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INTRODUCTION 

Background

In the mid-20th century and beginning of 

the 21st century, the increased uptake of 

concrete as a structural material has led to 

sustainability issues. The worldwide con-

sumption of concrete has been estimated to 

be increasing gradually from 6.4 billion m3 

in 1997 (Aïtcin 2000) to 8 billion m3 in 

2009 (CEMBUREAU 2011). This amount 

will continue to increase, particularly in the 

developing countries, due to an exponential 

increase in population growth, urbanisation 

and economic growth.

However, while concrete production 

continues to grow and contribute towards 

socio-economic development, evidence sug-

gests that this growth is associated with an 

escalating negative and irreversible impact 

on the environment.

The main purpose of this paper is to pro-

vide an understanding of the South African 

concrete industry’s environmental impact in 

terms of natural resource consumption and 

CO2-e emissions. The review covers current 

practices in the concrete construction field 

in South Africa (SA) and their implications 

for the environment. Elaboration in terms 

of detail and quantification is given for the 

environmental impact generated during the 

manufacture of raw materials for concrete 

and their transportation to site. Four-year 

average (2005–2008) data is provided for 

resources consumed and wastes emitted dur-

ing the quarrying and manufacture of raw 

materials for concrete.

South African concrete industry 

The concrete industry in South Africa 

comprises cement manufacturers, aggregate 

producers, admixture suppliers, cement 

extender (fly ash and slag) suppliers, 

ready-mix and precast concrete producers, 

concrete product manufacturers (including 

producers of cement building blocks, fibre 

cement roof sheets, concrete pipes and con-

crete roofing tiles), designers of structural 

concrete (civil and structural engineers), 

building and civil engineering contractors, 

and small-scale cement and concrete product 

consumers (e.g. home builders).

The activities of the South African 

concrete industry have been more 

pronounced in the recent past due to 

government and private industry investment 

in new (and replacement) construction 

of 2010 FIFA World cup stadia and other 

infrastructure projects, e.g. the Gautrain 

Rapid Rail Link, airports, and so on. Further 

consumption of large quantities of energy 

and resources for concrete production is 

expected in the foreseeable future to meet 

the demands of the rapidly expanding 

population.

This paper investigates the resource 

flows and carbon dioxide equivalent (CO2-e) 

emissions generated from the manufactur-

ing activities of concrete construction 

materials in SA for the period 2005 to 2008. 

The resource flows are the raw material 

use (tonnes), and the CO2-e emissions are 

anthropogenic CO2 emissions and other 

greenhouse gases (GHG) such as NO2 

and SO2.

Cradle-to-gate environmental 
impacts of the concrete 
industry in South Africa

R Muigai, M G Alexander, P Moyo

The objective of the paper is to provide an understanding of the South African concrete 
industry’s environmental burden in terms of natural resource consumption and carbon dioxide 
equivalent emissions (CO2-e). The review covers current practices in the concrete construction 
field in South Africa (SA) and their implications for the environment. Elaboration in terms 
of detail and quantification is given for the environmental burden generated during the 
manufacture of raw materials for concrete and their transportation to site. Four-year average 
(2005–2008) data is provided for resources consumed and wastes emitted during the quarrying 
and manufacture of raw materials for concrete. Carbon dioxide-equivalent emissions data per 
unit of material produced was obtained from the InEnergy Report produced for the Cement 
and Concrete Institute (C&CI) of South Africa. The study determined that, on average, 39.7 Mt of 
raw materials are consumed per year and 4.92 x 109 kg CO2-e emissions are emitted per year to 
produce cement and aggregates for concrete production in South Africa.
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Life-cycle of concrete

Modern concrete is composed of a mixture of 

aggregates (65%–80% v/v), cement (10%–12% 

v/v) and water (14%–21%), and usually 

includes other constituents such as mineral 

components (cement extenders/additives) 

and chemical admixtures (e.g. air-entraining 

agents, water reducers and accelerators), and 

occasionally fibres (<1%) (Van Oss & Padovani 

2003). Concrete is used in the construction 

of pre-stressed, reinforced and unreinforced 

concrete structures. The life-cycle of concrete 

covers all activities spanning from the extrac-

tion and processing of raw/recycled materials 

to the final decommissioning and demolition 

of the structure for waste/recycling/reuse 

of its materials. The scope of studying the 

life-cycle phases of concrete varies and can 

be classified into three, as shown in Figure 1. 

The first phase is the cradle-to-gate phase 

and comprises all relevant processes from raw 

materials extraction (cradle), manufacturing 

and processing of the materials and their 

transportation to the processing plant, within 

the plant and the batching plant and/or con-

struction site (gate). The gate-to-grave phases 

cover the concrete mixing, construction of 

the structure, on-site transportation activities, 

operational phase, demolition of the structure 

and the disposal of demolished material to 

a landfill. The final phase, grave-to-cradle, 

refers to end-of-life material recovery strate-

gies that include the recycling and reuse of the 

demolished materials.

This study gives a comprehensive review 

of the cradle-to-gate environmental impacts 

of concrete in SA. In summary, the scope of 

this study includes:

1. Investigating and quantifying raw materi-

als directly consumed in the extraction 

and manufacture and transportation of 

materials for concrete production. The 

review omits the environmental impacts 

arising from the production of mining 

machinery and processing of secondary 

materials such as gypsum.

2. Identifying and quantifying the cor-

responding CO2-e emissions generated 

directly in the extraction, manufacture 

and transportation of the materials.

3. The data covers a four-year period from 

2005 to 2008. The data sources used are 

specific to South Africa.

ENVIRONMENTAL IMPACTS OF 

CONCRETE CONSTITUENT MATERIALS

Cement

Portland cement production involves the 

chemical transformation of raw materi-

als: calcium oxides (63%–69% by mass in 

cement); silica (19%–24%); alumina (4%–7%) 

and iron oxide (1%–6%) into various types 

of cementitious products, by-products and 

wastes. The Portland cement manufacturing 

process consists of five main steps:

1. Quarrying of limestone and transporta-

tion of raw materials to the processing 

plant. The mining process involves the 

use of explosives, while diesel fuel is usu-

ally consumed in the transportation of 

the quarried materials to the processing 

plant.

2. Preparation of “raw meal” for pyro-

processing, whereby, all raw materials 

(crushed limestone, iron ore, clay or 

shale) are mixed together in the correct 

proportions (raw meal homogenisation) 

and finely ground.

3. Pyro-processing of raw materials to pro-

duce Portland cement clinker using the 

wet or dry process. The latter refers to the 

process whereby raw materials are first 

ground and heated before being fed into 

the kiln, whereas in the wet process, the 

raw materials are crushed, ground and 

mixed as slurry. The most efficient dry-

process kilns use approximately 2.9 GJ 

per tonne of clinker (http://www.energy-

efficiencyasia.org/docs/industrysectorsce-

ment_draftMay05.pdf). Wet-process kilns 

are more energy intensive and can con-

sume more than twice the amount used 

by dry-process kilns (Gartner 2004). All 

cement kilns in SA use the dry process.

4. Final grinding of the clinker together with 

inter-grinding with a small proportion 

of gypsum to produce Portland cement. 

Waste products from, for example, power 

stations (fly ash), iron/steel manufactur-

ers (blast furnace slag) and others can be 

used as partial replacements for Portland 

cement to form blended cement, either by 

inter-grinding with the clinker, or sepa-

rate grinding followed by inter-blending.

5. Transportation of the finished product to 

the consumer in bulk or in bags. Typical 

transportation distances of the cement 

to site can vary. This review assumes 

Figure 1  Life-cycle phases of a concrete structure
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Figure 2  Tonnage of cements produced for the period 2005 to 2008 (C&CI 2008)
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a 100 km distance, from literature 

(Mclntyre et al 2009).

Total cement production for 

the period 2005–2008

Cementitious sales in SA are made by a 

cement industry characterised by four 

major producers (as of 2009). Other pro-

ducers are expected to enter the industry 

in coming years. The term “cementitious 

products” refers to cements complying with 

SANS 50197-1 (which corresponds to equiv-

alent EN 197 specifications) and cement 

extenders sold directly to end users such as 

ready-mix concrete producers. When con-

sidering the four-year average (2005–2008), 

approximately 20.4 Mt of raw materials 

per year were used in the production of 

cementitious materials. On average, 12.8 

Mt of binders were produced per year. The 

binders produced include Portland cement 

and blended cements such as CEM IIA, 

CEM IIB, CEM III, CEM IV and CEM V, all 

produced in accordance with SANS 50197-1. 

Figure 2 gives the tonnage for each binder 

produced.

Of the total 12.8 Mt of binders produced 

per year on average between 2005 and 2008, 

approximately 37% (4.73 Mt) went towards 

the direct production of concrete. This 

figure constitutes 17% ready-mix production, 

16% concrete product manufacturers and 

4% directly for civil construction works, as 

shown in Figure 3. The percentage value for 

concrete production could well be higher 

than 37% as it does not account for the 55% 

of cement sales to independent blenders 

(6%) and cement re-sellers (49%). In addi-

tion, a part of the 5% cement sold directly to 

building construction represents that used 

in the production of concrete buildings, and 

another part in mortar-based applications 

(masonry mortar, plastering and a base/

sub-base for flooring). However, to avoid 

greater inaccuracies in analysis, this review 

assumes that 37% of all cementitious materi-

als produced in SA went towards concrete 

production in the years 2005–2008.

Carbon equivalent emissions for cement

The main CO2-e emissions resulting from 

cement are due to: (1) calcination or decom-

position of limestone (CaCO3) to calcium 

oxide (CaO), in the process liberating CO2 

and, (2) coal burning in pyro-processing. 

Secondary sources of CO2-e emissions arise 

from the combustion of fossil fuel required 

to produce the electricity consumed by 

cement manufacturing operations and 

from the transport of raw materials and the 

finished product to consumers (Association 

of Cementitious Material Producers 

(ACMP) 2011).

Figure 4  Annual fine and coarse aggregates production, for all uses (e.g. in concrete, road base 

and sub-base layers, mortar) in South Africa (2003–2010) (Support Programme for 

Accelerated Infrastructure Development (SPAID) 2008; Kohler 2011)
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Table 1  Average total greenhouse gas emissions from cement manufacturing (InEnergy Report 2010)

Year 
Cement for 

concrete 
production (t)

kg CO2-e emissions

Scope 1 Scope 2 Scope 3
Total emissions

(kg CO2-e)

2005 1.15E+07 9.38E+09 1.67E+09 2.50E+08 1.13E+10

2006 1.27E+07 1.04E+10 1.84E+09 2.76E+08 1.25E+10

2007 1.37E+07 1.12E+10 1.98E+09 2.98E+08 1.35E+10

2008 1.33E+07 1.09E+10 1.94E+09 2.90E+08 1.31E+10

Four-year average kg CO2-e  1.26E+10

Contribution from the concrete industry (37%) kg CO2-e 4.7E+09

Figure 3  Four-year (2005–2008) average values of the applications of cement in South Africa (C&CI 2008)
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Existing data on CO2-e emissions from 

cement production in SA is available in 

the InEnergy Report (C&CI 2010)1. These 

emissions are reported in accordance with 

the World Business Council for Sustainable 

Development (WBCSD) and the World 

Resources Institute (WRI) Protocol (which is 

a methodology for calculating CO2-e emis-

sions). In the WRI/WBCSD Protocol three 

sets of emissions from different processes 

are aggregated to give the specific emissions 

for a product. The three emissions are cat-

egorised as: Scope 1 (direct) emissions which 

refer to those from raw material calcina-

tions, fuel combustion, site transport of raw 

materials and personnel, and emissions from 

explosives detonation at the quarry; Scope 2 

(indirect) emissions refer to those from use 

of purchased electricity; and Scope 3 (other 

indirect) emissions are those from off-site 

transportation of raw materials or intermedi-

ate products (e.g. clinker).

Based on the assumption that 37% of the 

cement produced goes into the production of 

concrete, approximately 4.7 x 109 kg CO2-e 

are emitted per year as shown in Table 1.

Coarse and fine aggregates

Aggregates – both fine (< 4.75 mm) and 

coarse (> 4.75 mm – 40 mm) – account for 

65%–80% of the volume of concrete. Sources 

of coarse and fine aggregates can be quar-

ries, alluvial sources such as river sands and 

gravels, or recycled industrial waste (e.g. 

mineralogical sands, foundry sands, metallur-

gical wastes and construction and demolition 

wastes, etc). Presently, natural resources, such 

as gravel and sand pits and rock quarries, 

provide the main sources for aggregates 

and raw materials for concrete production 

in SA, with coarse aggregates being totally 

sourced from crushed rock. In addition, there 

is limited use of recycled aggregate mainly 

for pavement base construction (Kutegeza & 

Alexander 2004). Though not stated in local 

studies, the main hindrances to the use of 

recycled aggregates for structural applications 

are that the recycling facilities and equip-

ment require a high cost of investment (Tam 

2009). In addition, there is lack of regulatory 

requirements (e.g. policies and strategies) on 

concrete recycling that seek to coordinate 

various stakeholders (e.g. client, contractor) in 

the management of construction and demoli-

tion waste. Other than the waste management 

aspects, recycled aggregates in concrete have 

been shown to exhibit a large variability in 

their quality, especially when they are sourced 

from different sites. This variability can, 

however, be lowered by using site-based recy-

cling. Local data on the mechanical strength 

and durability characteristics of the use of 

recycled aggregates in concrete is contained in 

Kutegeza & Alexander (2004) and Olorunsogo 

& Padayachee (2002). However, the exist-

ing local standards and codes for design of 

concrete structures (e.g. SANS 10100-1:2000) 

do not make provision for the use of recycled 

aggregates in concrete, hence designers may 

not be willing to specify for these in the 

design.

Total aggregates produced

There is conflicting data on the total 

production of aggregate and sand in South 

Africa, reported by the Aggregate and Stone 

Producers Association of South Africa 

(ASPASA) and the Department of Mineral 

Resources (DMR). ASPASA reported that in 

2008 the aggregate sector in South Africa 

quarried 114 Mt of aggregate and sand, while 

industry sales reported by the DMR totalled 

approximately 50% of the ASPASA figures, as 

illustrated in Figure 4. Sales reported by the 

DMR cover only those reported by registered 

operating quarries and sand extraction oper-

ators in SA (SUDEO IBC 2007). Estimates 

made by ASPASA are based on average con-

version factors used from cementitious sales 

that go into the production of concrete.

It is estimated that 30% of aggregate and 

sand produced in SA (an average of 32.1 Mt 

for 2005– 2008, based on ASPASA produc-

tion figures) is used for concrete production, 

which includes on-site production of con-

crete and production by ready-mix producers 

and concrete product manufacturers (CPM). 

The remainder of the total aggregate and 

sand sales is used in non-concrete products, 

e.g. track ballast for railways, and by the 

water industry for filters in treatment works. 

Figure 5 shows the application of aggregates 

in construction.

Figure 5  Application of aggregates in construction (Support Programme for Accelerated 

Infrastructure Development (SPAID) 2008)
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Road surface
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screeds
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Table 2 CO2-e emissions per tonne of aggregate produced (InEnergy Report 2010)

Activity 
Energy 
source#

Energy 
MJ/tonne

kg CO2-e 
/MJ 

kg CO2-e/
tonne 

(InEnergy 
Report 2010)

Quarrying ANFOc 0.045a 0.044 0.002

Onsite transportation Diesel 26.41a 0.073 1.928 

Crushing, sieving & sorting Electricity 28.80 0.119 3.43

Transportation to construction site (50 km)b Diesel 38 0.073 2.774

Total 93.3 8.1

a  Based on the assumption that diesel oil constitutes 99.9% of the energy and explosives are 0.1% during quarrying

b  Typical transportation distances of materials to site; the capacity of the truck is estimated to be 25 t for aggregates (Mclntyre et 

al 2009). No local data available for this assumption.

c ANFO – Ammonium Nitrate Fuel Oil
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Carbon-equivalent emissions 

from aggregates

There is no readily available local energy and 

emissions data distinguishing the impact 

of the production of natural quarried fine 

aggregates from that of coarse aggregates. 

Extracting and processing a tonne of both 

fine and coarse aggregates generates an aver-

age 8.1 kg of CO2-e (InEnergy Report 2010) 

as shown in Table 2.

Table 3 gives the total amount of CO2-e 

emissions generated in the production of 

aggregates for concrete for 2005 to 2008, 

based on the ASPASA data given in Figure 4.

The amount of fine and coarse aggre-

gates used in concrete production has 

steadily increased over the four-year period 

(2005–2008). An average of 32.1 Mt of aggre-

gates used in concrete production led to the 

consumption of 3.0 x 106 GJ of energy and 

260 x 106 kg CO2-e emissions.

KEY FINDINGS ON RESOURCE 

USE AND EMISSIONS IN THE 

CONCRETE INDUSTRY

Raw materials for concrete 

production in South Africa

On average 39.7 million tonnes of raw 

materials per year were used for concrete 

production in SA for the period 2005–2008. 

Of these, 32.1 Mt were coarse and fine 

aggregates and 7.6 Mt were raw materials 

(limestone, silica, iron ore and clay used in 

the production of 4.73 Mt of binders). On 

average, coarse and fine aggregates account 

for 61% by mass of the total raw materials 

consumed per year in concrete production.

Carbon-equivalent 

emissions generated

The dependence on non-renewable energy 

resources (e.g. coal) in the manufacturing of 

constituent materials for concrete in SA has 

led to the production of global greenhouse 

gas (GHG) emissions. An average of 49.2 

x 108 kg CO2-e emissions per year were 

emitted in SA for the period 2005 to 2008. 

These CO2-e emissions per annum relate to 

the cradle-to-gate activities for cement and 

aggregates used for concrete production.

Cement is the main contributor of CO2-e 

emissions, contributing on average 94.7% of 

the total emissions by the concrete industry 

in SA.

Concrete production in South Africa

Based on Figure 3, an average of 8.69 million 

m3 (20.9 Mt) of ready-mix concrete2 was 

produced per year for the period 2005–2008. 

Also, 8.17 million m3 (19.6 Mt) of concrete 

was used in the production of concrete 

products: paving blocks, roof tiles, masonry, 

floor slabs, retaining blocks and infrastruc-

ture products. In addition, 2.04 million m3 

(4.9 Mt) was used in civil engineering con-

struction. In total an average of 18.9 million 

m3 of concrete (45.4 Mt) was produced in 

SA per annum for the period 2005–2008. 

These amounts are expected to increase in 

future due to government and private indus-

try investment in new (and replacement) 

construction to cope with the rapid rate of 

urbanisation and population growth

When compared to the worldwide con-

sumption of concrete, SA produces only 0.58% 

of the estimated 12 billion m3 (CEMBUREAU, 

2009). However, the latter worldwide estimate 

of concrete is based on the assumption that all 

world cementitious products go towards the 

production of concrete.

Solutions to reducing the 

environmental impacts of 

the concrete industry

Coarse and fine aggregates account for 

61% of the total raw materials, by mass, 

consumed per year in concrete production in 

SA. To reduce the use of primary aggregates 

in concrete, the Waste Management Act 

(2008) in SA provides incentives that encour-

age the use of alternative materials, such as 

recycled aggregates. Substituting primary 

aggregates with recycled aggregates, where 

it is technically feasible, allows for current 

levels of demand for aggregates to be met 

while conserving primary aggregates, and 

consequently reduces pressure on existing 

landfills. However, the major limitation to 

the use of recycled aggregates in concrete in 

SA is the lack of design provisions for the use 

of recycled aggregates in concrete in current 

standards and codes (e.g. SANS 10100-

1:2000). Also, while some work has been 

done on the use of recycled aggregates in 

concrete (e.g. Kutegeza & Alexander 2004), 

considerably more research is required in 

this area to give confidence in the use of 

these materials. Hence, designers are gener-

ally not willing to specify for this in design.

In addition to legislative measures and 

design code provisions for recycled aggre-

gates, economic instruments such as taxes 

and charges are possible interventions which 

can be put in place to minimise the consump-

tion of primary aggregates. For example, 

countries such as the UK and Denmark have 

introduced an aggregate levy. The UK levy 

imposes a tax of £2.10 per tonne of quarried 

aggregates (2010 figure) for primary extrac-

tion of aggregates and on landfill disposal 

(Aggregates Levy 2002). The tax is expected 

to bring about a greater efficiency in the use 

of primary aggregates and greater use of 

alternative materials. However, the possible 

introduction and implementation of a similar 

levy in SA is currently impossible, due to 

the reported disaggregation of the sand and 

aggregate industry. This disaggregation is 

evidenced by the significant difference in data 

on the production of aggregates as reported 

by both ASPASA and the DMR.

Cement is the main contributor of CO2-e 

emissions, contributing on average 94.7% of the 

total emissions by the concrete industry in SA. 

Techniques to reduce the CO2-e emissions of 

cement can be found in literature (Damtoft et 

al 2008; Gartner 2004) and include:

(a)  Improved thermal and electrical 

energy efficiency of cement kilns:

   Optimising kiln processes and plant effi-

ciencies during cement production results 

in the reduction of CO2-e emissions and 

also brings down the cost of production. 

All the cement kilns in SA use the dry 

processing of raw materials, which is more 

energy efficient than the wet process.

(b) Co-processing of alternative fuels:

    Substituting wastes for raw materials is 

referred to as co-processing alternative 

fuels and raw materials (Ziegler et al 

2007). Substituting wastes such as waste 

tyres and biofuels for primary fuels (e.g. 

coal) can help reduce CO2-e emissions 

associated with burning the fuels. SA has 

accepted the co-processing of waste in 

cement kilns as best practice under the 

Waste Incineration Directive 2000/76-

EC. Previously, co-processing of wastes in 

cement kilns met with opposition from 

local communities and environmental 

organisations. Communication to public 

representatives about the opportunities 

and potential benefits of co-processing is 

required. For example, the use of waste 

fuels presents a number of benefits: it 

increases the capacity to divert landfill 

Table 3  Environmental impacts of aggregates 

for concrete during the period 2005–

2008

Year /
Units

Amount of 
fine and coarse 

aggregates 
consumed 
in concrete 

production in 
SA based on 

ASPASA data 

Total kg CO2-e 
emissions

Tonnes kg CO2-e

2005 28.4 × 106 230 × 106

2006 31.9 × 106 258 × 106

2007 33.9 × 106 275 × 106

2008 34.1 × 106 276 × 106

Average 32.1 × 106 260 × 106

ASPASA –  Aggregates and Stone Producers Association of 

South Africa
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wastes, reduces the energy intensity of 

fossil fuels consumption, reduces carbon 

emissions, and creates jobs (e.g. sorting of 

wastes).

(c)  Reducing the clinker content in 

cementitious materials:

   Blended cements are produced by inter-

grinding Portland cement clinker with 

supplementary cementitious materials 

(SCMs) or by blending Portland cement 

with SCMs such as fly ash from coal 

combustion in electricity-producing 

plants, or blast furnace slag from iron 

plants. The blended cements produced 

should comply with provisions of SANS 

50197-1, SAN 50413-1 and SANS 1491 

parts 1, 2 and 3. The use of blended 

cements reduces the amount of clinker 

that needs to be produced, lowers the 

CO2-e emissions, and diverts waste 

from landfills, as SCMs are by-products 

of other industries that would otherwise 

have ended up being disposed.

Figure 2 shows that between 2005 and 2008 

there was a growth in demand of blended 

cements: CEM III/CEM IV/CEM V, whereas 

the demand for CEM I Portland cement 

reduced. This has a positive impact on the 

reduction of the CO2-e emissions of the 

concrete industry in South Africa.

CONCLUSION

The purpose of this study was to evaluate the 

extent of resource use and emissions associated 

with the production of concrete construction 

materials in South Africa. Four-year average 

(2005–2008) data was provided for resources 

consumed, energy consumed and wastes 

emitted to the air due to the quarrying and 

processing of raw materials for concrete in 

SA. From the study it was determined that, on 

average, 39.7 Mt of raw materials per year are 

used for concrete production. Of these, 32.1 

Mt were coarse and fine aggregates and 7.6 

Mt raw materials (limestone, silica, iron ore 

and clay used in the production of 4.73 Mt of 

binders). For the same period, an average of 

49.2 x 108 kg CO2-e emissions per annum was 

emitted during the extraction, production and 

transportation of constituent materials for con-

crete. Cement is the main contributor of CO2-e 

emissions, contributing on average 94.7% of the 

total emissions by the concrete industry in SA.

In addition to policy instruments such 

as carbon taxes, there are a number of 

techniques to reduce the CO2-e emissions 

and energy use of the cement industry. These 

include: improving the energy efficiency of 

cement kilns, co-processing of alternative 

fuels in cement kilns and reducing the clin-

ker/cement ratio by substituting part of the 

clinker with SCMs.

In total an average 18.9 million m3 of con-

crete (45.4 Mt) was produced in SA per annum 

for the period 2005–2008. This amount is 

only 0.58% of the estimated 12 billion m3 of 

concrete produced worldwide. However, it was 

noted that, based on the continued govern-

ment and private industry investment in new 

(and replacement) construction to cope with 

the rapid rate of urbanisation and population 

growth, these values are expected to rise in 

future. This shows the need to involve every-

one associated with the life-cycle of a concrete 

structure to further reduce the overall burden 

of concrete structures.

NOTES

1 InEnergy report contains CO2-e data on the cradle-

to-gate phase of concrete constituents and concrete 

products in South Africa.

2 The consumption of concrete is based on cement 

sales figures. The calculations are based on the 

assumption that on average 250 kg of cement is 

used to produce 1 m3 of concrete. Thus, the yearly 

amount of ready-mix concrete produced in SA is

 

17% × 12.8 × 109 kg

250 kg/m3
 = 8.7 million m3.
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INTRODUCTION

Burning municipal solid waste, results in 

a few by-products, the most common of 

which is bottom ash. It was not uncommon 

to dump this in landfills. However, due to 

European Union restrictions imposed in 

2004 on landfill sites, alternative usage has 

become necessary. One such alternative is 

using bottom ash waste in asphalt for roads. 

Its properties have been studied mechanical-

ly, physically and environmentally (Hassan & 

Khalid 2010a). These properties have linked 

bottom ash to lightweight aggregates. 

Numerous successful trials have been 

conducted worldwide to study its usage 

as a road construction material. However, 

a better understanding of its usage and 

behaviour is still  required. It was found 

that substitution of virgin aggregate with 

up to 80% incinerator bottom ash aggregate 

(IBAA) waste resulted in mixtures with a 

higher binder content of up to 1.2%, lower 

resilient modulus values and satisfactory use 

in binder course and base layers on major 

roads (Hassan & Khalid 2010a&b; Ogunro et 

al 2004; Vassiliadou & Amirkhanian 1999). 

An IBAA content of up to 80% was found 

to improve the leaching properties and 

rutting resistance of bituminous mixtures 

(Hassan & Khalid 2010a). With regard to 

the crack resistance properties of mixtures 

containing bottom ash waste, there are 

very few previous studies (Hassan & Khalid 

2010b) that have explored this area. In the 

latter study, it was shown that elasto-plastic 

material properties can be derived from 

elastic parameters using a correspondence 

visco-elastic principle and creep compliance 

of mixtures. This work examines the rela-

tionship between the Paris Law constant, n, 

and the creep compliance time exponent, m, 

for mixtures containing different bottom ash 

waste quantities.

MATERIALS 

Two aggregates were used in this study – 

limestone to produce control bituminous 

mixtures, and bottom ash waste to replace 

limestone. The binder used was 100/150 Pen 

bitumen sourced from Venezuelan crude. 

These materials were utilised to produce hot 

bituminous mixtures containing 0%, 30%, 

60% and 80% (named as OA, AA, BA and CA 

in sequence) bottom ash waste by weight. 

The composition and volumetric parameters 

of each mixture and details of the mix design 

procedure were published elsewhere (Hassan 

& Khalid 2007).

SAMPLING AND TESTING

Cylindrical cores of nominal 150 mm dia-

meter and 65 mm thickness were cored from 

300 mm square asphalt slabs compacted in 

the laboratory using a roller segment. Each 

cylinder was then cut in half to obtain semi-

circular samples. These were then sharply 

notched at mid-point in the direction of the 

load using a diamond-tip tile cutter. The 

Relationship between creep 
time dependent index and 
Paris Law parameters for 
bituminous mixtures

M Mostafa Hassan

Bituminous mixtures undergo cracking, either top-down or bottom-up, as a consequence of the 
repeated application of traffic loads, thermal cycling or a combination of the two mechanisms. 
Cracking is considered as one of the major distress modes in asphalt pavements.
 This study presents a method to characterise crack resistance of asphaltic mixtures 
containing waste materials using a semi-circular bending (SCB) fracture test. Three different 
bituminous mixtures containing incinerator bottom ash waste and one control mix, containing 
limestone, were tested under cycling SCB loading conditions at 5°C and the results were 
interpreted using Paris Law. The same mixtures were also tested under controlled stress creep 
conditions at the same temperature. This paper examines the link between the time dependent 
index from creep tests with the n parameter from the Paris Law model, based on visco-elastic 
continuum damage mechanics analysis and linear elastic fracture mechanics principles.
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notch length was 15 mm to produce a notch 

to a radius ratio of 0.2. Samples were then 

stored in an incubator at 5°C until test com-

mencement. Cyclic semi-circular bending 

(SCB) tests were conducted in which the 

mixtures were tested under a cyclic load of 

1.5 kN under a haversine load frequency of 

1 Hz and a temperature of 5°C. For all tests, 

triplicate samples were used. Figure 1 shows 

the SCB test schematically.

Alternatively, cylindrical asphalt mixture 

samples of 67 mm diameter and 134 mm 

height were manufactured. Firstly, a labora-

tory roller compactor was used to produce 

305 mm x 305 mm asphaltic slabs of 100 mm 

height. The slabs were compacted at four 

different pressures, namely 175 kPa, 275 kPa, 

345 kPa and 495 kPa. Each pressure was 

applied for 10 passes over each slab. The 

slabs were then cut into two halves. Each half 

was turned on its side and cored to produce 

cylinders of 67 mm diameter and 150 mm 

height. Each cylinder was then trimmed 

from both ends to 134 mm height. Three 

samples were used for each creep test.

Figure 2 shows the equipment arrange-

ment for the creep tests, comprising a 

temperature controlled cabinet (–20°C to 

50°C) mounted on a loading frame, an axially 

mounted 10 tonne load cell, the specimen 

and its instrumentation, and a linear variable 

deferential transducer (LVDT) with its con-

ditioning box connected to a data logger.

Specimens were tested at 5°C. To ensure 

uniformity of temperature, samples were 

conditioned in a temperature control 

cabinet, at the testing temperature, for at 

least 12 hours preceding the test. Specimens 

were then placed between two steel plates, 

smeared with silicon grease to reduce 

friction, and a small pre-load was applied 

to take out any relaxation in the system. 

Specimens were then allowed to deform 

under a uniaxial compression stress. The 

cross-head was allowed to apply a constant 

load over samples for 1 800 seconds. This 

time was found to be adequate for mixtures 

to reach steady state conditions. In each 

test, the axial and radial strains over time 

were recorded.

For each applied stress, the stress-strain 

relationship was captured and recorded by 

a computer. The axial deformation of the 

specimens was measured by recording the 

cross-head movement.

RESULTS AND DISCUSSION

SCB results

Figure 3 shows the measured crack lengths 

against the number of cycles, for the four 

tested mixtures, in which it is shown that 

each mixture had a stable crack growth 

phase. It is evident that adding bottom ash 

waste up to a certain amount has led to an 

increase in the number of cycles to failure.

These results were obtained based on the 

average of triplicate samples with R2 values 

of 0.112, 0.235, 0.135 and 0.256 for mixes 

OA, AA, BA and CA respectively.

LEFM analysis has been used to char-

acterise crack growth rate by means of the 

well-known Paris Law (Paris & Erdogan 

1963) in which the rate of crack propagation 

is a function of the stress intensity factor. 

This law is given by the following expression:

da

dN
 = A(ΔK1)n (1)

where: 
da

dN
 is the crack growth rate; ΔK1 is

mode I stress intensity factor range (Kmax 

−Kmin); A and n are constants that depend 

on the material and test conditions; a is the 

crack length; and N is the number of load 

cycle applications.

As asphalt is a visco-elastic material. Its 

fracture behaviour can be characterised by 

means of the J-Integral parameter. Thus, the 

Paris Law can be expressed in terms of the 

J-integral as follows (Rice 1986):

da

dN
 = Aj(ΔJ)nj (2)

To calculate J, Schapery (1984) integrated a 

non-linear visco-elastic constitutive equation 

and presented the result in Equation 3.

J = ∫i(wjdy – Tj
δu

δx
ds) (3)

where: wj is the strain energy density; Tj is 

the stress vector acting on the contour; u is 

the displacement vector; ds is the increment 

along contour i ; and x and y are coordinates 

normal to the crack front.

For linear elastic conditions, J represents the 

energy made available at the crack tip, whereas 

for visco-elastic conditions, J no longer repre-

sents the available energy because of its dis-

sipation. However, the corresponding principle 

of visco-elasticity, demonstrated by Schapery 

(1984), makes it possible to define a generalised 

time-dependent J-Integral by forming a Je, 

which is a pseudo-elastic J-Integral, with the 

linear elastic case as shown in Equation 3 (Kuai 

et al 2009). It has been shown (Kuai et al 2009) 

that the visco-elastic problem can be converted 

to an elastic problem with the pseudo stress 

and strain parameters. Then the generalised 

J-Integral is given as follows:

Je = ∫i(w
edy – Tj

δue

δx
ds) (4)

J = ER∫t
t0

(D(t – τ)
δJe

δτ
dτ)

= ∫t
t0

(D(t – τ)
δK1

2

δτ
dτ) (5)

where: We is the pseudo strain energy 

 density; ue is the pseudo displacement vector; 

Figure 2  Creep test arrangements
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ER is a reference modulus; τ is the retarda-

tion time for the ith element; and D(t) is the 

creep compliance.

Parameters were determined to be used in 

Equation 5 (Hassan & Khalid 2010b) and 

the results were presented as in Figure 4, 

from which new Paris Law constants, AJ 

and nJ, were determined and presented as 

in Table 1.

Creep results

For all mixtures, axial and radial strains 

were recorded over time. Figure 5 shows 

creep compliance curves obtained at 5°C and 

stress of 1 000 kPa. The creep compliance, 

D(t), in Equation 5 is typically described in a 

power law form as follows:

D(t) = Do + D1tm (6)

where Do is the material’s glassy compliance; 

D1 is the compliance coefficient of time; m 

is the compliance exponent; and t is loading 

time. The m values for the four mixtures 

can be seen from the power law equations 

in Figure 5 to be 0.3757, 0.3972, 0.3336 

and 0.2850 for mixtures OA, AA, BA and 

CA respectively. Schapery (1981) derived a 

relationship between the exponent nJ from 

Equation 2 and m from Equation 6 under 

different scenarios.

Schapery (1981) found that, if the tensile 

strength of the material and bond energy of 

fracture surface were constant during the 

fracture process, then nJ = 1 + 1/m. From 

regression analysis (Figure 6) the two para-

meters are related as in Equation 7.

nJ = 3.4762 m + 0.7042 (7)

The nature of the relationship differs from 

that reported by Schapery and its shape does 

not change when any outliers are deleted 

from the regression analysis, demonstrating 

that the relationship in Equation 7 is repre-

sentative between the two parameters for the 

bottom ash waste mixtures.

CONCLUSIONS

From the work conducted in this study, it can 

be concluded that:

 ■ Paris Law was found suitable to 

characterise crack growth properties of 

bottom ash waste bituminous mixtures 

using the J-Integral. The J-integral was 

evaluated from elastic fracture analysis 

using Schapery’s correspondence 

principle.

 ■ Adding up to 60% bottom ash waste led 

to a significant increase in the number of 

cycles to failure in the cyclic SCB test.

 ■ The Paris Law constant, nJ, has been 

related to the creep compliance 

exponent of time, m, through a linear 

regression equation that differs from 

that reported by Schapery for constant 

tensile strength and bond energy of the 

fracture surface.
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Figure 5  Creep compliance curves for the four mixtures
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Figure 6  Regression analysis of parameters nj and m
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INTRODUCTION

Construction planners widely use Bar Charts 

(or Gantt Charts), Line of Balance (Linear 

or Repetitive Scheduling) and Critical Path 

Method (CPM) to schedule the construction 

activities. CPM, which was first developed 

in the USA, shows the dependency rela-

tions between activities, detects the critical 

activities, reveals the activity float times 

and computes the minimum project com-

pletion time in accordance with network 

relations. For this reason CPM is the most 

convenient means of scheduling, analysing 

and controlling activity networks (Griffis 

& Farr 2000; Halphin & Woodhead 1998; 

Oberlender 2000).

Multi-storey building construction, 

highway construction and pipeline construc-

tion projects are some examples of linear 

or repetitive construction projects. Such 

projects require the implementation of a set of 

identical or similar activities from one unit to 

another as in the case of multi-storey building 

construction, or from one location to another 

as in the case of highway construction. 

Scheduling of linear construction projects 

requires uninterrupted usage of resources 

between similar units and enabling timely 

movement of crews from one unit to the next 

(El-Rayes & Moselhi 1998). Maintenance of 

work continuity leads to advantages such as 

maximum learning for each crew member, 

minimum idle time and minimum off-on 

movement of crew members on a project once 

work has begun (Ashley 1980).

Bar Chart and CPM scheduling have 

received criticism in the literature for their 

inability to maintain work continuity in linear 

projects (Selinger 1980; Reda 1990; Russell & 

Wong 1993; Hegazy et al 1993). Furthermore, 

such scheduling techniques assume the 

unlimited availability of resources in the 

initial development of a schedule, necessitat-

ing later adjustment according to the resource 

limitations (El-Rayes & Moselhi 1998). 

The most convenient method of sched-

uling and controlling projects that have 

repetitive units is the Line of Balance or 

Linear Scheduling method. Unlike Bar Chart 

and CPM, Linear Scheduling provides work 

continuity between the same activities of 

successive units in accordance with the 

resource availability. It leads to the smooth 

and efficient flow of resources, and requires 

less preparation time. This is one of the main 

advantages of Linear Scheduling compared 

to CPM (Arditi & Albulak 1986).

Linear Scheduling originated in the early 

1940s, and was further developed by the 

US Navy in 1952 and in the 1960s (Yang & 

Ioannou 2004). Manufacturing and produc-

tion control were the areas of its application, 

with the objective of evaluating the produc-

tion rate of finished products in a production 

line (Johnston 1981). The idea of repetitive 

scheduling originated with the use of mass 

production lines where the manufacturing 

process consists of series of workstations 

requiring the same resources (Huang & Sun 

2005). Although it was developed mainly 

for manufacturing projects, Lumsden (1968) 

applied Linear Scheduling to construction 

projects. The National Building Agency of the 

UK used it for repetitive housing units for the 

first time (Yang & Ioannou 2004). Variations 

of Linear Scheduling in the literature 

A procedure for critical path 
method-based scheduling in 
linear construction projects

Ö Ökmen

Construction projects having identical or similar units, in which activities repeat from one unit to 
another, require schedules that ensure the continuous usage of resources from one unit to the 
next and the maintenance of the network logic between activities at the same time. This paper 
presents a procedure for critical path method-based (CPM) scheduling in linear construction 
projects that have repeating activities. The procedure concurrently provides the utilisation of 
resources without interruption and preservation of network relationships between successive 
units. With this procedure it is possible to represent activities by variable production rates 
through consecutive units and assign any kind of relationship type with lag time. The proposed 
procedure determines the critical units in two categories: logical and resource critical units. A 
spreadsheet has been developed on a table processor to computerise the procedure. Details of 
the procedure are described and an example application is presented.
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include Line of Balance (Lumsden 1968), Vertical Production Method 

(O’Brien 1975), Linear Scheduling Method (Johnston 1981), Time 

Space Scheduling (Stradal & Cacha 1982), and Time Changes Charts 

(Mawdesley et al 1989).

The most important feature of CPM is its ability to specify critical 

path(s). Critical path(s) identify the activities which cause delay in 

timely project completion. For Linear Scheduling to be accepted as a 

valuable tool, it should also be able to determine the critical activities 

(Ammar & Elbeltagi 2001). Scheduling techniques applicable to linear 

projects must be able to provide a synonymous set of critical activities 

as those calculated by CPM. This ability would provide an analytical 

or engineering foundation on which a full range of functionality, such 

as float identification, resource and cost allocation, and schedule 

updating could be built (Harmelink & Rowings 1998). Determining 

the critical path in CPM, or controlling the activity path in a linear 

schedule, is crucial. It helps in controlling and updating the original 

schedule. Resource levelling of a linear schedule requires the critical 

segments as input (Mattila & Abraham 1998). Harmelik & Rowings 

(1998) introduced a method – the Linear Scheduling Model – that 

identifies the controlling activity path through a linear schedule 

based on the time and distance relationships of activities. The con-

trolling activity path is similar to the critical path of CPM. Harris & 

Ioannou (1998) used a similar approach – the Repetitive Scheduling 

Method – to identify controlling activities of a linear schedule. 

However, these methods are mainly graphic-based techniques. 

Ammar & Elbeltagi (2001) introduced an algorithm for determining 

the controlling path considering resource continuity. In this algo-

rithm, the production rate of each activity is compared with that of 

its successors in order to specify the start-to-start or finish-to-finish 

relationships between two consecutive units. However, Ammar & 

Elbeltagi’s (2001) method assumes constant production rates and only 

finish-to-start relationship types between the activities within a unit. 

This paper presents a different procedure to apply the CPM to linear 

construction projects that have repeating activities. The procedure 

concurrently provides the utilisation of resources without interrup-

tion and the maintenance of network logic through successive units. 

With this procedure, it is possible to represent the activities by vari-

able production rates from one unit to another and assign any kind 

of relationship type with lag time. The proposed procedure computes 

the project completion time, the early start and finish times, the late 

start and finish times, and the float times, and determines the logic 

and resource critical activities through a unit by unit approach. The 

paper contains the detailed description of the procedure, example 

application, discussion of advantages and limitations, and some 

recommendations for future work. Furthermore, a spreadsheet has 

been developed by using a table processor in order to computerise the 

procedure.

CPM-BASED SCHEDULING PROCEDURE FOR 

LINEAR CONSTRUCTION PROJECTS

The main aim of executing CPM is to find out the critical activities 

and to compute the shortest duration of project completion given the 

logic and resource availability constraints. In linear scheduling, how-

ever, not only logic and resource availability but also the continuity 

of resource usage should be considered. For this reason, the proposed 

CPM-based Linear Scheduling procedure executes CPM’s forward 

and backward pass calculations through units with maintaining net-

work logic and resource continuity.

The procedure allows the scheduler to represent the repeating 

activities with variable production rates along successive units. If udi,n 

and ri,n denote unit duration and production rate of activity i for a 

particular unit n, respectively, then

ri,n = 1/ udi,n (1)

The procedure requires the following data:

 ■ Precedence relations between activities

 ■ Activity durations along units

 ■ The number of successive units

The following sections describe the procedure on a fictitious activity 

network containing activities denoted by Acti = 1, 2 … i … k

Step 1 – Forward pass calculations

1st Activity (Act1)

Set 0 to the Early Start of Act1 for the 1st unit (ES1,1). Then add the 

unit durations (ud1,1, ud1,2 … ud1,n) to 0 to find the Early Finish for 

the 1st unit (EF1,1) and Early Start/Early Finish values for the succeed-

ing units (ES1,2 … ES1,n ; EF1,2 ... EF1,n). This approach will ensure that 

Act1 will be performed uninterruptedly along units while maintain-

ing the resource continuity.

Unit 1 Unit 2 … Unit n

Act1 : (ES1,1, EF1,1) (ES1,2, EF1,2) … (ES1,n, EF1,n)

(0, 0 + ud1,1) (ud1,1, ud1,1 + 

ud1,2)

… (ud1,1 + ud1,2 + … + 

ud1,n-1, ud1,1 + ud1,2 + 

… + ud1,n-1 + ud1,n) (2)

2nd Activity (Act2)

Act2 is the successor of Act1.

 ■ Stage – 1

 ■ If the relationship between Act1 and Act2 is Finish-to-Start (FS) 

and there is a time lag between (Lg1,2), then set Early Start of 

Act2 for the 1st unit (ES2,1) equal to the Early Finish of Act1 for 

the 1st unit (EF1,1) plus the time lag. Then add the unit durations 

(ud2,1, ud2,2 … ud2,n) to ES2,1 to find the Early Start/Early Finish 

values for the succeeding units (ES2,2 … ES2,n ; EF2,1 ... EF2,n). 

This approach will ensure that Act2 is performed uninterrupt-

edly along units while maintaining the resource continuity.

Unit 1 Unit 2 … Unit n

Act2 : (ES2,1, EF2,1) (ES2,2, EF2,2) … (ES2,n, EF2,n)

(EF1,1 + Lg1,2, 

EF1,1 + Lg1,2 

+ ud2,1)

(EF1,1 + Lg1,2 

+ ud2,1, EF1,1 

+ Lg1,2 + 

ud2,1 + ud2,2)

… (EF1,1 + Lg1,2 + ud2,1 

+ … + ud2,n-1, EF1,1 

+ Lg1,2 + ud2,1 + … 

ud2,n-1 + ud2,n) (3)

 ■ If the relationship between Act1 and Act2 is Start-to-Start (SS) 

and there is a time lag time between (Lg1,2), then set Early Start 

of Act2 for the 1st unit (ES2,1) equal to the Early Start of Act1 for 

the 1st unit (ES1,1) plus the time lag. Then add the unit durations 

(ud2,1, ud2,2 … ud2,n) to ES2,1 to find the Early Start/Early Finish 

values for the succeeding units (ES2,2 … ES2,n ; EF2,1 ... EF2,n).

Unit 1 Unit 2 … Unit n

Act2 : (ES2,1, EF2,1) (ES2,2, EF2,2) … (ES2,n, EF2,n)

(ES1,1 + Lg1,2, 

ES1,1 + Lg1,2 + 

ud2,1)

(ES1,1 + Lg1,2 

+ ud2,1, ES1,1 

+ Lg1,2 + 

ud2,1 + ud2,2) 

… (ES1,1 + Lg1,2 + ud2,1 

+ … + ud2,n-1, ES1,1 + 

Lg1,2 + ud2,1 + … + 

ud2,n-1 + ud2,n) (4)

 ■ If the relationship between Act1 and Act2 is Finish-to-Finish 

(FF) and there is a time lag between (Lg1,2), then set Early 
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Finish of Act2 for the 1st unit (EF2,1) equal to the Early Finish 

of Act1 for the 1st unit (EF1,1) plus the time lag. Then apply the 

unit durations (ud2,1, ud2,2 … ud2,n) to EF2,1 to find the Early 

Start/Early Finish values for the succeeding units (ES2,1 … 

ES2,n ; EF2,2 ... EF2,n).

Unit 1 Unit 2 … Unit n

Act2 : (ES2,1, EF2,1) (ES2,2, EF2,2) … (ES2,n, EF2,n)

(EF1,1 + Lg1,2 

– ud2,1, EF1,1 

+ Lg1,2)

(EF1,1 + Lg1,2, 

EF1,1 + Lg1,2 

+ ud2,2)

… (EF1,1 + Lg1,2 + ud2,2 

+ … + ud2,n-1, EF1,1 + 

Lg1,2 + ud2,2 + … + 

ud2,n-1 + ud2,n) (5)

 ■ If the relationship between Act1 and Act2 is Start-to-Finish 

(SF) and there is a time lag between (Lg1,2), then set Early 

Finish of Act2 for the 1st unit (EF2,1) equal to the Early Start of 

Act1 for the 1st unit (ES1,1) plus the time lag. Then apply the 

unit durations (ud2,1, ud2,2 … ud2,n) to EF1,1 to find the Early 

Start/Early Finish values for the succeeding units (ES2,1 … 

ES2,n ; EF2,2 ... EF2,n).

Unit 1 Unit 2 … Unit n

Act2 : (ES2,1, EF2,1) (ES2,2, EF2,2) … (ES2,n, EF2,n)

(ES1,1 + Lg1,2 

– ud2,1, ES1,1 

+ Lg1,2)

(ES1,1 + Lg1,2, 

ES1,1 + Lg1,2 + 

ud2,2)

… (ES1,1 + Lg1,2 + ud2,2 

+ … + ud2,n-1, ES1,1 

+ Lg1,2 + ud2,2 + … + 

ud2,n-1 + ud2,n) (6)

 ■ Stage – 2

Then, check the logic. The rules are:

For FS case, ES2,n ≥ EF1,n + Lg1,2 ; for n:1,2… n (7)

For SS case, ES2,n ≥ ES1,n + Lg1,2 ; for n:1,2… n (8)

For FF case, EF2,n ≥ EF1,n + Lg1,2 ; for n:1,2… n (9)

For SF case, EF2,n ≥ ES1,n + Lg1,2 ; for n:1,2… n (10)

If the corresponding rule is not satisfied:

For FS case, ES*
2,n =  ES2,n + MAX (EF1,1 + Lg1,2 – ES2,1 ,

… , EF1,n + Lg1,2 – ES2,n) (11)

For SS case, ES*
2,n =  ES2,n + MAX (ES1,1 + Lg1,2 – ES2,1 , 

… , ES1,n + Lg1,2 – ES2,n) (12)

For FF case, EF*
2,n =  EF2,n + MAX (EF1,1 + Lg1,2 – EF2,1 , 

… , EF1,n + Lg1,2 – EF2,n) (13)

For SF case, EF*
2,n =  EF2,n + MAX (EF1,1 + Lg1,2 – ES2,1 , 

… , EF1,n + Lg1,2 – ES2,n) (14)

where n: 1,2, … n and * denotes the new correct value.

For example, let us take Equation (3) from the Stage-1 of forward pass 

calculations of Act2 and Equation (7) from the Stage-2 of forward 

pass calculations, which is the corresponding rule for the FS case. 

Furthermore, let us assume that:

 ■ Four identical units will be constructed.

 ■ One day of time lag exists between Act1 and Act2.

 ■ Unit durations of Act1 are 5, 5, 4, and 4 days for the units 1, 2, 3, 

and 4, respectively.

 ■ Unit durations of Act2 are 3, 3, 2, and two days for the units 1, 2, 3 

and 4, respectively.

 ■ Act1 has the following ES and EF times for the consecutive units:

Act1: (0, 5), (5, 10), (10, 14), (14, 18)

    
 5 days 5 days 4 days 4 days (unit durations of Act1)

 In accordance with the assumptions given above, Equation (3) is 

applied for Act2:

Act2 :  (5+1, 5+1+3), (5+1+3, 5+1+3+3), (5+1+3+3, 5+1+3+3+2), 

(5+1+3+3+2, 5+1+3+3+2+2)

 :   (6, 9), (9, 12), (12, 14), (14, 16)

 :     
 :   3 days 3 days 2 days 2 days (unit durations of Act2)

Then Equation (7) is applied to check the rule for the FS case:

 ■ for the first unit, 6 ≥ 5 + 1 OK √

 ■ for the second unit, 9 < 10 + 1, then apply Equation (11), which is 

the corresponding equation for FS.

ES*
2,1 = ES2,1 + MAX (EF1,1 + Lg1,2 – ES2,1 , … , EF1,4 + Lg1,2 – ES2,4)

ES*
2,1 = 6 + MAX (5 + 1 – 6, 10 + 1 – 9, 14 + 1 – 12, 18 + 1 – 14)

ES*
2,1 = 6 + 5

ES*
2,1 = 11

Similarly:

ES*
2,2 = 9 + 5 =14

ES*
2,3 = 12 + 5 =17

ES*
2,3 = 14 + 5 =19

 Finally, the unit-based early start and early finish times of Act2 

are:

Act2: (11, 14), (14, 17), (17, 19), (19, 21)

ith Activity (Acti)

An arbitrary activity in the network, Acti, may be dependent on 

more than one predecessor activity (p1, p2 … pm) with different 

relationships among FS, SS, FF and SF. In this general case, execute 

the required methods among the FS, SS, FF and SF cases presented 

through Equations (3) to (6) to obtain Early Start values (ES1, ES2 … 

ESm), as many as the predecessors (m) for the activity in question 

(Acti). Then, in accordance with the CPM’s forward pass calculation 

logic, apply the maximisation process on ES1, ES2 … ESm to find the 

true ES value (ESi,1) for the first unit of Acti.

ESi,1 = Max (ES1, ES2 … ESm) (15)

Then, find ES and EF values of the other units of Acti (ESi,2 … ESi,n ; 

EFi,1 … EFi,n). Subsequently, check the logic. The rules are:

For FS case, ESi,n ≥ EFp,n + Lgp,i (16)

For SS case, ESi,n ≥ ESp,n + Lgp,i (17)

For FF case, ESi,n + udi,n ≥ EFp,n + Lgp,i (18)

For SF case, ESi,n + udi,n ≥ ESp,n + Lgp,i (19)

If the corresponding rule is not satisfied:

For FS case, ES*
i,n =  ESi,n + MAX (EFp,1 + Lgp,i – ESi,1 , … , 

EFp,n + Lgp,i – ESi,n) (20)
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For SS case, ES*
i,n =  ESi,n + MAX (ESp,1 + Lgp,i – ESi,1 , … , 

ESp,n + Lgp,i – ESi,n) (21)

For FF case, EF*
i,n =  ESi,n + udi,n + MAX[EFp,1 + Lgp,i – 

(ESi,1 + udi,1), … , EFp,n + Lgp,i – 

(ESi,n + udi,n)] (22)

For SF case, EF*
i,n =  ESi,n + udi,n + MAX[ESp,1 + Lgp,i – 

(ESi,1 + udi,1), … , ESp,n + Lgp,i – 

(ESi,n + udi,n)] (23)

where n: 1,2, … n; p: p1, p2 … pm and * denotes the new correct value.

Step 2 – Backward pass calculations

Last activity (Actk)

Set the Late Finish of the last (kth) Activity for the nth unit (LFk,n) 

equal to its own Early Finish (EFk,n). Then subtract the unit durations 

(udk,1, udk,2 … udk,n) from LFk,n to find the Late Start for the nth unit 

(LSk,n) and Early Start/Early Finish values for the predecessor units 

(LSk,1 … LSk,n-1 ; LFk,1 ... LFk,n-1). This approach will ensure that 

Actk is performed uninterruptedly along units while maintaining the 

resource continuity.

Unit 1 … Unit n–1 Unit n

Actk : (LSk,1, LFk,1) … (LSk,n-1, LFk,n-1) (LSk,n, LFk,n)

(EFk,n – udk,n – 

udk,n-1 – … – udk,2 

– udk,1, EFk,n – ) 

udk,n – udk,n-1 – … 

– udk,2)

… (EFk,n – udk,n 

– udk,n-1, EFk,n – 

udk,n)

(EFk,n – udk,n , = 

EFk,n)

(24)

k-1th Activity (Actk-1)

Actk-1 is the predecessor of Actk.

 ■ Stage – 1

 ■  If the relationship is FS and there is a time lag between (Lgk,k-1), 

then set the Late Finish of Actk-1 for the nth unit (LFk-1,n) equal 

to the Late Start of the Actk for the nth unit (LSk,n) minus 

the time lag. Then, apply the unit durations (udk-1,1, udk-1,2 … 

udk-1,n) to LFk-1,n to find the Early Start/Early Finish values for 

the preceding units (LSk-1,1 … LSk-1,n ; LFk-1,1 ... LFk-1,n-1). This 

will provide resource continuity for Actk-1.

Unit 1 … Unit n–1 Unit n

Actk-1 : (LSk-1,1, LFk-1,1) … (LSk-1,n-1, LFk-1,n-1) (LSk-1,n, LFk-1,n)

(EFk,n – udk,n – 

Lgk,k-1 – udk-1,n 

– udk-1,n-1 – … 

– udk-1,2 – udk-1,1, 

EFk,n – udk,n – 

Lgk,k-1 – udk-1,n 

– udk-1,n-1 – … 

– udk-1,2)

… (EFk,n – udk,n – 

Lgk,k-1 – udk-1,n 

– udk-1,n-1, EFk,n 

– udk,n – Lgk,k-1 – 

udk-1,n)

(EFk,n – udk,n – 

Lgk,k-1 – udk-1,n, 

EFk,n – udk,n 

– Lgk,k-1)

(25)

 ■ If the relationship is SS and there is a time lag between (Lgk,k-1), 

then set Late Start of Actk-1 for the nth unit (LSk-1,n) equal to 

Late Start of Actk for the nth unit (LSk,n) minus the time lag. 

Then apply the unit durations (udk-1,1, udk-1,2 … udk-1,n) to LSk-1,n 

to find the Early Start/Early Finish values for the preceding units 

(LSk-1,1 … LSk-1,n-1 ; LFk-1,1 ... LFk-1,n). This will provide resource 

continuity for Actk-1.

Unit 1 … Unit n–1 Unit n

Actk-1 : (LSk-1,1, LFk-1,1) … (LSk-1,n-1, LFk-1,n-1) (LSk-1,n, LFk-1,n)

(EFk,n – udk,n – 

Lgk,k-1 – udk-1,n-1 

– … – udk-1,2 

– udk-1,1, EFk,n 

– udk,n – Lgk,k-1 

– udk-1,n-1 – … 

– udk-1,2)

… (EFk,n – udk,n – 

Lgk,k-1 – udk-1,n-1, 

EFk,n – udk,n – 

Lgk,k-1)

(EFk,n – udk,n 

– Lgk,k-1, EFk,n – 

udk,n – Lgk,k-1 + 

udk-1,n)

(26)

 ■ If the relationship is FF and there is a time lag between (Lgk,k-1), 

then set Late Finish of Actk-1 for the nth unit (LFk-1,n) equal to 

Late Finish of Actk for the nth unit (LFk,n) minus the time lag. 

Then apply the unit durations (udk-1,1, udk-1,2 … udk-1,n) to LFk-

1,n to find the Early Start/Early Finish values for the preceding 

units (LSk-1,1 … LSk-1,n ; LFk-1,1 ... LFk-1,n-1). This will provide 

resource continuity for Actk-1.

Unit 1 … Unit n–1 Unit n

Actk-1 : (LSk-1,1, LFk-1,1) … (LSk-1,n-1, LFk-1,n-1) (LSk-1,n, LFk-1,n)

(EFk,n – udk-1,n – 

Lgk,k-1 – udk-1,n-1 

– … – udk-1,2 

– udk-1,1, EFk,n – 

udk-1,n – Lgk,k-1 

– udk-1,n-1 – … 

– udk-1,2)

… (EFk,n – udk-1,n – 

Lgk,k-1 – udk-1,n-1, 

EFk,n – udk-1,n – 

Lgk,k-1)

(EFk,n – udk-1,n 

– Lgk,k-1, EFk,n – 

Lgk,k-1)

(27)

 ■ If the relationship is SF and there is a time lag between 

(Lgk,k-1), then set Late Start of Actk-1 for the nth unit (LSk-1,n) 

equal to Late Finish of Actk for the nth unit (LFk,n) minus 

the time lag. Then apply the unit durations (udk-1,1, udk-1,2 … 

udk-1,n) to LSk-1,n to find the Early Start/Early Finish values for 

the preceding units (LSk-1,1 … LSk-1,n-1 ; LFk-1,1 ... LFk-1,n). This 

will provide resource continuity for the Actk-1.

Unit 1 … Unit n–1 Unit n

Actk-1 : (LSk-1,1, LFk-1,1) … (LSk-1,n-1, LFk-1,n-1) (LSk-1,n, LFk-1,n)

(EFk,n – Lgk,k-1 

– udk-1,n-1 – … – 

udk-1,2 – udk-1,1, 

EFk,n – Lgk,k-1 

– udk-1,n-1 – … 

– udk-1,2)

… (EFk,n – Lgk,k-1 

– udk-1,n-1, EFk,n – 

Lgk,k-1)

(EFk,n – Lgk,k-1, 

EFk,n + udk-1,n – 

Lgk,k-1)

(28)

 ■ Stage – 2

Then, check the logic. The rules are:

For FS case, LFk-1,n ≤ LSk,n – Lgk,k-1 (29)

For SS case, LSk-1,n ≤ LSk,n – Lgk,k-1 (30)

For FF case, LFk-1,n ≤ LFk,n – Lgk,k-1 (31)

For SF case, LSk-1,n ≤ LFk,n – Lgk,k-1 (32)

If the corresponding rule is not satisfied:
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For FS case, LF*
k-1,n =  LFk-1,n – MAX [LFk-1,n – (LSk,n – Lgk,k-1), 

… , LFk-1,1 – (LSk,1 – Lgk,k-1)] (33)

For SS case, LS*
k-1,n =  LSk-1,n – MAX [LSk-1,n – (LSk,n – Lgk,k-1) , 

… , LSk-1,1 – (LSk,1 – Lgk,k-1)] (34)

For FF case, LF*
k-1,n =  LFk-1,n + MAX [LFk-1,n – (LFk,n – Lgk,k-1) , 

… , LFk-1,1 – (LFk,1 – Lgk,k-1)] (35)

For SF case, LS*
k-1,n =  LSk-1,n + MAX [LSk-1,n – (LFk,n – Lgk,k-1) , 

… , LSk-1,1 – (LFk,1 – Lgk,k-1)] (36)

where n: 1,2, … n and * denotes the new correct value.

 ith Activity (Acti)

An arbitrary activity in the network, Acti, may be dependent on more 

than one successor activity (s1, s2 … sm) with different relationships 

among FS, SS, FF and SF. In this general case, execute the required 

methods among the FS, SS, FF and SF cases presented through 

Equations (25) – (28) to obtain Late Finish values (LF1, LF2 … LFm), as 

many as the successors (m) for the activity in question (Acti). Then, 

in accordance with the CPM’s backward pass calculation logic, apply 

the minimisation process on LF1, LF2 … LFm to find the true LF value 

(LFi,n) for the last unit of Acti.

LFi,n = Min (LF1, LF2 … LFm) (37)

Then find LS and LF values of the other units of Acti (LSi,1 … LSi,n ; 

LFi,1 … LFi,n-1). Subsequently, check the logic. The rules are:

For FS case, LFi,n ≤ LSs,n – Lgs,i (38)

For SS case, LFi,n – udi,n ≤ LSs,n – Lgs,i (39)

For FF case, LFi,n ≤ LFs,n – Lgs,i (40)

For SF case, LFi,n – udi,n ≤ LFs,n – Lgs,i (41)

If the corresponding rule is not satisfied:

For FS case, LF*
i,n =  LFi,n – MAX [LFi,n – (LSs,n – Lgs,i), … , LFi,1 

– (LSs,1 – Lgs,i)] (42)

For SS case, LS*
i,n =  LFi,n – udi,n + MAX [LFi,n – udi,n – (LSs,n 

– Lgs,i), … , LFi,1 – udi,1 – (LSs,1 – Lgs,i)] (43)

For FF case, LF*
i,n =  LFi,n + MAX [LFi,n – (LFs,n – Lgs,i), … , LFi,1 

– (LFs,1 – Lgs,i)] (44)

For SF case, LS*
i,n =  LFi,n – udi,n + [LFi,n – udi,n – (LFs,n – Lgs,i), 

… , LFi,1 – udi,1 – (LFs,1 – Lgs, i)] (45)

where n: 1,2, … n; s: s1, s2 … sm and * denotes the new correct value.

Determination of critical units and 

project completion time

The activities that have no float time are called critical activities in 

CPM. CPM firstly satisfies logical dependencies between network 

activities, and subsequently enables revising the schedule in accord-

ance with the resource availability constraints. However, resource 

continuity cannot be maintained with CPM. Linear projects require 

continuous usage of resources. This requirement leads to two kinds 

of criticality in linear projects: logic criticality (like the criticality 

defined by CPM) and resource criticality. If an activity is logically 

critical, any delay in the completion of that activity delays the project. 

If the activity is resource critical, part of the critical path (controlling 

path), and consequently the project, will be delayed. Therefore, some 

activities become critical in linear scheduling although they are non-

critical according to CPM.

One of the methods of showing the linear schedules is to use lines 

with constant or varying slopes drawn on graphs with the axes being 

units versus time or stations (or locations) versus time. The slope of 

an activity line represents its production rate. The proposed CPM-

based scheduling procedure for linear construction projects does 

not include a rule-based algorithm to determine the logically and 

resource critical activities. Instead, the user determines the logically 

and resource critical activities along units on the line graph created 

through the results obtained in Steps 1 and 2 by using the criticality 

definitions proposed by linear scheduling. Early finish or late finish 

date of the last activity for the last unit, which is determined through 

forward and backward pass calculations of the procedure (Steps 1–2), 

is the project completion time.

As an example, unit-based criticalities of the activities of a linear 

schedule given in Figure 1 are as follows:

 ■ A1, B1, C1, D1–D4 and E4 are logically critical due to logical 

dependency.

 ■ E1–E3 is resource critical because E1, E2 and E3 are scheduled to 

provide resource continuity. If any of them is delayed, E4, which is 

part of the critical path (controlling path), will be delayed.

 ■ A2–A4, B2–B4, and C2–C4 are noncritical. A delay in any of 

these activities will not delay the completion date of the project. 

However, it leads to interruption of resource usage from unit to 

unit.

EXAMPLE APPLICATION

The purpose of this section is to demonstrate the application of the 

procedure on an example construction project. The project consists 

of the construction of four warehouse units. Each unit requires 

the completion of 15 activities and each activity repeats four times 

through four units. Table 1 presents the data of the example applica-

tion (Newitt 2005); the activity names, relationship types, lag times, 

and unit-based activity durations. FS, SS and FF relationships are 

used. It is assumed that each of the units consists of the same 15 

activities. However, the quantities of production for each activity are 

assumed to vary from unit to unit due to the learning effect. For this 

reason, unit durations of activities vary from one unit to another as 

shown in Table 1. 

Figure 1  An example line representation of a linear schedule
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Table 2 shows the forward pass solution. Forward pass requires 

the use of directions given through Equations (2) – (23). It was 

applied manually by using the data in Table 1. In Table 2 the 

crossed-out rows show the eliminated values during the execution of 

Equations (7) – (14) and Equations (15) – (23). The values in unlined 

brackets represent the final and true ES and EF time values of the 

activities for each unit separately. For example, the activity “M – 

Paint Exterior” starts on the 37th day and continues consuming the 

resources during the next 22 days until the 59th day without interrup-

tion through the four consecutive warehouse units.

According to the forward pass solution in Table 2, linear construc-

tion of four repetitive warehouse units ends after 73 days from the 

beginning (EF value of the last activity for the last unit).

Table 3 shows the backward pass solution. Backward pass requires the 

usage of directions given through Equations (24) – (45). Backward pass 

was applied manually by using the data in Table 1 and the data of the for-

ward pass solution given in Table 2. In Table 3, the crossed-out rows show 

the eliminated values during the execution of Equations (29) – (36) and 

Equations (37) – (45). The values in unlined brackets represent the final 

and true LS and LF time values of the activities for each unit separately. 

For example, the activity “J – Insulate” starts on the 49th day and contin-

ues consuming the resources during the next ten days until the 59th day 

without interruption through the four consecutive warehouse units.

Figures 2 and 3 show the “linear schedule graph” and the “linear 

schedule graph that indicates unit-based criticalities”, respectively. 

Results of forward and backward pass solutions given in Tables 2 and 

3 have been used to build these graphs. Unit-based criticalities shown 

in Figure 3 are discussed below. The descriptions should be followed 

concurrently with Tables 1 – 3.

 ■ A1 – A4: All the subsequent units of the activity A (A1, A2, A3, A4) 

are logically critical. It is the first activity and has no predecessor. In 

Table 1 Data of example application

Id. Activity
Predecessor 

& 
Relationship

Duration
(Unit 1)

Duration
(Unit 2)

Duration
(Unit 3)

Duration
(Unit 4)

A Excavate – 5 5 4 4

B Form slab A (FS) 3 3 2 2

C Pour slab B (FS) 3 3 2 2

D
Frame 
exterior walls

C (FS+3) 8 8 6 6

E Frame roof D (FS) 4 4 3 3

F Brick sides D (SS+3) 9 9 7 7

G
Rough 
electrical

E (FS)
F (FS)

4 4 3 3

H Shingle roof E (FS) 4 4 3 3

I
Windows and 
doors

F (FF+2) 5 5 4 4

J Insulate
I (FS)
G (FS)

3 3 2 2

K
Install 
drywall

H (FS)
J (FS)

5 5 4 4

L Paint interior
I (FS)
K (FF)

5 5 4 4

M Paint exterior F (FS) 6 6 5 5

N
Finish 
electrical

M (FS)
L (FS)

2 2 2 2

O Close out N (FS) 1 1 1 1

Table 2 Forward pass solution of example application

Id. Activity Unit 1 Unit 2 Unit 3 Unit 4

A Excavate (0 – 5) (5 – 10) (10 – 14) (14 – 18)

B Form slab
(5 – 8)

(10 – 13)
 (8 – 11)
(13 – 16)

(11 – 13)
(16 – 18)

(13 – 15)
(18 – 20)

C Pour slab (13 – 16) (16 – 19) (19 – 21) (21 – 23)

D Frame exterior walls (19 – 27) (27 – 35) (35 – 41) (41 – 47)

E Frame roof
(27 – 31)
(36 – 40)

(31 – 35)
(40 – 44)

(35 – 38)
(44 – 47)

(38 – 41)
(47 – 50)

F Brick sides (22 – 31) (31 – 40) (40 – 47) (47 – 54)

G Rough electrical
(40 – 44)
 (43 – 47)

(44 – 48)
 (47 – 51)

(48 – 51)
 (51 – 54)

(51 – 54)
 (54 – 57)

H Shingle roof  (40 – 44)  (44 – 48)  (48 – 51)  (51 – 54)

I Windows and doors
(28 – 33)
(38 – 43)

(33 – 38)
(43 – 48)

(38 – 42)
(48 – 52)

(42 – 46)
(52 – 56)

J Insulate
(47 – 50)
(49 – 52)

(50 – 53)
(52 – 55)

(53 – 55)
(55 – 57)

(55 – 57)
(57 – 59)

K Install drywall (52 – 57) (57 – 62) (62 – 66) (66 – 70)

L Paint interior (52 – 57) (57 – 62) (62 – 66) (66 – 70)

M Paint exterior
(31 – 37)
 (37 – 43)

(37 – 43)
 (43 – 49)

(43 – 48)
 (49 – 54)

(48 – 53)
 (54 – 59)

N Finish electrical
(57 – 59)
 (64 – 66)

(59 – 61)
 (66 – 68)

(61 – 63)
 (68 – 70)

(63 – 65)
 (70 – 72)

O Close out
(66 – 67)
(69 – 70)

(67 – 68)
(70 – 71)

(68 – 69)
(71 – 72)

(69 – 70)
(72 – 73)

Table 3 Backward pass solution of example application

Id. Activity Unit 1 Unit 2 Unit 3 Unit 4

A Excavate (0 – 5) (5 – 10) (10 – 14) (14 – 18)

B Form slab
 (11– 14)
(10 – 13)

 (14 – 17)
(13 – 16)

 (17 – 19)
(16 – 18)

 (19 – 21)
(18 – 20)

C Pour slab
(28 – 31)
(13 – 16)

(31 – 34)
(16 – 19)

(34 – 36)
(19 – 21)

(36 – 38)
(21 – 23)

D Frame exterior walls
(22 – 30)
(19 – 27)

(30 – 38)
(27 – 35)

(38 – 44)
(35 – 41)

(44 – 50)
(41 – 47)

E Frame roof
(40 – 44)
(39 – 43)

(44 – 48)
(43 – 47)

(48 – 51)
(47 – 50)

(51 – 54)
(50 – 53)

F Brick sides (22 – 31) (31 – 40) (40 – 47) (47 – 54)

G Rough electrical (43 – 47) (47 – 51) (51 – 54) (54 – 57)

H Shingle roof
(52 – 56)
(48 – 52)

(56 – 60)
(52 – 56)

(60 – 63)
(56 – 59)

(63 – 66)
(59 – 62)

I Windows and doors  (39 – 44)  (44 – 49)  (49 – 53)  (53 – 57)

J Insulate
(56 – 59)
(49 – 52)

(59 – 62)
(52 – 55)

(62 – 64)
(55 – 57)

(64 – 66)
(57 – 59)

K Install drywall (52 – 57) (57 – 62) (62 – 66) (66 – 70)

L Paint interior (52 – 57) (57 – 62) (62 – 66) (66 – 70)

M Paint exterior  (48 – 54)  (54 – 60)  (60 – 65)  (65 – 70)

N Finish electrical  (64 – 66)  (66 – 68)  (68 – 70)  (70 – 72)

O Close out (69 – 70) (70 – 71) (71 – 72) (72 – 73)
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case a delay occurs in activity A, activity B, which is the successor 

activity, extends. This would also cause a delay in the project.

 ■ B4: B4 starts after A4 finishes. They are dependent with FS 

relationship. However, B4 is noncritical. A delay in B4 within float 

time limits leads to a delay in C4, but this will not cause a delay in 

the project. The float time between B4 and C4 is one day. While 

one day of extension has no effect on the project completion time, 

an extension of two days would, for example, result in a delay.

 ■ B2 – B3: B2 and B3 are logically critical. A delay in B2–B3 will 

cause time extension in B1. This would affect the project.

 ■ B1: B1 maintains resource continuity of activity B and it is the 

predecessor of C1. Delay in B1 causes delay in the start of activity 

C. This would also lead to a delay in the project. Therefore it is a 

resource critical unit.

 ■ C1: C1 is dependent on B1 with FS relationship. It is logically 

critical.

 ■ C2 – C4: Float time exists between the C2 – C4 and their cor-

responding successors, D2 – D4. Therefore, C2, C3 and C4 are 

noncritical. The float times are 5, 6 and 10 for the C2, C3 and C4, 

respectively.

 ■ D1: D1 is dependent on C1 with an FS+3 relationship. Start time of 

D1 is effective on the start time of activity F. Therefore, start time 

of D1 is considered as logically critical. However, finish time of D1 

has float time although its start time does not. One day of float 

time is possible for D1’s finish time. If D1 was extended by one day, 

start of F1 would not be delayed. Finally, start of D1 is a critical 

benchmark and D1 is noncritical.

 ■ D2 – D4: D2, D3 and D4, which are the successors of D1, are non-

critical due to the possible float times between the starts of D2, 

D3, D4 and starts of F2, F3, F4, respectively.

 ■ E1 – E4: E1 – E4 are noncritical. A delay in the project is not pos-

sible in the event that E1 – E4 extend within float time limits.

 ■ F1 – F4: Start time of activity F is dependent on start time of 

activity D, and start time of activity G4, which is the successor of 

activity F, is dependent on the finish time of F4. This makes F1 – 

F4 logically critical.

Figure 2  Linear schedule graph of example application
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Figure 3  Linear schedule graph of example application showing unit-based criticality of activities

U
n

it
 N

u
m

b
e

r

4

3

2

1

56524844403632282420161284

Day

7672686460

A B C D F E G J L N O

H

M

I

K

Noncritical unitsLogically critical units Resource critical units Critical benchmark



Journal of the South African Institution of Civil Engineering • Volume 55 Number 2 August 2013 19

 ■ G4: G4 depends on F4 with FS relationship. A delay in G4 causes 

delay in the project. Therefore, it is logically critical.

 ■ G1 – G3: G1 – G3 are the predecessors of G4 and they maintain 

resource continuity. Any delay in G1 – G3 leads to extension in 

G4, which is logically critical, and in turn leads to extension in the 

project. Therefore, G1, G2 and G3 are resource critical units.

 ■ J4: J4 is dependent on G4, which is a logically critical unit, with FS 

relationship. However, a possible delay in J4 does not cause delay 

in its successors, if the delay is within float time limits. Therefore, 

it is noncritical.

 ■ J2 – J4: A delay in J2 – J4 will cause extension in J1, which is the 

successor of K1 and L1. Since activities K and L are logically criti-

cal, a delay in J2 – J4 will cause extension in J1 and, depending on 

this, the project will be delayed.

 ■ J1: J1 maintains resource continuity of activity J and it is the prede-

cessor of K1 and L1. A delay in J1 causes delay in activities K and L’s 

start times. Since activities K and L are logically critical, the project 

will extend in such a case. Therefore, J1 is a resource critical unit.

 ■ K1 – K4: Start time of the activity K is dependent on the finish 

time of J1, and start time of activity N4, which is the successor 

of K4, is dependent on the finish time of K4. This makes K1 – K4 

logically critical.

 ■ L1 – L4: Activity L is dependent on the activities I and K with FS 

and FF relationships. However, activity K is determinant on activ-

ity L. Since activity K is logically critical, activity L, which has the 

same early and later times with activity K, is also logically critical.

 ■ N4: N4 depends on L4 and M4 with FS relationships. However, 

activity L is determinant on activity N. A delay in N4 causes delay 

in the project. Therefore, it is logically critical.

 ■ N1 – N3: N1 – N3 are the predecessors of N4 and they maintain 

resource continuity. They are resource critical units. Any delay in 

N1 – N3 leads to extension in O4, which is logically critical, and 

accordingly this causes extension of the project.

 ■ O4: O4 depends on N4 with FS relationship. A delay in O4, which 

determines the project completion time, causes delay in the pro-

ject. Therefore, it is logically critical.

 ■ O1 – O3: O1 – O3 are the predecessors of O4 and they maintain 

resource continuity. They are resource critical units. Any delay in 

O1 – O3 leads to extension in O4, which is logically critical and 

accordingly causes extension of the project.

 ■ H1 – H4, I1 – I4, M1 – M4: These are noncritical. They can be 

extended within float time limits without causing any delay of the 

project.

PROCEDURE COMPUTERISATION

The table processor software, MS Excel, was used to computerise the 

procedure. First of all, CPM forward/backward pass calculations were 

achieved by using MS Excel formulae on an MS Excel spreadsheet. 

This step is important because the procedure is based on CPM calcu-

lations. The procedure was then developed on the same spreadsheet 

through designing the input cells, first, and setting up the procedure’s 

algorithm with MS Excel formulae, second. Figures 4 and 5 show the 

developed spreadsheets. Three parts exist on the spreadsheet: “data 

input”, “computation” and “results”. The user only enters the required 

data into the input parts, while the solution is presented in the 

“results” part. In Figure 5 the formulae used in some cells are shown 

as an example.

DISCUSSION AND RECOMMENDATIONS

The CPM-based Linear Scheduling procedure performs well in com-

pliance with the expectancies from a linear schedule, as the example 

application has shown. The conduction of further applications also 

provided similar satisfying results. The advantageous features of the 

procedure are as follows:

 ■ Scheduling of linear construction projects containing repetitive 

units with identical activities is possible without ignoring resource 

continuity and network relationships between activities.

 ■ The amount of data required to execute the procedure is not 

much more than the amount required for CPM application. The 

proposed procedure further requires only the number of units and 

the varying activity durations (or the production rates) for each 

unit.

 ■ The procedure allows the scheduler to use any relationship type 

among start-to-start, finish-to-start, finish-to-finish and start-to-

finish. Moreover, it enables assigning lag times between activities.

 ■ The procedure enables the identification of critical activities and 

float times of noncritical activities. It clarifies the unit-based criti-

cality of activities.

 ■ The procedure determines unit-based ES, LS, EF and LF dates of 

activities. One can easily produce a Bar Chart schedule of units by 

using these values.

 ■ The procedure enables the analysis of the float times of noncritical 

activities in detail.

In spite of its advantageous features, the proposed procedure also has 

some limitations, as discussed below together with some recommen-

dations for future work.

 ■ One should be eligible both in CPM and Linear Scheduling in 

order to use the procedure. This increases the user’s work. The 

computerised form of the procedure is beneficial for its practical 

use.

 ■ The procedure is open to improvement regarding the resource 

levelling and crashing issues.

 ■ The procedure assumes that the number of repetitive units 

remains constant throughout all activities, and it uses the same 

Figure 4  Data input parts of MS Excel spreadsheet 

Figure 5  Results and computation parts of MS Excel spreadsheet



Journal of the South African Institution of Civil Engineering • Volume 55 Number 2 August 201320

group of activities for each unit. However, some units may 

not contain a number of activities common to the other units. 

Elimination of this limitation would improve the procedure.

 ■ The procedure assumes single crew members per activity. This is 

not practical for repetitive projects, and can be improved by con-

sidering multiple crew usage and resource availability constraints.

SUMMARY AND CONCLUSIONS

This paper presents a procedure to apply the Critical Path Method 

(CPM) to linear construction projects that have repeating activities. 

The main feature of the proposed procedure is its ability to perform 

forward and backward pass calculations of CPM on a linear project 

with simultaneously accounting network logic and maintaining the 

continuous resource usage, and to identify critical paths through suc-

cessive units. It allows the usage of any kind of dependency relation-

ship among finish-to-start, start-to-start, finish-to-finish and start-

to-finish, and lag times between activities. Furthermore, it enables 

the usage of variable unit durations or production rates for activities 

from one unit to another. The proposed procedure computes the 

project completion time, early start and finish times, late start and 

finish times, and total float times; and determines the critical activi-

ties through a unit by unit approach. The paper contains the detailed 

description of the procedure, an example application, discussion of 

advantages and limitations, and some recommendations for future 

work. Furthermore, a spreadsheet has been developed by using a table 

processor in order to computerise the procedure.
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BACKGROUND

An empirical study that examined the per-

formance of infrastructure projects funded 

by the Asia Development Bank (ADB) in four 

Asian developing countries (China, India, 

Thailand and Bangladesh) revealed that most 

of those projects experienced schedule delays 

and cost under runs (Ahsan & Gunawan 

2010: 77). Cost under runs in this context 

refers to when projects are completed under 

the budget. In other words, allocated money 

is unused and accounted for as a surplus. 

Project scope reduction, design changes, 

local taxes and changes in the policies of 

interested parties were cited by the authors 

as causes of cost under runs, amongst oth-

ers. The major causes of project delay were 

attributed to issues related to procurement, 

civil works, land acquisition, consultant 

recruitment, natural calamities and host 

country government procedures. The study 

findings observed that procurement is one 

of the biggest challenges encountered on the 

projects. Delays in procurement are often 

caused by long bid evaluation times, opera-

tional delays by implementing organisations, 

and inexperience of local authorities 

supervising the projects. In fact, the authors 

noted that in the countries studied, govern-

mental bureaucratic problems include a slow 

decision-making process and policy changes 

(Ahsan & Gunawan 2010: 75). For example, 

out of the 73 projects examined, contract 

evaluation and award emerged as the major 

cause of delays on 43 projects.

The findings of this study are not 

isolated. Rather, a number of publications 

have continually beamed the searchlight 

on project performance, especially in a 

developing country such as South Africa. For 

instance, though the activities of the South 

African Construction Industry Development 

Board (CIDB) have had some impact on 

the construction industry’s performance, a 

recent review of literature suggests that more 

should be done, as the performance is not 

improving as expected (Emuze & Smallwood 

2011: 112). In particular it was argued that 

major scope for contractor development 

and improvement in performance related to 

construction schedule, construction health 

and safety (H&S), quality and payment of 

Management concepts 
and project performance: 
perceptions from the 
South African public 
sector environment

F A Emuze, J J Smallwood

The thrust of this paper is to examine management strategies that could engender performance 
improvement in construction. Using the South African infrastructure sector as the geographical 
limit of the study, the research reported upon emanates from a quantitative study that was 
underpinned by the review of related literature. A survey was conducted among general 
contractor (GC) members of the South African Federation of Civil Engineering Contractors 
(SAFCEC), consulting engineer members of Consulting Engineers South Africa (CESA) and 
selected public sector clients.
 Based on inferential statistics, selected findings show that inconsistent and inadequate 
risk allocation and management practices could lead to inappropriate choice of procurement 
strategy. Inadequate documentation and transfer of experience and performance could 
also result in limited organisational knowledge, learning and transfer. The lack of delivery 
management skills within public sector establishments could result in poor execution of 
projects, and an inappropriate organisational culture among project partners may lead to 
resistance to the changes that are necessary for inculcating performance improvement.
 Although these aforementioned perceptions pertain to a limited number of respondents, 
especially the individuals working for the clients in the public sector, their views are insightful. 
As most of the participants were generally involved in public sector construction projects, their 
opinions can point to a way forward.
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contractors exists in South Africa. Therefore, 

the overall research aim and objective of 

this discourse is underpinned by the need 

to improve project performance in South 

Africa.

The research objectives include:

 ■ The assessment of performance improve-

ment management strategies.

 ■ The recommendation of robust ways that 

these management concepts can be used 

to improve performance in South Africa.

Pursuant to the realisation of these objec-

tives, eight hypotheses were formulated 

based on known management strategies 

in the construction management research 

(CMR) domain (see Emuze 2012: 8–13). The 

use and/or promotion of these management 

concepts could address some of the project-

related problems that manifest as rework, 

defect and even disputes among project 

parties. As an illustration, while the perfor-

mance of client bodies related to documenta-

tion, procurement and the management of 

variation order is reportedly poor (Marx 

2009: 564), contractors and consultants 

are deemed to struggle to produce quality 

services and products in the sector (CIDB 

2004). The hypotheses pertaining to this 

paper, which mostly address strategic issues, 

include:

 ■ Inconsistent and inadequate risk alloca-

tion and management practices lead to 

inappropriate choice of procurement 

strategy in the public sector.

 ■ Inadequate documentation and transfer 

of experience and performance result in 

low organisational knowledge, learning, 

and transfer.

 ■ The lack of infrastructure delivery 

management skills within the public 

sector results in poor implementation of 

construction procurement strategies.

 ■ Inappropriate organisational culture 

among project partners leads to resist-

ance to change and innovation in the 

construction supply chain.

It should be noted that the postulated 

hypotheses were formulated in order to 

examine certain variables in terms of 

cause and effect. The cause and effect 

indicated by the hypotheses are therefore 

not sacrosanct, as disparity between project 

environment and characteristics often lead 

to other factors that may result in similar 

consequences.

LITERATURE REVIEW

The argument that the implementation 

of selected management programmes or 

strategies can engender improvement in 

production environments was strengthened 

by a recent article. The article presented 

the findings of a study that focused on the 

productivity of construction crafts. Using 

management strategies such as pre-planning, 

team building, automation and integration of 

information systems, and health and safety 

(H&S) to evaluate 41 projects in terms of 

productivity, Shan et al (2011: 311–314) dis-

covered that management programmes had a 

positive correlation with improved mechani-

cal construction productivity.

In furtherance of this principle, a number 

of management strategies such as risk man-

agement (RM), knowledge management (KM), 

skills improvement and organisational culture 

have been said to be beneficial to performance 

improvement in construction (Smith et al 

2006: 4; Quintas 2005: 12; Lawless 2007: 150; 

Sommerville & Craig 2006: 47).

 Risk management

When managing risk, decisions are made 

against a predetermined set of objectives, 

rules or priorities based on knowledge, data 

and information relevant to an issue. Smith 

et al (2006: 3 and 2006: 4) contend that risk 

exists when a decision is expressed in terms 

of a range of possible outcomes, and when 

known probabilities can be attached to the 

outcomes; and uncertainty exists when 

there is more than one possible outcome of a 

course of action, but the probability of each 

outcome is not known. An intelligent client 

should therefore be able to address these 

risk types before a procurement strategy is 

chosen. Though clients often have an overall 

risk management strategy and policy, some 

of them fail to see that the principal issues 

concerning how risk exposure and transfer 

are dealt with determine how well a procure-

ment strategy performs.

For instance, a recent South African 

study observed that South African contrac-

tors consider themselves to be exposed to 

risks caused by and imposed by employers; 

and the management of employer risks has 

positive benefits for contractors, as costs are 

managed and profits maximised (Rwelamila 

& Jerling 2011: 61). In effect, the study 

concluded that employer-generated risks 

have significant impact on the outcome of 

construction projects, and the risks can be 

identified and managed (Rwelamila & Jerling 

2011: 62).

Knowledge management

Knowledge management (KM) can be viewed 

as a systematic process of discovering, 

choosing, arranging, refining and presenting 

information in such a way that it improves 

an employee’s comprehension relative to 

a specific area of interest (Sommerville & 

Craig 2006: 61). In other words, KM is the 

discipline of creating a flourishing work and 

learning environment that fosters the contin-

uous creation, aggregation, use and re-use of 

both organisational and personal knowledge 

in the pursuit of new business values (Cross 

1998 cited by Quintas 2005: 12).

This process and action-oriented descrip-

tion of KM indicates that it may be applica-

ble to the improvement of the construction 

process. The high levels of service inputs 

characterised by professional knowledge or 

expertise relative to a specific technical or 

functional domain may qualify the industry 

as a knowledge-intensive industry. In fact, 

documented research findings indicate 

that design, architecture, surveying and 

other construction services are knowledge-

intensive service sectors (Egbu & Robinson 

2005: 33).

To this end, a developing country 

(Malaysia) examined the integration of KM 

processes into site management practices 

in the Malaysian construction industry 

(Mohamed et al 2011: 312). The study 

identified two key benefits of the framework 

for integrating KM into site management 

practices. Firstly, the framework enabled the 

availability of past solutions and standard 

procedures for problem-solving purposes. 

Secondly, the designed framework can 

increase the ability of the site manager to 

learn from the environment and to incor-

porate the knowledge into site management 

practices. In other words, the KM process 

can assist site managers to reduce the num-

ber of problems that occur and minimise the 

negative impact of unpredictable problems 

(Mohamed et al 2011: 312).

Skills development

Highly skilled individuals and competent 

teams that consist of clients, designers, sup-

pliers and contractors are important for the 

construction process. Standard construction 

requires individuals with basic knowledge 

and skills. However, problem-solving people 

are required for innovative infrastructural 

projects that are often ill-defined and com-

plex to implement. Therefore, individuals 

with tacit knowledge are central to the crea-

tivity required in the design and construc-

tion of innovative projects (Egbu & Robinson 

2005: 38).

Lawless (2007: 50) contends that the total 

number of civil engineers employed in the 

public sector is so inadequate that technical 

and project management support necessary 

for developing road networks and other 

major projects may become highly difficult 

to come by in South Africa. Apart from ser-

vice delivery challenges, the shortage of skills 

has resulted in loss of institutional knowl-

edge, uncoordinated housing developments, 
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and endangers the performance of projects 

(Lawless 2007: 125–150).

Organisational culture

According to the results of the investigation 

conducted by Girmscheid & Hartmann 

(2002: 380), innovative potential that is creat-

ed by procurement strategy can only be used 

if the organisational culture of construction 

firms is open to performance improvement.

However, it has been argued that the 

present nature and structure of the industry 

indicates that many processes are replicated 

so much that non-value-adding activities 

and inefficiencies are propagated unabatedly 

(Han et al 2007: 2088). Therefore, in order 

for the industry to improve its performance, 

the industry needs to change its prevailing 

culture, and by implication, supply-chain 

member firms need to change their culture 

towards a culture that supports continuous 

improvement. The evolution of appropriate 

organisational culture will not only allow 

information sharing between projects and 

teams, and across organisational boundaries, 

but will also support the construction sector 

in adopting new processes, which improve 

quality and productivity (Sommerville & 

Craig 2006: 47).

THE RESEARCH

Because of the exploratory nature of the 

study, the research method adopted the use 

of structured questionnaires. The question-

naires were generated primarily from issues 

dealing with project management outcomes. 

Further, the descriptive method was used in 

this research. According to Leedy & Ormond 

(2005: 179), the descriptive survey method is 

employed to process data obtained through 

observation. The survey was designed with 

close-ended questions and one open-ended 

question. Respondents were able to identify 

performance impediments using a five-point 

scale: (1) minor extent, (2) near minor extent, 

(3) some extent, (4) near major extent, and 

(5) major extent. Furthermore, in order 

to score the effects of the impediments, 

respondents were provided with a five-point 

scale: (1) totally disagree, (2) disagree, (3) 

neutral, (4) agree, and (5) totally agree. In 

all instances where a likert-scale type of 

question was used, an ‘unsure’ option was 

provided for the respondents.

One hundred and fifty-four (154) individu-

als working for clients, consultants and gen-

eral contracting organisations constituted the 

sample size. The selected clients were public 

works officials at provincial and national 

departments responsible for public sector 

projects. The consultants were civil engineer-

ing consulting engineers who were members 

of CESA, while the general contractors were 

members of SAFCEC. Instead of the random 

sampling method, the purposive method was 

used for compiling the sample size. Purposive 

sampling is a procedure in which the research 

samples whoever is believed by the researcher 

to be representative of a given population 

group (Springer 2010: 107). The difference 

between purposive and probability sampling 

approaches is that purposive sampling is 

based on the researcher’s informal ideas about 

representativeness. Although probability 

sampling is clearly preferable to purposive 

sampling, the latter is often used when 

population characteristics cannot be precisely 

determined (Springer 2010: 107). After the 

survey period, which spanned eleven weeks, 

only fifty-four (54) validly completed ques-

tionnaires were returned, and included in 

the analysis of the data, which equates to a 

response rate of 35.1% (Table 1).

INTERPRETATION OF THE RESULTS

The inferential statistics related to the 

hypotheses involved Cronbach’s alpha internal 

reliability test, average inter-item correlation, 

and the test of means against reference con-

stant. Cronbach’s alpha is used for combining 

items in likert-type scales that use each indi-

vidual item to measure a phenomenon that 

has an underlying quantitative measurement 

continuum (Gliem & Gliem 2003: 82).

The closer Cronbach’s alpha is to 1.0, 

the greater the internal consistency of the 

items in the scale, that is, the higher the 

alpha coefficient, the more reliable the test 

(Gliem & Gliem 2003: 87). In brief, George 

& Mallery (2003: 231) provide the following 

rules of thumb: > .9 is excellent, > .8 is good, 

> .7 is acceptable, > .6 is questionable, > .5 is 

poor, and < .5 is unacceptable for interpret-

ing Cronbach’s alpha coefficients.

In addition, while empirical research 

usually aims to compare groups or relation-

ships between variables, a statistical test 

is performed to see whether the observed 

difference or relationship between variables 

is statistically significant. This significance 

is often the result of testing a null hypothesis 

against an alternative hypothesis with the 

aim of producing a p-value as part of the 

output. In this context, the null hypothesis 

is a statement that the parameter takes a 

particular value, which represents no effect, 

while the alternative hypothesis states that 

the parameter falls in some alternative 

range of values, which represents an effect 

of some type (Agresti & Franklin 2007: 

369). This statistical significance, however, 

only means that the probability of rejecting 

the null hypothesis when it is true is very 

small (less than 0.05) without providing 

information about the size and practical 

importance of the difference or relationship 

between the variables, in spite of the fact that 

Cohen (1990 cited by LeCroy & Krysik 2007: 

243) argued that the primary product of a 

research inquiry is one of measures of effect 

size as opposed to measures of p values.

Effect size thus refers to a metric that 

estimates the size of a treatment effect 

(Meline & Wang 2004: 204). LeCroy & 

Krysik (2007: 243) contend that measures of 

effect size provide critically different infor-

mation from alpha levels, as they address 

the practical importance of the results 

through the assessment of the magnitude 

of the effect. Nevertheless, it is advisable 

that effect size interpretations should not be 

void of measurement considerations, such 

as score reliability (LeCroy & Krysik 2007: 

244), and therefore reliability tables and test 

of means against reference constant tables 

are provided to support the test of each 

hypothesis. Though there are other effect 

size measures, the standardised mean differ-

ence known as Cohen’s d is used. According 

to LeCroy & Krysik (2007: 245) and Meline & 

Wang (2004: 205), Cohen’s d is the common-

est method used for reporting effect sizes; 

and the interpretation of their values range 

between small effect size (≤ 0.35), medium 

effect size (≤ 0.65) and large effect size 

(> 0.65). In brief, in terms of this particular 

study:

 ■ the null hypothesis is H0: p = 3, and

 ■ the alternative hypothesis is H1: p > 3.

THE RESULTS

Hypothesis 1

The questions that were asked in this section 

stem from the assumption that the existence 

of risk, and whether it should be retained, 

Table 1 Survey response rate

Respondent group Sample size (No) Response (No) Response rate (%)

Public sector clients 42 11 26.2

Members of SAFCEC 56 15 26.8

Members of CESA 56 28 50.0

Total 154 54 35.1
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avoided or transferred, is very much at 

the centre of all procurement strategies 

(Jaggar et al 2002: 181). And it is important 

that an intelligent client should be able to 

address project risks before a procurement 

strategy is chosen. In effect, if risks can be 

transferred, then their impact can be shared 

or totally carried out by another party in 

the construction supply chain. Although 

risks cannot be totally eliminated through 

contracts, a chosen strategy can influence 

their management effectively (Smith et al 

2006: 139). Though the choice of contract, 

and hence risk allocation strategy, is 

determined by the policy decisions of the 

client and specific project requirements 

when policy considerations take precedence 

over specific project requirements, it is 

important that clients remember that 

inappropriate strategy on the retention or 

distribution of risks could jeopardise projects 

(Bower 2003: 18). To this end Table 2 

suggests that the individual mean score (MS) 

of the variables relative to risk allocation 

strategies can be safely combined into a 

single mean with a good internal reliability 

of 0.84, and the variables can also be deemed 

to be properly correlated with average inter-

item correlation of 0.60. Table 3 suggests that 

the individual MSs of the varia bles relative to 

procurement criteria can be safely combined 

into a single mean with a good internal 

reliability of 0.80, and the varia bles can also 

be deemed to be properly correlated with an 

average inter-item correlation of 0.58. Table 

4 suggests that the individual MSs of the 

variables relative to misallocation of project 

risks can be safely combined into a single 

mean with a questionable internal reliability 

of 0.66, and the variables can also be deemed 

correlated with an average inter-item 

correlation of 0.31.

Therefore, Table 5 presents the test of 

means against reference constant relative to 

the hypothesis. It is notable that for all such 

tables, the mean is the combined mean score 

of variables relative to the question, Std Dv is 

the standard deviation for the mean, number 

is the number of valid responses relative to 

the question, RC is the reference constant, 

t-value is the single tail test statistics, df 

is the difference in number, the p-value is 

the probability that the test statistics equal 

the observed value, and Cohen’s d is the 

effect size value and ranges. Therefore, 

based on the statistics in Table 5, it can be 

assumed that:

 ■ In terms of variables in Table 2, the 

mean is not significantly greater than the 

reference constant, hence H0 cannot be 

rejected and H1 also cannot be accepted.

 ■ In terms of variables in Table 3, the 

mean is not significantly greater than the 

reference constant, hence H0 cannot be 

rejected and H1 also cannot be accepted.

 ■ In terms of variables in Table 4, the mean 

is significantly greater than the reference 

constant, hence H0 can be deemed reject-

ed, while H1 can be deemed accepted.

However, the Cohen’s d effect size measure 

indicates that, although the significant test 

statistics for questions that are indicated 

in Tables 2 and 3 are not so favourable, 

the result has a medium effect size with 

Cohen’s d values of 0.44 and 0.60 respec-

tively. It is equally notable that the results for 

questions related to misallocation of risks 

(Table 4) have large effect size measures with 

Cohen’s d value of 0.80. In other words, in 

spite of the statistical test non-significance 

status of variables in Tables 2 and 3, all the 

results relative to this particular hypothesis 

are of medium and large practical impor-

tance. Therefore, in practical terms:

H0 =  Inconsistent and inadequate risk 

allocation and management prac-

tices do not lead to inappropriate 

choice of procurement strategy in 

the public sector.

Table 2 Reliability for risk allocation strategies

Strategies Valid N MS Std Dv Rank

Identification of risk avoidance/prevention measures 11 4.09 1.2 1

Considerations relative to contract pricing strategies 11 3.91 1.1 2

Cost of risk transferred to project partners 11 3.55 1.7 3

Establishment of contingency plans 11 3.09 1.3 4

Incentives to improve project performance 10 2.70 1.8 5

Cronbach alpha: 0.84

Average inter-item correlation: 0.60

Table 3 Reliability for procurement criteria

Criteria Valid N MS Std Dv Rank

Design responsibility and accountability 11 4.00 1.5 1

Project certainty relative to cost, quality and time 11 3.82 1.3 2

Legislation relative to preferential procurement (BEE) 11 3.82 1.5 3

Project complexity relative to constructability 11 3.55 1.5 4

Attitudes to risk transfer 10 3.00 1.5 5

Cronbach alpha: 0.80

Average inter-item correlation: 0.58

Table 4 Reliability for misallocation of project risks

Situations Valid N MS Std Dv Rank

Delay in project completion 37 3.86 0.9 1

Increased total project cost 37 3.84 1.0 2

Delay in award of the tender 36 3.64 1.4 3

Likelihood of disputes between project partners 37 3.43 1.1 4

High amount devoted to contingency plans 37 3.19 1.1 5

Cronbach alpha: 0.66

Average inter-item correlation: 0.31

Table 5 Test of means against reference constant relative to Hypothesis 1

Mean Std Dv Number RC t-value df p-value Cohen’s d

Table 2 3.48 1.10 11 3 1.46 10 0.17558 0.44 M

Table 3 3.66 1.09 11 3 2.00 10 0.07378 0.60 M

Table 4 3.59 0.73 37 3 4.87 36 0.00002 0.80 L
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H1 =  Inconsistent and inadequate risk 

allocation and management prac-

tices lead to inappropriate choice of 

procurement strategy in the public 

sector.

Consequently, Table 5 indicates that incon-

sistent and inadequate risk allocation and 

management practices may indeed lead to 

inappropriate choice of procurement strategy 

in South African public sector departments 

responsible for the delivery of infrastructure 

and services.

Hypothesis 2

The motivation for the questions that 

pertain to this hypothesis came about based 

on the view that within an organisation, 

KM may even have the same degree of 

importance as labour, plant and materials 

(Fernie et al 2003 cited by Sommerville 

& Craig 2006: 62). This is because con-

struction knowledge is created through 

the actions of individuals, project teams, 

organisations and the interactions between 

tacit and explicit knowledge in the project 

life cycle, which facilitate decision-making 

in the implementation of projects (Egbu & 

Robinson 2005: 35-36). Thus, Table 6 sug-

gests that the individual mean scores of the 

variables relative to inadequate documenta-

tion and transfer of knowledge can be safely 

combined into a single mean with a good 

internal reliability of 0.81, and the variables 

can also be deemed to be correlated with 

average inter-item correlation of 0.47.

Table 7 suggests that the individual MSs 

of the variables relative to risk allocation 

strategies can be safely combined into a sin-

gle mean with an excellent internal reliability 

of 0.92, and the variables can also be deemed 

to be properly correlated with average inter-

item correlation of 0.59.

 Hence, based on the statistics in Table 8, 

it can be assumed that for Hypothesis 2:

 ■ In terms of variables in Table 6, the mean 

is significantly greater than the reference 

constant, hence H0 can be deemed reject-

ed, while H1 can be deemed accepted.

 ■ In terms of variables in Table 7, the mean 

is significantly greater than the reference 

constant, hence H0 can be deemed reject-

ed, while H1 can be deemed accepted.

It is equally notable that the results for ques-

tions shown in Tables 6 and 7 have medium 

effect size measures with Cohen’s d value of 

0.65 and 0.63 respectively. In other words, 

all the results relative to Hypothesis 2 are of 

medium practical importance. Therefore, in 

practical terms:

H0 =  Inadequate documentation and 

transfer of experiences and 

performance do not result in low 

organisational knowledge, learning 

and transfer.

H1 =  Inadequate documentation and 

transfer of experiences and perfor-

mance result in low organisational 

knowledge, learning, and transfer.

As a result, the findings suggest that inad-

equate documentation and transfer of expe-

riences and performance may actually result 

in low organisational knowledge, learning 

and transfer.

Hypothesis 3

In order to evaluate this hypothesis, 

skills-related South African literature was 

examined. For instance, a number of reports 

in South Africa indicate that the industry 

suffers from skills shortages that affect the 

capacity of the industry and the public sector 

clients in terms of project delivery (CIDB 

2007: 3). The differing levels of skills (among 

technicians, artisans and so on) in the 

industry directly result in poor performance 

concerning project cost, H&S, quality and 

time. Table 9 suggests that the individual 

MSs of the variables relative to skills short-

ages in public sector departments which are 

responsible for project delivery can be safely 

combined into a single mean with a good 

internal reliability of 0.83, and the variables 

can also be deemed correlated with aver-

age inter-item correlation of 0.41. In effect, 

based on the statistics in Table 10, it can be 

assumed that for Hypothesis 3 in terms of 

questions in Table 9, the mean is significant-

ly greater than the reference constant, hence 

H0 can be deemed rejected, while H1 can 

be deemed accepted. It is notable that these 

results have large effect size with Cohen’s d 

value of 1.00. In other words, the results 

relative to Hypothesis 3 are of large practical 

importance. Therefore, in practical terms:

H0 =  The lack of infrastructure delivery 

management skills within the public 

sector does not result in poor imple-

mentation of construction procure-

ment strategies.

H1 =  The lack of infrastructure delivery 

management skills within the public 

Table 6 Reliability for inadequate documentation and transfer of knowledge

Practices / Situations Valid N MS Std Dv Rank

Poor information management 54 3.74 1.1 1

Lack of mentorship programmes 53 3.53 1.0 2

Poor allocation of resources to knowledge capture 51 3.51 1.1 3

Lack of post-project reviews / reports 53 3.49 1.2 4

Lack of detailed databases relative to past projects 54 3.39 1.1 5

Cronbach alpha: 0.81

Average inter-item correlation: 0.47

Table 7 Reliability for effect of improper records and transfer of knowledge

Situations Valid N MS Std Dv Rank

Inability to tackle risks / uncertainties effectively 53 3.68 1.1 1

Inability to disseminate ‘best practices’ 53 3.68 1.1 2

Repetition of past project mistakes 53 3.64 1.1 3

Inability to innovate and respond to clients’ needs 52 3.63 1.0 4

Ineffective problem-solving capabilities 54 3.59 1.2 5

Lost opportunities to improve project performance 52 3.58 1.1 6

Poor response to organisational and project changes 52 3.56 1.1 7

Loss of contractor, subcontractor / supplier track record 53 3.29 1.2 8

Cronbach alpha: 0.92

Average inter-item correlation: 0.59

Table 8 Test of means against reference constant relative to Hypothesis 2

Mean Std Dv Number RC t-value df p-value Cohen’s d

Table 6 3.54 0.83 54 3 4.77 53 0.00001 0.65 M

Table 7 3.57 0.91 54 3 4.60 53 0.00003 0.63 M
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sector results in poor implementa-

tion of construction procurement 

strategies.

Consequently, Table 10 suggests that the lack 

of infrastructure delivery management skills 

within the public sector may indeed result 

in poor implementation of construction 

procurement.

Hypothesis 4

Girmscheid & Hartman (2002: 373) suggest 

that organisational culture which fosters 

performance improvement is highlighted 

through a high status of innovation, creativ-

ity, openness to risk treatments and willing-

ness to tolerate mistakes, as well as an open 

multi-directional communication in an 

organisation. In other words, the benefits 

of organisational culture as indicated in the 

literature motivated the questions that were 

asked in this section. Table 11 suggests that 

the individual MSs of the variables relative 

to inappropriate organisational culture 

can be safely combined into a single mean 

with an excellent internal reliability of 0.90, 

and the variables can also be deemed to be 

properly correlated with average inter-item 

correlation of 0.60. Table 12 suggests that 

the individual MSs of the variables relative 

to the effect of inappropriate organisational 

culture can be safely combined into a single 

mean with a good internal reliability of 0.87, 

and the variables can also be deemed cor-

related with average inter-item correlation 

of 0.46.

As indicated in Table 13, it can be 

assumed that for Hypothesis 4:

 ■ In terms of variables in Table 11, the 

mean is significantly greater than the 

reference constant, hence H0 can be 

deemed rejected, while H1 can be deemed 

accepted.

 ■ In terms of variables in Table 12, the 

mean is significantly greater than the 

reference constant, hence H0 can be 

deemed rejected, while H1 can be deemed 

accepted.

In addition, it is notable that the results 

shown in Tables 11 and 12 have medium 

effect size measures with Cohen’s d value of 

0.47 and 0.45 respectively. In other words, 

all the results relative to Hypothesis 4 are of 

medium practical importance. In essence, in 

practical terms:

H0 =  Inappropriate organisational culture 

among project partners does not 

lead to resistance to change and 

innovation in the construction sup-

ply chain.

H1 =  Inappropriate organisational culture 

among project partners leads to 

resistance to change and innovation 

in the construction supply chain.

Table 9 Reliability for skills shortages in public sector

Situations Valid N MS Std Dv Rank

Decision-making relative to procurement strategy 26 4.23 0.8 1

Delay in payments relative to executed tasks 28 4.07 0.9 2

Poor establishment of what is to be procured 28 4.00 1.2 3

Poor implementation of procurement strategy 28 3.93 1.2 4

Increased total project cost 28 3.93 1.4 5

Unclear contract / procurement documentation 28 3.86 1.2 6

Delay in contract award after tender submission 28 3.79 1.3 7

Scope changes, claims and variations 28 3.57 1.4 8

Cronbach alpha: 0.83

Average inter-item correlation: 0.41

Table 10 Test of means against reference constant relative to Hypothesis 2

Mean Std Dv Number RC t-value df p-value Cohen’s d

Table 9 3.91 0.90 28 3 5.30 27 0.00001 1.00 L

Table 11 Reliability for inappropriate organisational culture

Practices Valid N MS Std Dv Rank

Poor analysis of issues and their impact 40 3.60 1.1 1

Lack of trust within project teams 42 3.52 1.3 2

Apathy towards idea generation and evaluation 39 3.38 1.3 3

Closed one-directional communication mediums 40 3.34 1.2 4

Non-inclusive decision-making within project teams 41 3.33 1.2 5

Improper worker motivation and empowerment 38 3.32 1.2 6

Cronbach alpha: 0.90

Average inter-item correlation: 0.60

Table 12 Reliability for effect of inappropriate organisational culture

Situations Valid N MS Std Dv Rank

Inadequate site relationship management 41 3.60 1.1 1

Poor problem identification and resolution 40 3.56 1.2 2

Poor harnessing of skills within project teams 40 3.43 1.2 3

Organisational stagnation / failure 39 3.41 1.3 4

Increased resistance to change 40 3.28 1.1 5

Customer / Client dissatisfaction 39 3.26 1.2 6

Employee dissatisfaction 41 3.23 1.2 7

Poor handling of social issues associated with projects 39 3.22 1.2 8

Cronbach alpha: 0.87

Average inter-item correlation: 0.46

Table 13 Test of means against reference constant relative to hypothesis 4

Mean Std Dv Number RC t-value df p-value Cohen’s d

Table 11 3.46 0.99 42 3 3.02 41 0.00430 0.47 M

Table 12 3.37 0.83 41 3 2.90 40 0.00600 0.45 M
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The findings thus suggest that inappropri-

ate organisational culture among project 

partners leads to resistance to change and 

innovation in the construction supply chain.

DISCUSSION

The descriptive statistics presented in Tables 

2, 3 and 4 inter alia suggest that certain 

decisions contribute majorly to the choice of 

procurement strategy. These include:

 ■ The identification of risk avoidance/

prevention measures

 ■ Considerations relative to contract pric-

ing strategies

 ■ Cost of risk transferred to project 

partners

In addition, the criteria deemed to be to the 

detriment of procurement strategy are not 

limited to:

 ■ Design responsibility and accountability

 ■ Project certainty relative to cost, quality 

and time

 ■ Legislation relative to preferential 

procurement

 ■ Project complexity relative to 

constructability

Furthermore, major consequences of misal-

location of project risks, such as delay in 

project completion, increase in total project 

cost, delay in award of tenders and the possi-

bility of disputes, amplify the need to change 

attitudes towards risk transfer.

According to Table 8, inadequate docu-

mentation and transfer of experience and 

performance may actually result in low 

organisational knowledge, learning and 

transfer in South Africa. In other words, fail-

ure to mentor new entrants into the industry, 

and also failure to learn from past mistakes 

and best performance do not augur well for 

the construction industry. The results pre-

sented in Table 10 corroborate the percep-

tion that the lack of infrastructure delivery 

management skills within the public sector 

may indeed result in poor implementation of 

construction projects (Lawless 2007). In par-

ticular, the consequences of skills shortages 

in public sector departments responsible 

for project delivery are multi-faceted, with 

decision-making relative to procurement 

strategy being affected the most.

With regard to Hypothesis 4, the 

organisational culture pertaining to clients, 

consultants, contractors and every other 

organisation involved in project realisation 

must be improved. In this sense, the study 

findings indicate that practices contribut-

ing to inappropriate organisational culture 

include poor analysis of issues and their 

impact, lack of trust within project teams, 

apathy towards idea generation and evalua-

tion, closed one-directional communication 

mediums, non-inclusive decision-making 

within project teams, and improper worker 

motivation and empowerment.

Therefore, it is obvious that these prac-

tices, as well as their consequences, call 

for an appropriate organisational culture 

among project partners in South African 

construction.

RECOMMENDATIONS

Since the study results suggest that inap-

propriate choice of procurement strategy 

in the public sector may spring up a range 

of consequences, it is recommended that 

appropriate allocation and management 

of project risk should be prioritised when 

making decisions relative to the choice of 

procurement strategy. In particular, it is 

suggested that decisions related to procure-

ment of public sector projects should be 

underpinned by robust risk assessment 

and management processes, especially at 

project inception. While recognising the 

importance of legislation and regulations, 

public sector clients should endeavour to 

make use of the guidelines provided by the 

CIDB (2006) infrastructure delivery and 

procurement toolkit before choosing a pro-

curement strategy. Risk transfer process and 

procurement options are visibly addressed 

in the toolkit.

The findings of the study in terms of 

skills invariably amplify the need to ensure 

that only competent construction profession-

als are assigned construction implementation 

responsibilities. Public sector organisations 

should increase their capacity in speciality 

areas such as civil engineering and con-

struction management, and new recruits 

into public sector departments should be 

mentored to ensure the appropriate transfer 

of knowledge by experienced professionals. 

Consultants can also improve the pool of 

available skills in the industry by ensuring 

that new technicians are exposed to design 

and site-related training (formal and infor-

mal). As documented in the literature, and 

as per this particular study, it is important 

to promote the appointment of experts and 

specialists into responsible public works 

positions in South Africa.

In addition, based on the research find-

ings, it can be recommended that experience 

and best performance in the industry should 

be disseminated extensively for knowledge 

transfer purposes. For the good of the indus-

try, best practice should not be consigned 

to organisational archives in the name of 

proprietary rights. Rather best practice 

and performance should be made known 

at industry-related conferences, workshops 

and seminars, and to related media. In other 

words, it is imperative that project stakehold-

ers manage project information adequately, 

allocate adequate resources to knowledge 

capture, and also carry out post-project 

reviews.

The results relative to culture also sug-

gest that the organisational culture within 

project teams must be improved in the 

South African construction environment. 

Top management in client, consultant and 

contracting firms should become ‘agents 

of change’ who engender a cultural shift in 

the industry. A transformational leadership 

approach that embraces innovation and crea-

tivity should be encouraged in the industry. 

Failure to engender a good organisational 

culture among project partners may mar-

ginalise projects in the form of inadequate 

site relationship management, poor problem 

identification and resolution, and poor 

harnessing of skills within project teams, 

or worse, organisational stagnation and/or 

failure.

While wholesome generalisation cannot 

be made based on the presented data, the 

views of the professionals that took part in 

the study can be considered to be of value in 

the South African context.

CONCLUSIONS

The performance of public sector projects 

(infrastructure) was addressed in this study 

based on perceived improvement opportuni-

ties that were identified in the construction 

management literature. Although perfor-

mance improvement tools, such as lean 

construction, are making significant inroads 

into the sector to some extent, this study 

examined how contemporary management 

strategies, which are being promoted in 

developed countries, could be utilised in a 

developing country context.

Risk management, knowledge manage-

ment, skills development and organisational 

culture thus formed the cornerstone of the 

discourse. The study indicates that there is 

major scope for the advancement of these 

management concepts in the South African 

infrastructure sector. While noting the 

limitation of the findings in terms of sample 

size, response rate, and the limited inputs 

from professionals employed by clients, 

it is important to argue that perceptions 

expressed by the respondents deserve further 

exploitation in South Africa. In essence, 

project performance which depends on the 

competence of, and the relationship between, 

stakeholders necessitates the use of one or 

all of the abovementioned concepts. The 

management strategies individually or col-

lectively could contribute to performance 

improvement in construction.
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INTRODUCTION

The primary input to the development of a 

strong wind climatology or atlas is observed 

wind data. This data should be analysed 

by the application of the most relevant 

statistical techniques available, by taking the 

underlying theoretical statistical distribution 

into account, and also the assumptions that 

are accompanied by the application of such a 

distribution.

Typical methodologies applied in the 

development of strong wind climatology 

mainly comprise a broad discussion of sta-

tistical extreme-value theory, but relevant to 

wind data. Discussions of the methodologies 

developed for special cases in extreme-value 

analysis, such as those developed for short 

time series and time series subjected to 

an underlying mixed strong wind climate 

(where the sources of the measured strong 

wind values are forthcoming from more 

than one type of strong wind producing 

mechanism), are also presented. The consid-

eration of the latter methodologies is crucial, 

firstly because some of the time series to 

be utilised in this study can be considered 

to be quite short, but also due to the fact 

that a large part of South Africa exhibits 

a mixed strong wind climate (Kruger et al 

2010). It should be noted that, although the 

statistical analysis applied in this paper is 

based on extreme-value theory, reference is 

made to strong winds as the outcome of the 

analysis; extreme winds are typically applied 

for winds exceeding the design base for 

structures, or treated as accidental situations 

(SANS 10160:2011).

Extreme-value theory comprises the 

statistical methodologies developed to deter-

mine the probabilities of specific extreme 

values to occur, from observed data sets. The 

optimum statistical method to be applied 

ultimately depends on the underlying fea-

tures of these data sets.

BACKGROUND

Wind loading plays a prominent role in the 

new South African national standard SANS 

10160:2011, but is still based on the extreme 

wind analysis conducted in 1985 (Milford 

1985a & b). This study was predominantly 

Strong winds in 
South Africa: Part 1
Application of estimation methods
A C Kruger, J V Retief, A M Goliger

The accurate estimation of strong winds is of cardinal importance to the built environment, 
particularly in South Africa, where wind loading represents the dominant environmental action 
to be considered in the design of structures. While the Gumbel method remains the most 
popular applied method to estimate strong wind quantiles, several factors should influence the 
consideration of alternative approaches. In South Africa, the most important factors influencing 
the choice of method are the mixed strong wind climate and the lengths of available wind 
measurement records. In addition, the time-scale of the estimations (in this case one hour and 
2–3 seconds) influences the suitability of some methods.
 The strong wind climate is dominated by synoptic scale disturbances along the coast and 
adjacent interior, and mesoscale systems, i.e. thunderstorms, in the biggest part of the interior. 
However, in a large part of South Africa more than one mechanism plays a significant role in the 
development of strong winds. For these regions the application of a mixed-climate approach is 
recommended as more appropriate than the Gumbel method.
 In South Africa, reliable wind records are in most cases shorter than 20 years, which makes 
the application of a method developed for short time series advisable. In addition it is also 
recommended that the shape parameter be set to zero, which translates to the Gumbel method 
when only annual maxima are employed. In the case of the Peak-Over-Threshold (POT) method, 
one of several methods developed for short time series, the application of the Exponential 
Distribution instead of the Generalised Pareto Distribution is recommended. However, the POT 
method is not suitable for estimations over longer time scales, e.g. one hour averaging, due to 
the high volumes of dependent strong wind values in the data sets to be utilised. The results 
of an updated assessment, or the present strong wind records reported in this paper, serve as 
input to revised strong wind maps, as presented in the accompanying paper (see page 46).
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based on the Fisher-Tippet Type I or Gumbel 

distribution. The Gumbel method is the 

most widely applied to estimate strong 

winds, mostly because of the relative simpli-

city of application, but also the conservative 

assumption that the shape parameter of 

the extreme-value distribution is equal 

to zero. However, due to the utilisation of 

only annual maxima, this method is most 

suitable for long time series, preferably 30 

years or longer. In addition to this, Milford 

(1985a) identified apparent mixed climatic 

conditions in the parent distributions of the 

wind data sets analysed. Kruger et al (2010) 

confirms this, and indicates that the larger 

part of South Africa is influenced by more 

than one strong wind mechanism.

The purpose of the analyses performed 

in this paper is the identification of the most 

appropriate strong wind estimation methods 

to be applied to the available wind speed 

data in South Africa. The analysis is based 

on a data set of strong winds extracted from 

209 Automatic Weather Stations (AWS) 

deployed by the South African Weather 

Service (SAWS) since 1995. Following quality 

scrutiny an initial set of 94 AWS records was 

selected and ultimately reduced to 76 records 

used for the final analysis. An important 

constraint was to have at least ten years of 

records at the selected AWS. A limitation 

of the data set is that the maximum record 

length is 20 years. A critical feature of the 

extracted strong wind record is that it 

includes an observation of the meteorologi-

cal conditions for each occurrence.

In the fitting of the various statistical dis-

tributions, the Anderson-Darling goodness-

of-fit test has been applied, as this test is par-

ticularly sensitive to deviations in the tails 

of the distribution (D’Agostino & Stephens 

1986). The results from this test implied that 

all the applied statistical distributions fitted 

the data in a satisfactory manner.

The results of the extreme-value analysis 

of the recent extensive strong wind data set 

are applied in the update of mapping the 

strong wind statistics for South Africa, as 

reported in the accompanying paper (Kruger 

et al 2013).

APPLICATION OF GENERALISED 

EXTREME-VALUE DISTRIBUTIONS

The most widely used methods to estimate 

extreme wind speeds are based on the clas-

sical or Generalised Extreme-Value (GEV) 

theory, of which a short review is presented 

by Palutikof et al (1999). The GEV distribu-

tion is only fitted to the extreme values, 

usually the annual maxima.

In the annual maxima method, an 

Extreme-Value (EV) distribution is fitted to 

the annual maximum wind speed values. By 

using this method only independent annual 

extreme values are used in the fitting of the 

distribution. For sufficiently long sequences 

of independent and identically distributed 

random variables, the maxima of samples 

of size n, for large n, can be fitted to one of 

three basic families. These three families 

were combined into a single distribution 

(Jenkinson 1955), and is known as the GEV 

distribution, with cumulative distribution 

function (cdf):

F(x) = e-1(1-κy)
1/k

 κ ≠ 0 (1a)

F(x) = e-e(-y) κ = 0 (1b)

where κ is the shape parameter, which deter-

mines the type of extreme-value distribution, 

and y is the standardised or reduced variate. 

The Gumbel or Fisher-Tippett Type I distri-

bution has a value of κ = 0, the Fisher-Tippett 

Type II has κ < 0, while the Type III has 

κ > 0. Types I and II are unbounded at the 

upper end, while Type III is bounded. This 

means that there will be an upper bound for 

the quantile values estimated with the Type 

III distribution, while no upper bound exists 

for Types I and II.

Gumbel method

The Gumbel method is the most often 

applied method to estimate extreme wind 

speeds. This is firstly because of the fact 

Table 1  Available annual extreme wind gust values (m/s) (a) and reduced variates for Struisbaai (b) 

for the period 1997–2008

(a) (b)

Year
Annual maximum 

wind gust (m/s)

Annual maximum 
wind gust (m/s) in 
increasing order

Reduced variate
yGumbel

1997 26.6 24.2 –1.1

1998 25.9 24.9 –0.7

1999 41.9 25.9 –0.4

2000 27.4 26.1 –0.1

2001 31.5 26.6 0.1

2002 Not available 26.6 0.4

2003 26.6 27.4 0.6

2004 26.1 28.0 1.0

2005 28.0 29.3 1.3

2006 24.2 31.5 1.9

2007 24.9 41.9 3.0

2008 29.3 – –

Figure 1  Gumbel plot for Struisbaai for the period 1997–2008
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that the shape parameter, κ, of the Gumbel 

distribution is equal to zero, and therefore 

simplifies the calculations. The second rea-

son is that one of the parent distributions of 

the Gumbel distribution is the Weibull dis-

tribution, which is considered to be a good 

model for the distribution of the wind speed 

(Hennessey 1977; Perrin et al 2006).

There are different options of methodolo-

gies which are often applied to estimate the 

parameters of the Gumbel distribution, i.e. 

the scale or shape α, and the mode β. These 

methods include graphical methods, probabil-

ity weighted moments, maximum likelihood 

solutions and the method of moments. All of 

these methods should produce similar results. 

A graphical solution to the estimation of α 

and β is often preferred (Palutikof et al 1999).

The graphical method is based on the 

standardised or reduced variate y given by:

y = 
(x – β)

α
 (2)

where α is the scale or dispersion parameter, 

β is the mode of the extreme-value distribu-

tion, and x is the extreme value, which is 

then modified to

x = αy + β (3)

where the slope α gives the scale or disper-

sion, and β, the mode. To estimate a value for 

y, the Gumbel reduced variate

yGumbel = –ln[–ln(F(x))] (4)

is used. F(x) is empirically estimated for 

each of the observed annual maxima. For 

the Gumbel distribution, the most unbiased 

estimates are given by

F(xm) = 
(m – 0.44)

(N + 0.12)
 (5)

where xm is the mth ranked annual maxi-

mum wind speed, and N is the number of 

annual maxima (Gringorten 1963 in 

Palutikof et al 1999). A value for yGumbel 

can be calculated for each value of x, and a 

least-squares fit is used to fit a straight line 

to this data set. From this straight line the 

parameters α and β can be found.

As an example, the graphical method is 

applied to the annual extreme wind gust data 

for Struisbaai, on the southern Cape coast, 

which is presented in Table 1. In the third 

column the wind gust values are shown in 

increasing order, xm, from the smallest to the 

largest, from which the plotting positions 

F(xm) were determined from Equation 5. 

Values for the reduced variate, yGumbel, could 

then be calculated with Equation 4.

Figure 1 presents the Gumbel plot, 

y Gumbel against x (the annual maximum 

wind gust values), as well as the least-squares 

fit to the plotted values. The fitted straight 

line has equation y = 3.8x + 26.4, from which 

the estimations for α and β are then acquired 

as 3.8 and 26.4 respectively.

Alternatively, the estimation of the 

Gumbel parameters by the method of 

moments (Wilks 2006), which only uses the 

sample mean and standard deviation to esti-

mate the Gumbel parameters, would be:

α = 
s√6

π
 (6)

and

β = x – γα (7)

where s is the standard deviation of the sam-

ple, x is the sample mean, and γ = 0.57721… 

is Euler’s constant. The estimations of the 

Figure 2  Gumbel estimation of the quantiles for Struisbaai
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The markers indicate an estimation of the return period 
from the observed annual maximum gust values.

Table 2  Estimations of the quantiles XT (m/s) with return periods T equal to 50, 100 and 500 years, 

with the Gumbel method

Station 
Number

Station Name

Annual maximum wind gust
(m/s)

Annual maximum hourly 
wind speed (m/s)

α β X50 X100 X500 α β X50 X100 X500

0012661 George WO 1.81 25.16 32.2 33.5 36.4 1.63 14.32 20.9 22.0 24.6

0021178 Cape Town WO 3.18 25.85 38.3 40.5 45.6 1.64 16.00 22.4 23.5 26.2

0035209 Port Elizabeth 2.09 29.90 38.1 39.5 42.9 1.55 18.68 24.7 25.8 28.3

0059572 East London WO 1.50 25.89 31.8 32.8 35.2 0.80 15.68 18.8 19.4 20.7

0092081 Beaufort West 2.28 29.65 38.6 40.1 43.8 1.88 18.39 25.8 27.1 30.1

0127272 Umtata WO 3.44 27.07 40.5 42.9 48.5 1.50 14.58 20.5 21.5 23.9

0182591 Margate 1.63 24.18 30.6 31.7 34.3 0.75 13.67 16.6 17.1 18.3

0239698 Pietermaritzburg 1.89 19.65 27.0 28.3 31.4 0.87 7.62 11.0 11.6 13.0

0240808 Durban WO 2.16 24.85 33.3 34.8 38.2 1.21 14.66 19.4 20.2 22.2

0261516 Bloemfontein WO 2.60 24.30 34.5 36.3 40.5 0.72 11.40 14.2 14.7 15.9

0274034 Alexander Bay 1.43 25.76 31.3 32.3 34.6 0.80 19.03 22.2 22.7 24.0

0290468 Kimberley WO 2.37 27.10 36.4 38.0 41.8 0.87 13.36 16.8 17.4 18.8

0317475 Upington WO 3.11 25.30 37.5 39.6 44.6 0.75 13.68 16.6 17.1 18.3

0476399 Johannesburg 2.82 22.96 34.0 35.9 40.5 0.96 11.68 15.4 16.1 17.6

0508047 Mafikeng WO 1.99 24.14 31.9 33.3 36.5 1.20 14.26 19.0 19.8 21.7

0513385 Irene WO 2.48 23.22 32.9 34.6 38.6 0.91 12.42 16.0 16.6 18.1

0677802 Pietersburg WO 2.40 22.82 32.4 34.0 37.9 0.90 11.37 14.9 15.5 16.9
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Gumbel parameters were calculated using 

the above method, and produced estimates 

for α as 3.7 and β as 26.3.

The estimated 1:50 year quantiles are 

40.8 m/s and 40.6 m/s for the above two 

methods respectively. Comparisons of 

the results between the two methods for 

the data sets of other weather stations 

produce similar small differences between 

the results. According to Abild (1994) and 

Hosking et al (1985), in Larsén & Mann 

(2009), the method of moments yields less 

bias and variance on the parameter esti-

mates, and has been proved highly efficient 

even for small sample sizes. It was therefore 

decided to estimate the coefficients of 

all the fitted Gumbel distributions with 

the method of moments. To be noted, the 

level of confidence of the estimations, and 

therefore the uncertainties, is not taken into 

consideration here.

The quantile XT, which is the value of 

X to be expected every T years, can now be 

calculated with

XT = β – α ln[–ln(1 – 
1

T
)] (8)

The quantiles of the annual maximum gust 

speeds and annual maximum hourly wind 

speeds, with return periods 50, 100 and 

500 years, were then calculated  accordingly. 

It is recognised that there should be sub-

stantial reservations in the estimations 

of quantiles for long return periods such 

as 100 and 500 years based on the short 

time series; these are only estimated for 

comparative purposes between the different 

methodologies. For illustrative purposes, 

the degree of extrapolation of the quantiles 

beyond the data record for Struisbaai is 

presented in Figure 2.

The Gumbel results for the main centres 

in South Africa, as well as other significant 

weather stations, are presented in Table 2. 

Figure 3  GEV Type II estimation of the quantiles for Struisbaai
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The markers indicate a simple estimation of the return 
period from the observed annual maximum gust values.

Table 3  Estimations of the quantiles XT of the annual maximum wind 

gusts, with return periods T equal to 50, 100 and 500 years, by 

fitting of the GEV distribution

Station 
number

Station name

Distribution 
parameters

Annual maximum 
wind gust (m/s)

κ α β X50 X100 X500

0012661 George WO +0.23 2.39 25.26 31.4 32.0 33.2

0021178 Cape Town WO –0.06 3.25 25.61 39.9 42.8 50.1

0035209 Port Elizabeth –0.13 1.94 29.69 39.6 42.0 48.3

0059572 East London WO –0.09 2.39 26.01 37.3 39.8 46.2

0092081 Beaufort West –0.01 2.36 29.59 38.9 40.6 44.5

0127272 Umtata WO –0.19 3.08 26.58 44.4 49.2 63.0

0182591 Margate +0.01 1.70 24.16 30.7 31.8 34.5

0239698 Pietermaritzburg –0.05 2.20 19.72 29.2 31.1 35.8

0240808 Durban WO –0.14 2.00 24.62 35.0 37.5 44.4

0261516 Bloemfontein WO –0.24 2.01 24.02 37.1 41.0 53.1

0274034 Alexander Bay +0.09 1.70 25.75 31.3 32.1 33.7

0290468 Kimberley WO +0.20 3.07 27.21 35.6 36.5 38.2

0317475 Upington WO –0.17 2.82 24.90 40.5 44.6 56.1

0476399 Johannesburg –0.16 2.46 22.70 36.1 39.5 49.1

0508047 Mafikeng WO +0.20 2.65 24.20 31.4 32.3 33.8

0513385 Irene WO +0.03 2.82 23.11 33.5 35.2 39.0

0677802 Pietersburg WO +0.36 3.43 23.39 30.5 31.1 31.8

Table 4  Estimations of the quantiles XT of the annual maximum hourly 

mean wind speeds, with return periods T equal to 50, 100 and 

500 years, by fitting of the GEV distribution

Station 
number

Station name

Distribution 
parameters

Annual maximum 
hourly wind 
speed (m/s)

κ α β X50 X100 X500

0012661 George WO +0.27 2.2 14.6 20.0 20.5 21.3

0021178 Cape Town WO –0.20 1.4 15.8 23.9 26.1 32.7

0035209 Port Elizabeth –0.11 1.5 18.5 25.8 27.4 31.9

0059572 East London WO +0.45 1.2 15.8 18.1 18.2 18.4

0092081 Beaufort West –0.04 2.6 15.7 26.6 28.7 33.9

0127272 Umtata WO –0.05 1.6 14.4 21.4 22.8 26.2

0182591 Margate –0.03 0.8 12.0 16.7 17.2 18.5

0239698 Pietermaritzburg –0.03 0.9  7.6 11.3 12.0 13.8

0240808 Durban WO –0.13 1.1 14.6 20.2 21.5 25.1

0261516 Bloemfontein WO +0.13 0.9 11.4 14.1 14.5 15.2

0274034 Alexander Bay +0.22 1.0 19.1 21.7 22.0 22.5

0290468 Kimberley WO +0.07 1.0 13.3 16.8 17.3 18.4

0317475 Upington WO +0.55 1.1 13.9 15.7 15.8 15.9

0476399 Johannesburg +0.11 1.1 11.7 15.3 15.8 16.8

0508047 Mafikeng WO –0.04 1.3 14.2 19.6 20.7 23.3

0513385 Irene WO +0.11 1.1 12.4 15.9 16.4 17.4

0677802 Pietersburg WO +0.39 1.3 11.5 14.1 14.2 14.5
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The results for a set of 84 selected weather 

stations are included in Kruger (2011).

Fitting of the GEV distribution

In fitting the Gumbel distribution to a set of 

data, it is assumed that the shape parameter, 

κ, of the GEV distribution equals zero. 

Various authors dispute this, and often give 

a choice between the Type I (κ = 0) and Type 

III form (κ > 0) of the GEV distribution.

It is assumed that the Type II form (κ < 0) 

is usually indicative of a wind data series 

composed of wind speeds forthcoming from 

different strong wind producing mechanisms 

(Gomes & Vickery 1978), producing a thicker 

tail to the distribution, which can cause 

unrealistically high values for wind speed 

quantiles at longer return periods. Such wind 

series should ideally be decomposed, and the 

wind speeds forthcoming from the different 

strong wind producing mechanisms treated 

separately, and a method for mixed strong 

wind climates applied.

The biggest criticism of the application 

of the Type III form is that the distribution 

is bounded from above, and Palutikof et al 

(1999) argue that there is no physical justi-

fication for a natural upper bound for wind 

speed, especially at the order of magnitude 

at which wind speeds are naturally observed. 

However, Walshaw (1994) argues that a 

Type III distribution should be fitted if it fits 

the data better than a Type I. Lechner et al 

(1992) showed that for 100 wind time series 

in the United States, 36 showed a Type I 

form, three a Type II form and 61 a Type III 

form.

By assuming that the shape parameter, 

κ, is not equal to zero, GEV distributions 

were fitted to the annual maximum wind 

gusts, as well as the annual maximum mean 

hourly wind speeds, of the set of weather 

stations. Three distribution parameters, κ, 

α, and β, therefore needed to be estimated, 

i.e. the shape parameter, the scale or disper-

sion parameter, and the mode, respectively. 

The estimations of these values can be 

mathematically intensive and therefore the 

use of applicable software is advisable. Here 

the EasyFit software (www.mathwave.com) 

was employed, which estimates the distribu-

tion parameters by the ML solutions. This 

method follows an iterative procedure until 

the iterations reach a specified maximum, in 

this case 1 000 iterations, which are deemed 

sufficient to obtain accurate estimates.

Figure 3 presents the fitting of the GEV 

distribution to the annual maxima of the 

wind gusts of Struisbaai, for which the value 

of the κ parameter was estimated as –0.47, 

i.e. a very strong form of Type II. Interesting 

to note is that, while the quantile estimations 

for the Type II is much higher than Type I 

for the longer return periods, the quantile 

estimations for the shorter return periods, 

e.g. ten years, are actually lower, due to the 

shape of the distribution.

Tables 3 and 4 present the results of the 

estimations of the annual maximum gusts 

and annual maximum hourly wind speeds, 

for the quantiles of the same return periods 

as those estimated with the Gumbel distribu-

tion, presented in Table 2.

Further analysis and 

discussion of results

From the results presented in Tables 3 

and 4 it is apparent that fitting of the GEV 

distribution to the available data sets led to 

the shape parameter, κ, almost as a rule, to 

be estimated not close to zero. For the set of 

94 weather stations utilised by Kruger (2011) 

the estimated values for κ range from –0.47 

to 1.07; and for the annual maximum hourly 

mean wind speeds from –0.35 to 0.55.

Figures 4 and 5 illustrate the annual 

extreme wind gusts, and annual maximum 

hourly mean wind speeds estimated with 

the GEV and Gumbel distributions differ 

as a function of the value of κ. As can be 

expected, a negative value of κ corresponds 

Figure 4  Differences between the values of the annual extreme wind gusts estimated with the 

GEV and Gumbel distributions for (a) 1:50, (b) 1:100 and (c) 1:500 year quantiles, with 

varying shape parameter κ
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(a) Difference between GEV and Gumbel by value of κ 1:50 year annual maximum gust
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(b) Difference between GEV and Gumbel by value of κ 1:100 year annual maximum gust
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(c) Difference between GEV and Gumbel by value of κ 1:500 year annual maximum gust
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to a quantile value estimated with the GEV 

distribution to be higher than that esti-

mated with the Gumbel distribution. This is 

because a negative shape parameter implies 

a thicker tail of the GEV distribution, com-

pared to the Gumbel distribution.

A positive value of κ corresponds to 

a quantile value estimated with the GEV 

distribution to be lower than that estimated 

with the Gumbel distribution, as a positive 

shape parameter implies that there is an 

upper bound to the quantile values which 

are estimated with the GEV distribution. As 

the deviations of the values of κ from zero 

become larger, the differences between the 

values of the quantile values estimated with 

the GEV distribution and that estimated with 

the Gumbel distribution also become larger. 

This is especially true when the quantiles for 

annual extreme wind gusts are estimated for 

long return periods, with negative values for κ.

As mentioned before, the Type II dis-

tribution is seldom resolved from a GEV 

analysis, and might indicate a mixed wind 

series (Abild et al 1992; Brabson & Palutikof 

2000; Palutikof et al 1999). However, the data 

analysed in Kruger (2011) suggest quite a 

high percentage of weather stations in South 

Africa with annual maximum wind series 

exhibiting negative values for κ. For the 

annual maximum wind gusts 39% of weather 

stations had negative values for κ, while for 

annual maximum hourly wind speeds the 

figure is 32%. Also, negative κ values were 

found for weather stations where strong 

winds are caused by only one strong wind 

producing mechanism. No link between 

the sign of κ and the particular strong wind 

producing mechanisms could be found.

It is argued here that another possible 

cause for negative values for κ could be 

anomalous values, where the annual maxi-

mum values for one or a few years are much 

higher than the other values in a particular 

data set. These values are not regarded as 

possibly incorrect, as the data values utilised 

in these analyses have been thoroughly 

quality controlled. The fitting of a GEV 

distribution to data series is affected by these 

values, and can therefore indicate a Type II 

distribution when it is physically not justifi-

able – this is particularly relevant to short 

time series. To take Cape Town (κ = –0.20) 

as an example – the quantiles are estimated 

from strong winds measured during the 

passages of cold fronts. One should therefore 

assume that the quantile estimations for 

Cape Town should fall within the range 

expected from the strongest winds that can 

be generated by cold fronts, even for long 

return periods. However, this is not the case, 

as the 1:500 year quantile from the GEV 

method, for the hourly mean wind speeds 

shows: the estimated quantile of 32.7 m/s 

falls in the maximum wind category of the 

Beaufort wind scale, an empirical measure 

to describe wind speed, which indicates hur-

ricane strength winds. However, the Gumbel 

estimate for the 1:500 year hourly mean wind 

speed for the same station is 24.6 m/s, which 

falls into the category for a storm or gale, 

and is consistent with wind strengths to be 

expected during a very strong cold front.

With regard to the above, Brabson & 

Palutikof (2000) illustrated the effect of the 

addition of four very large annual maxima, 

when the time series for Sumburgh (UK) 

was extended from a 13-year sample to a 

25-year sample. The addition of these values 

dramatically raised the 100-year quantile 

value from 45.3 m/s to 56.8 m/s, well outside 

the standard errors calculated on the basis 

of the 13-year sample. However, the Gumbel 

predictions were less affected by the addi-

tion of the new data. It is also important to 

note from that analysis that the extension of 

the data set caused the difference between 

Figure 5  Differences between the values of the annual extreme hourly wind speeds estimated 

with the GEV and Gumbel distributions for (a) 1:50, (b) 1:100 and (c) 1:500 year quantiles, 

with varying shape parameter κ
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the quantile estimations with the GEV and 

Gumbel to be smaller, than with the shorter 

time series (0.1 m/s compared to 6.4 m/s). 

Brabson & Palutikof also showed, using addi-

tional weather stations, that the longer the 

time series utilised, the closer the value for κ 

is estimated to zero. With additional analyses 

they concluded that the generalised models, 

whether GEV or GPD, if brought to rely on 

13 years of data, fail to predict the actual 

maximum gust speeds observed over a longer 

25-year period. They attributed this failure 

largely to the non-stationarity in the wind 

climate in the region. This has the effect that 

the extreme values are not evenly distributed 

in a wind time series – this of course will 

apply to South Africa, as well, because of the 

cyclical behaviour of the climate.

The median of a data set is robust to out-

liers or anomalous values, while the average 

is not. The difference between the median 

and the average can therefore provide an 

indication of the magnitude of anomalous 

values in a data set. Figure 6 presents the 

relationship between κ and the difference 

between the median and the average, of 

all the data sets of the annual maximum 

wind gusts. The graph illustrates the fact 

that there is a statistically significant cor-

relation between the value of the difference 

between the median and the average, and the 

value of κ.

An example of how an anomalous value 

in a data set can make a significant differ-

ence in the values of the estimated quantiles, 

is for the data set for Umtata. The annual 

maximum gust speed for Umtata for 1999 is 

a verified 39.3 m/s, which was measured on 

3 November 1999. This value is much higher 

than the mean of the annual maximum gust 

speeds, which is 27.8 m/s. If, for illustrative 

purposes, the value of 39.3 m/s is removed 

from the data set, the 1:50 year quantile for 

the wind gust becomes 35.6 m/s, compared 

to the 40.5 m/s with the high value included. 

It is concluded here, with the analyses pre-

sented in this section and those by Brabson 

& Palutikof (2000), that the fitting of the 

GEV distribution to small data sets of annual 

extreme winds should be treated with cau-

tion, and is in general not recommended.

METHODS FOR SHORT TIME SERIES

The problems in fitting the GEV distribu-

tion will be more pronounced for smaller 

data sets, such as those utilised in this 

research, which are all shorter than 20 years. 

Therefore other approaches to estimate the 

extreme wind speeds, specifically developed 

for shorter time series, were investigated to 

compare the results with those from the tra-

ditional methods and, by doing so, to identify 

the most appropriate statistical method to 

apply to the available wind data sets.

The well-known approaches to estimate 

extreme winds for shorter time series are 

discussed in Palutikof et al (1999), of which 

the methodologies in most cases contain 

some elements of subjectivity. At the same 

time, it has to be ensured that wind speed 

values extracted from the original wind data 

sets, for fitment to the statistical distribu-

tions, should be as independent and identi-

cally or evenly distributed as possible.

Regarding the extension of a single 

extreme value per epoch to include the 

r-largest values (Weissman 1978), decisions 

have to be taken on the size of r, as well as 

the minimum separation distance or time 

between extreme values. The separation dis-

tance might depend on the type of wind data, 

whether wind gusts or mean wind speeds 

over longer periods, as well as the type of 

strong winds experienced at the location 

where the wind measurements were taken.

Using the Method of Independent Storms 

(MIS) a decision has to be taken on the 

threshold value which separates individual 

storms. This value should be high enough to 

ensure that the storms identified are inde-

pendent and eliminate the possibility of one 

larger storm which contains a lull in wind 

speed during the period it occurred. Also, 

individual storms might be separated by lulls 

with wind speeds of different values, compli-

cating the choice of the threshold value.

With the Peak-Over-Threshold (POT) 

method a decision also has to be taken 

regarding the threshold value, as well as the 

separation distance, similar to the method 

that employs the r-largest values. However, if 

a separation distance is deemed sufficient by 

taking the prevailing weather systems into 

account, the threshold value can be inferred 

or derived without deciding on a specific 

value beforehand. The POT approach is 

the most widely used method to estimate 

extreme winds from short wind data time 

series and, due to the above considerations, 

it was decided to apply this method to the 

available wind data sets.

Application of Peak-Over-Threshold 

(POT) method

With POT methods, all values exceeding a 

specific threshold are used for analysis. A 

General Pareto Distribution (GPD) is fitted 

to the selected values. The CDF (Cumulative 

Distribution Function) of the GPD is

F(x) = 1 – [1 – (
κ

α
)(x – ξ)](1/κ) (9)

where ξ is the selected threshold. For κ = 0, 

the GPD simplifies to the exponential (EXP) 

distribution

F(x) = 1 – e-[(x-ξ)/α] (10)

The crossing rate of the threshold is defined 

as

λ = n/M (11)

Figure 6  Relationship between the difference between the median and average (m/s) and the 

shape parameter κ, for the GEV distribution fitted to the annual maximum gust data
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where n is the total number of exceedances, 

and M is the total number of years of the 

time series. Quantiles for specific return 

periods (in years) can be calculated from 

Abild et al (1992):

XT = ξ + (
α

κ
)[1 – (λT)-k] κ ≠ 0 (12a)

XT = ξ + αln(λT)   κ = 0 (12b)

The distribution parameters α and k can be 

estimated by

κ̂  = [
b0

(2b1 – b0)
] – 2 (13a)

α̂ = (1 + κ̂)b0 (13b)

which are valid within the range 

–0.5 < κ < 0.5. The threshold value should 

ensure a sufficient separation time between 

selected strong winds to avoid the interde-

pendence of values. A separation time of 48 

hours was selected by various authors for 

European wind climates (Cook 1985; Gusella 

1991). The European wind climate is domi-

nated by synoptic-scale strong wind produc-

ing mechanisms, especially the passages of 

extratropical cyclones. In South Africa the 

situation is similar for hourly mean wind 

speeds and gusts in many regions, and 

therefore this separation time was deemed 

to be appropriate. However, in a large part 

of the country most strong wind gusts 

are produced by thunderstorms in which 

individual systems can easily be separated 

by a period of one day only. Therefore, in the 

analysis of hourly mean wind speeds, the 

separation time was strictly deemed to be 48 

hours, while for wind gusts, more flexibility 

was allowed by taking the particular strong 

wind mechanism and synoptic conditions 

into account.

To obtain a sufficient number of strong 

wind data values, one must accept that not 

all of the data values will be independent. 

In this regard the finding by Brabson & 

Palutikof (2000) was taken into account, in 

which the value of the independent event 

index, ε, is defined as

ε = 
(independent events)

(total events)
 (14)

which can be as low as 0.8 to obtain accurate 

quantile estimates from the GPD.

In analysing the wind data, a range of 

threshold values were selected in 2.5 m/s 

increments. The data sets extracted accord-

ing to these thresholds were then checked to 

identify the data set with the largest number 

of wind speed values and a value of ε that is 

at least 0.8. The GPD was then fitted to the 

selected series of values. The POT method is 

Table 5  Estimations of the quantiles XT of the annual maximum wind gusts, with return periods T 

equal to 50, 100 and 500 years, by application of the POT method

Station 
Number

Station Name
Distribution parameters

Annual maximum 
wind gust (m/s)

κ α t n λ X50 X100 X500

0012661 George WO +0.19 2.7 22.4  62  3.88 31,3 32.0 33.2

0021178 Cape Town WO –0.19 2.2 24.8  49  3.06 42,7 46.8 58.4

0035209 Port Elizabeth +0.21 2.8 25.1 193 12.06 35,2 35.7 36.6

0059572 East London WO +0.12 2.6 20.2 167 15.18 32,3 33.1 34.7

0092081 Beaufort West +0.10 3.0 24.9  83  5.53 38,0 39.2 41.6

0127272 Umtata WO +0.03 3.2 20.0 103 10.30 38,3 40.1 44.2

0182591 Margate  0.10 2.4 20.1 125  8.33 30,8 31.7 33.5

0239698 Pietermaritzburg  0.04 2.6 15.0 118  8.43 28,8 30.1 33.2

0240808 Durban WO –0.05 2.0 20.0 151  9.44 34,3 36.2 40.8

0261516 Bloemfontein WO  0.03 2.8 20.1 112  8.00 35,1 36.6 40.0

0274034 Alexander Bay  0.11 1.7 22.6 138  9.86 30,3 30.9 32.0

0290468 Kimberley WO  0.00 2.9 20.0 158 11.29 38,0 40.0 44.5

0317475 Upington WO  0.02 2.6 20.1 140 10.00 35,1 36.7 40.2

0476399 Johannesburg –0.05 2.2 17.8 158 11.29 34,3 36.4 41.7

0508047 Mafikeng WO –0.04 1.9 20.3  97  8.08 33,3 35.0 39.2

0513385 Irene WO  0.11 2.8 17.5 188 13.43 30,7 31.7 33.6

0677802 Pietersburg WO  0.19 3.7 17.4 117  9.00 30,7 31.4 32.9

Note:  κ and α are the distribution parameters, while t refers to the threshold value, as determined by the 
software.

Table 6  Estimations of the quantiles XT of the annual maximum wind gusts, with return periods T 

equal to 50, 100 and 500 years, by application of the EXP method

Station 
number

Station name
Distribution parameters

Annual maximum 
wind gust (m/s)

α t n λ X50 X100 X500

0012661 George WO 2.0 22.6 62  3.88 33.3 34.7 38.0

0021178 Cape Town WO 2.3 25.2  49  3.06 36.7 38.2 41.9

0035209 Port Elizabeth 2.4 25.1 193 12.06 40.4 42.1 45.9

0059572 East London WO 2.4 20.1 167 15.18 36.1 37.8 41.7

0092081 Beaufort West 2.5 25.1  83  5.53 39.0 40.7 44.7

0127272 Umtata WO 3.0 20.1 103 10.30 39.0 41.1 46.0

0182591 Margate 2.2 20.1 125  8.33 33.3 34.8 38.3

0239698 Pietermaritzburg 2.3 15.1 118  8.43 29.1 30.8 34.5

0240808 Durban WO 2.0 20.1 151  9.44 32.6 34.0 37.3

0261516 Bloemfontein WO 2.7 20.1 112  8.00 36.3 38.2 42.5

0274034 Alexander Bay 1.5 22.6 138  9.86 32.1 33.2 35.7

0290468 Kimberley WO 2.8 20.1 158 11.29 37.7 39.6 44.1

0317475 Upington WO 2.6 20.1 140 10.00 36.0 37.8 41.9

0476399 Johannesburg 2.5 17.6 158 11.29 33.4 35.1 39.2

0508047 Mafikeng WO 2.2 20.1  97  8.08 33.0 34.5 38.0

0513385 Irene WO 2.5 17.6 188 13.43 33.6 35.3 39.3

0677802 Pietersburg WO 2.9 17.6 117  9.00 35.0 37.0 41.6

Note:  α indicates the distribution parameter, while t refers to the threshold value, as determined by the 
software.
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not compatible with hourly mean wind speed 

data, with too high percentages of values, 

even with very high thresholds, showing 

dependency. Table 5 presents the quantiles 

XT of the annual maximum wind gusts for 

return periods T equal to 50, 100 and 500 

years, for the weather stations in Table 2, by 

application of the POT method. In Kruger 

(2011) the number of values n that could be 

selected varied widely between stations, with 

λ (the average number of values per year) 

ranging from 1.50 to 19.20. A high value for 

λ indicates a better separation of individual 

storms than when λ is low, because a larger 

number of independent strong wind values 

could be utilised. A low value of λ indicates 

that the strong winds tend to be clustered in 

the time series. It is, therefore, not surprising 

that the weather stations in those regions in 

the interior where thunderstorms are likely 

to occur frequently, exhibit in general higher 

λ values than those closer to the coast, where 

synoptic scale systems tend to cause most 

strong winds.

The advantage of the POT method, above 

methods which employ only one value per 

epoch, is that usually significantly more val-

ues can be utilised, which will in turn result 

in more confident estimates of the extreme 

wind quantiles. On the other hand it can be 

argued that a very large number of values 

can dilute the effect of the more extreme val-

ues in the data. However, it is assumed here 

that in general greater confidence can be 

given to quantiles estimated with values of λ 

much larger than 1, compared to a situation 

when only one value per epoch is utilised, as 

long as the values are independent and there-

fore assumed to be Poisson distributed.

Fitting of the exponential distribution

When the POT method is applied with the 

GPD, one of the parameters to be estimated 

is the shape parameter κ, similar to the GEV 

distribution. However, it was shown with 

the results of the fitting of the GEV distribu-

tion to a small number of data values, that 

κ can then be under- or overestimated. In 

fact, Brabson & Palutikof (2000) show in 

their analyses that the value of κ varies with 

a varying threshold value. From Table 5 it 

can be seen that the number of data values 

available for POT analysis, and the thresh-

old values deemed most appropriate, vary 

substantially between the weather stations. 

In this section we fit the same data sets to 

which the GPD was fitted to the Exponential 

(EXP) distribution, i.e. the GPD with κ = 0. 

Table 6 presents the results of the analyses, 

also with estimations of the quantiles XT, 

with return periods T equal to 50, 100 and 

500 years, for the same weather stations as 

in Table 2.

Comparison between application 

of GPD and EXP distributions

As with the comparison between the results 

of the Gumbel and GEV methods, it can 

be seen that the estimated quantiles are 

sensitive to the value of κ, which confirms 

the finding of Simiu & Heckert (1996). The 

general result is that with the GPD method, 

positive values of κ render quantile values 

lower, while negative values of κ render 

quantile values higher than that estimated 

with the EXP method. Figure 7 illustrates 

how the difference between annual extreme 

wind gusts estimated with the GPD and 

EXP distributions differ, with the estimated 

value of κ. The trends which can be observed 

are similar to those in the analysis which 

was presented in Figure 4. Because the 

GPD method is more flexible than the EXP 

method, the GPD distribution should fit the 

data better than the EXP distribution, as 

demonstrated by Brabson & Palutikof (2000). 

However, it was also illustrated that the 

Figure 7  Differences between the values of the annual extreme wind gusts estimated with the 

GPD and EXP distributions for (a) 50, (b) 100 and (c) 500 year quantiles, with varying 

shape parameter κ
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Figure 8  Comparison between κGPD and κGEV, as estimated for all the data sets utilised in the study
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downside of this flexibility is that estimated 

values of κ which are highly positive, strongly 

truncate the tail of the distribution causing 

a low bound at the upper end. Unlikely low 

extreme quantile values are then predicted. 

On the other hand, highly negative estima-

tions of κ predict extreme speeds that are 

unrealistically strong for the longer return 

periods. The same argument than that devel-

oped for Gumbel vs GEV applies here, that 

short time series tend to render unrealistic 

values for κ.

COMPARISON OF THE ANNUAL 

MAXIMA AND POT METHODS

The κ parameter

If the gust speed extremes are well described 

by a single GPD distribution, then κGPD 

(κ estimated with the GPD) should equal 

κGEV (κ estimated with the GEV), or should 

approach this value with increase in the 

threshold value (Brabson & Pautikof 2000). 

However, this can of course only be true if 

the estimations for κGPD and κGEV are realis-

tic, which may ultimately depend on the size 

of the data sets utilised to estimate the dis-

tribution parameters with. Figure 8 presents 

a scatterplot comparison between κGPD and 

κGEV for the weather stations utilised in the 

research. One can see that there is no appar-

ent relationship between the two parameters. 

This could be due to either the inaccurate 

estimations of κGPD or κGEV, or both.

From the above discussion it is apparent 

that the value of the shape parameter should 

be treated with suspicion when generalised 

distributions are applied to short time series. 

However, the sizes of the data sets utilised in 

the application of the GPD distribution vary 

a lot between weather stations, as reported 

in Kruger (2011), with λ ranging from 1.5 to 

19.2, with a median value of 7. It is assumed 

that the larger the data set utilised, the more 

accurate the estimated distribution para-

meters. Figure 9 presents the relationship 

between κGPD and λ. It is apparent that the 

values for κGPD tend to be clustered around 

zero, with the average for the values calcu-

lated as 0.05. Another observation is that the 

values for κGPD show lower variability for the 

upper half of the data pairs where λ > 7, com-

pared to where λ < 7. The standard deviation 

for the values of κGPD where λ > 7 is equal to 

0.12, while for κGPD where λ < 7 the standard 

deviation is equal to 0.22; the difference of 

which is statistically significant.

From the above, and results elsewhere 

in this paper, it follows then that it can be 

assumed that, with the available data for this 

study, the safest estimation for the value of 

κ is zero. This is consistent with Brabson & 

Palutikof (2000) who, after analysing shorter 

and longer periods of data for the same loca-

tion, came to the conclusion that the κ = 0 

versions of the models make more accurate 

predictions of extreme wind speeds, even 

when a shorter period of data is utilised (in 

their case 13 years).

Abild et al (1992) came to a similar 

conclusion, namely that, while the GPD and 

GEV distributions are powerful in detect-

ing outliers, and a possible two-component 

population in exponential data, the tail 

behaviour is strongly influenced by the esti-

mation of κ, and will therefore not provide 

reliable estimates of upper quantiles when 

fitted to a short record. This shows that the 

poor behaviour of κ is indicative of the insuf-

ficiency of the short time series.

Gumbel and exponential 

distributions

It was concluded in the previous section 

that, while the GEV and GPD distributions 

provide a better fit to the data, they do not 

necessarily make accurate predictions of 

high wind speeds, when based on a short 

period of data, or a small average number of 

data values per year. Figure 10 presents the 

relationship between X100 estimated by the 

Gumbel and EXP methods, with the correla-

tion statistically significant at the 95% level 

of confidence. There is a general tendency 

for X100 to be estimated higher by the EXP 

method than with the Gumbel method, 

when X100 is estimated by the Gumbel 

method to be below about 38 m/s. This 

observation applies to about 82% of the X100 

Gumbel estimates.

The question arises now which estimates, 

by the Gumbel or EXP method, can be 

considered to be the most reliable. Abild 

et al (1992) suggests that T-year estimates 

should never be given only as point esti-

mates but should at least also contain some 

information regarding the uncertainty of 

the estimate related to the statistical model 

Figure 9  Relationship between the shape parameter κGPD and λ
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chosen. Brabson & Palutikof (2000) state 

that critical to the usefulness of maximum 

gust speed predictions are their associated 

standard errors. Calculation procedures for 

the standard errors of the T-year estimates 

are described by Hosking et al (1985) and 

Abild et al (1992). The derivations of the 

equations for the calculations of the standard 

deviations or variances will not be repeated 

here, but for the Gumbel distribution

Var[X̂T] =~  (
α2

n
)(0.608{ln[–ln(1 – T-1)]}2 

– 0.514{ln[–ln(1 – T-1)]} 

+ 1.109) (15)

and for the EXP distribution

Var[X̂T] =~  (
α2

n
){1 + [ln(λT)] 2} (16)

where α is the scale or dispersion parameter, 

n is the number of wind speed values utilised 

(in the case of the Gumbel distribution the 

number of years), T is the return period, and 

λ is the cross-over rate per year in the case 

of the POT. It follows then that the standard 

errors of the quantiles for a specific return 

period, which express the precision of the 

estimates of the quantiles, essentially depend 

on the variability of the wind speed values 

of the sample, and the number of values in 

the sample. Table 7 presents the standard 

deviations S50, S100 and S500 associated with 

the estimated annual maximum wind gust 

quantiles X50, X100, and X500 by the Gumbel 

and EXP distributions, as presented in Tables 

2 and 6 respectively.

In Kruger (2011) only seven of the 94 

weather stations analysed indicate standard 

errors of the Gumbel method to be smaller 

than that of the EXP method. For all these 

stations α was estimated larger for the EXP 

distribution than for the Gumbel distribu-

tion which, referring to Equations 15 and 

16, caused the larger values. However, one 

can conclude that in general more confi-

dence can be put on the quantile values 

estimated by the EXP method than by the 

Gumbel method.

MIXED STRONG WIND CLIMATES

As previously mentioned, in the applica-

tion of the GEV and GPD methods, the 

estimation of a negative value for the shape 

parameter κ is often seen as an indication 

of a mixed strong wind climate, i.e. the 

data set contains values from two or even 

more populations or types of events. While 

these methods are powerful in detecting 

outliers or a possible two-component (or 

more) population in exponential data, they 

will not provide reliable estimates of upper 

quantiles when fitted to a short record (Abild 

et al 1992). Twisdale & Vickery (1992), in 

their analysis of the wind speed data of four 

weather stations, came to the conclusion that 

places where thunderstorms dominate the 

extreme wind climatology, the traditional 

approach by the Gumbel or POT methods 

will tend to underestimate the design 

wind speeds.

Table 7  Standard deviations S50, S100 and S500 associated with the estimated quantiles X50, X100 

and X500 by the Gumbel and EXP methods

Station 
number

Station name
Gumbel EXP

S50 S100 S500 S50 S100 S500

0012661 George WO 1.6 1.8 2.4 1.4 1.6 2.0

0021178 Cape Town WO 2.8 3.2 4.2 1.7 1.9 2.4

0035209 Port Elizabeth 1.8 2.1 2.8 1.1 1.2 1.5

0059572 East London WO 2.1 2.4 3.2 1.3 1.4 1.7

0092081 Beaufort West 2.1 2.4 3.1 1.5 1.7 2.2

0127272 Umtata WO 3.8 4.3 5.7 1.9 2.1 2.6

0182591 Margate 1.5 1.8 2.3 1.2 1.3 1.6

0239698 Pietermaritzburg 1.8 2.1 2.7 1.3 1.5 1.8

0240808 Durban WO 1.9 2.2 2.9 1.0 1.1 1.4

0261516 Bloemfontein WO 2.4 2.8 3.7 1.6 1.7 2.1

0274034 Alexander Bay 1.3 1.5 2.0 0.8 0.9 1.1

0290468 Kimberley WO 2.3 2.6 3.4 1.4 1.6 1.9

0317475 Upington WO 2.9 3.3 4.4 1.4 1.5 1.9

0476399 Johannesburg 2.6 3.0 3.9 1.3 1.4 1.7

0508047 Mafikeng WO 2.0 2.3 3.0 1.3 1.5 1.8

0513385 Irene WO 2.4 2.7 3.5 1.2 1.3 1.6

0677802 Pietersburg WO 2.3 2.7 3.5 1.6 1.8 2.2

Figure 10 Correlation between estimations of X100 by the Gumbel and EXP methods
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These methods assume that all of the 

winds used to describe the probability 

distribution of wind speed are produced by 

the same phenomena, such as large-scale 

extra-tropical storms. However, this is 

not always the case, especially for the 2–3 

second wind gusts, as in the greater part of 

the interior of South Africa thunderstorms 

tend to dominate the strong wind climate 

(Kruger et al 2010). Therefore, for such data 

sets extreme wind estimation methodolo-

gies should be explored that explicitly take 

the mixed strong wind climatology into 

account.

Application of a mixed 

distribution method

The optimum application or fitting of the 

mixed speed distribution is described by 

Gomes & Vickery (1978). This method 

requires preferably the identification of 

all strong wind producing mechanisms, 

which will probably be the cause of the 

occurrence of an annual extreme wind at 

a specific station. Gomes & Vickery (1978) 

disaggregated four extreme wind generating 

mechanisms, i.e. extra-tropical low-pressure 

systems, thunderstorms, hurricanes and 

tornadoes, while Twisdale & Vickery (1992) 

distinguished between two mechanisms, 

i.e. extra-tropical low-pressure systems and 

thunderstorms.

In this study the causes of each of the 

annual maximum wind gusts and annual 

maximum hourly mean wind speeds were 

identified for the individual weather stations. 

To be noted, the thunderstorms were not 

considered to be a possible cause of high 

hourly mean wind speeds, due to their strong 

winds of usually short duration. Strong 

winds during a thunderstorm are usually 

shorter than ten minutes; therefore only the 

underlying synoptic-scale situation was taken 

into account.

The descriptions of the different strong 

wind mechanisms are presented in Kruger 

et al (2010). The identified causes for each 

weather station were then considered to be 

the main strong wind producing mecha-

nisms at a particular station. The disaggre-

gations of the strong wind sources, in the 

synoptic scale, in the current research are 

more detailed than in both of the examples 

of Gomes & Vickery (1978) and Twisdale & 

Vickery (1992). This approach may improve 

the accuracy of the extreme wind estima-

tions, and additional information can also 

be gained from the extreme wind analyses, 

such as the most likely causes, directions 

and the time of year of extreme wind 

estimations for specific return periods. For 

the annual extreme wind gusts 86% of the 

94 weather stations in Kruger et al (2010) 

exhibited a mixed strong wind climate by 

application of the disaggregation procedure, 

while for the annual extreme hourly mean 

wind speeds the fraction is much lower 

at 57%.

After the identification of the strong 

wind mechanisms involved at each weather 

station, the strongest wind gusts and hourly 

mean wind speeds were determined which 

were caused by each of the identified 

mechanisms, for each year of available data. 

An example of the results of this procedure 

is presented in Table 8, for the weather 

station at Robben Island. Here the annual 

maximum wind gusts, as well as the annual 

maximum hourly winds, are caused by two 

mechanisms, namely the passage of cold 

fronts and the ridging of the Atlantic Ocean 

high-pressure system. The maximum wind 

gust values and hourly mean wind speeds 

produced by each of the mechanisms are 

also given.

For both the wind gusts and the hourly 

mean wind speeds, assuming that the values 

are Gumbel distributed, the combined dis-

tribution of these events is determined as the 

sum of the individual risks of exceedance, 

given as

F(x) = 1 – [(1 – e-e-yCF) + (1 – e-e-yR)] (17)

Figure 11  Annual maximum wind gust distribution (a) and annual maximum hourly mean wind 

speed distribution (b) for Robben Island
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where yCF and yR are the reduced variates for 

the data sets for the cold fronts and ridging 

respectively.

Therefore,

e(-1/T) = {e-e-[(VR-αCF)/βCF]
} * {e-e-[(VR-αR)/βR]

} (18)

where T is the return period, αCF and βCF 

are the dispersion and the mode parameters 

of the cold front values, αR and βR are the 

dispersion and the mode parameters of the 

values associated with ridging, and VR is 

the wind speed associated with the return 

period T. The return period estimations for 

a specific wind speed could then be deter-

mined by

T = 
1

{e[(αCF-VR)/βCF] + e[(αR-VR)/βR]}
 (19)

Figure 11 presents the quantile estimates 

for the annual maximum wind gusts as well 

as the annual maximum hourly mean wind 

speeds, by the method for mixed strong 

wind climates and the Gumbel method. Also 

shown are the quantile estimates where the 

Gumbel method has been applied to the data 

sets for cold fronts and ridging, presented 

in Table 8. One can see that the distribution 

patterns are similar for extreme wind gusts 

and hourly mean wind speeds. One may also 

assume that from a return period of about 

50 years for the wind gusts, and 100 years 

for the hourly mean wind speeds, the annual 

extreme winds will probably be caused by 

the passage of cold fronts, of which the 

strongest usually occur during the winter 

months. The wind directions of these winds 

are usually north-westerly.

An example of a weather station where 

thunderstorms are one of the main causes 

of extreme wind gusts is Jamestown in the 

Eastern Cape Province. Figure 12 presents 

the annual maximum wind gust distribu-

tion for this weather station, from which 

one notices large differences between the 

quantile estimates by the mixed climate 

method and the conventional Gumbel 

method.

Table 9 presents the values for the quan-

tiles X50, X100, and X500, as estimated by the 

mixed distribution method, for both annual 

maximum wind gusts and mean hourly 

wind speeds, for the weather stations listed 

in Table 2 which exhibit a mixed strong 

wind climate (cells are empty where a single 

mechanism applies).

Table 8  Maximum wind gust values and hourly wind speeds produced 

by the passage of cold fronts and the ridging of the Atlantic 

Ocean high-pressure system at Robben Island for 1992–2008

Year

Annual maximum 
wind gust (m/s)

Annual maximum hourly 
mean wind speed (m/s)

Cold front Ridging Cold front Ridging

1994 27.3 21.6 12.9 11.9

1995 22.5 22.7 11.6 12.1

1996 21.4 20.8 11.6 13.3

1997 23.2 22.6 12.9 11.6

1998 19.9 20.0  9.6 11.9

1999 18.2 22.3 11.0 12.1

2000 20.9 21.7 10.8 13.1

2001 24.4 22.0 12.9 11.0

2002 21.5 20.6 12.2 12.4

2003 20.2 21.8 11.4 11.3

2004 16.4 20.2  8.3 11.6

2005 24.3 21.6 11.9 10.8

2006 18.4 23.5 10.8 11.9

2007 26.3 20.4 14.1 13.3

2008 24.0 25.4 10.7 14.5

Table 9  Values for the quantiles X50, X100 and X500 as estimated by the mixed 

distribution method for weather stations with more than one strong 

wind producing mechanism

Station 
number

Station name

Annual maximum 
wind gust (m/s)

Annual maximum 
hourly wind 
speed (m/s)

X50 X100 X500 X50 X100 X500

0021178 Cape Town WO 38.7 41.0 46.3 22.8 24.0 26.8

0092081 Beaufort West 38.8 40.4 44.1

0127272 Umtata WO 41.9 44.7 51.2

0239698 Pietermaritzburg 28.6 30.1 33.6 11.0 11.6 13.0

0261516 Bloemfontein WO 14.4 14.9 16.1

0274034 Alexander Bay 32.2 33.6 37.4

0290468 Kimberley WO 16.9 17.5 19.0

0317475 Upington WO 17.0 17.7 19.2

0476399 Johannesburg 34.6 36.8 41.7 15.8 16.5 18.2

0508047 Mafikeng WO 31.8 33.3 36.7

0513385 Irene WO 33.3 35.1 39.4 16.5 17.2 18.9

0677802 Pietersburg WO 15.0 15.7 17.3

Note: Cells are empty where a single mechanism applies.

Figure 12  Annual maximum wind gust distribution for Jamestown
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Table 12  Annual maximum wind gust values produced by 

the passage of cold fronts and the occurrence of 

thunderstorms at Uitenhage for 1996–2008

Year

Annual maximum 
wind gust (m/s)

Annual maximum 
wind gust (m/s) caused 
by either a cold front 

or thunderstormCold front Thunderstorm

1996 30.3 15.9 30.3

1997 22.1 29.5 29.5

1998 22.8 16.3 22.8

1999 25.5 15.9 25.5

2000 25.1 18.5 25.1

2001 23.0 24.7 24.7

2002 – – –

2003 – – –

2004 26.5 18.2 26.5

2005 23.3 20.8 23.3

2006 27.1 24.3 27.1

2007 26.0 13.4 26.0

2008 24.7 25.8 25.8

Average 25.2 19.8 26.1

Note:  The measurements for 2002 and 2003 are unreliable and were 

therefore omitted from the analysis.

Further analyses and discussion 

of results

The κ parameter and mixed distributions

 The assumption that a negative shape 

parameter κ, estimated by fitting of the GEV 

distribution, or GPD distribution with the POT 

method, might indicate a mixed distribution 

of the wind values in the data samples is here 

investigated further. With the data sets utilised 

in Kruger (2011), more than one strong wind 

mechanism was identified for 23 of the 35 

weather stations with κ < 0, estimated by fitting 

of the GEV distribution to annual maximum 

gust speeds. For mean hourly winds, 15 of the 

29 weather stations with κ < 0, estimated by 

the fitting of the GEV distribution to annual 

maximum mean hourly wind speeds, had more 

than one identified strong wind mechanism. It 

is therefore apparent that mixed distributions 

are not the only cause for negative estimations 

of κ, as not all weather stations with κ < 0 have 

mixed strong wind climates.

The GEV distribution was fitted to 

the data samples for each strong wind 

mechanism, e.g. to the data sets in the four 

columns of Table 8 for Robben Island. The 

results of these analyses are presented in 

Table 10, for the same weather stations as in 

Table 2. It can be noted that the analyses in 

Kruger (2011) revealed that there is no real 

consistency between the sign or magnitude 

of κ and specific strong wind mechanisms.

Table 10  Values of the κ parameter for the different strong wind mechanisms, estimated by fitting 

of the GEV distribution

Station 
number

Station name
Annual maximum wind gust (m/s)

Annual maximum hourly 
wind speed (m/s)

κTS κCF κR κOTHER κCF κR κOTHER

0012661 George WO +0.23 +0.27

0021178 Cape Town WO –0.04 –0.14 –0.16 –0.01

0035209 Port Elizabeth –0.13 –0.11

0059572 East London WO +0.59 +0.45

0092081 Beaufort West +0.32 –0.05 –0.30 –0.04

0127272 Umtata WO –0.35 +0.57 –0.05

0182591 Margate +0.01

0239698 Pietermaritzburg –0.13 –0.17 –0.24 –0.23 –0.03

0240808 Durban WO –0.14 –0.13

0261516 Bloemfontein WO –0.24 +0.21 –0.09

0274034 Alexander Bay +0.09 –0.04 +0.22

0290468 Kimberley WO +0.20 +0.21 –0.07

0317475 Upington WO –0.17 +0.23 +0.20

0476399 Johannesburg +0.01 +0.27 –0.03

0508047 Mafikeng WO –0.12 –0.04

0513385 Irene WO +0.09 –0.15 +0.21

0677802 Pietersburg WO +0.36 +0.24 –0.10

Note:  κTS is the shape parameter for the data set for thunderstorms, κCF for cold fronts and κR for 

ridging. κOTHER indicates an additional strong wind mechanism at a specific weather station. Cells 

are empty where a single mechanism applies.

Table 11  Differences between the estimates for the quantiles X50, X100 

and X500 estimated by the mixed distribution and Gumbel 

methods (i.e. X50
mixed – X50

G )

Station 
number

Station name

Annual maximum 
wind gust (m/s)

Annual maximum 
hourly wind 
speed (m/s)

X50 X100 X500 X50 X100 X500

0021178 Cape Town WO 0.4 0.5 0.7 0.4 0.5 0.6

0092081 Beaufort West 0.2 0.3 0.3

0127272 Umtata WO 1.4 1.8 2.7

0239698 Pietermaritzburg 1.6 1.8 2.2 0.0 0.0 0.0

0261516 Bloemfontein WO 0.2 0.2 0.2

0274034 Alexander Bay 0.9 1.3 2.8

0290468 Kimberley WO 0.1 0.1 0.2

0317475 Upington WO 0.4 0.6 0.9

0476399 Johannesburg 0.6 0.9 1.2 0.4 0.4 0.6

0513385 Irene WO 0.4 0.5 0.8 0.5 0.6 0.8

0677802 Pietersburg WO 0.1 0.2 0.4

Note: Cells are empty where a single mechanism applies.
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A conclusion can be made that the values 

of κ, for the data samples utilised, probably 

depend in most cases on the internal vari-

ability of the values in the data samples, 

and not on the strong wind mechanisms 

involved. Therefore it is reiterated again that 

for shorter time series, the estimation of 

quantiles should be based on the application 

of a method restricting the value of κ to zero, 

as previously suggested. It might be possible 

that, if the time series utilised were signifi-

cantly longer, there would be some consis-

tencies evident in the sign and magnitude of 

κ between the different weather stations, and 

specific strong wind producing mechanisms.

Comparison between quantile estimations 

of Gumbel and mixed distribution methods

The differences between the values of the 

quantiles X50, X100, and X500, estimated by 

the method for mixed distributions and the 

Gumbel method, e.g. for the 1:50 year quan-

tiles, are presented in Table 11, for the weather 

stations in Table 9. As expected, and also 

noted by Gomes & Vickery (1978), quantile 

estimations by the mixed distribution method 

are usually larger than the estimations by the 

Gumbel method, with the differences increas-

ing with increasing return periods. In Kruger 

(2011), for X50 the mixed distribution method 

estimates are, on average, 0.7 m/s larger than 

the Gumbel method for annual maximum 

wind gusts, and 0.2 m/s larger for annual maxi-

mum hourly mean wind speeds. For longer 

return periods the mean differences become 

larger. For X100, the mean differences are 

1.0 m/s and 0.3 m/s, while for X500 the mean 

differences are 1.7 m/s and 0.5 m/s respectively.

Where there are large differences 

between the estimates of the two methods 

it is usually because the strong wind mecha-

nism that is causing the most extreme wind 

speeds is underrepresented in the sample of 

annual maximum wind speeds of a weather 

station. The dispersion of the annual maxi-

mum values of this particular strong wind 

mechanism is then also always larger than 

that for the other strong wind mechanism(s) 

taken into account. To illustrate this, the 

annual maximum wind gust distribution 

for Uitenhage and the annual maximum 

hourly mean wind speed distribution for 

Malmesbury are discussed.

In the case of Uitenhage the most extreme 

wind gusts are caused by thunderstorms. 

Table 12 presents the annual maximum wind 

gust values, as well as the annual maximum 

values produced by the passage of cold fronts 

and the occurrence of thunderstorms at 

Uitenhage for the period 1996 to 2008.

Cold fronts are the causes of the annual 

maximum wind gusts on eight of the avail-

able 11 years of data. The average of the 

values for cold fronts is 25.2 m/s, which is 

higher than the average of the values for 

thunderstorms at 19.8 m/s. However, the 

value of the dispersion parameter, α, is 1.8 

for cold fronts and 3.8 for thunderstorms. 

This larger value for α results in a shallower 

slope in the extreme wind gust distribution 

graph for thunderstorms, as well as for the 

mixed climate, as presented in Figure 13.

Another interesting example is that for the 

extreme hourly mean wind speed distribu-

tion for Malmesbury. Table 13 presents the 

maximum hourly mean wind speed values 

produced by the passage of cold fronts and the 

ridging of the Atlantic Ocean high-pressure 

system at Malmesbury, for the period 1992 to 

2008. Cold fronts are the causes of the annual 

maximum hourly mean wind speeds on six 

Table 13  Annual maximum hourly mean wind speed values produced by the passage of cold 

fronts and the ridging of the Atlantic Ocean high-pressure system at Malmesbury for 

1992–2008

Year

Annual maximum hourly mean wind speed (m/s) Annual maximum 
hourly mean wind speed 

(m/s) caused by either 
a cold front or ridgingCold front Ridging

1992 9.9 9.5 9.9

1993 9.3 11.1 11.1

1994 11.1 10.1 11.1

1995 8.2 9.9 9.9

1996 9.4 9.3 9.4

1997 10.1 10.2 10.2

1998 7.1 9.0 9.0

1999 7.7 9.8 9.8

2000 7.2 9.1 9.1

2001 8.8 9.0 9.0

2002 8.3 9.3 9.3

2003 8.8 9.7 9.7

2004 6.1 8.4 8.4

2005 8.1 6.5 8.1

2006 8.0 7.0 8.0

2007 8.8 6.5 8.8

2008 8.8 9.0 9.0

Average 8.6 9.0 9.4

Figure 13  Extreme wind gust distribution for Uitenhage
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of the available 17 years of data, while the 

ridging of the Atlantic Ocean high-pressure 

system is the cause for the remaining 11 

years. The average of the annual maximum 

values for the cold fronts is 8.6 m/s, while for 

the ridging it is 9.0 m/s. The value of α for 

the cold fronts is 0.9, while for the ridging 

it is 1.0. Therefore the extreme hourly wind 

distributions for cold fronts and ridging are 

very similar. However, the mean of the annual 

maximum hourly mean wind speeds, regard-

less of the cause, is 9.4 m/s and α is equal to 

0.7. The result is an extreme wind distribution 

as presented in Figure 14. The slope of the 

mixed climate distribution is similar to the 

distributions for cold fronts and ridging, while 

the single climate slope for the traditional 

Gumbel method is much steeper, causing a 

significant underestimation of wind speeds 

for the longer return periods.

The conclusion is that, for the estimation 

of quantiles for long return periods, it is 

advisable or “safer” to follow a mixed distri-

bution approach. This is especially applicable 

to strong wind estimations in South Africa, 

where most of the land area is influenced 

by more than one strong wind producing 

mechanism.

The disaggregated data sets developed in 

this analysis also make it possible to predict 

extreme wind estimations caused by the 

different strong wind mechanisms. For the 

above examples, the estimated wind gust 

quantiles X50, X100 and X500 for the strong 

wind mechanisms identified for Uitenhage 

are shown in Table 14. Table 15 presents 

hourly mean wind speed quantiles for the 

same return periods for the strong wind 

mechanisms identified for Malmesbury.

SUMMARY AND 

RECOMMENDATIONS

It is demonstrated that, amongst others, the 

background information on the strong wind 

climatology and record length are imperative 

considerations in the selection of appropriate 

methods for extreme-wind estimations.

The various steps taken in the analysis 

of the strong wind data can be summarised 

as presented in the overview in Figure 15. 

Due to the short time series and the complex 

wind climate of South Africa, some extreme 

wind estimation methods can be recom-

mended above others.

Firstly all the data sets were analysed 

with the traditional Gumbel method. As it 

cannot readily be assumed that κ = 0, the 

data sets were subsequently analysed with 

the GEV approach, and from the results it 

was seen that no spatial consistency between 

stations in terms of the value of κ is evident. 

This indicated the influence of outliers on 

the analysis; and that the GEV approach is 

not recommended for the analysis of short 

time series.

The POT method, specifically developed 

for the analysis of short time series, was 

then applied. This method is not applicable 

to hourly mean wind speeds, and therefore 

Table 14  Estimations of extreme wind gusts 

of cold fronts and thunderstorms for 

Uitenhage

Strong wind 
mechanism

X50 X100 X500

Cold front 31.0 32.2 35.0

Thunderstorm 33.0 35.6 41.7

Table 15  Estimations of extreme hourly mean 

wind speeds of cold fronts and 

ridging of the Atlantic Ocean high-

pressure system for Malmesbury

Strong wind 
mechanism

X50 X100 X500

Cold front 11.6 12.3 13.7

Ridging 12.3 12.9 14.5

Figure 14  Annual maximum mean hourly wind speed distribution for Malmesbury
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only the data sets for the wind gusts were 

analysed. With the POT method applied 

to the GPD, again no spatial consistency 

between stations in terms of the value of 

κ was evident. The POT method was then 

applied with the EXP distribution, which is 

essentially the GPD distribution with κ = 0. 

This approach is deemed to produce the best 

estimates of extreme wind values from the 

methods investigated, if a single strong wind 

climate is assumed.

Subsequently a method for analysing 

mixed strong wind climates was applied to 

the wind gust as well as the hourly mean 

wind speed data sets, where almost all of the 

weather stations showed increased quantile 

estimates.

For wind gusts, in the case of wind data 

of single climatic origin, the POT approach 

applied with the EXP method is recom-

mended. In the case of a strong wind climate 

of various origins the mixed strong wind 

climate approach is recommended, especially 

for longer return periods where the quantile 

estimations by the mixed climate method 

become much larger than that with the 

traditional Gumbel method. It is not feasible 

to apply the POT method to a mixed climate 

approach, due to the large number of strong 

winds of which the causes would have to be 

determined.

For hourly mean wind speeds the tra-

ditional Gumbel approach is satisfactory. 

However, in the case of a mixed strong wind 

climate of various origins, it is recommended 

that the method providing the highest quan-

tile values is applied.
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INTRODUCTION

Wind loading represents the dominant 

environmental action to be considered in 

the design of structures – for certain classes 

of structures, such as tall buildings or light 

construction. Provision for wind loading 

therefore plays a prominent role in the new 

South African National Standard SANS 

10160:2010, and in particular Part 3 Wind 

Actions (SANS 10160-3:2011).

An obvious motivation to update the 

information on the strong wind climate for 

South Africa, on which the previous South 

African Loading Code SABS 10160:1989 

was based, became apparent when SANS 

10160-3:2010 was prepared: Since Eurocode 

EN 1991-1-4:2005 was used as reference 

standard for the stipulations and procedures 

for SANS 10160-3:2010, significant differ-

ences in climatic conditions needed to be 

provided for, of which the most important is 

the prevalence of thunderstorms as a source 

of strong winds in South Africa (Goliger 

& Retief 2002). It was also apparent that 

the strong wind climate of the country is 

complex, resulting not only in significant 

spatial and regional tendencies, but also that 

the dominating strong wind mechanism for 

a certain region and even locality is not clear, 

and that mixed strong wind climate condi-

tions may be prevalent.

A review of the general principles for 

codified procedures for wind loading in the 

context of South African conditions is pre-

sented by Goliger et al (2009a). The basis for 

implementing these principles is presented 

by Goliger et al (2009b). A significant defi-

ciency in the process was the lack of oppor-

tunity to update the representation of the 

climatic strong wind conditions for SANS 

10160-3:2010. However, the need for a thor-

ough review and investigation of conditions 

could clearly be established and motivated.

BACKGROUND

In South Africa strong winds can be broadly 

categorised into two types, namely those 

of the synoptic scale origin, e.g. from cold 

fronts, and those of convective origin, i.e. 

thunderstorms. The origins of the strong 

winds in South Africa are analysed in-depth 

in Kruger et al (2010). For the areas domi-

nated by strong winds from thunderstorms, 

an averaging time of 3 seconds or less is 

recommended for a meaningful determina-

tion of the strong value design wind speeds. 

This is due to the short duration of the 

Strong winds in 
South Africa: Part 2
Mapping of updated statistics
A C Kruger, J V Retief, A M Goliger

Although wind is the most important environmental action on buildings and structures in South 
Africa, the last comprehensive strong wind analysis was conducted in 1985. The current wind 
loading code is still based on the strong wind quantiles forthcoming from that analysis. Wind 
data available for strong wind analysis has increased about five-fold, due to the employment of 
automatic weather station (AWS) technology by the South African Weather Service. This makes 
an updated assessment of strong winds in South Africa imperative.
 Based on the estimation of strong winds as reported in the accompanying paper (see 
page 29 in this volume), the spatial interpolation of 50-year characteristic strong wind values 
to provide updated design wind speed maps is reported in this paper. In addition to taking 
account of short recording periods and the effects of the mixed strong wind climate, the 
exposure of the weather stations was considered and correction factors applied. Quantile values 
were adjusted to compensate for the small data samples. The resultant design maps reveal 
regions of relatively high and low quantiles, but with an improved relationship with physical 
conditions compared to the previous analyses.
 Consequently some significant differences in quantiles between the present and previous 
analyses were found. The complexity of the resulting strong wind maps is not only the result 
of the improved resolution of the larger number of weather stations, but also due to an 
improved identification of the effects of physical factors such as the mixed strong wind climate 
and topography. Guidance can also be derived for future updating, such as incorporating 
accumulated observations and improved coverage by additional AWS in critical regions.



Journal of the South African Institution of Civil Engineering • Volume 55 Number 2 August 2013 47

strong winds from thunderstorms, which 

are typically related to the passage of the 

gust front, defined as the leading edge of the 

thunderstorm downdraft.

The European wind climate is dominated 

by synoptic-scale mid-latitude cyclonic 

storms. The EN-1991-1-4 is based on these 

weather conditions, and therefore the basic 

wind speed (the strong wind speed that can 

be expected every 50 years) is derived for an 

averaging period of 10 minutes, with fixed 

conversion factors between the different 

averaging time scales due to the maturely 

developed turbulence conditions of synoptic 

scale winds. Therefore, while the Eurocode 

is followed by deriving the basic wind speed 

for an averaging period of 10 minutes, this 

research investigated the design wind speeds 

at averaging times of 2–3 seconds and one 

hour. This is in agreement with the design 

procedures employed in SABS 0160:1989 as 

transferred to SANS 10160-3:2010. In a mixed 

strong wind climate an averaging time of 2–3 

seconds is sufficiently short to capture the 

wind strengths of only the gust fronts from 

thunderstorms, while one hour is deemed 

long enough not to contaminate the averaging 

period with these relatively strong wind gusts 

of very short duration. It is argued that from 

the results the 10 minute design wind speeds 

can be derived by the application of appropri-

ate conversion factors, which would distin-

guish between thunderstorm- and synoptic-

scale dominated strong wind climates.

Strong winds produced by thunderstorms 

are usually of very short duration, and there-

fore the relationships between the strong 

winds at the different time-scales in places 

dominated by thunderstorms are not as con-

stant as in the case where the strong winds 

produced by synoptic-scale (fully developed) 

events are dominant. At the coast strong 

wind profiles on the synoptic scale tend to be 

prevalent (where thunderstorms can occur, 

but are usually embedded in the frontal 

system), while in the interior the profiles tend 

to be dominated by thunderstorms. This issue 

is emphasised in SABS 0160:1989 (Goliger et 

al 2009a), where the gust factor, i.e. the ratio 

between the 2–3 second wind gust and the 

hourly mean wind speed, for the interior is 2.0 

while for the coast it is 1.6. The differences 

in gust factors, and the fact that the analysis 

of strong winds in a mixed wind climate 

requires the assessment of the different causes 

of the strong winds, make the recognition of 

mixed strong wind climates imperative in the 

statistical analysis of wind data.

Environmental influences on wind 

measurements include the terrain roughness, 

topography and the presence of prominent 

features or structures within the immediate 

vicinity of the anemometers. Loading codes 

stipulate correction factors to the design 

wind speed, for various categories of ter-

rain roughness and topographical features 

upstream of the site under consideration. 

These correction factors require that the basic 

wind speed in an area be based on the wind 

speed that would have been measured under 

standardised conditions, i.e. in open, flat ter-

rain with no significant obstacles or complex 

topographical features close-by; classified as 

Terrain Category II in SANS 10160-3:2011. It 

therefore follows that the wind speeds, from 

which the strong winds are estimated, should 

be recorded under these ideal standardised 

conditions. If this is not the case, correction 

factors should be developed, where possible, 

to compensate for the inadequacies in the 

measuring environment. Also, the correction 

factor may depend on the origin of the strong 

winds and are therefore different for synoptic 

and thunderstorm wind gusts.

APPROACH AND METHODOLOGY

An outline of the process followed to compile 

the information that should serve as input 

for the determination of the characteristic 

wind speed across the country is provided in 

Kruger et al (2011a), of which a brief synopsis 

is provided below.

General considerations

The main aspects considered were the physi-

cal environment, the coverage of the weather 

stations, the audit and quality control of the 

available usable climate data and the expo-

sure of weather stations.

The aspects of the physical environment 

of which the complexity had to be considered 

included the mixed strong wind climate and 

the topography. This applies to especially the 

escarpment and the Cape Folded Mountains, 

which extend to Cape Town and surroundings.

The present wind maps for South Africa 

are based on a network of 14 Dines pressure 

tube anemograph stations (Milford 1985a 

& b). Due to the deployment of Automatic 

Weather Stations (AWS) since the early 1990s, 

the number of stations has increased to 209 

with new AWS installations deployed on a 

regular basis. However, the recording periods 

of most stations are still severely constrained.

The wind data could be divided into two 

distinct periods – the period of the Dines 

anemograph and the AWS anemometers 

– between which significant discrepancies 

were evident. The exposure and quality of 

data from the Dines anemographs are also 

suspect, with the consequence that only 

AWS data was utilised in the analysis. The 

quality assessment of the records included 

assessments of record length and complete-

ness, data homogeneity, and spikes, by inter 

alia the consideration of the metadata of the 

observation stations.

World Meteorological Organisation 

(WMO) standards for the placement of 

anemometers are followed for most of the AWS 

sites, requiring an open, level terrain, with 

the measurement taken at 10 m above ground 

level. An open terrain is defined as the distance 

to any obstruction being at least 10 times the 

height of the obstruction. More severe require-

ments are set for the surrounding surface 

roughness for the reference site conditions for 

strong winds. This necessitated a survey to 

establish the exposure of the sites. The survey 

was of a desktop nature, using predominantly 

Google Earth information, with limited veri-

fication by local weather offices. Based on a 

set of criteria, the AWS sites were assessed 

in terms of conforming to Terrain Category 

II (TC-II) with a roughness length of 0.05 m. 

After the assessment, 76 stations with adequate 

exposure remained from an initial 94. The 

Exposure Correction Factor (ECF) (Wever & 

Groen 2009) due to improper terrain categories 

was estimated for 22.5° sectors for the remain-

ing locations. The ECF is applied to convert the 

observed wind speed from the corresponding 

direction to the wind speed for TC-II.

For observations of gusts from synoptic 

mechanisms, adjustments were made for 41 

sites, whilst no adjustments were applied for 

thunderstorm gusts, in accordance with the 

guideline of ISO 4354:2009 that thunder-

storm winds are not sensitive to site condi-

tions, at least for TC-I to TC-III.

Data extraction and analysis

Strong wind climatology data

Goliger and Retief (2002) provided an indica-

tion of the regional contribution of the main 

strong wind mechanisms. Consideration of the 

regional distribution of prevailing macrocli-

matic conditions, with emphasis on seasonal 

changes and the differentiation between synop-

tic and mesoscale conditions were presented by 

Kruger et al (2010). A quantitative assessment 

of the strong wind climate was subsequently 

conducted by Kruger et al (2011a & b).

Measured strong wind data

Since 1995 the SAWS have been archiving 

high resolution weather measurements from 

AWSs in 5-minute intervals, which served 

as the main source of data for the investiga-

tion. The sources of annual maximum 

wind gusts were identified with this data, 

together with evidence of the prevailing 

weather systems, e.g. synoptic charts pub-

lished in the SAWS Daily Weather Bulletin 

(SAWS 1992–2008).

The wind observations extracted from 

the SAWS climate data bank consisted of the 
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maximum wind speed values for a given peri-

od (year), or the values over a given threshold, 

required for the application of the different 

strong wind estimation methods employed.

Extreme value statistical analysis methods

Two issues need consideration when select-

ing the appropriate extreme value statistical 

analysis:

 ■ The short observation periods of the 

AWS network, which was deployed since 

the early 1990s

 ■ The mixed strong wind conditions 

consisting of various combinations of 

thunderstorms and several typical syn-

optic conditions which are pervasive over 

the country

A full discussion of the consideration and 

application of the different statistical analysis 

methods can be found in Kruger et al (2013) 

(see page 29 in this volume). The basic 

extreme value method initially considered 

was the fitting of the Generalised Extreme 

Value (GEV) model (Jenkinson 1955), but 

also restricting the skewness of the distribu-

tion to zero, which then simplifies to the 

Gumbel distribution. For mixed climate dis-

tributions, the method developed by Gomes 

& Vickery (1978) was employed.

For time series shorter than 20 years 

it is preferable that analysis methods 

such as the Peak-Over-Threshold (POT) 

method are used (Palutikof et al 1999), but 

in a mixed strong wind climate, a mixed 

climate approach should be adopted, espe-

cially due to the relatively higher quantile 

values obtained. The Generalised Pareto 

Distribution (GPD) was fitted to the data 

series, which simplifies to the Exponential 

distribution (EXP) with the skewness of the 

distribution set to zero.

Development of quantile maps

The selection of AWS records that comply 

with stringent requirements for use in strong 

wind statistical analysis is described in Kruger 

et al (2011a). Of the 209 AWSs currently 

operational, 76 qualified for the analysis. This 

is about a five-fold increase in the number of 

stations and a three-fold in station years, com-

pared to the data set of the previous analysis. 

This represents a significant improvement of 

the spatial distribution enhancing the captur-

ing of the climatic diversity of South Africa, 

but a reduction of recording length, which 

compromises the prediction of wind velocities 

for long return periods.

Statistical estimation methods 

and selected quantiles

The choice of the best approach to statisti-

cally estimate strong wind values ultimately 

depend on the following factors:

Table 1 Selected AWSs with 1:50 year quantile wind speed values

Station 
number

Station name
Wind gust Hourly mean wind speed

Method X50
Exposure 

correction
X50 

adjusted
Method X50

Exposure 
correction

X50 
adjusted

0003108 Struisbaai EXP 41.3 ISO4354 43.9 Mixed 23.6 ECF 24.6

0005609 Strand Mixed 43.9 ISO4354 46.7 Mixed 23.2 ECF 24.7

0006386 Hermanus EXP 43.5 ISO4354 44.2 Mixed 24.6 ECF 26.1

0007699 Tygerhoek EXP 37.3 ISO4354 38.7 Gumbel 18.5 ECF 18.9

0010682 Stilbaai EXP 30.3 ISO4354 31.1 Gumbel 16.2 ECF 16.8

0012661 George WO EXP 33.3 ISO4354 34.0 Gumbel 21.4 ECF 22.1

0014123 Knysna Gumbel 33.5 ISO4354 35.7 Gumbel 20.8 ECF 24.2

0014545 Plettenberg Bay Gumbel 31.1 ISO4354 32.6 Mixed 15.9 ECF 17.4

0015692 Tsitsikamma EXP 28.0 ISO4354 29.2 Gumbel 14.5 ECF 14.6

0020618 Robben Island EXP 28.7 ISO4354 29.4 Mixed 14.4 ECF 15.3

0021178 Cape Town WO Mixed 38.3 ISO4354 39.5 Mixed 22.7 ECF 24.1

0021823 Paarl Mixed 31.1 ISO4354 32.6 Mixed 18.4 ECF 19.7

0022729 Worcester EXP 41.5 42.6 Gumbel 21.5 22.1

0033556 Patensie Mixed 33.1 ISO4354 35.4 Mixed 15.4 ECF 16.1

0034763 Uitenhage Mixed 39.3 ISO4354 42.5 Gumbel 21.3 ECF 22.6

0035209 Port Elizabeth EXP 40.4 ISO4354 41.1 Gumbel 24.7 ECF 25.9

0040192 Geelbek EXP 28.8 29.8 Mixed 15.9 16.9

0041388 Malmesbury Mixed 33.2 ISO4354 35.2 Mixed 16.6 ECF 18.0

0041841 Porterville EXP 39.2 ISO4354 41.0 Mixed 18.1 ECF 19.7

0056917 Grahamstown Mixed 32.2 ISO4354 36.8 Gumbel 17.2 ECF 18.1

0059572 East London WO EXP 36.1 ISO4354 36.7 Gumbel 19.2 ECF 19.9

0061298 Langebaanweg Mixed 33.2 ISO4354 36.2 Mixed 21.0 ECF 22.3

0078227 Fort Beaufort Mixed 38.4 ISO4354 41.4 Gumbel 18.4 ECF 19.4

0083572 Lamberts Bay EXP 27.9 ISO4354 28.7 Mixed 16.0 ECF 16.7

0092081 Beaufort West EXP 39.0 40.3 Gumbel 25.5 ECF 27.3

0096072 Graaff Reinet Mixed 31.2 33.7 Mixed 14.8 15.8

0123685 Queenstown EXP 44.1 ISO4354 44.5 Gumbel 18.3 ECF 18.9

0127272 Umtata WO Mixed 40.5 ISO4354 45.0 Gumbel 22.9 ECF 24.7

0134479 Calvinia WO EXP 33.4 ISO4354 34.3 Mixed 17.3 ECF 18.1

0144791 Noupoort EXP 37.4 38.6 Mixed 19.3 ECF 20.2

0148517 Jamestown EXP 38.0 39.2 Gumbel 16.4 ECF 17.1

0150620 Elliot EXP 44.2 46.0 Gumbel 18.2 ECF 19.4

0155394 Port Edward EXP 32.6 ISO4354 33.8 Gumbel 19.1 ECF 20.6

0169880 De Aar WO EXP 42.3 43.8 Mixed 16.9 ECF 17.8

0182465 Paddock Mixed 36.3 ISO4354 38.4 Mixed 19.6 ECF 20.5

0182591 Margate Gumbel 34.8 ISO4354 36.6 Gumbel 18.0 ECF 18.3

0184491 Koingnaas Mixed 26.6 ISO4354 29.1 Mixed 16.1 ECF 17.4

0190868 Brandvlei EXP 35.2 ISO4354 36.6 Mixed 16.2 ECF 17.2

0224400 Prieska EXP 33.9 35.0 Mixed 17.5 ECF 18.4

0239698 Pietermaritzburg EXP 34.6 35.2 Mixed 14.7 ECF 15.8

0239699 Oribi Airport Mixed 36.6 ISO4354 40.0 Mixed 16.3 ECF 17.3

0240808 Durban WO Gumbel 33.3 ISO4354 34.9 Gumbel 19.4 ECF 19.6

0241076 Virginia Gumbel 31.1 ISO4354 33.0 Mixed 13.3 ECF 14.1

0261516 Bloemfontein WO EXP 36.3 37.3 Mixed 14.2 ECF 15.1

0274034 Alexander Bay EXP 32.1 ISO4354 32.5 Gumbel 22.3 ECF 22.9

0290468 Kimberley WO EXP 37.7 38.8 Mixed 16.8 ECF 17.7

0300454 Ladysmith Mixed 37.4 ISO4354 39.4 Gumbel 15.9 ECF 16.5

0304357 Mtunzini Mixed 34.1 ISO4354 36.1 Gumbel 20.1 ECF 21.1

0317475 Upington WO Gumbel 37.5 39.8 Mixed 16.6 ECF 17.7

0321110 Postmasburg EXP 32.7 34.0 Mixed 18.2 ECF 19.9

0331585 Bethlehem WO Mixed 35.8 ISO4354 38.2 Mixed 17.4 ECF 18.0

0337738 Ulundi EXP 32.9 33.9 Gumbel 17.5 ECF 19.2

0339732 Charters Creek Mixed 28.4 ISO4354 30.4 Mixed 18.0 ECF 14.4

0356880 Kathu EXP 33.3 34.3 Mixed 13.4 ECF 14.1

0360453 Taung EXP 36.9 38.0 Mixed 13.5 ECF 12.8

0362189 Bloemhof Mixed 36.7 ISO4354 38.8 Gumbel 13.5 ECF 14.9

0364300 Welkom EXP 40.0 40.9 Mixed 12.4 22.4

0370856 Newcastle EXP 38.2 39.3 Gumbel 17.9 ECF 19.2

0410175 Pongola EXP 31.2 32.0 Gumbel 12.4 ECF 13.2

0438784 Vereeniging EXP 33.4 34.3 Mixed 15.1 ECF 16.6

0441416 Standerton Gumbel 34.4 37.0 Mixed 18.5 ECF 19.4

0472278 Lichtenburg Gumbel 33.1 35.0 Gumbel 14.7 15.5

0476399 Johannesburg Gumbel 34.0 36.3 Mixed 18.6 ECF 19.8

0479870 Ermelo WO EXP 32.1 32.8 Gumbel 18.6 ECF 19.4

0508047 Mafikeng WO EXP 33.0 34.1 Gumbel 19.0 ECF 20.1

0511399 Rustenburg Gumbel 29.2 31.0 Gumbel 16.1 ECF 17.2

0513385 Irene WO EXP 33.6 34.7 Mixed 19.8 ECF 21.2

0515320 Witbank EXP 31.5 32.4 Gumbel 15.2 ECF 16.1

0520691 Komatidraai Gumbel 31.0 32.6 Gumbel 13.8 ECF 14.2

0548375 Pilanesberg EXP 32.4 33.8 Gumbel 12.3 ECF 13.0

0594626 Graskop Gumbel 31.2 33.9 Gumbel 18.4 ECF 20.2

0638081 Hoedspruit Mixed 30.9 34.3 Gumbel 16.3 17.1

0674341 Ellisras Mixed 28.6 ISO4354 30.5 Mixed  9.7 ECF 10.3

0675666 Marken Mixed 29.5 ISO4354 32.7 Gumbel 12.0 ECF 11.0

0677802 Pietersburg WO EXP 35.0 36.4 Mixed 17.2 ECF 18.4

0723664 Thohoyandou EXP 29.0 29.3 Mixed 13.8 ECF 14.9
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 ■ The period of record

 ■ The averaging period of the measured 

wind speed values

 ■ The strong wind producing mechanisms 

involved

 ■ The temporal spacing of the strong wind 

values to be utilised

Of these factors the period of record seemed 

to be the most critical in the selection of an 

appropriate statistical approach. Due to the 

fact that the data series of all the weather 

stations were between 10 and 20 years’ dura-

tion, approaches based on the annual maxi-

mum wind speed values were compromised. 

This was shown to be especially true for the 

GEV distribution, where the values of the 

shape parameter were not restricted to zero 

as is the case with the Gumbel distribution. 

It was found that non-zero skewness cannot 

be reliably considered when short time series 

are analysed, and that a better alternative 

is to use the Gumbel method. Even with 

the POT approach, where it was possible to 

use many more strong wind values, similar 

dubious values were sometimes obtained 

when the GPD distribution was fitted. More 

realistic results were obtained with the EXP 

distribution, where the skewness of the dis-

tribution is assumed to be zero.

Regarding the different averaging periods 

of the wind data series, it was found that the 

POT approach is not compatible with the 

hourly mean wind speeds, due to temporal 

clustering of strong wind values. Therefore 

only annual maximum methods could be used 

in estimating strong hourly mean wind speeds, 

while both the annual maximum and POT 

approaches were compatible with the estima-

tion of the strong 2–3 second wind gusts.

Where there is more than one strong 

wind producing mechanism involved in pro-

ducing annual maximum winds, which is the 

case for a large part of South Africa (Kruger 

et al 2010), it is advisable to use a mixed 

distribution approach.

The temporal spacing of strong wind values 

has a bearing on the number of data values that 

can be utilised in the POT method. In time 

series where many consecutive values were 

relatively high, an unacceptably high percent-

age of strong wind values were statistically 

dependent, even when a very high threshold 

value was selected. For some weather stations 

the POT method could not be applied due to 

this effect. The optimum statistical method 

to estimate strong wind values was therefore 

selected on a station-by-station basis, taking all 

of the above factors into account.

The following are the selection criteria 

for the most realistic, but also conservative, 

strong wind values for the maps of the hourly 

mean and gust wind speed values with a 

50 year return period (the 50 year quantile 

wind speed):

 ■ For hourly mean wind speeds the results 

from the Gumbel distribution were 

used, except where the strong winds 

were forthcoming from more than one 

strong wind producing mechanism. Then 

the results from the mixed distribution 

method were used.

 ■ For wind gusts a choice had to be made 

between the results of the Gumbel, 

mixed distribution, and the POT with 

EXP methods. Where strong gusts were 

forthcoming only from one strong wind 

producing mechanism, results from the 

POT with EXP or Gumbel methods could 

be used. In cases of more than one strong 

wind producing mechanism, the esti-

mated values of the mixed distribution 

and EXP methods could be selected. For 

conservativeness, where a choice had to 

be made between the results of different 

methodologies (e.g. Gumbel and POT), 

the higher quantile value was selected.

Table 1 presents the list of 76 weather sta-

tions that were utilised for the development 

of the 1:50 year maps. Also presented are the 

selected statistical methods for the estima-

tion of the strong wind values, i.e. the 1:50 

year wind gust and hourly mean wind speed 

quantiles, and the nature of exposure correc-

tions where applicable.

SPATIAL INTERPOLATION OF 

1:50 YEAR QUANTILES

In the development of maps of strong wind 

speeds, it is essential that some objective 

method be applied to spatially interpolate 

the strong wind data. This basically implies 

the estimation of the strong wind values at 

places where no wind measurements were 

made. For South Africa this means that these 

interpolations should in many cases be done 

over long distances, and most often over 

heterogeneous terrain.

Hourly mean wind speed

Statistical relationship 

between quantile values

Several strong wind analyses use the height 

above sea level of the weather stations to 

interpolate the quantile values between the 

weather stations, which will then assist in the 

drawing of lines of equal quantiles on a map 

(e.g. Ballio et al 1999). The assumption over 

the region of concern will generally be that, 

because the wind speed increases with height, 

ignoring other factors, the same applies to the 

strong wind speeds. The relationship between 

height above sea level and the strong wind 

speed is then assumed to be linear. However, 

it is argued that such a simple association 

between wind speed and height can only be 

made for an area with a homogeneous strong 

wind climate and a simple topography, which 

is not the case for South Africa. The test for 

a possible linear relationship between height 

above sea level and the 50 year quantile of 

hourly mean wind speed seemed to indicate a 

negative correlation (although not statistically 

significant at the 5% level). This result sug-

gested that if the whole area of South Africa is 

taken into consideration, the wind speeds tend 

to be stronger at lower elevations. This appar-

ent negative relationship between height above 

sea level and the 50 year quantile of hourly 

mean wind speed is due to stronger winds in 

the coastal regions, which are subject to a dif-

ferent strong wind regime than the interior.

Inspecting the quantile data in Table 1 it 

is apparent that there is a tendency for the 

quantiles to be stronger in the south than in 

the north. Figure 1 presents the relationship 

between the latitude of the weather station 

and the 50 year quantile of the hourly mean 

Figure 1  Relationship between latitude and 50 year quantile of hourly mean wind speed
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wind speed, which renders a positive cor-

relation that is statistically significant at the 

5% level.

It is therefore clear that, although it is 

often assumed that there is a relationship 

between the height above sea level and the 

strong wind quantiles, it cannot be gener-

alised for South Africa taken as a whole. 

There is also a general tendency for strong 

wind quantiles to be higher in the south. The 

relationships between strong wind quantiles 

were therefore investigated on regional bases. 

In their study of strong winds in Italy, Ballio 

et al (1999) subdivided the weather stations 

into two classes – the weather stations near 

sea level (close to the coast) and those at 

higher altitudes (interior). These two classes 

were then subdivided further into areas or 

regions, where the 10-minute wind speed 

quantiles showed similar magnitudes and/

or characteristics. Different inland areas or 

zones were characterised by different slopes 

of increase of the 10-minute wind speed 

quantiles with the height above sea level.

A similar exercise was conducted for 

South Africa, to demarcate the country into 

zones of similar characteristics of the maxi-

mum hourly mean wind quantiles, according 

to the relationships between the height 

above sea level and the 50 year hourly mean 

wind speed quantile. These zones would 

then exhibit unique slopes of increase in the 

quantile wind speeds with height above sea 

level. To formalise the process, the zones had 

to fulfil the following criteria:

 ■ A linear relationship between heights 

above sea level and the 50 year hourly 

mean wind speed quantiles should exist, 

which is statistically significant at the 5% 

level.

 ■ The region should, as far as possible, be 

spatially coherent.

 ■ The weather stations within a region 

should have the same causes of strong 

hourly mean wind speeds.

Almost all of the weather stations could be 

grouped according to their relationships 

between the 50 year maximum hourly mean 

wind speed and the height above sea level. 

The analyses of the weather station into 

groups A to N (mostly according to their 

proximity to each other) are presented in 

Figure 2, from which the clear gap between 

the quantile/height relationships close 

to the coast and those in the interior is 

noticeable. Different slopes of increase of 

quantiles with height are apparent, with 

very steep trends observed for the regions 

close to the coast in contrast to those in the 

interior. Four weather stations could not be 

fitted into this scheme, namely Alexander 

Bay, Port Elizabeth, East London and 

Johannesburg Botanical Gardens; and the 

latter station was deleted due to its anoma-

lous nature.

The positions of the weather stations, 

showing their allocations to groups A to N, 

as well as the individual unallocated weather 

stations, which are indicated with X, are pre-

sented in Figure 3. Through close inspection 

of Figures 2 and 3, the groups and the indi-

vidual station areas could be summarised as 

in Table 2. It is recognised that the grouping 

of the weather stations in this manner is lia-

ble to some amount of subjectivity. However, 

this method was still deemed to be the most 

reasonable method in the interpolation of 

the quantile values, as the only information 

available were the quantile values estimated 

from measured values.

Mapping of quantile wind speed values

Figure 4 presents a mechanistically interpo-

lated map of the 1:50 year hourly mean wind 

quantiles presented in Table 1, developed with 

the inverse distance method contained in the 

GIS Spatial Analyst software. From the map 

one can notice the general tendency, with 

some exceptions, of quantiles to be stronger 

in the south and weaker in the north. Due to 

the mathematical method of interpolation, the 

spatial distribution of data points, and the fact 

that the topography is not taken into consid-

eration, the isolines on the map in many cases 

do not make physical sense. This illustrates 

that the approach of simple interpolation of 

the quantile values is not the ideal approach in 

the development of quantile maps.

Figure 2  Analysis of the regionalised 1:50 year annual maximum hourly mean wind speed 

quantiles for (a) interior regions and (b) coastal regions
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Table 2  Summary of the strong wind zones for the annual maximum hourly mean wind speed, as well as individual weather stations that could not 

be grouped

Region Locality
Causes of strong hourly 

mean wind speeds 

Slope of 
increase (m/s 

per 100 m)
Approximate borderlines with adjacent regions

Number 
of 

stations

A

Northern parts of Limpopo, 
North West, Gauteng and 
Mpumalanga, but west of 
escarpment

Mainly ridging of Indian Ocean 
high from the east, but also 
occasional passage of fronts 
from south or south-west 

1.50

B: 1 500 m

C: 1 200 m

E: Along the west of eastern escarpment at

± 1 500 m

7

B

Southern Gauteng and 
Mpumalanga, central and 
southern North West, 
southern and eastern Free 
State and northern Eastern 
Cape

Mainly cold fronts, but also 
ridging from the east and 
surface troughs to the west

0.92

A: 1 500 m

C: 1 500 m

D: Approximately the Free State border on the west

E: Eastern escarpment

M: South-eastern escarpment

11

C

Shares some territory with 
region B – covers west of 
North-West, north-western 
Free State and small part of 
north of Northern Cape 

Mainly cold fronts, but also 
surface troughs to the west 

4.03
A: 1 200 m

B: ± 1 200 m
5

D

Northern Cape excluding 
coastal region, as well as 
north-west of the Eastern 
Cape

Mainly cold fronts, but also 
surface troughs to the west

0.41

B/C:  28°S in the north and the N Cape border in the east

F: Western escarpment at ± 500 m

L: Southern escarpment at ± 1 500 m

M: South-eastern escarpment at ± 1 500 m

9

E East of eastern escarpment

Ridging of Indian Ocean high 
in the north, strong winds 
behind coastal low and ahead of 
cold front in south

0.23

A: Eastern escarpment at ± 1 500 m

B: Eastern escarpment at ± 1500m

J/K: 100 m

M: KwaZulu-Natal border in the south-west

N: 1 000 m in the south and south-east

10

F

West Coast from north 
south-eastwards into 
adjacent interior of south-
western Cape coast

Cold fronts, strong coastal lows 8.57

29°S in the north

D: Western escarpment at ± 500 m

G: 100 m

L: 100 m

5

G
Western part of south-
western Cape coast

Ridging of Atlantic Ocean high, 
passage of cold fronts

19.86
F: 100 m

H: 18.7°E
4

H
Southern and eastern part of 
south-western Cape coast

Ridging of Atlantic Ocean high, 
cold fronts

9.02

F: 100 m

G: 18.7°E

I: 100 m to the north and 20.5°E to the east

3

I
Southern Cape coast and 
adjacent interior

Cold fronts 3.27

H: 100 m to the south in the west and 20.5°E at the coast

L: 100 m

M: 100 m

7

J/K KwaZulu-Natal coast
South-westerly busters behind 
coastal lows, ridging in the 
north

3.30 

KwaZulu-Natal border in the south

E: 100 m

N: 100 m

3/3

L
Interior of the south-western 
Cape north-eastwards up to 
southern escarpment

Cold fronts 0.58

D: Southern escarpment at ± 1 500 m

F: 100 m

I: 100 m

M: Western Cape border

2

M
Interior of Eastern Cape, just 
south-east of escarpment

Strong winds behind coastal 
low and ahead of cold front

0.13

I: 100 m

J/K: ± 100 m

N: ±700 m

3

N
Interior of Eastern Cape, 
mostly south-east of 700 m 
contour

Strong winds behind coastal 
low and ahead of cold front

1.49
J/K: ± 100 m

M: ± 700 m
3

X Alexander Bay area – –
M: 29°S in the south

D: The escarpment in the west
–

X Port Elizabeth area – – Confined to the Port Elizabeth metropole –

X East London area – –

The south-eastern coastline from the PE metropole to 
the KwaZulu-Natal border

M: ± 100 m

N: ± 100 m

–
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A 15’ x 15’ resolution grid of the height 

above sea level was developed with the aid of 

GIS and Google Earth, and used to estimate 

the 1:50 year maximum hourly mean wind 

speed at the grid points based on the respec-

tive zones and the linear relationship between 

elevation and wind speed. The resultant 

contour map for the 1:50 year hourly mean 

wind speed is presented in Figure 5, in 5 m/s 

increments.

This map gives a more realistic picture of 

the spatial distribution of the quantile values 

than the map presented in Figure 4. Some of 

the most important differences between the 

maps in Figures 4 and 5 are:

 ■ Areas in the 25–30 m/s category are 

spread along the south of the escarpment 

in the Western Cape, instead of only the 

small circular area around Beaufort West.

 ■ The 20–25 m/s category in the south 

is confined to the south of the escarp-

ment, and covers a greater portion of 

the Western Cape Province, while it is 

smaller and stretches over the escarp-

ment to the north.

 ■ The metropolitan area of Cape Town 

mostly falls into the 20–25 m/s category, 

with a small area of 25–30 m/s just west 

of the Somerset West region, and 15–20 

m/s from Hout Bay northwards along 

the coast across the Cape Town CBD. In 

Figure 4 the whole metropole falls into 

the 20–25 m/s category.

Strong wind gust values

The 1:50 year wind gust values presented in 

Table 1 were used to compile Figure 6 using 

inverse distance interpolation, without provi-

sion for topography or any other physical 

influences. The origins of strong wind gusts, 

especially those forthcoming from thun-

derstorms, are usually very local in origin. 

Therefore elevation cannot be considered 

as a means of interpolation for gust wind. 

Differences in the geographical distribution 

of high values of gust and hourly mean wind 

speed are noticeable when Figure 6 is com-

pared to Figures 4 and 5.

Ratio between gust- and hourly 

mean quantiles

The ratio between the gust quantiles and the 

hourly mean wind speed quantiles, which 

could be referred to as the Quantile Gust 

Ratio, will be dependent on the most probable 

causes of the strong wind gusts in a particular 

region, whether of thunderstorm or synoptic 

origin. These ratios, between the 1:50 year 

gust quantiles and the 1:50 year hourly mean 

wind quantiles from Table 1, are presented in 

the interpolated map in Figure 7.

The most noteworthy characteristics of the 

ratios depicted on the map are the following:

 ■ Low ratios are evident in the west and 

south and further along the coast in the 

east. The strong mean winds and gusts 

are both produced by cold fronts, which 

are characterised by relatively well-cor-

related flow. Most gust and hourly mean 

values are derived from the same events.

 ■ Strong hourly mean wind speeds in the 

north-east, specifically the Mpumalanga 

Province and parts of the Limpopo and 

Gauteng Provinces, are produced by the 

synoptic-scale systems, while the strong-

est gusts are usually produced by thun-

derstorms. However, these are in general 

not as strong as elsewhere in the country, 

with the effect that the ratios here are 

relatively low for the interior.

 ■ The highest ratios are found in parts of the 

interior of the country where the strong 

hourly mean wind speeds are produced 

by synoptic-scale systems, although the 

strengths of these systems have usually 

Figure 3  Allocations of weather stations to groups A to N with similar relationships between 

height above sea level and 50 year maximum hourly mean wind speed

Figure 4  Interpolated map of 1:50 year hourly mean wind quantiles (m/s) in Table I, developed 

with inverse distance method
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diminished somewhat. Intense thunder-

storms are, however, possible over parts of 

this region, which can produce very strong 

wind gusts. This is not reflected by aver-

aged data over large periods.

Mapping of quantile values

By combining the hourly mean values 

reflecting the effect of elevation shown in 

Figure 5 with the Quantile Gust Ratio values 

shown in Figure 7, estimates of 1:50 year 

quantile gust speed values with improved 

resolution could be obtained, as shown in 

Figure 8, albeit in an indirect manner. Such 

improved resolution, however, derives more 

from the hourly mean baseline than from the 

Quantile Gust Ratio.

The following observations can be made 

from a comparison of Figures 6 and 8:

 ■ The highest gust winds indicated in 

Figure 8 are higher than those based on 

direct interpolation (Figure 6).

 ■ The area in the Western Cape which falls 

in the 40–45 m/s category is much larger 

than in Figure 6, and coincides with 

the area of highest hourly mean wind 

quantiles. Some isolated areas in the Free 

State and KwaZulu-Natal also fall into 

this category, while it is not the case in 

Figure 6. In the Eastern Cape this cate-

gory is mostly confined to the interior, 

while it stretches all the way to the coast 

in Figure 6.

 ■ The 35–40 m/s category covers larger 

areas in the north in Figure 8.

 ■ The gust wind for the Cape Town 

metropolitan area falls mostly in the 

35–40 m/s interval, but a higher interval 

of 40–45 m/s applies to a small area to 

the west of the town of Somerset West. 

An even higher interval of 45–50 m/s 

exists, but for very small and isolated 

localities in the last mentioned area, and 

also around the Cape Point area. Around 

Durban most of the area close to the 

coast falls in the 35–40 m/s interval, 

while Figure 6 shows the whole metropole 

to fall into the 30–35 m/s interval.

 ■ In Gauteng the southern part (mostly 

Johannesburg) falls in the 35–40 m/s 

interval, while the north (mostly Pretoria) 

falls in the 30–35 m/s interval. In 

Figure 6 the whole metropole falls in the 

30–35 m/s interval.

It is acknowledged here that, because the 

ratio values used in the development of the 

map in Figure 8 are not based on any physi-

cal model, there would be areas which show 

possible unrealistic quantile patterns. Some 

of these areas are:

 ■ The isolated areas in the north, which fall 

within the 0–25 m/s interval, due to their 

low elevations.

 ■ The almost abrupt change from the 

35–40 m/s to the 25–30 m/s interval to 

the west of the North West Province.

 ■ Some of the very high quantile values 

shown along the escarpment in the east 

and south-east might not necessarily 

be realistic, and could only be a result 

of the very high elevations used in their 

estimations.

Apart from the above possibly unrealistic 

patterns, there could perhaps be more of 

such which could be detected by closer 

inspection. Notwithstanding these short-

comings, it is argued that the map can still 

fulfil the purpose of providing a general 

impression of the areas of higher and lower 

quantile values.

DESIGN WIND SPEED MAPS

Requirements

Arguably the most important characteristics 

that design wind speed maps should comply 

Figure 5  The 1:50 year maximum hourly mean wind speed (m/s) developed from the linear 

relationships in Figure 2
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Figure 6  Interpolated map of the 1:50 year gust quantiles (m/s) in Table 1
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with are the conservativeness of the quantile 

values, and an overall simplicity of the con-

tours for ease of reference.

Adjustments for uncertainties 

of quantile values

Uncertainties of the estimated values of the 

strong wind quantiles mainly revolve around 

the estimated values of the parameters of 

the strong wind distributions fitted to the 

observed wind data. These uncertainties, in 

turn, are due to the uncertainties in whether 

the sample of values used in the calculation 

of the distribution parameters is representa-

tive of the population. Regarding conserva-

tiveness, it is important that the estimated 

design values should rather err on the higher 

than on the lower side.

Adjustments were made to the estimates 

of the mean and standard deviation as 

calculated from the sample of n observa-

tions. This was done by considering the 75% 

confidence limit values of the sample mean 

and variance, which is accepted practice 

for reliability based probability modelling 

(EN 1990:2002). After the adjustments, the 

parameters for the Gumbel distribution 

were recalculated, and the adjusted 1:50 

year quantiles determined. This procedure 

was applied to both the Gumbel and mixed 

distribution methods.

For the cases where the POT method 

with the EXP approach was selected, as 

indicated in Table 1, the only distribution 

parameter is α, which is simply the mean of 

the exceedance of the threshold value of the 

values in the sample utilised. Therefore the 

value of α was adjusted by the addition of the 

75% confidence limit.

Apart from the original values, Table 1 

also presents the adjusted values of the 1:50 

year quantiles of the annual maximum wind 

gusts and the annual maximum hourly mean 

wind speeds, to be utilised in the develop-

ment of the final proposed design wind 

speed maps.

Effects of mixed strong wind climate

South Africa was zoned into geographi-

cal regions which indicate the most likely 

sources of strong winds, particularly the 

annual maxima of the 2–3 second wind 

gusts (Kruger et al 2010). Subsequently 

strong winds were characterised according to 

cluster analysis performed on the parameters 

of the Gumbel distributions of the different 

strong wind mechanisms (Kruger et al 2012). 

The cluster analysis provides information of 

the regional distribution of classes of strong 

wind mechanisms, presented in the form of a 

set of maps. Average values of extreme value 

distribution parameters were also obtained 

in the process. Of particular significance is 

that regions of high strong winds and mixed 

climates could be identified.

Compilation of design 

wind speed maps

The adjusted quantile values listed in Table 1 

were used as the basis to draw updated gust 

and hourly mean wind speed maps. In addi-

tion, the maps presented in Figures 5 and 8 

were used as guidelines to indicate regions of 

relatively higher and lower quantile values, 

but noting that these maps were not adjusted 

for small record periods (n). In addition the 

assessment and integration of the strong 

wind estimations were taken into account, 

particularly for those regions where relatively 

high quantiles are predicted with cluster 

analysis.

Apart from the establishment of regions 

of relatively higher and lower quantiles, the 

interval of the contours was also considered. 

Milford (1985 a & b) used 5 m/s intervals 

for both the hourly mean wind speed map 

and the gust map. In these maps the areas of 

Figure 7  Ratios between gust quantiles and hourly mean wind quantiles presented in Table 1

0–1.5

1.5–2.0

2.0–2.5

2.5–3.0

Figure 8  The 1:50 year strong wind gusts (m/s) developed from gust factor and elevation 

corrected hourly values
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equal quantile values were simplified, appar-

ently because of the low data resolution, 

making it impossible to confidently identify 

areas of higher or lower quantiles according 

to physical considerations, e.g. topography 

and prevalent strong wind mechanisms.

Although Figures 5 and 8 were resolved to 

a higher resolution by taking topography into 

account, it was concluded that intervals less 

than 5 m/s were not justified due to the meas-

ure of subjectivity embedded in the process 

of combining various sets of information into 

the mapping process. Maps with resolutions 

higher than 5 m/s created isolated areas of 

very high or low quantile values, of which the 

cause could not always be derived. Another 

factor taken into consideration was the 

requirement of simplicity of the contours, for 

subsequent ease of reference.

Figure 9 presents the proposed 1:50 year 

maximum wind gust map. Some noteworthy 

features of the map are:

 ■ The general decrease in quantile values 

from south to north.

 ■ An area of relatively high values in the 

north of the Eastern Cape province, due 

to very strong thunderstorms that occur 

there from time to time.

 ■ The close spacing of the contours in 

the Cape Peninsula, due to the complex 

topography.

 ■ The extension of the 40–45 m/s region 

incorporating the eastern Free State up 

to North West Province, to include the 

regions of relatively strong thunderstorm 

gusts identified with cluster analysis 

(Kruger et al 2012). Without this extension 

the 40–45 m/s region will follow more or 

less the dashed lines depicted on the map.

 ■ Two linear features in a SW-NE direction, 

from the south-western Cape through 

to Limpopo Province. These patterns in 

the map do not coincide with a single 

topographical feature, neither with pat-

terns caused by a specific strong wind 

mechanism (thunderstorms dominate in 

the north and cold fronts in the south). 

This feature is therefore attributed to the 

coincidence of prominent topographical 

features and high gust factors across the 

country.

Figure 10 presents the proposed 1:50 year 

maximum hourly mean wind speed map. 

Some noteworthy features of the map are:

 ■ As is the case with the gust map, a 

general decrease in quantile values from 

south to north.

 ■ Areas of highest quantiles are the south-

ern part of the Cape Peninsula westwards 

to include the southern part of the 

Overberg region, the coast and adjacent 

interior around Algoa Bay, and an area 

in the southern interior from the eastern 

side of the Hex River mountains up to 

Beaufort West.

ASSESSMENT OF PREVIOUS 

STRONG WIND ESTIMATES

It is important to make a comparison 

between the design wind speed maps created 

in the current research with those developed 

in the analysis of Milford (1985 a & b), which 

essentially form the basis of the design wind 

speeds of the current structural design 

standard (SANS 10160-3:2011) as trans-

ferred from the previous standard (SABS 

10160:1989). Differences in the maps devel-

oped in both studies are to be expected, due 

to differences in instrumentation, the related 

data storage and processing technologies, as 

well as the analysis methods.

Comparison of design 

wind speed maps

The differences between the present wind 

speed maps and those developed in the 

Figure 9  Proposed 1:50 year quantiles of annual maximum gusts (m/s) (Kruger et al 2011)

Figure 10  Proposed 1:50 year quantiles of annual maximum hourly mean wind speeds (m/s) 

(Kruger et al 2011)
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previous analysis are reported by Kruger et 

al (2011b) – see Figures 11 and 12. The main 

feature of these comparisons is that both 

the gust and hourly mean 50 year quantile 

wind speed values are generally lower across 

large parts of the country, while they are the 

same or higher mostly over isolated patches. 

The exception is that the hourly mean is 

generally the same over the northern parts of 

the country and higher for most of Gauteng 

and the southern and eastern parts of 

Mpumalanga over an extended patch. Higher 

wind gust values for the Cape Peninsula 

region and parts close to the north-eastern 

border of the Eastern Cape should be noted.

The pattern of the match between 

the new and previous wind maps derives 

largely from differences in the number of 

observations on which the respective maps 

are based. Since the previous maps were 

based on only 14 observation stations, the 

wind speed contours are smoothed almost 

at a sub-continental scale, whereas the 75 

stations of the present maps allow for detail 

even on a local scale in some regions.

The comparison can therefore be charac-

terised that the new results indicate generally 

that wind speed values are lower than what 

had been obtained previously, although 

higher values are obtained locally, mainly 

due to the improved resolution achieved for 

the present analysis.

Use of previous data set

The most important role that the previ-

ous analysis could play is to extend the 

recording period for the relevant weather 

stations, thereby rectifying one of the most 

important deficiencies of the AWS data set. 

The recording period for the stations used 

by Milford (1985 a & b) ranged from 13 years 

for Bloemfontein (Tempe) to 43 years for 

Kimberley, with an average of 26 years for 

the total of 15 Dines anemograph stations. 

The period for the 75 AWS records range 

from 10 to 19 years. From a careful assess-

ment of the Dines data set it was concluded 

that this information could not be used for a 

combined record for the 15 stations, a subset 

or even individual stations. The reasons for 

this significant conclusion are the following:

 ■ The quality of the Dines measurements 

and data capturing process could not 

be scrutinised to the same level as was 

done for the AWS records. The technol-

ogy on which the process was based 

indicated that some biases and errors 

could be expected. This is in contrast 

to the fact that a significant fraction 

of AWS records were rejected on the 

basis of  failing to meet stringent quality 

conditions.

 ■ The Dines weather stations did not 

comply with standards for strong wind 

observations. In some cases critical 

information was not recorded. Although 

most of the stations were located at air-

ports, complying generally with exposure 

conditions, their exact locations and local 

conditions were not recorded.

 ■ There are significant indications of 

systematic differences between Dines 

and AWS data for individual stations, 

but not showing consistent trends across 

the set.

CONCLUSIONS AND 

RECOMMENDATIONS

The extensive AWS network that has been 

deployed by the South African Weather 

Service since the early 1990s, and which is 

presently still being extended, provides an 

opportunity for a thorough reassessment of 

the strong wind climate of the country with 

Figure 11  Relative differences between updated 50 year gust quantiles and those used for the 

current South African loading code
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Figure 12  Relative differences between updated 50 year hourly mean wind quantiles and those 

used for the current South African loading code

Lower
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a view to implementation in the design of 

structures and the built environment. The 

results of the analysis of the AWS data set 

in order to characterise the strong wind 

climate of the country are based not only on 

the statistical analysis of the data extracted 

from the records, but also on an investiga-

tion of the associated strong wind generating 

mechanisms. The approach followed contrib-

uted to an improved understanding of the 

complexity of the strong wind climate of the 

region. More tangible, however, is the fact 

that this information could be used to select 

the appropriate statistical techniques for the 

analysis of the data and the interpretation of 

the results.

Main changes in strong wind maps

The strong wind maps used in the new 

standard for wind actions on structures 

SANS 10160-3:2011 transferred the previ-

ous maps from SABS 10160:1989 with 

only some nominal modifications to 

represent the South African wind climate 

input. Differences are therefore important 

with regard to potential adjustments to 

such input.

From Figures 11 and 12 it is clear that 

strong wind velocities predicted by the new 

analysis are generally lower across large 

parts of the country for both gust winds, 

which are predominantly used in the design 

procedures, as well as for the hourly mean 

velocities which are relevant where wind and 

structure interaction needs to be taken into 

account.

Higher strong wind velocities were, 

however, obtained for relatively small but 

significant areas. Although the geographical 

distribution of these areas is mostly an 

artefact of the differences in the resolution 

of the respective new and previous strong 

wind maps, these localities are nevertheless 

important since they overlap with con-

centration of population and/or economic 

activity.

Characterisation of 

strong wind climate

The complexity of the strong wind climate 

of South Africa is reflected by the intricate 

pattern of the strong wind maps (see 

Figures 9 and 10) in spite of the fact that 

a coarse range of wind speed intervals is 

used. One pertinent feature of the complex-

ity of the strong wind climate of the region 

is the relative importance of the two main 

strong wind mechanisms, namely meso-

scale thunderstorms and synoptic scale 

frontal systems.

This varying interplay between different 

strong wind mechanisms is particularly 

significant due to the effect of mixed strong 

wind climatic conditions on the statistical 

treatment of the data and the subsequent 

prediction of long return period quantile 

values.

The complexity of the strong wind 

climate is also reflected in the geographical 

distribution of the gust factor, expressed as 

the ratio between gust and hourly mean 50 

year quantile wind velocities (see Figure 7). 

This gust ratio distribution is also of signifi-

cance with regard to the SANS 10160-3:2011 

design procedures where it is used to convert 

the Eurocode procedures which are based on 

synoptic wind conditions to South African 

conditions (Goliger et al 2009b).

These results verified the initial premise 

of the investigation that the statistical treat-

ment of strong wind observations needs to 

be complemented by a thorough analysis 

of not only climatic conditions in general, 

but also the specific strong wind generating 

mechanisms and the relationship with the 

observations.

Recommendations on 

future activities

The primary motivation and objective of 

this investigation was to characterise the 

South African strong wind climate to pro-

vide input for the design of the built envi-

ronment. The results of the investigation as 

reported here clearly justify consideration 

for incorporation into design procedures 

in an appropriate manner. Complementary 

information on the parameters of the 

statistical models on which the results are 

based are beyond the scope of this paper, 

but should also be considered in such an 

exercise.

The most significant deficiency of the 

investigation is the relatively short period of 

observations. It is therefore imperative that 

the investigation is updated periodically, not 

only to capture additional observations for 

the stations reported here, but also exist-

ing (and future) AWS measurements with 

records passing the threshold of 10 years of 

observation.

The specific needs for the observation 

of strong winds for the purpose of its 

application to the built environment were 

made clear by this investigation. Particular 

issues include the requirement for standard 

exposure conditions at AWS sites and 

the coverage of the network to properly 

capture strong winds from meso-scale 

thunderstorms or areas with complex 

conditions.
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INTRODUCTION

Turbulence is recognised as irregularly 

fluctuating and unpredictable motion which 

is composed of a number of small eddies 

that travel in the current. Turbulence is 

ubiquitous in nature but its measurement 

and analysis has not been easy. In the coastal 

regions of the ocean, turbulence is generated 

by breaking waves. The coastal regions are 

characterised by a sloping bottom. Waves 

moving from deep water towards the shore 

begin to slow down, due to the decreasing 

water depth, while at the same time increas-

ing in wave height to maintain a constant 

energy flux. At a certain critical wave height 

the wave becomes unstable and breaking 

occurs. Breaking is characterised by the top 

of the crest falling onto the front face of the 

wave, forming a body of fluid, called the 

wave roller that rides on the wave front. 

The roller interacts with the fluid below 

it in a complicated way, exchanging energy 

and momentum in the process. The roller 

will eventually dissipate and be completely 

absorbed by the wave. However, if breaking 

continues to occur, like on a plane slope 

beach, then the roller will be sustained for 

the greater portion of the surf zone. Thus 

there will be shoreward mass transport 

occurring above the trough level. For a 

closed system there has to be a return cur-

rent. In a 2-D wave system this return cur-

rent, called the undertow, occurs below the 

trough level and flows seawards terminating 

in the vicinity of the break point. In 3-D 

wave propagation systems there will also be 

rip currents on the surface and long-shore 

currents. The roller has been identified as 

the major source of turbulence in the surf 

zone (see for example Govender et al 2002; 

Kimmoun & Branger 2007). The roller rep-

resents a vortex or eddy with a typical scale 

corresponding to the wave height. Shear 

within the roller, and between the roller 

and the fluid below, will generate eddies 

of smaller dimensions and so on, finally 

reaching micro scales where dissipation 

occurs. Thus there is a cascade of energy 

from the large scales to the small scales in 

a turbulent flow. The small scales that are 

of practical interest are the integral scales 

(Tennekes & Lumely 1972). In the surf zone 

the integral scales are typically 0.1h to 0.3h, 

where h is the local water depth (Pedersen 

et al 1998; Govender et al 2004; Stansby & 

Feng 2005).

Experimental study of 
turbulence and water levels 
in shoaling and breaking 
waves using digital image 
processing techniques

R Mukaro, K Govender

In this article we present results of laboratory experiments undertaken to study the structure of 
turbulence generated by mild plunging waves breaking on a sloping beach bed. Measurements 
of water levels and instantaneous fluid velocities were conducted on a 1:20 sloping beach 
fitted inside a glass flume. The instantaneous water levels were measured using calibrated 
capacitive wave gauges, while the instantaneous velocity flow fields were measured using 
video techniques together with digital correlation techniques. A digital camera was employed 
to capture images of the breaking waves at 20 phases. For each phase, 100 image pairs were 
captured from which 100 instantaneous velocity fields were derived using a digital correlation 
image velocimetry technique. The 100 instantaneous velocity flow fields were averaged to 
provide information on the mean flow. Further analysis of the acquired data yielded turbulence 
quantities such as turbulence intensity, turbulent kinetic energy and vorticity at each phase 
of the flow. Results are presented for four phases where turbulence is predominant. Contour 
plots are used to provide a temporal and spatial distribution of the evolution of the turbulence 
characteristics. Vertical profiles of these quantities at different phases are also presented. These 
results may provide guidance on the approximations that can be expected in computational 
fluid model studies.
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 Turbulence generated in the wave roller 

is transported to lower portions of the 

wave, and some of it will be transferred to 

the sediments on the sea floor, resulting 

in suspension. The suspended sediments 

will then be transported by the currents 

and deposited elsewhere. This will result 

in erosion of the beach at certain places, 

while accumulation of sediments will occur 

at other places. Under natural conditions 

there will be a balance occurring between 

erosion and accumulation of sediments. 

This balance will be shifted when coastal 

structures are erected in the surf zone. An 

understanding of turbulence generation, 

transport and dissipation, as well as of the 

currents that are generated, is essential for 

predicting coastline changes and the effect 

that coastal structures will have on surf 

zone processes.

In addition to the above, currents 

generated during breaking contain large 

amounts of wave energy and momentum. 

These exert huge forces on structures and 

obstacles in their path, sometimes with 

destructive consequences. With the view to 

protecting harbours and coastal structures, 

breakwater structures are used. As pointed 

out by Massel (1996), a reliable estimation 

of the maximum wave height at a particular 

location is a fundamental requirement in the 

design of these coastal and offshore struc-

tures. This, to a large extent, is dependent on 

the description of the local wave climate, and 

in particular knowledge of the water surface 

elevations and the underlying kinematics 

(Baldock & Swan 1996).

The Navier-Stokes equations are com-

monly used in models to describe processes 

occurring in turbulent flows. These equations 

are highly nonlinear and are often intractable. 

Thus there is a need to develop simplified 

models to describe wave breaking and tur-

bulence in the surf zone. Mathematicians, 

coastal engineers and computational physi-

cists alike have proposed several models to 

describe surf zone waves and turbulence 

(see for example Battjes & Janssen 1978; 

Svendsen 1984; Deigaard & Fredsoe 1989). 

These models, however, still require input 

data from experiments for verification, 

calibration and improvements. Treatment 

of turbulence naturally leads to a discussion 

about statistics of the flow (usually velocity). 

The conceptual framework for understanding 

turbulence is largely statistical, where a set 

of equations based on averaged quantities 

(such as transport of mass, momentum and 

energy) are often used by coastal engineers. 

It is therefore important in such studies to 

first undertake experiments that give infor-

mation on the kinematics and dynamics of 

wave breaking, as well as measurements of 

the statistics of breaking. As Sou et al (2010) 

pointed out, it is difficult to fully model the 

boundary-dominated swash zone flows with 

fundamental mass, momentum and energy 

transport equations because of the strong 

turbulence and the complexity of boundary 

conditions, namely the mobile bed, the multi-

phased flows and the dynamic free surface.

Various investigators have used differ-

ent contact-free measuring techniques, like 

Laser-Doppler Anemometry (LDA), to get 

an insight into the mechanics of breaking 

waves (e.g. Liiv & Lagemaa 2008). Hwung et 

al (1998) and Petti & Longo (2001) were able 

Figure 1  Schematic view of the wave flume. Velocity measurements were conducted at a station 

marked S, located 3.75 m from the still water line mark. The break point is 0.75 m from 

this station
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to study the vertical turbulence structure 

in the swash zone using Laser-Doppler 

Velocimentry (LDV). Stive (1980) investi-

gated the internal flow velocity field of a 

quasi-steady spilling breaker in the surf zone. 

Nadaoka & Kondoh (1982) studied the veloc-

ity flow field inside the surf zone to clarify 

the dependence of sand movements upon the 

bottom velocity. Chang & Liu (1996, 1998, 

1999) examined the flow field and turbulence 

structure of quasi-periodic breaking waves. 

They measured the velocity near the tip of an 

overturning jet and found that the maximum 

velocity is 1.68 times that of the phase speed. 

Cox & Anderson (2001) observed large 

vortices in the horizontal plane in the outer 

surf zone, which indicated the existence of 

obliquely descending eddies in the outer surf 

zone. Melville et al (2002) studied the coher-

ent structures of breaking waves in a channel 

flow. Other researchers have taken advantage 

of the ability of the particle image velocim-

etry (PIV) technique to obtain two-dimen-

sional flow fields in wave environments. Sou 

et al (2010) examined the evolution of the 

turbulence structure from the outer surf 

zone to the swash zone using PIV. Successful 

efforts have also been made to measure 

velocity in the surf and swash zones in the 

field (Raubenheimer 2002; Raubenheimer 

et al 2004; Butt et al 2004). More recently 

Sou & Yeh (2011) studied the flow structure 

of oscillatory broken waves within surf and 

swash zones of a laboratory flume using PIV. 

They directly computed vorticity from the 

resolved spatial distribution of the velocity 

field. Their results showed that the flow 

separation at the bed occurred during the 

interaction between the uprush bore front 

and the downwash flow. An internal flow 

circulation was observed to be generated at 

the flow reversal phase, as the flow near the 

bed responds to the gravitational force ear-

lier than the flow in the upper water column, 

where the uprush momentum is sustained 

later in phase.

In this paper we investigate the funda-

mental characteristics of the flow structure 

in the vertical cross-shore plane as mild 

plunging waves evolve from the outer surf 

zone. As pointed out by Sou & Yeh (2011), 

little attention has been focused on the flow 

structure. The objectives of the series of 

experiments reported here were to examine 

the sea level rise and variability, and to deter-

mine the temporal and spatial distribution of 

the evolution of the turbulence characteris-

tics in the entire water column. Velocity flow 

fields at various positions along the flume 

were measured using the digital correlation 

image velocimetry (DCIV) technique. This 

digital technique, which allows rapid acquisi-

tion and processing of flow data, is just an 

extended principle of PIV that is based on a 

Table 1 Parameters relating to water level measurements and wave height calculations

f (Hz) T (s) fs (Hz) ts (s) ns Ns Nf

0.7 1.43 20 120 28 2 350 84

Figure 5  Time series of water levels measured by wave gauges placed at locations (a) x = –7.1 m, 

(b) x = –4.5 m and (c) x = –2.5 m from the still water line mark on the beach 
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Figure 3 Numerical processing flow-chart of Fourier cross-correlation procedure for DCIV measurements (Willert & Gharib 1991; Weng et al 2001)
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two-phase flow. Unlike the point measure-

ment techniques utilised in earlier labora-

tory and field studies, the technique used 

here provides full-field two-dimensional 

instantaneous velocity fields. By tracking the 

motion of neutrally buoyant particles, as well 

as bubble structures within the crest of the 

wave, we were able to measure velocities well 

into the crest of the wave.

EXPERIMENTAL SETUP 

AND PROCEDURES

Experiments were conducted in a glass-

walled flume in the Coastal and Hydraulics 

Engineering Laboratory at the Council for 

Scientific and Industrial Research (CSIR) 

in Stellenbosch, South Africa. The objec-

tive was to study the variation of the wave 

height near the break point and to study 

the 2-D velocity flow fields during the 

breaking process. For this purpose, regular 

waves were generated in the wave flume. 

They were generated by a computer-driven, 

servo-controlled, piston-type wave maker, 

manufactured by HR Wallingford. The wave 

maker has a maximum paddle stroke of 

0.8 m and is designed for water depths of up 

to 0.75 m. The wave maker has been fitted 

with an active absorption system to prevent 

waves being reflected back by the paddle. 

Complementary documentation of the wave 

maker specifications and wave generation 

mechanism may be found on the web page 

given at the end of the references section.

Figure 1 shows a schematic diagram of 

the flume giving the overall dimensions in 

addition to showing the position of the 1:20 

sloping bottom and the coordinate system 

that was used. For water level measurements, 

the intersection of the still water line (swl) 

and the beach slope was taken as the refer-

ence point (x = 0, z = 0). Thus distances 

are negative from the swl towards the wave 

generator. For velocity measurements, the 

position of the flume bed was taken as the 

vertical reference, (z = 0) with the left edge 

of each image as x = 0. The flume is approxi-

mately 20 m long, 0.75 m wide and 0.8 m 

deep. Quarry stones were used at the end of 

the sloping bed to absorb any wave energy 

remaining after breaking.

The flume was filled with water up to 

a height of 47 cm. The wave-generating 

computer was pre-programmed to drive 

the wave maker generating 0.7 Hz regular 

waves. This resulted in spilling/mild 

plunging waves of wave height 0.16 m 

which broke at a point 4.5 m from the 

still water mark on the beach. The first 

series of experiments involved free surface 

measurements which were performed to 

obtain a first assessment of the breaking 

wave behaviour in terms of its wave height 

and position of the break point. Prior to 

taking these measurements, the waves were 

allowed to run for 30 minutes to ensure 

that steady state conditions were reached. 

Surface displacements were measured using 

a set of three pre-calibrated capacitive wave 

gauges. The three wave gauges were initially 

positioned at x = –7.1 m, –4.5 m and –2.5 

m, respectively. The gauges were simultane-

ously sampled at 20 Hz for two minutes 

at these positions. The gauges in the surf 

zone were then moved 10 cm towards the 

wave maker and measurements repeated. 

This procedure was repeated until time 

series measurements were captured over the 

entire experimental range. The experimen-

tal range which is marked on Figure 1 spans 

about 8.5 m. Fluid velocity measurements 

were then performed at a station marked S 

located –3.75 cm from the still water mark 

on the beach. A schematic diagram showing 

the interconnection of the experimental 

setup used for image acquisition is shown in 

Figure 2.

The water was seeded with partially 

expanded polystyrene beads. A longitudinal 

section of the flume was illuminated with 

a strobed light sheet from above. The 

illuminated section was imaged from the 

side using a progressive scan digital camera 

connected to a frame grabber residing in a 

Figure 6  Wave height measurements as a function of distance from the still water line (swl) mark, 

for a 0.7 Hz plunging wave – crests (◊), troughs (+), wave height (x) and mean water level (Δ)
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computer. Pairs of images, separated by a few 

milli-seconds, of the beads and aeration due 

to breaking were obtained by appropriately 

strobing the light sheet. On receiving a 

trigger signal from the wave generator, the 

computer strobed the light sheet at the end 

of one video frame time and again at the 

beginning of the next, capturing a pair of 

images. While a particular frame is being 

exposed, the previous frame is downloaded 

to the frame grabber. The time between 

flashing of the light sheet corresponds to the 

time between the images in each pair. Our 

imaging setup can view only a small section 

of the wave at any time. In order to conduct 

measurements over the entire wavelength, 

a wave cycle was imaged at twenty equally 

spaced phase positions as follows: we began 

with phase 0 and, on receiving a trigger 

pulse, the computer was programmed to 

captured 100 image pairs of a 38 cm section 

of the wave over a number of cycles. This 

enabled ensemble averaging to be performed. 

Figure 8  Images of breaking water waves corresponding to phases 10, 11, 12 and 13. Bubble 

structures and beads that are used as tracers are faintly visible in the images

(a) 10 (b) 11

(d) 13(c) 12

Figure 9  Instantaneous velocity flow fields for phases 10 to 13 of images shown in Figure 8. Legends in the upper left corner show arrow vectors of 

magnitude 100 cm/s. Every alternate row and column of vectors has been omitted for clarity
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After getting the trigger pulse, the data 

acquisition computer waited a delay time 

proportional to the phase number before 

capturing images at the other remaining 

phases. All the image pairs were then ana-

lysed to obtain the instantaneous velocity 

flow fields. Mean and fluctuating velocity 

fields were obtained from the instantaneous 

fields by means of phase-ensemble averaging. 

Fluctuating velocities, together with prelimi-

nary analysis of the averaged vorticity, will 

be presented.

Figure 3 shows a schematic view of 

the digital signal processing procedure 

employed to extract instantaneous velocity 

fields from each pair of images. At a given 

point (i,j) in the first image an interroga-

tion window of 32×32 pixels centered at 

(i,j) was placed. The sub-image contained 

within this interrogation window was then 

cross-correlated with a corresponding sub-

image in the second image. The coordinates 

of the peak in the cross-correlation result 

gave a measure of the displacements (in the 

Figure 10  Plot of the vertical profile of horizontal velocities through the wave crest (Δ) – left peak 

in Figure 9d and through the roller (◊), and right peak in Figure 9d as a function of 

distance from the bed. Also shown is the maximum horizontal velocity calculated using 

linear theory (dashed line)
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respective directions) of the beads and/or 

aeration structures between the sub-images. 

Figure 4 shows a typical normalised cross-

correlation function obtained from two 

sub-images. The displacement extraction 

procedure was implemented using Fast 

Fourier Transforms (FFT). To improve on 

the accuracy of the results, coordinates 

of the peak in the cross correlation func-

tion was estimated to sub-pixel resolution 

using sub-pixel interpolation. Dividing the 

displacements by the inter-image time gave 

velocity components at the point (i,j) in 

the images. The interrogation window was 

then moved in regular steps of eight pixels 

(vertically and horizontally) across the 

entire image to obtain the velocity flow field 

over the entire image. Theoretical details 

and validation of this DCIV measurement 

technique can be found in Govender et al 

(2002b) and Govender et al (2009), while a 

good reference which deals with most of the 

aspects of PIV and its application to water 

waves is a book by Raffel et al (1998) and an 

article by Grue et al (2003).

EXPERIMENTAL RESULTS

Table 1 shows parameters relating to water 

level measurements – fs is the sampling 

frequency, ts is the total sampling time, ns 

is the number of samples captured per wave 

period, Ns is the sample size captured in 

two minutes, and Nf is the number of full 

waves in the two-minute durations. With a 

sampling frequency of a reading every 0.05 s 

(i.e. 20 Hz) there were at least 28 samples 

over one wave period of 1.43 s, and a total 

of 2 350 over a test time of 120 s. The 

2 350 samples thus contained about 84 full 

waves. The wave gauges provided a measure 

of the instantaneous displacement of the 

water level with respect to the still water 

line. Each wave cycle in the time series was 

analysed to extract the height of the crest 

and trough relative to the still water level. 

These crest and trough positions were then 

averaged over 84 cycles to provide the mean 

crest and trough positions.

Water level measurements

Figure 5 shows a sample of the instantane-

ous water level results measured at three 

positions along the flume by wave gauges 

positioned at (a) x = –7.1 m, (b) x = –4.5 m 

and (c) x = –2.5 m. The wave gauges were 

sampled for 120 s. However, the time series 

shown have been truncated to show only 

up to 20 s. It is evident from the figure 

that, as the waves move from deep to shal-

low water (due to the sloping bottom), the 

wave profile changes from being sinusoidal 

to being more peaked at the crests while 

the troughs become drawn out. The wave 

height increases as the waves move into 

shallow water, reaching a maximum at 

which breaking occurs, and decreasing 

thereafter. The reason for the increase dur-

ing pre-breaking is due to the fact that the 

Figure 12  Contour plots of the evolution of the mean horizontal velocity component, u, with wave phase. The colour bar represents the magnitude 

and direction of the velocity vector, with red pointing in the positive x-direction, while blue points in the negative x-direction
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wave speed decreases as the waves move 

up the slope. From linear theory this wave 

speed is given by:

c = √gh (1)

where g is acceleration due to gravity and 

h is the local water height. However, since 

the energy flux is constant, the wave height 

has to increase. The decrease in wave height 

after breaking is due to the loss of wave 

energy to turbulence and currents.

Wave height measurements in the vicinity of 

the break point are shown in Figure 6. In this 

figure, the still water line (swl) is at z = 0 cm. 

Crests and troughs were measured from the 

swl and the wave height was taken as the ver-

tical distance from the troughs to the crests. 

Troughs are observed to get up to 6 cm 

below the swl. In deep water (Figure 5(a)), the 

results show a wave height of about 16 cm, 

rising to 19.5 cm at the breakpoint, which is 

at x = –4.5 m from the swl mark. Thus there 

is a 21.8% increase in wave height at the 

breakpoint. Our results are consistent with 

those of Stive (1980) who conducted water 

level measurements in waves having a period 

of 1.79 s and found a 22.75% increase in 

wave height at the breakpoint. In the present 

investigation, the deep water wave length 

was Lo = 3.20 m, and the local water depth 

at the breakpoint was hb = 22.5 cm. The 

wave height at the break point was Hb = 19.5 

cm. The maximum wave height that can be 

sustained for a given water depth is given by 

(Miche 1951):

Hmax = 0.142Lotanh
æççè
2πh

Lo

æççè
 (2)

In deep water Equation (2) reduces to a 

maximum wave steepness Hmax/Lo = 0.142, 

and in shallow water it reduces to a maxi-

mum height-to-depth ratio Hmax/d = 0.88 

(McKee Smith 1999). This criterion is power-

ful, because it includes both the impacts of 

depth and steepness-limited breaking. Our 

experimental value of Hmax/d at the break 

point is 0.87, which is consistent with the 

result quoted above.

Note that there are 84 full waves mea-

sured at one position. Standard deviations 

of the 84 wave height measurements were 

used to determine the variability of the 

wave heights at each position. Standard 

deviations of the order ± 0.2 cm were 

observed before breaking, while after break-

ing they were of the order 2.0 cm. This 

amounts to a variability of about 10% in the 

wave height.

Figure 7 shows an expanded view of the 

variation of mean water level across the 

flume. Note that the variation is given in 

millimetres. Clearly there is a lowering of the 

mean water level before breaking, called the 

set-down, of about 5 mm, and a rising of the 

mean water level after breaking, called the 

set-up. A higher mean water level in the surf 

zone coupled with high levels of turbulence 

Figure 13  Contour plots of the evolution of vertical velocity component, w, with wave phase. The colour bar represents the magnitude and direction 

of the velocity vector, with red pointing in the positive x-direction, while blue points in the negative z-direction
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and currents will result in greater amounts 

of sediment suspension and transport.

Velocity measurements

The actual fluid flow velocity can be 

described as a sum of the averaged velocity 

and the fluctuating components. For the 

horizontal component we have:

u = < u > + u' (3)

where u is the measured velocity in the 

x direction,  < u > is the phase-ensemble 

averaged horizontal velocity and u' reflects 

the instantaneous turbulent fluctuations. 

The average of the fluctuations is zero, i.e. 

< u' > = 0, while the ensemble average of the 

square of the fluctuations is not zero. This is 

similar for the other components.

The phase-ensemble average of a measured 

periodic quantity →u, at a given spatial position 

and with replication period T, and total tem-

poral length T' = NT, where N is the number 

of samples captured at a particular phase (i.e. 

100 in the present case), is defined as:

< →u (τ) > = 
1

N
 
i=N–1

∑
i=0  

→u (τ + iT) (4)

where τ lies in the interval {0; T} (Liiv & 

Lagemaa 2008; Sou & Yeh 2011).

Figure 8 shows typical images of the wave 

corresponding to four consecutive phases, 

but captured from different wave cycles. The 

sequence of images shown can be viewed 

as snapshots of the flow field covering four 

different timings. These images correspond 

to phases 10, 11, 12 and 13 (as indicated) 

of a wave propagating from left to right. 

These four phases have the most dynamic 

information about the wave, so we will only 

show turbulence results pertaining to these 

phases. Bubble structures and beads that 

were used as tracers are faintly visible in the 

images. The whitecap at the crest of the wave 

shows the high-speed wave roller.

The corresponding instantaneous velocity 

flow fields for these four phases are shown in 

Figure 9. Every alternate row and column of 

vectors has been omitted for clarity. Clearly 

we were able to measure velocities over the 

entire image, including the aerated portion of 

the waves, which is not possible using tech-

niques such as LDA. The theoretical wave-

phase speed calculated using a local water 

depth of 18.75 cm at station S was 1.36 m/s. 

A vertical profile of the horizontal velocity 

component measured through a vertical sec-

tion passing through the crest (first peak in 

the wave profile in Figure 9 (d)) of the wave 

and through the wave roller (second peak in 

the wave profile in Figure 9 (d)) is given in 

Figure 10. Also shown in Figure 10 is a plot 

of the horizontal component below the wave 

crest predicted using linear theory (dashed 

Figure 14  Vertical profile of mean velocity of the flow measured at x = 20 cm – (a) horizontal and (b) vertical – for phases 10, 11, 12 and 13
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line) for a wave of height corresponding to 

that observed at station S. Near the crest 

the maximum instantaneous velocities are 

approximately 3–4 times greater than those 

predicted by linear theory, while below the 

trough level, the measured horizontal com-

ponents underneath the wave crest are fairly 

similar to those given by linear theory for 

this particular position and wave case. The 

observed velocity profiles over depth devi-

ate substantially from uniform, exhibiting 

complex vertical structures in such shallow 

water flows.

Phase-ensemble-averaged velocity 

flow fields for phases 10 to 13 are shown 

in Figure 11. Again every second row and 

column of vectors has been omitted for 

clarity. A legend shown in the upper left 

corner of each vector field shows an arrow 

vector of magnitude 100 cm/s. The position 

z = 15 cm corresponds to the still water line. 

The continuous line at the free surface now 

shows the average profile for that phase. 

Phase averaging was performed using 100 

velocity fields. It is important to note that the 

wave profile for each cycle differs from the 

next (i.e. no two cycles are exactly the same). 

As pointed out by Svendsen (1987), even for 

waves that are generated monochromatically, 

the wave period in the surf zone is not exactly 

the same. This is because irregularities in the 

propagation speed of the individual breakers, 

caused by nonlinearities, tend to accumulate 

as the waves move shoreward. This inevitably 

results in smearing at the crests of the phase 

averaged results as seen for phases 12 and 13 

of Figure 11. Each sample of the phase average 

may not exactly come from the same phase 

in the wave relative to a characteristic point 

(such as zero up-crossing, the toe or the wave 

crest). A very strong shear layer is evident 

around an elevation of z = 15 cm. As observed 

by Sou & Yeh (2011), the horizontal velocity 

near the bed is still directed offshore.

Figure 12 shows contour plots of the mean 

horizontal velocity component. The colour 

bar represents the magnitude and direction 

of the velocity vector, with red pointing in 

the positive x-direction and dark-blue in the 

negative x-direction. Thus, for the horizontal 

velocity component, negative values repre-

sent seaward flow, while positive indicate 

onshore flow. Peak values of up to 250 cm/s 

are observed near crest. The fluid with fast 

longitudinal mean velocity moves near the 

free surface between z = 15 cm and the free 

surface, while the fluid with low velocity is 

confined to below the elevation z = 15 cm. 

Figure 13 shows contour plots of the mean 

vertical velocity component. The red colour 

points in the positive z-direction (upwards) 

while the dark-blue points downwards. 

Unlike fluid with high longitudinal velocity 

which occurs in the crest, fluid with high 

transverse velocity is observed to occur at 

lower elevations below the crest. Peak vertical 

velocity is about 60 cm/s. Figure 14 shows the 

vertical profile of both horizontal and vertical 

components, which is almost uniform from 

Figure 15  Contour plots of horizontal turbulence intensity u' for phases 10 to 13. Colour codes show the magnitude of the horizontal turbulence 
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the flume bed up to the swl (z = 15 cm) and 

rising to peak values towards the crest.

Turbulence intensity

Turbulent fluctuations are usually quanti-

fied by the turbulent intensities, which are 

defined as the root-mean-square of the 

fluctuations. The turbulence intensity in 

the x-direction for a given spatial position is 

defined by (Stull 1988; Liiv & Lagemaa 2008; 

Misra et al 2008) as

u'r.m.s = √<u'2> = 
1

N 

i=N–1

∑
i=0

(u –< u >)2 (5)

Similar equations were used for the other 

component. In the remainder of the paper 

the primed turbulent velocity components 

will be used to represent the root mean 

square values of the turbulent fluctuations as 

given by Equation (5).

The instantaneous velocity fields were 

further analysed using Equation (5) to 

quantify the turbulence intensity of the flow. 

Figures 15 and 16 are contour plots showing 

the spatial and temporal distribution of the 

horizontal and vertical turbulence intensi-

ties respectively for the phases of interest. 

From Figure 15 it can be observed that 

the highest levels of horizontal turbulence 

intensities are of the order of 120 cm/s, while 

Figure 16 shows peak vertical turbulence 

intensity values of the order of 60 cm/s for 

this breaker. Peak values for both horizontal 

and vertical turbulence intensities occur near 

the front face of the wave, above elevation 

z = 15 cm. The region of high horizontal 

turbulence intensity values corresponds to 

the wave roller.

Figure 17 shows the variation of the 

horizontal and vertical turbulence intensi-

ties through a vertical section passing 

through x = 20 cm for the four phases 

shown in Figures 12 and 13. Below the 

trough level the turbulence intensities are 

very much smaller than those in the wave 

crest and roller. From the flume bed up to 

elevation z = 15 cm, both turbulence inten-

sity components are of the order of 10 cm/s. 

From the still water line towards the crest, 

horizontal turbulence intensity rises to peak 

values of nearly 120 cm/s, while the vertical 

goes up to 60 cm/s. The turbulence intensi-

ties are observed to gradually decrease as 

the wave crest passes.

Turbulent kinetic energy (TKE)

The turbulent kinetic energy (TKE) per unit 

mass is defined as follows:

k = 
1

2
(u'2 + v'2 + w'2) (6)

In the results reported here, only two 

components (u and w) were measured, so 

turbulent kinetic energy was estimated as 

suggested by Svendsen (1987) as:

k = 
1.33

2
(u'2 + w'2) (7)

The value of 1.33 is based on the assump-

tion that breaking waves have turbulence 

characteristics similar to that of plane wakes 

(Svendsen 1987). A similar estimation of 

Figure 16  Contour plots of vertical turbulence intensity w' for the four phases
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TKE was also used by Ting & Kirby (1995), 

Chang & Liu (1999), Shin & Cox (2006) and 

Liiv & Lagemaa (2008).

Contour plots of the computed TKE 

values for phases 10 to 13 are shown in 

Figure 18. Once again high TKE values are 

observed between the shear boundary layer 

and the crest. Figure 19 (a) shows the varia-

tion TKE through a vertical section passing 

through x = 20 cm for the four phases shown 

in Figure 18. Figure 19 (b) is an expanded 

plot showing TKE only for positions below 

the trough level. Below the trough level 

TKE is very much smaller than those in 

the wave crest and roller. Peak values of 

k ~ 1.0 m2/s2 occur in the crest and roller 

region. Normalised peak values of k/c2 ~ 0.01 

occur just below the trough level for all the 

phases. Previous measurements by Ting & 

Kirby (1995) for a strongly plunging wave at 

a similar position indicate normalised peak 

TKE (k/c2) just below the trough level of 0.02 

to 0.03. Thus our kinetic energy results are 

consistent with earlier measurements.

Vorticity

Vorticity of a fluid is an important factor 

in fluid dynamics and mechanics and is a 

natural way to describe turbulence. A vortex 

can be described as a fluid structure that 

possesses circular or swirling motion. It is 

the principal quantity to define the flow 

structure (Kim et al 1995; Wu et al 2006), 

and is mathematically defined as the curl of 

the velocity field:

→ω  =  × →u  =  x̂
æççè
дw

дy
 – 

дv

дz

æççè
 + ŷ

æççè
дu

дz
 – 

дw

дx

æççè

→ω  =  × →u  = + ẑ
æççè
дv

дx
 – 

дu

дy

æççè 
(8)

where the x, y and z indices denote the 

respective orthogonal directions and x̂, ŷ 

and ẑ are the unit basis vectors for the three-

dimensional Euclidean space R3, and u, v and 

w are velocities in the x, y and z directions, 

respectively.

If a two-dimensional fluid flow in the x-z 

plane is considered, the phase-averaged 

vorticity component, which points in the 

y-direction, is defined as (Sou & Yeh 2011):

< ωy > = 
д < u >

дz
 – 

д < w >

дx
 (9)

Several numerical schemes exist for perform-

ing this calculation. The central difference 

method is the mostly adopted method, espe-

cially when dealing with PIV measurements 

affected by a non-negligible noise level. 

Vorticity is then estimated from (Lee & Lee 

2001; Sou & Yeh 2011):

ωy = 
æççè
< u(i, j + 1) > – < u(i, j – 1) >

2Δz

æççè

– 
æççè

< w(i + 1, j) > – < w(i – 1, j) >

2Δx

æççè
 (10)

Figure 17 Vertical profile of turbulence intensity at x = 20 cm – (a) horizontal and (b) vertical – for phases 10, 11, 12 and 13
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where Δx and Δz are the x and z-grid spacing 

respectively, and (i, j) represents the spatial 

grid point in (x, z) plane.

Figure 20 shows contour plots of the spatial 

variation of the vorticity of the phase- 

ensemble averaged flow for the four phases. 

Positive vorticity indicates clockwise rotation 

and the direction is into the plane of the 

figure, while negative vorticity indicates 

anticlockwise rotation with the direction 

out of the plane of the figure. Figure 21 

shows the vertical variation of vorticity at 

position x = 20 cm for the four phases under 

consideration. From the flume bed up to the 

swl, vorticity is about zero and increases to 

peak values of up to 100 s-1 just above the swl 

before dropping to negative vorticity values 

towards the top of the crest. Again, just like 

the turbulence intensity components and the 

kinetic energy, peak vorticity lies near the 

shear boundary layer. The strong shear layer 

generated peak vorticity because of the inter-

action between the downwash and uprush 

flows. In a similar study, Sou & Yeh (2011) 

observed that an internal flow circulation is 

generated at the flow reversal phase, as the 

flow near the bed responds to the gravita-

tional force earlier than the flow in the upper 

water column where the uprush momentum 

is sustained later in the phase. Similarly to 

results presented here, they also observed 

that, in the surf zone, the maximum inten-

sity of the phase-averaged vorticity occurs at 

the shear boundary layer, and the strength of 

vorticity in the water column decays as the 

phase advances.

CONCLUSIONS

Results of an experimental study of spilling/

mildly plunging water waves breaking in a 

laboratory surf zone have been presented. 

Water level measurements show the usual 

increase in wave height in the shoaling 

region followed by rapid decrease in wave 

height beyond the breakpoint. An increase 

in wave height by a factor of approximately 

22% has been observed at the breakpoint. 

Fluid velocities were measured by tracking 

the motion of almost neutrally buoyant 

particles, as well as aeration structures 

formed by breaking waves. For each phase 

100 instantaneous velocity flow fields were 

averaged to provide information on the mean 

and turbulent flow. Instantaneous velocities 

in the wave roller were observed to go up 

to 3–4 times greater than the wave phase 

speed. Further analysis of the instantaneous 

velocity yielded turbulence quantities such 

as turbulence intensity, turbulent kinetic 

energy and vorticity at each phase of the 

flow. Peak turbulence intensities, turbulent 

kinetic energy and vorticity were observed in 

the crest part of the wave, around the shear 

boundary layer. Contour plots were used to 

provide a temporal and spatial distribution of 

the evolution of the turbulence characteris-

tics. According to the evolution processes the 

vertical profiles of the turbulence parameters 

were observed to change systematically 

during the advance of the breaking crests. 

Figure 18 Turbulent kinetic energy for phases 10, 11, 12 and 13 of the flow
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From the flume bed towards the swl, tur-

bulence quantities measured were observed 

to be negligible, rising sharply from the swl 

towards the crest. For the phase-ensemble-

averaged flow, high rotation rates of up to 

nearly 100 s-1 were observed near the shear-

boundary layer created by the fast-moving 

crest and the sea-bound trough water.
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