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Table 1 Backlogs of Basic Municipal Services in South Africa (Statistics South Africa 2012)

Basic Municipal Services 
Number of households
receiving below basic

levels of services

% of households receiving
below basic levels of

services

Water provision 2 167 520 15.0%

Sanitation services 3 843 735 26.6%

Electricity provision 3 401 838 26.1%

Refuse removal services 4 998 787 37.9%

Van Baalen SM, Schutte CSL, Von Leipzig K. Capacity self-assessment as a catalyst for improved municipal service delivery. 
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bAcKGrouNd
The enactment of the new Constitution 
of South Africa, 1996, gave prominence to 
the transformation of local government in 
South Africa. Rooted in the Constitution, 
the Municipal Systems Act of 2000 and the 
Municipal Structures Act of 1998 guide 
municipalities towards establishing struc
tured performance management practices. 
As part of a comprehensive legislative frame
work for local government, these acts more
over state the functions of municipalities, 
which include the delivery of basic municipal 
services. These services include, amongst 
others, water provision, refuse removal, sani
tation, electricity provision, municipal roads 
and stormwater management.

Despite a range of statutory provisions, 
policy instruments and capacity improvement 
initiatives with a view to provide a demo
cratic, participative, responsive, effective and 
efficient local sphere of government, South 
African municipalities, in general, continue 
to fail in eradicating service delivery backlogs. 
Some of these are, at least partially, the result 

of the policies and practices of the apartheid 
era. Apart from eradicating backlogs, non
sustaining service delivery to communities 
has become a noticeable phenomenon. As a 
result the highest number of service delivery 
protests over the past decade occurred in 2012 
(Heese 2012).

INtroductIoN
Regardless of the provisions made in the 
Constitution and a battery of policy meas
ures for local government, which have been 
adopted with a view to provide more efficient 
and effective government at local level, signifi
cant service delivery backlogs remain in South 
Africa (Siddle & Koelble 2012). The 2011 
South African Census indicated that, despite 
a slight decrease in service delivery backlogs 
over the previous five years, many South 
African households had not yet received all 
six basic municipal services. Table 1 illustrates 
backlogs regarding water provision, sanita
tion services, electricity provision and refuse 
removal services. While backlogs regarding 

capacity self-assessment 
as a catalyst for improved 
municipal service delivery
S M van Baalen, C S L Schutte, K von Leipzig

This research paper illustrates that accurate and truthful capacity assessments are a 
fundamental phase of any capacity building process, and that capacity assessments play 
a fundamental role in reaching the necessary performance efficiency. Service delivery 
performance enhancements by municipalities are becoming increasingly necessary. At the same 
time, however, the majority of municipalities in South Africa find themselves under-capacitated. 
Some municipalities are aware of the lack of capacity within their organisation, but are unable 
to identify, define and quantify these shortcomings. Many other municipalities are not aware 
of their capacity shortfalls. In both cases, this is often caused by the lack of necessary systems 
and procedures to assess the different dimensions of organisational capacity. In this regard, this 
research paper introduces a proposed Subjective Municipal Capacity Self-Assessment Model 
(SMCSAM) as an alternative solution to the current practices of the Municipal Demarcation 
Board. It is intended that this model be used internally by municipalities to sustain internal 
capacity building and performance enhancement initiatives.

Please note that, due to space and design constraints, the 
figures in this article could not be positioned optimally 
in relation to the supporting text. We apologise for any 
inconvenience that this may cause the reader.
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municipal roads and stormwater management 
are not quantified per number of households, 
these backlogs are also significant (Statistics 
South Africa 2012).

The inability of South African munici
palities to eradicate the longstanding 
basic service delivery backlogs, as shown 
in Table 1, are often used as measure for 
municipal underperformance. As a conse
quence of municipal underperformance, 
frequent service delivery protests occur 
in South Africa. In recent years, service 
delivery has been typified by violent and 
mass protests, demonstrations and petitions. 
Responses by communities resorting to 
protests have become a characteristic feature 
of citizens’ response when municipalities 
fail to show reaction to community needs 
(Heese 2012). Useful insight can be gathered 
from the vast number of protests which 
have occurred in South Africa since 2004 
(AfesisCorplan 2011). By 2012, the number 
of annual service delivery protests of the 
past decade reached a new peak. As a result, 
municipalities now are more pressurised to 
react to basic service delivery backlogs.

In an attempt to overcome service delivery 
challenges, a lack of individual capacity has 
been identified as a key cause of municipal 

underperformance (Lawless 2007; Macleod 
2007). Palmer Development Group, in a 
Municipal Demarcation Board (MDB) review, 
also identifies the importance of leadership 
within the political and administrative 
structures of municipalities (MDB 2010). The 
relationship between municipal performance, 
organisational capacity and leadership, as 
shown in Figure 1, should be considered. It 
should be noted that, according to the United 
Nations Development Programme (UNDP 
2010), organisational capacity consists of three 
dimensions, i.e. individual, institutional and 
environmental capacity.

It should be noted that the n in Figure 1 
denotes effectiveness. It is intended that the 
organisational capacity of municipalities 
be used as an input to a service delivery 
process which commences with the mandate 
of municipalities. Based on its mandate, 
municipalities are obliged to compile partic
ular strategic plans, including an Integrated 
Development Plan (IDP) and a Service 
Delivery and Budget Implementation Plan 
(SDBIP). According to Lawless (2007), the 
phases of the service delivery process include 
the allocation of resources, the fulfilment 
of municipal engineering functions, and 
the achievement of predetermined service 

delivery outputs, outcomes and specifically 
desired impacts. These engineering func
tions include planning, designing, docu
menting, financing, construction, operations 
and maintenance of infrastructure.

Effective fulfilment of these engineering 
functions requires the necessary allocation 
of resources, and results in the fulfilment of 
municipalities’ service delivery mandates. 
It can therefore be said that municipalities 
need to sustain a minimum level of organ
isational capacity in order to maintain the 
necessary service delivery performance. 
Lawless (2007) states that, as a result of the 
transformation of local government in South 
Africa, municipalities today typically employ 
less engineering staff than a decade ago, and 
outsource many of the engineering functions 
to external service providers. The Municipal 
Systems Act of 2000 allows for such out
sourcing in Section 58.

Lawless (2007) further alludes that, apart 
from the result of this change in resource 
utilisation, municipalities have not sustained 
a minimum level of internal engineering 
capacity. The following section reports on 
the downfalls of South African municipali
ties in terms of the fundamental dimension 
of organisational capacity, i.e. individual 
capacity, which includes the internal engi
neering and management personnel. Similar 
to the use of municipal service delivery 
backlogs used as a key performance indicator 
(KPI), this study uses municipal engineering 
resources as a key capacity area (KPA).

MuNIcIPAl ServIce delIverY 
cAPAcItY ANd PerforMANce

Municipal vacancies in South Africa
A large number of vacancies exist in local 
government. Nationally, with an estimated 
28% vacancy rate, roughly one in every 
four posts was vacant in 2011 (MDB 2012). 
The highest vacancy levels are found in the 
Eastern Cape, KwaZuluNatal and Limpopo, 

Figure 1  Relationship between Performance, Organisational Capacity and Leadership (MDB 2012)
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while the lowest vacancy levels are evident in 
the Western Cape, North West and Gauteng.

It should be noted that, as a consequence 
of inadequate budgeting, amongst others, 
municipalities are commonly not able to 
fund posts. Nevertheless, even of the funded 
posts, 32.5% remain vacant on average across 
all municipalities in South Africa. According 
to MDB (2012), this phenomenon typically 
results from municipalities’ incapability to 
attract and employ suitable and competent 
personnel. This is especially the case for 
municipalities situated in rural areas and 
previous Bantustans (MDB 2012).

According to Lawless (2007), the number 
of vacancies, as shown in Figure 2, are 
dominating municipal capacity challenges as 
human resources are one of the most funda
mental capacity requirements. For munici
palities in Limpopo, KwaZuluNatal and the 
Eastern Cape particularly, high vacancy rates 
create huge concern, as backlogs in terms of 
basic municipal services are high in these 
regions and need adequate municipal capac
ity for their eradication.

Municipal management 
resources in South Africa
Leadership and the quality of decisions 
made by a municipality’s management team 
are essential prerequisites for municipal 
performance. Relating to this, Lawless (2007) 
suggests that, apart from high vacancy levels, 
a lack of strategic leadership and especially 
poor management practices have signifi
cantly hampered municipal service delivery 
in recent years.

It can be assumed that leadership, as 
referred to above, is interconnected with 
municipalities’ management practices, and 
that not all managers fulfil the leadership 
responsibilities often associated with man
agement. By ignoring the particular relation 
between leadership and management, but 
acknowledging the existence thereof, man
agement capabilities of existing municipal 
managers can be used as a measure for the 

management and leadership practices found 
at municipalities.

The following sections will in turn 
consider the level of academic qualification 
and the relevant work experience of senior 
municipal managers, as measures of their 
leadership and management capabilities. 
Surely, the management and leadership capa
bilities of Technical Services Managers are of 
significant importance, as the person in this 
position typically administers all municipal 
service delivery processes in a municipal
ity. Yet, considering the complete service 
delivery process as illustrated in Figure 3, 
the management and leadership practices 
of other functional managers can affect the 
success of the technical department’s efforts 
to deliver actual services to the community.

In the context of the increased focus 
on the skills, competencies and experience 
of senior managers, an analysis of the data 
collected from the 2011 MDB Capacity 

Assessment provides useful insights to the 
status quo with respect to the academic 
qualifications and relevant work experience 
of senior municipal managers (MDB 2012). 
CoGTA (2012) recognises six key senior 
management positions within the municipal 
structure, namely municipal managers, chief 
financial officers, human resources managers 
and the directors of planning, engineering 
and corporate services. Figure 3 shows the 
average level of academic qualifications 
for five of these positions across all South 
African municipalities as recorded in 2012.

An analysis across all management posts 
suggests that municipal managers gener
ally have higher levels of education, while 
a considerable percentage of Technical 
Services Managers hold accredited qualifica
tions lower than a Bachelor’s degree. As a 
result, across all types of managers shown 
in Figure 3, Technical Services Managers, 
on average, hold the smallest percentage of 

Figure 3  Level of academic qualification of Senior Municipal Managers (MDB 2012)
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bachelor’s degrees, bachelor’s degrees with 
diplomas, and honours degrees.

Given the major backlogs in terms of 
basic municipal services, Technical Services 
Managers should ideally be qualified with suf
ficient technical qualifications (BEng degree 
in civil engineering), have relevant work expe
rience, and be in a position for longer than 
five years as part of the required municipal 
performancebased contracts (MDB 2012). 
Relevant work experience is a crucial neces
sity for large and longterm infrastructure 
projects, as the stability of the management 
structures for capital projects is vital.

Figures 4 and 5 provide distinct over
views of the relevant work experience and 
years of service in the current position of the 
Technical Services Managers at municipali
ties in South Africa. Statistics are sorted 
according to the nine provinces in South 
Africa to further indicate possible regional
specific municipal strengths and weaknesses.

The analysis per province in Figure 4 
shows that Technical Services Managers 
employed at municipalities in the Western 
Cape and Gauteng have the largest number 
of years of relevant experience. In con
trast, experience levels are the lowest for 
municipalities in the Free State, North West, 
Limpopo and Mpumalanga.

Figure 5 illustrates trends that are compa
rable to earlier insights by showing that the 
number of years which Technical Services 
Managers remain in their existing positions is 
the highest in the Western Cape and the low
est in the Free State, Mpumalanga and North 
West. Evidently, the patterns with respect to 
relevant work experience and years of service 
in current positions of Technical Services 
Managers, are not ideal (MDB 2012).

Related to this drawback are the remain
ing municipal engineering resources which 
function under the management of the 
Technical Services Manager (MDB 2012). 
The next sections accordingly provide an 
impression of the engineering resources at 
municipalities in South Africa, as recorded 

in 2011. Reference is made to the organisa
tion of engineering professionals, the current 
number of municipal engineering staff and 
the growth in this regard.

Number of engineering 
professionals in South Africa
Considering the number of technical staff, 
Lawless (2007) explains that the shortage 
of civil engineers in the municipal domain 
is regarded as one of the worst capacity 
tragedies in recent years. The annual MDB 
municipal capacity assessment is currently 
the only annual census of municipal engi
neering staff in South Africa. The following 
discussions are based on the 2010/2011 
assessment, as this is the last assessment 
performed by the MDB.

The MDB, through its municipal capacity 
assessment of 2010/2011 recorded a total 
number of 4 295 engineering professionals 
of all types at municipalities of all categories. 
However, when collecting data on munici
palities’ engineering staff levels, PDG, who 
was contracted by the MDB to perform these 
assessments on behalf of the MDB, in the 

assessment did not distinguish between reg
istered and nonregistered technicians and 
technologists. So, a total number of 3 312 
registered and nonregistered technicians 
and technologists were recorded alongside 
983 registered professional engineers.

Moreover, it cannot be assumed that the 
aforesaid technicians and technologists even 
hold the necessary qualifications or experi
ence to be considered by ECSA (Engineering 
Council of South Africa) for registration as 
professionals. Vague definitions of these two 
categorise of engineering professionals by 
PDG in MDB (2012) include:

“…
■ Technologists:  typically hold a BTech 

degree, and
■ Technicians:  typically hold an NDIP 

diploma …”
Nevertheless, the following statistics illustrate 
worrying levels of municipal engineering 
capacity in South Africa. Grouped per munic
ipal category, the number of each engineering 
professional category is illustrated in Figure 6.

Figure 6 illustrates that the majority of 
engineering professionals are concentrated 

Figure 5  Years of service in current positions of Technical Services Managers (MDB 2012)
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in the metropolitan municipalities. A mere 
42 registered professional engineers are 
employed by 79 B3 municipalities, the 
number being even less in the remaining 
categories of municipalities. On average 0.53 
engineers currently serve a B3 municipality. 
This shortage of engineering professionals 
puts strain on the remaining municipal 
categories. Figures 6 and 7 illustrate that, 
except in metropolitan municipalities, tech
nicians form the largest group of engineering 
professionals in municipalities overall in 
South Africa.

The graph in Figure 7 indicates the aver
age number of engineering professionals per 
10 000 citizens for the same set of municipal 
categories as in Figure 6.

Figure 7 aids the understanding of the 
extent to which engineering resources 
are stretched, and therefore how well the 
consumers within communities are served. 
Evidently, metropolitan municipalities are 
generally better served by registered profes
sional engineers, with an average of 0.44 
engineers and a total of 1.37 engineering 
professionals per 10 000 citizens. B1 munici
palities have 1.56 engineering professionals 
per 10 000 citizens, and are served mainly by 
technologists and technicians. Clearly, seri
ous engineering constraints exist in B4, C1 
and C2 municipalities (MDB 2012).

The low levels of municipal engineering 
capacity in South Africa must be viewed 
in the context of the current major basic 
service delivery backlogs. In the previous 
sections of this paper, it could be observed 
that a relation between these two aspects 
of municipal service delivery indeed exists. 
Disregarding leadership, as it is not easily 
quantifiable, the theory as shown in Figure 
1 can therefore be assumed to be partially 
accurate.

A further and fundamental aspect to 
consider is the significance of updated, 
accurate and truthful quantitative and 
qualitative data regarding all three dimen
sions of organisational capacity. This data 
is typically obtained through thorough 
capacity assessments. In order to con
tinually identify capacity deficiencies, it 
is important to frequently assess capacity. 
As illustrated through the use of the most 
updated capacityrelated data in the preced
ing sections, current municipal capacity 
assessment practices in South Africa can be 
described as insufficient. Not only do the 
assessments by the MDB focus merely on 
individual capacity, but these assessments 
are incomprehensive and rely only on objec
tive quantitative data.

The next section motivates why capacity 
building, including the phase of capacity 
assessment at municipalities, is fundamental 
to the improvement of basic municipal 
service delivery. It further signifies the 
importance of internal subjective municipal 
capacity assessments.

cAPAcItY, cAPAcItY ASSeSSMeNt 
ANd cAPAcItY buIldING
The UNDP (2007) defines capacity assess
ment as an application for the generation 
of both quantitative and qualitative data of 
future and existing capacity needs in sup
port of the development of capacity building 
strategies. UNDP (2005) recommends that, 
subject to the context of capacity challenges 
and accessible resources, capacity assess
ments should analyse one or more capacity 
dimensions, including the environmental, 
institutional and individual capacity of a 
municipality. Irrespective of the entry point, 
capacity assessments should constantly take 

account of the interrelatedness of capacity 
concerns between the targeted levels and the 
enabling environment.

The UNDP (2007) describes capa
city assessment as an analysis of present 
capacities against desired future capacities. 
It therefore generates an understanding of 
present capacity strengths and weaknesses, 
and through this guides the formulation of 
capacity development strategies. The UNDP 
Capacity Assessment Framework (2007) 
advises the following three simple steps for 
the technical process of conducting a capac
ity assessment:
1. Define desired future capacities.
2. Define level of desired future capacities.
3. Assess existing capacity level.
It can therefore be understood that capacity 
assessments of municipalities are an integral 
task during capacity building initiatives. 
Based on the Kolb learning cycle, Martinelli 
and Schnupp (2013) suggest the following 
fourphase approach to capacity building:
1. Capacity Assessment: This step is largely 

concerned with the attainment of quan
titative and qualitative data regarding 
the relevant strengths and weaknesses of 
the institutional framework at individual, 
institutional and environmental levels.

2. Strategic Planning: This step involves the 
planning of activities necessary to deliver 
the programme outcomes, i.e. costs, 
schedules, monitoring and evaluation 
arrangements, such as organisational 
mapping and the establishment of capa
city baselines.

3. Implementation: This section sets out the 
important roles of the concerned partners 
in supporting capacity building processes, 
and highlights some examples of action 
at each of the three capacity levels which 
can contribute to effective capacity 
building.

4. Monitoring and Evaluation: This section 
focuses on the key principles to be fol
lowed in the monitoring and evaluation, 
and provides some examples of indicators 
which may be used to judge the effective
ness of the capacity building initiative.

5. By combining the fourphased approach 
of capacity building described earlier, 
Figure 8 shows a simplified capacity 
building process.

Evidently, it is important to complete Step 
1A to Step 1C in Figure 8 as accurately as 
possible, as the ease in completing the fol
lowing three steps (Steps 2 to 4) are based 
on the findings of Step 1. Considering that 
organisational capacity is defined as a multi
dimensional concept, comprising individual, 
institutional and environmental capacity, an 
assessment of organisational capacity can 
be complex and laborious. Typically, when 

Figure 7  Number of engineering professionals per 10 000 citizens (MDB 2012)
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an organisation is lacking in performance, 
the associated dimension of organisational 
capacity is assessed.

Ritchie and Dale (2000) allude to the fact 
that the mutual objective of selfassessment 
endeavours is the improvement of organisa
tional processes based on opportunities iden
tified by the assessment process. According 
to Ford and Evans (2002), therefore, self
assessment can be viewed as a catalyst for 
positive change and is attractive to managers 
seeking to operationalise a performance 
improvement philosophy in an organisation.

Challenges in performing these assess
ments include quantifying different levels of 
capacity and doing so as objectively as possi
ble. In the context of municipal management 
in South Africa, it is furthermore important 
to recognise the need for the involvement of 
a monitoring body, such as an independent 
committee or task group.

The following sections report on an 
investigation of the use of internal nonmon
itored, subjective municipal capacity self
assessment as an alternative for the current 
best practices by the Municipal Demarcation 
Board. These sections moreover discuss 
the development and the validation of a 
proposed subjective municipal capacity self
assessment model (SMCSAM).

SubjectIve MuNIcIPAl cAPAcItY 
Self-ASSeSSMeNt Model

understanding the concept 
of self-assessment
Selfassessment is a methodology for con
tinual improvement which organisations 
develop either in the context of total quality 
management (TQM) or as an independent 
strategy. Organisations from the private sec
tor (Bayazit & Karpak 2007) and the public 
sector (Fraser 2005) have used this meth
odology. Owing to the contemporary use of 
selfassessment, it can moreover be described 
as the holistic evaluation of organisational 
processes and performance using limited 
external assistance (Ford & Evans 2002).

Researchers and practitioners, spe
cifically, provide varying definitions for 
selfassessment. Nuland et al (1999) define 
selfassessment as: 

“… an analysis within an organisation in a 
structured and systematic way, after which 
a decisionmaking process regarding an 
actionplan takes place. The actions are 
prioritised and have a strategic importance. 
The realisation of these actions allows you 
to achieve a breakthrough in results.”

Considering the above definitions and earlier 
insights, capacity selfassessment, in the con
text of capacity building and performance 

improvement, can be defined as an exercise 
performed internally, with the objective to 
identify key capacity strengths and weak
nesses and formulate suitable capacity build
ing strategies in order to achieve desired 
levels of performance. Whereas conventional 
performance selfassessments are based 
on criteria of quality awards, capacity 
selfassessments should also be based on a 
particular framework.

The process of self-assessment
Managing an assessment begins with under
standing the motivation for conducting it. 
It is essential to know if the assessment is 
motivated from within or outside an organi
sation. Those engaged in the assessment 
therefore need to determine the following 
(Hakes 2007):
1. The central purpose of the assessment
2. The time and budget
3. The overall approach
4. How to communicate and use the 

information.
These matters are ideally included in writ
ten terms of reference that help clarify and 

communicate the intentions. The format of 
these terms will vary for an external assess
ment versus a selfassessment, but in either 
case it is beneficial to keep the assessment 
process and purpose of the product aligned. 
Stakeholder steering committees generally 
guide the assessment process, by clarifying 
stakeholders’ interests, values and perspec
tives on frameworks, methodologies and 
sources of data, and engage in vetting of the 
preliminary findings, address political issues, 
and provide a forum for debate of prelimi
nary reports (Hakes 2007).

Upon completion of steps 1–4, as shown 
above, the needed leadership commit
ment for using selfassessment as a tool to 
achieve organisational performance should 
be acquired. Hereafter the departments 
involved with conducting the selfassessment 
should be identified, a model for self
assessment must be designed and a reporting 
system must be established. This includes 
the selection of individuals to direct the 
selfassessment process, and design appropri
ate record forms and methods for scoring 
achievements (Hakes 2007).

Figure 8  Simplified capacity building process (adapted from Martinelli & Schnupp 2013)
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Figure 9 The developed Consolidated Municipal Capacity Assessment Framework
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The objectives, strategies and planning for 
conducting selfassessment should be commu
nicated throughout the organisation. All facili
tators and employees directly involved in the 
selfassessment processes should be trained. 
After conducting the selfassessment, action 
plans must be agreed on, showing priorities, 

responsibilities and milestones for actions. 
Improvement teams should be given the 
responsibility and the appropriate resources 
to implement actions according to the action 
plans and the strategic directions. Finally, the 
entire selfassessment process must be subject 
to regular reviews (Finn & Porter 1994).

development of a Subjective 
Municipal capacity Self-
Assessment Model (SMcSAM)
An SMCSAM was developed in Visual Basic 
for Applications (VBA), an implementation 
of Microsoft’s eventdriven programming 
language, Visual Basic 6 and its associated 

Figure 11 Statement related to the mandate of water provision services

Employees, with appropriate academic qualifications to be aware and understand the water provision services mandate of the municipality, are present

Employees, with appropriate relevant work experience to interpret the water provision services mandate of the municipality, are present

Employees, with appropriate technical skills and knowledge to accomplish the water provision services mandate of the municipality, are present

Employees, with appropriate management skills and knowledge to affect the water provision services mandate of the municipality, are present

Employees, with appropriate abilities to think critically and illustrate the necessary leadership around affecting the water provision services mandate of the municipality, are present

Policies and regulations, with appropriate content to express the water provision services mandate of the municipality, are present

Powers and functions, appropriately interpreted, designed and assigned to articulate the water provision services mandate of the municipality, are present

Structures, appropriately designed to direct the water provision services mandate of the municipality, are present

Systems, processes and procedures, appropriately designed to endorse the water provision services mandate of the municipality, are present

Performance management and reporting, appropriately designed and implemented to measure the water provision services mandate of the municipality, are present

An economic environment, enhancing the attainment of the water provision services mandate of the municipality, is present

A social environment, enhancing the attainment of the water provision services mandate of the municipality, is present

A technological environment, enhancing the attainment of the water provision services mandate of the municipality, is present

Legislative and strategy frameworks, enhancing the attainment of the water provision services mandate of the municipality, are present

A political environment, enhancing the attainment of the water provision services mandate of the municipality, is present

Mandate  Strategy   Inputs   Operations  Outputs  Outcomes  Impacts Mandate

WATER PROVISION SERVICES

In
di

vi
du

al
 C

ap
ac

it
y Abilities and knowledge

Relevant work experience

Technical capabilities

Management capabilities

Critical thinking and leadership

In
st

itu
tio

na
l C

ap
ac

it
y Legislation: policies and regulations

Powers and functions

Structures

Systems, processes and procedures

Performance management and reporting

En
vi

ro
nm

en
ta

l C
ap

ac
it

y

Economic environment

Social environment

Technological environment

Legislative and strategy frameworks

Political environment

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Results Home 

Figure 10 The SMCSAM ‘Navigation and Progress’ interface
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Figure 12 The SMCSAM ‘Enter Criteria Weights’ interface

Figure 13 The SMCSAM results for water provision
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integrated development environment (IDE). 
The SMCSAM includes the concept of Fuzzy 
Logic as a mathematical model to process 
users’ input data. The SMCSAM uses a 
variety of methods to represent its outputs 
to support users in identifying capacity 
strengths and weaknesses.

The SMCSAM implements the matrix 
method to enable the selfassessment 
process. This method requires that the 
individuals who are taking part provide 
their perception of the current reality in the 
organisation by rating a set of statements 
derived from the structure of a chosen 
matrix which, in the case of the SMCSAM, 
is the consolidated municipal capacity 
assessment framework (of which a three
dimensional representation is shown in 
Figure 9).

As part of a selfassessment, these 
 ratings must reflect the perceived 

truthfulness of the statements. As a result 
of the use of the matrix method as part of 
a selfassessment exercise, users’ ratings 
are inevitably subjective whilst used as 
qualitative data. In this sense, the matrix 
method is easy to implement as it requires 
few resources and limited training of indi
viduals. A practical feature of this approach 
is the chance to tailor the matrix accord
ing to the particular requirements of the 
organisation.

Based on the consolidated municipal 
capacity assessment framework, as shown 
in Figure 9, the SMCSAM uses two of 
the interfaces used to collect user inputs. 
Figure 10 shows the Navigation and Track 
progress interface (selected from the 
dropdown box at the top of the opening 
interface), by which users can navigate to 
specific sets of statements by clicking on 
a combination (basic municipal service 

and municipal service delivery phase) of 
radio buttons.

Figure 10 shows how Water Provision 
Services is selected, with the assessment 
matrix and pie chart colourcoded accord
ingly. Here, light blue represents statements 
which have not been rated yet. In order to 
navigate to an interface which holds these 
unrated statements, the user may simply 
click on the radio button allocated next 
to Mandate. This interface is shown in 
Figure 11. Rightfully, Figure 11 shows how 
no statements have been rated.

The user interface, as illustrated in 
Figure 12, is presented when the user selects 
Enter Criteria Weights from the dropdown 
box at the top of the opening interface, and 
is designed to display a unique question that 
is based on the user’s selection in the matrix 
of capacity categories for assessment. The 
displayed question needs to be answered by 

Figure 14 The SMCSAM results for refuse removal services
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clicking on the most appropriate perceived 
option button. These options range from 
very small, to small, medium, large and 
very large.

After the completion of this userinput 
exercise for each of the fifteen elements and 
three dimensions of organisational capac
ity, attained data is used in an automated 
Fuzzy AHP (Analytical Hierarchy Process). 
A typical Fuzzy AHP decision problem 
consists of (1) a number of alternatives, (2) 
a collection of evaluation criteria, (3) a lin
guistic judgement representing the relative 
importance of each criteria pair, and (4) a 
weighting vector.

PIlot StudY: drAKeNSteIN 
MuNIcIPAlItY (weSterN cAPe)
Drakenstein Municipality was selected for 
the testing of the SMCSAM. According to 

its own annual report (2013) and CoGTA 
(2009), Drakenstein Municipality was identi
fied as one of the highest performing munici
palities in South Africa. It was assumed 
that it should therefore be able to provide at 
least a degree of data that would highlight 
strengths, while also showing weaknesses in 
certain areas.

Figures 13–19 reflect the results of the 
selfassessment performed at Drakenstein 
Municipality, and do so by means of the 
fourth and final userinterface of the 
SMCSAM. This interface corresponds 
with the Navigation and Progress interface 
and enables the user to select and view the 
results for the desired combination of Basic 
Municipal Services and Service Delivery 
Processes.

Figure 13 shows the results as generated 
by the SMCSAM for water provision. In 
terms of the various capacity dimensions, 

clearly, individual capacity achieved the low
est overall score with a weighted average of 
37%. Environmental capacity achieved 61%, 
while institutional capacity achieved the 
highest score of 62%. With a weighted aver
age of 53% for overall organisational capacity, 
it can be assumed that the validator believes 
the capacity of Drakenstein Municipality for 
water provision is worrying.

Figure 14 shows the results as gener
ated by the SMCSAM for refuse removal 
services. Evidently, the perceived capacity 
of Drakenstein Municipality for the delivery 
of refuse removal services is very high. 
Individual capacity achieved a weighted 
average score of 79%, while institutional and 
environmental capacity scored 80% and 81% 
respectively. With the overall organisational 
capacity scoring 80%, few elements of the 
assessment matrix reflect weighted scores of 
below 67. However, for all Basic Municipal 

Figure 15 The SMCSAM results for sanitation services
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Services Delivery Process items, the main
tenance of service delivery infrastructure 
represents the top 1% of capacity concern.

Figure 15 shows the results as generated 
by the SMCSAM for sanitation services. In 
terms of the capacity dimensions, individual 
capacity achieved the lowest score, with 57%. 
Both institutional and environmental capacity 
achieved a perceived weighted score of 71%, 
resulting in a 66% weighted average for overall 
organisational capacity. In terms of the Basic 
Municipal Services Delivery Process, the 
scores are observed with regard to resources, 
and more specifically technological resources. 
The top 1% of capacity concerns again relate 
to technical and management capabilities.

Figure 16 shows the results as generated 
by the SMCSAM for electricity provision. 
It is evident that the trends regarding the 
scores for the different capacity dimen
sions, as discussed above, are not observed 

for electricity provision. For this service, 
individual capacity achieved the highest 
score, while institutional and environmental 
capacity achieved 82% and 72% respectively. 
With a perceived weighted average of 83% 
for overall organisational capacity, it can 
be stated that the capacity of Drakenstein 
Municipality to provide electricity in its area 
of authorisation, is believed to be sufficient.

Figure 17 shows the results as gener
ated by the SMCSAM for municipal 
roads. Evidently, the perceived capacity 
of Drakenstein Municipality to provide 
municipal roads is fairly low. Again envi
ronmental capacity achieved the lowest 
score with a weighted average of 53%, 
while individual and institutional capacity 
respectively achieved scores of 63% and 64%. 
This resulted in a weighted average of 60% 
for overall organisational capacity. In terms 
of the Basic Municipal Services Delivery 

Process human resources formed the top 1% 
of capacity concerns.

Figure 18 shows the results as generated by 
the SMCSAM for stormwater management. 
For stormwater management, scores of 63%, 
63% and 51% were achieved for individual, 
institutional and environmental capacity 
respectively, while overall organisational capac
ity achieved a score of 59%. As for municipal 
roads, human resources formed the top 1% 
capacity concerns for stormwater management. 
The elements of the assessment matrix that 
formed the top 1% of capacity concerns are 
largely related to the environmental capacity, 
and more specifically the political, social and 
economic environments. In terms of the Basic 
Municipal Services Delivery Process, these 
concerns relate to all phases, except for design
ing, document and outputs.

Figure 19 shows the combination of the 
SMCSAM results and shows a perceived 

Figure 16 The SMCSAM results for electricity provision
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overall organisational capacity of 67% for 
Drakenstein Municipality, with human 
resources as the top 1% of the municipality’s 
capacity concerns in terms of service 
 delivery processes.

Respective capacity scores of 65%, 70% 
and 65% were achieved for individual, 
institutional and environmental capacity. 
In terms of the different elements of 
capacity, the top 1% capacity concerns 
related to the municipality’s political, social 
or economic environments. Evidently, for 
the results of all services combined, none 
of the elements of the assessment matrix 
achieved a score of below 34. Thus, it can 
be concluded that Drakenstein Municipality 
has a realistically perceived capacity to 
deliver basic municipal services, and 
that this capacity is well aligned with the 
municipality’s high levels of service delivery 
performance.

coNcluSIoN
This research paper illustrated that accurate 
and truthful capacity assessments are a 
fundamental phase of any capacity building 
process. By acknowledging the relationship 
between performance, organisational capac
ity and leadership as set out in Figure 1, it 
can also be said that capacity assessments 
play a fundamental role in reaching the 
necessary performance efficiency. As high
lighted in the literature study of this paper, 
service delivery performance enhancements 
by municipalities are becoming increasingly 
necessary. At the same time, the majority of 
municipalities in South Africa find them
selves undercapacitated.

Some municipalities are aware of a lack 
of capacity within their organisation, but are 
unable to identify, define and quantify these 
shortcomings. Many other municipalities are 
not aware of their capacity shortfalls. In both 

cases, this is often caused by the lack of neces
sary systems and procedures to assess the dif
ferent dimensions of organisational capacity. 
In this regard, this research paper introduced a 
proposed Subjective Municipal Capacity Self
Assessment Model (SMCSAM) as an alterna
tive solution to the current practices of the 
Municipal Demarcation Board. It is intended 
that this model be used internally by munici
palities to sustain internal capacity building 
and performance enhancement initiatives.
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INtroductIoN
In flood hydrology, the practising engineer 
or hydrologist frequently needs to estimate 
catchment design rainfall, i.e. rainfall 
information derived from observed rainfall 
data which comprises a depth or intensity, 
and duration associated with a given return 
period (T) or annual exceedance probability 
(AEP) (Gericke & Du Plessis 2011). However, 
design point rainfall estimates assume 
uniform spatial rainfall in a catchment, and 
hence are only representative for a limited 
area. For larger areas, areal reduction factors 
(ARFs) are used to convert design point 
rainfall depths/intensities into an average 
areal design rainfall depth/intensity for a 
particular critical storm duration and catch
ment area (Alexander 2001).

ARFs are estimated using either empirical 
and/or analytical methods. In many coun
tries, the current ARF approaches are mostly 
based on empirical methods, using either 
stormcentred or geographicallycentred 
approaches. Studies into the largescale 

estimation of ARFs have generally been 
limited to the United States of America 
(USA) (USWB 1957; 1958), the United 
Kingdom (UK) (NERC 1975) and Australia 
(Siriwardena & Weinmann 1996). Despite 
these studies, ARFs are still regarded as 
inconsistent in most cases, mainly as a 
consequence of the variation in predominant 
weather types, storm durations, seasonal 
factors and recurrence interval (Skaugen 
1997; Asquith & Famiglietti 2000; Allen & 
DeGaetano 2005). Omolayo (1993) identified 
insufficient raingauge networks and a lack 
of short duration (subdaily) rainfall data as 
the main reasons behind the limited research 
in this field and the inconsistent results.

According to Asquith and Famiglietti 
(2000), the stormcentred approaches have 
not seen widespread application, due to the 
difficult inclusion of multicentred storms. 
Omolayo (1993) indicated that stormcentred 
approaches are not suitable for estimating 
areal design rainfall from design point 
rainfalls, since extreme design point rainfall 

review of current methods 
for estimating areal 
reduction factors applied to 
South African design point 
rainfall and preliminary 
identification of new methods
J P J Pietersen, O J Gericke, J C Smithers, Y E Woyessa

Design point rainfall estimates assume a uniform distribution of rainfall over a catchment, 
and hence are only representative for a limited area. For larger areas, areal reduction factors 
(ARFs) are used to convert design point rainfall depths/intensities to an average areal design 
rainfall depth/intensity for a catchment-specific critical storm duration and catchment area. 
This paper presents a review of ARF estimation methods used nationally and internationally, 
with comparisons of the South African methods in the C5 secondary drainage region using 
standard input variables. The comparison of different ARF estimation methods confirmed that 
the empirical methods adopted for general use in South Africa are based on a limited database 
of observed rainfall data and are used without local correction factors beyond their original 
developmental regions. This results in the characterisation of the actual rainfall process over a 
catchment, and translation into questionable design peak discharge estimates. Therefore, the 
ARFs in South Africa need to be re-investigated in the light of recent extreme flood events, 
utilising the longer periods of record and denser rain-gauge networks which are now available 
for analysis. The variation of ARFs with return period and with rainfall producing mechanisms 
also needs to be investigated. Updated ARFs developed and verified using local rainfall data 
will improve the accuracy of design hydrology for large catchments in South Africa when event-
based rainfall-runoff deterministic methods are used.
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and extreme areal design rainfall are unlikely 
to be produced by the same rainfall event or 
rainfall type.

The empirical methods used to estimate 
ARFs in South Africa are based on the 
limited research conducted using a storm
centred approach, e.g. Van Wyk (1965) and 

Wiederhold (1969), and a geographicallycen
tred approach, e.g. Alexander (1980; 2001). 
The latter attempt is based on the United 
Kingdom Flood Studies Report (UK FSR) 
methodology (NERC 1975) using observed 
daily rainfall data up until the 1980s. There 
has also been a concern in the hydrological 

community in South Africa that the UK 
FSR results may not be appropriate to South 
African conditions.

During the last three decades, several 
new analytical methods have been proposed 
to estimate ARFs, e.g. storm movement 
(Bengtsson & Niemczynowicz 1986), cross
ing properties (Bacchi & Ranzi 1996), spatial 
correlation structure (Sivapalan and Blöschl 
1998) and scaling relationships (De Michéle 
et al 2001). According to Svensson and Jones 
(2010), the level of agreement between the 
empirical and analytical methods currently 
in use is limited to a specific scaling regime, 
namely short storm durations and small 
catchment areas. Thus, these methods are 
regarded as inappropriate to use over a 
wide range of temporal and spatial scales, 
e.g. small catchment to a quaternary catch
ment level. On the other hand, a number 
of these empirical (stormcentred) and 
analytical (correlationbased and annual 
maximacentred) methods do not provide 
probabilistically correct areal design rainfall 
estimates, as it is assumed that the AEP of 
both the point and areal rainfall is similar. 
Most of these methods are also based on a 
limited amount of observed rainfall data and 
use assumptions that are not entirely true 
descriptions of the actual rainfall process 
(Svensson & Jones 2010).

This paper provides preliminary insight 
into the applicability of the various methods 
used in South Africa and internationally to 
estimate ARFs. The objectives of the study 
reported in this paper are discussed in the 
next section, followed by an overview of 
the location and characteristics of the pilot 
study area. Thereafter, the methods used to 
estimate ARFs are reviewed. The methodolo
gies involved in assessing the objectives are 
then expanded on in detail, followed by the 
results, discussion and conclusions.

objectIveS of StudY
The objectives of this study are:
i. to review the ARF estimation methods 

currently used nationally and internation
ally, with emphasis on the inconsisten
cies introduced by the use of different 
approaches;

ii. to assess a selection of graphical and 
numerical ARF estimation methods used 
in South Africa, using standard input 
variables, e.g. catchment area, critical 
storm duration and rainfall intensity, in 
order to provide preliminary insight into 
the consistency between methods; and

iii. to compare the results from applying the 
selected ARF estimation methods using 
the C5 secondary drainage region of 
South Africa as a pilot study in order to 

Table 1 South African ARF estimation methods

Method Approach Reference

Van Wyk 
(1965)

Stormcentred (graphical) Figure 1 (Van Wyk 1965)

Stormcentred (numerical) Equation 1 (Op ten Noort & Stephenson 1982)

Wiederhold 
(1969)

Stormcentred (graphical) Figure 2 (Wiederhold 1969)

Stormcentred (numerical) Equation 3 (Op ten Noort & Stephenson 1982)

Alexander 
(1980)

Geographicallycentred (graphical) Figure 4 (Alexander 1980)

Geographicallycentred (numerical) Equation 4 (Op ten Noort & Stephenson 1984)

Alexander 
(1990; 2001)

Geographicallycentred (graphical) Figure 5 (Alexander 1990; 2001)

Geographicallycentred (numerical) Equation 5 (Alexander 1990; 2001)

Geographicallycentred (numerical) Equation 7 (Gericke & Du Plessis 2011)

Figure 1 Expected percentage of runoff as a function of point rainfall intensity (SANRAL 2013)
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confirm or to reject the results as estab
lished in (ii).

In this study it was hypothesised that:
i. The graphical ARF estimation methods 

used in South Africa, as listed in Table 1, 
need to be updated with the longer data 
sets currently available compared to data 
used in their development, and these 
updates may influence the accuracy of the 
resulting average areal design rainfall and 
subsequent peak discharges as estimated 
with different design flood estimation 
methods.

ii. Most of the numerical ARF estimation 
methods used in South Africa are proba
bilistically incorrect, since these methods 
were derived from the original graphical 
ARF estimation methods, and possible dif
ferences between the recurrence intervals 
of point and areal design rainfall are not 
accounted for. In addition, the variation 
of ARFs with recurrence interval and 
rainfallproducing mechanisms is also not 
clearly understood. However, numerical 
ARF estimation methods are frequently 
used in practice due to the ease of cal
culation of the ARF, irrespective of the 
possible errors that could be introduced in 
doing so.

The recent compilation of the South African 
National Roads Agency Limited (SANRAL) 
Drainage Manual (SANRAL 2013), which is 
regarded by many practising engineers as an 
authoritative reference document, still pro
poses the use of these ‘outdated’ ARF estima
tion methods. This recent publication, along 
with the shortcomings identified during the 
literature review conducted on ARFs, served 
as a further motivation for this study.

revIew of South AfrIcAN 
Arf eStIMAtIoN MethodS
The following subsections provide a review 
of the stormcentred and geographically
centred empirical ARF estimation methods 
currently used in South Africa.

Storm-centred Arf 
estimation methods

Van Wyk’s method (1965)
The first South African attempt to analyse 
ARFs based on a stormcentred approach 
was conducted by Van Wyk (1965; cited 
by Lambourne & Stephenson 1986) on a 
small scale (catchment areas ≤ 800 km²) in 
the Pretoria region, Gauteng. In addition, a 
few rainfall storm areas from the USA and 
Canada were also analysed for comparison 
purposes. Isohyetal maps of several storms 
were plotted based on the average areal 
rainfall depths in catchments ranging from 

10 km² to 800 km² centred on the maximum 
point rainfall and expressed as a percentage 
of point rainfall at the storm centre. The 
ARFs were also expressed as a function of 
the point source rainfall intensity, i.e. an 
average intensity over the storm duration 
at the storm centre. As a result, depth
intensityarea envelope diagrams (Figure 1) 
were developed, as included in the Drainage 
Manual (SANRAL 2013). In small catch
ment areas (≤ 800 km²) the ARF is mainly a 
function of the area and design point rainfall 
intensity, since the relationship between 
rainfall intensity and the infiltration rate 
of the soil is predominant (Alexander 2001; 
SANRAL 2013).

Op ten Noort & Stephenson (1982) 
converted the ARF diagrams in Figure 1 to a 
mathematical algorithm (Equation 1) using 
regression analysis.

ARF = Exp(–0.000068 iA0.77) (1)

where:
 ARF =  areal reduction factor for point rain

fall (fraction),
 A =  catchment area (km²), and
 i =  point rainfall intensity at the storm 

centre (mm.h1).

Wiederhold’s method (1969)
In the late 1960s, Wiederhold (1969; cited 
by Lambourne & Stephenson 1986) used a 
variable location, stormcentred approach, 
i.e. a modified version of Van Wyk’s (1965) 
method to establish ARFs for 170 storms 
over large catchment areas between 500 km² 
and 30 000 km² within 18 regions delineated 
for South Africa. In these medium to large 
catchment areas (≤ 30 000 km²), the ARF 
is mainly a function of the area and storm 
duration, since the quantity of rainfall relative 
to the number of storage areas is of great 
importance (Alexander 2001; SANRAL 2013). 
The large area storms were delineated, while 

Figure 2 Expected percentage of runoff as a function of storm duration (SANRAL 2013)
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the point rainfall depths at each rainfall sta
tion were used to fit a sixthorder polynomial 
surface to enable the plotting of isohyets. 
Regionalised deptharea curves were pro
duced for each storm with a time resolution 
of one day, resulting in coaxial diagrams to 
estimate the rainfall equalled or exceeded 
for storm durations of one day or longer. In 
the case of large area storms with associated 
storm durations less than 24 hours, the areal 
average rainfall over increasing areas (dura
tions of one to six days) within each of the 18 
regions were expressed as percentages of the 
maximum point rainfall observed. Depth
area curves were produced for durations of 
one to six days. Conservative upper envelope 
curves (of individual durations) were then 
replotted to produce depthdurationarea 
curves. Thereafter, the 24 hour to one hour 
durations were linearly extrapolated through 
these points to express the rainfall associ
ated with a given area as a proportion of 
the point rainfall between one and 72 hours 
(Lambourne & Stephenson 1986). As a result, 

depthdurationarea ARF diagrams (Figure 2) 
for short to medium duration and large area 
storms were developed as included in the 
Drainage Manual (SANRAL 2013).

Op ten Noort and Stephenson (1982) 
converted the ARF diagrams in Figure 2 to a 
mathematical algorithm (Equation 2) using 
regression analysis.

ARF = [1.343 – 0.09Ln(A)]Td
0.03A0.19 (2)

where:
 ARF =  areal reduction factor for point inten

sity (fraction),
 A = catchment area (km²), and
 Td = storm duration (hours).

Op ten Noort and Stephenson (1982) com
pared Equations 1 and 2 and established that 
the use thereof could cause a discontinuity 
in storm runoff estimation. Subsequently 
Figure 2 was extrapolated so that the ARFs 
approach unity at short durations. This rela
tionship is expressed in Equation 3.

ARF = [1.04 – 0.08Ln(A)]Td
0.02A0.28 (3)

where:
 ARF =  areal reduction factor for point inten

sity (fraction),
 A = catchment area (km²), and
 Td = storm duration (hours).

Geographically-centred Arf 
estimation methods

Alexander’s method (1980; 2001)
Alexander (1980) developed a geographically
centred ARF relationship based on the ARF 
diagrams (Figure 3) contained in the UK FSR 
(NERC 1975). Alexander (1980) claimed 
that the developed ARF diagram (Figure 4) 
should be used when uniform temporal and 
spatial rainfall distribution over a catchment 
is assumed.

Op ten Noort (1984; cited by Lambourne 
& Stephenson 1986) converted these ARF 
diagrams (Figure 4) to a mathematical algo
rithm (Equation 4) using regression analysis.

ARF =  [1.306 – 0.0902Ln(A)] + Ln(Td) 
[0.0161Ln(A) – 0.0498] (4)

where:
 ARF = areal reduction factor (%),
 A = catchment area (km²), and
 Td = storm duration (hours).

Figure 4 was adjusted to account for short 
duration rainfall over small catchment 
areas, which are mostly characterised by 
severe storm mechanisms producing very 
high intensity rainfall with cell core areas 
exceeding 10 km² and durations exceeding 
10 minutes. Estimates of shorter duration 
rainfall based on extrapolation from longer 
durations are unreliable when viewed in the 
light of the storm mechanisms which produce 
highintensity rainfall for durations less than 
10 minutes (Alexander 1980). Alexander 
(1980) argued that there is little justification 
in assuming ARFs less than 100% in these 
area and duration regions; subsequently 
Figure 4 was adjusted accordingly to provide 
a set of geographicallycentred ARF diagrams 
(Figure 5) which enable the user to estimate 
average catchment rainfall from point rainfall 
statistics (Alexander 1990; 2001).

Alexander (1990; 2001) also con
verted Figure 5 to a mathematical algorithm 
(Equation 5). Alexander (1990; 2001) noted 
that the use of both Equations 4 and 5 result
ed in slightly more conservative results when 
compared to the original UK FSR and United 
States Weather Bureau (USWB 1958) values.

ARF =  [90 000 – 12 800 ln(A)]  
+ 9 830 ln(60TC)]0.4 (5)

Figure 3 UK FSR ARF diagram (NERC 1975)
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where:
 ARF = areal reduction factor (%),
 A = catchment area (km²), and
 TC =  time of concentration/critical storm 

duration (hours).

A recent study confirmed that a relation
ship existed between the catchment area, 
TC and ARFs (Gericke & Du Plessis 2011). 
The validity of Equation 5 was assessed 
by plotting the TC within each catchment 
under consideration against the catchment 
area, after which a powerlaw curve fitted 
through the data points was superimposed 
on Figures 3 and 4 respectively. The fitted 
powerlaw relationship as expressed in 
Equation 6 provided a good indication of TC 
associated with any catchment area under 
consideration. Equation 7 resulted from the 
substitution and simplification of Equation 6 
into Equation 5.

 TC = 0.2284 A0.596 (6)

 ARF = [–6944.3 Ln(A) + 115 731.9]0.4 (7)

where:
 ARF = areal reduction factor (%),
 A = catchment area (km²), and
 TC = time of concentration (hours).

INterNAtIoNAl Arf eStIMAtIoN 
MethodS relAted to thIS StudY
The following subsections provide a brief 
review of the UK FSR (NERC 1975) ARF 
estimation method, which formed the fun
damental basis of Alexander’s ARF diagrams 
in the early 1980s, and Bell’s method (1976). 
In this paper, the latter method is proposed 
as the most suitable for the reinvestigation 
towards more uptodate ARF estimation 
methods applicable to South African condi
tions. The justification of such a proposal is 
evident from the literature review to follow.

uK fSr method
The UK FSR method (NERC 1975) was 
developed by using nationwide UK rainfall 
records. The final results from this study 
were represented using an ARF diagram 
(Figure 3), which allows the user to estimate 
geographicallycentred ARF values based on 
a range of catchment areas and storm dura
tions as input variables. Although this meth
od allows for the area and duration to vary 
as input parameters, it remains invariant to 
the location within the UK and recurrence 
interval (Siriwardena & Weinmann 1996).

The method is reliant on the areal annual 
maximum event to recognise the date of 
the station/point annual maximum event. 
The point rainfall values corresponding to 

the same day as the areal maximum rainfall 
values (P’ij) and the maximum point values 
at each rainfall station in the same year (Pij) 
were recorded. This enabled the computation 
of ratios between P’ij and Pij at each rainfall 
station for each year. The final ARF values 
were derived from the overall mean values 
between the ratios for all stations and all 
years (Siriwardena & Weinmann 1996).

bell’s method
Bell (1976) conducted probabilistic rainfall 
analyses at rainfall stations (reasonably 
complete records over a 14 year period) situ
ated in 1 000 km² circular catchment areas in 
the UK. The estimated frequency curves of 
areal and averaged point rainfall were used to 
establish ARFs, i.e. the ARFs were computed 
as the ratio of areal to average point rainfall 
with associated AEPs. A modified Thiessen 
weighting procedure was used to estimate the 
daily areal rainfall values, after which these 
values were ranked to obtain the 20 independ
ent highest values for each sample area. In 

other words, a partial duration series (PDS) 
using equally ranked observations curtailed 
to a common base period were used and fitted 
to an exponential distribution, with para
meters estimated by the Method of Maximum 
Likelihood (MML). The average point rainfall 
frequency curves were estimated using the 20 
highest daily rainfall values at each rainfall 
station. Instead of deriving separate frequency 
curves for each rainfall station to estimate 
weighted averages, a simpler, equivalent 
procedure was adopted. Each ranked weighted 
average point rainfall value was determined 
using the same modified Thiessen weighting 
procedure, followed by fitting an exponential 
distribution to provide estimates of the aver
age point rainfalls for return periods from two 
to 20 years. The ARFs were then estimated 
directly using the corresponding areal and 
average point rainfall values associated with 
each return period or AEP (Bell 1976).

Bell’s method, or modified versions there
of, have been used in several largescale ARF 
studies conducted internationally, especially 

Figure 4 Adopted UK FSR ARF diagram for South Africa (Alexander 1980)

10 000

C
at

ch
m

en
t a

re
a 

(k
m

2 )

1 000

100

10

30
%

40
%

50
%

60
%

70
%

80
%

90%

95%

100%

0.2 2 20
Duration (hours)



Journal of the South African Institution of Civil Engineering • Volume 57 Number 1 March 2015 21

in the UK and Australia (Stewart 1989; Avery 
1991; Masters 1993; Meynink & Brady 1993; 
Nittim 1989; Porter & Ladson 1993; Masters 
& Irish 1994; Siriwardena & Weinmann 
1996). All these studies were conclusive that 
the basic procedure proposed by Bell (1976) 
is probabilistically more correct than other 
commonly used methods (e.g. USWB and 
UK FSR), since AEPs are explicitly included 
in the derivations of the ARFs.

other international Arf 
estimation methods
Tables A1 and A2 in Appendix A provide the 
reader with a detailed summary of additional 
empirical and analytical ARF estimation 
methods used internationally.

StudY AreA
The C5 secondary drainage region was 
selected as the pilot study area, since 
most of the required data is available 

from previous studies (Gericke & Du 
Plessis 2011; 2012) conducted in this region. 
South Africa is delineated into 22 primary 
drainage regions, which are further deline
ated into 148 secondary drainage regions. 
The pilot study area (Figure 6) is situated 
in primary drainage Region C and com
prises the C5 secondary drainage region 
(Midgley et al 1994). The rainfall intensity 
in this region is normally high to very high 
with associated thunder activity and can be 
classified as convective rainfall. The  average 
Mean Annual Precipitation (MAP) is 
424 mm, ranging from 275 mm in the west 
to 685 mm in the east (Lynch 2004), and 
rainfall is characterised as highly variable 
and unpredictable. The rainy season starts 
in early September and ends in midApril 
with a dry winter (Midgley et al 1994). 
Twelve gauged catchments, ranging from 
38 km² to 33 277 km², were selected in 
the pilot study area to investigate the 
study objectives.

MethodoloGY
This section provides the detailed methodol
ogy followed during this study which focuses 
on the evaluation and comparison of the 
numerical and graphical empirical ARF 
estimation methods currently used in South 
Africa in two distinctive phases.

first phase: comparison of 
Arf estimation methods using 
standard input variables
The standard input variables and their 
associated ranges, e.g. catchment area 
(10 to 30 000 km2), critical storm duration 
(one to 72 hours) and rainfall intensity (50 to 
200 mm.h1) as depicted in Figures 1 and 2 
were used as input with the mathematical 
algorithms derived from these ARF diagrams 
in order to assess the consistency between 
the numerical and graphical ARF estimation 
methods compiled by Van Wyk (1965) and 
Wiederhold (1969). In each case Microsoft 
Excel ARF diagrams were reproduced by 
manually extracting values from the original 
ARF diagrams (Figures 1–5). Thereafter 
the graphical results, as obtained from each 
reproduced ARF diagram, were compared 
to the ARF computed using the individual 
mathematical algorithms to highlight any 
biases and inconsistencies present. The Van 
Wyk (1965) and Wiederhold (1969) results 
were not included in the comparisons as 
these two methods are applicable to different 
areal ranges.

Second phase: comparison 
of Arf estimation methods 
in the pilot study area
All the ARF estimation methods evaluated 
in Phase 1 were compared and evaluated 
in the 12 gauged catchments located in the 
C5 secondary drainage region described 
above to establish the biasness/consisten
cies/inconsistencies determined during 
Phase 1, as well as to establish the need 
for further research in this field. All the 
required catchment geomorphological vari
ables (e.g. catchment area), time parameters 
(e.g. time of concentration/critical storm 
duration) and climatological variables (e.g. 
design rainfall depths and intensities) were 
obtained from Gericke & Du Plessis (2011). 
In this study, the design rainfall depths with 
return periods ranging from 10 to 200 years 
were based on the Regional Linear Moment 
Algorithm and Scale Invariance (RLMA&SI) 
approach developed by Smithers & Schulze 
(2003; 2004).

reSultS ANd dIScuSSIoN
The results based on the methodology used 
in this study are discussed below.

Figure 5 Revised ARF diagram for South Africa (Alexander 1990; 2001)
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review of Arf estimation methods
The estimation of ARFs based on either 
empirical or analytical estimation methods 
was evident from the literature review 
conducted. The review also highlighted 
that most of these methods could not be 
regarded as entirely true descriptions of 
the actual rainfall process, especially when 
the empirical methods, based on a limited 
amount of observed rainfall data, are 
applied outside their original developmental 
regions.

comparison of Arf 
estimation methods using 
standard input variables
As expected, all the ARF estimates 
decreased with an increase in catchment 
area, while significant differences, e.g. varia
tion in the results obtained, also highlighted 
the presence of inconsistencies between the 
results from the numerical and graphical 
ARF estimation methods.

The comparison between Van Wyk’s 
graphical (Figure 1) and numerical 
(Equation 1) results, as shown in Figure 7, is 
characterised by increasing averaged percent
age differences associated with an increase in 
the catchment area, e.g. 7.1% (10 km²), 7,8% 
(20 km²), 12.2% (50 km²), 18.3% (100 km²), 
23.8% (200 km²), 27.3% (400 km²) and 28% 
(800 km²). A similar trend was also evident 
for the catchment area and rainfall intensi
ties, in other words an increase in rainfall 

intensity associated with a specific catchment 
area resulted in larger percentage differences. 
However, despite these percentage differences, 
an overall coefficient of determination (r2) of 
0.96 confirmed the high degree of association 
between the ARFs estimated using the two 
methods. It is essential to keep in mind that 
different practising engineers might yield 
different ARF values when using graphical 
procedures to estimate ARFs, whereas the 
same values should be estimated using the 
numerical estimation method.

The comparison between ARF estimates 
using Wiederhold’s graphical approach 
(Figure 2) and Equation 3, as shown in 
Figure 8, is characterised by a high degree of 
association (r2 = 0.92) and increasing percent
age differences associated with an increase 
in the catchment area, e.g. averaged differ
ences of 1.1% (500 km²), 1.7% (1 000 km²), 
8.0% (5 000 km²), 13.6% (10 000 km²), 22.5% 
(20 000 km²) and 28.9% (30 000 km²). In 
considering different storm durations associ
ated with a specific catchment area, the 

Figure 7  Comparison of the numerical vs graphical results (10 km² to 800 km²) based on Van Wyk’s (1965) storm-centred approach
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ARF estimates increased with increasing 
storm duration.

Based on the above results, practising 
engineers should use the original graphical 

methods (Figures 1 and 2) as contained 
in the Drainage Manual (SANRAL 2013). 
However, it is important to note that both 
Van Wyk’s and Wiederhold’s methods are 

stormcentred empirical methods which 
are not suitable for estimating catchment 
areal design rainfall from design point 
rainfalls. In doing so, the practising 

Figure 8  Comparison of the numerical vs graphical results (500 km² to 30 000 km²) based on Wiederhold’s (1969) and Alexander’s (1990; 2001) approaches
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Figure 9  Comparison of the numerical vs graphical results (10 km² to 500 km²) based on Alexander’s (1980; 1990; 2001) geographically-centred approaches
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engineer would by default incorrectly 
assume that extreme design point rainfall 
and extreme areal design rainfall are 
produced by the same rainfall event or 
rainfall type.

In the literature review it was high
lighted that Alexander (1980) based his 
original methodology (Figure 4) on the 
UK FSR ARF diagrams (Figure 3, NERC 
1975), from which Op ten Noort and 
Stephenson (1984) developed Equation 4. In 
applying these approaches, and Alexander’s 
revised methodology (Figure 5 and Equation 
5), the results shown in Figures 9 and 10 
were obtained.

Typical average percentage differences 
varied from 2.2% to 5.6% (Figure 3 vs 
Figure 4); 0.2% to 6.9% (Figure 4 vs 
Equation 4) and 0.4 to 8.5% (Figure 5 vs 
Equation 5); 15.4% to 21.4% (Figure 2 vs 
Equation 5), with an overall tendency for 
larger percentage differences in the smaller 
catchment areas (10 km2 ≤ A ≤ 100 km2). 
The latter tendency also confirmed the 
findings of Alexander (1980), especially 
with specific reference when severe storm 
mechanisms produce very high intensity 
rainfall with cell core areas exceeding 
the areal range and storm duration 
under consideration. The coefficient of 
determination (r²) results showed a high 
degree of association; 0.91 (Figure 3 vs 

Figure 4); 0.94 (Figure 4 vs Equation 4) and 
0.96 (Figure 5 vs Equation 5); 0.87 (Figure 
2 vs Equation 5). Based on these results it 
is evident that the geographicallycentred 
numerical methods are generally more 
consistent, and this could likely also be 
one of the reasons why these methods are 
preferred to the stormcentred approaches, 
especially if multicentred storms are to be 
considered.

comparison of Arf estimation 
methods in the pilot study area
The application of the ARF estimation meth
ods listed in Table 1 in the pilot study area 
showed some significant biases and system
atic inconsistencies, which are summarised 
in Table 2.

The results contained in Table 2 are 
characterised by percentage differences 
ranging from 17.6% to 27.6% in the smaller 
catchments (38 km² to 937 km²), 27.1% to 
38% in medium sized catchments (1 650 km² 
to 6 331 km²) and 44% to 71.5% in the large 
catchments (10 260 km² to 33 277 km²). 
Similar to the results shown in Figures 9 
and 10, these comparisons showed that 
the geographicallycentred numerical ARF 
estimation methods are more consistent. 
However, the geographicallycentred ARF 
estimates did not account for the variation of 
ARFs with return period.

coNcluSIoNS ANd 
recoMMeNdAtIoNS
The comparison of the performance of ARF 
estimation methods over a range of input 
variables (e.g. catchment area, critical storm 
duration and rainfall intensity), and/or as 
applied in medium to large catchment areas 
in the C5 secondary drainage region in South 
Africa, highlighted that:

 ■ The geographicallycentred methods used 
in South Africa were either transposed 
from the UK with little local verification, 
or were developed using very limited 
local data. Hence, all these methods could 
potentially show significant variation 
from the observed areal rainfall charac
terising South African catchments, and 
thus ARFs developed from local rainfall 
data need to be developed.

 ■ Ultimately, the significance of variation 
using different ARF estimation methods 
will only be appreciated when translated 
to design peak discharges. However, such 
an exercise is not possible at this stage 
of the study, but forms part of this high
priority ongoing research area.

Based on the above it is evident that the 
ARFs currently used in South Africa need 
to be updated utilising the longer periods of 
records (40 years of additional data since the 
1970s) which are now available for analysis. 
The variation of ARFs with return period 

Figure 10  Comparison of the numerical vs graphical results (1 000 km² to 10 000 km²) based on Alexander’s (1980; 1990; 2001) geographically-centred 
approaches
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Table 2 ARF estimation results in the pilot study area (C5 secondary drainage region)
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C5H022 
(38) 1.6

10 50 31.2 95.5 92.3

  76.9 87.5 96.0 98.2 95.0 95.1 96.1
20 58 36.1 95.0 91.1
50 69 43.0 94.0 89.5

100 78 48.5 93.0 88.2
200 87 54.3 92.0 86.9

C5R005 
(116) 3.5

10 72 20.6 94.0 88.2

72.5 87.0 92.5 91.0 92.0 92.2 92.7
20 84 23.9 92.0 86.4
50 100 28.7 91.0 84.0

100 114 32.4 90.0 82.0
200 128 36.4 89.0 80.1

C5H054 
(688) 16.9

10 78 4.6 96.0 89.6

74.0 73.6 88.8 89.0 87.3 88.5 88.8 86.9
20 89 5.3 96.0 88.1
50 105 6.2 95.5 86.1

100 118 7.0 95.5 84.6
200 131 7.7 95.0 83.1

C5R001 
(922) 21.3

10 85 4.0   88.8

74.5 74.7 89.0 89.0 87.4 87.5 88.1 85.9
20 98 4.6   87.1
50 117 5.5   84.8

100 132 6.2   83.1
200 147 6.9   81.2

C5R003 
(937) 13.9

10 81 5.8   83.8

70.5 70.4 87.4 86.5 84.8 86.0 86.0 85.8
20 94 6.7   81.5
50 111 8.0   78.4

100 126 9.0   76.0
200 138 10.0   73.9

C5H003 
(1 650) 18.3

10 80 4.4 81.4

69.5 71.1 87.0 88.5 84.0 83.5 83.6 83.8
20 93 5.1 78.8
50 109 6.0 75.6

100 122 6.7 73.1
200 135 7.4 70.7

C5H012 
(2 366) 20.2

10 77 3.8 79.0

67.0 71.0 86.5 84.5 83.2 81.5 81.7 82.5
20 89 4.4 76.1
50 106 5.3 72.2

100 120 5.9 69.3
200 134 6.6 66.3

C5H015 
(6 009) 43.0

10 93 2.2 75.9

64.5 81.3 87.0 85.0 86.1 79.0 79.2 78.9
20 108 2.5 72.8
50 127 3.0 68.7

100 142 3.3 65.8
200 157 3.7 62.9

C5R004 
(6 331) 47.9

10 90 1.9   77.9

66.0 83.4 87.0 85.0 86.9 79.5 79.4 78.7
20 104 2.2   75.0
50 122 2.6   71.3

100 137 2.9   68.5
200 152 3.2   65.8

C5R002 
(10 260) 50.5

10 85 1.7   72.5

60.5 85.3     86.1   76.1 76.7
20 98 1.9   68.9
50 117 2.3   64.2

100 132 2.6   60.6
200 147 2.9   57.1

C5H018 
(17 360) 99.6

10 115 1.2   71.7

  106.7     91.9   76,1 74.5
20 133 1.3   68.1
50 156 1.6   63.7

100 174 1.8   60.4
200 193 1.9   57.3

C5H016 
(33 277) 111.1

10 107 1.0 63.3

117.8 92.2 71.5 71.6
20 123 1.1 59.0
50 145 1.3 53.7

100 162 1.5 49.9
200 180 1.6 46.3
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and with rainfallproducing mechanisms 
also needs to be investigated. It is envis
aged that Bell’s method (1976) based on a 
geographicallycentred approach would be 
the most appropriate to use, since:

 ■ the literature review conducted con
firmed its largescale preferential applica
tion internationally;

 ■ the use of a geographicallycentred 
approach would be most appropriate for 
a nationalscale investigation bounded 
within a ‘fixed’ catchment area, e.g. at a 
quaternary catchment level; and

 ■ currently in South Africa the storm
centered ARF methods (Van Wyk 1965 
and Wiederhold 1969) are incorrectly 
applied in a geographicallycentred man
ner, while assuming that extreme design 
point rainfall and extreme areal design 
rainfall are produced by the same rain
fall event or rainfall type; given the use 
of point design rainfall to estimate ARFs, 
it is thus necessary to derive updated 
ARFs using a geographicallycentred 
approach.

However, the use of a modified version 
of Bell’s (1976) method, based on the 
annual maximum series (AMS) of point 
and areal rainfall as opposed to the PDS, 
is proposed. This modification would 
enable the development of probabilistically 
correct ARFs, namely the variation of ARFs 
with return period will be reflected, instead 
of using equally ranked observations 
curtailed to a common base period. 
The final results should be presented 
in a suitable format to be useful to a 
practitioner, such as a set of ARF diagrams 
and associated algorithms.
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APPeNdIX

Table A1 Summary of empirical ARF estimation methods used internationally

Approach Method Mathematical algorithm Origin Comments
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where:
 ARF = areal reduction factor
 N = number of stations within the catchment area
 n = record length (years)
 Pij =  point rainfall for station i on the day of the annual 

maximum areal rainfall in year j (mm)
 Pij =  annual maximum point rainfall of station i in year j 

(mm)
 wi = Thiessen weighted factor for station i

USA

■  Observed rainfall records (10 to 15 years of 
data) from dense rainfall monitoring networks 
in catchment areas (250 km² to 1 000 km²) were 
used.

■  Rainfall record lengths were regarded 
as insufficient to establish the effect of 
return period/AEP on the pointarea rainfall 
relationships.

■  The areal rainfall of each event and associated 
duration was estimated using Thiessen weights.

■  The mean of the AMS was estimated, while 
the highest point rainfall measurement at each 
station in a particular year was selected.
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where:
 ARF = areal reduction factor
 N  = number of stations within the catchment area
 n = record length (years)
 Pij =  point rainfall for station i on the day of the annual  

maximum areal rainfall in year j (mm)
 Pij =  annual maximum point rainfall of station i in year j 

(mm)

UK

■  Thirteen catchment areas (10 km2 to 
18 000 km²) and storm durations ranging from 
2 minutes to 25 days were used.

■  Nationwide UK rainfall records were used for 
the development of an ARF estimation diagram 
with catchment area and storm duration as 
variables.

■  ARF values were assumed to fit an average 
recurrence interval of between 2 to 3 years; 
however, return period/AEP was not taken into 
account, since the effect thereof was regarded as 
insignificant.
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where:
 ARFm =  areal reduction factor (ratio of areal rainfall of rank m to 

the Thiessen weighted average point rainfall of the same 
rank (%)

 m = rank value
 N = number of stations within the catchment area
 Pij =  point rainfall for station i on the day of the annual 

maximum areal rainfall in year j (mm)
 Pij =  annual maximum point rainfall of station i in year j 

(mm)
 wi =  ratio of the areal rainfall of rank m to the Thiessen 

weighted average point rainfall of the same rank

UK

■  Based on the derivation of frequency curves of 
areal and average point rainfall.

■  Estimate ARFs from the ratio of areal to average 
point rainfall at the relevant AEPs.

■  Areal rainfall is determined from Thiessen 
weights of the annual maximum point rainfall 
values.

■  More probabilistically correct ARFs compared to 
the USWB, NERC and the Desbordes et al (1984) 
methods.

■  Dependant on the return period.
■  Significantly lower ARFs for high AEPs  

(20–100 years) were obtained.
■  This method showed a tendency towards lower 

ARFs with longer AEPs for shorter duration  
(24 hour and less) rainfall events.
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ARFT 

= 
PAS(T)PA
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where:
 ARFT = areal reduction factor at a specific AEP (%)
 PA = mean of annual maximum areal rainfall (mm)
 PAS(T) = standardised Tyear areal rainfall (mm)
 PP = mean of annual maximum point rainfall (mm)
 PPS(T) = standardised Tyear point rainfall (mm)

UK

■  Based on Bell’s method (1976) using daily rainfall 
data from northwest England.

■  A total of 834 rainfall stations with at least 
25 years of data were used.

■  A total of 544 sample catchments (25 km² to 
10 000 km²) and storm durations ranging from 
1 day to 8 days were analysed.

■  ARFs were expressed as a function of the 
geographical location and AEP.

■  ARFs decreased with an increasing catchment 
area and AEP.

■  ARF estimates proved to be significantly lower 
than those based on the UK FSR method 
(NERC 1975).



Journal of the South African Institution of Civil Engineering • Volume 57 Number 1 March 201528

Approach Method Mathematical algorithm Origin Comments
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where:
 ARF = areal reduction factor
 A  = catchment area under consideration (km²)
 n = record length (years)
 PA  = Tyear areal rainfall (mm)
 PP = average Tyear point rainfall (mm)
 Td  = storm duration (hours)
 wi = weighted average PP of the gauges i in the same region

Australia

■  Daily rainfall data (30 years record length) was 
used.

■  The 1day ARFs for the USA were transposed to 
Australia, given that the climatological variables 
were similar.

■  Probabilistically correct ARF estimation.
■  ARF is defined as the ratio between areal rainfall 

and point rainfall of the same return period/AEP.
■  Point rainfall used is assumed to be 

representative for the entire catchment.
■  Data intensive method.
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ARFm = 1 – 0.4(A0.14 – 0.7logTd)Td

0.48 + 0.002A0.4Td
0.41 0.3 + log 1

T
where:
 ARFm = areal reduction factor
 A = catchment area (km²)
 T = return period (years)
 Td = storm duration (hours)

Ranges of application:
 1 km² ≤ A ≤ 10 000 km²
 0.05 ≤ AEP ≤ 0.0005
 18 hours ≤ Td ≤ 120 hours

Australia

■  AMS of areal and point rainfall were used 
instead of the PDS curtailed to a common base 
period as originally proposed by Bell (1976).

■  Over 2 000 daily rainfall stations in Victoria, 
Australia, were used.

■  ARF values were estimated for a number of 
‘circular sample catchment areas’ distributed 
through areas characterised by a highdensity 
rainfallmonitoring network.

■  ARF values were estimated for rainfall durations 
(1 to 3 days), catchment areas (125, 250, 500, 
1 000, 4 000 and 8 000 km²) and return periods 
(2 to 200 years).
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 ARF(A,T) = 1 – Me–(aAb)–1

where:
 ARF = areal reduction factor
 A = rainfall storm areas (km²)
 M, a, b = parameters associated with each return period
 T = return period (years)

Korea

■  A total catchment area of 9 843 km² containing 
25 rainfall stations with at least 30 years of 
records were used.

■  Method utilises daily rainfall data instead of 
probabilistic curve fitting of the AMS.

■  Return periods ranging from 2 years to 1 000 
years were considered.

■  ARF estimates are based on 1day storm durations.
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where:
 ARF = areal reduction factor
 A  = rainfall storm areas (km²)
 R  =  maximum radius of circular catchment or integration 

limit (km)
 r = radius of concentric circle within the catchment (km)
 ST(r) =  ratio between rainfall depth at a specific location, 

distance r from the point of the design storm and the 
annual maxima rainfall

USA

■  Method developed for the Austin, Dallas and 
Houston regions, USA, with a dense rainfall
monitoring network.

■  The Austin region (15 600 km²) had 108 daily 
rainfall stations, Dallas region (21 000 km²) had 
103 daily rainfall stations and Houston region 
(35 800 km²) had 193 daily rainfall stations.

■  Several record lengths exceeded 80 years.
■  Method focuses on the analysis of the areal 

rainfall distribution to estimate ARFs for design 
storms.

■  ARFs decrease rapidly with increasing AEPs.
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where:
 ARF = areal reduction factor
 PA =  average areal rainfall for a specific frequency ( f ), 

duration (∆t) and area (A) (mm)
 PP =  point rainfall for a specific frequency ( f ), duration (∆t) 

and area (A) (mm)

USA

■  Method is based on the probabilistic analysis of 
rainfall AMS pair values of individual stations 
and the distance between these stations.

■  Rainfall deptharea curves were developed from 
a dense rainfallmonitoring network.

■  Effect of return period/AEP on ARFs is included, 
i.e. probabilistically correct ARFs.

■  ARFs decrease with increasing return periods.
■  ARFs not regarded as representative of the 

spatial and temporal rainfall variability.
■  Very complex approach and difficult to 

implement in practice.
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Table A2 Summary of analytical ARF estimation methods used internationally

Approach Method Mathematical algorithm Origin Comments
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where:
 ARF =  areal reduction factor
 E (ρ(d)) =  expected correlation coefficient for the characteristic  

 correlation distance.

Various

■  Simple ARF estimation approach used in various 
areas.

■  Based on a spatial correlation structure using 
either an exponentially decaying function or a 
Besseltype correlation structure.

■  Dependent on all observed rainfall data, i.e. the 
primary data and not only the AMS.

■  ‘Design storm’ areal rainfall distributions are not 
included.
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where:
 ARF = areal reduction factor
 L = catchment length (km)
 LP = extension of block rain cell (km)
 Td = storm duration (hours)
 v = storm speed (m.s1)

Sweden

■  Represents the relationship between rainfall 
movement and ARFs.

■  ARFs are based on the limited extension of rain 
cells, movement and spacing between rain cells 
and the effect of rain cells on one another.

■  ARFs were obtained from point rainfall 
hyetographs and storm speeds.

■  Relations were established between moving 
stormderived ARFs and ARFs estimated by a 
dense rainfallmonitoring network.

■  ARFs proved to be constant in Norway.
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ARF1 

= Exp KTσ 1 + (N – 1)ρ – 1
N

Normal distributed rainfall:

 
ARF2 

= 1 + (N – 1)ρ
N

Normal distributed rainfall (large number of rainfall stations):
 ARF3 = √ρ

where:
 ARF = areal reduction factor
 KT = frequency factor corresponding to return period
 N = number of rainfall stations
 T = return period (years)
 σ =  standard deviation of rainfall depth in the log domain 

(mm)
 ρ = average spatial correlation coefficient

Australia 
and USA

■  Based on the average spatial correlation and the 
number of rainfall stations within an area.

■  Rainfall depths are assumed to be lognormally 
distributed.

■  Return period is considered.
■  The normal distribution expression is similar 

to the relationship derived by RodriguezIturbe 
& Mejia (1974), except that the correlation 
coefficient is averaged over the rainfall stations.

■  ARFs vary directly with the spatial correlation 
coefficient and inversely with standard deviation, 
number of rainfall stations and AEPs.
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6) ARF(A,Td,F) = 

TA,Td(F ')

TA(F ')
where:
 ARF = areal reduction factor
 A = area under consideration (km²)
 F’ = Fquantile of the corresponding probability distribution
 Td =  duration within the spacetime domain where the 

rainfall process can be assumed uniform (hours)
 T = return period (years)

Italy

■  Sixteen Constant Altitude Plan Position 
Indicator (CAPPI) maps were recorded and 
analysed from the Cband weather radar to be 
compared with the corresponding rainfall data 
from 17 rainfall stations.

■  Based on the analysis of the crossing properties 
of the spatial and temporal rainfall process.

■  High rainfall intensity processes were assumed 
to be Poisson distributed.

■  ARF expressed as the ratio of areal and point 
rainfall intensity values associated with the same 
duration and frequency.

■  ARFs are dependent on the return period and 
catchment area.
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ARF k2 A
λ2

,Td,T  = 

b(Td)c(Td)k2F2(k–2) – 
k2

F1(k–2)
 ln ln T

T – 1

b(Td)c(Td) – ln ln T
T – 1

where:
 ARF = areal reduction factor
 A = catchment area (km²)
 b = function of duration, where b(Td) = –0.05 + 0.25Td

0.49

 c = function of duration, where c(Td) = 0.2 + 20Td
–0.7

 F1(k-2) = generic properties of the gamma distribution
 F2(k-2) = generic properties of the gamma distribution
 k² = rainfall correlation structure
 T = return period (years)
 Td = storm duration (hours)
 λ = spatial correlation length (km)

Austria

■  Based on a spatial correlation structure using 
both extreme value and/or parent distributions.

■  ARF values are dependent on the catchment 
area, storm duration (spatial correlation 
structure) and return period.

■  The ARF values are independent of the rainfall 
regime.

■  ARF values decrease with an increasing 
catchment area and return period.

■  Method is rather regarded as a ‘geographically
centred’ method as opposed to ‘stormcentred’.

■  The final ARF expression is regarded as complex 
and not userfriendly.
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Approach Method Mathematical algorithm Origin Comments
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where:
 ARF = areal reduction factor
 A = catchment area (excluding the rain gauge area) (km²)
 Td = storm duration (hours)
 b, υ, ω, z = fitted parameters

Italy

■  Only eight years of rainfall data were used.
■  Storm durations (20 minutes to 6 hours) and 

catchment areas (0.25 km² to 300 km²) were 
used.

■  Return periods or AEPs were not included/
considered.

■  Method proved to be most reliable for storm 
durations between 1 hour and 3 hours, while 
less satisfactory for 20 minute and 6 hour storm 
durations.

■  Kriging was used to estimate the rainfall 
intensity AMS.
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ARF(Td,T) = 

iA(Td,T)

iA=1(Td,T)
where:
 ARF = areal reduction factor
 A = area under consideration (km²)
 i = rainfall intensity (mm.h1)
 T = return period (years)
 Td  = storm duration (hours)

Italy

■  The ARF values were estimated by using radar 
reflectivity maps collected with Polar 55C.

■  Rainfall intensities over the radar scanning 
region (allowing a single radar image to last for 
one minute) were estimated for durations  
(1, 5, 10, 60 and 120 minutes) and return periods 
(2, 10, 25 and 50 years) by using the Arithmetic 
mean and Thiessen polygon methods.

■  The radar rainfall estimates were integrated for 
heavy rainfall data over an area of 900 km².

■  The radar used in this study is located 15 km 
southeast of Rome.

■  Study focused on the influences of area, storm 
duration, intensity and return period on ARF 
variation.

■  The ARFs exceeded unity in small areas 
characterised by relatively longer storm 
durations.
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INtroductIoN
Dispersive soils are prevalent in many areas 
of South Africa and the presence of these 
soils has always posed a problem on road 
construction sites. The use of dispersive soils 
in roadway embankments and structures 
can lead to serious engineering problems, 
manifested as piping, gullying and loss of 
material, if the soils are not accurately identi
fied before use and appropriate mitigation 
measures taken.

Although the causes and consequences 
of soil dispersion are well understood, the 
positive identification of dispersive soils 
still remains a problem. Many identification 
methods have been proposed but none have 
been completely successful. It is therefore 
necessary to gain a better understanding of 
dispersive soils, thereby leading to positive 
identification and improved utilisation.

Since the stateoftheart paper on dis
persive soils in 1985 (Elges 1985) there has 
been some research into the complexities 
of dispersive soils and the difficulties they 
create, with the researchers coming to the 
same conclusions regarding the identifica
tion processes. Various rating systems have 
been proposed, the latest by Walker (1997). 
However, there still appears to be a number 
of problems regarding the positive identifica
tion of the soils. Dispersive soils therefore 
still pose a problem since no unique and 
precise method of classifying the soils exists.

Various tests are currently used in the 
identification of these soils and these are 

usually applied in combination to obtain 
the most reliable outcome. These laboratory 
tests, however, have not always been entirely 
consistent, whether used in combination or 
individually, and it is possible that the reason 
lies in the actual testing procedures.

The main objective of this project was 
to carry out a detailed investigation into the 
current methods used for testing and iden
tification of dispersive soils, as suggested by 
PaigeGreen (2008). The test methods were 
thoroughly analysed and shortcomings iden
tified. The differences resulting from differ
ent test techniques are examined and solu
tions to overcome the problems proposed. 
This paper focuses on the test methods and 
not specifically any test results obtained dur
ing the study. These are described in detail 
in Maharaj (2013).

bAcKGrouNd
One of the fundamental properties control
ling the susceptibility of a soil to dispersive 
piping is the percentage of the exchangeable 
sodium cations bound to the clay particles 
relative to the quantity of the other poly
valent cations (calcium, magnesium and 
potassium). Dispersive clay will erode in the 
presence of flowing water when individual 
clay platelets deflocculate and are carried 
away. As the water flows and erosion occurs, 
conduits/cracks widen into large tunnels 
which eventually collapse. According to Bell 
and Maud (1994), most earth dams that have 

revised test protocols 
for the identification 
of dispersive soils
A Maharaj, L van Rooy, P Paige-Green
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failed in South Africa did so on the first 
wettingup cycle after construction.

Currently there are four laboratory meth
ods commonly used to identify the dispersive 
soils. These tests include the pinhole test, the 
double hydrometer test, the crumb test and 
various chemical analyses of the soil, and 
usually a combination of the results obtained 
from these methods is used to determine the 
potential of a soil to disperse.

The pinhole test measures the erodibil
ity/dispersivity of a compacted soil sample 
in which water is allowed to flow through a 
small hole punched through the centre of the 
specimen. The test is considered to be one of 
the most reliable physical tests to determine 
the dispersivity of soils, since it simulates 
the action of water draining through a pipe/
crack in the soil (Sherard et al 1976b). The 
flow rate, effluent turbidity and size of 
the pinhole at the end of each test are the 
parameters recorded. If the effluent is highly 
turbid (murky) and the pinhole is enlarged, 
then the soil is classified as being dispersive. 
If the opposite is observed, i.e. the effluent is 
clear and the pinhole size remains unaltered, 
then the soil is considered nondispersive.

The double hydrometer test is another 
test that has been recorded in the literature 
as a highly suitable test for identifying 
dispersive soils. The test evaluates the 
dispersivity of a soil by measuring the 
natural tendency of the clay fraction to go 
into suspension. The procedure involves the 
determination of the percentage of particles 
in the soil which are less than 0.005 mm in 
size by use of the standard hydrometer test. 
A parallel test is also carried out, in which 
no chemical dispersant is added and the 
solution is not mechanically agitated. The 
quantity of 0.005 mm sized particles in the 
parallel test is expressed as a percentage of 
the 0.005 mm sized particles in the standard 
test, which is defined as the dispersion ratio 
or dispersivity of the soil. The soil is then 
classified as being dispersive, moderately dis
persive or nondispersive based on the ratio 
obtained from the test (Elges 1985).

The crumb test is the simplest and easi
est of the physical tests and indicates the 
tendency of the particles to deflocculate in 
solution. The test, which can also be carried 
out in the field, involves placing a crumb of 
soil in a beaker of solution and observing 
the reaction as the crumb begins to hydrate 
(Walker 1997). The test is primarily a visual 
assessment of the behaviour of the soil in 
solution. After a certain time, the soil and 
solution in the beaker are observed and the 
soil is classified according to the quantity 
of colloids in suspension. Four grades can 
be noted, ranging from no reaction to 
strong reaction.

Chemical analyses are also carried out 
to determine the amount of sodium relative 
to the other cations (calcium, magnesium, 
potassium) present in the soil sample. Tests 
are run to determine the exchangeable cat
ions on the clays, as well the cations in the 
saturation extract. Since this paper aims to 
discuss shortcomings identified in the physi
cal tests, the details of the chemicals tests 
will not be covered in detail.

INveStIGAtIoN of curreNt 
teSt MethodS ANd 
ShortcoMINGS IdeNtIfIed
While the physical tests aim to accurately 
identify dispersive soils, they have not always 
been entirely successful. The literature shows 
that the tests often contradict one another, 
resulting in more than one classification 
for a particular soil sample (Maharaj 2013). 
Although no discussion regarding these 
anomalies has been found in the literature, 
interpretation of results from recent testing 
suggests that many of these shortcomings, as 
highlighted below, result from differences in 
the testing procedures, which may have been 
overlooked during routine investigations.

Each of the individual test methods is 
briefly discussed in this section, and the 
associated problems identified during this 
project are highlighted.

Pinhole test
In the pinhole test, water is allowed to flow 
through a small hole punched through the 
centre of the specimen. The test is generally 
considered in the literature to be one of the 
most reliable physical tests to determine the 
dispersivity of soils, since it simulates the 
action of water draining through a pipe/crack 
in the soil. The pinhole, which is punched 
through the centre of the compacted sample, 
is 1 mm in diameter and water flows through 

the sample at heads of 50 mm, 180 mm, 
380 mm and 1 020 mm during the experi
ment (Sherard et al 1976a). The flow rate, 
effluent turbidity and size of pinhole at the 
end of each test are the parameters recorded. 
If the effluent is highly turbid (murky) and 
the pinhole is enlarged, then the soil is clas
sified as being dispersive. If the opposite is 
observed, i.e. the effluent is clear and the 
pinhole size remains unaltered, then the soil 
is considered nondispersive. In some cases, 
the water may be clear but the pinhole could 
be severely enlarged, in which case erodibi
lity, but not dispersivity, is indicated.

The pinhole test method is based on the 
guidelines described in a paper by Sherard 
et al (1976a). As stated by Sherard et al 
(1976a), “… the test was developed for the 
direct measurement of the erodibility of fine 
grained soils, using the flow of water passing 
through a small hole in the specimen.” The 
main objective was also stated as being a 
reliable way of identifying dispersive soils. It 
should, however, be noted that all dispersive 
soils (high sodium content) can be erodible, 
but not all erodible soils (low cohesion) are 
necessarily dispersive (PaigeGreen 2008).

The test procedure involves separating 
the material finer than 2 mm and com
pacting it into a cylinder 100 mm in length 
and 34 mm in diameter. According to the 
guidelines and test methods, the material 
should be compacted at moisture contents 
at or close to the plastic limit of the soil. 
The material is compacted in the cylinder 
on top of pea gravel and a wire screen. 
After compaction, a 1 mm hole is punched 
through the centre of the specimen and 
the remainder of the cylinder is filled with 
pea gravel (Figure 1). After the specimen is 
prepared and the apparatus assembled, water 
is per colated through the pinhole under 
heads of 50, 180 and 380 mm for periods of 
5–10 minutes at each head. The quantity of 

Figure 1  Pinhole test apparatus (adapted from Sherard et al 1976a)
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flow and time at different flow volumes are 
measured continuously and recorded on data 
sheets. The turbidity of the effluent (colour 
of the water) during the test is also recorded.

Since the test aims to identify dispersive 
soils, it should be first noted that erodible 
soils are very different from dispersive soils. 
The pinhole test is likely to identify highly 
erodible soils, which can be mistaken for 
dispersive soils.

According to Bell and Walker (2000), the 
diameter of the pinhole at the end of the 
test proves to be the most reliable indicator 
for recognising dispersivity. This, however, 
should not be the only determining fac
tor for the identification of dispersivity, 
as the pinhole diameter of erodible soils 
will increase more so than for dispersive 
soils. The nature of the effluent plays a 
vital role in the test procedure, not only for 
the colour, but also the type of sediment/
material present in the water. The effluent 
from a soil can be highly turbid as it exits 
the test, but it is not necessarily dispersive. 
If the soil is dispersive, the effluent should 
stay turbid for a prolonged period, since clay 
particles will stay in suspension, whereas 
the suspension in purely erodible materials 
will settle out rapidly and the solution will 
become clear (or possibly stained if the soil 
contains certain elements such as iron or 
organic matter).

One of the major problems associated 
with the pinhole test is that of preparation 
of the specimen in the cylinder. According 
to the procedure, the sample (with mois
ture content at or near the plastic limit) is 
compacted on top of the pea gravel with the 
use of a Harvard Compaction apparatus. 
Observations during preliminary testing 
found that, firstly, some soils appear to be 
excessively moist at their plastic limits, 
which makes the compaction process diffi
cult, as the material shears under the applied 
load instead of compacting. Secondly, during 
the compaction process the soil particles at 
the bottom of the cylinder tend to migrate 
(squeeze) through the mesh and into the 
voids in the pea gravel. This leads to blockag
es in the pea gravel and once the test starts, 
the water flows through the pinhole, mixes 
with the soil in the pea gravel and flows out 
as a highly turbid effluent. This then leads to 
misleading results.

The test method states the type of com
paction (Proctor density) and an estimated 
target density of 95%. However, it should 
be noted that this is just an approximation. 
There is no control available in the test 
methods to ensure that the actual target 
density is achieved, making the test proce
dure very ambiguous. This could lead to sig
nificant differences in the behaviour of the 

material, as many geotechnical properties 
are affected by low degrees of compaction of 
the material. The lower densities obtained 
using the Proctor compaction effort (com
pared with the much higher energy in the 
MOD AASHTO effort), are most commonly 
utilised for dams and not for roads, which 
poses the question of the suitability of the 
test for purposes other than dam construc
tion. Further investigations have found that 
no study has been carried out to determine 
the influence of density on the pinhole 
test results.

All of the above problems noted during 
the experimental study highlighted the 
various inconsistencies associated with the 
test procedure itself. These are suggested 
as the main reasons for inconclusive results 
obtained in past investigations when the pin
hole test was used as an identification tool 
(Heinzen & Arulanandan 1977).

double hydrometer test
The Soil Conservation Service (SCS) double 
hydrometer test is one of the first methods 
developed to assess the dispersivity of 
soils (Knodel 1991). The test assesses the 
dispersivity of a soil based on the fine frac
tion (0.005 mm) using an adaptation of the 
hydrometer test. Dispersion ratios greater 
than 50% are considered highly dispersive, 
between 30 and 50% are moderately disper
sive, between 15 and 30% are slightly disper
sive, and less than 15% are nondispersive 
(Elges 1985). Other authors (Gerber & 
Harmse 1987; Walker 1997) base the catego
risation on different dispersion ratio limits. 
There is currently no standard criterion set 
for the dispersion ratio limits.

The test methods for hydrometer 
analysis currently in use locally are mainly 
the American Standard (ASTM 2007a), the 
British Standard (BSI 1990) and the South 
African Technical Methods for Highways – 
TMH1 (NITRR 1986). However, not all local 
laboratories adhere to these standards, rather 
using their own inhouse modifications of 
the methods. As this is a critical component 
of the identification process, using such 
modifications is not acceptable, as discussed 
below and in detail by Maharaj (2013).

Analysis of these test procedures 
illustrates little variation in the method of 
determination of the particle size of the 
fine fraction, except with regard to the 
types of dispersing agents used. The ASTM 
(ASTM 2007b) and BSI standards specify 
that sodium hexametaphosphate be used as 
a dispersing agent. However, the solution is 
prepared differently and at different propor
tions in each standard. The volume required 
to disperse the sample is also significantly 
different. TMH1 specifies that a mixture of 

sodium silicate and sodium oxalate be used 
as the dispersing agent.

An experimental study was carried 
out to evaluate the effects of the  different 
dispersing agents on the test results. Results 
showed a wide variation (up to 36%) in the 
apparent clay fraction between the two 
different dispersants (Maharaj 2013). This 
leads to  varying dispersion ratios and mis
leading classification of the soils. Another 
inconsistency noted is that different test 
methods, as well as authors, indicate 
 different particle sizes for the clay fraction. 
TMH1 and ASTM use the 0.005 mm frac
tion as the boundary for the clay fraction, 
whereas BSI uses the 0.002 mm. Many 
authors quote the 0.005 mm fraction as the 
clay fraction when deter mining dispersivity 
of a soil. A  dictionary of geology (Whitten 
& Brooks 1972) defines the clay fraction as 
a mineral particle having a diameter less 
than 0.004 mm (1/256 mm). According to 
Reeves et al (2006), the ASTM standards 
define the clay fraction as being less than 
0.005 mm, and Japan defines the fraction as 
less than 0.006 mm. However, a majority of 
the countries listed define the clay fraction 
as particle sizes less than 0.002 mm. Once 
again there is no standard definition with 
regard to the unit size for clay particles, 
although a scan of the literature shows 
that 0.002 mm is used more widely. As the 
0.002 mm fraction is also the basis for clas
sification of South African soils,  according 
to Brink and Bruin (2002), this size fraction 
is taken as the upper limit of claysized 
particles for this study.

It should be noted that dispersivity is a 
function of the clay mineralogy and not the 
clay size fraction. It is possible to have a high 
percentage of material passing the 0.005 or 
0.002 mm fraction that is entirely quartz. 
This would not have dispersive proper
ties. On the other hand, if all the mate
rial passing these fractions consists of clay 
minerals, the dispersive behaviour would 
differ considerably.

The literature indicates that during 
 studies of dispersive soils the initial indicator 
of dispersivity of the material is generally 
classified on the basis of the double hydro
meter test by means of various  indicator 
graphs/plots. Many workers (Gerber & 
Harmse 1987; Bell & Maud 1994; Walker 
1997) then proceeded to indicate that no 
single test (including the double hydrometer 
test) can be used to identify dispersive soils, 
and then proposed classification rating sys
tems using a number of tests. It is postulated 
that many of the ambiguities (i.e. the varia
tions of results among different researchers) 
are the result of the incorrect initial clas
sification of the dispersivity of materials as a 
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result of variations introduced in the double 
hydro meter test.

Most of the rating systems used currently 
in South Africa seem to have been based on 
the initial classification of dispersivity by the 
double hydrometer test. Gerber and Harmse 
(1987) used the test as a primary parameter 
when developing the ESPCEC chart. Walker 
(1997) included the ESPCEC chart as a 
parameter in the rating system, and studies 
carried out by Bell and Walker (2000) also 
make use of the double hydrometer test 
when initially classifying the dispersive soils.

This has resulted in the overlap of results 
within single classification bands. Although 
it is assumed that in these investigations the 
materials have been tested following uniform 
and standard procedures, preliminary testing 
has indicated spurious results when sodium 
silicate/oxalate (the South African road 
standard) is used as the dispersant (NITRR 
1986). It is also noted that the dispersant 
standard in South Africa has changed over 
time, possibly affecting the results, if they 
were obtained from different laboratories 
over a prolonged period of time.

The problems discussed above pose the 
potential for misleading results, since the 
double hydrometer test is associated with a 
number of different parameters in the rating 
systems. Inaccurate results from the double 
hydrometer test can significantly affect the 
correlation of the final rating, particularly 
when this test method is used as the refer
ence methods for the preliminary classifica
tion of the dispersivity of soils (Gerber & 
Harmse 1987; Bell & Maud 1994; Walker 
1997; Maharaj 2013).

crumb test
The crumb test is the simplest and easiest 
of the physical tests, and is often used as a 
preliminary test to indicate the tendency 
of the particles to deflocculate in solution. 
The test, which can also be carried out in 
the field, involves placing a crumb of soil in 
water in a beaker and observing the reaction 
as the crumb begins to hydrate. The test is 
primarily a visual assessment of the behav
iour of the soil in solution. After 10 minutes, 
the soil crumb and the solution in the beaker 
are observed and the soil is classified accord
ing to the quantity of colloids in suspension 
(Walker 1997). Different researchers use dif
ferent techniques involving the use of either 
undisturbed or remoulded crumbs, with 
some using distilled water and others a very 
dilute solution of sodium hydroxide (NaOH) 
(Sherard et al 1976b; Walker 1997).

An assessment of the literature has found 
that most researchers appear to misquote 
Emerson’s (Emerson 1964; Emerson 1967) 
work and use his findings incorrectly. There 

have been many cases in which the method 
has been misinterpreted with regard to 
variables such as moisture content and 
dispersing medium (Heinzen & Arulanandan 
1977; Bell & Maud 1994; Walker 1997; Bell 
& Walker 2000). Walker (1997) states that a 
densely compacted, remoulded sample is less 
likely to slake/breakdown. However, as the 
crumb test aims to determine the dispersiv
ity of the sample and not the behaviour 
when densely compacted, it should have no 
significance on the test method. An ASTM 
standard is also available for the crumb test 
(ASTM 2000). The standard, however, takes 
other variables into account. Neither tem
perature nor the remoulding of the sample 
into a specific size, has been shown to have 
any effect on the dispersivity of the soil, but 
only makes the preparation and testing more 
laborious (Maharaj 2013).

The method mostly followed currently, 
which can be carried out in the field or a 
laboratory, involves placing a crumb of soil 
in a beaker of solution and observing the 
reaction as the crumb begins to hydrate. The 
test is primarily used as a subjective visual 
assessment of the behaviour of the soil, as 
it indicates the tendency of the particles to 
deflocculate and remain in suspension in 
the solution. After a certain time, usually 
5–10 minutes, the soil crumb and the solu
tion in the beaker are observed and the soil 
is classified according to the quantity of 
colloids in suspension (Walker 1997; Bell & 
Walker 2000).

A literature search highlighted some 
variations in the test methods given by vari
ous authors. It was found that there is no 
standard protocol available regarding which 
solution or crumb condition to use when car
rying out the test. Tests are carried out using 
diluted NaOH (0.001N) or distilled water, 
and samples can either be in their natural 
density and moisture state (in situ condi
tions) or in various combinations of natural 
or remoulded and airdried, ovendried or 
moist (Sherard et al 1976b; Knodel 1991; 
Walker 1997). All of these variables can have 
significant effects on the outcome of the test 
and thus the classification of the soil. Figure 2 
illustrates the variance in appearance and 
results when the crumb test was carried out 
on the same material, but under different 
conditions. The first test was carried out on 
a remoulded crumb in NaOH solution (a), 
the second was carried out on an airdried 
crumb in distilled water (b), and the third on 
a remoulded crumb in distilled water (c).

One of the consistent observations 
that has come up many times, however, is 
the time taken to ‘run’ the test. It is most 
commonly stated that observations on the 
dispersivity (or suspension cloud) should 

be taken 5 to 10 minutes after the crumb 
is immersed in water (Elges 1985; Walker 
1997). It should, however, be noted that if a 
soil is dispersive, the colloidal suspension 
will not settle and will still be present after a 
few hours. Figure 3 gives an example of what 
the colloidal suspension of a dispersive soil 
should look like after more than an hour.

Another observation found through 
discussions with various laboratories and 
researchers is that of the actual classification 
process. It should be noted that there is a 
significant difference between dispersive 
soils and erodible/slaking soils. If, during the 
crumb test, the soil breaks down completely 
(slakes) without any colloidal suspension, 
then the soil will be classified as nondisper
sive. The presence of colloidal suspension is 
the fundamental aspect of the classification 
process, as this is the defining feature of 
dispersive soils (PaigeGreen 2008).

Results from testing showed that after 10 
minutes most of the samples observed would 
be classified as being dispersive to some 
degree. Settlement of nondispersive par
ticles generally begins after approximately 

Figure 2  Variation in results based on different 
testing variables

(a) Remoulded 
NaOH

(b) Airdried 
distilled H20

(c) Remoulded 
distilled H20

Figure 3  Colloidal suspension of a highly 
dispersive soil – Grade 4 – strong 
reaction (courtesy of Paige-Green 
2010)
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30 minutes, and the maximum settlement is 
usually attained after two hours. Variations 
that could occur due to the lack of a standard 
protocol for testing and classifying the 
dispersivity of soils using the crumb test can 
lead to differences in classifications.

dIScuSSIoN ANd recoMMeNded 
ModIfIcAtIoNS
Based on an extensive literature study, 
laboratory investigations and a testing 
programme carried out by Maharaj (2013), 
the following discussion related to each test 
method and a recommended classification 
procedure is presented.

Pinhole test
Investigations into the pinhole test prove 
the test to be unreliable when identifying 
dispersive soils. Although the test is based 
on a sound principle, it appears to be more 
adequate at identifying erodible soils through 
the inspection of the pinhole, and is only 
useful for dispersivity in terms of the efflu
ent analysis, mostly being done incorrectly 
at present. Observations during the study 
found that the test itself can be unduly 
timeconsuming.

Walker (1997) states that soils which 
test highly dispersive (D1) and moderately 
dispersive (D2) in the pinhole test will be 
problematic and will erode by dispersive 

piping. Those soils classified as intermediate 
(ND4) will erode slowly, and intermediate 
soils (ND3) will erode very slowly under high 
heads. The question one must ask now is, 
how does one differentiate between slowly 
and very slowly? Walker (1997) also states 
that soils classified as nondispersive (ND2 
and ND1) in the pinhole test will not erode 
through dispersive piping. It should be noted 
that an erodible soil, which has no dispersive 
properties, will still erode in the pinhole test 
and particles will fall into the cylinder. The 
particles will settle after some time, but as 
the experiment classifies the soil during the 
test, it is likely that the erodible soil will be 
incorrectly classified as dispersive to some 
extent. Observations made while carrying 
out the pinhole test found that the test is 
essentially an empirical test based on subjec
tive evaluation.

double hydrometer test
Since the introduction of the Technical 
Methods for Highways (TMH1), the majority 
of soil testing for roads and construction 
in South Africa has been carried out using 
this standard. Hydrometer tests have been 
carried out using the method A6 as stated 
in TMH1. Investigations into the use of the 
method (by means of interviews) has shown 
that some laboratories use the hydrometer 
test method A6 (TMH1) as the standard test 
and modify the same method for the parallel 
test for use in the double hydrometer test.

A thorough investigation into the test 
method (TMH1 Method A6) has found many 
inconsistencies, which can have a significant 
effect on the results for dispersive soil identi
fication. The hydrometer reading taken at the 
onehour time interval was taken to be the 
percentage of the clay fraction (0.005 mm) as 
specified in TMH1. This, however, was found 
to be incorrect. Using the equations based 
on Stoke’s Law, the time for recording of the 
0.005 mm fraction can be calculated to be 
within the twohour range, and the time for 
the 0.002 mm fraction would be between the 
fivehour and 20hour range, using the modi
fied test method.

According to TMH1, the onehour 
hydrometer reading gives the 0.005 mm 
fraction. The 18second reading gives 
the percentage passing 0.075 mm and the 
40second reading is the siltsized fraction 
(0.050 mm). These values were plotted along 
with the values obtained for the modified 
recommended test, in which the particle 
diameters were calculated using equations 
based on Stoke’s Law and more hydrometer 
readings were taken at more frequent time 
intervals. Figure 4 illustrates the variation 
in particle size distribution (PSD) curves for 
two samples. There is a significant variation 

Figure 4  Comparison between the modified and TMH1 particle size distribution curves for 
two samples

Pe
rc

en
ta

ge
 p

as
si

ng
 (%

)

Modified testStandard TMH1
Sieve size (mm)

30

0.001 0.01 0.1 1

100

90

80

70

60

50

40

20

10

0

Pe
rc

en
ta

ge
 p

as
si

ng
 (%

)

Modified testStandard TMH1
Sieve size (mm)

30

0.001 0.01 0.1 1

100

90

80

70

60

50

40

20

10

0

Particle size distribution – Sample A

Particle size distribution – Sample B



Journal of the South African Institution of Civil Engineering • Volume 57 Number 1 March 201536

in the PSD curves with the 0.005 mm frac
tion ranging from approximately 10% to 32% 
for Sample A and 22% to 45% for Sample B. 
It is thus clear that the TMH1 method does 
not produce the correct results.

The second discrepancy noted is the 
variation in the definition of the clay frac
tion. TMH1 and ASTM use 0.005 mm as 
the boundary for the clay fraction, whereas 
BSI uses 0.002 mm. Many authors quote the 
0.005 mm fraction as the clay fraction when 
determining dispersivity of a soil. By defini
tion, clay mineral particles are colloids with 
a maximum diameter of 0.002 mm (Reeves 
et al 2006) and cation exchange activities 
will predominantly occur on this fraction. 
Therefore, the 0.002 mm fraction should be 
ideally used in dispersive soil identification 
analyses.

Based on the abovementioned shortcom
ings identified with the TMH1 Method A6 
test standard, it is concluded that, while 
the TMH1 standard is probably suitable 
for gravel or aggregate testing with low 
active clay content, it should not be used for 
dispersive soil identification as it is not suf
ficiently sensitive. With regard to the ASTM 
standards, it is recommended that the defini
tion of the claysized fraction be reanalysed 
and a standard definition used, which should 
correspond to other available standards.

crumb test
Crumb test results found that there are no 
significant differences in results with either 
distilled water or 0.001N NaOH when the 
soil is dispersive. However, if the soil is not 
dispersive, different results were obtained 
based on the type of immersion medium. 
The use of 0.001N NaOH gives a good 
indication of dispersive soils if the soil is in 
fact dispersive. However, the risk of falsely 
classifying nondispersive soils, as dispersive 
is greatly increased as well. Observations 
during testing found the presence of staining 
in the solution after two hours. Since the test 
is essentially a visual indication of dispersiv
ity, it can be highly subjective. It is possible 
that a nondispersive soil could be classified 
as being dispersive due to the staining in 
the solution and not resulting from fines in 
suspension. Sodium hydroxide solutions are 
known to stain (discolour) in the presence of 
organic matter (SABS 2006).

With regard to the condition of the 
crumb, the ovendried crumbs gave the 
worst indication of dispersivity. This is 
due to the fact that high temperatures can 
change the properties of certain clays in the 
soil, thereby hindering their dispersive prop
erties (Reeves et al 2006).

Based on results obtained and obser
vations made during the study, it is 

recommended that, in order to acquire 
repeatable and consistent results, the crumb 
test should be carried out as follows:

 ■ Condition of crumb: Remoulded (air
dried or in situ moisture content)

 ■ Immersion medium: Distilled water
 ■ Observation conditions: Described using 

current categories but readings taken 
after one or two hours.

recommended process for 
dispersive soil identification
The observations made during this study 
indicated that the tests currently used for the 
identification of dispersive soils have signifi
cant shortcomings with regard to the proce
dures, and, in some cases, interpretation of 
results. Investigations have found that there 
is no effective standard protocol used for the 
identification process, which could also be a 
likely cause of the identification problems.

Based on this investigation, the following 
process for the identification of dispersive 
soils is proposed:

 ■ An in situ crumb test (at natural moisture 
content) should be carried out on site 
using bottled water as a preliminary 
screening test. If the results show any 
evidence of dispersion as discussed by 
Maharaj (2013), then the soil is likely 
to be dispersive and should be tested 
according to the next step. If the results 
do not show any evidence of dispersion, 
then the material need not be tested fur
ther and is probably only highly erodible 
or subject to slaking. If there is any doubt 
or ambiguity regarding the results from 
the first step, then the next should be fol
lowed for more accurate results.

 ■ If the field crumb test shows evidence of 
dispersion, a laboratory crumb test should 
be carried out as specified by Maharaj 
(2013). Samples are to be remoulded and 
tested in distilled water. Readings/obser
vations of colloidal suspension should be 
recorded after one hour. If the results for 
the laboratory crumb test indicate disper
sive behaviour, the testing can proceed 
to the next step of the process. If there is 
no sign of dispersivity, then it is probable 
that the material is not dispersive.

 ■ The next step in the identification process 
is the double hydrometer test. The test is 
to be carried out as accurately as possible, 
following the test method proposed by 
Maharaj (2013). The double hydrometer 
test is the main indicator test for the dis
persivity and carries significant weight if 
done correctly. If there is doubt regarding 
the results for the double hydrometer test, 
then the next step should be followed for 
clarification/confirmation of the hydro
meter results.

 ■ The final step in the process is the chemi
cal analysis of the soil. This should be 
done by a competent laboratory using the 
methods prescribed by the Soil Science 
Society of South Africa (Loock 1990). The 
full amended test methods are included 
in Maharaj (2013). Results obtained from 
laboratories should always be checked 
and questioned if the client has doubts.

coNcluSIoNS
The dispersion of clay soils in water and its 
influence on the stability of various engineered 
structures has been a topic of concern in 
engineering projects for many years. One of 
the main problems is the seeming inability 
(particularly in the road construction industry) 
to positively identify such soils and thereby to 
reduce the potential for failure of many engi
neering structures. The use of nondispersive 
soils, which may be identified as dispersive, 
will result in large increases in construction 
costs and should be avoided.

Although the causes and consequences 
of soil dispersion are well understood, the 
accurate identification of dispersive soils 
still remains a problem. Many identification 
methods have been proposed, but none has 
been completely successful. The identifica
tion methods currently used in South 
Africa to identify dispersive soils include 
the pinhole, double hydrometer, crumb and 
chemical tests, which are used in combina
tion. These laboratory tests, however, have 
been shown to give inconsistent results and 
the reason for this lies in the actual testing 
procedures (Maharaj 2013).

Experience from the literature study 
shows deficiencies in the identification of 
dispersive soils, and in many cases identifica
tion and classification problems appear to be 
related to inconsistencies in the test methods 
and testing protocols.

Specific problems with the test methods 
were thus identified, the methods were 
modified and implemented, and the follow
ing conclusions were drawn:

 ■ The pinhole test was found to be a 
highly unreliable test. The test method is 
ambiguous and the test procedure is time 
consuming with very little of the funda
mental problems in dispersive soils being 
addressed. Investigations into the testing 
in South Africa have also found that the 
majority of commercial soils laboratories 
do not perform the pinhole test.

 ■ The double hydrometer test is a good 
indicator of dispersivity if done accurately 
and repeatedly.

 ■ The crumb test is also a good indicator if 
carried out accurately. However, there is 
no need for the four classification grades.
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 ■ Tests utilised for dispersive soil identifi
cation should not be based on methods 
that require opinions, but should be 
based on hard evidence instead. For 
example, crumb test results should state 
the presence of colloidal suspension or no 
suspension. There is no benefit in com
plicating the test by describing ‘slightly’, 
‘moderately’ or ‘heavy’ suspension.

In order to identify dispersive soils accu
rately, the test methods recommended above 
must be implemented and strictly followed. 
Repeatability and reproducibility studies 
on all of these test methods according to 
recommended protocols, e.g. ASTM E69111 
(ASTM 2011) should also be carried out.
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INtroductIoN
An engineer faced with the analysis of a 
support structure under vibrating machinery 
typically needs first to estimate the natural 
frequency of the structure, either through 
simplified approaches or through sophisti
cated computer analysis. When the dynamic 
loading is harmonic (such as from rotating 
machinery) these structures are typically 
designed to have their fundamental natural 
frequency greater than the loading frequency 
of the machine (socalled hightuning the 
structure) or to have their fundamental 
frequency less than the loading frequency (so
called lowtuning). Some machinery operates 
at speeds of greater than 1 000 revolutions per 
minute (rpm), i.e. 16 Hz. The following list 
gives an indication of operating frequencies:

 ■ Large mills: 0.3 to 1 Hz
 ■ Small mills: 1 to 3 Hz
 ■ Washing machines: 6 to 14 Hz
 ■ Electric motors: 10 to 20 Hz
 ■ Feeders and screens: 12 to 18 Hz
 ■ Electric turbines: 25, 50 or 100 Hz

Typical structures have their first natural 
frequency below 10 Hz. Thus, practically 
speaking some structures must be lowtuned. 
For such structures the driving frequency 
of the machine during startup must pass 
through the natural frequency of the struc
ture before the final operating frequency is 
reached. Similarly the machine’s frequency 
must also pass through the structure’s 

resonance frequency during shutdown. For 
lowtuned structures, the design engineer 
commonly considers the steadystate dynam
ic response and full resonance dynamic 
response; the latter being assumed to be 
the most conservative case. If the design is 
adequate under these conditions, no further 
analysis is required. Should this conservative 
approach suggest problems, then startup or 
shutdown response is considered.

More sophisticated approaches which 
include full transient dynamic analyses of 
the structure are often not carried out in 
practice, and are not required by current 
building codes, although many project speci
fications include this requirement. It must be 
emphasised that a full transient analysis in 
reality is complicated to perform and should 
be accompanied either with a thorough para
metric analysis and result verification. With 
the advent of easytouse software, and fast 
computers, the onus has further been shifted 
onto the engineer to determine what makes 
sense and what does not. The whole aim of 
this paper is to develop reader intuition. The 
approach undertaken is to model the struc
ture as a onedegreeoffreedom system and 
study the transient response.

Figure 1(a) shows a commercial structure 
that supports a vibrating screen. The typical 
acceleration history response of the struc
ture is shown in Figures 1(b) and 1(c). The 
former figure shows the machine startup and 

Structures subjected to 
startup and shutdown 
of rotating machinery
A A Elvin, N G Elvin

With the advent of fast computers and easy-to-use software, transient dynamic analysis of 
structures has apparently become easy to perform. The engineer usually enters the entire 
structure (even in three dimensions) and produces results and plots that are sophisticated in 
appearance. The simulation results are most probably accepted without asking the following 
questions: “Are the results correct?” and “What is the sensitivity of the results to the various 
parameters?” The approach in this paper is different and more traditional: the salient behaviour 
of transient machinery during startup and shutdown is presented after studying the response of 
a structure which has been reduced to a single degree of freedom. The two-dimensional forces 
generated by rotating machinery during startup/shutdown have been derived analytically. 
Normalised curves have been computed to show the maximum response of the structure. A 
wide range of damping ratios has been considered. The maximum structural deflections during 
startup/shutdown can be significantly greater than the steady-state response and thus cannot 
be ignored. The normalised curves show that common approaches to limit dynamic deflections 
by increasing stiffness and/or damping have to be carefully considered during the transient 
regime. Two examples of an unbraced and a braced portal frame have been presented to 
demonstrate the practical use of these normalised curves.
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steadystate operation, while the latter figure 
captures the shutdown behaviour. As can 
be seen clearly, the maximum acceleration 
response of the structure during startup 
and shutdown is significantly greater than 
the operating or steadystate response. 
Furthermore, the peak response of the struc
ture is greater during shutdown than during 
startup. The focus of the present paper is to 
characterise fully the response of a single
degreeoffreedom structure subjected to 
both machine startup and shutdown.

Previous work by Elvin and Elvin 
(2012) introduced the problem of startup 
dynamics and presented some preliminary 
results for the response of simple, typical 
onedegreeoffreedom structures support
ing rotating machinery subjected only to 
startup conditions. This paper considers the 
generalised response of any multidegree
offreedom structure subjected to startup 
and shutdown over a range of damping coef
ficients, and abstracts this information into 
normalised curves.

The present paper is organised as follows. 
First the governing equations of structural 

dynamics are presented. This includes esti
mating the unbalanced rotating force function 
and the resulting magnitude of the structure’s 
response. Next the effect of machine startup 
and shutdown is quantified, and normalised 
response graphs presented. The slope of the 
ramp startup and shutdown for various damp
ing ratios is studied. The paper is concluded 
with two analysis examples that illustrate the 
importance of considering startup dynamics 
when designing lowtuned support structures 
under rotating machinery.

StructurAl dYNAMIcS 
bAcKGrouNd

[Note: This background section is included 
for completeness and ease of reading. The 
advanced reader might want to skip to 
the end of this section where the machine 
startup and shutdown characteristics are 
introduced.]

Any structural dynamic analysis requires 
an estimation of the natural frequencies, the 
damping of the structure and the loading 
amplitude and frequency on the structure. 

The natural frequencies of the structure can 
be estimated either through the use of lookup 
tables (see for example Arya et al 1979 and 
Blevins 1979) or through the use of more 
refined computational methods (typically 
matrix or finite element methods) (Weaver & 
Johnston 1987). The damping of the structure 
is estimated either from previously measured 
results of similar structures or from design 
databases (Regulatory Guide 2007). The load
ing amplitude and frequency of the machine 
on the structure should be provided by the 
manufacturer of the machine.

Whichever method is used, the funda
mental ordinary differential equations that 
have to be solved are of the form:

Mv̈ + Cv̇ + Kv = f(t) (1)

where M is the equivalent mass of the sys
tem, C is the damping, K is the equivalent 
stiffness, f(t) is the applied loading as a 
function of time t, v is the displacement of 
the structure and t is time. The overdots 
indicate derivatives with respect to time. 
It should be noted that in this paper we 

Figure 1  (a) Structure subjected to startup and shutdown transient dynamic loading, (b) Acceleration time history in the X direction of the top of the 
structure during startup and steady-state, and (c) Acceleration time history for the structure during shutdown; accelerations measured in g 
(9.81 m/s2) by a ± 3 g accelerometer u3DPebble (ZeroPoint Technology) sampling at 1 000 Hz (courtesy of Matomo (Pty) Ltd)
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consider only a singledegreeoffreedom 
approximation to the natural frequency of 
the structure. This is an adequate approxi
mation provided that the natural frequencies 
of the structure are not closely spaced. A full 
explanation of this approximation can be 
found in any standard structural dynamics 
text such as Chopra (1995).

Equation (1) can be rewritten in the form:

v̈ + 2ζωv̇ + ω2v = 
f(t)
M

 (2)

where ω is the radial resonant frequency of 
the structure, and ζ is the damping coef
ficient, given by:

ω = 
K
M

 = 2πfn ζ = 
C

2Mω
 (3)

Here fn is the natural frequency of the struc
ture (in Hz).

The displacement of the structure is 
found from solving either Equation (1) or 
Equation (2), from which the forces and thus 
stresses can then be calculated.

Estimating the unbalanced 
rotating force f(t)
Given a rotating machine schematically shown 
in Figure 2, the loading due to the rotation is 
well known (Tse et al (1963) and is given by:

f(t) = MeeΩ2 sin(Ωt) (4)

where Me is the unbalanced mass, e is the 
eccentricity of the mass from the machines 
rotational center and Ω is the rotating fre
quency of the machine (in radians/second). 
The magnitude of the steadystate solution 
(i.e. longterm solution) to Equation (2) under 
this harmonic loading can then be calculated 
using standard techniques (Chopra 1995) 
and is shown in Figure 2.

XdM
Mee

 = 

Ω
ω

2

 

1 – 
Ω
ω

2 2
 + 2ζ

Ω
ω

2
 (5)

Note here that the steadystate displace
ment amplitude Xd in Equation (5) has been 
normalised and can be plotted for various 

driving frequency ratios 
Ω
ω

 and damp

ing coefficients (ζ) as shown in Figure 3. 
Resonance can clearly be seen when the 
natural frequency approximately matches the 

machine’s operating frequency, i.e. 
Ω
ω

 ≈ 1.

Note that in the case of resonance, i.e. 
Ω
ω

 = 1 (Chopra 1995):

XdM
Mee

 ≈ 
1
2ζ

 (6)

For the rotating machine shown in Figure 2, the 
position [x, y] of the eccentric mass is given by:

[x, y] = [ecosΘ, esinΘ] (7)

Here Θ is the angle of the eccentric mass to 
the horizontal at any time t and is given by:

Θ(t) = 
t

∫
0

Ω(τ)dτ (8)

where τ is a dummy time variable.

The unbalanced forces are then given by:

[ fx(t),fy(t)] = –Me[ẍ, ÿ] (9)

with

ẍ = –e[Θ̈sinΘ + (Θ̇)2 cosΘ]

ÿ = e[Θ̈cosΘ – (Θ̇)2 sinΘ] (10)

Note that for the constant angular velocity 
case (Ω = Ωc) Equation (10) reduces to:

ẍ = –eΩc
2 cosΩct

ÿ = –eΩc
2 sinΩct

which is equivalent to the loading given in 
Equation (4).

Let us now consider the linear startup 
and shutdown angular velocity profiles 
shown in Figure 4.

The linear startup and shutdown 
rotational speed profiles in Hertz, Φ , are 
approximations of the startup dynamics of 
typical machinery (Wach 2011). The method 
derived in this paper, however, can be used 
for any general startup profile.

The linear startup profile is analytically 
given by:

Φ(τ) = mτ for 0 < τ < τf and

Φ(τ) = Φf for τ > τf (11)

This can also be written in terms of machine 
radial frequency (Ω) in rads/sec as:

Ω(τ) = (2πm)τ for 0 < τ < τf and

Ω(τ) = Ωf for τ > τf (12)

For the sloping portion, the acceleration com
ponents of the eccentric mass are given by:

Figure 2  A rotating machine which includes an 
unbalanced mass Me and eccentricity e

Me

e
Θ

Figure 3  The normalised magnitude of the response of the structure under harmonic loading for 
various damping ratios

 

12

10

8

6

4

2

0
0 0.5 1.0 1.5 2.0 2.5

High-tuned Low-tuned

XdM

Mee

ζ = 0.02

ζ = 0.05

ζ = 0.1

Ω
ω



Journal of the South African Institution of Civil Engineering • Volume 57 Number 1 March 2015 41

ẍ = –e[2πmsin(πmt2) + (2πmt)2 cos(πmt2)]

ÿ = e[2πmcos(πmt2) – (2πmt)2 sin(πmt2)] 
 (13)

effect of MAchINe StArtuP 
ANd ShutdowN
To obtain the response, Equation (2) 
is solved numerically subjected to the 
forces from Equation (9) and the accelera
tions from Equation (13). A RungeKutta 
method (code45 in Matlab®) was used to 
solve these equations. Figure 5 shows the 
normalised time history for a singledegree
offreedom system with three different 
rampup speeds (m) corresponding to 
slow,  medium and fast. The time history 
is normalised by the natural period Tn 
of the system; the natural period is given 

by Tn = 
1
fn

. Note that, as the linear ramp 

slope decreases (bottom plot in Figure 5), Figure 4 Linear startup (left) and shutdown (right) profiles
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Figure 5  The normalised displacement response of a single-degree-of-freedom system subjected to a ramp startup; the system damping is taken as 
ζ = 0.05, with fn

2/(2m) = 3.125 (top), 25 (middle) and 62.5 (bottom); the final frequency is Φf = 1.2 fn
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the maximum response of the system 
approaches the resonant response of the 

system, i.e. 
1
2

ζ.

The shutdown case is analogous to the 
startup case but with modified Equations 
(11) to (13). For brevity these equations are 
not presented here.

Note that for a linear ramp startup 
profile, the number of cycles to reach the 
resonant frequency ( fn) of the single degree 

of freedom system is given by j = 
fn

2

2m
. This 

number of cycles, j, will be used as a non
dimensional normalisation parameter.

In order to normalise further the maxi
mum displacement response, an updated 
parameter which takes into account the 
damping ratio is proposed:

2ζXdM
Mee

Note that now the normalised maximum 
harmonic response when the singledegree
offreedom system is in resonance is: 

2ζXdM
Mee

 = 1

The normalised maximum displacement 
responses for various damping ratios are 
plotted in Figure 6 for the case of machine 
startup, and in Figure 7 for the case of 
machine shutdown.

Note that, as the number of cycles j taken 
to reach the structure’s resonance increases 
(i.e. ramp speed decreases), the normalised 
displacement response approaches unity, i.e. 
2ζXdM

Mee
 = 1. The smaller the damping the 

more cycles are required to reach resonance. 
Thus, increasing the damping of the system 
has two effects. First, as expected, the maxi
mum response is decreased. Second, for a 
given startup/shutdown profile, the structure 
approaches resonance amplitude at a faster 
rate. Consider the case when the rampup 
speed increases, i.e. as j becomes  smaller. The 

difference in the actual response, i.e. 
XdM
Mee

, for 

the high and for the low damping ratio cases 
are highly dependent on the ramp speeds. 
A numerical example will clarify this point: 

at faster speeds where j = 0.5, 
XdM
Mee

 ≈ 7.5 

when ζ = 0.04 and 
XdM
Mee

 ≈ 10 when ζ = 0.01, 

while at very low startup speeds, i.e. when 

j → ∞
XdM
Mee

 → 12.5 for ζ = 0.04 and 
XdM
Mee

 → 50 

for ζ = 0.01. This illustrates that increasing the 
damping in a structure will reduce the overall 
dynamic maximum response, but at the same 
time the response will be strongly rampup 
speed dependent.

coMPArISoN of rAMP StArtuP 
wIth SYSteM At reSoNANce
Consider the transient response of a 
structure subjected to a rotating machine 
operating at a constant frequency equal 
to the resonant frequency of the structure 
(assume the motor reaches its operating 
frequency instantaneously). If the structure 
is assumed to be initially at rest, the time 
history response of the structure is shown 
in Figure 8. The envelope of the maximal 
response (blue lines in Figure 8) is well 
known and is given by Chopra (1995). 
Normalising this envelope produces:

2ζXdM
Mee

 = 1 – e–ζωnt = 1 – e–2πjnζ (14)

where jn = 
ωn
2π

 is the number of cycles to 

which the system is subjected. Note that, as 
expected, the normalised response approach
es unity as jn increases.

Figure 6  The normalised maximum displacement response of a single-degree-of-freedom system 
subjected to a ramp startup of a rotating machine for various damping ratios
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Figure 7  The normalised maximum displacement response of a single-degree-of-freedom system 
subjected to a ramp shutdown of a rotating machine for various damping ratios
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Figure 9 shows the normalised maximal 
response of the linear startup profile (blue 
curves) and the maximal response of the 
structure subjected to a machine operating 
at resonance (green curves) after jn cycles. 
Please note that for the machine operating 
at resonance the maximal response is given 
at jn cycles, while for the linear ramp startup 
profile, the maximal response can occur 
when the machine has passed through reso
nance. Thus the definitions of the number 
of cycles to resonance are different in the 
two cases. In the resonant condition, j = jn 
is the actual number of cycles the machine 
has made, while for the linear startup profile 

j = 
fn

2

2m
.

As can be seen in Figure 9, at fast ramp
up speeds (i.e. low j), the maximal response 
to the linear machine startup exceeds 
the startup response of the structure at 
resonance. At a higher number of cycles, 
the resonant condition reaches maximal 
response much sooner than for the ramp 
profile. During fast rampup speeds, the 
actual maximal response occurs after the 
machine has passed through resonance. It is 
important to note that startup and shutdown 
amplitudes do not exceed the fully developed 
resonance amplitudes. Many designers, as a 
simplifying assumption, check the structure’s 
response at fully developed resonance.

As expected, Figure 9 clearly shows that 
for slower ramp speeds (i.e. higher j), the 
maximal response approaches the theoretical 

resonance value, i.e. 
XdM
Mee

 = 
1
2

ζ. It is interest

ing to note that even for very rapid ramp 
up speeds (low j) there can be a significant 
maximal response. For example, for the 
fastest ramp up speed shown in Figure 9, and 
assuming a 2% damping ratio, the maximal 

response is still approximately 
0.2
2ζ

 = 5, which 

is significantly greater than the expected 
normalised value of approximately 1 for a 
machine designed for lowtuned operation 
in Figure 3. Typically a lowtuned structure 
would be designed with a low enough 

natural frequency so that 
XdM
Mee

 ≈ 1, i.e. the 

structure’s frequency is well away from the 
operating frequency of the motor. However, 
Figure 9 shows that increasing motor ramp
up speed can still lead to significant transient 
effects greater than resonance startup 
response and should thus not be neglected 
during the design of the structure.

A very rough estimate of the maximal 
response during startup dynamics can be 
made by using the analytical expression for 
the response of a singledegreeoffreedom 
structure subjected to a constant harmonic 

loading at the resonance of the structure. 
In this case the normalised response can be 
estimated from Equation (14) to be:

2ζXdM
Mee

 = 1 – e
–πfn2ζ

m  (15)

The full resonance response is given in 
Figure 9 for values on the vertical axis equal 
to 1.0. Thus, as the number of cycles at 

resonance jn increases, the response given by  
2ζXdM

Mee
 tends to 1.0, i.e. full resonance.

eXAMPleS
The use of the graphs in Figure 6 will be 
demonstrated via an example of a pinned 
steel portal frame shown in Figure 10(a) that 
supports a machine of mass 600 kg rotating at 

Figure 8  Normalised displacement response of a single-degree-of-freedom system starting from 
rest and subjected to a constant angular rotation speed at the resonant frequency of the 
system; the damping is assumed to be ζ = 0.05
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(j) to reach the resonant frequency of the structure at various damping ratios, both for 
the linear ramp-up rotational speed (blue) and for a structure starting from rest and 
instantaneously subject to the natural frequency of the structure (green)

0.8

1.0

0.4

0.6

0

0.2

100 102101 103

jn or j

 

 

2ζXdM

Mee

ζ = 0.04 ζ = 0.04

ζ = 0.02

ζ = 0.02

ζ = 0.01

ζ = 0.01



Journal of the South African Institution of Civil Engineering • Volume 57 Number 1 March 201544

1 800 rpm (i.e. 30 Hz). An initial modal analy
sis, with parameters shown in Table 1, has been 
performed and yields a first natural frequency 
of 4.20 Hz, with the first vibration mode shape 
shown in Figure 11(a). The structure is thus 
lowtuned. The connections in the structure 
are a combination of welded and bolted joints; 
a 2% damping ratio for the first two modes is 
assumed. As is common in dynamic analysis, 
Rayleigh (also known as proportional) damping 
is assumed for the structure.

Two types of analyses are performed on 
the structure, the first being a simple one
degreeoffreedom analysis, and the second 
a full transient matrix method analysis. The 
results are then compared.

one-degree-of-freedom 
approximation
The onedegreeoffreedom analysis can be 
performed by estimating (a) the lateral stiffness 

Table 1  Properties for the structures shown in Figure 10; those in the shaded row are only 
applicable to the braced structure shown in Figure 10(b)

Property Value

 Beam: 356x171x51UB

 Length: 6 m 
 Section area: 6.46×103m2 
 2nd Moment of area: 1.42×104m4 
 Mass: 304.27 kg

 Columns: 356x171x45UB

 Length: 5 m 
 Section area: 5.70×103m2 
 2nd Moment of area: 1.21×104m4 
 Mass: 223.73 kg (each)

 Bracing: 70x70x8L

 Length: 5.83 m 
 Section area: 1.06×103m2 
 2nd Moment of area: 0.48×106m4 
 Mass: 48.52 kg (each)

 Machine:

 Mass: 600.00 kg 
 Operating frequency (Φ f): 30 Hz 
 Linear startup speed (m): 1 Hz/second 
 Eccentric moment (Mee): 6 kg∙m 

Figure 10 (a) Pinned portal frame geometry, and (b) K-braced portal frame geometry supporting a motor of mass 600 kg
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Figure 11 (a) Pinned portal frame’s first mode shape; natural frequency is 4.20 Hz; (b) K-braced portal frame’s first mode shape; natural frequency is 20.91 Hz
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of the structure (K), and (b) the vibrating mass 
(M). The estimation of the stiffness can be 
performed in a number of ways. For example, 
using the simplified analysis approximation of 
Silva and Badie (2008) of a pinned rectangular 
portal frame, the lateral stiffness is given by:

K ≈

 

24EIc

Lc
3 4 + 

2κ
α

 and κ ≈ 
Lb
Lc

 and α ≈ 
Ib
Ic

where E is the elastic modulus, I is the 
second moment of area and L is length. The 
subscripts b and c correspond to the beam 
and column respectively.

The stiffness of the structure in the 
lateral direction can also be calculated using 
the stiffness method and performing a static 
analysis with a unit load applied in the lateral 
direction at the position of the motor; after 
finding the lateral deflection (∆), the static 

stiffness (K) is given by K = 
1
∆

.

The dynamic stiffness can be found by 
extracting the first natural frequency of the 
structure solving the eigenvalue problem as 
performed in Figure 11(a). The dynamic stiff
ness can then be found using Equation (3).

For a pinned portal frame, the vibrating 
mass can be estimated as the sum of the 
motor mass, the beam mass, and 50% of the 
mass of each of the columns.

The three different approaches yield 
similar results. The equivalent onedegreeof
freedom stiffness of the structure is approxi
mately K ≈ 770 kN/m. The effective mass is 
approximately M ≈ 1 130 kg. By Equation (3) 
the first natural mode is then fn ≈ 4.15 Hz, 
which is only 1% different to the natural fre
quency found from the eigenvalue analysis.

For the startup speed given in Table 1, 

j = 
fn

2

2m
 = 8.82 cycles; for a damping ratio 

of ζ = 0.02, the normalised response from 
Figure 6 is:

2ζXdM
Mee

 ≈ 0.47. This corresponds to a 

maximum lateral deflection of Xd = 0.0625 m. 
It should be noted that if startup dynamics 
were not considered, the maximum steady
state deflection under the dynamic load would 
correspond to Xd,ss = 0.0055 m as can be 
found from Equation (5).

Thus, considering only the steadystate 
response would underpredict the deflection 
during startup by a factor of 11.4.

The conservative practice of calculating 
the full resonance response instead of the 

actual startup i.e. 
2ζXdM

Mee
 = 1.0  would lead 

to an overprediction of approximately twice 

the transient response 
2ζXdM

Mee
 ≈ 0.47 .

full transient analysis
The full transient analysis of the portal 
frame is performed using standard beam 
elements and assuming an applied load 
given by Equations (9) and (13) in the 
centre of the beam. The full transient and 
steadystate response for the horizontal 
deflection at the motor is shown in 
Figure 12(a). The peak deflection and 
steadystate amplitude are simulated to be 
Xd = 0.0639 m and Xd,ss = 0.0055 m. These 
results are at most 2.2% different when 
compared to the onedegreeoffreedom 
analysis. The accuracy of the results versus 
the simplicity of the onedegreeoffreedom 
analysis must be noted.

bracing the portal frame
In order to limit the maximal deflection 
during startup and steadystate operation, a 
design engineer might be tempted to intro
duce Kbracing into the structure as shown in 
Figure 10(b) with properties given in Table 1. 
The analysis would follow the same procedure 
as described for the unbraced frame above. 
The fundamental frequency in this case 
increases from 4.20 to 20.91 Hz. Note in this 
case 50% of each bracing element should be 
added to the effective mass of the structure.

The singledegreeoffreedom analysis 
using Figure 6 would give a maximum 
response of Xd = 0.1180 m and a steady
state response of Xd,ss = 0.0099 m. The full 

transient computer analysis solution shown 
in Figure 12(b) gives a maximum lateral 
deflection at the motor of Xd = 0.1175 m  and 
a steadystate response of Xd,ss = 0.0097 m. 
The  simplified approach presented in 
this paper gives an error of only 2%. The 
maximum startup response is now 12 times 
greater than the maximum steadystate 
amplitude.

One of the options a structural designer 
can use to limit deflections under dynamic 
loading is to stiffen the structure (in this 
example with Kbracing) (see for example 
Bachmann & Ammann 1987).  However, in 
this case stiffening the structure increases 
both the steadystate and maximal startup 
deflections. The increase in the steadystate 
response of the structure is due to the fact 
that the resonance of the structure is now 
closer to the operating frequency than for 
the unbraced structure. The increase in 
maximal response during startup is due 

to the fact that j = 
fn

2

2m
 (i.e. the number 

of cycles to reach the resonant frequency 
of the structure) has also significantly 
increased (from 8.8 cycles for the unbraced 
case to 218.6 cycles for the braced case) 
which, from Figure 6, increases the 

normalised response, i.e. 
2ζXdM

Mee  
from 

0.47 for the unbraced case to 0.93 for the 
braced case.

Figure 12  Full transient analysis of the horizontal displacement at the motor position during 
startup dynamics for the (a) unbraced portal frame and for the (b) braced portal frame
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coNcluSIoN
The effect of startup and shutdown on 
lowtuned structures subjected to rotating 
loads has been discussed in this paper over 
a relatively wide range of startup speeds and 
damping coefficients. The maximum deflec
tion results have been normalised to produce 
generalised response curves. The curves can 
be used in simplified onedegreeoffreedom 
analyses to predict accurately these maxi
mum deflections, thus obviating the neces
sity to perform computationally intensive 
transient analyses.

Assuming the same ramp slope, the 
responses of the structure to startup versus 
shutdown are similar but not exactly the 
same, as can be seen from the normalised 
graphs (Figures 6 versus 7). Ignoring the 
transient response during machine startup/
shutdown can greatly underpredict the 
dynamic response of lowtuned structures, 
even though the logic behind ignoring the 
transient response is that the structure is 
only subject to resonantfrequency forcing 
load for a short duration. On the other hand, 
this paper has shown that the conservative 
practice of assuming full resonant behaviour 
in lieu of the actual transient response 
can significantly overpredict maximum 
displacements, and hence stresses. The 
transient response is a function of both the 
motor rampup (or down) speeds, as well 
as the damping of the structure. In general 
both increasing the damping and increasing 
the rampup speed decrease the transient 
deflections. However, damping has a signifi
cantly greater effect in limiting the overall 
structural response at slower speeds than at 
faster rampup speeds.

A rough estimate of the maximal tran
sient response of the system during startup 
has been derived in this paper (Equation 
(15)). This estimate was shown to under
estimate the maximum transient response 

during startup for fast rampup speeds, and 
to overestimate the response for slow ramp
up speeds (Figure 9).

It must be emphasised that the deflection 
during startup/shutdown can be significantly 
greater than the steadystate response, and 
thus cannot be ignored. This point has been 
illustrated by two example problems which 
analysed an unbraced and braced lowtuned 
portal frame subjected to loading from an 
unbalanced rotating machine. The results 
show that the transient deflection can be 
an order of magnitude greater than the 
steadystate response. Bracing the portal 
structure significantly stiffens the structure 
and increases its natural frequency. However, 
both the maximum steadystate and tran
sient deflections also increased. The steady
state response increased since the braced 
structure’s resonant frequency was closer 
to the operating frequency of the machine. 
The maximal startup deflection increased 
since the structure took more cycles to 
reach its resonance. One potential method 
of decreasing the deflection during startup 
is to hightune the structure but this might 
require a very stiff structure, which might 
not be practical or economical.

Future work will concentrate on experi
mental validation of the results presented in 
this paper. Different startup and shutdown 
profiles should also be investigated. The 
effect of startup and shutdown transients 
should be studied in the case when the oper
ating frequency of the rotating machine is 
greater than higher structural resonances.
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INtroductIoN
Concrete performance is vital for under
pinning a country’s essential services and 
economic activities. Despite the ability of 
concrete to provide useful and longlasting 
infrastructure, concrete structures may 
face durability challenges mainly due to 
premature deterioration. This is an issue of 
global concern since it threatens economic 
growth, natural resources and human safety 
(Gjørv 2011). Durability problems related to 
premature deterioration have been described 
in numerous publications (AlBahar et 
al 2003; Gjørv 2009). In the USA, annual 
costs of repair and replacement of bridges 
approaching US$8.3 billion were estimated 
by Yunovich et al (2001), and are expected 
to increase to about US$9.4 billion over the 
next 20 years (Darwin 2007). In Western 
Europe, annual costs of US$5 billion for 
repair of reinforced concrete (RC) structures 
were estimated as long ago as 1998 (Knudsen 
et al 1998). In the Arabian Gulf, repair and 
replacement costs of about US$798 million 
due to extensive deterioration resulting from 
corrosion of reinforcing steel have been 
reported (AlBahar et al 2003). The extensive 
costs of repair and maintenance of RC struc
tures resulting from premature deterioration 
illustrates the seriousness of the durability 
problems, and threatens the concrete con
struction industry worldwide.

Although concrete durability problems 
are complex and varied, mitigation measures 
for ensuring durability are generally avail
able and accessible. Rostam (2003) describes 
two means of ensuring durable concrete, i.e. 
avoidance of the deterioration mechanisms, 
and optimisation of material compositions 
and proportions. The former relies on pro
tective measures, such as use of nonreactive 
materials or surface treatments which are 
beyond the scope of this paper. The latter 
is of particular importance as it allows dif
ferent approaches which can be covered in 
standards and specifications for durability 
– the focus of this paper.

The current approach to deal with concrete 
durability in standards and specifications is 
commonly the socalled prescriptive approach 
that outlines requirements for material com
positions and proportions, procedures and 
test methods. Although such approaches may 
encompass requirements for, inter alia, mini
mum compressive strength, maximum water/
binder (w/b) ratio, minimum supplementary 
cementitious materials (SCMs) content and 
cover depth, the desired concrete performance 
is not described (Lobo et al 2005; Bickley et al 
2006). Material and construction variability are 
not taken into account, and even if intensive 
site supervision is carried out, it is difficult 
to ensure that all specified requirements are 
achieved (Day 2005). Moreover, requirements 
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such as maximum w/b and minimum cement 
content are impractical or costly to verify in 
practice (Alexander et al 2010). These require
ments have limited effectiveness and often 
stifle innovation (Bickley et al 2006).

Recent research has focused on perfor
mance approaches, which measure relevant 
properties of the concrete, in particular trans
portrelated properties for durability (Alexander 
et al 2010). Ideally these approaches should be 
fully performancebased, but in practice an 
intermediate mixed approach is often more 
useful – termed as a ‘hybrid’ approach. To be 
fully performancebased, the approach should 
be an integrated one, linking durability require
ments (including durability indicators from 
relevant test methods) and durability design 
through service life models in order to estimate 
the service life of the RC structure (Beushausen 
& Alexander 2006; Alexander & Santhanam 

2012). Importantly, in a full performance 
approach, specified concrete properties should 
be measurable insitu to ensure that as-built 
quality is actually achieved.

A ‘hybrid’ approach is a mix of prescrip
tive and performance requirements, but 
with greater emphasis on the performance 
criteria. The client and/or specifier decide on 
the desired level of performance in a certain 
exposure condition, and propose relevant 
‘durability indicators’ which are used to 
prepare specifications (Taylor 2004). The 
durability indicators are chosen based on tech
nical recommendations without necessarily or 
explicitly defining a design service life period. 
Generally both approaches – full performance
based and hybrid – are aimed at achieving 
relevant durability indicators that demonstrate 
the suitability of the concrete and its composi
tion with respect to the exposure conditions. 

Performance approaches are now gaining 
acceptance in the concrete industry since they 
promote innovation, while the desired concrete 
performance during its service life and the 
as-built structural concrete properties can 
be specified prior to construction. However, 
it should be noted that there are only a few 
instances in practice where actual insitu or as-
built properties are measured. It is the authors’ 
opinion that approaches that do not measure 
as-built properties cannot be regarded as fully 
performancebased.

While prescriptive specifications are still 
the norm in most countries, including South 
Africa, a few countries have successfully 
implemented performance specifications 
to a certain point. The following section 
describes concrete durability provisions in 
selected international standards, with the 
focus on performance aspects.

Table 1 Recommended Durability Requirements in ACI 318 (2008)

Exposure 
class Sub-classes Max 

w/b*
Min fc, 
MPa# Additional requirements**

F
Freezing and 

thawing

F0 :  Negligible; concrete not exposed to 
freezing and thawing – – –

F1 :  Moderate; occasional exposure to 
moisture 0.45 31 Low entrained air

F2 :  Severe; in continuous contact with 
moisture 0.45 31 Higher entrained air

F3 :  Very severe; in continuous exposure 
with moisture and deicing 
chemicals

0.45 31 Higher entrained air and limits on SCMs

S
Sulfate

S0 :  Negligible; 
SO4 < 0.10% (soil) 
SO4 < 150 mg/l (water)

– – —

S1 :  Moderate;  
0.10% ≤ SO4 ≤ 0.20% (soil) 
150 ≤ SO4 ≤ 1 500 mg/l (water)

0.50 28 Cement types: ASTM II, IP(MS), IS(<70)(MS)
Maximum expansion (ASTM C 1012) : 0.10% at 6 months

S2 :  Severe; 
0.20% < SO4 < 2.00% (soil) 
1500 < SO4 <10 000 ppm (water) 

0.45 31
Cement types: ASTM V, IP(HS), IS(<70)(HS)
No calcium chloride admixture
Maximum expansion (ASTM C 1012) : 0.05% at 6 months or 0.10% at 12 months

S3 :  Very severe; 
SO4 > 2.00% (soil) 
SO4 > 10 000 mg/l (water)

0.45 31

Cement types:  ASTM V + Pozzolan or slag, IP(HS) + Pozzolan or slag  
or IS(< 70)(HS) + Pozzolan or slag

No calcium chloride admixtures
Maximum expansion (ASTM C 1012): 0.10% at 18 months

C
Corrosion

C0 :  Negligible; concrete dry and 
protected from moisture 

Maximum watersoluble chloride ion (Cl) content in concrete, percentage by 
weight of cement for reinforced concrete 

– – 1.00 

C1 :  Moderate; concrete exposed to 
moisture but not to external source 
of chlorides

 – – 0.30

C2 :  Severe; concrete exposed to 
moisture and an external source of 
chlorides

0.40 35 0.15
Adequate cover concrete 

P
Requiring 

low 
permeability

P0 :  Concrete where low permeability to 
water is not required –  – –

P1 :  Concrete required to have low 
permeability to water 0.50 28 –

Notes:
1. *  ‘b’ is taken throughout to refer to the total cementitious materials content, i.e. the binder content.
2. #  Unless otherwise specified, requirements for minimum strength fc shall be based on 28day tests of cylinders.
3. **  Cement types: IS – Portland blastfurnace slag; IP – Portland – pozzolan; MS – Moderate Sulfate Resistance; HS – High Sulfate Resistance.
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revIew ANd crItIQue of 
durAbIlItY ProvISIoNS 
IN curreNt StANdArdS 
ANd SPecIfIcAtIoNS

united States of America

ACI 318 (2008)
The US concrete building code, ACI 318 
Building Code Requirements for Structural 
Concrete (ACI 2008), provides minimum 
requirements for materials, design and con
struction practices. It is mainly a prescriptive 
standard regarding durability aspects, with 
some partial performance elements such as, 
for example, sulphate resistance. Chapter 4 
defines exposure classes (including those 
relating to reinforcement corrosion, but 
excluding carbonation) based on the degree 
of severity, and imposes limits to maximum 
w/b and minimum compressive strength. 
It also limits air content, SCM content 
and chloride content, and specifies cement 
types as additional requirements. Although 
ACI 318 provides cover depth requirements 
based on the concrete quality, it does not 
link these directly with the exposure classes.

Durability requirements in ACI 318 are 
summarised in Table 1, which indicates that 
concrete exposed to sulphate conditions can be 
evaluated on a performance basis (subject to the 
reservations expressed earlier). While the com
mentary to ACI 318 recommends that concrete 
exposed to conditions requiring low perme
ability should be evaluated using ASTM C1202 
(2007) (i.e. the Rapid Chloride Permeability Test 
(RCPT)), no limits or performance criteria are 
given. ACI 318 seeks to promote improvement 
of concrete properties related to penetrability 
by limiting the w/b ratio and by use of hydraulic 
cements conforming to ASTM C1157 (2011). 
However, the code is essentially prescriptive 
and not performancebased.

Australia

AS 3600 (2001)
The Australian Standard, AS 3600 Concrete 
Structures (AS 2001), provides minimum 
requirements for the design and construction 
of plain and RC structures. It is prescriptive 
regarding durability provisions. AS 3600 
defines exposure classes from A to C, where 
A represents the most benign condition and 
C indicates the most severe conditions. A 
class ‘U’ is included representing an exposure 
condition for which the degree of severity 
is not fully known and needs proper assess
ment prior to specifying concrete.

Durability requirements in AS 3600 for 
different exposure classes are given in terms 
of minimum compressive strength and types 
of curing, as summarised in Table 2.

The concept of “average strength at com
pletion of curing” is introduced as an attempt 
to achieve quality of construction; while this 
is novel, it suffers from a lack of guidance 

on acceptable curing methods and the fact 
that strength is measured on samples made 
under laboratory conditions rather than the 
as-built structure. This approach is further 

Table 2 Recommended Durability Requirements in AS 3600 (2001)

Surface and exposure environments

Exposure classification for reinforced concrete

Curing requirement

Class
Minimum
strength 
(MPa)#

Initial 
continuous 

curing 
(days)*

Average strength 
at completion of 

curing (MPa)

In contact with ground

(a)  Members protected with 
dampproof membrane A1 > 20 3 > 15

(b)  Residential footings in 
nonaggressive soils A1 > 20 3 > 15

(c)  Other members in nonaggressive 
soils A2 > 25 3 > 15

(d)  Members in aggressive soils U – – –

In interior environments

(a)  Fully enclosed within a building, 
except during construction A1 > 20 3 > 15

(b)  In industrial buildings, the member 
being subject to repeated wetting 
and drying

B1 > 32 7 > 20

In aboveground exterior environments in areas that are:

(a)  Inland (> 50 km from coastline) 
environment being:

  i)  nonindustrial and arid climate 
zone

  ii)  nonindustrial and temperate  
climate zone

  iii)  nonindustrial and tropical 
climate zone

  iv)  industrial and any climatic zone 

A1

A2

B1

B1

> 20

> 25

> 32

> 32

3

3

7

7

> 15

> 15

> 20

> 20

(b)  Nearcoastal (1–50 km from 
coastline) any climatic zone B1 > 32 7 > 20

(c)  Coastal (up to 1 km from coastline 
but excluding tidal and splash zone), 
any climatic zone

B2 > 40 7 > 25

In water

(a)  Fresh water B1 > 32 7 > 20

(b) Sea water
  i)  permanently submerged
  ii)  in tidal and splash zones

B2
C

> 40
> 50

7
7

> 25
> 32

(c)  Soft or running water U – – –

In other environments

Any exposure environment not 
otherwise described in the items above U – – –

Additional requirements for freezing 
and thawing exposure

Strength > 32 MPa and 40 MPa for occasional and frequent 
exposure respectively
Air content between 8% to 4% for 10 to 20 mm nominal size 
aggregate, or 6% to 3% for 40 mm nominal size of aggregate

Notes:
1.  #  Requirements for minimum compressive strength shall be based on tests of cylinders.
2.  *  Provisions will not apply for concrete cured by accelerated methods. However, average 

compressive strength requirement at the completion of accelerated curing will govern.
3.  Where the compressive strength requirement of class C cannot be satisfied due to inadequate 

aggregate strength, concrete with compressive strength not less than 40 MPa may be used provided 
that cement content of the mix is not less than 470 kg/m3 and cover required by clause 4.10.3 of 
AS 3600 is increased by 10 mm.

4.  Permeable soils with a pH < 4.0, or with groundwater containing more than 1 g/l of sulphate ions, 
would be considered aggressive. Saltrich soils in arid areas should be considered as exposure 
classification C.
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problematic as it may discourage the use of 
SCMs that are known to enhance durabil
ity properties, but have a slower strength 
development, such as slag or fly ash. Types 
of formwork and compaction, i.e. standard 
formwork for normal compaction and rigid 
formwork for intensive compaction, are given 
in AS 3600 for cover depth requirements 
based on grades of concrete.

AS 1379 (2007)
AS 3600 does not cover requirements for 
material constituents and proportions. These 
are covered in AS 1379 Specification and 
Supply of Concrete (AS 2007), which sets out 
requirements for materials, production, test
ing and compliance with specified properties 
of fresh concrete such as slump, maximum 
nominal size of aggregate, air entrainment, 
etc, and hardened concrete which include 
strength grade and exposure classifications 
as specified in AS 3600. In AS 1379, con
crete is specified either as Normal Class or 
Special Class concrete. Normal Class refers 
to concretes that can be produced by plants 
throughout Australia, while Special Class 

concretes require additional or different 
characteristics from Normal Class that are 
not available from all plants or locations in 
Australia. Requirements for Normal Class 
concrete in AS 1379 should conform to other 
requirements, for example strength, pre
sented in AS 3600. In terms of Special Class 
concrete, this can be specified either on a 

prescriptive or a performance basis when 
ordering concrete conforming to AS 1379. 
Appendix B of AS 1379 claims to provide 
guidance for the specification of Special 
Class concrete. In reality it does not, but 
rather indicates parameters such as cement 
type, chloride and sulfate content, air con
tent, strength, exposure classification, etc, to 

Table 3 Hybrid Specifications for Concrete Durability in CSA A23.1/23.2 (2009)

Exposure category Class of 
exposure

Prescriptive requirements 

Performance requirementsMaximum
w/b*

Minimum 
compressive

strength, MPa
and age (d) at

test*

Air content 
for 14–20 mm 

nominal 
aggregate size

Curing type 
for normal 
concrete***

Extreme chloride CXL 0.37 50 within 56 d
4–7% or 5–8% 
if exposed to 

freezing
Extended

ASTM C1202**
< 1 000 Coulombs at 56 d, with no 

single value > 1250 Coulombs

Chloride and/or chemical

C1 or A1 0.40 35 at 28 d
4–7% or 5–8% 
if exposed to 

freezing
Additional

ASTM C1202**
< 1 500 Coulombs at 56 d, with no 

single value > 1 750 Coulombs

C2 or A2 0.45 32 at 28 d 5–8% Additional –

C3 or A3 0.50 30 at 28 d 4–7% Basic –

C4 or A4 0.55 25 at 28 d 4–7% Basic –

Freezing and thawing
F1 0.50 30 at 28 d 5–8% Additional

ASTM C457
Average spacing factor < 0.23 mm, 

with no single test > 0.26 mm

F2 0.55 25 at 28 d 4–7% Basic –

Negligible N# As per mix 
design

For structural 
design None Basic –

Sulfate

S1 0.40 35 at 56 d 4–5% Additional CSA A3004C8
Maximum expansion < 0.05% at 
6 months, or 0.10% at 12 monthsS2 0.45 32 at 56 d 4–7% Basic

S3 0.50 30 at 56 d 4–7% Basic
CSA A3004C8

Maximum expansion < 0.10%
at 6 months

Notes:
1.  *  The w/b shall not be exceeded for a given class of exposure, regardless of exceeding the strength requirement.
2.  **  Where calcium nitrite corrosion inhibitor is to be used, the same concrete mixture, but without calcium nitrite, shall be prequalified to meet the 

requirements for the permeability index in this table.
3.  ***  Basic curing – 3 days at ≥ 10°C or the time necessary to attain 40% of the specified strength; Additional curing – 7 days at ≥ 10°C and the time necessary 

to attain 70% of the specified strength; Extended wet curing – A wetcuring period of 7 days at ≥ 10°C. The curing types allowed are ponding, continuous 
sprinkling, absorptive mat, or fabric kept continuously wet.

4.  #  To allow proper finishing and wear resistance, Type N concrete intended for use in an industrial concrete floor with  a trowelled surface exposed to wear 
shall have a minimum cementing materials content of 265 kg/ m3.

Table 4 Example of payment adjustments for normal concrete by OPSS 1350 (2010) 

Measured parameters Action

Air void system in accordance with ASTM C457

Air content > 3.0 %, and
Spacing factor of 0.23 mm or less

Full payment or bonus payment based on a combination of 
two measured parameters

Air content < 3.0 % or
Spacing factor > 0.23 mm

Owner may require removal of the concrete or keep the 
concrete in place at a reduced payment

Rapid chloride permeability (RCP) in accordance with ASTM C1202

Average Coulombs ≤ 1 000 Fully payment, no bonus available

Average Coulombs > 1 000 and < 2 000 Accepted with a price reduction 

Average Coulombs > 2 000 Unacceptable and shall be removed and replaced at the 
contractor’s expense

Note:
Spacing factor describes, for the majority of the concrete paste, the distance to the nearest air void.
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be considered when specifying Special Class 
concrete. Further, Appendix B describes 
the consequences when Special Class 
concrete is selected. Such consequences 
include: increase in the cost of production 
by importing materials that are not locally 
available, reduced competition for suppliers 
able to supply concrete, and impact on the 
cost, availability and perhaps the continuity 
of supply due to the logistics of providing 
special resources.

canada

CSA A23.1/23.2 (2009)
The Canadian Standard CSA A23.1/23.2 
(2009) Concrete materials and methods of 
concrete construction / Test methods and 
standard practices for concrete provides 
requirements for materials and methods 
of construction. It gives both prescriptive 
and performance options for specifying 
concrete for durability, and is thus a ‘hybrid’ 
specification. Prescriptive clauses are given 
in terms of maximum w/b ratio, minimum 
compressive strength, age at test, air content, 
and minimum period and type of curing. 
For performance aspects, defined acceptance 
criteria are given for chloride permeability, 
airvoid system, and maximum expansion for 
chlorides, freeze/thaw and sulphates respec
tively, as indicated in Table 3.

Cover depth requirements are based on 
the life expectancy of the structure, exposure 
conditions, protective systems and conse
quences of corrosion.

The Ontario Provincial Standard 
Specification 1350 (OPSS 2010)
The OPSS 1350 (2010) is an Ontario 
Provincial Specification covering only 
performance requirements with respect to 
materials and methods for proportioning, 
test methods, acceptance criteria, and pay
ment adjustments for normal and highper
formance concretes. A penaltybonus system 
is in place in order to ensure compliance and 
consistency of measured parameters. Table 4 
illustrates a typical example of a penalty
bonus provision in the standard for normal 
concrete with regard to air void system and 
rapid chloride permeability. The details in 
the table are based on freezing/thawing and 
chloride and/or chemical exposure condi
tions, and are independent of the cover depth 
or service life duration requirements.

europe

EN 206-1 (2013)
The European Standard EN 2061 (2013) 
Concrete – Part 1: Specification, Performance, 
Production and Conformity describes the 

Table 5 Exposure Classes in EN 206-1, modified for South African conditions

Class 
designation

Description of the 
environment Informative examples where exposure classes may occur

X0 No risk of attack Applies to all exposure categories where there is no risk of 
attack, e.g. reinforced concrete in a very dry condition

Corrosion induced by carbonation (reinforced concrete exposed to air and moisture)

XC1 Permanently dry or 
permanently wet

Concrete inside buildings with low air humidity
Concrete permanently submerged in water

XC2 Wet, rarely dry Concrete surfaces subject to longterm water contact, e.g. many 
foundations

XC3 Moderate humidity 
(60%–80%)

Concrete inside buildings with moderate or high air humidity 
External concrete sheltered from rain

XC4 Cyclic wet and dry Concrete surfaces subject to water contact, not within 
exposure Class XC2

Corrosion induced by chlorides from sea water (reinforced concrete in contact with chlorides from sea 
water or air carrying salt originating from sea water)

XS1
Exposed to airborne 
salt but not in direct 

contact with sea water
Reinforced concrete surfaces near to or on the coast

XS2a Permanently 
submerged

Reinforced concrete surfaces completely submerged and 
remaining saturated, e.g. concrete below midtide level A)

XS2b* XS2a + exposed to 
abrasion As above, but with heavy wave action with abrasion

XS3a Tidal, splash and 
spray zones

Reinforced concrete surfaces in intertidal, splash, or spray 
zones B)

XS3b* XS3a + exposed to 
abrasion As above, but with heavy wave action with abrasion

Corrosion induced by chlorides other than from sea water (reinforced concrete in contact with water 
containing chlorides, including deicing salts, from other sources) 

XD1 Moderate humidity Concrete structures exposed to airborne chlorides
Parts of structures exposed to slightly chloride conditions

XD2 Wet, rarely dry Reinforced concrete surfaces totally immersed in water 
containing chlorides A)

XD3 Cyclic wet and dry Parts of bridges exposed to spray containing chlorides, e.g. 
pavements and car park slabs

Freeze/thaw attack with or without deicing agents (for concrete exposed to significant attack by freeze/
thaw cycles whilst wet)

XF1
Moderate water 

saturation, without 
deicing agent

Vertical concrete surfaces exposed to rain and freezing

XF2
Moderate water 
saturation, with 
deicing agent

Vertical concrete surfaces of road structures exposed to 
freezing and airborne deicing agents

XF3
High water 

saturation, without 
deicing agent

Horizontal concrete surfaces exposed to rain and freezing

XF4

High water 
saturation, with 

deicing agent or sea 
water

Road and bridge decks exposed to deicing agents.
Concrete surfaces exposed to direct spray containing deicing 
agents and freezing splash zones of marine structures exposed 
to freezing

Chemical attack (for concrete exposed to sulphate attack from natural soils and ground water)

XA1+
Slightly aggressive 

chemical environment 
acc to Table 2#

Natural soils and ground waterXA2+

Moderately 
aggressive chemical 
environment acc to 

Table 2#

XA3+
Highly aggressive 

chemical environment 
acc to Table 2#

Notes:
1.  * Additional subclauses for South African coastal conditions.
2. A)  Concrete members where one surface is immersed in water containing chlorides and another is 

exposed to air are potentially more vulnerable, especially where the dry side is at a high ambient 
temperature. Specialist advice should be sought where appropriate, to develop a specification that 
is appropriate to the actual conditions likely to be encountered.

3. B)  Exposure XS3a covers a range of conditions. The most extreme conditions are in the splash and 
spray zone. It is recommended to take into account the most extreme conditions within this class. 

4. + Sulphate attack from natural soil and ground water.
5. # Table 2 refers to the relevant table in EN 2061 (2013).
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requirements for classification, properties, 
verification, design types, delivery, conform
ity control and criteria, and production 
control of concrete. The standard makes 
reference to possible use of performance 
requirements for durability, but has adopted 
prescriptive requirements arguing that test 
methods are not yet sufficiently developed to 
be included in the standard. The earlier 2000 
version of EN 2061 contained an informa
tive Annex J on ‘performancerelated design 
methods with respect to durability’, although 
it gave no actual guidance on how to choose 
performance requirements and criteria. This 
Annex is not in the 2013 version, where 
emphasis is now placed on the ‘equivalent 
performance concept’, which can be applied 
to both strength and durability. Regarding 
durability, this amounts to the need to 
prove that the concrete has an ‘equivalent 
performance’ with respect to its resistance to 
environmental actions when compared with 

a reference concrete in conformity with the 
deemedtosatisfy requirements for the rel
evant exposure classes. Performancerelated 
parameters are also permitted, provided they 
can be shown to provide durability equivalent 
to the ‘rules’. The document states that 
‘performancebased concepts as alternatives 
to the concept of limiting values are under 
development’.

The exposure classifications in EN 2061 
are well defined, but require investigation 
and verification for specific local exposures. 
Since EN 2061 is being considered for use 
in SANS 101002 (2013) revisions, such 
exposure classes are presented here in 
Table 5. These exposure classes are, however, 
in a modified format to suit South African 
conditions – an approach suggested by the 
authors and coworkers over several years. 
EN 2061 (2013) considers common cements 
conforming to EN 1971 (2011), for which 
‘suitability for use in a considered exposure 

class has been established in provisions 
valid in the place of use’, i.e. the specific 
geographical location.

BS 8500-1 (2006)
The British Standard, BS 85001 (2006) 
Concrete – Complementary British Standard 
to EN 206-1 – Part 1: Method of specifying 
and guidance for the specifier covers materi
als, methods, testing and procedures that 
extend the scope of EN 2061 for relevance 
to the UK. It has adopted similar exposure 
classes to EN 2061, with slight changes 
especially in the informative examples. 
For concrete exposed to chemical attack, 
exposure classes vary significantly when 
compared to EN 2061.

In BS 85001 the specifier is offered five 
alternatives for the specification of concrete 
mixes: designated, designed, prescribed, 
standardised prescribed and proprietary 
concrete mixes. Curiously, the first two and 
the last category are termed ‘performance 
approaches’, but on closer examination these 
are in effect prescriptive (with require
ments for maximum w/c, minimum cement 
content, and strength class). Importantly, BS 
85001 makes provision for different binder 
types in relation to the various exposure 
classes. The maximum w/c and minimum 
cement content are modified to suit the 
intended service life of 50 and 100 years, 
while in EN 2061 such requirements are 
based on a 50year service life assumption. 
Cover depth requirements for different 
degradation mechanisms are presented in 
Tables A.4 and A.5 of BS 85001, which are 
not requirements in EN 2061. Nevertheless, 
the specified parameters (other than cover) 
cannot be measured and therefore cannot 
strictly be called performancebased.

India

IS 456 (2000)
The Indian Standard IS 45600 (2000) Plain 
and Reinforced Concrete provides require
ments for general use of concrete, both plain 
and reinforced. It is a prescriptive standard 
for parameters related to durability. It defines 
exposure conditions in qualitative terms, 
such as mild, moderate, etc, which are limit
ing. However, suggestions to widen exposure 
classes with respect to the degradation 
mechanisms have been proposed by Kulkarni 
(2009) so as to modernise the standard in 
keeping with international developments.

Although IS 456 imposes limits on mate
rial constituents and proportions as detailed 
in Table 6, it encourages the use of SCMs to 
enhance durability.

Cover depth requirements are provided 
for corrosion protection with allowable 

Table 6 Recommended Durability Requirements in IS 456 (2000) 

Environmental exposure 
conditions

Min cement 
content+ 

kg/m3

Max free  
w/c

Min 
concrete 
grade#

Min  
cover depth 

(mm)*

Mild:
 Concrete surfaces protected against 
weather or aggressive conditions, 
except those situated in coastal area

300 0.55 M 20 20**

Moderate:
Concrete surfaces sheltered from 
severe rain or freezing whilst wet; 
concrete exposed to condensation 
and rain; concrete continuously 
under water; concrete in contact or 
buried under nonaggressive soil/
ground water; concrete surfaces 
sheltered from saturated salt air in 
coastal area

300 0.50 M 25 30

Severe:
Concrete surfaces exposed to severe 
rain, alternate wetting and drying 
or occasional freezing whilst wet 
or severe condensation; concrete 
completely immersed in sea 
water; concrete exposed to coastal 
environment

320 0.45 M 30 45***

Very severe:
Concrete surfaces exposed to sea 
water spray, corrosive fumes or 
severe freezing conditions whilst wet; 
concrete in contact with or buried 
under aggressive subsoil/ground 
water

340 0.45 M 35 50***

Extreme:
Surface of members in tidal zone; 
members in direct contact with 
liquid/ solid aggressive chemicals

360 0.40 M 35 75

Notes:
1. +  Cement content prescribed in the table is irrespective of the grades of cement and it is inclusive of 

SCMs. 
2.  #  In the designation of concrete mix M refers to the mix and the number to the specified 

compressive strength of 150 mm size cube at 28 days, expressed in N/mm2.
3. *  For a longitudinal reinforcing bar in a column, nominal cover shall not be less than 40 mm, nor 

less than the diameter of such bar.
4. **  For reinforcement up to 12 mm diameter bar for mild exposure, the nominal cover may be 

reduced by 5 mm.
5. ***  For severe and very severe exposure conditions, reduction of 5 mm may be made where concrete 

grade is M35 and above. The actual cover depth should not deviate from the required nominal 
cover by more than +10 mm.
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flexibility depending on the type of struc
tural member and exposure conditions.

South Africa

SANS 10100-2 (2013) (Draft SA Standard)
The South African Standard SANS 
101002 Structural use of concrete Part-2: 
Materials and execution of works (Draft 
2013), although currently unpublished, was 
intended to replace the 1992 version of SANS 
101002. The standard deals with materi
als and execution of work related to the 
structural use of concrete in buildings and 
structures for reinforced, prestressed and 

precast concrete. Although it reflects some 
advances in concrete technology, it still lags 
behind in many aspects related to durability. 
The standard defines exposure conditions 
qualitatively and somewhat arbitrarily, using 
terms such as mild, moderate, severe, etc, 
and recommends cover depth requirements 
depending on the grade (‘class’) of concrete 
as shown in Table 7.

The descriptive elaborations of exposure 
classes are of some assistance, but better guid
ance to assist the specifier to choose the cor
rect exposure class is needed. Further, cover 
depth requirements reduce with increasing 
concrete strength, which may conflict with 

durability requirements, since strength is 
increasingly not favoured as a proxy for dura
bility. The standard does not restrict the types 
of cements or SCMs, and it also gives no lim
its to w/b ratio for many exposure conditions, 
except for freeze/thaw attack and for concrete 
requiring low permeability.

As discussed later, the proposal in 
South Africa is to replace SANS 101002 by 
adopting EN 2061 and producing a ‘guid
ance document’ for engineers that will also 
incorporate useful material from the current 
SANS 101002. (This proposal is being pur
sued presently under the SABS Committee, 
SABS SC 81A).

Table 7 Recommended Durability Requirements in SANS 10100-2 (Draft 2013)

1 2 3 4 5 6 7

Condition of 
exposure Description of member/surface to which the cover applies

Class of concrete 

20 25 30 40 50

Characteristic minimum cover depth (mm)

Moderate a

1  Surfaces protected by the superstructure, namely the sides of beams and the 
undersides of slabs and other surfaces not likely to be moistened by condensation

50 45 40 30 25

2  Surfaces protected by a waterproof cover or permanent formwork not likely to be 
subjected to weathering or corrosion

3  Enclosed surfaces

4  Structures or members permanently submerged in water

5  Limited structures of the relevant national body (see foreword):
  i)  Surfaces of precast elements not in contact with soil
  ii)  Surfaces protected by permanent formwork not likely to be subjected to 

weathering or corrosion
  iii)  Surfaces in contact with ballast
  iv)  All other surfaces

Severe 

1  All exposed surfaces

NA 50 45 40 35

2  Surfaces on which condensation takes place

3  Surfaces in contact with soil

4  Surfaces permanently under running water

5  Structures of the relevant national body (see foreword) 
  i)  Surfaces of precast elements not in contact with soil
  ii)  Surfaces protected by permanent formwork not likely to be subjected to 

weathering or corrosion
  iii)  Surfaces in contact with ballast
  iv)  All other surfaces

1  Cast insitu piles
  i)   Wet cast against casing
  ii)   Wet cast against soil
  iii)   Dry cast against soil

50
75
75

50
75
75

50
75
75

50
75
75

50
75
75

Very severe 

1  All exposed surfaces of structures  within 30 km from the sea NA NA NA 60 50

2  Surfaces in rivers polluted by industries NA NA NA 60 50

3  Cast insitu piles, wet cast against casings NA NA NA 80 80

Extreme 1  Surfaces in contact with sea water or industrially polluted water
2  Surfaces in contact with marshy conditions NA NA NA 65 65

Notes:
1.  a  Concrete exposed to mild conditions: The specified strength shall be determined by structural design considerations. If the concrete is to include 

embedded metal, the characteristic strength shall not be less than 20 MPa. There is no requirement for maximum water/cement ratio or for minimum 
cement content.

2.  The cover values are characteristic minimum cover values and not more than 5% of cover requirements should fall below these values. In addition, no single 
cover measurement should fall below 5 mm less than the relevant cover value indicated above.

3.  In uncracked concrete the degree of protection that the concrete affords the reinforcing steel depends on the quality and thickness of the cover. Apart from 
the class of the concrete, the quality of the cover will among other things be affected by the method and duration of curing and the type of binder used, for 
example wellcured fly ash concrete without extenders (sic).

4.  NA = Not applicable
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SuMMArY of MAIN 
obServAtIoNS ANd treNdS IN 
the StANdArdS revIewed
Most of the standards reviewed prescribe 
limits for concrete composition (including 
the use of SCMs either as separate additions 
or incorporated in blended cements), mix 
proportions, compressive strength and cover 
depth for different exposure conditions, in 
respect of durability provisions. Such limits 
are based on laboratory data and past experi
ence, leading to the typically prescriptive 
approach which, however, cannot ensure 
longterm performance under a variety of 
exposure conditions (Clifton 1993; Folic 
2009). Attempts have been made in certain 
standards to create a more rational approach 
based on performance to ensure adequate 
durability. Nevertheless, performance 
requirements in these standards are actu
ally ‘hybrid’, since they still present some 
prescriptive requirements. Such ‘hybrid’ 
requirements may be useful in moving prac
tice forward and may be effective in provid
ing simple ways for extending the service life 
of RC structures.

Development and implementation of 
performancebased approaches is not an easy 
task. For example, barriers may exist that 
include lack of reliable, consistent and stand
ardised test methods which can evaluate 
concrete performance routinely over time; 

lack of adequate service life models which 
can capture the main aspects involved in 
deterioration, including environmentspecific 
factors; and lack of experience in developing 
performance requirements with appropriate 
acceptance criteria (Andrade 2007; Carino et 
al 2010). Such barriers need to be addressed 
in current research in order to implement 
this approach properly. Successful imple
mentation would be a critical step for solving 
many durability problems that threaten the 
performance of RC structures.

drAftING ANd IMPleMeNtAtIoN 
of durAbIlItY reQuIreMeNtS 
IN the South AfrIcAN coNteXt
Although there have been many publications 
in South Africa in recent years that address 
concrete durability requirements, such 
published work has not yet found its way into 
revisions to the South African Standards, 
particularly SANS 101002. However, work is 
under way to revise the current SA concrete 
standards, specifically SANS 101001 (2000) 
Structural use of concrete Part-1: Design 
and SANS 101002 (2013) Structural use of 
concrete Part-2: Materials and execution of 
works, and two committees are working to 
produce drafts, based on the corresponding 
EN standards. The material that follows 
refers to the work of these committees, as 

well as a previous publication (Alexander 
2010). (It should be stressed that the views 
and proposals in this paper are those of 
the authors).

Figure 1 indicates the framework of the 
Eurocodes (in relation to their adoption in 
the UK). For ease of comparison, the figure 
also shows the corresponding framework 
of the SA codes. Eurocode 2, i.e. EN 19921 
(2004) Design of concrete structures Part 1-1: 
General rules and rules for buildings and 
EN 2061 are complementary documents, 
dealing respectively with the details of struc
tural design of reinforced and prestressed 
concrete, specifications, etc. There are also 
several other associated documents dealing 
with testing, execution and materials.

EN 2061 is an important document 
when considering concrete durability. 
However, it is really a framework document 
and requires further elaboration to make 
it useful. Therefore it is accompanied in 
national contexts by ‘interpretive’ documents 
or National Annexes that give practical 
guidance to the design engineer. In the UK, 
the complementary standards to EN 2061 
are BS 85001 (2006) Method of specifying 
and guidance to the specifier and BS 85002 
(2006) Specification for constituent materials 
and concrete (mentioned earlier).

In South Africa the decision has been 
taken in principle to adopt the EN concrete 

Figure 1:  Framework of the EN and SANS code documents (Alexander 2010)
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standards where appropriate, and therefore 
the concrete structural and materials codes 
will need to be modelled on the Eurocode 
documents. Eurocodes must be adopted 
in toto, meaning that national or regional 
emphases must be covered in a ‘guidance 
document’, as already indicated. Thus, SANS 
101001 will be replaced by EN 19921 with a 
‘guidance document’ to cover South African 
conditions. Likewise, SANS 101002 will be 
replaced by EN 2061, with an accompanying 
‘guidance document’ that will provide SA 
designers with the needed information. In 
practice, regarding EN 2061, only the local 
‘guidance document’ will really be needed 
by practitioners – the clause numbering of 
EN 2061 will be retained, and information 
will be given interpretive of the correspond
ing EN 2061 clauses, but of more value to 
SA practice. In this way, content in SANS 
101002 that is felt to be of use and benefit 
will be retained in some form, while the 
overall intent of EN 2061 will remain intact. 
Similarly, EN 13670 (2009) Execution of 
concrete structures will be adopted, but with 

a further ‘guidance document’ to give SA 
engineers the needed contextual informa
tion, and which will also serve as the main 
reference document in practice. While this 
may seem cumbersome, it is a simple and 
practical way to proceed for implementation 
locally of the Eurocode approach.

SANS 2001CC1 92 (2007) Construction 
works – Part CC1: Concrete works (structur-
al), representing a suite of documents each 
addressing a specific component of construc
tion works, must also be noted. It replaces 
the older corresponding SABS 1200 G docu
ments. Redrafting of SANS 2001 will need 
to consider the changes described above to 
ensure consistency.

With the above in mind, the develop
ments for SA codes regarding concrete 
durability are as follows:
1. Adopt EN 2061 and EN 13670.
2. Redraft SANS 101002 in the form of two 

interpretive and elaborative documents, 
based on the clauses and terminology 
of EN 2061 and EN 13670, as indicated 
above, so as to make them internally 

consistent. (The new documents will 
be given new standards numbers or 
designations).

3. Regarding specifically the clauses for 
‘Specification of concrete’, the new docu
ment will allow for:
a. Designed concrete: concrete for 

which the required properties are 
specified to the producer who is 
responsible for designing and provid
ing a concrete conforming to the 
required properties

b. Performance concrete: concrete for 
which specific performance require
ments are specified. These might 
include, but not necessarily be limited 
to, requirements for performance in 
respect of heat of hydration, water 
penetration, water absorption, gas per
meability, chloride resistance, abrasion 
resistance, tensile strength, durability, 
etc. Performance concrete will be 
specified according to a performance
based specification drawn up by the 
owner or design engineer, with criteria 

Table 8  Proposed limiting values for concrete composition (for use in revision to SANS 10100-2) (Note: nominal service life or design life assumed to 
be 50 years; for service life considerably greater or less than 50 years, consult specialist sources)

Exposure category Exposure 
class

Max w/c 
ratio

Min 
strength 

class 
(MPa)

Air 
content 
range 

(%)

Min 
nominal 

cover* 

(mm)

Cement type

XO
No risk of corrosion or attack – 0.70 C20 – 15

Any.
For XC3 or XC4 only:
i)  Any cement with clinker content < 70%: 

increase minimum nominal cover to 30 mm
ii)  Any cement with clinker content < 50%: 

increase minimum nominal cover to 40 mm

XC
Carbonation

XC1 0.65 C20 – 15

XC2 0.65 C25 – 25

XC3 0.55 C30 – 25

XC4 0.50 C30 – 25

XS
Chloride from sea water

XS1 0.50 C30 – 40

IIBS, IIBV, IIIA, IIIB, IVBVXS2 0.45 C35 – 35

XS3 0.40 C40 – 50

XD
Chloride other than sea water

XD1 0.55 C30 – 30 Any, except CEM I

XD2 0.45 C35 – 35
IIBS, IIBV, IIIA,  IIIB, IVBV

XD3 0.40 C40 – 50

XF
Freeze/thaw attack

XF1 0.55 C30 – 25

Any, except CEM I.
For XF3 and XF4 only: do not use IVBV

XF2 0.55 C30 4 – 8# 25

XF3 0.50 C30 4 – 8# 25

XF4 0.45 C30 4 – 8# 25

XA
Aggressive chemical 
environment

XA1 0.55 C30 – 25 I, IIAD, IIAV, IIAS

XA2 0.50 C35 – 30 IIAD, IIAV, IIAS

XA3 0.45 C40 – 40 IIBV + SR, IIIAS + SR

Notes:
1. *  For every 5 mm additional cover, strength class may be reduced by one level and w/c may be increased by 0.05, subject to a maximum reduction of 2 

strength classes (subject to minimum of C30) and increase in w/c up to 0.1 (subject to maximum of 0.55); for example, in the XS2 class, if a cover of 40 mm 
is used for a CEM IIIB, C30 concrete with 0.50 w/c would be permitted. This clause applies only to exposure classes XS, XD, and XC3 and XC4.

2. #  Range given for 19 mm aggregate size; to be changed to 6–10% for 9.5 mm, 5–9% for 13.2 mm, and 3–6% for 37.5 mm nominal maximum aggregate size; 
for low density concrete, minimum strength class C25, 4–8% air for aggregate size more than 9.5 mm, 5–9% air for aggregate size less than 9.5 mm.
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to be agreed upon between specifier 
and producer. In general, performance 
concrete will require testing to verify 
compliance with the specified perfor
mance requirements

c. Prescribed concrete: concrete for 
which the precise composition of the 
concrete and the constituent materials 
to be used are specified to the pro
ducer who is responsible for providing 
a concrete with the specified composi
tion and with the specified constituent 
materials

d. Proprietary concrete: concrete which 
falls outside the scope of designed 
concrete, specified concrete, or perfor
mance concrete, for example special
ised concrete for specific applications 
such as fibrereinforced concrete, 
selfcompacting concrete, etc.

4. The exposure classes given in EN 2061 
will be adopted for SA, but the ‘guidance 
document’ will provide them in a modi
fied form as per Table 5. Requirements 
for the concrete to withstand the 
environmental actions are given either 
in terms of limiting values for concrete 
composition and established concrete 
properties (see next section, i.e. “Limiting 
values for concrete composition”), or 
the requirements may be derived from 
performancerelated design methods 
(see section titled “Performancebased 
methods: durability requirements for 
new ‘guidance document’ to be used with 
EN 2061”), where ‘performance concrete’ 
as defined above can be specified accord
ing to a performancebased specification 
drawn up by the owner or engineer, with 
criteria to be agreed upon between speci
fier and producer.

limiting values for 
concrete composition
Recognising that performancebased testing 
and specifications are still under develop
ment in SA, the committee felt that the con
ventional approach for specifying concrete to 
resist environmental actions should be given 
in terms of established concrete properties 
and limiting values of composition. In gen
eral this will apply to ‘designed’ concrete as 
described above. The proposed requirements 
for concrete composition for the various 
exposure classes are given in Table 8, which 
specifies for each exposure class the maxi
mum water/cement ratio, minimum strength 
class, minimum nominal cover, aircontent 
range, cement type, and curing.

The requirements in Table 8 are for an 
intended working life of at least 50 years, and 
have been derived based on best available SA 
or other data for deterioration rates under 

the different exposure conditions; the values 
given are thus not arbitrary. If the concrete 
is in conformity with the limiting values, the 
concrete in the structure shall be ‘deemed to 
satisfy’ the durability requirements for the 
intended use in the specific environmental 
condition. For shorter or longer service life, 
less onerous or more severe requirements 
respectively may be necessary. In these cases, 
or for specific concrete compositions or spe
cific corrosion protection (e.g. in the case of 
cover less than that specified in the relevant 
parts of EN 19921 for corrosion protection), 
special considerations can be made for a 
specific site, or by using performancebased 
methods as in the next section.

Performance-based methods: 
durability requirements for 
new ‘guidance document’ to 
be used with eN 206-1
‘Performance concrete’ will be allowed in 
the ‘guidance document’, which will permit 
any approach, whether local or international, 
to be implemented. Recognition is given to 
the approach that has been developed in SA 
for reinforced concrete durability (including 
durability design and specification) – the 
socalled durability index (DI) approach 
(Alexander et al 2001). This approach has 
allowed considerable progress towards per
formancebased standards, with the ultimate 
aim of having a means of limiting the envi
ronmental consequences on the structure 
to defined acceptable levels (targets) during 
the service life. The approach is covered in 
a section in the ‘guidance document’ headed 
“Requirements for controlling or preventing 
corrosion of reinforcing induced by carbona
tion or chlorides in reinforced concrete”, 
which can be used to specify performance 
concrete as an alternative. The clauses 
cover the South African Durability Index 
approach by way of background, achievement 
of as-built durability, and the specification 
requirements. These lay responsibility on the 
concrete producer and constructor whereby 
the producer might need to achieve ‘bet
ter’ durability index values in comparison 
with the as-built values. At this point, the 
approach is limited to corrosion of steel in 
carbonation and chloride environments only.

The DI performancebased approach 
is still in development and much work 
remains to bring it to a more robust state. 
Nevertheless, this approach will continue to 
develop and mature as more specifiers adopt 
and use it in practice.

The DI approach to durability specifica
tions is best suited to more sophisticated 
concrete structures, particularly major civil 
infrastructure where extended service lives 
are required and where expenditure from the 

public purse demands longevity and durabili
ty from the structures. Other concrete struc
tures such as commercial buildings, lowrise 
and clad concrete frame buildings, certain 
light industrial buildings, etc, may not need 
the sophistication of the performancebased 
approach. Nevertheless, specifications for 
such structures should at least reflect a 
hybrid approach in which ‘deemed to satisfy’ 
provisions are given that relate rationally to 
service life design models against which they 
are calibrated. This will give some assurance 
for actual durability.

In summary, both prescriptive and 
performance alternatives will be permitted 
in the new ‘guidance document’. This is 
appropriate for the current stage of develop
ment in technology and in the specification 
framework. Indeed, at this point it would 
be inappropriate and premature for perfor
mance specifications to completely replace 
prescriptive specifications. They may not be 
suitable for every project at every location, 
or suit specific durability problems, such as 
alkali silica reaction, abrasion, aggressive 
chemicals and so forth. In particular, they 
are unsuitable in cases where the test meth
ods for evaluating performance are unavail
able, expensive, timeconsuming, or have 
high variability. In these cases, prescriptive 
specifications govern and should therefore be 
retained in the standard with greater empha
sis on performance through innovation.

Proposed methodology for 
developing durability specifications in 
the South African concrete industry
Concrete durability specifications require 
a change of mindset with respect to the 
roles and responsibilities of the stakeholders 
involved. Such roles and responsibilities 
have been described in several publica
tions (Bickley et al 2006; CSA A23.1/23.2 
2009; Carino et al 2010), particularly for 
the performancebased approach. From 
these publications, a broad methodology for 
developing durability specifications in the 
South African concrete industry that cover 
prescriptive, hybrid and performancebased 
approaches is proposed below.

 ■ Stage 1: Specifications: These require 
input from the client’s team, i.e. client, 
specifier, and/or client’s testing agency. 
The client should define the project 
in measurable terms, e.g. service life, 
level of performance, etc. The specifier 
should establish required specifications, 
i.e. prescriptive, performance, or hybrid, 
and should specify exposure classes and, 
where appropriate, standard test methods 
and parameters to be measured, service 
life models to be used, and construc
tion methods. The client’s team should 
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specify the frequency of testing and limits 
for acceptability. Generally, the client’s 
team should define conformity and 
nonconformity criteria and recommend 
appropriate measures, e.g. a bonus
penalty system.

 ■ Stage 2: Construction and testing: This 
phase involves the concrete producer and 
contractor, each with their own respon
sibilities, working together. The producer 
prepares a mix design with the requisite 
properties required by the specifications, 
and conducts prequalification tests. The 
contractor should determine the means 
and methods required to ensure that 
the fresh concrete can be taken from the 
delivery point, and the needed quality 
retained in the hardened state, after 
undergoing construction practices such 
as compaction and curing. The producer 
and contractor should conduct a quality 
control plan, and prepare documents that 
demonstrate compliance with the speci
fied requirements determined in Stage 1. 
Field tests will usually be necessary, e.g. 
strength and durability tests which evalu
ate concrete with respect to the require
ments of the specification.

 ■ Stage 3: Verification: The client should 
verify that the durability requirements 
have been or will be satisfied during 
construction. The consequences of com
pliance or noncompliance, which may 
involve bonus or penalty, may be applied 
at this stage.

Generally, committed and knowledgeable 
stakeholders are required in order to imple
ment this methodology. Regardless of the 
type of specifications, key elements to be 
considered are structural safety, cost con
siderations, and constructability, as well as 
availability of local laboratories to carry out 
the tests to the desired precision.

coNcluSIoNS ANd 
future outlooK
This paper provides a review of durability 
requirements for RC structures in selected 
international design standards. It concludes 
that most standards and specifications are 
prescriptive, with a few having some perfor
mance elements; these performance require
ments are, however, ‘hybrid’ since they still 
present some prescriptive requirements. The 
‘hybrid approach’ may be useful in moving 
practice forward, and may be effective in 
providing simple ways for extending service 
life of RC structures.

Following international trends, the paper 
discusses redrafting and implementing 
durability requirements of the current 
South African Standards, particularly the 

replacement for SANS 101002: both pre
scriptive and performance alternatives are 
suggested, as it is inappropriate and prema
ture to completely replace prescriptive speci
fications. A performance approach based on 
the DI approach developed in South Africa is 
proposed; however, much work still remains 
to bring it to a more robust state so as to give 
specifiers assurance for actual durability. A 
methodology for developing durability speci
fications is also proposed.

The paper also covers issues related to 
environmental exposure conditions, material 
compositions and proportions for durability. 
Much work is still required to cover various 
durability aspects in a broader perspec
tive. Included among the issues that need 
attention in the future are: categories of the 
structure based on proximity to the sea to 
characterise the degree of corrosion damage, 
a concrete corrosive map of South Africa 
indicating corrosionprone areas, and a client 
durability service manual for future monitor
ing of the structure. Such developments may 
provide the ultimate basis for achieving a 
more controlled durability and service life of 
RC structures in South Africa.
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INtroductIoN
During the last few decades researchers 
have studied the mechanical properties of 
soil, but the behaviour of soil is still not well 
known. Therefore, common methods such 
as mathematical and experimental methods 
use simplified hypotheses to solve multi
variable geotechnical problems (Farrokhzad 
& Choobbasti 2010). After reviewing these 
approaches, it can be said that these meth
ods cannot describe the complex behaviour 
of soil. A substitution method is essential in 
which effective parameters are considered 
simultaneously, and generalisation capabil
ity and direct learning of experimental 
data should also be included (by consider
ing errors). Neural networks have been 
utilised as a successful alternative method 
in recent years to solve many geotechnical 
engineering problems (Ghorbani et al 2012). 
Research in the field of neural networks has 
therefore been continuing due to the power 
of such tools in solving complex problems.

Different boreholes need to be drilled 
and many experiments performed to 
identify soil layer structures (Reinoso 
2002). This process is very expensive and 
timeconsuming (Alarcón et al 2004). 

Increasing the reliability in interpolating 
soil layer structures and properties in inter
boreholes (i.e. distances among boreholes) 
improves the quality of the geotechnical 
evaluation and decreases the cost, and finally 
facilitates the proper planning of construc
tions (Aki 1993). ANN (as an intelligent 
system) uses some specific capabilities of 
data  processing in the human brain, such as 
learning, data generalisation, handling the 
missing data and parallel processing, which 
were not available in previous systems. Many 
researchers studied ANN application in 
geotechnical engineering. Arel (2012) used 
the artificial neural network model to pre
dict the complex soil of adapazari (Turkey), 
based on cone pene tration test results. 
Penumadu and Zhao (1999) represented the 
deviator stress and volume change behaviour 
of varying types of sand and gravel for 
drained condition using artificial neural 
network. Farrokhzad et al (2012) proposed 
an ANN model to predict landslide risk. Ellis 
et al (1995) designed an ANN for sand and 
grain size distribution and stress history. 
Turk et al (2001) used ANN for modelling 
soil behaviour in uniaxial strain condi
tions. It should be mentioned that ANNs 

Mapping of soil layers using 
artificial neural network
(case study of babol, 
northern Iran)
A J Choobbasti, F Farrokhzad, S Rahim Mashaie, P H Azar

Over the last few years, artificial neural networks (ANNs) have been used successfully for 
modelling all aspects of geotechnical engineering problems. ANNs are a form of artificial 
intelligence which attempt to mimic the function of the human brain and nervous system. ANNs 
are well suited to model the complex behaviour of most geotechnical engineering problems. 
The purpose of this paper was to assess the layering of subsurface soil using ANNs. Assessing 
the structure of soil layers on a site, depending on the extent of the study area, requires drilling 
several boreholes and performing several tests which demand considerable time and money. 
Increasing the knowledge of soil layer properties between boreholes leads to improved 
understanding of the near-surface geology. ANNs learn from data examples presented to 
them in order to capture the subtle functional data relationships, even if the underlying 
relationships are unknown or the physical meaning is difficult to explain. This paper focuses on 
the information gathered from the boreholes in a range of 40 square kilometres of Babol City in 
the north of Iran. The data was collected and classified in order to determine the characteristics 
of the soil layers. To later classify the different layers at different depths and to determine the 
thickness of each layer at a specified depth, multi-layer neural networks were trained separately. 
To quantify the neural network performance in estimating the changes of soil layers, some data 
from the test boreholes was presented to the network for the first time, and the results of neural 
networks were compared with actual data obtained from site investigations. The results show a 
high degree of accuracy in prediction by ANN models.
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model the nonlinear relation between the 
input parameters and the related outputs 
without considering the predefined mathe
matical relations (Farrokhzad et al 2012; 
ChavezGarcia et al 2000; Choobbbasti et al 
2009; Farrokhzad & Choobbasti 2008).

ArtIfIcIAl NeurAl NetworKS
In recent years there has been a trend 
towards using computerised tools which 
are similar to biological nervous systems. 
These tools, which are known as “artificial 
neural networks”, are found in almost all 
branches of engineering science and are 
being used increasingly. Their application in 
civil engineering dates from the late 1980s. 
Now a wide range of different applications 
exists, including process optimisation, 
the calculated value equivalent to vehicle 
axis load, performing and manufacturing 
process modelling, prediction of earth
quake risk, and estimating implementing 
and manufacturing costs (Farrokhzad & 
Choobbasti 2010).

The tendency towards using neural 
networks has increased due to a variety 
of factors, most important of which is the 
use of specific properties of information 
processing in the brain which are beyond 
the reach of conventional programming 
techniques – learning and generalising 

power, the possibility of proposing solu
tions for issues where the input might have 
some errors, the possibility of calculating 
related time responses for issues that have 
changing conditions, rapid data processing, 
and  creating computers which have the 
possibility of working with highvolume 
calculations to provide training for neural 
networks.

NeuroN Model
A neuron is a unit essential processor in a 
neural network. Figure 1 shows a neuron 
model which is the fundamental principle 
for designing artificial neural networks. A 
neuron i can be written mathematically as in 
the following equation:

Yi = Activation Function (Ui + bi)

Ui =
n

∑
i=1

XiWij (1)

Where x1, x2 … xn are the input values; wi1, 
wi2 … wim are the synaptic weights; Ui is the 
line collector; bi Bios; n(i) is the stimulating 
function and yn is the output neuron. The 
role of Bios bi involves a related conversion 
which is dependent on the output ui linear 
sum. There are three essential components 
in the model (Figure 1).

StudY AreA ANd GeotechNIcAl 
INveStIGAtIoN
The geology, especially the tectonic style of 
Iran, is highly influenced by the develop
ment and history of the Tethyan region. The 
tectonic events, which occurred around the 
Iranian Plate margins, are related to rifting 
processes of Gondwana and the subsequent 
collision with the Arabian plate from the 
westsouthwest. Adjoining faultseparated 
areas and tectonical units are the Alborz 
and KopehDagh regions to the north, the 
Makran and Zagros ranges to the west and 
south, and the east Iran ranges, which border 
this terrain to the east.

The collected information used in this 
research includes more than 45 boreholes 
drilled in the study area. Due to the large 
number of boreholes and the considerable 
changes in the soil layers observed during 
reviewing and studying the geological struc
ture, an area of 40 square kilometres that 
has the highest density of data and similarity 
in the geological structure was selected at 
Babol. Among the raw data taken from the 
45 boreholes in the selected range, 30 bore
holes could be used in this study, ranging 
from 10 m to 21 m depths. Their dispersion 
is shown in Figure 2 (Choobbasti et al 2012; 
Farrokhzad et al 2012).

MAterIAl ANd MethodS
Different methods for multilayer neural 
network training have been invented, three 
of which are summarised below.

 ■ Back propagation method: In the back 
propagation method, after selecting 
small random values for weight, an input 
vector is used and calculating is done 
layer by layer, and the output calculated. 
A neuron output from the output layer 
is reduced in order to determine the 
error. The degree of error in the deriva
tive function, which is calculated for 
stimulation of these neurons in layer k, 
is multiplied. This error is used to adjust 
the network weights in the next step 
(Farrokhzad et al 2011b).

 ■ Quick propagation method: This meth
od uses the variables as a group, while in 
the back propagation method the weight 
changes after every application of the 
training data. In this method the mean 
surface slope error after applying all the 
data will be calculated, then the weights 
will be corrected. For this reason, in the 
quick propagation method the random 
sorting of data would not be useful. The 
scientific basis for the quick propagation 
method is the assumption that the level 
of error in each point (based on the 
position) is a contribution, and if the 

Table 1 Different categories for ANN input section based on soil type 

Clay Silt Sand

C CL CH M ML MH SM SC SW SP

Figure 1 The architecture of an Artificial Neural Network
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abovementioned assumption is correct, 
after a small number of repeatings, the 
answer can easily be reached. Obviously, 
this assumption is not always true, but 
even if it is close to reality, the algorithm 
would rapidly be converging (Farrokhzad 
et al 2011c).

 ■ Marquardt-Levenberg method: The 
MarquardtLevenberg method (abbrevi
ated as ML) can be used for training the 
network with a neuron in the output layer; 
the goal is to minimise the square sum 
of the nonlinear objective function. This 
method is based on GaussNewton’s equa
tions method. Based on the Marquardt
Levenberg method, three separate multi
layer networks were considered to solve 
the present problem. For each of the three 
selected networks in the first case, one or 
two hidden layers were considered; then, 
by applying the trial and error method 
for the number of middlelayer neurons, 
the useful method for network training 
and effective parameters in training (such 
as the learning rate, the momentum and 
the number of repeated steps – epoch – 
which are necessary to achieve optimal 
performance) were determined.

Each training method yielded different 
results. In this case, performance was 
defined as the rootmeansquared error 
(RMSE) of the output patterns produced by 
the network on the testing data set. Each 
of the aforementioned supervised learning 
algorithms was evaluated. Back propagation 
is the best known training algorithm for neu
ral networks and has the best performance 
(Farrokhzad et al 2011a).

INPut ANd outPut PArAMeterS
In this research an ANN software package 
was used. It is based on MATLAB toolbox 
(MATLAB 8.0 and Statistics Toolbox 8.1). To 
train the ANN, the authors needed a set of 
known input and output pairs. The available 
inputoutput pairs are usually divided into 
two sets. The learning or training set is used 
to determine the connection weights in the 
networks. The testing set is used to measure 
the performance of the neural network 
after training.

As noted, considering the available data 
the decision was made to use data from 
the soil layers, so their classification results 
were obtained. The coordinates and depth 
(x, y, z) were selected as input parameters. 
The related category responding to the 
input parameters, which will be described 
in the next paragraph, was introduced as 
the output of the ANN model. The soil type 
in the Unified Soil Classification System 
(USCS) was determined through the grain 

size of samples (Kramer 1996). Soils from 
the Babol City study area were classified into 
ten groups (Table 1). In this way, symbols 
would be allocated to each designated group. 
In this research, 75% of the data was used 
for training and 25% for testing. A sample of 
a borehole log in the study area is shown in 
Table 2.

The RMSE values shown in Table 3 are 
based on different algorithms with one 
hidden layer. To obtain the proper neuron 
numbers in the hidden layer, a network with 

constant characteristics was considered; 
then, by changing the effective parameters 
of the network and assigning different 
values for neurons, the results could be 
compared to determine the optimum num
ber of neurons. As mentioned above, RMSE 
was our measure to determine the neuron 
number. Backpropagation neural networks 
with 2, 3, 4, 5, 6, 7, 8, 9, 10 neurons in hid
den layers were trained. In Table 4, RMSE 
measurements for different neurons are 
shown. The minimum RMSE belongs to a 

Figure 2 Location of some boreholes in the western part of Babol

BABOL
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network with seven neurons and momen
tum = 0.2, learning rate = 0.3, and epoch 
= 500. The suitable ANN model for the 
mentioned problem was selected based on a 
lower RMSE value.

Table 2 A sample of borehole log obtained form site investigation (central part of Babol)
D

ep
th

U
SC

S Field description 
of soils

SP
T

Ground water level 
1.4m W% Yd

D.S (3) T.T (4) Con. T (5)

LL PL PI C Φ C Φ Cc Cs Pc

1
ML Medium plastic silt 7 36.97 29.60 7.37 28.99 1.50

2

3
ML Medium plastic silt 7 42.34 29.71 12.63 31.11 1.47 0.11 35.34 0.145 0.043 1.00

4

5 MH Highplastic silt 13 54.17 31.79 22.38 30.70 1.48

6

7

8 CL Medium plastic clay 6 45.35 25.48 19.87 27.50 0.78 0.127 0.049 1.50

9

10 ML Nonplastic silt 19 26.96 26.96 0.00 28.56 1.42

11

12

13 ML Medium plastic silt 10 42.41 26.79 15.62 36.02 1.34

14

15 CL Nonplastic clay 10 39.07 23.60 15.47 23.92 1.47

16

17

18 ML Very stiff plastic silt 21 41.73 26.75 14.98 34.11 1.44

19

20 MH Highplastic silt 29 50.07 33.40 16.67 25.12 1.54

21 ML Very stiff plastic silt 30

1 Lithology Description   2 Unit weight (gr/cm3)   3 Direct shear (gr/cm3)   4 Triaxial test (gr/cm3)   5 Consolidation

Table 3 Results of learning algorithms

Supervised learning 
algorithms Quick propagation Back propagation Marquardt-Levenberg

RMSE (%) 21.30 17.41 24.70

Figure 3 The network structure

INPUTS
OUTPUTS

Input layer
(x, y, z)

Hidden layer Output layer
(soil classification)
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reSultS
Figure 3 shows the architecture of the 
designed network to predict soil layers in a 
borehole at the site. As can be seen, Figure 3 
describes the mechanism of the proposed 
neural networks for predicting the class of 
soil layer. Given (x, y, z) coordination, the 
network recognises the class of layer.

Figure 4 shows a sample log of a bore
hole that was predicted with ANN against 
the actual data. It can be said that the 
results of ANN demonstrate a high level of 
accuracy.

Figure 5 shows an example of the 
designed networks. In order to evaluate 
the classification strategy, there are three 
different performance measurements, the 
first being correctly classified instances 
for total accuracy in predicting instances. 
The second measures are true positive 
rate (TPR) and false positive rate (FPR). 
While TPR is a positive measure to assess 
the performance of the network, the FPR 
is a negative measure in this manner. The 
performance of the network can be exactly 
evaluated for each soil layer in a borehole. 
Confusion matrix is the last alternative 
which can assist with evaluating the 
classification strategy. Rows and columns 
of the matrix indicate the type of soil 
layers. Elements in the main diagonal 
indicate the accuracy of the network. The 
higher the values in the main diagonal, 
the more accurate the network will be. For 
example, in Figure 5 one misclassification 

occurred in predicting SM soil; therefore 
one element out of the main diagonal is 
nonzero.

Figure 6 shows the performance of the 
network in predicting soil layers in one of 
the boreholes located in the study area. As 
can be observed, and also demonstrated 

in the first part of the figure, the network 
shows over 80% accuracy in most cases to 
predict two different soil profiles, ML and 
SM, which exist in this borehole. There is 
only one failure in this particular observa
tion and it is related to the last soil layer in 
which the network mistakenly predicted 

Table 4 The RMSE values for different neurons in hidden layers

Number of neurons 
in hidden layers 2 3 4 5 6 7 8 9 10

RMSE (%) 16.46 15.04 16.77 15.30 16.59 14.70 14.88 14.97 14.79

Figure 5 A sample of Artificial Neural Network toolbox and modelling

Figure 6 A sample of ANN test algorithm

Figure 4  Comparison of actual and predicted 
layers in a borehole
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the SM soil as the CL. With regard to the 
failure in the last layer, it is notable that the 
network allocated a 40.6 probability to the 
existence of SM soil and a 42.8 probability 
to the existence of CL soil, so the reason 
that this layer is mistakenly named a CL 
soil layer is due to the higher percentage 
of probability allocated to CL. It can be 
inferred that the variability of the percent
age addressed to these two soils is less than 
10% and supports the reasonable perfor
mance of designed networks in predicting 
requested elements.

TPR and FPR are two indexes describing 
independently the percentage correct and 
incorrect classifications per soil type in one 
borehole. For example, when the index of 
TPR for SM soil in this borehole is described 
as 83.3%, it means the network has predicted 
five out of every six SM soil layers in this 
borehole correctly, and the average of five 
for six items is equal to 83.3%; and when 
the FPR index for SM soil is equal to 0, that 
means none of the soil layers in this borehole 
has been incorrectly predicted as SM soil.

Figure 7 demonstrates 18 boreholes in 
the western part of Babol City. The type and 
amount of soil in each borehole are selected 
according to Table 1 categories. A multilayer 
perceptron (MLP) is used to predict the 
depth and class of soil layers. Its training 
algorithm is based on back propagation, and 
its learning type is also supervised. ANN 
achieved up to 90% accuracy in predicting 
soil layers.

In order to test the ANN model, seven 
boreholes from the test categories were 
selected (Figures 8 and 9). The accuracy of 
the model is shown in Table 5. The accuracy 
values are measured by comparison of actual 
data and prediction of ANN, as in Figure 4. 
The accuracy rate is about 90%, as presented 
in Table 5.

coNcluSIoN
In this paper the authors constructed and 
trained an ANN model to predict the soil 
layers of Babol City (between boreholes). 
The data was gathered from the boreholes 
in a range of 40 square kilometres of Babol 
City in the north of Iran. A multilayer 
neural network was trained to classify the 
different layers of soil at different depths. It 
should be mentioned that the trained ANN 
model can determine the thickness of each 
layer at a specified depth. To ensure network 
performance in estimating the changes of 
soil layers, data from the test boreholes was 
presented to the network for the first time 
and the results of neural networks were 
compared with actual data obtained from 
site investigations. The results show about 

90% accuracy in prediction by the trained 
ANN model.

As a result, extracted information could 
be used for site investigation in the first step 

of each geotechnical project. It is notable 
that the input instances should be in the 
range of the trained ones which help to 
improve the performance of ANNs. In other 

Table 5 Accuracy and performance of the models

Number of bore hole 15 3 9 2 6 17 4

Accuracy 91% 88% 83% 91.5% 90.7% 89% 92.8%

Figure 7 Type and amount of soil in each borehole
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words, an introduced ANN model is capable 
of interpolating the inputoutput pairs; 
future research will define the accuracy of 
ANN models in extrapolation of data sets. 
Regarding the accuracy of the designed 
ANN model it can be said that this model 
is capable of predicting the subsurface soil 
layers in a study area. Therefore the need to 
drill more boreholes is reduced, which could 
lead to saving money and time.
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Table 1  Summary of different plate load tests

Test 1 No Interface Material

Test 2 Sand

Test 3 Plaster of Paris

Test 4 No Interface Material

Test 5 Plaster of Paris

Test 6 Sand
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INtroductIoN
Plate load tests have been used extensively 
in the past to determine the bearing capa
city and the stiffness of soil. Terzaghi and 
Peck (1948) used plate load tests to develop 
their settlement charts for footings on sand. 
Most geotechnical problems are governed 
by allowable settlement requirements, 
and therefore geotechnical engineers are 
continuously searching for improved test 
methods and new techniques to determine 
soil stiffness more accurately and cost
effectively. Two of the main advantages of 
plate load tests are the costeffectiveness of 
the test and the relative straightforward test 
procedure. However, bedding errors affect 
the soil stiffness measurements during plate 
load tests and therefore they should be kept 
to a minimum.

A series of plate load tests were con
ducted at the experimental farm of the 
University of Pretoria. Three different sur
face preparation methods were used before 
each test. These were (1) the use of only hand 
tools to level the test area, (2) a thin layer 

of wellgraded sand, and (3) a thin layer of 
Plaster of Paris. For each surface preparation 
method, two plate load tests were performed 
as summarised in Table 1.

The surface roughness was measured by 
means of a highprecision laser measuring 
system. The test area was scanned with the 
laser measuring system before and after 
each test in order to evaluate the change in 
surface roughness during the test.

In addition, a modified plate load test 
was designed to eliminate the effect of bed
ding errors that occur during these tests 
by using telescopic probes to measure the 
relative displacement at two points below 
the centre of the plate. The stiffness values, 
determined from the vertical displacement 
of the plate, were compared with the internal 
stiffness values determined by means of the 
telescopic probes, as well as with the stiff
ness from Continuous Surface Wave (CSW) 
measurements.

MethodoloGY
Figure 1 shows the plate load test setup 
that has been designed for the experimen
tal work. The tests were conducted on 
residual Andesite, which was described as 
reddish brown, firm, clayey silt. The main 
components of the plate load test included 
a 1.3 ton steel reaction beam together with 
four grouted anchors, a hollow hydraulic 
jack with 200 kN load capacity, a hollow 
load cell with 100 kN load capacity, loading 
plates with central holes and three Direct 
Current Differential Transformers (DCDT’s) 

the effect of bedding 
errors on the accuracy 
of plate load tests
H F T Barnard, G Heymann

During conventional plate load tests the stiffness of the ground is determined by measuring 
the settlement of a plate placed on the ground surface. If the contact between the plate and 
the ground is rough, bedding errors may occur during the test when plastic deformation 
occurs at the contacts between the plate and the ground. This paper addresses the effect 
of bedding errors on the accuracy of plate load tests. Three different surface preparation 
methods were investigated. In addition, a modified plate load test was designed to eliminate 
the effect of bedding errors that occur during these tests. Telescopic probes were used to 
measure the relative displacement at two points below the centre of the plate. The stiffness 
values, determined from the vertical displacement of the plate, were compared with the 
internal stiffness values determined by means of the telescopic probes. All stiffness values 
were compared with Continuous Surface Wave (CSW) measurements performed on the same 
material. The test apparatus, methods and results are discussed in this paper.
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connected to two 3.0 m long wooden refer
ence beams.

Figure 2 shows a photo of the plate load 
setup. The 300 mm steel plate was placed 
on top of the 450 mm plate, and the vertical 
displacement of the bottom 450 mm plate 
was measured with three DCDTs placed 
120 degrees apart and approximately 25 mm 
from the plate perimeter to monitor any tilt 
that might occur during testing.

One of the main objectives of this 
research project was to evaluate the effect 
of the surface preparation method on the 
accuracy of a plate load test. The three 
most popular surface preparation methods 
in South Africa were investigated which 
were (1) the use of only hand tools to level 
the test area, (2) a thin layer of wellgraded 
sand, and (3) a thin layer of Plaster of Paris. 
When considering the use of a particular 
interface material it is important to consider 
the strength and stiffness of the interface 
material relative to the strength and stiffness 
of the in situ material. The interface material 
must have higher strength and stiffness than 
the in situ material in order to minimise 
compression and avoid yield of the interface 
material. This will result in strains occurring 
in the interface material, which will errone
ously be taken as strain occurring in the in 
situ material. For instance, Plaster of Paris 
may be a suitable interface material when 
conducting a plate load test on soil, but may 
not be suitable for rock or rock masses.

For the first surface preparation method, 
the surface was levelled as smoothly as pos
sible using only hand tools. Occasional gravel 
particles in some of the test holes made it 
difficult to level the test surface in this man
ner. For the second method, the test surface 
was first levelled with hand tools and after 
that a thin layer of wellgraded silica sand, 
less than 20 mm in thickness, was spread 
across the testing area. The third method 
was to prepare the surface with a thin layer 
of Plaster of Paris prior to testing.

The ‘Plaster of Paris’ method required 
skilled personnel due to the quick setting 
time of Plaster of Paris in approximately 

15 minutes. First, a thin plastic film sheet 
was placed over the plate to prevent the plas
ter from adhering to the plate. The Plaster 
of Paris was mixed with water to achieve 
a softtofirm consistency, then quickly 
applied to the test area and spread evenly 

using hand tools. The plate was placed on 
top of the wet plaster, and allowed to dry 
completely. Figure 3 shows the three surface 
preparation methods.

The laser measuring system used to 
measure the surface roughness before and 

Figure 1  Schematic view of plate load test setup
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after each test is shown in Figure 4. The main 
components of the system included a steel 
frame with a tripod stand, a twodirectional 
scan unit mounted on the steel frame, a 
CableExtension Position Transducer (CEPT) 
with a maximum range of 762 mm, a laser 
distance gauge with a resolution of 10 μm 
and a data acquisition system to record the 
measurements electronically. Both the laser 
distance gauge and the CEPT were attached 
to the movable scan unit to measure the dis
tances in the Z and Y directions, respectively. 
The scan unit was fixed in the X direction at 
twelve positions while it was manually moved 

in the Y direction to create twelve consecu
tive scanning lines across the test area. The 
laser distance gauge attached to the scan unit 
measured the elevation in the Z direction, and 
at the same time the horizontal distance in 
the Y direction was recorded with the CEPT.

The telescopic probes were constructed 
from an 8 mm solid aluminium inner rod, 
an aluminium tube with an inner diameter 
of 13 mm and a probe head that consisted of 
three bent spring steel strips welded onto a 
stainless steel nut as shown in Figure 5. The 
aluminium rod was designed to slide freely 
inside the aluminium tube.

A 25 mm hole was drilled vertically into 
the soil by means of a hand bore at the centre 
of the 2 m × 2 m test area to a depth of one 
plate diameter (450 mm) below ground sur
face. Poulos and Davis (1974) concluded that a 
central hole with a radius equal to 30% of the 
plate radius will only have a 5% effect on the 
measured stiffness. Therefore, the 25 mm hole 
with a radius of approximately 5% of the plate 
radius (225 mm) should not have a significant 
effect on the measured soil stiffness. The solid 
aluminium rod was grouted at the bottom of 
the hole, with quickset grout and the spring 
steel probe head fixed at a depth of half the 
plate diameter (225 mm) below the ground 
surface. An LVDT was used to measure the 
relative displacement of the two positions 
below the centre of the plate.

A load sequence was applied which com
prised three cycles of 0 to 8 kN, 0 to 24 kN 
and 0 to 100 kN. For the 450 mm plate 
dia meter, these loads resulted in 50 kPa, 
150 kPa and 628 kPa contact pressures 
respectively. Load application from 0 kN 
to the full load for a particular cycle varied 
between approximately 10 and 20 minutes. 
However, the rest period at the end of each 
load cycle, to allow the creep to subside to 
less than 0.030 mm per minute for three 
consecutive minutes, varied between 
approximately 30 minutes and 2 hours. All 
instruments were continuously recorded at 
10 Hz throughout the tests.

After all the load cycles had been applied, 
all equipment items were removed carefully 
without disturbing the test area, and the test 
surface was again scanned with the laser 
measuring system at the same position as 
before the test.

dAtA INterPretAtIoN

Surface roughness
The surface roughness, before and after each 
test, was described by the calculation of a 
number of surface roughness parameters for 
each test. Surface roughness is a measure of 
the texture of a surface and is quantified by 
the perpendicular deviation (yi) of a real sur
face from its ideal form (Sahoo 2005). Several 
standard parameters summarised in Table 2 

Table 2 Surface roughness parameters

Parameter Description Formula1 

Ra Arithmetic average Ra = 1
n 

n

∑
i=1

 | yi |

Rq Root mean squared Rq = 1
n 

n

∑
i=1

 yi
2

Rv Maximum valley depth Rv = min
i

 yi

Rp Maximum peak height Rp = max
i

 yi

Rt Total range of the profile Rt = Rp – Rv

Rsk Skewness Rsk = 1
nRq

3 

n

∑
i=1

 yi
3

Rku Kurtosis Rku = 1
nRq

4 

n

∑
i=1

 yi
4

Notes:
1  After Degarmo et al (2003); n = total number of scanned points

Figure 5 Telescopic probe setup

Figure 4 Laser measuring system
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were used to describe the surface roughness 
for each surface preparation method.

In addition to the surface roughness 
parameters shown in Table 2, the Bearing 
Area Curve (Abbott & Firestone 1933) was 
used to quantify the surface roughness. 
The Bearing Area Curve (BAC) is a concise 
means of describing a surface and is by defi
nition the integral of the probability distribu
tion related to the Amplitude Distribution 
Function (ADF) as shown in Equation (1) 
(Stewart 1990).

BAC = ∫ADF = ∫P(y) ∙ dy (1)

Where:
y = height deviation from the mean line

Since the BAC is the cumulative distribution 
curve of the ADF, the BACs can be calcu
lated for each data set by sorting all height 
deviations in descending order and plotting 
the sorted data from 0 to 100%, where 100% 
= n (the total number of scanned points). 
The roughness of different surfaces can be 
compared by comparing their BACs. The 
maximum valley depth and maximum peak 
height of a surface are immediately apparent 
from the curve. In addition, a smooth surface 
will result in a steep curve and a rough sur
face in a flat curve.

The surface areas were scanned before 
and after each test using twelve parallel lines. 
Figure 6 shows a typical plot of the raw data 
taken from the three surface preparation 
methods before each test. For the analysis, 
only data from inside the plate area was used. 
A leastsquares linear regression line was 
calculated and the surface roughness was 
quantified as the perpendicular deviation (yi) 
of the measured surface from the linear equa
tion. The seven surface roughness parameters, 
described in Table 2 were calculated for each 
scanned line. Average values for Ra, Rq, Rsk 
and Rku were calculated from all twelve lines 
to represent the total scanned area of the 
plate. In addition, the total range (Rt) was 
calculated as the difference between the deep
est valley (Rv) and highest peak (Rp) for the 
entire data set. All roughness parameters and 
bearing area curves from the different surface 
preparation methods were compared to evalu
ate the surface roughness for each test.

determination of stiffness from 
external measurements
Equation (2) was used to calculate the secant 
stiffness (Eext) at different plate settlements 
(e.g. Timoshenko & Goodier 1951). The con
tact stress (q) was taken as the applied load 
divided by the plate area, which assumed 
a uniform pressure distribution across the 
plate with diameter (D). The average vertical 

displacement of the plate (ρ) was obtained 
from the three DCDTs and Poisson’s ratio (v) 
was taken as 0.35:

Eext = π ∙ q ∙ D ∙ (1 – v2)
4 ∙ ρ

 (2)

determination of stiffness from 
internal measurements
The measured relative displacement of the 
tele scopic probes (∂L) was used in Equation (3), 
together with the distance between the two 
probe points (L = 225 mm), to determine the 
axial strain (∆ε) at any time during the test.

∆ε = ∂L
L

 (3)

Boussinesq’s theory was used to calculate 
the vertical stress at depth z below the centre 
of the circular plate with diameter D = 2R, 
subject to a uniform pressure (q), as shown 
in Equation (4). Values of the influence fac
tor (Ic) are always between zero and unity 
(Boussinesq 1885).

σz = q
 
1 – 

1

1 + 
R
z

2

3
2  = qIc (4)

The radial stress (σr) at depth z below the 
centre of the circular plate was calculated 
using Equation (5) (Boussinesq 1885).

σr = 
q
2 

(1 + 2v) – 
2(1 + v)

1 + 
R
z

2 1
2

 + 
1

1 + 
R
z

2 3
2

 
 (5)

The internal stiffness (EInt) was calcu
lated using Equation (6) which assumes axis 

symmetrical conditions (Handy 2007). The 
vertical stress increment (Δσz) and radial stress 
increment (Δσr) were taken as the average for 
the two measurement points beneath the plate, 
for the corresponding axial strain increment 
(∆ε).

EInt = 
∆σz – 2v∆σr

∆ε
 (6)

Plate load tests without telescopic probes 
measure only plate settlement and not soil 
strain. Therefore, in order to compare the 
external stiffness with the internal stiffness 
values at various strain levels during the test, 
an assumption was required to calculate the 
average strain of the soil beneath the plate. 
The average soil strain was taken as the plate 
settlement (ρ) divided by 1.5 times the plate 
diameter. This was based on the influence 
depth for circular foundations proposed by 
Boussinesq (1885), where less than 20% of 
the applied stress occurs below 1.5 times the 
plate diameter.

In addition, the external stiffness and 
internal stiffness values were also com
pared with the small strain stiffness values 
obtained from Continuous Surface Wave 
tests conducted on the same material. The 
stiffness degradation envelope developed 
by Clayton and Heymann (2001) were used 
to allow comparison of the external stiff
ness and internal stiffness values at various 
strain levels.

reSultS ANd dIScuSSIoN

Initial surface preparation
The initial surface roughness was measured 
and quantified for all six tests prior to any 

Figure 6  Raw data plot for different surface preparation methods before tests
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additional treatment with sand or Plaster 
of Paris. The surface roughness parameters 
determined before the tests are shown in 
Table 3. The results showed that the maxi
mum average roughness value (Ra) calculated 
for the scans were 2.133 mm in Test 1 and 
the minimum average roughness value was 
0.711 mm in Test 5. Table 3 also shows a 
wide range of the maximum valley depth 
value (Rv) that differed between 3.278 mm 
and 10.844 mm, and the maximum 

peak value (Rp) between 3.390 mm and 
10.368 mm. These high values indicate the 
difficulty in levelling the test area by the 
use of only hand tools, even though there 
appeared to be an improvement as the test
ing programme progressed. The root mean 
square roughness values (Rq) presented in 
Table 3 represent the standard deviation 
of the height distribution. The skewness 
values (Rsk) for Tests 2, 3 and 5 indicate that 
the height distribution will fit a Gaussian 

(normal) distribution well, because of the 
closetozero values.

Sand as interface material
The initial surface roughness for the ‘Sand’ 
case was quantified for Test 2 and Test 6 after 
a thin layer of wellgraded sand had been 
placed on the test surface. These values were 
measured after the plate had been placed, 
levelled and then removed. The surface 
roughness parameters are shown in Table 4. 
The results show total range values (Rt) of 
2.808 mm and 2.992 mm, which indicate a 
small difference between the maximum valley 
depth values (Rv) and the maximum peak val
ues (Rp). The surfaces had average roughness 
values (Ra) of 0.333 mm and 0.272 mm, which 
are less than the values achieved for any of the 
surfaces prepared by hand tools, indicating 
a much smoother surface finish when using 
sand as interface material.

The skewness values (Rsk) was close to 
zero for both tests, and kurtosis values of the 
order of 3.0 mm. This implies that the height 
distribution will follow a Gaussian (normal) 
distribution.

Plaster of Paris as interface material
The initial surface roughness for the ‘Plaster 
of Paris’ cases was quantified for Test 3 and 
Test 5 as per Table 5. The surface roughness 
was measured again after the plate had been 
placed on top of a thin layer of Plaster of Paris, 
allowed to dry completely and then removed. 
The results show significantly lower aver
age roughness values (Ra) of 0.196 mm and 
0.146 mm than both the hand tool prepared 
surfaces and sand interface material. This 
indicates that on average the surface is much 
smoother when using Plaster of Paris. In 
addition, the Plaster of Paris ranged between 
1.618 mm and 2.138 mm, whereas it was of the 
order of 3.0 mm for the sand interface material, 
and ranged between 6.668 mm and 21.212 mm 
for the surfaces prepared by hand tools.

The maximum valley depth values 
(Rv) were calculated as 0.887 mm and 
1.138 mm, and the maximum peak values 
(Rp) as 0.731 mm and 1.0 mm. The skewness 
value (Rsk) for both tests showed negative 
values, which indicate that the surface 
is composed of mainly one plateau with 

Table 3 Surface roughness parameters for ‘No Interface Material’ tests

Parameters Test 1 Test 2 Test 3 Test 4 Test 5 Test 6

Ra (mm) 2.133 2.180 1.523 1.082 0.711 0.845

Rq (mm) 2.655 2.650 1.898 1.315 0.836 1.008

Rv (mm)  –10.844 –8.565 –9.900 –3.814 –3.278 –4.931

Rp (mm) 10.368 11.327 7.334 5.818 3.390 4.380

Rt (mm) 21.212 19.893 17.234 9.632 6.668 9.311

Rsk (mm) 0.433 –0.099 0.013 0.424 –0.117 –0.461

Rku (mm) 2.744 2.474 3.441 2.660 2.498 3.079

Table 4  Surface roughness parameters for 
‘Sand’ tests

Parameters Test 2 Test 6

Ra (mm) 0.333 0.272

Rq (mm) 0.407 0.339

Rv (mm) –1.390 –1.564

Rp (mm) 1.418 1.428

Rt (mm) 2.808 2.992

Rsk (mm) 0.002 –0.067

Rku (mm) 2.719 3.255

Table 5  Surface roughness parameters for 
‘Plaster of Paris’ tests

Parameters Test 3 Test 5

Ra (mm) 0.196 0.146

Rq (mm) 0.238 0.192

Rv (mm) –0.887 –1.138

Rp (mm) 0.731 1.000

Rt (mm) 1.619 2.138

Rsk (mm) –0.620 –0.880

Rku (mm) 3.786 4.998

Table 6 Surface roughness prior to plate test

Parameters
No 

Interface 
Material

Sand Plaster 
of Paris

Ra (mm) 1.412 0.303 0.171

Rv (mm) –6.889 –1.477 –1.013

Rp (mm) 7.103 1.423 0.866

Rt (mm) 13.992 2.900 1.878

Figure 7  Bearing Area Curves for different surface preparation methods before tests
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shallow valleys. This is evident on close 
inspection of Figure 3(c). The valleys were 
probably created by folds of the plastic film 
used to cover the plate before placing it on 
the wet Plaster of Paris.

The average values for Ra, Rv, Rp and 
Rt are compared for the three surface 
preparation methods in Table 6. The results 
show that using sand or Plaster of Paris as 
interface material results in a significantly 
smoother surface than when no interface 
material is used. It also shows that Plaster 
of Paris is superior to sand. Depending on 
which parameter is used, the surface rough
ness of the Plaster of Paris was between 30% 
and 40% better than that of the ‘Sand’ test, 
and approximately 88% better than that of 
the ‘No Interface Material’ test.

Bearing Area Curves were calculated for 
all data sets. As discussed earlier the BAC 
is the cumulative distribution of the surface 
roughness of the complete test surface. 
Typical BACs for the ‘Plaster of Paris’ and 
‘Sand’ tests are shown in Figure 7, together 
with a lower and upper boundary for the ‘No 
Interface Material’ tests. It is evident from 
the curves that even the smoothest surface 
achieved for the ‘No Interface Material’ 
preparation method resulted in a much 
rougher surface compared to the other two 
preparation methods. In addition, it confirms 
that the ‘Plaster of Paris’ preparation method 
resulted in the smoothest surface with the 
flattest surface topography.

change in surface roughness
The surface roughness was quantified after 
each test and compared with the initial 
surface roughness. This comparison was 
important to determine whether a change 
in surface roughness occurred during each 
test, as it would allow judgement to be made 
on the bedding errors that occurred during 
the test.

Tables 7, 8 and 9 show the surface rough
ness for the three surface preparation tech
niques before and after the plate load test, as 
well as the change in surface roughness that 
occurred as a result of the test.

The results shown in Table 7 show that 
for the two tests where no interface material 
was used the surfaces were smoother after 
the tests. For Test 1 there was a marginal 
improvement and, depending which rough
ness parameter is used, the improvement 
ranged between approximately 20% and 
50%. Test 1 showed a reduction in average 
roughness of about 1 mm during the tests. 
However, it should be noted that the average 
roughness value after Test 1 (Ra= 1.054) is 
still approximately three times larger when 
compared with the Ra values of 0.303 and 
0.171 measured before the ‘Sand’ and ‘Plaster 

of Paris’ tests respectively. Figure 8(a) shows 
the surface roughness profiles before and 
after Test 1. These graphs present all twelve 
lines that were scanned for each test surface. 
Figure 8(a) confirms the marginal improve
ment in surface roughness for Test 1.

For Test 4 the surface was also prepared 
using hand tools only. The surface roughness 
after the test was significantly less than for 

Test 1. This is due to two reasons. Firstly, the 
surface was better prepared than for Test 1. 
This may be seen by comparing the surface 
roughness parameters before both tests. It can 
be seen that the surface roughness of Test 4 
prior to load application was less than the sur
face roughness of Test 1 after load application. 
Secondly, Test 4 had to be temporarily halted 
between cycles 2 and 3 due to rain.

Figure 8  Comparison between before and after laser scans: (a) ‘No Interface Material’ test 
(b) ‘Sand’ test (c) ‘Plaster of Paris’ test
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Approximately one week was allowed for 
the soil to return to its initial moisture con
ditions before continuing with the test, but it 
is believed to have contributed to the smooth 
surface after load application.

Some testing standards on plate load 
testing suggest that small initial load cycles 
may be used to eliminate the effect of bed
ding errors on the accuracy of plate load 
tests. This may be true for soft soil, but the 
results shown in Table 7 show that, for the 
firm residual Andesite tested during this 
investigation, small initial cycles would not 
have eliminated bedding errors. It is evident 
that some level of surface roughness was still 
present after the full 628 kPa load had been 
applied to the surface.

The strength and stiffness of sand 
depends on its effective stress. This implies 
that the behaviour of the sand will be differ
ent during load application than when scan
ning the surface with the plate removed. The 
data from Tests 2 and 6 for the sand interface 
material shows mixed results. Some param
eters were lower after the test, suggesting a 

smoother surface, whilst others were higher. 
Table 8 shows an average roughness value 
(Ra) after the test of 0.23 mm compared with 
0.33 mm measured before the tests. However, 
the Ra value for Test 6 actually increased by 
4.5%. It is evident that the surface roughness 
does not change significantly during the test 
if sand is used as the interface material. The 
Rv, Rp and Rt values also did not change in a 
constant manner, with positive and negative 
changes being evident from Table 8.

Figure 8(b) shows the surface roughness 
profiles before and after Test 2. The imprint 
of the 450 mm plate is clearly visible. The 
question arises whether the imprint indicates 
plastic deformation of the sand material con
tributing to bedding errors or whether the 
plastic deformation occurred in the residual 
Andesite. This question may be answered by 
comparing the internal and external stiffness 
values, which will be discussed in the follow
ing section.

Tests 3 and 5 were the tests using Plaster 
of Paris as interface material, and the results 
are shown in Table 9. The results indicate 

that the surfaces were smooth before the test 
and in general even smoother afterwards. 
It may be concluded that a small amount of 
plastic deformation occurred in the cured 
Plaster of Paris during load application.

Figure 8(c) presents the surface roughness 
profiles before and after Test 3 and it is evi
dent that the surface was very smooth prior 
to the test. The imprint of the 450 mm plate 
is visible in the Plaster of Paris before and 
after the test. The imprint before the test was 
due to the procedure of first placing the plate 
on the wet Plaster of Paris, removing it, scan
ning the surface and then replacing it. The 
results further support the conclusion that 
Plaster of Paris is the most effective surface 
preparation method for creating the smooth
est surface for plate load tests on soils.

Stiffness measurements 
from plate load tests
For conventional plate load tests, the applied 
load and plate settlement are measured 
using measurement instrumentation above 
the ground surface, and the external stiff
ness is calculated using Equation 2 (Eext). 
In contrast, internal stiffness is determined 
from the telescopic probes located in the 
soil below the plate and calculated from 
Equations 4 to 6 (Eint).

External and internal stiffness values 
were compared with the stiffness degra
dation curve proposed by Clayton and 
Heymann (2001). Continuous Surface Wave 
(CSW) tests were performed in order to 
determine the small strain stiffness (E0), 
required to generate a ClaytonHeymann 
stiffness degradation curve. The CSW test 
results showed small strain stiffness (E0) 
values of about 250 MPa.

External stiffness measurements
Tests 2, 3 and 4 were used as the representa
tive tests for each preparation method, to 
compare the results obtained from the three 
surface preparation techniques. The external 
stiffnesses for the three cycles at different 
strain levels are shown in Figures 9(a) to (c).

Figure 9(a) shows the external stiffness 
values for all three preparation methods 
recorded during the first 50 kPa cycle. The 
results show that the ‘Plaster of Paris’ and 
‘Sand’ tests provided higher values compared 
to the values where the surface was levelled 
by hand and no interface material was used. 
Although the ‘Plaster of Paris’ test shows the 
highest stiffness values, it was 50% less than 
the small strain stiffness from the CSW test.

The external stiffness values for the 
second cycle (150 kPa) are presented in 
Figure 9(b). These results show that the 
‘Plaster of Paris’ and ‘Sand’ tests again 
produced higher values compared to the 

Table 7 Change of surface roughness for ‘No Interface Material’ tests

Parameters
Test 1

Change
Test 4

Change
Before After Before After

Ra (mm) 2.133 1.054 1.079 1.082 0.091 0.991

Rq (mm) 2.655 1.333 1.322 1.315 0.132 1.183

Rv (mm) –10.844 –6.169 4.675 –3.814 –0.528 3.286

Rp (mm) 10.368 8.179 2.189 5.818 1.559 4.259

Rt (mm) 21.212 14.349 6.863 9.632 2.088 7.544

Table 8 Change of surface roughness for ‘Sand’ tests

Parameters
Test 2

Change
Test 6

Change
Before After Before After

Ra (mm) 0.333 0.227 0.106 0.272 0.285 –0.013

Rq (mm) 0.407 0.296 0.111 0.339 0.361 –0.022

Rv (mm) –1.390 –1.287 0.103 –1.564 –1.751 –0.187

Rp (mm) 1.418 1.443 –0.025 1.428 1.840 –0.412

Rt (mm) 2.808 2.730 0.078 2.992 3.591 –0.599

Table 9 Change of surface roughness for ‘Plaster of Paris’ tests

Parameters
Test 3

Change
Test 5

Change
Before After Before After

Ra (mm) 0.196 0.068 0.128 0.146 0.109 0.037

Rq (mm) 0.238 0.088 0.150 0.192 0.157 0.035

Rv (mm) –0.887 –0.606 0.281 –1.138 –1.788 –0.650

Rp (mm) 0.731 0.276 0.455 1.000 0.723 0.277

Rt (mm) 1.619 0.883 0.736 2.138 2.511 –0.373
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test using no interface material. Figure 9(c) 
shows the results for the last load cycle. An 
interesting observation here is that the ‘Sand’ 
and the ‘No Interface Material’ tests had 
similar stiffness values, while the ‘Plaster of 
Paris’ test stiffnesses were about 20% higher 
in comparison. The results further show 
that the ‘Plaster of Paris’ test corresponded 
well with the lower boundary of the Clayton
Heymann degradation envelope above 
0.080% axial strain.

All external stiffness values at different 
axial strain levels are shown in Table 10. 
It may be seen from these results that the 
‘Plaster of Paris’ test produced significantly 

Table 10 External stiffness values

Axial 
strain

%

External stiffness for
‘No Interface Material’ test 

(MPa)

External stiffness for
‘Sand’ test 

(MPa)

External stiffness for
‘Plaster of Paris’ test  

(MPa)

Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3

0.005 39 32.0 95 86 84 95 105 107 130

0.010 28 25.0 89 70 82 87 82 100 117

0.050   15.3 76   63 81   74 101

0.100   14.9 80   49 77   59 92

0.500     36     36     46

1.000     25     25     31

Figure 9  Comparison of stiffness values for different preparation methods: (a) to (c) External measurements – load cycles 1 to 3, and  
(d) to (f) Internal measurements – load cycles 1 to 3
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higher stiffness values for all three cycles. It 
is also important to note that the stiffness 
values for the last cycle were higher com
pared to the first two cycles for all tests.

Internal stiffness measurements
The stiffnesses determined from the meas
urements made by the telescopic probes are 
presented in Figure 9(d) to (f) for the three 
load cycles and summarised in Table 11.

Figure 9(d) shows the internal stiffness 
values for all three surface preparation meth
ods for the first load cycle. The sand test 
produced the highest stiffness values, which 
compared reasonably well with the Clayton
Heymann degradation envelope.

The internal stiffness values for the 
second load cycle are shown in Figure 9(e). 
The results show very similar stiffness values 
between 0.005% and 0.100% strain for all 
tests, but were slightly lower than the stiff
ness degradation envelope.

Figure 9(f) shows that all three tests 
produced similar internal stiffness values 
for the entire strain range and corresponded 
well with the ClaytonHeymann stiffness 
degradation envelope for most strain levels. 
The CSW test measures the stiffness of soil 
at very small strains (< 0.002%). The internal 
stiffness for the third cycle at strains less 
than 0.002% compared reasonably well with 
the CSW results for all three tests, as shown 
in Figure 9(f).

For the last two cycles, similar internal 
stiffness values were recorded regardless 
of the surface preparation technique. This 
was anticipated as it was expected that 
strains measured by the telescopic probes 
would be independent of bedding errors that 
may occur between the plate and the soil. 
Interestingly this was not the case for the 
first cycles (Figure 9(d)) where the stiffness 
values were different for each of the three 
preparation methods. The reason for this is 
not clear, but may have been due to bedding 
of the spring steel strips into the sides of the 
bored hole during the first load cycle.

It is important to note that the stiffness 
values determined in the last cycle were 
always higher compared to the first two 
cycles, except for the internal stiffness values 
at strain levels smaller than 0.01% for the 
‘Sand’ test (see Table 11). It is evident that 
strain hardening of the soil took place for all 
tests during the first two load cycles.

Comparison of stiffness from external 
and internal measurements
Comparison of the stiffnesses determined 
from external and internal measurement 
should give insight into the effect of bedding 
errors on plate load tests. This is based on 
the assumption that stiffness measurements 

from internal measurements will be inde
pendent of any bedding errors between the 
plate and soil, whereas stiffness from exter
nal measurements will include the effects of 
bedding errors. Table 12 shows the ratio of 
external and internal stiffnesses measure
ments for the different surface preparation 
methods and load cycles.

Figures 10, 11 and 12 compare the 
internal and external stiffness for the third 
load cycle for the three surface preparation 

techniques at all strain levels. The results 
show that the stiffnesses from the internal 
measurements were consistently higher for 
all tests except for strain levels in excess 
of 1%.

For the ‘Sand’ test (Figure 11), the 
internal stiffness was between 30% and 40% 
higher, up to 0.05% strain. Both these stiff
ness curves compare reasonably well with 
the lower boundary of the ClaytonHeymann 
envelope at strains greater than 0.1%.

Table 11 Internal stiffness values

Axial 
Strain

%

Internal stiffness for
‘No Interface Material’ test 

(MPa)

Internal stiffness for
‘Sand’ test 

(MPa)

Internal stiffness for
‘Plaster of Paris’ test 

(MPa)

Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3

0.005 77 148 188 176 167 164 134 142 157

0.010 64 143 153 137 149 143 107 131 140

0.050 107 145 89 108 90 114

0.100 78 103 68 84 63 95

0.500 38 36 41

1.000 24 23 27

Table 12 Relationship between external and internal stiffness values

Axial 
strain 

(%)

‘No Interface Material’ test 
(%)

‘Sand’ test 
(%)

‘Plaster of Paris’ test 
(%)

Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3

0.005 51 22 51 49 50 58 78 75 83

0.010 44 17 58 51 55 61 77 76 84

0.050   14 52   71 75   82 89

0.100   19 78   72 92   94 97

0.500     95     100     112

1.000     104     109     115

Figure 10  Comparison between external stiffness and internal stiffness for ‘No Interface Material’ 
test (cycle 3)
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Table 12 and Figure 12 show that the 
external stiffness values measured in the 
‘Plaster of Paris’ test is closer to the internal 
stiffness values and it may be concluded 
that the Plaster of Paris performed the best 
of the three surface preparation techniques.

It is evident from Figures 9(a) to (c) and 
Table 10 that the external stiffness values 
for all tests were higher during the last cycle 
compared with the first two cycles. This 
raises the question whether this increase in 
stiffness was caused by a decrease in bedding 
errors during the first two cycles. However, 
this is not the case, since the same trend was 
observed in most of the internal stiffness 

values (see Table 11) where the telescopic 
probes were not influenced by bedding errors. 
In addition, the test surface scanned after 
load application showed that after more than 
600 kPa pressure had been applied to the soil 
without interface material, significant surface 
roughness was still present. It is believed that 
the increased stiffness for the third load cycle 
was caused by strain hardening that occurred 
during the first two load cycles.

The data indicates that measurements 
made using telescopic probes are superior to 
those from external measurements used in 
routine plate load tests, especially at small 
and intermediate strain levels.

coNcluSIoNS ANd 
recoMMeNdAtIoNS
Plate load tests have an important role in 
geotechnical engineering in the determina
tion of soil stiffness. Results from this study 
demonstrate that bedding errors can have 
a significant effect on soil stiffness values 
when external measurements are used to 
measure the settlement of the plate. Such 
plate load tests can result in stiffness values 
of up to 50% lower than stiffness values 
inferred from seismic tests. In addition, 
measurements made using telescopic probes 
are superior to those from external measure
ments, especially at small and intermediate 
strain levels. This method is therefore rec
ommended for use when accurate stiffness 
values are required.

Wellgraded sand may be the most 
practical material to use as interface 
material in order to minimise bedding 
errors, but Plaster of Paris resulted in more 
accurate stiffness measurements. Plaster of 
Paris is therefore recommended as interface 
material when conducting plate load tests 
on soils.
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Figure 12  Comparison between external stiffness and internal stiffness for ‘Plaster of Paris’ test 
(cycle 3)
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Figure 11  Comparison between external stiffness and internal stiffness for ‘Sand’ test (cycle 3)
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The Journal of the South African Institution of Civil 
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publication are reviewed by a panel of referees under the 
guidance of the SAICE Journal Editorial Panel. The jour-
nal publishes research papers covering all the disciplines 
of civil engineering (structural, geotechnical, railway, 
coastal/marine, water, construction, environmental, 
municipal, transportation) and associated topics that 
are relevant to the civil engineering profession, and that 
preferably have particular relevance to civil engineering 
in southern Africa and the African continent.

When preparing articles for publication, authors 
should please take note of the following and comply with 
the guidelines as set out:

CLASSIFICATION OF ARTICLES 
CONSIDERED FOR PUBLICATION

 ■ Technical papers are well-researched, in-depth, 
fully referenced technical articles not exceeding 
6 000 words in length (excluding tables, illustrations 
and the list of references). Related papers that deal 
with ‘softer sciences’ (e.g. education, social uplift-
ment, etc) are accepted if they are of a technical 
nature and of particular interest to the civil engineer-
ing profession. The latter type of paper will be subject 
not only to peer-review by civil engineers, but also 
to review by non-engineering specialists in the field 
covered by the paper.

 ■ Technical notes are short, fully referenced technical 
articles that do not exceed 2 000 words. A typical 
technical note will have limited scope often dealing 
with a single technical issue of particular importance 
to civil engineering.

 ■ Review papers are considered for publication as 
either technical papers or technical notes on condi-
tion that they are the original work of the author 
and will assist the reader with the understanding, 
interpreting or applying of the subject under review. 
A review paper must contain criteria by which the 
work under review was evaluated, and contribute 
by synthesising the information and drawing new 
conclusions from the dissemination of the previously 
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 ■ Discussion on published articles is welcomed up to 
six months after publication. The length of discus-
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appropriate, discussion contributions will be subject 
to the normal reviewing process and will be for-
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POLICY REGARDING LANGUAGE AND 
ORIGINALITY OF SUBMITTED ARTICLES
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internationally. Articles submitted in any of the other 
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nied by an expanded abstract in English.

 ■ Original work: Papers and technical notes must be 
original contributions. Authors must affirm that sub-
mitted material has not been published previously, 
is not under consideration for publication elsewhere 
and will not be submitted elsewhere while under 
consideration by the SAICE Journal Editorial Panel. It 
is the responsibility of the authors to ensure that pub-
lication of any paper in the journal will not constitute 
a breach of any agreement or the transgression of any 
law. The corresponding author should confirm that 
all co-authors have read and approved the manuscript 
and accept these conditions. Authors are responsible 
for obtaining permission to publish experimental 

data and other information that may be confidential 
or sensitive. Authors are also responsible for obtain-
ing permission from copyright owners when repro-
ducing material that had been published elsewhere. 
Proof of such permission must be supplied.

SUBMISSION PROCEDURES 
AND REQUIRED FORMAT

 ■ Electronic submission: Manuscripts should be 
e-mailed to the editor at verelene@saice.org.za. File 
sizes should not exceed 4 MB per e-mail – figures 
may for example be sent one by one or in groups not 
larger than 4 MB. Manuscripts should not be sent in 
PDF format as this precludes reviewing of papers per 
track changes.

 ■ Format: Manuscripts should be prepared in MS 
Word and presented in double line spacing, single 
column layout with 25 mm wide margins. Line 
numbers must be applied to the whole document. 
All pages should bear the authors’ names and be 
numbered at the bottom of the page. With the excep-
tion of tables and figures (see below) the document 
should be typed in Times New Roman 12 pt font. 
Contributions should be accompanied by an abstract 
of not more than 200 words.

 ■ First page: The first page of the manuscript should 
include the title of the paper, the number of words of 
the main text (i.e. excluding figures, tables and the 
list of references), the initials and surnames of the 
authors, professional status (if applicable), SAICE 
affiliation (Member, Fellow, Visitor, etc), telephone 
numbers (landline and mobile), and e-mail and 
postal addresses. The name of the corresponding 
author should be underlined. Five keywords should 
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 ■ Figures, tables, photos and illustrations: These 
should preferably be submitted in colour, as the 
journal is a full-colour publication. 

 ■ Their positions should be clearly marked in the 
text as follows: [Insert Figure 1]

 ■ Figures, tables, photos, illustrations and equations 
should be numbered consecutively and should 
appear in the text directly after they have been 
referred to for the first time.

 ■ Illustrations must be accompanied by appropriate 
captions. Captions for tables should appear above 
the table. All other captions should appear below 
the illustration (figures, graphs, photos).

 ■ Only those figures and photographs essential to 
the understanding of the text should be included. 
All illustrations should be referred to in the text.

 ■ Figures should be produced using computer 
graphics. Hand-drafted figures will not be accept-
ed. Lettering on figures should be equivalent to a 
Times New Roman 9 pt font or slightly larger (up 
to 12 pt) if desired. Lettering smaller than 9 pt is 
not acceptable.

 ■ Tables should be typed in Times New Roman 9 pt 
font. They should not duplicate information already 
given in the text, nor contain material that would 
be better presented graphically. Tabular matter 
should be as simple as possible, with brief column 
headings and a minimum number of columns.

 ■ Mathematical expressions and presentation of 
symbols: 

 ■ Equations should be presented in a clear form 
which can easily be read by non- mathematicians. 
Each equation should appear on a separate line 
and should be numbered consecutively.

 ■ Symbols should preferably reflect those used in 
Microsoft Word Equation Editor or Mathtype, 

or should be typed using the Times New Roman 
symbol set.

 ■ Variables in equations (x, y, z, etc, as well as lower 
case Greek letters) should be presented in italics. 
Numbers (digits), upper case Greek letters, sym-
bols of metric measurement units (m for metres, 
s for seconds, etc) and mathematical/trigono-
metrical functions (such as sin, cos and tan) are 
not written in italics, but in upright type (Roman). 
Variables and symbols used in the body of the text 
should match the format used in the equations, 
i.e. upright or italics, whichever is applicable.

 ■ Metric measurement abbreviations/units should 
conform to international usage – the SI system of 
units should be used.

 ■ Decimal commas may be used, but decimal points 
are preferred.

 ■ Symbols should preferably be defined in the text, 
but if this is not feasible, a list of notations may be 
provided for inclusion at the end of the paper.

 ■ Headings: Sections and paragraphs should not be 
numbered. The following hierarchy of headings 
should be followed:
 HEADING OF MAIN SECTION
 Heading of subsection
 Heading of sub-subsection

 ■ References: References should follow the Harvard 
system. The format of text citations should be as 
follows: “Jones (1999) discovered that …” or “recent 
results (Brown & Carter 1985; Green et al 1999) 
indicated that …”
  References cited in the text should be listed in 
alphabetical order at the end of the paper. References 
by the same author should be in chronological order. 
The following are examples of a journal article, a 
book and a conference paper:

 ■ Donald, A W 1954. Pore pressure coefficients. 
Géotechnique, 4(4): 143–147.

 ■ Terzaghi, K 1943. Practical soil mechanics. New 
York: Wiley.

 ■ Smith, A W, Black, C & White, A 1999. Factors 
affecting the strength of soils. Proceedings, ASCE 
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be cited if applicable.

 ■ Footnotes, trade names, acronyms, abbreviations: 
These should be avoided. If acronyms are used, they 
should be defined when they first appear in the text. 
Do not use full stops after abbreviations or acronyms.

 ■ Return of amended papers: Papers requiring 
amendments will be accepted up to six months after 
the referee reports have been sent to authors, after 
which the paper will be withdrawn from the system.
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the form that will be provided by the Institution.

 ■ Photos of authors: The final corrected version of 
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in PDF format for verification before publication. No 
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