routes. 
According to the participants, such new 
businesses have been established since the 
improvement of NMT facilities in the areas:

There are business ventures there, the 
ones with bicycle lanes … coffee shops, 
printing places, lots of stuff going on at the 
sides, restaurants.
 There are a lot of stores/businesses 
that have come up definitely.
 I think Rosebank is attractive … it’s 
central business-wise, so there [are] a lot 
of smaller businesses …
 Street vendors have mushroomed …

Therefore, the provision and improvement 
of NMT facilities add value in terms of 
the emergence of street vendors along 
the routes and thus economic opportuni-
ties (Baufeldt 2016). Consultation with 
local communities and businesses is vital 
towards managing the expectations of local 
projects in terms of investment and infor-
mal businesses, and supporting initiatives 
for job and wealth creation within the local 
communities as poverty relief measures.

Table 2 Key findings on the performance of the case study projects

Performance measures/themes case 1: rosebank–sandton nmt case 2: soweto–Johannesburg line 1b nmt

Level of usage Usage (demand) for the non-motorised facilities is low. Level of usage (demand) is high.

Traffic congestion High, partly due to on-going road maintenance.
Evident at peak hours and where Rea Vaya buses stop 
along the road because there are no dedicated bus 
lanes.

Quality and condition of infrastructure Good; sidewalks and cycle lanes are in good condition.
Good; the roads are clean; good condition of the 
sidewalks and cycling lanes.

Maintenance
Maintenance on roads is on-going; sidewalks and cycling 
lanes are well maintained.

Well maintained streets/facilities; the community 
participates in cleaning and maintenance of the facilities.

Safety and security Poor safety and security reported.
There are no safety management systems in place, but 
effort is made after an incident.

User satisfaction
Users are somewhat satisfied with infrastructure 
condition and services.

Users are satisfied with the condition of transport 
facilities and traffic management; users’ transport needs 
are satisfied.

New business ventures Exist along the routes. Exist along the routes.
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The performance issues identified from 
the projects are summarised in Table 2, 
based on the participants’ statements on 
the performance of the NMT infrastruc-
ture in the selected areas.

discussion
The provision of road infrastructure and 
maintenance is seen as a social responsibil-
ity to the citizens (Wang et al 2018), and 
road networks should offer safe, convenient 
and efficient transportation services, and 
adequate access to communities (Karlaftis 
& Kepaptsoglou 2012). It is worth mention-
ing that users derive value from the use of 
the road infrastructure assets and facilities 
(Okoro et al 2018). For such users the 
value for time and money, safety aspects, 
comfort, amenities and road condition are 
essential performance indicators (Suanmali 
et al 2015). Furthermore, quality of service 
is usually established based on customer 
experience, and this study acknowledges 
that NMT users pay fees for using the 
facilities and thus their expectations and 
input, in a bid to improve the performance 
of such infrastructure, are vital.

On the Rosebank–Sandton project, the 
performance of the NMT infrastructure 
is considered somewhat unsatisfactory 
concerning safety and security in the 
area. These findings further reinforce the 
reports on crime and accidents in the study 
area (Magwaza 2018). The findings identify 
that, although the NMT facilities in the 
area are maintained, they are not being put 
to good use, which may be a result from 
the relatively higher demand for motorised 
facilities in the area, and thus limited 
space for cyclists on the road networks, 
with most road users in Sandton being 
private vehicle occupants (Labuschagne 
& Ribbens 2014). These findings are also 
consistent with views expressed in Morgan 
(2017) that more than 70% of households in 
Johannesburg do not own bikes. According 
to the 2014 Household Travel Survey, 
only 28.7% of households within the CoJ 
owned bicycles in working order (Morgan 
2017). The issues of safety, congestion 
and culture, in addition to social values, 
alternative transport systems, priorities and 
topography, pose significant hindrances to 
the use of NMTs (Ana et al 2014; Morgan 
2017). In addition, poor maintenance and 
inadequate cleaning discourage using NMT 
infrastructure, as rubble or blockages could 
result in cycle accidents (Morgan 2017). 
These challenges affect the optimum use of 

NMT facilities, and as such, sustainability 
of such infrastructure may be unattainable 
in the long term. Attention to the differ-
ent elements that affect how people move 
around could help garner more demand 
for NMTs, and support the development 
of policy and sustainable delivery of NMT 
infrastructure (Okoro et al 2016; Morgan 
2017). Furthermore, increased uptake of 
NMT infrastructure can positively affect 
congestion and the quality of life of the 
citizenry. These effects include reduced 
congestion with dedicated lanes designed 
for cyclists, lower carbon footprint and 
increased health benefits associated with 
walking and cycling, as well as reduced 
costs of motorised transportation (esti-
mated at 2.6% of GDP) (Ana et al 2014; 
Vassi & Vlastos 2014).

The performance of the NMT infra-
structure is considered to be of an accept-
able standard for the Soweto–Johannesburg 
project. The inspection of the NMT facili-
ties and participants’ accounts of the con-
dition and impact of the facilities in terms 
of users’ satisfaction regarding accessibility, 
affordability, condition, maintenance, traf-
fic, safety management and performance 
were perceived as satisfactory. These find-
ings are consistent with results reported 
in the National Road Users Satisfaction 
Survey (NRUSS) in 2013/2014 in the United 
Kingdom, in which users rated their overall 
satisfaction level highly (89.63%) about 
journey time (congestion), safety, informa-
tion provision, as well as network manage-
ment and upkeep (Parkhurst et al 2015). 
Although the NRUSS survey was based 
on motorists, it indicated that sustainable 
transportation should cater to various 
users and elements, including pedestrians 
and pedestrian crossings, ease of crossing 
side roads, availability of cycle lanes, and 
condition of cycle lanes and pavements.

In addition, design aspects such as 
universal accessibility, physical dimensions 
and network specifications to properly inte-
grate NMT with other modes of transport, 
traffic-calming measures, and alternative 
design and delivery directions are critical 
considerations in NMT infrastructure 
delivery (Ana et al 2014). Improving the 
design aspects would also ensure that 
road space and safety are prioritised for 
NMT users to have the same experience 
and service as motorised transport users 
(Baufeldt 2016). Non-prioritisation of 
NMT, among other reasons, results in high 
rates of pedestrian accidents (Cooke et al 
2017; Mokitimi & Vanderschuren 2017). 

Therefore, attention to safety aspects in 
design is critical. Design for safety initia-
tives that prioritise the end users should 
be holistically embedded from the plan-
ning phase of such projects. Further, it is 
important to prioritise NMT educational 
programmes for users and vehicle drivers 
to improve their attitude and behaviour on 
roads (Cele 2018).

Additionally, maintenance and 
operational concerns are paramount, as 
posited in the NMT Facility Guidelines 
(Vanderschuren et al 2014). Non-motorised 
transport should offer expected services, 
and its appearance should be maintained 
without compromising the value of the 
facilities. Improvement in NMT facilities 
results in improved levels of safety for both 
cyclists and pedestrians and all categories 
of users, including school children, physi-
cally challenged or disabled people, and the 
elderly (Vanderschuren et al 2015; Baufeldt 
& Vanderschuren 2017). A view shared by 
the CoJ indicates that NMTs should cater 
to a wide range of users to justify managed 
lanes in the inner CoJ (COJ 2016). There 
needs to be a shift from the use of private 
cars for the existing NMT network to 
become more efficient and deliver signifi-
cant economic and environmental benefits 
to the CoJ, alongside tangible lifestyle ben-
efits (Vassi & Vlastos 2014; Baufeldt 2016). 
NMT networks can be promoted through 
discrete investments by improving the way 
cities are planned or regulated, projects 
and services are financed, and streets are 
designed to achieve a Complete Street 
concept (with features including roads with 
sidewalks, bike lanes, and safe pedestrian 
crossings) (World Bank 2017). Optimised 
operational efficiency through traffic 
management and roadside parking delinea-
tion can improve the quality of services 
to NMT users (Baufeldt & Vanderschuren 
2017) and increase the usage (demand) of 
the facilities in the long run. Furthermore, 
since cities are different geographically 
(urban and traffic attributes), strategies to 
promote NMT use could be tailormade 
to suit particular localities. In some parts 
of the world, for instance in Brazil’s third 
most populous city Salvador, cycling is 
used for rental and passenger (public) 
transportation in line with the needs of 
most of the populace (Ana et al 2014). 
However, this requires careful planning 
and integration between different trans-
portation modes, land uses and design of 
public spaces to encourage the use of NMT 
by diverse users including the vulnerable 
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(Vanderschuren et al 2014). The CoJ’s Draft 
Integrated Development Plan 2020/2021 
outlines plans for integrating NMTs in 
other parts of Soweto and Turffontein 
near railway stations (CoJ 2021). It is 
recommended that future developments 
like these take into account the identified 
performance aspects, ultimately with the 
end-users at the forefront of the planning 
and implementation processes.

conclusion
This study established the performance 
of non-motorised transportation infra-
structure using two case study projects, 
i.e. the Rosebank–Sandton and Soweto–
Johannesburg CBD NMT projects. The 
findings indicated that the performance of 
the NMT projects on quality and mainte-
nance, and services provided, were consid-
ered satisfactory by the users. The NMT 
projects have also facilitated new start-ups 
(small businesses) and some of these busi-
nesses are rapidly developing to become 
scalable business models, and these have 
further improved accessibility of the NMT 
infrastructure. However, traffic manage-
ment and safety issues were highlighted as 
concerns due to conflicts with motorised 
transport and road maintenance, and risk 
while using NMT facilities.

This study provides useful user-
focused evidence beneficial to trans-
portation infrastructure planners and 
stakeholders in designing, providing and 
managing NMT infrastructure geared 
towards sustainable mobility in South 
African cities. The essence of sustainable 
transportation infrastructure initiatives is 
to cater to all and cover different dimen-
sions and perspectives, including end 
users. This should be geared towards pro-
viding access to daily opportunities, social 
inclusion and improving the liveability 
prospects for all through economically 
efficient and sustainable transportation. 
Also, the 2030 Agenda for Sustainable 
Development recognises that sustainable 
urban development and management 
are crucial to the quality of life of South 
Africans in fostering community cohe-
sion, employment, personal security and 
a means to stimulate innovation. Further 
studies are recommended using alterna-
tive research techniques and additional 
case studies to strengthen these findings 
towards improved and evidence-based 
decision-making for implementing these 
types of NMT projects in South Africa.
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