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Clients’ perspectives
of professional ethics
for civil engineers

H Abdul-Rahman, C Wang, M A Saimon

Many parties in the construction industry claim that codes of professional ethics can help
mitigate the unethical conduct of civil engineers and improve the ethical level amongst
construction players. However, the fact is, even though most organisations have their own
codes of ethics, there still are many instances of unethical conduct in the construction industry.
For this reason, this research attempted to study clients’ perceptions of the impact on civil
engineering works that codes of professional ethics have. Unethical conduct in the construction
industry, such as fraud, bribery and collusive tendering, were addressed in 55 structured
interviews. The interviews indicated the causes of the unethical conduct, as well as ways for
mitigation. Finally, two models of disciplinary procedures to deal with unethical conduct were
developed for the construction industry, particularly for civil engineers. One model is for non-
serious unethical conduct such as “being late for work”, “punching card on behalf of a friend”,
and “disappointing work performance”, while the other model is for serious unethical conduct
such as “fraud”, “dishonesty”, and “collusion with the other party”.

INTRODUCTION

Professional ethics is defined as a system

of norms that controls both the morality
and behaviour of professionals in their
day-to-day practice. Professional ethics also
ascribe moral responsibility not only to an
individual, but to all professionals practising
in a particular profession (Suen et al 2007;
Bayles 1989; Wasserman et al/ 2000). Carey
& Doherty (1968) stated that it automatically
tied up with more practical concepts and
expectations from the public, encompassing
issues such as competence, responsibility and
willingness to serve the public. The adoption
of ethical principles and the enforcement

of standards become matters of increasing
importance to society as the number of pro-
fessions and professionals increase and the
work environment becomes more ethically
sensitive, because the credibility of the entire
profession is endangered when lapses of ethi-
cal behaviour occur. Brien (1998) feels that
the problem faced by any professional com-
munity is how to regulate itself effectively

to justify its autonomy, while ensuring that
the clients of its members, and society as a
whole, benefit from the profession’s and the
individual professional’s actions, rather than
becoming their victims.

Morton (2008) defined the construction
industry as all those firms involved directly
in the design and construction of building
projects. The construction industry prides
itself on being the provider and facilitator

of global physical development through

the provision of infrastructure, manpower
development, resource employment, fixed
capital formation and improvement of the
GDP (Hillebrant 2000). Almost every pro-
fession has its codes of ethics to provide a
framework for arriving at good ethical choi-
ces. Therefore, professional ethics is a system
of norms to deal with both the morality and
behaviour of professionals in their day-to-day
practice, and to ascribe moral responsibility
not only to an individual, but to all profes-
sionals practising in a particular profession.
For the building and designing professions,
the incalculable value of human life demands
nothing less than the highest moral con-
siderations from those who might risk it
otherwise (Vee & Skitmore 2003; Chakley
1994; Hinman 1997).

PROFESSIONAL ETHICS,
CONSTRUCTION INDUSTRY,

AND CLIENTS

The construction industry is a “perfect”
environment for ethical dilemmas, with its
low-price mentality, fierce competition, and
paper-thin margins. Unethical behaviour is
increasingly taking a toll on the reputation of
the industry (Corvellec & Macheridis 2010;
Jordan 2005). Surveys conducted by research-
ers in Australia (Vee & Skitmore 2003) and
South Africa (Pearl et al 2005) identified
several instances of unethical conduct

and ethical dilemmas in the construction
industry, such as corruption, negligence,
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Table 1 Advantages of a code of ethics

Advantages of a code of ethics Mean | Rank
Let professionals know when they are in breach of statement 2,06 1
Motivate and inspire practitioners 1,92 2
Set out the ideals and responsibilities of the profession 1,84 3
Raise awareness and consciousness of issues 1,82 4
Improve ethical belief and behaviour 1,76 5
Minimise the chances of unethical or illegal act 1,73 6
Improve the profile of the profession 1,71 7
Improve quality and consistency 1,69 8
Provide guidance on acceptable conduct 1,61 9
Protection of both clients and professionals 1,59 10
Self discipline and providing standard for all staff to follow 1,00 11
* Notes: Rank no 1 = Most important; Rank no 11 = Least important
Table 2 Remaining questions: Disadvantages of a code of ethics
Disadvantages of a code of ethics Mean | Rank
What is the point of specifying responsibilities, given the limited regulatory function 936 1
of a code ’
Whether the so-called standards are obligatory, or are merely an aspiration 2,20 2
Whether such a code is desirable or feasible 2,19 3
The dif‘ficulty of providing universal guidance given the heterogeneous nature of the 218 4
profession s
Whether ethical values are universal or culturally realistic 2,17 5

* Notes: Rank no 1 = Most important; Rank no 5 = Least important

bribery, conflict of interest, bid-cutting,
under-bidding, collusive tendering, cover
pricing, frontloading, bid-shopping, and with-
drawal of tender. It is evident that there are
significant areas of concern pertaining to the
ethical conduct of construction professionals.
Many efforts have been made to increase
ethical standards and integrity among
professionals in construction sectors world-
wide. According to Pearl et al (2005), the
regulatory professional acts relating to the
built environment professional sector in
South Africa were totally overhauled in the
late 1990s, and a new suite of professional
acts were promulgated in 2000 to enhance
professionalism. Meanwhile, in America, the
Construction Management Association of
America (CMAA) has updated its code of
ethics to include a wider range of professional
services, as well as professional services
among construction players (CMAA 2006).
A Standard of Professional Conduct to
govern ethical practices in the American
civil engineering profession was published
by the American Society of Civil Engineers
(ASCE 2008). Australia has its own codes of
tendering to enhance fairness and transpar-
ency (Ray et al 1997). There are many parties
involved in the construction industry, such as
clients, architects, surveyors, civil engineers,

and other kinds of engineers. Codes of eth-
ics act as control systems which are used as
guidelines by the members of those parties to
be more disciplined and more ethical in their
professions (Smyth et al 2010; Johari 2001).
Clients are the people or bodies who
finance construction projects and who act as
a major driving force within the construc-
tion sector (Cavil & Sohail 2008; Bologna
et al 1996). Hillebrant (2000) states that
clients are the initiators of the whole process
in the construction industry, and can be
categorised into public sector clients and
private sector clients. In the private sector,
there are two types of clients. The first type
comprises clients who commission projects
for their own purposes. The second type
comprises developers who sell or rent their
developed buildings to end users. Public
sector clients, on the other hand, fall into
three categories, namely: a) public authorities
who are running commercial or industrial
buildings, although they may be subsidised
by the government; b) clients who provide
the infrastructure, but are not paid by the
users; and ¢) clients who provide facilities
that are paid for by the users, but not on a
commercial basis. As the client is the major
steering force, the involvement of the client
in every aspect of the construction process

is important for the project to be completed
within the scope, cost and time allowed, and
to the desired standard (Hillebrant 2000).
The authors only partly agree with this state-
ment, since it is debatable whether the client
should be involved in all processes, as there
are certainly some processes where the client
should be excluded to avoid direct interfer-
ence and conflict of interest, and hence pos-
sible undermining of the engineer’s authority.

RESEARCH METHODS AND SCOPE
Structured interviews were conducted

to obtain a consistent response from the
interviewees. In the structured interview,
questions were presented in the same order
and with the same wording so that the inter-
viewer could be in full control of the inter-
view all the time. The researcher approached
55 developers from both the public and the
private sectors for interviews. The inter-
viewees consisted of 23 project managers
(41,8%), 7 company directors (12,7%), and 25
executive managers (45,5%). In these struc-
tured interviews, four main issues regarding
clients’ perception of professional ethics in
the construction industry were addressed,
namely: the level of professional ethics in the
Malaysian construction industry, interview-
ees’ experiences with instances of unethical
or illegal conduct in the construction indus-
try, the causes of unethical or illegal conduct,
and the ways to mitigate the occurrence of
unethical or illegal conduct in the construc-
tion industry. This research limits its scope
to the nation of Malaysia, but its findings
could be utilised in other nations as a source
of reference, for Malaysia is a member of the
Commonwealth of Nations.

RESULTS OF THE STRUCTURED
INTERVIEW SURVEY

Impacts of codes of ethics in

the construction industry

Table 1 ranks the advantages of a code of
ethics. The top three advantages that emerge
are “let professionals know when they are in
breach of statement”, “motivate and inspire
practitioners”, and “set out the ideals and
responsibilities of the profession”. Table 2
ranks the disadvantages of a code of eth-
ics, where “what is the point of specifying
responsibilities, given the limited regulatory
function of a code” is ranked uppermost.
This is probably because interviewees usu-
ally apply more than one code of ethics,
including the code of ethics of the general
organisation and the code of ethics of their
professional bodies. Sometimes this causes
a dilemma for professionals in that they are
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Table 3 Ranking of unethical conduct in the Malaysian construction industry

Unethical conduct Mean | Rank
Illegal award to contractor 2,64 1
Bribery 2,59 2
Breaches of professional responsibility 2,57 3
Disclosure of confidential project baseline 2,53 4
Collusive tendering 2,47 5
Fraud 2,45 6
Negligence 2,44 7
Dishonesty and unfair behaviour 2,26 8

* Notes: Rank no 1 = Most important; Rank no 8 = Least important
Table 4 Causes of unethical conduct in the construction industry

Causes of unethical act Mean | Rank
Insufficient ethical education in schools 2,48 1
Economic downturn 2,41 2
Insufficient ethical education from professional institution 2,37 3
Demand from authority 2,27 4
Lack of training to handle non-compliance 2,23 5
Fierce competition 2,22 6
Insufficient legislative enforcement 2,10 7
Construction industry’s culture 2,06 8

* Notes: Rank no 1 = Most important; Rank no 8 = Least important
Table 5 Ways to minimise unethical conduct in the construction industry

Solutions Mean | Rank
Making the unethical act a criminal activity 1,93 1
Training and programmes on professional ethics 1,85 2
Law, regulation and enforcement by the government 1,63 3
Provide good system in construction process 1,60 4
Code of ethics in organisation 1,60 4

* Notes: Rank no 1 = Most important; Rank no 4 = Least important

unsure which code to follow. For instance,
in some circumstances, conduct that could
increase the organisation’s profit is encour-
aged by the code of ethics of the general
organisation, but is prohibited by the code of
professional ethics. In this kind of dilemma,
professionals have to be very watchful.

Unethical or illegal conduct in the
Malaysian construction industry
Table 3 ranks the unethical conduct in the
Malaysian construction industry, where “ille-
gal award to contractor” and “bribery” are the
two worst concerns, followed by “breaches

of professional responsibility”, “disclosure of
confidential project baseline”, “collusive ten-
dering”, “fraud”, “negligence”, and “dishonesty
and unfair behaviour”. According to clients’

perception, “illegal award of contract” is very

common, because the client is the party who
offers the contracts. However, interestingly,
all the interviewees preferred the word
“unethical” rather than “illegal”, because the
latter represents a criminal activity. In the
interviewees’ opinion, a client has the right to
award the contract to any contractor and it

is not considered illegal, even though it is not
the most qualified tender.

According to Table 3 “bribery” is ranked
as the second worst concern. This is support-
ed by three previous researches — Berawi et
al (2008); Pearl et al (2005); and Yap (2006).
During the interviews, many interviewees
stated that “bribery” has become a culture in
the construction industry. This statement is
supported by the American Society of Civil
Engineers, which reveals that corruption
accounts for an estimated $340 billion each

year in the construction sector worldwide
(Sohai & Cavill 2008). “Dishonesty and
unfair behaviour” is ranked at the bottom in
Malaysia, which is not in line with the study
done by Vee and Skitmore (2003), where
“dishonesty and unfair behaviour” is ranked
at the top in the Australian construction
industry. This is probably because the trans-
parency level in the Australian construction
industry is higher than that in Malaysia, as
commented by interviewees.

Table 4 ranks the causes of unethical con-
duct in the Malaysian construction industry,
where “insufficient ethical education in
schools” is at the top, followed by “economic

» o

downturn”, “insufficient ethical education
from professional institution”, “demand
from authority”, “lack of training to handle

» o«

non-compliance”, “fierce competition”,

and “insufficient legislative enforcement”.
Although most interviewees commented that
people were normally shaped during their
school years, they agreed that professional
institutions (through ways such as monthly
meetings, codes of ethics, and regular train-
ing) should continue educating professionals
to act ethically. “Economic downturn” is also
one of the major causes of unethical con-
duct. This is because, during an economic
downturn, contractors are unprecedentedly
competing to “grab” a contract.

Table 5 ranks the ways to mitigate unethi-
cal conduct in the construction industry. The
highest ranking for this section is “making the
unethical act a criminal activity” with a mean
value of 1,93. The result is associated with a
study by Mason (2008) where he stated that
making an unethical act a criminal activity
was one way to promote ethical improve-
ment. Interviewees stated that the law and
its enforcement are very important ways to
solve the ethical problems in the industry.
The Malaysian construction industry had
introduced many laws and regulations, but
the enforcement thereof was not well imple-
mented. One interviewee suggested that the
laws and regulations need to be reviewed and
amended in order to suit the current situation,
because some regulations established decades
ago are no longer suitable. Another inter-
viewee suggested that, in order to improve
the ethical level, the penalties imposed should
be stiffer than the existing ones. The sugges-
tion is in line with the finding from the FMI
(2004) where “stiffer penalties” is one solution
for unethical conduct. The interviewee fur-
ther suggested that the fine should be so high
that the guilty person would hardly be able to
afford it. “Code of ethics in the organisation”
ranks right at the bottom, the reason being,
according to interviewees, that codes of ethics
were meaningless without enforcement by the
government and professional bodies.
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Figure 1 Disciplinary procedure model for non-serious ethical problems
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Figure 2 Disciplinary procedure model for serious unethical conduct

Models for disciplinary procedures
Two disciplinary procedure models, to deal
with ethical problems in the construction
industry, were developed by the authors, sup-
ported by the findings from the structured
interviews. One model (Figure 1) is for non-
serious unethical conduct such as “being
late for work”, “punching card on behalf of a
friend”, “disappointing work performance”,
and so on. Another model (Figure 2) is for
serious unethical conduct such as “fraud”,
“dishonesty”, and “collusion with another
party”, and so on.

In dealing with non-serious unethical
conduct in the construction industry, as
illustrated in Figure 1, the first step when
an issue arises is to deal with it by means
of a reprimand. At this stage, the employee
is given opportunities to correct what he/
she has done wrong. The organisation
also conducts counselling sessions for this
employee. Managers, supervisors, and/or
directors of the organisation should be given
the right to reprimand the staff member. The
staff member should be given a probation
period to prove his/her improved handling
of ethics. The probation period suggested
by interviewees should be 30 days from the
reprimand date.

The supervisor or manager should
proceed to the next stage (“verbal warning”)
if the reprimanded staff member does not
show sufficient improvement by the proba-
tion expiry date. At this stage the verbal
warning shall be recorded in documents. As
in the case of “reprimand”, “verbal warning”
allows a 30-day probation period. If “verbal
warning” is not effective after 30 days,
the director should organise a committee
meeting to address the unethical issue. The
committee consisting of three to six mem-
bers should determine the best approach
to address the situation without affecting
the smooth running of the business. After
the meeting, the committee should issue
a “first written warning” to the unethical
staff member, and the duration for the “first
written warning” should be given. The
suggested probation period for this stage
is 15 days from receipt of the first written
warning.

The next stage, “final written warning”,
will be activated if the “first written warn-
ing” is not effective. Once the final written
warning has been signed by the committee,
a period of 15 days is granted for appeal or
explanation. After 15 days, the committee
has two options — either to suspend the
employee or to dismiss him/her from the
organisation. It is suggested that the period
of suspension should be three months. The
severest action in the disciplinary procedure
is the dismissal.
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Figure 2 illustrates the model of disci-
plinary procedure in dealing with serious
unethical conduct. When the ethics commit-
tee receives a complaint regarding serious
unethical issues, a meeting will be organised
by the committee to find solutions without
“reprimand” and “verbal warning”. In the
meeting, the complainant has to prove that
the staff member has violated the code of
ethics. The complainant has to bring hard
evidence or witnesses to convince the ethics
committee. For fairness, an investigation
committee should be organised to investigate
the matter.

The members of the investigation com-
mittee should be from the human resources
(HR) department and should comprise three
to six persons. The investigation committee
is given 30 days or longer to investigate the
case, depending on its complexity. When the
investigation stage is complete, the “hear-
ing” session will be organised by the ethics
committee. The “hearing” session should be
attended by the complainant, the staff mem-
ber being accused, and members of both the
ethics committee and the investigation com-
mittee. Penalties are imposed on the accused
staff member during the “hearing”. The
specific penalty depends on the seriousness
of the unethical conduct, and could include:
compound, reprimand, written warning,
suspension, and dismissal. After the penalty
has been imposed on the staff member, he/she
is given an opportunity to appeal. The staff
member has to submit the appeal to the eth-
ics committee no later than 14 days after the
decision had been made.

As for more serious unethical conduct,
such as “bribery” and “sexual harassment”,
the matter has to be forwarded to the
proper authority for investigation. For
example, in Malaysia, a “bribery” case has to
be taken to the Malaysian Anti-Corruption
Commission (MACC) for further action.
This is because unethical conduct could
lead to criminal / illegal activities. Such
criminal / illegal activities should be
reported directly to the police or to other
equivalent authorities.

CONCLUSIONS AND
RECOMMENDATIONS

All the participants in the structured
interview survey have their own codes of
ethics in their organisations. The top three
advantages of codes of ethics are “mak-
ing professionals aware when they are in
breach of statement”, “motivate and inspire
practitioner”, and “set out the ideals and
responsibility of the profession”, while the
top three remaining questions for codes of
ethics are “what is the point of specifying

responsibilities, given the limited regulatory
function of a code”, “whether the so-called
standards are obligatory or merely an aspira-
tion”, and “whether such a code is desirable
or feasible”. The research probed clients’
perceptions of professional ethics in the
construction industry in terms of unethical
conduct, causes of unethical conduct, and
ways to mitigate the unethical conduct. The
five worst forms of unethical conduct, as
ranked by interviewees, are “illegal award

» o«

to contractor,

» o«

bribery”, “breach of profes-
sional responsibility”, “disclosure of project
confidential baseline”, and “collusive tender-
ing”. The three worst causes of unethical
conduct are “insufficient ethical education
in schools”, “economic downturn” and
“insufficient ethical education from profes-
sional institution”. The three most effective
ways to mitigate unethical conduct in the
construction industry are “make unethical
conduct a criminal activity”, “training and
programmes on professional ethics”, and
“law, regulation and enforcement by the
government”. Supported by these findings,
two models of disciplinary procedures to
deal with ethical problems in the construc-
tion industry were developed. One model

is for non-serious unethical conduct such
as “being late for work”, “punching card on
behalf of a friend”, and “disappointing work
performance”. The second model deals with
serious unethical conduct such as “fraud”,
“dishonesty”, and “collusion with the other
party”. Further studies based on the trial
run of these two models are strongly recom-
mended to ensure their improvement.
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Application, advantages and
limitations of high-density
gravimetric surveys compared
with three-dimensional
geological modelling in
dolomite stability investigations

| J Breytenbach, P J A Bosch

The article discusses the nature of the gravimetric survey as applied and used in dolomite
stability investigations on areas underlain by the Chuniespoort Group in South Africa. A short
discussion is given on the gravimetric survey procedure along with its uses and alternative
methods. Finally, two case studies illustrate the application of the method on a high-density
survey grid spacing in comparison with three-dimensional geological modelling based on

the lithology and karst weathering horizons of the Chuniespoort Group deduced from rotary
percussion borehole data and limited rotary core borehole data. The two different case studies
highlight the advantages and limitations of the high-density gravimetric survey.

The first case studies shows that the high-density gravimetric survey can be applied to
great effect to sites with a complex, variable profile, provided the grid spacing of the survey is
adequate to identify the sub-surface features. Simultaneously, the findings of the second case
study illustrate how the method has exactly the same limitations as regular gravimetric surveys
if the scale of the grid is not compatible with sub-surface conditions.

INTRODUCTION

Development on dolomitic land in South
Africa has been a topic of much discussion.
The procedure of investigation and revision
by authorities is constantly evolving and

is periodically updated and improved to
appropriately address matters of concern. A
pivotal part of current investigative practice
is the execution of a gravimetric study. The
method is widely acknowledged to be the
most applicable geophysical method for
assessment of dolomitic sites. The applica-
tion of two high-density gravimetric studies
and comparative geological modelling are
discussed to highlight the advantages and
limitations of the high-density gravimetric
survey. The two examples considered were
researched as part of commercial investiga-
tions and are compared here in theoretical
terms.

DISCUSSION

Background on dolomite
stability investigations

Much has been discussed throughout
the last few decades concerning the

dolomite-related problems in South Africa.
In recent times more emphasis has been
placed on the risks associated with devel-
opment on dolomitic land (Kirsten et al
2009), whereas in the past, the formation
mechanism and influencing factors were
researched (Brink 1981; Kleywegt — date
unknown (a); Brink & Partridge 1965).
Many catastrophic dolomite “events”
have been discussed and recorded, the
most famous of which are arguably those
described by Brink (1981).

Current practice in the industry is to
conduct a dolomite stability investigation by
means of a gravimetric survey, percussion
drilling, surface investigation and reporting.
Reports are reviewed by the Council for
Geoscience and, based on the comments,
additional investigation may be required
or a proposed development may be sup-
ported or not. Whilst many individuals feel
that this process is overly conservative, a
number of authors have emphasised that
developments on dolomitic land must be
thoroughly investigated, and have observed
that in the past, investigative steps were
not completely sufficient; hence the con-
tinually evolving guidelines for dolomite
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investigation. Yet, despite thorough inves-
tigation, not every cavity or potential karst-
related problem can be identified (Brink
1981). The matter is not only restricted to
South Africa, as discussed by Patterson et al
(1995). A general observation is that results
of a gravimetric survey should be calibrated
and verified by means of exploratory drill-
ing (Brink 1981; Botha & Mouton — date
unknown; Trollip 2006; Kleywegt — date
unknown (a); Enslin & Smit 1955) to verify
the prevailing conditions and develop a
model of the prevailing geology (Bosch
2008).

The South African geotechnical industry
has adapted the use of rotary percussion
drilling for dolomite stability investigations.
The method was applied in the past and
drilling resistance and air loss were identi-
fied at an early stage as parameters which
serve as good indicators of sub-surface
conditions (Kleywegt — unknown date (b)).
Under general conditions, percussion drill-
ing for dolomitic investigations in South
Africa is halted at a pre-established depth
(e.g. 60 m or 100 m, depending on the
geological nature and the results required)
or when six successive metres of hard
bedrock are encountered. In other countries
the required depth of drilling is often
more lenient. For example, Zisman (2001)
describes that drilling in Tampa, Florida,
is halted 1,5 m into bedrock. Though it is
not the purpose of this article to discuss
such matters, the occurrence of floaters
in the South African dolomite profiles
would render such limited bedrock drilling
pointless.

Geophysical methods and
dolomite stability investigations
A number of geophysical methods have
been applied and tested to aid in assess-
ments of dolomite terrain and it is clear that
selection of an effective method is not a
simple task (Van Schoor 2002). The limiting
factor is not an unsuitable or ineffective
geophysical method, but rather the com-
plexity of dolomite and karst profiles (Roux
1981), resulting in a highly variable and
unpredictable survey target (Van Schoor
2002). Whilst some of these methods were
promising, few delivered sensible results
that could be applied consistently. Articles
have been written in the past which com-
pare various geophysical methods with one
another (Roux 1981; Kleywegt — unknown
date (b)). A short, simplified discussion on
methods (other than gravimetric) applied to
dolomite stability investigations and their
associated limitations follows:
B Ground penetrating radar (GPR) is

a promising method for surveying

near-surface conditions (Van Schoor
2002). The depth that the method can
survey is its main limiting factor. Zisman
(2001) indicates that the method is
limited to depths between 30 feet and

40 feet and it is unable to penetrate clay
zones. Van Schoor (2002) also indicates
that cavities in the sub-surface are nearly
undetectable in the presence of conduc-
tive overburden, whilst the presence of
pinnacles or boulders could produce
reflections that interfere with the data,
thereby obscuring other data.
Electromagnetic surveys were found to
have limited potential in the investiga-
tion of dolomitic areas, due to a lack of
resolution in highly variable conditions,
and are more suitable for areas of shal-
low dolomite (Botha & Mouton — date
unknown). The method is better applied
to the identification of faults and dykes
according to Enslin and Smit (1955).
Seismic surveying is theoretically a
good method for the investigation of
dolomitic areas, as the expected high
velocity through bedrock materials and a
much lower velocity through overburden
should provide good contrast. However,
Formanek (1981) pointed out that the
method is limited by the fact that low
velocities cannot be detected below high
velocities (e.g. a cavity below overburden
or within thin bedrock cover). The
author also stated that the accuracy

of the method is affected by a rugged
sub-surface, such as typically associated
with a dolomitic, pinnacle-rich profile.
Further limitations of the method
include the fact that it does not discern
small features clearly. Zisman (2001)
concluded that the seismic method

is more suitable to profiles in which

the material density and subsequent
sounding velocity increase with depth, a
property which is frequently reversed in
a dolomite profile.

Resistivity surveys focus on the differ-
ence in electrical conductivity or resis-
tivity of different strata (Zisman 2001).
According to the author, the method is
capable of surveying to a depth roughly
equivalent to 20% of the line length uti-
lised for surveying. In general, though,
the method is useful for surveying
depths of up to 30 metres (Zisman 2001).
Enslin and Smit (1955) also indicate that
the resistivity method was abandoned as
impractical in application to dolomitic
terrains. However, the method (multi-
pole resistivity) can be applied with
success to map slots and intrusions in
shallow dolomitic bedrock.

Review of the gravimetric survey
The gravimetric survey is a multi-phase
procedure. The method consists of initial
fieldwork and measurements (preferably on
a grid) of small variations in the prevalent
gravity field (Enslin & Smit 1955), followed
by data processing and correction (e.g. for
instrument drift). The initial results are
generally utilised as a guide for percussion
drilling. Thereafter the drill data is used to
calibrate the gravimetric model. The size of
the grid spacing on which the gravimetric
survey is conducted is usually selected

after reviewing the purpose and scale of
the project. For example, surveys for large
areas (regional) can be conducted using a
30 metre grid spacing, whilst medium-sized
projects may utilise a ten metre grid spac-
ing (Botha & Mouton — date unknown).
Guidelines provided by the Council for
Geoscience (2007) also indicate that the
grid spacing of the survey should not exceed
the overburden thickness (i.e. the grid
should be roughly the same as the vertical
distance to bedrock), though this is given
as a rough guide and can only be confirmed
once drilling has commenced.

The ultimate aim of the residual grav-
ity survey is to indicate dolomite bedrock
topography by estimating the thickness of
the overburden (Trollip 2006; Kleywegt —
date unknown (a), Roux 1981). In doing so,
potentially safe and dangerous zones can be
identified which are to be investigated by
drilling (Enslin & Smit 1955). A simplified
explanation is that shallow bedrock will
result in a higher gravity reading than deep
bedrock, if measured from the same horizon-
tal plane.

The method is not without limitations,
though. The equipment used is fairly sensi-
tive, and as such excessive ground noise (e.g.
drilling, blasting etc) will adversely affect the
survey (Patterson et al 1995). Roux (1981)
also indicates that the residual gravity survey
will not present accurate readings over bed-
rock with steep gradients or structures which
are narrow. Keeping this in mind, structures
such as grikes or pinnacles may not be iden-
tified by gravimetric results (Trollip 2006)
and may have a profound effect on the preva-
lent dolomite stability. The scale of features
which may not be identified by a gravimetric
survey may depend to a large extent on the
grid spacing used for the survey compared
with the size of the feature (e.g. a survey on
30 metre grid spacing will not recognise a
five metre diameter cavity).

The results of gravimetric surveys are
dependent on density contrasts between
materials in the profile (Van Schoor 2002).
A typical survey would reveal areas of high,
low and intermediate (or transient) residual
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gravity. Whilst one may hastily assume that
areas indicated as having a “low gravity”
would be the best target for cavities and
adverse conditions, some authors do not
agree. Enslin and Smit (1955) state that an
area of closely spaced gravity contours (i.e.
areas where a steep gravity gradient occurs)
is likely to be problematic. To further com-
plicate the matter, Trollip (2006) emphasises
that different mass distributions may be
associated with a single anomaly.

Another critical element of the gravi-
metric method is the reproducibility of data.
Though it is not the aim of this article to
discuss the matter, the gravimetric survey
is subject to recording errors and must
therefore be analysed to ensure accuracy and
reproducibility.

As a point of interest, the equipment used
for the gravimetric surveys conducted in this
study was kindly subjected to reproducibility
testing at the request of the authors. Upon
discussing the matter of data reproducibility
with Mr Richard Day of Engineering and
Exploration Geophysical Services cc — the
company which conducted the gravimetric
surveys used in this discussion — data meas-
urements were repeated on an independent
site to assess reproducibility. The results
were found to be satisfactory after data
refinement had been completed. Critically,
the data refinement included adapting data
according to base station readings and
removing trends.

Principles of the high-density
gravimetric survey

As can be deduced from the name, the
high-density gravimetric survey is a gravi-
metric survey conducted at a short interval,
using smaller grid spacing. In the context
of this article “high-density” grid spacing
was accepted as five metre grid spacing. In
comparison, Patterson et al (1995) discusses
a project using “microgravity”, based on eight
metre grid spacing.

The high-density method uses the same
equipment and principles as a regular
gravimetric survey, with the fundamental
difference being that a larger number of
points are observed which provide more
detailed data at closer spacing. The more
detailed data, in turn, can be manipulated
to give a higher resolution model of the
sub-surface. The biggest negative aspect of
the high-density survey is its cost, though
execution of a high-density gravimetric sur-
vey remains more cost effective than closely
spaced exploratory drilling, which may not
necessarily yield a representative profile of
the bedrock distribution (Brink 1981) and
may also fail to intercept anomalies in the
profile.

Principles of three-dimensional
geological modelling

The three-dimensional geological models
may be formulated according to the geo-
logical information requirements of the
engineering geological investigation, and
this may include the classification of rock
types into formal lithostratigraphic units or
combination of rock types with engineer-
ing geological parameters. It is therefore
important to log (or describe) the material
obtained from rotary percussion drilling or
rotary core drilling in sufficient detail to
enable the interpretation and conversion of
data into engineering geological or lithos-
tratigraphic units. Examples of parameters
to be described which prove most useful in
this regard include the degree of weather-
ing, the hardness of the rock, density of the
rock, deformation of the rock, rock types,
formal geological units or any combination
of these. Subdivision of rock strata into
formal geological units requires specialised
knowledge of the regolith horizons, rock
types and structures related to the dolo-
mitic hazardous land.

The complete compilation of the three-
dimensional geological models is a lengthy
process. The entire method and steps per-
formed can therefore not be included in this
article due to space constraints.

CASE STUDY ONE:
IRENE, CENTURION

Introduction

The first case study concerns a commercial
development in the Irene vicinity. The study
area falls within a larger area which was
previously investigated on a regional level on
two occasions.

The area under investigation was
roughly 5,7 ha in size and made out a small
portion of the area previously investigated
on a regional level. The region is located on
the weathered and unweathered chemical
sediments (mainly dolomite, chert, chert-
residuum and wad) associated with the
Chuniespoort Group, and bedrock in the
area is extensively intruded by erratically
distributed syenite. The geology of the
dolomitic land may be highly complex, due
to various lithological changes, chemical
changes in the rock, variable weathering
periods and associated karstic materials.
Also, geological structures such as folding,
faulting, jointing, igneous intrusions and
karstic features are to be considered.

The project commenced with footprint
drilling on the layouts of the proposed
structures and trial-hole inspection after
consulting the available reports. The

boreholes were placed after consulting the
results of the regional gravimetric survey
executed for previous (regional) investiga-
tions. However, drilling soon revealed
extensive sample and air losses, along with
rapid to intermediate drill rates and irregu-
lar drilling. In addition, hard bedrock was
encountered at variable depths across the
study area. In short, conditions appeared
challenging and variable over short inter-
vals and could not be suitably refined with
the existing gravimetric survey, done on a
regional scale.

It became apparent that pinnacles were
present on a portion of the study area, but
a lack of sample recovery left uncertainty
regarding the remainder of the property.
Also, a lack of sample recovery limited the
identification of overburden materials, a
critical aspect considering that the dolomite
stability of the study area was being evalu-
ated. In order to evaluate the materials
of which no samples could be retrieved
by percussion drilling, four rotary core
boreholes were drilled through the relevant
depth intervals in an attempt to obtain
representative samples from the profile.
The materials recovered by the core drilling
comprised unconsolidated chert residuum
and (limited) dolomite residuum which
showed signs of extensive low temperature
hydrothermal activity. Both bedrock and
residuum contained evidence of very fine
(low temperature) hydrothermal crystal-
lisation. The unconsolidated nature of the
materials explained the sample and air
losses encountered by percussion drilling,
as chips and air pressure simply dissipated
into the small voids between the residuum
clasts.

High-density gravimetric survey
Whilst the state and nature of the materials
in the profile were explained by the core
drilling, the distribution and intervals of
the residuum and bedrock were still not
clear. After consulting Mr Richard Day of
Engineering and Exploration Geophysical
Services CC and discussing the matter with
the client, it was decided to perform a more
detailed gravimetric survey over the entire
site. Where the previous geophysical survey
was done on 30 metre grid spacing, the new
(high-density) survey was done on five metre
grid spacing. The survey was performed
using a Scintrex Autograv gravimeter, taking
readings at points set out by GPS. The results
were processed using Surfer (version 9.9.785)
software and refined using the existing bore-
hole data. Figure 1 illustrates the residual
gravimetric results.

After refining the data using the exist-
ing borehole information, the data was
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Figure 2 Three-dimensional representation of the gravimetric survey results, case study one

manipulated to produce a three-dimensional
representation, as illustrated in Figure 2.

Three-dimensional

geological modelling

For the purposes of direct comparison
between the three-dimensional geological
modelling and the depicted gravimetric

results, the three-dimensional model based
on borehole data had to be simplified. As
the gravimetric survey is concerned only
with estimating the depth to bedrock (or
conversely the thickness of overburden),
the borehole data was drastically simplified
into two classes, namely overburden
(comprising all non-bedrock materials) and

Figure 3 Three-dimensional geological model,
case study one

bedrock. Based on the current requirements
for dolomite investigations, bedrock was
assumed to be hard bedrock, as defined

by drill times exceeding three minutes per
metre drilled.

Borehole locality information, col-
lar altitude and borehole depth intervals
of the defined units were compiled in a
Microsoft Office Excel® spreadsheet. These
spreadsheets were then imported into the
RockWorks15 (a product of RocWare®)
software which was used to compile isopach
maps of the thickness of the various units.
The results of extensive isopach modelling
were then manipulated to produce cross-
sections and three-dimensional solid and
transparent block diagrams that display the
architecture of the various chosen units.

In the case of the studies at hand, though,
the extensive isopach comparisons will be
omitted due to publication constraints and
only the three-dimensional representa-
tions compiled from borehole data will be
compared with the results of the gravimetric
survey to ascertain the ground truth of
the predicted bedrock profile. The model
derived from the borehole data is illustrated
in Figure 3.

Discussion

The results of the high-density gravimetric
survey enabled the engineering geolo-

gist to piece all the information obtained
together and derive a hypothesis of the karst
profile investigated. It is emphasised that
this is merely a hypothesis, as verification
would require intensive further regional
investigation.

It is speculated that vertical displace-
ment occurred on the site, presumably along
a normal fault, resulting in one portion
having bedrock at a significantly deeper
interval than the remainder of the site. As
time passed, chert residuum backfilled the
vertically displaced area to produce a near
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uniform ground level. The intrusion of syen-
ite in the vicinity was most likely the cause of
hydrothermal activity, which forced thermal
fluids to move through both the dolomite
bedrock and the residuum. This is evident
from the fact that the crystallisation was
encountered in both residuum and bedrock
materials.

In this case study the high-density
gravimetric survey proved to be adequate
in interpreting the prevailing site condi-
tions and profiles. Though costly, proving
the same results by means of additional
(exploratory) rotary percussion drilling or
rotary core drilling would have resulted in
considerably bigger expenditure and most
probably would not have yielded as clear a
model as had been delivered by the gravi-
metric survey.

From the observations made by compa-
ring the three-dimensional model derived
from borehole data with the gravimetric
results (and subsequent model) it appears
that the geology of the area is complicated
and not readily explained. As an example,
the modelling of boreholes presented a
second possible hypothesis in that the
dolomite profile may be explained in terms
of structural geology as an anticlinal ridge,
rather than a vertically displaced fault
system. Nevertheless, detailed investigation
showed that the distribution pattern of
the gravity signal is representative of
the geological strata, the structures and
the extent of weathering resulting in the
bedrock profile.

In summary then, on this site the
gravimetric survey conducted on 30 metre
grid spacing for the regional investigation
could not be effectively utilised to interpret
the karst topography for small areas, as the
results of the survey are scale-dependent.
The results of the high-density survey,
though, proved pivotal in explaining the
prevailing conditions and correlate well
with the ground truth model produced from
borehole data.

CASE STUDY TWO:
HIGHVELD, CENTURION

Introduction
As with case study one, this project involved
a proposed commercial development. The
larger surrounding area had also been
investigated on a regional level in the past
and, as in the first case study, the area is
also underlain by dolomite and chert in
addition to karst weathering products of the
Chuniespoort Group.

The study area consisted of only the
footprint area of one proposed building

- —0,30

- —-0,35

Figure 4 Three-dimensional representation of the gravimetric survey results, case study two

and its immediate peripheral area, and is
significantly smaller than the area investi-
gated in case study one, covering an area of
some 5 400 square metres. The investigative
procedure again commenced with trial-hole
inspection and rotary percussion drilling,
after consulting the existing report and
results of the regional gravimetric survey.
Again, it was realised that conditions within
the footprint area were inconsistent and
erratic, as dolomitic bedrock appeared to be
incised and filled with variable materials,
and therefore the regional gravimetric survey
was not sufficient.

It was deduced that the site was underlain
by bedrock which had been incised by (what
is now) the Sesmylspruit — a perennial water
course in close proximity of the study area.
The incisions in the bedrock were subse-
quently most likely backfilled by alluvial
materials (i.e. river deposits) comprising a
material mixture which includes both fine
sandy alluvium and massive transported
boulders. Such mixed alluvial materials are
frequently encountered in the flood plain of
the Sesmylspruit.

Gravimetric survey

It was once again decided to conduct a high-
density gravimetric survey on the site, using
five metre grid spacing, as opposed to the
30 metre grid spacing used for the regional
survey. The survey was performed using the
same equipment and methodology indicated
in the first case study. The data from the
boreholes already drilled was used to refine
the model produced by the gravimetric
survey, and the results of the calibrated
model were indicative of the complexity of
the sub-surface, as illustrated in the three-
dimensional depiction of the gravimetric
survey (see Figure 4). Based on this model,
additional percussion boreholes were drilled
at key points in an attempt to gain further
insight into the profile.

The additional drill samples that were
obtained, confirmed the initial findings of
a highly irregular bedrock profile. However,
upon considering the information obtained
from all the boreholes drilled, compared
with the results of the high-density
gravimetric survey, the results were not
entirely sensible. Occasional air and sample
losses were recorded whilst cavities were
encountered in areas of low and intermedi-
ate “gravity”, which is in accordance with
the current understanding and application
of the method in dolomitic environments.
However, a cavity was also intercepted in a
“gravity high” area. This borehole contained
(what is interpreted as) a succession of dolo-
mitic boulders in an alluvial matrix, with
hard bedrock encountered at a depth of 25
metres. In comparison, another borehole
located on a “gravity high” area revealed
hard bedrock from a depth of six metres.
The converse was also encountered in a
borehole in a “gravity low” area revealing
hard bedrock at a depth of seven metres.
Simply stated, the borehole data contra-
dicted the gravimetric survey in a number
of occasions.

Three-dimensional

geological modelling

The geological model compiled for case
study two was produced using the same
assumptions made for case study one; hence
borehole data was divided only as bedrock
or overburden to simplify the model. The
geological model compiled from borehole
data depicts a significantly different image
than portrayed by the gravimetric results.
That being stated, however, it is anticipated
that, due to the highly variable sub-surface
conditions, the amount of data obtained
from boreholes is not sufficient to produce
an entirely representative model. The model
based on borehole data is illustrated in
Figure 5.
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Figure 5 Three-dimensional geological model,
case study two

Discussion

Both the ground truth model (based on
borehole data) and the model resulting from
the gravimetric survey show that the area is
geologically and structurally very complex.
The area has a complicated sub-surface
topography of ridges and valleys. These
features were interpreted as incisions and
pinnacles that were influenced by flow chan-
nel erosion and differential (and preferential)
weathering by the adjacent Sesmylspruit.
Such erosion occurred in the geological
history of the area. Regardless of this, some
features identified by the gravimetric survey
could be related to the geological model,
though the correlation was poor, at best. In
addition, the limited accuracy of the geologi-
cal model must also be anticipated.

Conditions were simply too variable over
very small intervals to allow accurate depic-
tion by the gravimetric survey alone, even
one executed on a five metre grid. The high
variability of the area exceeds the potential
of the grid spacing applied. As such, pin-
nacles or cavities may be misinterpreted
or even missed. Even large structures were
not easily identified with the gravimetric
survey and these only became apparent with
the aid of the three-dimensional geological
modelling, which is also considered to be
of very limited accuracy. It also appears
that large dolomite boulders set in alluvium
may deliver false representation as bedrock
or pinnacles by the gravity survey, but this
interpretation may be corrected if boreholes
penetrate these boulders and are drilled into
the underlying lithologies.

All things considered, the gravimetric
survey that had been conducted at a higher
density failed to provide sufficient additional
insight into the bedrock profile, a limitation
also suffered by the model that was produced
based on the borehole data. In this case,
it is anticipated that the only manner of
identifying the true bedrock profile would be

to conduct exploratory drilling — most likely
on one metre grid spacing — followed by
intense stratigraphic modelling. This never
materialised though, as the adverse condi-
tions encountered (i.e. large cavities in the
profile) resulted in an unfavourable inherent
risk classification, disqualifying the site from
use for the proposed project. The project was
ultimately abandoned.

CONCLUSION

The high-density gravimetric method proved

to be an excellent and potent tool under suit-

able circumstances, but also failed to be of
notable use on its own under intensely vari-
able (variation from one metre to the next)
conditions. It was found that the results of
this method compared well with true condi-
tions encountered on site one. However,

the predicted model failed to show notable

correspondence with the model produced for

site two. The real life model produced for the
latter site is also expected to be of limited
accuracy, due to the high degree of variabi-
lity in the sub-surface profile.

The high-density gravimetric method
(with verification drilling) therefore serves
as a very powerful alternative to exploratory
drilling on challenging sites, but essentially
suffers the same limitations as conventional
gravimetric surveys:

B The method is susceptible to a scale
factor. As such, conditions with high
variability over very short intervals may
not be accurately depicted by the method,
as proved by case study two. The method
is known to depict rapid changes such as
steep gravity contours (e.g. incised chan-
nel walls) inaccurately.

B Large boulders in the profile may deliver
misleading results, as proved by case
study two.

B The method requires verification (e.g.
drilling of boreholes) and may not be
accepted as a representative model
of actual conditions without such
verification.

B The grid spacing at which the survey is
done must be appropriate to the nature of
the ground conditions in the study area,
and critically, to the underlying profile.
This grid size of a high-density gravimet-
ric survey cannot be estimated until an
initial survey and drilling has been done.

On the other hand, the method holds some

major advantages when the grid spacing that

is utilised complements the underlying study
area. Amongst these are:

B The application of a high-density gravi-
metric survey, though costly, will prove
more viable when compared with the
costs of exploratory drilling on similarly

sized grid spacing and subsequent intense

modelling.

B The method delivers a wealth of informa-
tion which, upon verification by drilling,
enables the investigator to derive a model
of the sub-surface and explore key areas.

In conclusion then, the high-density gravi-

metric survey is a method worth considering

on sites which prove challenging as far as the
prevailing profile is concerned. The method
can serve as a potent aid in understanding
the prevailing conditions and formulating

a geological model in the same way that

surveys on a larger grid are used to verify

regional scenarios. Due to the costs related
to such a survey, the method should prefer-
ably only be applied to sites where the only
remaining alternative is exploratory drilling
on a fixed grid. However, the method still
suffers the same limitations as conventional
gravimetric surveys, and as such must be
interpreted and considered within its
limitations.

Finally, the comparison between the
models predicted by the gravimetric study
and the three-dimensional models depicting
real life conditions, emphasises the extent
to which the modelling and characterisation
of borehole data can benefit the investiga-
tion and understanding of the karst profile.
Whilst current practice requires the use of
gravimetric analyses only, the additional geo-
logical modelling considered in conjunction
with gravimetric data can be manipulated
to produce sub-surface models of greater
accuracy in a complex geological environ-
ment than can be produced by a gravimetric
survey or even high-density gravimetric sur-
vey. However, the greater accuracy of such a
model would necessitate additional explora-
tory drilling resulting in amplified costs.
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Climate change and
urban road transport -
a South African case
study of vulnerability
due to sea level rise

E Friedrich, S Timol

The focus of this investigation was the impact of predicted sea level rise on the road transportation
network of the eThekwini Municipality, South Africa. The main objective was to identify the

areas within the municipality which are most vulnerable to sea level rise and to develop adaptive
responses and interventions in order to maintain road functionality. For the identification of the
most vulnerable areas a multi-criteria analysis supported by geographical information system
modelling was used. Three areas were identified, namely, the Isipingo, Bayhead and the Umgeni
mouth areas. Adaptive road responses have been researched by employing a network analysis

of each of the areas identified. Parameters modelled were traffic volume changes, travel time

and volume to capacity ratio - for the main roads in the areas identified. The adaptive responses
required for each area were found to be different, varying from the addition of a lane to changes
in signal settings. Overall this study presents a model of how vulnerability and the development of
adaptive strategies to sea level rise could be addressed by municipalities.

INTRODUCTION

Background information

Urban transportation systems are important
contributors to greenhouse gas emissions and
climate change, but they are also some of the
systems most exposed to changes in weather
and climatic conditions. Infrastructure

like bridges, roads and railway lines, can

be affected by sea level rise, flooding and
increased storm events, and adaptation plans
should be developed to cater for these events.
However, most of the research and regulatory
efforts on the issue of transportation and
climate change are directed towards quantify-
ing, reducing and limiting carbon emissions.
These efforts became particularly relevant

in the context of the Kyoto protocol where
developing countries committed themselves
to reducing overall carbon emissions. This
resulted in many countries producing guide-
lines, inventories and even laws and bills in
order to measure and target carbon emissions
from all sectors, including transportation.
However, “to date the consequences of climate
change and changing weather conditions for
the transport sector have not received much
attention in the literature” (Koetse & Rietveld
2009). Internationally, there is a recognised
need to integrate climate change in the trans-
portation planning process (Suarez et al 2005;

Schmidt 2008; Koetse & Rietveld 2009) in
order to cater for, and plan adaptive responses
at local and regional level.

This paper explores such adaptive respons-
es for roads, with regard to sea level rise in the
local context of the eThekwini Municipality,
South Africa. It presents a model on plan-
ning adaptive responses in small-scale road
networks in the event of major roads being
flooded and becoming un-operational.

The eThekwini Municipality has a
population of approximately 3,1 million and
covers an area of about 2 300 km? (eThek-
wini Municipality IDP 2005). The core city
of the municipality is Durban, which is
the largest South African port city on the
Indian Ocean. Inland it is surrounded by
other urban nodes, as well as other more
sparsely populated peri-urban areas. These
areas are linked through a network of roads.
The expected changes in the climate of the
eThekwini Municipality area have been
researched (CSIR 2006) and the predicted
consequences are summarised as follows:

M Increases in the maximum and minimum
temperatures by about 2-3°C are pre-
dicted, with an increase in the number
of hot days experiencing temperatures
exceeding 30°C.

B Rainfall will increase slightly. However,
the distribution of this rainfall will
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change, with longer periods of no rainfall
and shorter periods of intense rainfall.

B The sea level rise and increased extreme
weather events will result in damage of
infrastructure and coastal vegetation.
Increased flooding is also predicted.
Flooding will result in an increase in the
high-level tide and coastal erosion.

B Water availability in the local catchment
is predicted to decrease by 157,8 mil-
lion m3 for the period 2070-2100, thus
resulting in less water being available for
human and industrial consumption.

W Loss of biodiversity due to temperature
and precipitation changes.

International studies (Dasgupta et al 2007)

agree with the local study (CSIR 2006) that an

increase in the projected frequency of natural
hazards (extreme weather events, flooding
and sea level rise) is expected at regional

level. Therefore, it is necessary to critically

assess existing transportation infrastructure
and operational systems, and their ability

to withstand such changes. This research

aims to identify some of the most vulnerable

areas within the eThekwini Municipality
with regard to sea level rise, and to assess

the impacts of projected changes on the sur-

rounding road transportation network.

Defining road vulnerability

One of the most important terms that had to
be defined for this study was ‘vulnerability’.
This is a relatively new notion used in trans-
port network studies, and in the literature the
definition is still debated (Lam 1999; Bell &
Cassir 2000; Bredica 2002; lida & Bell 2003;
Taylor & D’Este 2004; Jenelius 2008). The
concept is linked to reliability, serviceability,
incidents and risk. A definition proposed by
Bredica (2002) is: “Vulnerability in the road
transportation system is a susceptibility to
incidents that can result in considerable reduc-
tions in road network serviceability. These
incidents may be more or less predictable,
caused voluntarily or involuntarily, by man

or nature”. The same author states that “road
vulnerability analysis regards the network as
a whole and involves identifying a spectrum
of incidents, collecting data on probabilities
and consequences to estimate risk, performing
various studies and experiments to set values
for desirable/acceptable serviceability, as well
as investigating and assessing the effects of
possible mitigation measures and improve-
ment strategies”. A review of the studies on
this topic shows that vulnerability assess-
ments in road transport networks have been
performed at national, regional and interna-
tional level. Very little work has been done on
impacts and vulnerability at local, micro-level,
with only a few studies from developed coun-
tries (e.g. Suarez et al 2005; Jacob et al 2007).

The application of road vulnerability
used in this study was narrowed down from
the definition presented above. Most of the
studies reviewed did not take into considera-
tion sea level rise, although extreme weather
events (as predicted in climate change) and
their consequences were enumerated as
risks by some authors. Sea level rise does not
fall into this category because it is not seen
as a sudden event, as it is predictable to a
certain degree through modelling and affects
the network at local level, i.e. roads near to
coastlines. Therefore, road vulnerability for
this study was aimed at the local context and
was defined as fulfilling certain specified
criteria, as presented further on in this paper
in the vulnerability assessment section of the
methodology under the headings “The multi-
criteria decision analysis model and the use of

ArcMap” and “Road vulnerability assessment”.

METHODOLOGY

In conducting this study, four distinct steps
were delimited. These were: defining the
boundaries of the study and collection of
data, development of the multi-criteria and
vulnerability assessment models and the
application of the ArcMap and Emme/2
models, followed by an analysis of the limita-
tions and uncertainties. Through the multi-
criteria assessment (supported by the use of
ArcMap) three geographical areas were iden-
tified. Roads in these areas would have the
potential to be affected by sea level rise. The
road transport network within these three
areas was subsequently investigated by using
the Emme/2 transportation network model.
Worst case scenarios, in which affected
major roads were considered unusable, were
modelled and the consequences of changed
traffic patterns were measured using specific
traffic criteria, i.e. volume, travel time and
volume to capacity ratio.

Study boundaries and

data collection

In the first step of the study the boundaries
were defined, and the components of the
transportation system and the choices
around natural hazards were narrowed
down. With regard to infrastructure, it

was decided that the study would focus on
roads only. With regard to vehicle type, all
vehicles that made use of the road network
were considered. Both public and private
transportation were considered. Operations
were the focus of the Emme/2 modelling
and vulnerability assessment. A significant
proportion of the analysis and discussion

is based on operational performance of

the road network. Performance measures
mentioned by the National Department of

Transport (2005a and 2005b) are mobility,
accessibility, liveability and sustainability.
Mobility measures were linked to three
performance characteristics (volume, travel
time and volume to capacity ratio) used

by Emme/2. This is also supported by the
literature on road vulnerability analyses, as
these performance characteristics are used
in reliability studies (Bredica 2002 & Jenelius
et al 2006) and accepted as measurements
for the performance of road networks.

From the climatic changes predicted for
the eThekwini Municipality (as mentioned
above) it is obvious that the two factors that
have a major influence on the road network are
flooding and sea level rise. This study focused
on sea level rise and associated flooding. Such
flooding was included in the analysis of one
of the case studies (the Umgeni River mouth
area), as in this specific case it proved to be
very relevant. The projected rise in sea level for
this study was based on calculations done by
the CSIR (2006). An initial proposed 100-year
sea level rise of +0,5 to +0,9 m formed the
starting point. The CSIR (2006) study then
considered the added effects of severe wind
set-up, maximum hydrostatic set-up and wave
set-up, as well as the likelihood of the mean
high-water spring tide or high astronomical
tide occurring simultaneously, and proposed
two probable scenarios. This paper used a 100-
year sea level rise of 2,8 m (assuming a 0,9 m
initial sea level rise and taking into account
the added effects), as recommended both by
a local specialist (Mather 2008) and the CSIR
(2006) report. Although it is unlikely that all
factors considered would occur simultaneously,
it nevertheless represents a ‘worst-case’ sce-
nario. During March 2007, exceptional waves
reaching the 8 m contour line were recorded
in Durban at a few locations for several days
(Gordon-McKenzie 2008).

The multi-criteria decision analysis
model and the use of ArcMap

A series of vulnerability selection criteria
were identified through a process of multiple
criteria decision analysis (MCDA). The pro-
cedure generally followed was that presented
by Belton and Stewart (2002), but in a more
simplified form, as a comprehensive MCDA
approach was beyond the scope of this study.
A model for assessment was built by using
the following criteria (presented in decreas-
ing order of preference): within eThekwini,
affecting major roads, within the 2 m con-
tour and within the 4 m contour following
the coast and river mouths.

Initially it was hoped that the 100 year sea
level rise projection of 2,8 m could be used as
the only contour criterion. However, contours
were only available at 2 m intervals at the
time of modelling. Thus the 2 m contour was
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Table 1 Vulnerability assessment process (Source: Adapted from Mehdi 2006)

Step 1. Engage affected parties.

Engage and retain decision-makers and those affected by future climate change.

Step 2. Assess current vulnerability.

threshold and coping ranges is helpful.

Use experience to assess impact and potential damage. Understanding adaptive capacity, critical

Step 3. Estimate future conditions.

Use climate environmental and socio-economic scenarios to determine future policy and development.

Step 4. Estimate future vulnerability and identify adaptation strategies.

and adaptation strategies.

Use the two previous steps (current vulnerability and future conditions) to identify future vulnerability

Step 5. Decision and implementation.

Incorporate results into risk management strategies and follow through with these.

Table 2 MCDA characteristics of areas identified to be vulnerable to sea level rise

belongs is one of the most
important industrial hubs
in the region

harbour)

Characteristics Isipingo Area Bayhead Area Umgeni River Mouth
Industrial and residential.
The Southern Durban Residential, commercial
Land use Basin to which the area Industrial (linked to the and recreational

(including a mangrove
nature reserve)

Extent of area below
2 m predicted to

Large areas of land,
reaching up to 10 km

Essential services 1 fixed clinic

in proximity to the 2 police stations
area 1 fire station
railway lines
gas lines

1 police station

substantial lengths of
railway important for
the harbour activities

be affected by sea About 5 km? About 4 km? inland along the Umgeni
level rise Y River and spanning
8 km along the coast
Several bridges
Number of major Two, i.e. . intersected the 2 m
. One, ie. contours, closest to the
roads situated below | Prospecton Road and bei .
the 2 m contour line | Joyner Road Bayhead Road sea being the M4 bridge
and the Masabalala
Yengwa Avenue bridge
Number of major One. i Two, i.e.
roads situated below N2e}LI'~e}'1 Bluff Road Same as above
the 4 m contour line tghway Iran Road
1 school
1 major hospital 3 schools

4 schools
1 clinic

considered as ‘extremely vulnerable’ and the
4 m contour was created as a ‘safety net’ since
it represented the next contour interval.

The vulnerability selection criteria estab-
lished through the MCDA were plotted onto
a spatial map by using ArcMap. ArcMap is
part of the ArcView software, which is a GIS
software developed by ESRI (ESRI 2008). This
software allows users to view and edit GIS
data held in flat files, known as shape files
which form different layers of features. In this
case, each layer represented a criterion (or
feature used in the value-added judgement
process) from the MCDA. ArcMap modelling
therefore served as a useful tool to summarise
the MCDA process in one step. The outcome
was a map showing the areas fulfilling
the four criteria (within the municipality,

affecting major roads, within the 2 m or 4

m contour), and therefore considered the
most vulnerable. This lead to the identifica-
tion of three geographical areas within the
eThekwini Municipality, which became the
case studies on which Emme/2 modelling was
performed. These areas are: Isipingo, Bayhead
and the vicinity of Umgeni River mouth.

In addition to the MCDA analysis and the
use of ArcMap, visual inspection was under-
taken, and with the help of maps, the location
of basic or essential services in the three study
areas was further investigated. The essential
services considered were: hospitals, fixed
clinics, South African Police Services, fire sta-
tions, educational institutions, railway lines,
landfill sites and gas lines. These were listed
in decreasing order of preference.

Vulnerability assessment

To assess the specific vulnerability within
each of the three areas (Isipingo, Bayhead
and Umgeni mouth) identified through the
MCDA analysis, the process outlined in
Table 1 was adopted.

In the first stage, decision-makers and
stakeholders were engaged in a scoping exer-
cise, in order to gauge an initial assessment of
the vulnerability of each area. This was done
in a limited way and only a few key players
at municipal level (from the departments of
transport, environment and coastal manage-
ment), academics and scientists were consulted
through a series of open-ended, partially
structured discussions. A wider consultation
process was beyond the scope of this study.

In the second stage, current traffic condi-
tions were assessed. The Emme/2 model was
used to calculate present traffic volumes,
travel times and volume to capacity ratios
(V/C), based on existing transportation input
data. This was done for each of the three
areas identified as vulnerable.

In the third stage, future conditions were
estimated. This step involved establishing
projected scenarios of future environmental,
social and economic conditions that were likely
to affect the transportation system. Projections
were made by experts in four institutions
(CSIR, eThekwini Municipality and the provin-
cial and national Departments of Transport).

In the fourth stage, future road vulner-
ability was estimated and adaptive strategies
were proposed (see “Results and Discussions”
further on). Practically, this was done by
using the Emme/2 model to calculate traf-
fic changes for the three road networks in
the areas predicted to be flooded (Isipingo,
Bayhead and Umgeni River mouth) and by
investigating different adaptive measures in
order to maintain the current functionality
of the surrounding transportation network.

Stage five, in which decisions should be
taken and measures implemented in order
to decrease road vulnerability by apply-
ing the adaptive strategies proposed, was
beyond the scope of this study. Therefore,
although some of the steps (i.e. steps 1 and
5) were performed partially or not at all, the
vulnerability assessment framework from the
literature was nevertheless followed.

Data analysis and simulation -
application of Emme/2

Emme/2 is a spatial analysis software pack-
age commercialised by INRO (INRO 2009)
that models how people move in and over

a transportation network under a given

set of conditions. It is based on the Travel
Demand Forecasting (TDF) process. In this
study Emme/2 was used to analyse the traffic
networks of areas identified as vulnerable.
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Figure 1 The most vulnerable areas in the eThekwini Municipality with regard to sea level rise
presented in the context of the Emme/2 modelling zones

These networks (i.e. the three case studies)
were analysed first under current conditions,
and then in a second scenario where portions

of major roads situated below the 2 m contour | M

line would be rendered unusable due to flood-
ing from sea level rise.

Three mobility performance characteristics
were measured in order to assess the impact
of flooding on the surrounding transportation
network. These were: traffic volume, travel
time and volume to capacity ratio.
B Volume “is the number of vehicles

counted (at a given point on the roadway) ]

in a specified time interval” (Banks 1998).
The number of vehicles is measured in
p.c.u. (passenger car units). This is a unit
of measure whereby larger vehicles are
converted to passenger cars using multi-
plication factors. This allows mixed traf-
fic streams to be converted into one unit

of measurement. In the two scenarios

modelled (before and after sea level rise)
current traffic volumes were used and no
growth was factored in.

Time referred to travel time, which is
“the time required (for a vehicle) to cover
a fixed distance” (Banks 1998), in this case
from one point to another over a specified
route under prevailing conditions. Travel
time may also be related to accessibility
which measures “the ease with which a
desired destination can be reached from a
given location” (Banks 1998).

Volume to capacity (V/C) ratio is the ratio
between the actual, measured volume and
the maximum designed volume. A V/C
ratio of 1 would indicate severe congestion,
i.e. a low level of service, and a V/C close to
zero would indicate an under-utilisation of
the road link. V/C can be related to mobil-
ity, with a high V/C indicating low mobility
and a low V/C indicating high mobility.

Assumptions, limitations

and uncertainties

The main assumption in the study was that
future road-based travel demand would

be similar to the existing scenario. This

was done to isolate the impact of sea level
rise on traffic patterns and to discount the
effects of traffic growth. Considering that
only portions of the identified roads would
be affected by flooding and the remainder
would be operational, the second assumption
was that the surrounding development would
still exist and traffic would need to re-route
to reach the desired destinations.

The limitations and uncertainties in this
study were linked to the assumption that
the projections used were correct. These
included the projections used to calculate
predicted sea levels and traffic projections
used in the Emme/2 modelling. To overcome
the uncertainty of sea level rise projections,
both the 2 m contour and the 4 m contours
were considered. The Emme/2 model can
factor in proposed or recent property devel-
opments, but specific data (which might not
be available in the initial stages) on these
developments are needed in order to calcu-
late the impacts in the future, with regard to
road traffic. Therefore, uncertainties due to
these unknown future developments could
not be quantified.

Another limitation of the study was
the use of methodologies (MCDA and
vulnerability assessment) in which a larger
public participation process was envisaged.
However, since this was an academic study
and not a municipal planning exercise,
it did not warrant such large public
engagement. This could, however, be done
in a future follow-up study. In addition, the
authors do not have any control over the
implementation of the recommendations
emerging from this study and the way they
will be incorporated into further planning.
In spite of these shortcomings, the MCDA
and the vulnerability assessment provided
a good framework for including various
unrelated factors in a formal scientific
analysis.

RESULTS AND DISCUSSIONS
Following the methodology presented in the
previous section, the three most vulnerable
areas in the eThekwini Municipality road
network, with regard to sea level rise, were
identified as: Isipingo, Bayhead and the vicin-
ity of Umgeni River mouth areas. They are
presented in Figure 1.

The three areas identified have different
characteristics, as presented in Table 2 and
these characteristics were considered in the
MCDA analysis.
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Table 3 Emme/2 results for the most important changes in the Isipingo area

Current . q
Flooding scenario q
. network Differences
Performance indicators ) effects on network
and traffic y (change)
L. and traffic
conditions

1. Volume (p.c.u.)
Prospecton Road
B Section 1 (flooded)

W northbound 863 0 -863

®  southbound 92 0 -92
B Section 2 (functional) — southbound 696 1509 +813
B Section 3 (functional) — southbound 1273 2537 +1 264
Joyner Road (flooded section)
B south/westbound 451 0 -451
B pnorth/eastbound 35 0 -35
N2 — north between Joyner and Prospecton offramps 3064 4026 +962
N2 North offramp to Prospecton Road 279 1260 +981
2. Travel time (minutes)
Prospecton Road
B Section 1 (flooded)

¥ northbound 1,88 0 -1,88

¥ southbound 0,82 0 -0,82
B Section 2 (functional) — southbound 0,65 10,85 +10,20
B Section 3 (functional) — southbound 1,13 6,79 +5,66
Joyner Road
B south/westbound 1,73 0 -1,73
B pnorth/eastbound 191 0 -1,91
The Avenue — eastbound 1,57 10,16 +8,59
3. V/C Ratio (unitless)
Prospecton Road
B Section 1 (flooded)

®  northbound 1,01 0 -1,01

¥ southbound 0,11 0 -0,11
B Section 2 (functional) — southbound 0,82 1,78 +0,96
B Section 3 (functional) — southbound 0,61 1,21 +0,60
The Avenue — eastbound 0,71 1,24 +0,53
Old Main Road* — Section 2 — northbound 1,07 1,08 +0,01
Clark Road — eastbound 1,19 1,18 -0,01
N2 Highway — Section 3 — northbound 0,76 1,01 +0,25

* Please note that Old Main Road was renamed to Phila Ndwandwe Road

Strelitzia §
]

LEGEND

Features Major roads affected
Major rivers Prospecton Road
@ Hospitals — Old Main Road*
Fixed clinics Joyner Road
Fire stations = N2 Route

£
@ Educational institutions
* SAP stations
Gas line
-——— Railway lines

Selected contours elevation
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Figure 2 Aerial photograph of the Isipingo area
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Road network vulnerability
assessment for the Isipingo area

For the Isipingo area (see Figure 2) two road
links were broken in the Emme/2 model,
namely Prospecton Road and Joyner Road.

It should be noted that only sections of
these two roads are expected to be flooded.
Therefore, these roads would still have oper-
ational sections carrying traffic. In this net-
work analysis twelve roads were investigated
in detail, as well as the N2 Highway, which in
this area has two access interchanges (result-
ing in eight on- and offramps included).

The N2 Highway and the major roads
were modelled in sections as they extended
over multiple Emme/2 zones. For example,
the length of the N2 Highway included in
this area was subdivided into four sections
(in both directions resulting in eight seg-
ments) and Prospecton Road was subdivided
into three sections (including the flooded
section and two operational ones). As shown
in Table 2 there are a significant number of
essential services in the vicinity of the area,
which biased this case study towards a social
vulnerability analysis. The performance
indicators modelled in Emme/2 under current
conditions, and in a future scenario in which
parts of the two roads are flooded, were traf-
fic volume, travel time and volume capacity
(V/C) ratio. These three performance indica-
tors were calculated for the before and after
flooding scenarios. Table 3 summarises major
changes and highlights problematic sections
(e.g. where the current V/C ratio is high).

Data in Table 3 shows that volume changes
are most significant on the N2 north between
the Joyner Road and Prospecton Road
offramps, the N2 North Prospecton Road
offramp, the portion of Prospecton Road that
leads off the N2 heading southwards (Section
2 and 3), and the sections of Joyner Road
and Prospecton Road that were flooded. The
greatest volume change occurs on Prospecton
Road (Section 3), with an increase of 1 264
p.c.u. This is a substantial figure, suggest-
ing that widening of the road is necessary
to accommodate high turning volumes in
separate lanes.

With regard to travel time, the two
functional portions of Prospecton Road on
either side of the inundated areas, and The
Avenue, which would have previously linked
Prospecton Road with Joyner Road, are the
roads with the most significant increases
in travel time. The increase in travel times
corresponding to these links are ten minutes,
six minutes and nine minutes respectively.
While this may not be considered significant
in the average case, it is considered significant
in the context of an ambulance transporting
a patient to the Isipingo Hospital (shown on
Figure 2) and which has to use these roads.
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Table 4 Emme/2 results for the most important changes in the Bayhead area

caen | it
Performance indicators networlf effects on S
and traffic K (change)
conditions e
and traffic

1. Volume (p.c.u.)
Bayhead Road
B Section 1 (flooded)

¥ northbound 658 0 -658

® southbound 947 0 -947
B Section 2 (flooded)

®  northbound 658 0 -658

W southbound 947 0 -947
Bluff Road* — six out of eight sections will be affected

substantially

B Average northbound 385 892 +507
B Average southbound 509 1108 +599
M7 Edwin Swales Drive**
W Section 1 — southbound 555 1084 +529
2. Travel time (minutes) No major increases in travel times
3. V/C Ratio (unitless)
Bluff Road
W Section 4 — northbound 0,39 0,98 +0,59
B Section 6 — southbound 0,75 1,06 +0,31
M7 Edwin Swales Drive**
B Section 3 northbound 0,64 0,98 +0,34

*

Average was calculated per direction for the six sections of Bluff Road which showed substantial changes in traffic volume
**  Note that Edwin Swales Drive has been renamed to Solomon Mahlangu Drive
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Figure 3 Aerial photograph of the Bayhead area

Current V/C values are already above 1 for
Prospecton Road and parts of Old Main Road
(recently renamed as Phila Ndwandwe Road)
and Clark Road. These figures highlight the
pre-existing problem of limited capacity prior
to the impact of sea level rising. In a future
scenario, the impact of a break in Prospecton
and Joyner Road is realised on the remainder
of Prospecton Road, The Avenue and the N2,

which all exhibit V/C greater than 1. A com-
bination of transport systems management
(in the form of revised signal phasing and
timing, and the promotion of public transport
usage) and infrastructural improvements

(via maintenance and repair, and widening

of intersections to allow for channelisation

of turning movement lanes) needs to be
investigated to avoid volumes reaching the

capacity of the roads. Of particular concern

is the N2. The V/C ratio exceeds 1 after the
impact of sea level rise. This, coupled with a
volume increase of 962 p.c.u., suggests that the
addition of a lane on the N2, at least between
the Joyner and Prospecton Bridges, may be
necessary to ensure that the highway is not
extensively affected.

Note that decreases in volumes, times and
V/C ratios in the network were not consid-
ered, as these amount to positive impacts on
the system. For this case study, a combina-
tion of effective transportation systems
management and long-term infrastructural
upgrades are required to adequately cater for
the projected scenario in which Prospecton
Road and Joyner Road become partially
unusable. These measures would ensure that
the functionality of the network is main-
tained and disruptions are minimal.

Road network vulnerability
assessment for the Bayhead area
Figure 3 presents an aerial photograph of
the Bayhead area, and similar transportation
network modelling was done as for Isipingo.
For this case study 18 roads were investi-
gated in detail in the Emme/2 transport
network. This included one road (called Test
Road) which is under planning, as well as the
M7 (Edwin Swales Drive — renamed recently
as Solomon Mahlangu Drive). Some large
roads, as well as the M7, were modelled in
sections (i.e. Bayhead Road has four sections,
Bluff Road has eight sections and the M7
included has three sections). The Bayhead
Road link was broken in the Emme/2 analysis
as it falls within the 2 m contour.

Table 4 summarises the major changes for
the three performance indicators considered.
Data in Table 4 shows that the most sig-
nificant changes in volume occur on six out of
the eight sections of Bluff Road. There is a 599
average p.c.u. increase on the southbound sec-
tion of this road, representing a 118% increase.

While this is a very substantial increase, V/C
ratios generally remain below 1, even in the
future scenario. These indicators suggest

that there is no great need for infrastructural
changes. This conclusion was strengthened by
investigating travel times. The highest travel
time changes also occurred on Bluff Road,

but the actual time differences were small (i.e.
0,46 and 0,76 minutes) and considered not
significant enough to cause concern.

Current V/C ratios (see Table 4) for the
entire area are generally under 1, and are
therefore acceptable. In the future scenario,
only one segment of the Bluff Road exceeds
a V/C ratio of 1 (at the approach to the inter-
section with the M7). Some improvements
are possible using revised signal phasing and
timings.
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The above analysis suggests that socio-
economic impacts are not significant in this
case. The focus should rather be on the con-
struction of Test Road (as it has been identi-
fied as a realistic option) to obtain acceptable
levels of service in the future, even with a
rise in sea level.

Road network vulnerability
assessment for the Umgeni

River mouth area

In this area a number of bridges crossing the
Umgeni River were intersecting the 2 m and
the 4 m contour lines. This does not mean
that the bridges themselves intersect the 2 m
or the 4 m contours, but if extensive areas
around the bridges become flooded, the
bridges will also be affected. It was decided
that the M4 (Ruth First Highway), shown

in Figure 4, would be the focus of this case
study and a ‘worst case’ scenario would be
considered. It was also decided that the
approach in this study would be different,
and the investigation would consider the
possibility that sea level rise, combined with
a flood scenario would increase the risk of
scouring around the bridge piers, as well as
damage to the piers themselves. This could
result in severe damage to the bridge, with
collapse occurring in the worst case. The
M4 bridge was the closest to the beach, had
the most land inundation in the surrounding
area, and had the highest current traffic
volumes.

It was assumed that the M4 bridge
becomes unusable and this link was there-
fore broken in the Emme/2 transportation
network analysis for the area. The results
from the modelling showed that the impacts
of a break in the M4 bridge link were felt
over a much wider region, reaching the N2
Highway, and further. The detailed network
analysed in Emme/2 included 53 roads and
three highways (N2, N3 and M4). Because of
the large scale, the analysis was conducted
differently to the previous two cases, and
changes in the overall network, as opposed
to changes for individual links and sections,
were emphasised.

The most significant volume changes
occurred on the M4 and N2 and are shown
in Figure 5. Roads with projected increases
in traffic volume have been highlighted in
red and those with projected decreases in
green. On the remaining functional sections
of the M4, volumes decreased dramatically
as a result of the assumed bridge failure.

As shown in Figure 5, the link traffic north
and south of the M4 bridge decreased

in volumes ranging between 1 272 and

2 051 p.c.u for the northbound carriageway,
and between 3 380 and 4 099 p.c.u. for the
southbound carriageway. More important is

20
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Figure 4 Aerial photograph of the Umgeni River mouth area
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Figure 5 Volume changes for the Umgeni bridge (M4) network - decreases in volumes are
presented in green and increases in red, with the thickness of lines being proportional
to changes (note that North Coast Road was renamed to Chris Hani Road and Northway

Road to Kenneth Kaunda Road)

the corresponding increase in traffic volume
on the N2. Volumes increased by between
225 p.c.u and 1 694 p.c.u., and V/C ratios
increased from values of between 0,47 and
0,76 (acceptable) to values of between 0,51
and 1,02. This means that a major upgrade

would be needed along portions of the N2,
where at least another lane (assuming capa-
city of 1 800 p.c.u. per lane) would need to
be constructed to maintain the same level
of service after the re-routing due to the M4
bridge becoming un-operational.
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Figures 6A and 6B V/C ratios in the current scenario (A) and in the future scenario (B) for the
Umgeni area (note that North Coast Road was renamed to Chris Hani Road and
Northway Road to Kenneth Kaunda Road)

Travel time analyses between the different
Emme/2 zones included in the modelling
of this network indicated that the largest
increase in travel time occurs for a trip
from Umhlanga to the Durban CBD. This
increase is also the worst one, relative to
original times. A trip from Umhlanga to the
Durban CBD would take 1 757 seconds or
30 minutes longer. The second worst case is
from KwaMashu / Inanda / Ntuzuma to the
Durban CBD, with an increase of 1 232 sec-
onds or 21 minutes. Seeing that a substantial
proportion of the population from KwaMashu
/ Inanda / Ntuzuma use public transport, this
could have significant implications for taxis
and buses, in terms of travelling time.

Current V/C ratios, as presented in Figure
6A, show that two road links on North Coast
Road (renamed Chris Hani Road) have a V/C
greater than 1. This is not considered seri-
ous, as it is likely that those circumstances

would be short-lived, and as the gridlock
situation could be absorbed by the surround-
ing network. In the event of the Umgeni M4
bridge becoming unusable, however, the
results show that most of North Coast Road
experiences V/C ratios close to or exceeding
1. The assumed bridge closure also results
in significant proportions of Northway Road
(renamed Kenneth Kaunda Road), Riverside
Road and the N2 experiencing V/C ratios
greater than 1 (see Figure 6B).

On the whole, the results suggest that clo-
sure of the M4 bridge over the Umgeni River
is unacceptable from a transportation net-
work view. The functioning of the network
analysed would be severely compromised,
with many roads being gridlocked, and
resilience in this case is minimal. Therefore,
the results of this case study indicate that all
efforts should be focused on preserving the
functionality of the M4 bridge.

CONCLUSIONS AND
RECOMMENDATIONS

The purpose of this investigation was

to identify areas within the eThekwini
Municipality that are most vulnerable to
the impacts of sea level rise and to assess
the impacts of projected changes on the
surrounding transportation network. This
study also intended to present a model of
vulnerability analysis and the development
of adaptive strategies for municipalities.
These are needed for transportation net-
work planning. Identification of the most
vulnerable areas was done by applying a
simplified MCDA model with the help of
GIS software. The three most vulnerable
areas in the municipal road network were:
Isipingo, followed by Bayhead and then the
Umgeni River mouth.

Impacts of sea level rise on roads were
measured by initially considering breaks in
road links identified as most vulnerable. In
this way, the vulnerability of transportation
infrastructure to projected sea level rise
(via inundation of road links) was assessed.
Performance indicators were used during the
vulnerability assessment phase to measure
the efficiency of the road network before
and after inundation. The ‘before’ and ‘after’
scenarios formed the basis of vulnerability
comparison.

Since major roads with current high
volumes and volume to capacity ratios were
considered, results indicated that the impact
of breaks in these road links was significant.
Traffic volumes and delays increased on the
remainder of the network, with network
capacity severely compromised. This was
especially valid for the Isipingo and Umgeni
River mouth areas. The Bayhead case
was less severe, due to the inclusion of an
additional road which is currently under
planning. Adverse values of performance
indicators suggest severe implications,
particularly with regard to the provision of
basic services such as emergency ambulance
services, police and fire response, etc.

In the case studies investigated, adapta-
tion required upgrade of roads, such as the
addition of a lane to maintain acceptable
levels of service. Changes in signal timing
and phasing may be required at intersec-
tions with high V/C ratios. To ensure that
public infrastructure can safely provide
essential services, continual adaptation is
deemed necessary and the proposed adap-
tive measures should be seen in the wider
context.

The results show that full-scale research
is viable and necessary. There is a strong
need to conduct a comprehensive investiga-
tion on this subject in the eThekwini con-
text. Improvement may be realised by:
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B Involving key stakeholders in the initial
stages of vulnerability assessment
B Ensuring that Emme/2 input data ade-
quately caters for recent development and
changing traffic patterns, by conducting
surveys and updating data regularly
B Developing a wider vulnerability method-
ology for transportation in the eThekwini
context, which includes other factors like
river flooding, increase in temperature,
increase in intense precipitation events
and storm intensity
B Conducting more case studies so that
each may be compared to the other.
Studies such as this one are important for
long-term transportation network planning
and the preparedness to respond locally to
climate change. However, adaptation will be
achieved only if sound and coordinated long-
term planning takes place, and appropriate
programmes are developed. For this to occur,
multi-disciplinary collaboration regarding
transportation planning is essential. The
National Department of Transport (2005a)
acknowledges that there has been a lack of
long-term planning for the road network.
They note that “a comprehensive road needs
study is considered necessary”. It is suggested
that such a study should include climate
change impacts. This paper is a first step in
that direction.
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Validation of international
concrete creep prediction
models by application to
South African concretes

G C Fanourakis

Creep deformation of concrete is often responsible for excessive deflections at service loads
which can compromise the performance of a structure. National design codes therefore provide
prediction models for the estimation of creep deformation. These models are empirical-based.

This paper assesses the accuracy of six international code type models, when compared
with the actual strains measured on a range of South African concretes under laboratory control
conditions. The models considered are those contained in AS 3600 (2001), AS 3600 (2009),
Eurocode EC 2 (2004), GL (2000), GL (2004) and GZ (1993).

The results indicate that for the range of concretes tested, the GL (2000) model yielded the
most accurate predictions, giving the lowest overall coefficient of variation (w,) of 31,9%. The
least accurate method was the AS 3600 (2009) which yielded an overall coefficient of variation

(w,y) of 74,7%.

This paper also recommends a new approach to assessing the accuracy of creep models.

INTRODUCTION

Creep estimates are an important design

consideration for durability, long-term

serviceability and load carrying capacity of
structures.

The rate and ultimate magnitude of
creep, to be used in the design of a reinforced
concrete structure, can be estimated at
various levels, depending on the nature of
the proposed structure and the extent of its
deformation sensitivity.

In cases where the nature of the proposed
structure warrants an approximate estimate
of the extent and rate of creep strain, this can
be estimated using design code type models.
The input required by these models would
be general information available at that stage,
such as compressive strength of the concrete,
applied stress, general environmental condi-
tions of exposure and member geometry.

During a previous investigation,
Fanourakis and Ballim (2006) assessed the
accuracy of the following code-type creep
prediction models when compared with
the actual strains measured on a range
of concretes under laboratory controlled
conditions:

B South African Bureau of Standards, SABS
0100 (1992), currently renamed SANS
10100 (2000).

B Modified SANS 10100 model, discussed
in Fanourakis and Ballim (2006).

M British Standards Institution — Structural
Use of Concrete, BS 8110 — Part 2 — (1985).

B American Concrete Institute (ACI)
Committee 209 (1992), reapproved by
ACI Committee 209 in 2008.

B Standards Association of Australia
— Australian Standard for Concrete
Structures — AS 3600 (1988).

B Comité Euro-International Du Béton
— Federation Internationale De La
Précontrainte (CEB-FIP) Model Code
(1970).

B CEB-FIP Model Code (1978).

B CEB-FIP Model Code (1990).

B International Union of Testing and
Research Laboratories for Materials and
Structures (RILEM) Model B3 (1995),
after Bazant and Baweja (1995).

Subsequently, some of the models listed above

were superseded. This justified an assessment

of the accuracy of the revised models, as

well as other code-type models that were not

previously considered. This paper assesses

the accuracy of the following six international

code type models when compared to the same
experimental data used to assess the accuracy
of the above models.

B Standards Association of Australia
— Australian Standard for Concrete
Structures — AS 3600 (2001 and 2009
versions).

B EUROCODE (EC 2) — BS EN 1992-1-
1:2004, which will be referred to as EC 2
(2004).

B Gardner and Lockman 2000 and 2004
versions, which will be referred to as GL
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Table 1 Details of the mixes and laboratory test results

Aggregate Type Quartzite Granite Andesite

Mix Number Q1 Q2 G1 G2 Al A2
Water (1/m3) 195 195 195 195 195 195
CEM 142,5N (kg/m3) 348 488 348 488 348 488
19 mm Stone (kg/m?3) 1015 1015 965 965 1135 1135
Crusher Sand (kg/m3) 810 695 880 765 860 732
w/c Ratio 0,56 0,4 0,56 0,4 0,56 0,4
a/c Ratio 5,24 3,50 5,30 3,55 5,73 3,83
Slump (mm) 90 50 115 70 95 55
Cube Compressive Strength (MPa) 37 65 38 65 48 74
Cylinder Compressive Strength (MPa)? 30| 535 30,7 53,5 38 59
Characteristic Cube Strength (MPa) 30 50 30 50 30 50
Characteristic Cylinder Strength (MPa)? 25 40 25 40 25 40
Concrete Density (kg/m?) 2371 | 2410 | 2385 | 2432 | 259 | 2585
Average Elastic Modulus of included Aggregate (GPa) 73 70 89

2 Inferred from cube strength using the conversions from EC 2 (2004)

(2000) and GL (2004), respectively. The

GL (2000) model was published in 2001.
B Gardner and Zhao (GZ 1993).

The BS 8110 (1985) was superseded by the
EC 2 (2004) which is validated in this paper.
The EC 2 (2004) model is the 1999 update of
the CEB (1990) model.

The GL (2000 and 2004) and GZ (1993)
models were considered as they are similar in
their degree of complexity and approach to
the other national code models considered.
The GL (2000) model is a modification of the
GZ (1993) model.

The accuracy of all the models was
determined by comparing experimental total

creep values based on laboratory testing over
a period of 168 days, carried out as part of an
investigation by Fanourakis (1998), against
those predicted at the corresponding ages by
all the models considered. A period of 168
days (approximately six months) was selected
as it is accepted that approximately 60% of the
ultimate creep strain will occur within the first
six months after loading (Alexander 1994).
The models were assessed against the
strains measured on six different concrete
mixes, incorporating combinations of three
aggregate types and two w/c ratios as detailed
in Table 1. The three aggregate types were
representative of common aggregates used in

Table 2 Summary of factors accounted for by the different creep prediction methods

concrete and the two w/c ratios represented
medium and high strength concretes.

STRUCTURE OF THE

MODELS CONSIDERED

The models considered are all empirical-
based. The 28-day compressive strength is the
only input parameter which necessitates test-
ing. Other input parameters typically com-
prise certain variables, such as effective thick-
ness, relative humidity and age at loading.

All the models considered express creep
strain in terms of the creep coefficient, ¢(t),
where:
et ) = 9(t) ey @
In Equation 1, e(t, 7) is the creep strain at
any concrete age ¢ for a concrete loaded at age
7, where ¢ > T and - is the elastic strain of
the concrete at age 7. The creep coefficient is
empirically determined by considering one or
more intrinsic and/or extrinsic variables such
as concrete stiffness and age at first loading.

Table 2 shows a summary of the factors
accounted for by each of the prediction mod-
els considered in this paper. These factors
include those required for the determination
of the elastic modulus which is used in the
calculation of e,  in Equation 1.

As is evident from Table 2, the factors
considered by the two AS 3600 models are
almost identical. The same situation applies
to the three models co-developed by Gardner
(GL 2000; GL 2004 and GZ 1993).

The Australian models (AS 2001 and
2009) are the only two models that consider
characteristic compressive strength in addi-

tion to actual compressive strength.

MODEL AS 3600 AS 3600 EC2 GL GL GZ
(2001) (2009) (2004) (2000) (2004) (1993)

Cement Type X X X X
Intrinsic Factors

Concrete Density X X

Age at First Loading X X X X X

Applied Stress X X X X X X

Characteristic Strength at 28 days X X

Compressive Strength at 28 days X X X X X X

Compressive Strength at Loading X X X X X X
Extrinsic Factors | Duration of Load X X X X X X

Effective Thickness X X X X X X

Elastic Modulus at Age of Loading X X X X X X

Relative Humidity X X X X X X

Temperature X

Time Drying Commences X X
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Table 3 Measured and predicted elastic moduli and corresponding statistics

Elastic Modulus of Concrete (GPa) t-Test Results
CoV
Measured Q1 Q2 G1 G2 Al A2 o X Level of
(%) Difference BS———
Sy Significance
Significant?
25,8 34,0 27,8 28,9 36,7 40,9 P (%)
AS 3600 (2001) 27,2 37,2 27,8 37,7 35,1 43,4 12,8 No 16,5
AS 3600 (2009) 27,2 35,0 27,8 35,4 35,1 40,0 9,3 No 40,7
Predicted
EC 2 (2004) 32,1 38,2 32,3 38,2 34,5 39,3 16,4 No 12,2
GL (2000 / 2004) & GZ (1993) 27,1 35,0 27,3 35,0 30,0 36,5 14,4 No 78,5
Green = Most accurate / Red = Least accurate
MATERIALS were continuously water-cured up to an age time-dependent strain of the loaded speci-

A single batch of CEM 142,5 cement, from
the Dudfield factory of Alpha Cement (now
AfriSam), was used for all the tests carried
out in this investigation. Quartzite (Q) from
the Ferro quarry in Pretoria, granite (G)
from the Jukskei quarry in Midrand and
andesite (A) from the Eikenhof quarry in
Johannesburg were used as both the stone
and sand aggregates for the concrete. The
stone was 19 mm nominal size and the fine
aggregate was crusher sand.

EXPERIMENTAL METHODS

Aggregate stiffness

Measurements of aggregate elastic modulus or
stiffness were carried out on samples obtained
from the representative boulders collected
from the three sources of the aggregates used
in the investigation. The stiffness of each rock
type as determined on the boulder samples
was taken to be representative of the stiffness
of the corresponding aggregates used in the
concrete specimens.

Three cores measuring 42 mm in dia-
meter and 82 mm long were cut from each
set of two boulders and these were tested
according to the procedure described in BS
1881 (1983) to determine the elastic modulus
of the aggregates used in this investigation.
These cores were loaded to a maximum
stress equal to approximately 25% of the
average unconfined compression strength
values respectively determined by Davis
and Alexander (1992) as 250 MPa, 190 MPa
and 527 MPa for the quartzite, granite and
andesite from the same sources.

The average elastic modulus for each rock
type is included in Table 1.

Creep and shrinkage measurements
For each of the concretes listed in Table 1, six
prisms were prepared, measuring 100 x 100 x
200 mm and cast with the 200 mm dimension
vertical. After de-moulding, these prisms

of 28 days. A set of Demec targets were glued
onto two opposite 200 x 100 mm faces of each
prism, on a vertical axis symmetrically about
the middle of the specimen, to accommodate
a 100 mm Demec strain gauge.

After curing, three of the six prisms of
each mix were used for creep tests and the
remaining three were used for shrinkage
measurements.

The creep test prisms were placed into
creep loading frames and subjected to an
applied load of approximately 25% of the
28-day compressive strength, for the 168-day
period, in a room controlled at 22 + 3°C and
RH of 65 + 5%.

The shrinkage (companion) prisms were
placed on a rack in the same room as the creep
samples and, in order to ensure a drying sur-
face area equivalent to the creep samples, the
two 100 mm square ends were dipped in warm
wax to prevent drying from these surfaces.

Elastic strain measurements of the loaded
specimens were taken within 10 minutes
of application of the loads. These measure-
ments were used to determine the secant
elastic moduli of the concretes, which were
compared with the values estimated by each
creep model assessed.

Creep and shrinkage measurements were
recorded daily for the first week, thereafter
weekly for the remainder of that month
and then monthly until the culmination of
the approximately six-month total loading
period. This entailed measuring the strain
across the targets using a Demec gauge with
a resolution of 16,7 microstrain per division.
At each measuring period, the strain of each
prism was taken as the average of the strains
measured on the two opposite faces of the
prism. The strain of each group of prisms,
that is the three creep prisms or the three
companion shrinkage prisms of a particular
mix, was taken as the average of the strains
of the prisms in that group.

The results of shrinkage measure-
ments were subtracted from the total

mens to determine the total creep strain.

RESULTS AND DISCUSSION

Elastic moduli of concrete

All the creep prediction models applied in this
investigation include an empirical equation
for estimating the elastic modulus of the con-
crete, which, in turn, is used in predicting the
creep of the concrete. Hence, the reliability of
estimation of the elastic modulus significantly
influences the reliability of the prediction of
creep. For this reason the accuracy of elastic
moduli estimates are considered below.

The GL (2000), GL (2004) and GZ (1993)
use a common equation for the estimation of
elastic modulus.

All the equations of the models included
in this paper consider the cylinder compres-
sive strength of the concrete at the time of
loading. The cylinder strengths used for the
various mixes were inferred from the cube
strengths of those mixes using the conver-
sions given in the EC2 (2004) model.

The equations prescribed by the AS 3600
models also consider the density of the con-
crete. The AS 3600 (2009) model prescribes
two equations for estimating the elastic
modulus of the concrete, one for cylinder
compressive strengths less than or equal to
40 MPa and the other for strengths in excess
of 40 MPa. The equation pertaining to con-
cretes with a maximum compressive strength
of 40 MPa is the same equation that is used
for estimating elastic modulus for all strength
ranges in the AS 3600 (2001) version.

Table 3 shows the estimated elastic mod-
uli for each of the concretes according to the
different creep prediction methods, together
with the average elastic moduli measured
at 28 days after casting. The most and least
accurate elastic modulus estimations are
indicated in green and red, respectively.

This table includes the following
statistics:
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B The coefficients of variation of errors Jj = the measured values (labelled by the | the variance exhibited in the values predicted
((uj) after Bazant and Panula (1979). This subscript i in the data set number j). for the lower w/c ratio mixes (Q2, G2 and A2)
coefficient is expressed as a percentage n = the total number of data points in in comparison with the higher w/c ratio mixes.
and is defined by Equations 2 and 3. The the set. The AS 3600 (2009) method, which yielded
more accurate the estimation, the lower B The t-Test results, which relate to a com- a coefficient of variation (wj) of 9,3%, was the
the value of o). parison between the measured and the most accurate method, while the EC 2 (2004)

predicted values for each of the concretes, was the least accurate method ((J.)j =16,4%).
) iAl-ZZ- determined by a particular creep predic- The introduction of the additional equation
w = V-1 @) tion method. T-test probabilities exceeding (for strengths in excess of 40 MPa) for predict-
/ J; five per cent indicate that the difference ing elastic modulus in the recent AS 3600
between the estimated and the actual values | (2009) model appears to yield more accurate
in which, is not due to chance, and hence significant. results compared to those obtained using only
It is evident from Table 3 that, in the case the equation from the former AS 3600 (2001)
J = % @3) of the concretes containing the andesite model. The inclusion of concrete density in
" on aggregate (Al and A2), which had an average the AS 3600 models does appear to benefit the
density of 2 591 kg/m?, the models gener- accuracy of the estimated elastic modulus.
where, ally underestimated the elastic modulus. In The AS 3600 (2009) model generally
w = coefficient of variation for data setj | the remaining mixes, which had an average yielded the most accurate estimates of elastic
A;; = the deviation (vertical) between the | density of 2 400 kg/m3, the creep prediction modulus of all the models considered,
measured and predicted value for models generally overestimated the elastic including those in the previous investigation
data point i on data set /. modulus. No trend was established regarding by Fanourakis and Ballim (2006).
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Figure 6 Measured and predicted specific creep for A1 specimens
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Figure 5 Measured and predicted specific creep for G2 specimens

According to the t-Test results shown in
Table 3, the discrepancies between the meas-
ured and predicted elastic moduli values, for
the different mixes, were not significant for
any of the models.

No trend was established regarding
the influence of the included aggregate on
the accuracy of the predicted modulus of
elasticity. However, a trend was established
between the average elastic modulus of the
concrete (at 28 days) for both strength grades
manufactured with each aggregate type and
the elastic modulus of the included aggre-
gate, as shown in Figure 1.

Total creep

Analytical procedures

The six creep prediction methods considered
in this investigation were used to predict

the specific creep at the same ages at which

measurements were taken for the concrete of
each of the six mixes used.

In order to provide a basis for comparing
the creep strains of concretes with different
strengths and different applied stresses, o,
the measured and predicted results were
presented in the form of specific creep (C,),
which is defined as:

C,- @

Figure 7 Measured and predicted specific creep for A2 specimens

therefore,

Results
Figures 2 to 7 show comparisons between
the measured results for the six mixes (Ql,
Q2, G1, G2, Al and A2) together with the
corresponding strains predicted by the dif-
ferent models.

From Figures 2 to 7, the following is
evident:
B The AS 3600 (2009) model over-predicted

_ e the creep strain for all six of the concrete
Co=—= (5)
o mixes.
B The AS 3600 (2001) model over-
where, predicted the creep strain in the case of
the low strength mixes (Q1, G1 and Al).
o Furthermore, in all the mixes except
Se,r = E (6)

G2, this model overestimated the early
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Table 4 Coefficients of variation for specific creep

Coefficients of Variation ((oj %)
Prediction Method o,y (%)
MixQl [ MixQ2 | MixGl | MixG2 | MixAl | Mix A2
AS 3600 (2001) 67,4 16,6 51,1 13,2 25,5 25,8 38,6
AS 3600 (2009) 103,0 84,2 85,8 42,6 68,6 43,9 74,7
EC 2 (2004) 28,0 26,5 20,8 38,3 35,3 45,5 33,4
GL (2000) 24,4 56,6 7,9 21,7 21,1 36,5 SILS)
GL (2004) 26,5 62,0 9,7 26,0 22,9 41,1 35,4
GZ (1993) 58,4 46,8 46,3 374 55,7 49,8 49,5

Green = Most accurate / Red = Least accurate

development of creep. This trend is in

disagreement with the findings of Gilbert

(2002) where the early development of

creep is underestimated by this model.

B The GL (2000) and GL (2004) models
over-predicted the creep strain in the
case of the high strength mixes (Q2, G2
and A2).

B The GZ (1993) model initially over-pre-
dicted the creep strain (within the first
three weeks) and then under-predicted
thereafter.

The coefficient of variation of errors (wj),

which is defined by Equations 2 and 3 above,

was used to quantify the extent to which
predicted specific creep values at different
ages after loading (determined by apply-

ing a particular model) deviated from the

values measured at the relevant ages on the

specimens of a particular concrete mix. The
more accurate the prediction, the lower the
value of wj.

The overall coefficient of variation (w,;)
was used to estimate the average (pooled)
coefficient of variation of a number of
independent coefficients of variation (o)j), as
defined by Equation 8.

2o ®)

where,
N = the number of sets considered.

The calculated values of w; and w,; for the
different models assessed are shown in Table
4. The most and least accurate predictions
and estimations are indicated in green and
red, respectively.

When considering specific mixes, the
most accurate results were yielded by the GL
(2000) in the case of the low strength mixes
(Q1, G1 and A1) and generally by the AS 3600
(2001) in the case of the high strength mixes.
Overall, the GL (2000) model yielded the most

accurate predictions, giving the lowest overall
coefficient of variation (w,; of 31,9%).

Ironically, the AS 3600 (2009), which
yielded the most accurate elastic modulus of
all the models considered (Table 3), showed
the least accuracy of prediction (w,;; = 74,7%)
by exhibiting the least accuracy in five of the
six mixes (all the mixes except A2).

No other trend was established between
the accuracy of the specific total creep and the
elastic moduli predicted by any of the models.

Although the GL (2000) model yielded
the most accurate results in this investiga-
tion (@, = 31,9%), the CEB-FIP (1970), BS
8110 (1985) and SABS 0100 (1992) models,
which were included in the previous inves-
tigation by Fanourakis and Ballim (2006),
respectively yielded more accurate w,); values
of 18,1%, 23,6% and 31,3%.

CONCLUSIONS

Based on the results of this investigation, the

following was concluded:

B All the creep prediction methods inclu-
ded in this project considered the value
of a predicted elastic modulus of the
concrete in calculating predicted creep
strain. A comparison of the predicted
elastic moduli, determined for each mix
by the different creep prediction meth-
ods, with the measured elastic moduli of
the relevant mixes, indicated that the dif-
ferences were not significant in the case
of all the models.

No trend was established regarding
the influence of the included aggregate on
the accuracy of the predicted modulus of
elasticity.

B The six models assessed show significant
and wide variation in the magnitude of
specific creep predicted over the time
period considered. When considering
specific mixes, the most accurate results
were yielded by the GL (2000) in the case

of the low strength mixes (Q1, G1 and
A1) and generally by the AS 3600 (2001)
in the case of the high strength mixes.

W For the range of concretes tested, the GL
(2000) model yielded the most accurate
predictions, giving the lowest overall
coefficient of variation (w,); of 31,9%).
However, this model was not as accurate
as the CEB-FIP (1970), BS 8110 (1985) and
SABS 0100 (1992) models, which were
assessed by Fanourakis and Ballim (2006),
and yielded w,;; values of 18,1%, 23,6%
and 31,3%, respectively.

B Ironically, the AS 3600 (2009), which
yielded the most accurate elastic modulus
of all the models considered, showed the
least accuracy of prediction (w,); = 74,7%)
by exhibiting the least accuracy in five of
the six mixes. This method over-predict-
ed the specific creep for all the mixes.

B The current European model (EC 2,
2004), Australian model (AS 3600, 2009)
and GL (2004) model yielded less accu-
rate predictions than their immediate
superseded versions.

B The accuracy of the predictions did
not increase with the complexity of
the method applied or with increasing
number of variables accounted for in the
method. On that basis, it is recommended
that the superseded BS 8110 (1985) model,
which exhibited the greatest accuracy
considering its simplicity, of all the mod-
els investigated by the author, be used for
South African conditions.

B Finally, it should be borne in mind that
the findings of this investigation pertain
to small-scale tests conducted over a 168-
day period after loading for the specific
materials used and environmental condi-
tions. Hence, the accuracy of the models
established may differ for other loading
periods, materials or environmental
conditions.

RECOMMENDATIONS FOR
FUTURE RESEARCH

General

The following proposals should be consid-

ered with a view to improving the accuracy

of creep predictions:

B Characteristic strengths should not be
considered in estimating creep.

B The accuracy of creep coefficient (¢)
should be evaluated separately from the
accuracy of elastic modulus.

These are discussed below.

Characteristic strength
As mentioned earlier, the Australian
models (AS 2001 and AS 2009) consider
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Figure 8 Characteristic and target mean strengths

characteristic strength in the estimation of
the creep coefficient (¢). This is probably
why these models respectively ranked fourth
and sixth (last) in terms of overall relative
creep prediction accuracy.

The characteristic strength of the con-
crete may vary significantly from the actual
strength achieved, depending on the degree
of quality control exercised during the pro-
duction of the concrete and its constituent
materials.

Figure 8 shows the left half of a normal
distribution curve. The relative positions of
the target mean strength and characteristic
mean strength are also indicated. Mixes
are designed to achieve the target mean
strength, which exceeds the characteristic
strength by a margin which is equal to 1,65
times the standard deviation. The charac-
teristic strength is defined as the strength
below which not more that 5% of the actual
strengths achieved will fall.

Therefore, depending on the degree of
control exercised, which will be manifested
in the standard deviation (e.g. good = 5 and
poor = 7), and bearing in mind that the
actual strength achieved may exceed the
target mean strength, the difference between
the characteristic and actual strength may be
as large as 12 MPa or more.

Table 5 shows the overall coefficients of
variation for creep predictions by both the AS
3600 (2001) and the AS 3600 (2009) models,
using characteristic compressive strength (as
prescribed by these models) and actual com-
pressive strength (as proposed by the author).

It is evident from Table 5 that use of
actual compressive strength in place of

characteristic compressive strength results
in more accurate creep predictions, espe-
cially in the case of the AS 3600 (2009)
where the w,;; was reduced from 74,7% to
43,4%.

In view of the above, it can be concluded
that characteristic strength is not sufficiently
representative of the concrete to be consid-
ered as a criterion for predicting creep.

Accuracy of estimated creep
coefficient () and elastic modulus
As shown in Equation 7, the Specific Creep
(C,) predicted by a particular model is
dependent on the ratio of the estimated
creep coefficient (¢) to the estimated elas-
tic modulus (E). The E is estimated by a
particular model and then, in turn, used to
determine the C_

It is proposed that, in further research,
the accuracy of the ¢ estimated by a particu-
lar model at various ages be assessed sepa-
rately from the accuracy of the E estimated
by that model to ascertain which factors
influence ¢ and which influence E.

This proposal is justified by the fact
that, at times, the model which estimated
the E most accurately proved to be the least
accurate in predicting C_ at various ages.
Table 6 shows the results of predicted C_ and
estimated E values for all the creep models
investigated by the author to date, including
those in the paper by Fanourakis and Ballim
(2006). The most and least accurate predic-
tions and estimations are indicated in green
and red respectively.

Referring to Table 6, it is evident that
the most accurate creep prediction model,

Table 5 Coefficients of variation for specific

creep for AS 3600 models
Creep Predictions w,j; (%)
Method
Characteristic Actual
Strength Strength
AS 3600 (2001) 38,6 28,5
AS 3600 (2009) 74,7 43,4

Table 6 Accuracy of creep predictions and elastic
moduli estimations for various models

o (%)
Prediction Method c, E
(0,11 %) (wj %)

BS 8110 (1985) 23,6 15
SABS 0100 (1992) 31,3 9,3
SABS 0100 (1992) modified 34,7 14,9
ACI 209 (1992) 50,5 12,8
AS 3600 (2001) 38,6 12,8
AS 3600 (2009) 74,7 9,3
CEB-FIP (1970) 18,1 23,8
CEB-FIP (1978) 96,1 13,7
CEB-FIP (1990) 32,2 15,5
EC 2 (2004) 33,4 16,4
GL (2000) 31,9 14,4
GL (2004) 354 14,4
GZ (1993) 49,5 14,4
RILEM Model B3 (1995) 35,6 14,6
Green = Most accurate / Red = Least accurate

the CEB-FIP (1970), which yielded a w,; of
18%, was the least accurate in estimating E.
Furthermore, in the case of the six models
assessed in this paper, the AS 3600 (2009)
yielded the most accurate estimation of E
(Table 3) and the least accurate prediction of
C. (Table 4).
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Behaviour of steel tubular
stub and slender columns
filled with concrete using
recycled aggregates

E K Mohanraj, S Kandasamy, R Malathy

This paper is based on a study that was done by utilising construction and demolition debris
that had been effectively recycled, in structural members. The steel tubular columns were filled
with different types of waste material, as well as recycled aggregate concrete, instead of normal
conventional concrete. The results were subsequently analysed. The behaviour of circular and
square concrete-filled steel tubular sections (CFSTs) under axial load, in which coarse aggregate
had been partially replaced by recycled aggregates, is presented. The effects of steel tube
dimensions, shapes and the confinement of concrete are also examined. Measured column
strengths are compared with the values predicted by Eurocode 4, Australian Standards and
American Codes. Twelve specimens were tested with 20 MPa concrete and steel sections with
diameter-to-thickness ratios of 18,5, 25,3 and 36,0. The columns were of two different shapes - a
circular-shaped set with diameters of 76 mm and 89 mm, and a square-shaped set with sizes

72 mm and 91 mm. The circular-shaped columns of 76 mm diameter and the square-shaped
columns with 72 mm diameter are 900 mm long. The circular columns with a diameter of 89

mm and the square columns of 91 mm diameter are 350 mm long. Eurocode 4 (EC4) gives the
best estimation for both conventional and recycled aggregate concrete. However, the American
Concrete Institute (ACI) / Australian Standards (AS) equation predicted lower values than
measured during the experiments. Hence the ACI/AS equation has been modified by introducing
a multiplying factor 'k’ to predict good results for columns of L/D < 12. The values of k factor for
L/D ratio varying from 4 to 12 are suggested in this study. From the results it has been noted that
square columns save 30% of steel when compared with circular columns. It was also observed that
the ultimate load of steel tubular columns filled with recycled aggregate concrete is higher than
that of conventional concrete and columns filled with recycled aggregate concrete, and can result
in a 10% saving in the cost of concrete. This research therefore proposes a solution for effective

solid waste management, which will also prove to be cost effective.

INTRODUCTION
Steel members have the advantages of high
tensile strength and ductility, while con-
crete members have the advantages of high
compressive strength and fire resistance.
Composite members combine steel and con-
crete, resulting in a member that has the bene-
ficial qualities of both materials. Two types of
composite columns, those with steel sections
encased in concrete and those with steel sec-
tions filled with concrete, are commonly used
in buildings. Concrete-encased steel compo-
site columns have become the preferred form
for many seismic resistant structures. Under
severe flexural overload concrete encasement
cracks, resulting in reduction of stiffness, but
the steel core provides shear capacity and duc-
tile resistance to subsequent cycles of overload
(Shanmugam & Lakshmi 2001).
Concrete-filled steel tubular (CFST) col-
umns have been used in different and varied
applications, such as bridge piers that are

continuously subjected to impact from traffic,

columns that support storage tanks, railway

decks, columns in high-rise buildings and as
piles. Because of the increased use of these
types of composite columns, interest in the
behaviour of these types of columns triggered
many theoretical and experimental studies.

CEST columns have many advantages over

steel-reinforced concrete columns, such as:

B The steel column acts as permanent and
integral formwork.

B The steel column provides external
reinforcement.

B The steel column supports several levels
of construction prior to concrete being
pumped.

Although CFST columns are suitable for

tall buildings in seismic regions, their use

has been limited due to a lack of infor-
mation about the true strength and the
in-elastic behaviour of CFST composite
action. Because of the traditional difference
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between structural steel and reinforced
concrete design, the procedure for designing
CFST columns using the American Concrete
Institute’s (ACI) code is quite different from
the load and resistance factor design (LRFD)
method suggested by the American Institute
of Steel Construction (AISC).

The main objective of this study was
to examine the effect of different types of
infill used in CEST columns. An additional
objective was to investigate the changes in
behaviour if recycled aggregate is used for
making the concrete. Twelve different speci-
mens were tested for columns with pinned
end conditions and the results are analysed
in detail in this paper.

CONCRETE-FILLED STEEL
TUBULAR SECTIONS
Circular tubular columns have a definite
advantage over tubular columns with other
cross sections when used in predominantly
compression members. For a given cross-
sectional area the former have a large uniform
flexural stiffness in all directions. Filling the
tube with concrete will increase the ultimate
strength of the member. The main effect of
concrete is that it increases the local buck-
ling resistance of the tube wall and, in the
restrained state, is able to sustain higher stress-
es and strains than when it is unrestrained.
The use of CFSTs can potentially provide
large cost savings by increasing the floor area
through a reduction in the required cross-
section size. This is very important in the
design of tall buildings in cities where space
is extremely expensive, and is particularly sig-
nificant in the lower storeys of tall buildings
where short columns usually exist. CFST can
provide an excellent monotonic and seismic
resistance in two orthogonal directions. Using
multiple bays of composite CFST framing in
each primary direction of a low- to medium-
rise building provides seismic redundancy
while taking full advantages of the two-way
framing capabilities of CFSTs (Hajjar 2002).

PAST RESEARCH

Experimental research on CFST columns
has been going on worldwide for many dec-
ades, with significant contributions having
been made particularly by researchers in
Australia, Europe and Asia. The vast major-
ity of these are experimental and have been
done on moderate-scale specimens (less than
200 mm in diameter) using normal and high-
strength concrete.

Neogi et al (1969) investigated numerically
the elasto-plastic behaviour of pin-ended
CEST columns loaded either concentrically or
eccentrically about one axis. It was assumed

that complete interaction between steel and
concrete, and the triaxial and biaxial effects
present on the composite materials were not
being considered. Eighteen eccentrically load-
ed columns were tested, in order to compare
the experimental results with the numerical
solutions. The conclusions were that there
was a good agreement between the experi-
mental and theoretical behaviour of columns
with L/D ratios greater than 15, inferring that
triaxial effects were small for such columns.

A series of tests had been carried out
(O’Shea & Bridge 1996) on the behaviour of
circular thin-walled steel tubes. The tubes
had diameter-to-thickness ratios (D/t) rang-
ing between 55 and 200. The tests included
bare steel tubes, tubes with un-bonded
concrete with only the steel section loaded,
tubes with concrete infill with the steel and
concrete loaded simultaneously, and tubes
with the concrete infill loaded alone. The
test strengths were compared to strength
models in design standards and specification.
The results from the tests showed that the
concrete infill for the thin-walled circular
steel tubes has little effect on the local buck-
ling strength of the steel tubes. However,
O’Shea & Bridge (1997) found that concrete
infill can improve the local buckling strength
for rectangular and square sections. They
also found that increased strength due to
confinement of high-strength concrete can
be obtained if only the concrete is loaded and
the steel is not bonded to the concrete. For
steel tubes with a D/t ratio greater than 55
and filled with 110-120 MPa high-strength
concrete, the steel tubes provide insignificant
confinement to the concrete when both the
steel and concrete are loaded simultaneously.
Therefore, they considered that the strength
of these sections could be estimated using
Eurocode 4 with confinement ignored.

The influence of local buckling on behav-
iour of short circular thin-walled CFSTs has
been examined (O’Shea & Bridge 1997). Two
possible failure modes of the steel tube had
been identified — local buckling and yield
failure — and these were found to be inde-
pendent of the diameter-to-wall-thickness
ratio. It was, however, found that the bond
between the steel and concrete infill deter-
mined the failure mode. A design method
has been suggested based upon the recom-
mendations in Eurocode 4 (1994).

Kilpatrick & Rangan (1997) and Kilpatrick
& Taylor (1997) examined the applicability
of the Eurocode 4 for design of CFSTs which
used high-strength concrete, and compared
146 columns from six different investigations
with Eurocode 4. The concrete strength of
columns ranged from 23 to 103 MPa. The
mean ratio of measured to predicted column
strength was 1,10 with a standard deviation

of 0,13. The Eurocode 4 safely predicted the
failure load in 73% of the columns analysed.

Brauns (1998) stated that the effect of
confinement exists at high stress level when
structural steel acts in tension and concrete
in compression, and that the ultimate limit
state material strength was not attained for all
parts simultaneously. In his study, the basis of
constitutive relationships for material compo-
nents, the stress state in composite columns,
was determined taking into account the
dependence of the modulus of elasticity and
Poisson’s ratio on the stress level in concrete.

O’Shea & Bridge (2000) tried to estimate
the strength of CFSTs under different loading
conditions with small eccentricities. All the
specimens were short, with a length-to-diam-
eter ratio of 3,5 and with a diameter-to-thick-
ness ratio between 60 and 220. The internal
concrete had a compressive strength of 50, 80
and 120 MPa. From those experiments O’Shea
& Bridge (2000) concluded that the degree of
confinement offered by a thin-walled circular
steel tube to the internal concrete is depend-
ent upon the loading condition. The greatest
concrete confinement occurs for axially loaded
thin-walled steel with only the concrete loaded
and the steel tube used as pure circumferential
restraints. Eurocode 4 has been shown to
provide the best method for estimating the
strength of circular CFSTs with the concrete
and steel loaded simultaneously.

Mandal et al (2002) reported that the qual-
ity of recycled aggregate concrete improves
considerably with the addition of fly ash. This,
in turn, improves the durability of recycled
aggregate concrete against sulphate and acid
attack. Therefore, the results of this study
provide a strong case for supporting the use of
recycled aggregates instead of natural aggre-
gates for the production of concrete.

Ramamurthy & Gumaste (1998) reported
that the compressive strength of recycled
aggregate concrete is relatively lower and var-
ied depending on the strength of the original
concrete from which the aggregates had been
obtained. This reduction is mainly caused by
the bond characteristics of recycled aggregate
and the fresh mortar of the recycled concrete.

EXPERIMENTAL STUDIES

Twelve specimens of circular (designated

C) and square (designated S) sections were
tested for the purposes of this study. The
column specimens were classified into three
different groups. Each group consisted of
four specimens filled with plain concrete
(designated PC), partial replacement of
coarse aggregates by recycled aggregate
concrete (designated RAC), and the rest of
the column specimens were tested as hollow
sections for comparison (designated HS).
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Table 1 Specimen properties

Reference D Length Steel C(::llllcl:: te Weight
columns (mm) t (mm) LD L (mm) L/ ;tr(eMngl;l)l strength of(ls(teiel
% £, (MPa) g
CI1-HS 76,0 3,0 25,3 900 11,8 260 NA 4,86
C2-PC 76,0 3,0 25,3 900 11,8 260 25,03
C3-RAC 76,0 3,0 25,3 900 11,8 260 28,14
C4-HS 89,0 4,8 18,5 350 3,93 260 NA 3,49
C5-PC 89,0 4,8 18,5 350 3,93 260 25,03
C6-RAC 89,0 4,8 18,5 350 3,93 260 28,14
S7-HS 72,0 2,0 36,0 900 12,5 260 NA 3,95
S8-PC 72,0 2,0 36,0 900 12,5 260 25,03
S9-RAC 72,0 2,0 36,0 900 12,5 260 28,14
S10-HS 91,0 3,6 25,3 350 3,85 260 NA 3,45
S11-PC 91,0 3,6 25,3 350 3,85 260 25,03
S12-RAC 91,0 3,6 25,3 350 3,85 260 28,14
Table 2 Concrete properties
Type of concrete (Mff’ka)* (I\'Iflc’ra)* (Mff)ta)*
Plain concrete 25,03 3,06 2,26
5;{21(::\(1:38132;2:;'( of coarse aggregate by recycled aggregate concrete 28,14 3,07 3,01

* average of three cubes, prisms and cylinders respectively

The properties of all specimens are given
in Table 1. All the specimens were fabricated
from circular and square hollow steel tube
and filled with two types of concrete, namely
plain and recycled aggregate concrete. The
average values of yield strength and ultimate
tensile strength fy for the steel tube were
260 and 320 MPa respectively. The modulus
of elasticity E; was found to be 2,0 x 10°
MPa. In the present experimental work, the
parameters of the test specimens were the
shape of specimen, size of specimen, strength
of concrete and D/t ratio of columns. All the
selected parameters were within the ranges of
practical limits. In order to prevent the steel
hollow column section from local buckling,
ACI (1995) requires the width-to-thickness
(B/t) ratio of the steel hollow section to be not
greater than the limit \/(SES/fy). In the steel
hollow column section tested, L/D = 12,5 with
B/t = 36,0, and for L/D = 11,8 the B/t is 25,3.
In both the cases B/t was found to be less than
the prescribed limit (V(3E/f,) = 48,04).

The concrete mix was obtained using
the following dosages: 383 kg/m?3 of Portland
cement, 533 kg/m3 of sand, 1 185 kg/m?3 of
coarse aggregate with maximum size 12 mm
and 192 litres of water. Construction and dem-
olition debris was taken on the basis of weight.
In order to characterise the mechanical behav-
iour of concrete, three cubes, three prisms and
three cylindrical specimens were prepared
from each concrete and tested to determine
the compressive strength, flexural strength

and splitting strength respectively. The mean
values of the strength, obtained from these
tests on concrete at an age of 28 days, are sum-
marised in Table 2. During preparation of the
test specimens, concrete was cast in layers and
lightly tamped using a wooden hammer for
better compaction. The specimens were cured
for 28 days in a humidity-controlled room.

TEST SET-UP AND PROCEDURE

All the tests were carried out in an electronic
universal testing machine (UTM) of capacity

1 000 kN. The columns were hinged at both
ends and axial compressive load was applied.
The test set-up of columns is shown in Figure
1. A pre-load of about 5 kN was applied to hold
the specimen upright. Dial gauges were used to
measure the lateral and longitudinal deforma-
tions of the columns. The load was applied

in small increments of 20 kN. At each load
increment, the deformations were recorded. All
specimens were loaded up to failure.

FAILURE MODES OF SPECIMENS
Figure 2 shows that the failure mode of 350
mm long columns is by local buckling close
to the supports, as indicated by circles in
each column. Figure 3 shows the failure in
the case of 900 mm length columns, with
considerable lateral deflection and overall
buckling nearer to the mid-height of the
columns, as indicated in each column.

Loading Ram
+P

_ . l«— Cover Plate

Test
[<¢— Specimen

,Dial Gauge

Strain Gauge %]

b

Figure 1 Test set-up of concrete-filled steel

tubular column in electronic UTM

buckling close to the supports

(1000 kN)
Figure 2 Photo shows the failure mode of

Short columns fail by local
specimen (350 mm long columns)

Long columns fail by buckling
close to the mid-height

Figure 3 Photo shows the failure mode of
specimen (900 mm long columns)
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TEST RESULTS AND DISCUSSIONS
Figure 4 shows the load carrying capacity

of square and circular column sections.
From Figure 4 it can be noted that the load
carrying capacity of square columns of all
sizes, hollow as well as filled with plain
concrete and recycled aggregate concrete, is
more than that of the circular column with
a comparable size. Figure 5 shows the load-
lateral deflection patterns for both hollow
circular (76 mm and 89 mm) and square

(72 mm and 91 mm) columns. From Figure
5 it can be observed that the hollow square
column performs better than the hollow
circular column. Also from Table 1, it can be
observed that the strength to weight ratio of
a 72 mm hollow square column is about 41%
more than that of a 76 mm hollow circular
column, and for a 91 mm hollow square col-
umn it is about 34% more than for an 89 mm
hollow circular column. Hence about 30% of
steel can be saved when square columns are
used to obtain the same load capacity.

plain concrete of characteristic strength

f., = 20 MPa grade (the minimum charac-
teristics compressive strength of concrete
cubes, i.e 20 MPa as per Indian Standards
IS 456-2000) resist more load than hollow
columns. Comparing Figures 5 and 6, it

can be observed that the strength of hollow
columns increases by about 60-112% when
filling them with conventional concrete.
When comparing square and circular
columns, square columns resist about 3—-9%
more load than circular columns for similar
areas. Figure 7 shows the load-lateral deflec-
tion pattern of circular and square columns
filled with recycled aggregate concrete. From
Figure 7 it is noted that tubular columns
filled with recycled aggregate concrete
resist 5-10% more load than those filled
with normal concrete. When compared

to hollow columns, recycled aggregate
concrete-filled columns take 66—121% more
load. When compared to circular recycled
aggregate concrete-filled columns, square

steel and a saving of up to 10% in the cost of
concrete can be achieved.

Figures 8 and 9 compare the load-lateral
deflection patterns for circular and square
columns of hollow sections, filled with nor-
mal concrete and filled with recycled aggre-
gate concrete. The use of recycled aggregate
as a filling material in concrete increases the
load-carrying capacity to a greater extent
compared with that of plain concrete-filled
columns, and reduces the lateral displace-
ments. This may be due to the fact that the
strength of CFST columns depends on the
filled concrete strength. The filled recycled
aggregate concrete has more compressive
strength, as determined during testing of
concrete cubes.

COMPARISON WITH CODAL
PROVISIONS

It is preferable to compare the test results
with different code provisions so that an
overall impression is obtained. EC4 (1994)

is the most recently published international
standard in composite construction. EC4
covers concrete-encased and partially
encased steel sections and concrete-filled
sections with or without reinforcement. EC4
uses limit state concepts to achieve the aims
of serviceability and safety by applying partial
safety factor to load and material properties.
EC4 is the only code that treats the effects of
long-term loading separately. The ultimate
axial force of a column as per code is

Necy = Agfy 12+ Actey I+ 1 & f, /D ) (1]

where

Ngc,  ultimate axial load of composite
column

A, A, area of steel tube and concrete

Figure 6 shows the load-lateral deflection recycled aggregate concrete-filled columns respectively
pattern of circular and square columns filled resist 6—10% more load. Hence, if recycled fy yield strength of structural steel
with plain concrete. From Figure 6 it can aggregate concrete-filled square columns are N, Ny co-efficient of confinement of con-
be noted that tubular columns filled with adopted, a saving of about 30% in the cost of crete and steel respectively
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Figure 5 Load-lateral deflection for HS columns

Figure 6 Load-lateral deflection for PC columns
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Table 3 Comparison of test results with Eurocode 4

30
Reference columns Nieot (KN) Ny (kN) Niest/NEca
E 251 CI-HS 148,55 NA NA
= 20 C2-PC 264,40 255,82 1,03
(=}
'g 15 C3-RAC 265,50 265,42 1,00
g C4-HS 283,20 NA NA
ER C5-PC 599,20 553,64 1,08
R C6-RAC 625,80 564,51 1,10
0 S7-HS 170,10 NA NA
k. T T T
0 200 400 600 800 S8-PC 270,80 260,43 1,04
Load (kN) $9-RAC 283,10 270,41 1,04
- STHS T SspC T S9RAC $10-HS 376,10 NA NA
—=— S10-HS —=— S11-PC —=— S12-RAC
S11-PC 650,45 615,45 1,05
Figure 9 Load-lateral deflection for square columns SI2-RAC 689,80 631,66 109
f. orf, characteristics cube compres- Table 4 Comparison of test results with ACI/AS
sive strength of concrete Reference columns Niese (KN) Ncr/as (KN) Niest/Naci/as
(150"1?0"150 mm) C1-HS 148,55 NA NA
t wall thickness of steel tube
X R K C2-PC 264,40 244,38 1,08
D outside dimension of column
. . C3-RAC 265,50 252,34 1,05
fcy compressive cylinder strength of
concrete (0,8 £.,) C4-HS 283,20 NA NA
C5-PC 599,20 414,48 1,44
The experimental ultimate axial loads are C6-RAC 625,80 424,81 1,47
compared with the predicted load from EC4 S7-HS 170,10 NA NA
as shown in Table 3. All the predicted values S8-PC 270,80 224,39 1,20
from EC4 are lower than that of values S9-RAC 283.10 234,94 120
obta‘lned from Fhe te?t results. The best .estl- SI0-HS 376.10 NA NA
mation of EC4 is achieved for columns filled
. . S11-PC 650,45 446,75 1,45
with conventional and recycled aggregate
concrete of 900 mm length. When compar- S12-RAC 689,80 461,56 145
ing the predicted values and test results for
recycled aggregate concrete-filled columns, it | effect of concrete confinement. The limit- A, A, area of steel tube and concrete
is found that the variation is only marginal. ing thickness of steel tube to prevent local respectively
The maximum Ny /N, for the 900 mm buckling is based on achieving yield stress fCy compressive cylinder strength of
length column is 1,04 and for the 350 mm in a hollow steel tube under monotonic axial concrete (0,8 fCC)
length column it is 1,10. Based on Table loading which is not a necessary requirement fy yield strength of structural steel

3, it is clear that EC4 can reliably predict
the axial capacity of CFST columns filled
with conventional and recycled aggregate
concrete.

The ACI (1995) and AS (1994) use the
same formula for calculating the squash load.
Neither code takes into consideration the

for a filled composite column. The failure
load is determined by

Nacras = 085 Acfoy + Ay (2]

where
Nycr/as ultimate load at failure

Detailed comparisons of load carrying
capacity of composite columns with ACI
and AS are presented in Table 4. For square
columns the experimental results are 20%
and 45% more than that of predicted values
by ACI/AS codes for 900 mm and 350 mm
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Table 5 Comparison of test results with modified ACI/AS

Reference columns Niest (KN) Modified Npcpjas (KN) | N /Modified Nycp/as
CI1-HS 148,55 NA NA

C2-PC 264,40 279,76 0,95
C3-RAC 265,50 291,50 0,91

C4-HS 283,20 NA NA

C5-PC 599,20 459,08 1,30
C6-RAC 625,80 475,43 1,32

S7-HS 170,10 NA NA

S8-PC 270,80 265,92 1,02
S9-RAC 283,10 280,96 1,01

S10-HS 376,10 NA NA

S11-PC 650,45 510,15 1,27
S12-RAC 689,80 532,76 1,30

Table 6 Values of k for different L/D ratio

L/D ratio 4 5 6 7 8 9 10 11 12
k factor 1,46 1,42 1,38 1,34 1,30 1,26 1,22 1,18 1,14

long columns respectively. The variation of
strength between the values from tests and
that from the codes are constant for both
plain and recycled aggregate concrete.

From Table 4, the Niest/Nacr/as ratio
shows a value larger than unity for the
350 mm length column. In the case of
900 mm length concrete-filled circular and
square columns differences of 5—8% and
20% are observed respectively in the above
ratio. For 350 mm length columns, the
differences are much greater. The variation
is about 45% for both conventional and
recycled aggregate concrete. The ACI and
AS appeared to be very conservative, due
to the fact that concrete confinement was
ignored in the estimation of their axial load
capacity.

This observation was also made by
Giakoumelis & Lam (2004), hence they
proposed a modified equation as Ncy/ag =
1,3 Acfcy + Asfy. Table 5 shows the compari-
son of test results with the modified ACI/
AS formula. All the experimental results for
CEST columns are approximately 9% less
than those from the modified equation for
900 mm length circular columns, and 30%
higher than that of the modified equation
for 350 mm length columns. The variation
between the values from the tests and that
from the modified equation are approxi-
mately constant for both conventional
and recycled aggregate concrete. Figure 10
shows the comparison of test results with
EC4, ACI/AS codes and Modified ACI/AS
equation. From Figure 10 it can be seen
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Figure 10 Comparison of test results with predicted load-carrying capacity of different empirical

equations

that the test results are higher than the
predicted values by the different empirical
equations.

From Table 5 it can be seen that modified
ACI/AS correlates well with experimental
results (L/D=12,5), and hence Npcy/as =
1,3 Acfcy + Asfy is applicable for steel tubular
sections filled with concrete. It is also obvi-
ous that the above equation under-estimates
the strength of columns by about 27-32%,
and that, when the L/D ratio reduces, the
predicted strength also reduces. In EC4 code,
the difference between predicted and actual
strength is 3-10% only, because the confine-
ment effect has been considered. However, in
ACI/AS the difference is up to 49%, because
there is no consideration for the effect of
confinement or L/D ratio. Hence, this equa-
tion needs to be modified to predict the
exact strength.

A detailed analysis of the experimental
results was carried out in this study. The
capacity of the composite columns depends
on the basic compressive strength of filled
concrete and the confinement effect. To
account for the enhancement in strength due
to the above facts a multiplication factor k
is suggested for different L/D ratios and the
values of k are presented in Table 6. A single
multiplication factor is suggested so that it
can be easily adopted.

The proposed equation for CFST column

Nacras = K[0,85 A, f,, + A f)]
when 4 <L/D > 12 [3]

The capacity of the columns predicted by the
above equation is compared with the existing
experimental results. Figure 11 shows this
comparison and it can be seen that the pre-
diction by the proposed Ny/5g is in good
agreement with the test results.

In order to verify the results of the equa-
tion, a set of three column tests was carried
out. These specimens used in the verification
tests had three other values of L/D ratios.

A comparison of these results with the
capacities predicted by Equation 3 is shown
in Table 7. It can be seen that the values,
although exceeding by 6% in two cases,

can still be considered a good approxima-
tion, and hence the proposed equation can
be used in its simple form to estimate the
capacity of the CFST columns.

CONCLUSIONS

The aim of the study was to determine the
optimum solution with reference to strength
of the column, shape, size, material, L/D
ratio, etc. This paper compared the failure
of square, circular, long, short, filled, hollow
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Figure 11 Comparison of test results with proposed equation

Table 7 Comparison of test results with proposed equation

D (mm) t (mm) L/D Niegt (KN) Nacp/as (kKN) Proposed Eq 3 (kN)
72,0 3,2 4,17 415,50 284,60 438,28
91,5 3,6 9,84 518,80 424,74 549,05
114,3 4,5 5,25 810,55 551,86 778,97

steel columns, as well as concrete-filled

columns, with conventional concrete and

recycled aggregate concrete. From the u

experimental studies, the following conclu-

sions were drawn:

B Concrete-filled steel tubular columns can
resist 60—112% more load than hollow ]
steel tubular columns for sections with
the same size and steel area.

B Recycled aggregate concrete-filled
columns resist 66—-121% more load than
hollow columns, and 6—-10% more than
columns filled with plain concrete.

B Square columns resist 34—41% more load u
than circular columns for the same area
of steel. Hence, size reduction for square
columns is possible.

B In the case of square columns, a cost sav-
ing in the region of 30% can be achieved
when compared to circular columns of |
the same cross-sectional area.

B Among the codes of practice for com-
posite columns, EC4 provides a good
prediction of the axial strength of CEST [ ]
columns, with a maximum of 10% differ-
ence in the value on the axial capacity for
the range of parameters tested.

B Good prediction of load capacity is
achieved with N, as N /N, ratio
for specimens is around unity.

B In some cases the predicted axial
strengths using ACI/AS are 45%
lower than the results obtained from D
experiments. t

B The modified ACI/AS equation suggested | P
by Giakoumelis & Lam (2004) gives better

ue

results for specimens S8-PC and S9-RAC
only for cases when L/D = 12,5.

The enhancement of strength in the case
of CFST columns depends on the com-
pressive strength of filled concrete and on
the confinement effect.

The proposed Ncj/a5 Equation 3 with
the single multiplication factor ‘k’ pre-
dicts the capacity of the columns tested
and is easy to use. It has, however, been
shown that an over-prediction of approxi-
mately 6% can be obtained. The equation
is valid when 4 < L/D > 12.

Considering that recycled aggregate con-
crete has a higher compressive strength,
it was found that, when recycled aggre-
gate concrete is used instead of plain
concrete, a cost saving in concrete can
be achieved.

Recycled aggregate, used in concrete-
filled square columns, results in cost sav-
ings when compared to circular columns
filled with plain concrete.

Usage of recycled aggregate concrete in
steel tubular columns is not only a waste
utilisation technique, but also saves

cost and, if designed properly, can result
in size reduction of columns, thereby
increasing the working space.

NOTATIONS

outside dimension of column
thickness of steel tube
measured ultimate load of the

column

P, critical load of the column

Npc,  ultimate axial load of composite
column

Nacrjas ultimate squash load

r radius of gyration

A, A, area of steel tube and concrete
respectively

focorfox characteristics cube compres-
sive strength of concrete
(150x150x150 mm)

fcy orfo compressive cylinder strength of
concrete (0,8 f_)

f.. flexural strength of concrete prism
(100x100x500 mm)

f split tensile strength of cylinder
(150x300 mm)

ny,n,  co-efficient of confinement for
concrete and steel respectively

£, yield strength of steel tube
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