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ABSTRACT: Over the ninety-two years since the publication of Terzaghi’s Erdbaumechanik, our ability to understand the behaviour
of ground, investigate its properties and predict its performance has increased significantly. This has been accompanied by a near-
asymptotic increase in the geotechnical research publications, far exceeding our ability to translate these findings into practice. Most
geotechnical failures are not due to lack of knowledge but an inability to apply the available knowledge in practice or simply not
recognising critical design situations. We need to shift the focus from the creation of knowledge to facilitating its implementation.

Developing countries face particular challenges including lack of resources such as field and laboratory testing facilities, a general
reluctance to spend money on site investigations and dependence on foreign design codes. In addition, there are many challenging
and often unique ground conditions that are not amenable to analysis using classical soil mechanics principles.

This Terzaghi Oration deals with the research-practice gap and describes how one developing country is responding to the
challenges in geotechnical engineering practice.

RESUME: Durant les quatre-vingt-deux années depuis la publication de Erdbaumechanik de Terzaghi, notre capacité & connaitre les
terrains, & mesurer leurs propriétés et a prévoir leur comportement a augmenté de maniére significative. Ceci a été accompagné d'une
augmentation quasi-asymptotique du nombre des publications de recherche géotechnique, dépassant largement notre capacité a
traduire ces résultats dans la pratique. La plupart des échecs en géotechnique ne sont pas dus & un manque de connaissances, mais a
une incapacité a appliquer les connaissances disponibles dans la pratique ou a I’incapacité d’identifier les situations de conception
critiques. Nous devons mettre 1'accent non plus sur la création de connaissances mais sur les moyens de leur mise en ceuvre.

Les pays en développement sont confrontés a des défis particuliers, notamment le manque de ressources tels que les équipements
d’essais en place et en laboratoire, une réticence générale a dépenser de 1'argent sur les reconnaissances des terrains et la dépendance
de codes de conception étrangers. De plus, il y a beaucoup de conditions de terrains difficiles et souvent uniques qui ne se prétent
pas a l'analyse utilisant les principes de mécanique des sols classiques.

Cette Conférence Terzaghi traite de 1'écart entre la recherche et la pratique et décrit comment un pays en développement répond
aux défis.

KEYWORDS: geotechnical research, geotechnical practice, failures, limit states design, reliability analysis, codes, full scale tests.

1 INTRODUCTION implemented in practice?”.

Since the development of the theory of effective stress by
Terzaghi in the 1920’s (Terzaghi 1925), geotechnical
engineering has made steady progress in understanding and
predicting the behaviour of soils and rocks. This growth in
knowledge has been accompanied by an increase in
computational power, data storage and search capabilities.
Many proponents of classical soil mechanics and aspiring
researchers may be forgiven for thinking that geotechnical
engineering has matured from an art to a science and that few
geotechnical problems remain beyond our capabilities.

While this illusion may be embraced by some within the
profession, it is certainly not so in geotechnical practice,
particularly in developing countries. The state of practice and
the uptake of research findings is lagging further and further
behind the state of the art in geotechnical engineering. This
manifests itself in many ways ranging from failure of the most
basic geotechnical works to ignorance of recent developments
by many practitioners.

The advances made in the solution of geotechnical problems
are undeniable. However, the question must be asked “what
are our problem-solving abilities worth if we are solving the
wrong problems and the solutions either are not or cannot be

The purpose of this paper is to identify the shortcomings and
challenges in geotechnical practice and to share some of the
ways these problems are being dealt with in practice.

2 SOUTH AFRICAN CASE STUDIES

As an illustration of the shortcomings that are experienced in
geotechnical practice, four case histories have been chosen
varying in scale and magnitude of the problem. These case
histories are not intended to be spectacular in any way. They
simply serve to illustrate the type of problems that occur in
practice.

2.1  Thermal power station on expansive profile

In the early 1980’s, a 3 600 MW thermal power station was
built on the banks of the Vaal River. The location of the
station had been selected based on the proximity of both water
and coal. The geotechnical investigation showed a profile
consisting of 15m of fine-grained alluvial soils overlying
weathered carbonaceous shales with a deep water table, ideally
suited to founding the power station on large diameter bored
piles socketed into the shale bedrock.
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Photo 1: Thermal power station on expansive soils

Prior to development, the site was covered by a blue gum
plantation. Blue gum trees can draw down the regional water
table and desiccate the soil profile to considerable depth.
Although the alluvial soils and weathered shales would
ordinarily have been only mildly expansive, felling of the trees
and the resulting reduction in soil suctions caused significant
heave, which was discovered during the early stages of
construction. As a result, the pile shafts had to be isolated
from the surrounding alluvial soils, the sockets deepened, the
shafts reinforced to resist uplift, and 300mm voids provided
below the pile caps. In some cases, this gap closed completely
over the years and more soil had to be removed by “mining” out
below the pile caps.

The cause of the problem was not a lack of knowledge on
expansive soils, which had been extensively studied in South
Africa for at least three decades prior to this incident. It was
also not the result of inadequate investigation of the site. It
was simply a failure to recognise the effect of the blue gum
trees on the potential heave of the soil profile.

2.2 Collapse of a commercial building under construction

In 2007, four blocks of an office complex were under
construction on a moderately sloping site underlain by shale
bedrock dipping towards the north. The original sequence of
construction was to build the blocks at the lower, northern end
of the site first, followed by the blocks higher up the slope.
However, the construction sequence had to be changed due to a
delay in the relocation of services. As a result, construction of
the upper two blocks was well advanced when the excavation
for the retaining wall around one of the lower blocks was
formed. The excavation caused a slip failure in the adversely
dipping shale bedrock below the end row of columns on one of
the upper blocks and partial collapse of the structure.

Photo 2:  Collapse of a structure on adversely dipping shales

The cause of the problem was a construction management
decision taken without due regard to the geotechnical
conditions which were known to exist on the site. The hazards
posed by the adversely dipping shales were recognised and
were clearly spelt out in the geotechnical report.

2.3 Deep basement excavation in residual granites

In 2014, a 32m deep mega-basement was excavated in the
Sandton CBD, north of Johannesburg. The area is underlain
by Archaean granites characterised by the presence of core
stones and a highly undulating rockhead.

The investigation was carried out prior to demolition of the
structures previously occupying the site. This limited the
number of holes that could be drilled and their location. The
investigation relied heavily on large diameter (750mm) auger
holes, drilled without casing and profiled in situ. The design
of the lateral support was based on the depth of rock
extrapolated from these widely spaced auger holes. The
support consisted of soldier piles and anchors over the soil
portion of the profile with rock bolts and dowels in the granite.

The installation of the support proceeded as planned until the
excavation reached the assumed maximum depth of the
rockhead at around 16m below ground level. Around a large
proportion of the perimeter of the site, no rock was encountered.
Rotary core drilling around the perimeter of the excavation
revealed that the residual soils extended to the full 32m depth of
the excavation in places. As a result, the capacity and length
of the installed anchors were inadequate. The excavation was

backfilled around the perimeter as shown in Photo 3 to permit
the installation of longer, higher capacity anchors resulting in a
delay to the contract and additional construction costs.

D = S . L -1
Photo 3: Basement excavation in residual granites

The cause of the problem in this case is symptomatic of
modern day emphasis on fast-track construction and cost
management, often at the expense of the quality of available
geotechnical information. The extent of the investigation and
the investigation methods used were inadequate.

2.4  Sub-economic housing on heaving clays

Since 1994, there has been a concerted drive to provide
adequate housing for all South Africans. As a result, large
numbers of sub-economic homes have been constructed
throughout the country. The funds available are limited and
costs are carefully controlled.

Many of these developments are in the sub-humid to semi-
arid central areas of the country where expansive soil conditions
are known to exist. Geotechnical investigations for these
developments are put out to tender. The investigation and
testing carried out is limited by the available funds. The result
is that, in many instances, the depth of investigation does not
extend to the full thickness of the clay layer, only basic
laboratory tests (often poorly executed) are undertaken and the
severity of the heave problem is underestimated. This,
coupled with poor foundation selection and design, leads to
cracking of the houses often to the extent that they need to be
demolished. The reason for these problems is essentially similar
to those for the basement excavation above, namely inadequate
investigation due to cost pressures. However, the motivation
is different. The basement excavation project justified a more
comprehensive investigation. In the case of housing, the cost
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of investigating individual housing units, as is required by the
home building regulations, is not affordable.

2.5 Summary

The reasons for the various problems described in these case
studies vary from site to site. It is, however, noteworthy that
in all cases, the knowledge required to have prevented these
situations was available. In other words, the knowledge
existed, but not the will or the resources to put it into practice.

3 A CRITICAL REVIEW OF KNOWLEDGE
DEVELOPMENT AND IMPLEMENTATION IN
GEOTECHNICAL ENGINEERING

3.1 Introduction

There was a stage in the early to mid-1900s when each new
fundamental advance in soil mechanics and geotechnical
engineering was followed with keen interest in academic circles
and by leading practitioners. Examples of these advances
include the principle of effective stress by Terzaghi; drained
and undrained bearing capacity by Prandtl, Terzaghi, Skempton
and Meyerhof; slope stability by Fellenius, Bishop and Janbu;
and critical state soil mechanics by Roscoe, Schofield and
Wroth.  Similar advances in testing of soils included the
development of the standard penetration test and advances in
triaxial testing.

In recent times, we have continued to improve our
understanding of the behaviour of ground, our testing
capabilities and methods of analysis at such a pace that it is
impossible for the average practitioner to keep up.

Against this background, it is worth taking a fresh look at
the development of knowledge and its implementation in every-
day geotechnical practice. The various steps in this process, as
illustrated in Figure 1, are explored below.

Basic
research
Applied
research

Academic / Research

environment
Conversion to
usable form
Transfer to
industry

Practice / Industry

Implementation
in practice

Figure 1. Knowledge development and implementation cycle.

3.2 Basic and applied research

3.2.1  Growth in research capabilities

The National Science Board of the United States estimates that
20 million first university degrees were awarded worldwide in
2012 (National Science Board 2016) of which 6.4 million were
in science and engineering. Almost half of these were in
China (23%) and India (23%). 49% of all first degrees in
China were in science and engineering, 46% in Japan, South
Korea and Taiwan (combined) and 33% in the United States.
The distribution of first university degrees in science and
engineering by region in 2012 is shown in Figure 2.

All others United States
18% 9%

12%
Brazil

India

23% China

23%

Russian Federation Japan, South Korea, Taiwan
5% 8%

Figure 2. First degrees in science and engineering by region - 2012.
(National Science Board 2016)

Approximately 116 000 doctoral degrees in science and
engineering were awarded in 2013 in the USA, China, France,
Germany, UK, Japan, South Korea and Taiwan. Over half of
these were in the USA and China. The growth in doctoral
degrees conferred between 2000 and 2013 is shown in Figure 3.
All these doctoral candidates, and those to follow, require new
topics to research in ever-increasing detail.
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Figure 3. Doctoral degrees in science and engineering 2000-2013.
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3.2.2  Researchers and research funding

The number of science and engineering researchers in the USA,
European Union, Japan, South Korea, China and Russia, was
estimated at around 5.9 million in 2013 (National Science
Board 2016). The bulk of the research effort was in applied
research as opposed to basic research, i.e. research aimed at
gaining basic knowledge / understanding. In 2012, China
spent 95% of its research expenditure on applied research
compared to 83% in the US. In 2012, the production sector
accounted for about 86% - 88% of business-sponsored research
and development in countries such as Germany, Japan, South
Korea and China, compared to 40 — 70% in the remainder of the
EU and the US.

The latest available (2013) estimate of global research and
development expenditure in all fields is US$1.67 trillion.
Over half of this was in the US and China. Israel and South
Korea spend approximately 4,2% of their GDP on research and
development, compared to 2,7% in the US. The EU has set a
target of 3% by 2020 (European Commission 2013). Of all
the continents, Africa has the lowest research and development
spend, estimated at US$13 billion in 2013, a mere 0,8% of the
global amount. In South Africa, a regional economic hub, the
estimated expenditure on research and development is 0.5-0.8%
of GDP, depending on the source consulted.

3.2.3 Research publications
Jinha (2010) estimated that the total number of peer-reviewed
scholarly articles in all fields reached 50 million in 2009. The
number of articles added in 2009 alone was around 1,5 million.
An estimated two thirds of these were in ISI accredited journals.
Reller (2016) puts the number of manuscripts published in 2015
by Elsevier alone at around 400 000 representing about 16% of
the total number of publications worldwide in that year.
According to SCImago, a research group from the Consejo
Superior de Investigaciones Cientificas at the University of
Granada, Madrid, 17 850 articles on geotechnical engineering
and engineering geology were published in 292 journals and
conference proceedings in 2015 alone with the total over the
three-year period 2013-15 being 67 840 (SClmago 2015).
This database includes only two ISSMGE specialty conferences
and does not include any of the ISSMGE international or
regional conferences. The figures also do not include masters
or doctoral theses.

3.24 Outcome
There can be little doubt that the proliferation of technical
publications is influenced by the linking of funding for
universities to research output measured in terms of papers in
accredited journals. The subject matter of these publications is
driven by the need to find new topics to be researched by the
burgeoning number of post-graduate students. Although no
statistics are available to the author, it is suspected that the vast
number of these students, and the academics that supervise
them, embarked on their research careers immediately after
obtaining their first degree with no experience of geotechnical
practice. With notable exceptions at certain institutions, there
also appears to be a preference for research into analytical
procedures and laboratory testing as opposed to field
experiments, construction methods or engineering practice.

The net result is an increase in research findings that are not
being applied in practice.

3.3 Conversion of research findings to a usable format

The rate at which research findings are being produced far
exceeds the rate at which these findings are being incorporated
into geotechnical practice. As indicated above, up to 88% of
business-sponsored research and development is in support of
the production sector. In other words, this research is directly
linked to the manufacture of consumer goods such as faster

processors, safer vehicles, higher resolution televisions and
similar products. The use of these products does not require
any knowledge by the user of the research that went into their
development or the principles on which they operate.

Geotechnical research is aimed primarily at improving our
understanding of behaviour of ground and the interaction
between ground and the built environment. Some of this
research finds its way into products that are used by the
geotechnical profession. Examples are specialist geotechnical
software, field and laboratory testing equipment, construction
equipment and similar. However, the bulk of geotechnical
research is aimed at improving our ability to design and
construct geotechnical works. The consumers of this research
are investigators, designers, contractors and equipment
suppliers. Unlike the situation pertaining to consumer goods,
the end-user of geotechnical research must understand the
principals involved to apply the research in practice.

The full benefit of geotechnical research can only be realised
when it finds application in practice. For this to take place,
research outcomes need first to be evaluated and consolidated.
Those outcomes that are found to have merit must then be
transferred to the profession in a usable format.

3.3.1  Evaluation of research findings

Much of the research done in the fields of soil mechanics and
geotechnical engineering is undertaken with an application in
mind and would therefore be classified as applied research.
That does not, however, imply that the findings of research
publications are suitable for immediate application. Research
findings first must be validated in a number of ways:

— the integrity of the data and methods of analysis must be
scrutinised;

— any limitations must be examined to assess the suitability
of the findings for wider application;

— the findings should be reconciled with the findings of
other researchers in a similar field;

— the outcome of the application of the research findings
should be compared with current practice and the
observed performance of geotechnical structures.

In years gone by, this evaluation would have taken place by
way of written discussion of published papers or interaction
between peers following presentation of the research findings at
conferences. However, such discussions no longer occur to
the same extent as in the past and many dubious research
findings go unchallenged. The reputation of the author is
often the only indicator of the validity of the findings.

Literature studies in subsequent publications, particularly by
post-graduate students at the commencement of their research,
play an important role in the evaluation of research findings.

State of the art papers at conferences are another means by
which research findings are evaluated. A prime example of
this was the paper by Poulos et. al. (2001) presented at the XV
ICSMGE in Istanbul entitled “Foundations and retaining
structures — research and practice”. Such papers are of
enormous value to the profession. Speciality conferences
dealing with particular aspects of geotechnical engineering are
also important in evaluating research findings.

Technical committees of the ISSMGE have a vital role to
play. These committees, when functioning correctly, provide
a platform for lively debate between experts within the
profession.  Technical committee workshops held at most
ISSMGE international or regional conferences are important
sources of information for practitioners and academics alike.
Publications by these technical committees can be a source of
well-winnowed information. Good examples are the reference
test procedure for dynamic probing (ISSMFE Technical
Committee on Penetration Testing, 1988) and the proceedings
of the workshop on the evaluation of the Eurocodes (Orr 2005).

The evaluation of research findings typically occurs in an
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academic or research environment with input from leading
practitioners. The ability to evaluate research findings is
generally beyond the capabilities of the average practitioner.

3.3.2  Conversion to usable format

For research findings to find their way into practice, they need
to be made available in a usable format and in a manner that
lends credibility to their use. Practitioners can be easily
persuaded to make use of information given in codes of practice,
recognised text books and state of practice reports. They
would also be inclined to rely on material incorporated into
reputable computer programmes. Many would, however, be
hesitant to rely on individual research papers before they
become recognised as part of the norms of the profession.

Codes, standards and recognised text books are very
convenient formats for use in practice.  The methods
incorporated in such documents are generally presented in a
clear and unambiguous form and the use of such methods
would typically be regarded as evidence of adherence to
professional norms. The drawback is the time required for
research results to find their way into such documents.

Research-based establishments such as CIRIA (Construction
Industry Research and Information Association, UK) and the
BRE (British Research Establishment, UK), and government
agencies such as FHA (Federal Highways Administration,
USA), and GEO (Geotechnical Engineering Office, Hong
Kong) produce authoritative guidelines which are used
extensively in industry.

Another effective way of presenting research findings in a
usable format is to incorporate these into computer programmes.
Such programmes do not require the designer to understand the
complexities of the method to produce usable results. The
designer must, however, have a clear understanding of the input
parameters required and the limitations of the method. Good
examples of such an approach are the Excel-based solution to
first order reliability methods (FORM) presented by Low and
Tang (1997) and the RATZ 4 programme for the load transfer
analysis of axially loaded piles (Randolph 2003). Further
examples are the various finite element and finite difference
programmes available on the market which incorporate the
latest analysis techniques and a variety of constitutive models.
A difficulty with these latter programmes is understanding the
terminology used in the definition of input parameters which is
frequently based on the mathematical formulation of the
algorithms used to define the material properties rather than on
commonly accepted soil mechanics terms.

3.4 Transfer of new knowledge to industry

The preceding processes evaluate research findings and convert
those that have merit into a usable format. For these findings
to be applied in practice, they must be communicated and
transferred to the industry. Essentially, this is a process of
extending the knowledge practitioners already have or replacing
old knowledge with new. This involves interaction between
researchers, academics and practitioners, often under the
auspices of professional bodies and voluntary associations.

The transfer of new knowledge occurs during the education
of graduate engineers and by continuing education of engineers
already in practice.

3.4.1  Training of Geotechnical Engineers

When one buys a new product such as a mobile phone or a
motor vehicle, there is an expectation that the product
incorporates the latest available technology. The same should
apply to geotechnical engineering graduates. The
undergraduate education they receive should be based on up-to-
date text books and current standards. Unfortunately, this is
not always the case. Just as occurs in practice, there are many
educators who have not changed the content of their courses or

their ways of teaching for decades. The problem is often
exacerbated by the modest salaries paid in the education sector
compared to those in industry making it difficult to attract
enthusiastic, switched-on professionals to teach in our
universities at undergraduate level. Of course, there are
notable exceptions to this situation. Suffice to say, educators
have a responsibility to remain abreast with developments in
their field and to pass this knowledge on to their students.

Ideally, educators in engineering fields should have practical
experience of the subjects they teach. To encourage this, it is
a requirement for accreditation of engineering curricula in
South Africa that lecturers of final year engineering subjects are
registered professional engineers.

After graduating, the next hurdle graduate engineers may
face is the freedom to apply their newly acquired knowledge.
All too often, established practices smother change and
innovation.

34.2  Continuing education of practitioners

For the average practitioner to accept new ways of doing things,
he or she must be aware of the new knowledge, must see its
benefits, must understand its use and have the both the data and
means to apply it. There is often considerable inertia in this
process. It is generally more comfortable for the practitioner
to stay with what is familiar and has worked in the past. In
general, younger practitioners and those in competitive and
interactive work environments are more inclined to embrace
new knowledge than older practitioners. This applies not only
to geotechnical practitioners but to educators as well.

It is an over simplification to refer to the “average
geotechnical practitioner”. There are many practitioners that
are well above average and take a keen interest in new
developments in geotechnical engineering. These individuals
have a key role to play in continuing education.

In most countries, one of the requirements imposed by the
regulatory authority (engineering council, or similar) is that of
continuing professional development or CPD. To remain
registered, the professional person must acquire a specified
minimum number of CPD points. Such points are awarded for
reading learned publications, attending courses and conferences
and participating in the activities of the profession. The CPD
system forces a degree of exposure to new knowledge that the
average professional may not otherwise have experienced.
Most professionals have no problems complying with these
requirements.

Voluntary associations play a very important role in the
transfer of knowledge to practitioners. Such associations
include the ISSMGE and its member societies. The way in
which these associations operate varies from country to country.
In some countries, there may be hundreds of geotechnical
members of such associations but only a handful, normally elite
academics and powerful practitioners, become members of the
ISSMGE. South Africa’s experience is that the member
society operates best when its membership and leadership
consists of academics, consultants, contractors and suppliers of
all age groups. All members of the local member society are
automatically individual members of the ISSMGE. This is
why the South African member society has more individual
members of the ISSMGE than the rest of Africa combined
despite having only the fifth highest population on the continent.

While international conferences of the ISSMGE provide a
forum for interchange of knowledge at an international level,
regional conferences, sub-regional and speciality conferences
are generally more popular with practitioners. The reason is
that the information presented at these conferences is more
relevant to their geographical area and fields of interest.
Similarly, local geotechnical journals have a better appeal to
practitioners than global journals.

The South African member society has a strategy for
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keeping local practitioners informed of developments in the
industry. The society funds its activities by running courses
and seminars covering particular aspects of geotechnical
engineering. Some of these are specialist courses with
international guest lecturers while others are “refresher courses”
on basic topics such as site investigation, bearing capacity,
settlement, etc. Once a year, the society hosts the Jennings
Memorial Lecture (in honour of Prof Jere Jennings) where a
leading international expert is invited to address the society.
Many of the society’s activities are combined events with the
local association of engineering geologists.  Using this
strategy, a relative small society in a somewhat isolated location
can make a difference to its practicing members.

The universities also have a role to play in continuing
professional development. Many South African universities
have opened their post-graduate courses to members of the
profession for non-degree purposes. Practitioners obtain CDP
points for attendance even if they do not write the examinations
or complete the assignments. This holds benefits for students
and practitioners alike and makes for lively discussion among
course delegates. On receiving their degrees, post graduate
students are encouraged to present their work, normally during
an afternoon or evening lecture open to the profession.

3.5 Barriers to implementation in practice

Modern geotechnical engineering practice takes place in an
increasingly competitive and litigious environment. Under
these circumstances, the decision by a practitioner to adopt new
technology will be based on three main considerations; (a) will
it provide competitive advantage, (b) is the new technology
sufficiently widely accepted to be considered a norm of the
profession and (c) can the technology be applied with the
available resources and data. This latter consideration is often a
controlling factor.

Most countries in the world have laws promoting
competition and preventing anti-competitive practices. South
Africa is no exception. It is, however, interesting to note that
while doctors and lawyers must be professionally registered, the
reservation of certain categories of engineering work for
registered persons is seen to be anti-competitive by the South
African authorities. As a result, the benefits of professional
registration are all but removed and anyone is free to call
themselves an engineer and to practice as such. This creates a
situation where the engineering services being offered to the
market are not of a uniform standard.

Over the last three decades, the procurement of professional
engineering services has changed significantly. In the past, the
person or entity calling for such services either had some
knowledge of the services required or relied on trusted
professionals to propose a suitable scope of services. The
value of employing a reputable professional was recognised.
In recent times, procurement of engineering services is often
done by commercial or project management personnel by way
of open tender, with little or no specification of the services
required or who should provide them. Adjudication is
generally based on price and programme alone with scant
attention being given to the quality, suitability and sufficiency
of the services being offered or the skill / ability of the supplier.
This is thought to been a significant contributor to the problems
depicted in Photos 3 and 4 at the start of the presentation.

By way of example and with reference to Photo 4, one of the
earliest methods of heave prediction in South Africa was based
on the clay content and plasticity of the soil alone (Van der
Merwe 1964). The method ignores many critical factors such
as initial moisture content, density/stiffness, suction profile and
applied loading, all of which have been known for decades to
exert a significant influence on heave magnitudes. Many
methods of heave prediction which take account of these
influences have been developed both locally and internationally

and were routinely used in South Africa in the 1980°s. These
methods are, however, seldom used today simply because they
are more costly to apply and the older, simpler method remains
an accepted norm of the profession. Thus, there is no
competitive advantage to be gained and no added protection
against legal claims. This situation is likely to prevail until
housing consumers and regulatory authorities again begin to
appreciate the value of good engineering and the cost of not
procuring it.

Because of undue emphasis on the cost rather than the value
of engineering services, companies that employ highly skilled
engineers and apply the latest technologies often find
themselves unable to compete in the market place. Larger
practices of this nature are drawn to the bigger projects with
more enlightened procurement policies. Some smaller
practices become increasingly involved in specialist consulting
and remediation of problems.

The uptake of new technology is more likely to occur on
mega projects, particularly where these have large international
involvement.

It is interesting to note that the construction sector is often
more discerning in its procurement of professional services than
other clients. There are two reasons for this. Firstly, in the
construction sector, there is likely to be significant engineering
input to procurement decisions with increased emphasis on
value and quality as opposed to price. Secondly, there is a
tangible link between the professional services provided and the
profitability of the project.

3.6 Assessment of outcomes

The assessment of the value or otherwise of practical
application of research findings typically occurs in two ways -
comparison with current practice or review of implementation
of the new technology.

Few geotechnical practitioners would be prepared to risk the
implementation of new technology without first comparing the
expected results with those yielded by current practice. For
example, before adopting reliability-based design methods, the
results would be compared with other design methods in current
use such as limit states design or working stress design.
Caution would be required if the results of the new method
deviate significantly from current practice. Similarly, the
results of test methods such as continuous surface wave (CSW)
testing would be compared with those from other test methods
such as SPT or CPT tests or well documented case histories.
Such comparisons take place as part of the design process.

Following implementation of the new technology,
monitoring and documentation of the outcome is a vital part of
the assessment process. Publication of cases studies of both
successful and unsuccessful application of new technology is
essential for the refinement of the technology and promoting its
acceptance or otherwise in practice.

Such comparative calculations and case histories assist in
guiding future research and are an important part of the
scientific process. They serve to complete the knowledge
development and implementation cycle shown in Figure 1.

3.7 A critical appraisal of the status quo

In the author’s opinion, the advances made in geotechnical
research are significant, far outstripping the rate at which they
are implemented in practice. Unfortunately, there is greater
emphasis on making new discoveries than validating and
consolidating the advances that have already been made. We
need a paradigm shift in which the consolidation and
application of existing research findings enjoys the same
recognition in academic circles as new research efforts. Such
consolidation will assist the implementation of the findings and
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be of greater benefit to practitioners than the pursuit of
increasingly specialised and obscure fields of research.

It is a pity that so many researchers move directly from their
first degree into the research environment with no practical
experience. It is also regrettable that so much research is
carried out without the backing of industry. Both the
universities and industry should increase their efforts to
collaborate.

Conferences sponsored by ISSMGE technical committees
should do more to cater for all levels of the profession rather
than being a talk-shop for the elite in a particular field. This
can be achieved by presenting courses specifically aimed at
practitioners before or after such conferences.

As international speciality conferences may be out of the
reach of the general membership, ISSMGE member societies
should look to presenting local seminars with the emphasis on
training. An international guest speaker often forms a good
nucleus for such seminars, with back-up from leading local
academics and practitioners. The universities also have a role
to play in this regard.

Practitioners are encouraged to publish case histories on the
application of new technology, preferably with a detailed
performance record that will allow further analysis of the results
as part of the assessment process. This assessment is an
essential part of the validation of new technologies and provides
guidance for future research.

4 GEOTECHNICAL DESIGN CODES

Like many other developing countries, South Africa is currently
evaluating its options for the development of a local
geotechnical design standard. This has led to a critical
examination of the purpose of such codes, available resources,
the quality and sufficiency of data and the design options
available.

4.1 Role of codes and standards

In addition to the benefits of standardisation, codes and
standards serve two very important purposes. Firstly, they
establish the norms of the profession. Adherence to such
norms provides protection against legal action based on
negligence. Secondly, they represent a distillation of existing
knowledge on which there is consensus. In the South African
system, consensus means an absence of sustained opposition to
substantial issues. Thus, new knowledge is only incorporated
into codes and standards after it have been proven in practice
and consensus has been reached on its acceptability. In this
sense, codes and standards lag behind the introduction of new
developments in the industry.

Codes are not, or should not be, static documents. They
should be regularly reviewed and updated.

Methods included in standards tend to be applied frequently
and in a reasonably consistent manner, rather like a controlled
experiment. This provides an opportunity for retrospective
assessment of the validity of the provisions of the codes which,
as stated above, is an essential party of the knowledge
development and implementation cycle.

4.2  Differences between countries

4.2.1  Code development

Code development is generally undertaken by a group of
experts which should ideally represent all sectors of the industry
including academics/researchers, designers, contractors,
suppliers, manufacturers and regulators — as may be relevant.
In the case of regional or international codes, all the various
countries are represented. Limitations on the number of

representatives can lead to exclusion of representatives from
various industry sectors, which is regrettable.

Codes may be developed by national, regional or
international standards authorities (e.g. British Standards, CEN,
and ISO), by voluntary associations (e.g. ASCE) or by state
agencies (e.g. Federal Highway Administration). In many
cases the development costs, including professional time, are
subsidised by the agency under whose auspices the code is
being written. In South Africa, this is not the case. The local
standards authority provides administrative and production
support but the experts who write the codes are neither
recognised nor remunerated. The cost of involvement in code
writing can put considerable strain on individuals and small
practices.

4.2.2  Mandatory nature of codes

In many countries, adherence to national standards is mandatory.
CEN member states are obliged to adopt the Eurocodes and to
withdraw any conflicting national standards. Individual states
do, however, have some control over the application of the
Eurocodes by way of the National Annexes produced by each
member state.

South African codes, including national standards, are not
mandatory unless they are referenced in legislation — they are
simply statements of good practice. South African geotechnical
engineers are therefore free to adopt whatever methods they
choose ranging from adherence to local or international codes,
recognised text books, state of the art reports, etc.

4.2.3  Adoption of foreign codes

Most developing countries adopt the standards of developed
countries, typically of those countries that have played a role in
their history or who share a common language. For example,
prior to the development of the Eurocodes, the French-speaking
nations in West and North Africa tended to adopt French
Standards.

In the past, South Africa adopted many British standards but
also had regard to North American (USA and Canada) and
Australian standards, the latter due to similarities in climatic
conditions. More recently, South Africa has been developing
its own standards, often based on international standards. For
example, South Africa’s “basis of design” standard (SANS
10160, 2011) is modelled on the Eurocodes, adapted for South
African conditions. However, many South African standards
are totally unique such as SANS 1936 for the development of
dolomite land. The development of further unique standards is
essential due to the peculiarity of geological and climatic
conditions in the region.

4.3 Inadequacies of design codes in general

Many standards across the world are based on a four-level
performance-based regulatory system.

Level 1 is a broad statement of the objective or goal of the
regulatory system. In the Eurocodes, this is the elimination of
technical obstacles to trade and the harmonisation of technical
specifications within the European Community (EN 1990:2002).

Level 2 states the functional requirements in qualitative
terms. In the Eurocodes, the basic requirements are given in
Clause 2 of EN1990. The main requirement is that a structure
should, during its intended life, with appropriate degrees of
reliability and in an economical way sustain all actions and
influences likely to occur and remain fit for the use for which it
was intended.

Level 3 is the establishment of quantitative performance
requirements to give effect to the functional requirement
defined in Level 2. In the Eurocodes, the requirement is
expressed in terms of a target reliability index, the value of
which is defined in the National Annexes.

Level 4 specifies the method of compliance with the
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performance requirements. In the Eurocodes, compliance is
verified by means of partial factor limit states design in which
the design effect of actions £y should be less than the design
resistance Rq (ultimate limit state) or the limiting value of the
relevant serviceability criterion (serviceability limit state), for
all possible design situations. The values of the partial factors
are selected with the intention of meeting the specified target
reliability index.

The purpose of a design code is to reduce instances where
designs do not comply with the objectives and requirements
stated in Levels 1 to 3. The extent to which this purpose is
achieved depends on the designer’s ability comply with the
requirements of Level 3 using the methods set out in Level 4.

The practice of geotechnical engineering is a skill rather than
a science. It involves perception and judgement, both of
which are difficult to encapsulate in a code. In practice,
problems can arise for several of reasons:

— ambiguity in the interpretation of the requirements or
methods stipulated in the code;

— the code user’s inability to understand, select and apply
the relevant requirements of the code;

— the code user’s failure to recognise situations that may
lead to inadequate performance and select appropriate
construction methods or calculation models; and

— the type, quality and sufficiency of data to be used in
these calculation models.

Modern-day codes, the FEurocodes in particular, are
comprehensive documents that have been developed over a
period of years or even decades. Each clause has been
carefully crafted to convey a precise meaning in a form that is
acceptable to all participants in the code development process.
Despite this, the final product will not necessarily by interpreted
in the same way by all code users. An example of this is the
seemingly never ending debate about the selection of
characteristic values for use in limit states design. The
nuances that have been deliberated upon by the code writers are
often completely lost on the average practitioner.

In all four of the simple case histories described in the
introductory section of this paper, potential sources of problems

were simply not recognised either during design or construction.

Design codes cannot compensate for such oversights.

The question of quality and sufficiency of data will be
discussed in greater detail below. Suffice to say that
inadequacies in the data obtained from the site investigations
played a significant role in three of these four case histories.
The increasing sophistication of design codes and methods of
analysis frequently demands more data than is currently being
provided by most geotechnical investigations.

4.4  Methods of design

In many countries, the method of design is prescribed by
national standards. For example, in the European Community,
the design approach and other aspects of the methods required
for implementation of the Eurocodes are set out in National
Annexes. Countries like South Africa which do not have a
geotechnical design code face a choice of which design
methods to adopt. The four main geotechnical design methods
that have been considered by South Africa are outlined below.

4.4.1  Working stress design

Working stress design (WSD) makes use of a (global) factor of
safety which is defined as the ratio of resistance of the structure
to the applied loads to ensure freedom from danger, loss or risk
(Meyerhof 1970). This method has formed the basis of most
geotechnical stability calculations since Terzaghi’s times.

There are two main problems with the method. Firstly, the
factor of safety is not related to the reliability of the structure
and its value varies depending on the design situation under
consideration.  Terzaghi and Peck (1948) as reported by

Vardanega and Bolton (2016) give target values for the factor
of safety ranging from 1.1 for embankments with monitoring
(Article 52) to 3.0 for foundations and rafts (Articles 53-55).
Secondly, consideration of the structure at working loads only
may not identify potential modes of failure arising from even
small variations in load. A simple example is a rigid block on
two supports (A and B) as shown in Figure 5. The application
of a horizontal force at the top of the block equal to the weight
of the block will reduce the load on support B to zero and,
irrespective of the factor of safety applied, no uplift resistance is
required. However, as soon as the horizontal load exceeds the
weight of the block, Support B is required to resist uplift. This
requirement will not be identified by working stress design
methods. Although this may seem to a trivial example, a
similar situation is thought to have caused the collapse of the
Ferrybridge cooling towers in 1965 (Simpson et al, 2009).

R —P L

-—
% v

A B
Figure 5. Rigid block on two supports.

The use of working stress design is still widespread in
practice despite having been discredited by academics and
abandoned by leading practitioners. Continued teaching of
working stress design methods has, in part, led to a situation
where more attention is given to resistance (load capacity at
failure) of geotechnical structures than to their performance in
terms of deflections and settlements.

4.4.2  Limit states design

Since its incorporation into the Eurocodes and other standards
throughout the world, limit states design (LSD) has become an
international norm for geotechnical design. The method
requires identification of all potential modes of failure (limit
states) and combinations of circumstances that could cause the
limit state (design situations) and then checking each situation
to ensure that its occurrence is sufficiently improbable. A
distinction is made between ultimate limit states (ULS), i.e.
states associated with collapse or other forms of failure, and
serviceability limit states (SLS) which are states where the
specified service requirements of the structure or part thereof
are no longer met.

Partial factor limit states design, as applied by the Eurocodes,
is a semi-probabilistic method. Partial factors are applied to
actions and/or action effects and to materials properties and/or
resistances to determine the design effect of actions (£4) and the
design resistance (Ra) in such a way that verifying £4 < Rq will
indicate that the reliability of the structure is acceptable. In
the case of serviceability limit states, the requirement is
modified to Fi < Ci where Cu is the design value of the relevant
serviceability criterion. Three design approaches (DAl —
DA3) are included in the Eurocodes. These are distinguished
by where and when the factors are applied in the verification
process. A fourth design approach (DA2*) is also under
consideration. DA2* approximates to the load and resistance
factor (LRFD) approach used in certain non-European countries
including the USA.

There appears to be general agreement that limit states
design methods are an improvement of working stress design
using a global factor of safety. However, many designers
remain unconvinced that limit states design as expounded in the
Eurocodes is the best design method available. The criticisms
of the method include (Day et al 2017):

— The multiplicity of design approaches and calculation
models, often leading to very different outcomes as
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illustrated by the wide variety of solutions received to
design examples included in the 2005 International
Workshop on the Evaluation of Eurocode 7 (Orr, 2005).

— The perception that the partial factors used are arbitrary in
that their selection appears to have been based more on
replicating results from the past rather than on calibration
against the observed performance of constructed works.
This remains a problem as, except for elements such as
piles and ground anchors which are subjected to routine
testing, insufficient data on the performance of
geotechnical structures at the limit state is available for
rigorous calibration of partial factors.

— The perceived complexity of the method, which requires
the consideration of numerous limit states and load
combinations, and the application of multiple partial
factors at different stages of the calculation.

— The subjectivity involved in the selection of characteristic
values.

To these may be added:

— The artificial distinction created between the “strength” of
the structure (ULS) and its performance (SLS).

— The analysed behaviour of the structure at the ultimate
limit state may bear little resemblance to its observed
performance.

4.4.3  Reliability-based design
Instead of using partial factors to quantify the uncertainty of the
parameters as is the case LSD, reliability-based design (RBD)
treats each parameter as a variable with an assigned statistical
distribution. This information is then used to determine the
probability of failure of the structure to meet the performance
requirements using reliability analysis methods such as Monte
Carlo simulations, first order reliability methods (FORM) or
second order methods (SORM). The reliability index can then
be determined directly.

Low and Phoon (2015) indicate that FORM presents a
pragmatic approach suitable for use by practicing engineers

which yields acceptable results for many geotechnical problems.

Spreadsheet-based procedures (Low and Tang 2007) make it
possible to apply FORM as a routine design procedure for a
wide range of geotechnical design problems where the
performance function has an explicit solution.

Reliability-based design overcomes the perceived problems
with partial load and material factors and with the combination
of loads. Once the loads and material parameters have been
characterised by their statistical distributions and the correlation
between variables is taken into account, the analysis will select
the most adverse combination of loads and material properties
at the design point. The problem with the selection of
characteristic values is replaced with the equally onerous task of
determining the appropriate statistical distributions of the
variables. Fortunately, guidance is available in the literature to
assist with this task (e.g. Harr 1987, Phoon and Kulhawy 1999,
Bacher and Christian 2003, etc.).

Reliability-based design methods still require consideration
of all possible modes of failure. Instead of these being
regarded as limit states to be verified deterministically, each
failure mode is translated into a performance function (g) where
g takes on negative values in the failure domain. The
probability that g <0 is then evaluated. The dependence of the
outcome on the calculation models remains because the
calculation model is incorporated in the evaluation of the
performance function.

The characterisation of soil parameters by their statistical
distributions is difficult.  Information on the mean and
standard deviation of the parameters may be available but the
exact distribution is not easy to define (Scott et al 2003).
Spatial variations in heterogeneous materials can be significant
and are equally difficult to quantify due to sparse sampling and

testing results (Vardanega and Bolton 2016).

4.4.4  Mobilised strength design

Mobilised strength design provides a method of designing
geotechnical structures directly for serviceability conditions
(Bolton et al 2014) as opposed to examining the states
associated with collapse (ULS) and service requirements (SLS)
separately. If the deformability of the soil can be predicted
with reasonable accuracy and the pertinent ground deformation
mechanism can be defined, structural displacements can be
predicted and compared with the deformations typically
associated with serviceability limits and collapse (Vardanega
and Bolton 2014).

For fine grained soils in an undrained state, the mobilisation
of shear stress 7 with shear strain y for a given peak shear
strength ¢, can be reasonably approximated by the flowing
power law expression (Vardanega and Bolton 2011 and 2012):

b
1:0.5[ 4 ) 02<L<08 (1)
cu }/M=2 cu

where ym=2 is the shear strain mobilised at half the shear
strength.

Mobilised strength design has been successfully applied to
structures ranging from retaining walls to shallow footings on
undrained fine-grained soils. The method cannot be applied in
its current form to drained loading, including long term loading
of slow-draining soils, as this involves changes of stiffness due
both to increasing shear strain and to the changes in effective
stress (Bolton 2017, pers. comm.).

4.5 Comparison of design methods (Day et. al. 2017)

4.5.1  Motivation

Before a country like South Africa, which is not bound to
comply with any particular design standards, can make
decisions on which design method(s) to include in a proposed
geotechnical design code, there are several factors that need to
be considered. These include suitability for routine design,
breadth of application, design data requirements, uniform
(acceptable yet not excessive) levels of reliability, comparable
results to current practice and the ease with which quantitative
performance requirements can be defined.

In much the same way as the 2005 International Workshop
on Eurocode 7 in Dublin (Orr 2005) considered a series of
relatively simple common geotechnical problems, a
comparative study was undertaken in which the Eurocode-
compliant solutions were compared with working stress and
reliability-based designs. This forms part of the assessment
being carried out by South Africa of the suitability of reliability
based design for routine design purposes and possible
incorporation into a South African geotechnical design code.

4.5.2  Design examples

The design examples chosen were derived from those used for
the Dublin workshop and included only problems with closed-
form solutions. The design examples relating to foundations
are shown in Figure 6 and those relating to retaining structures
in Figure 7. The dimensions shown were taken as design
values with no adjustment,

4.5.3  Soil parameters
The only soil type considered was a cohesionless sand requiring
only two material (soil) parameters, namely friction angle and
density.

The properties of the soil are given in Table 1.
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0._Strip footing - vertical loading
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Figure 6. Design examples 0-4 — foundations.
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Figure 7. Design examples 4-6 — retaining structures.

-20-



Terzaghi Oration / Discours Terzaghi

Table 1. Assumed soil properties

Soil property Friction angle Bulk density
Parameter @’ y
Characteristic value 32° 20 kN/m?
Distribution Log-normal Normal
Coefficient of variation 0.10 0.05
Correlation coefficient 0.2

In practice, the characteristic value of a material property is
taken as the mean value plus or minus a number (27) of standard
deviations (Schneider 1997, Bond and Harris 2008). The
multiplier n is chosen by the designer based on the number of
test results available and the extent to which the occurrence of
the limit state is dependent on the average (rather than the
minimum or maximum) value of the parameter.

In most of the chosen examples, the failure of the soil (e.g.
below a footing) is dependent on the properties of the soil in a
relatively localised area. Thus, 2 was taken as 1.0. The only
exception was Example 3 where n = 0.5 was assumed for the
shaft resistance of the pile due to the averaging effect of the soil
properties along the length of the pile shaft.

For the purposes of the reliability analysis, the mean value
was back-figured from the characteristic value by applying the
process in reverse.

4.54  Actions

The statistical characterisation of actions (loads) was based on
Retief and Dunaiski (2009) and Phoon and Kulhawy (1999) and
is given in Table 2.

Table 2. Assumed statistical distributions for actions

Action Distribution

Permanent (G)) Fixed, mean value = characteristic value
Variable, vertical (Q,)  Log-normal, coefficient of variation 0.25
Variable, horiz. (Q) Gumbel, coefficient of variation 0,5 (wind)

All actions were assumed to be independent of one another.
An action combination factor of 0.7 was applied to the
accompanying variable action. Variable actions were
considered as either favourable or unfavourable.

4.5.5  Method of analysis

The following steps were followed in the analysis:

i. Using the characteristic values of all actions and material
properties, the minimum value of the variable dimension (L
or B) as shown in Figures 6 and 7 (width of footing, depth
of pile, etc.) was found that satisfied the ULS verification
requirements of EN1990 and EN1997-1 Design Approach 1,
Combination 2. This is referred to as the “Eurocode-
compliant solution”

ii. The mean values corresponding to the given characteristic
values were then determined.

iii. Using these mean values, and the statistical
characterisations given in Tables 1 and 2, the reliability
index () was determined using both Monte Carlo
simulation and FORM.

iv. The global factor of safety (FoS) was determined by
working stress design methods using both the mean and
characteristic values in the working stress design
calculations.

In the case of Example 2 (square footing, combined loading),
additional analyses were performed to investigate the effects of
varying the material properties and the coefficients of variations.
Both analyses required re-evaluation of the Eurocode-compliant
solution for each new set of parameters. For Example 2 only:
v. Steps i - iv were repeated to examine the effect of variation

of material properties and coefficients of variation on £ and
global FoS.

4.5.6  Results for Example 2

The results for the detailed analysis of Example 2 are presented
below. A summary of the results for the other examples
follows in Section 4.5.7.

Table 3. Parameters for Example 2

Variable  Character-  Mean value  Partial Distribution /
istic value factor CoV
Gy 3 000kN 3 000kN 1.0 Fixed
Qv 2 000kN 1 375kN 1.3 Log-norm/ 0.25
Qu 400kN 207kN 1.3 Gumbel / 0.5
¢’ 32° 35.55° 1.25 Log-norm /0.1
¥ 20kN/m’ 21.05kN/m? 1.0 Normal / 0.05
55 T T T T MONTE CARLO
50 1 ’B (p=0.2) | V/\;ith correlati;r;:9
Ntail): 162
45 Niter) : 108
7
[ FORM
o 40 With correlation:
o) B 3.69
()
k=2 35 Without correlation:
< : 3.73
30 o
Design Point:
(with correlation,
25 X on figure)
Oy 1306 kN
20 Qi 638 kN
y @ 2022 kN/m3
¢’ : 27.85 deg

Figure 8. Reliability analysis of Eurocode-compliant solution to
Example 2 for parameters in Table 3.

The results in Figure 8 were obtained by assuming the
effective friction angle ¢’ to be log-normally distributed.
Assuming ¢’ to be normally distributed yields a reliability index
of 3.26 (previously 3.59) for the Monte Carlo analysis and 3.40
(previously 3.69) using FORM.

The above analysis assumed only one set of ground
properties and one set of coefficients of variation. For partial
factor limit states design to be an acceptable method of design,
it must achieve the target level of reliability consistently over
the entire range of material properties and coefficients of
variation likely to occur.

Figure 9 shows the effect of varying the soil properties on
(a) the size of the Eurocode-compliant footing, (b) the
reliability index, (c) the global factor of safety calculated using
mean values and (d) the global factor of safety using
characteristic values. In all cases, ¢’ is log-normally
distributed, the coefficients of variation of ¢’ and y are 0.10
and 0.05 respectively and the correlation coefficient (p)
between ¢’and y is 0.2.

Similarly, Figure 10 shows the effect of varying the
coefficients of variation of ¢’and . In these cases, the ground
properties apart from the coefficient of variation are as reflected
in Table 3, i.e. ¢% = 32° (log-normal) and y = 20kN/m?
(normal).

4.5.7  Summary of results for other examples

Similar studies have been carried out for all the remaining
examples. For the sake of brevity, only a summary of the
results of the analyses using the soil properties shown in
Table 1 is presented in Table 4. In this table, two values of the
global factor of safety have been given. These two values are
obtained by using either the average values or the characteristic
values of the material properties in the working stress design
calculations.
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Table 4. Reliability indices and factors of safety for other examples

Ex.  Solution Global FoS Reliability Index S

BorL Mean Characteristic M. Carlo FORM
0 3.10m 5.18 2.50 345 349
1 1.97m 4.86 2.40 3.46 3.51
2 3.99m 6.58 2.60 3.58 3.69
3 8.58m 2.76 1.73 3.35 3.36
4 3.52m 6.88 3.12 3.30 3.33
5 4.00m 2.34 1.63 3.39 3.40
6 2.57m 1.43 1.25 3.23 3.24

4.5.8  Conclusions
In relation to limit states design:

— The reliability indices remain reasonably constant for all
the types of structures considered.  For the soil
properties shown in Table 1, franged from 3.2 to 3.7.

— Even for the wide range of soil properties considered in
Example 2 (20° < ¢’ < 40°, 15kN/m? < y < 25kN/m?), the
reliability index varied only from 3.5 to 4.2.

— The calculated reliability indices are generally lower than
the default target value of 3.8 given in the Eurocodes, but
not significantly so.

— For Example 2, increasing the coefficient of variation of
the material properties resulted in a significant drop in the
reliability index. This occurred even though the initial
Eurocode-compliant design became more conservative as
the CoV increased due to the reduction in the
characteristic values of material properties which were
taken as n2 standard deviations below the mean.

In relation to working stress design:

— The global factors of safety vary significantly across the
range of problems and material properties considered,
supporting the well-established realisation that FoS is a
poor measure of the reliability of a structure.

— For Example 2 (see Figures 9 and 10), as the friction
angle and/or the CoV of the friction angle increased, the
factor of safety increased while the reliability index
decreased.

— The global factors of safety obtained using characteristic
values of material properties were closer to accepted
values while those obtained using mean values were
significantly higher. This supports the view expressed
by Krebs Ovesen and Simpson during their visits to South
Africa in the mid-1980’s that there is no significant
difference between characteristic values and the
“responsibly-conservative” values typically used in
working stress design.

— A working stress design prepared to achieve the minimum
acceptable FoS using mean parameter values will have an
unacceptable reliability index. This situation becomes
worse as ¢’ increases.

In relation to reliability-based design:

— For the range of problems considered, FORM presents a
practical means of carrying out reliability analyses and
produces results that are in reasonable agreement with
Monte Carlo simulations.

— A limitation of the analyses presented here is that the
spacial variation of material properties is ignored and the
same value of the material property is assumed to apply
along the full length of any potential failure surface.

— Reliability analysis is a valuable tool to be used in
conjunction with limit states design procedures. The
comparisons undertaken suggest that our current limit
states design procedures are robust and not far off the
mark.

4.6 Implications for practice

The agreement between the results of limit states design and
reliability-based design in the case of simple every-day
geotechnical problems is encouraging. The development of
simple methods of undertaking reliability-based design
calculations opens the way for their use in practice, particularly
for problems with explicit solutions such as the examples
considered. It is clear that working stress design methods are
flawed and the use of such methods should be discouraged.

For countries that do not have geotechnical design codes of
their own, the adoption of limit states design codes from
developed countries remains a good option. Reliability based
design can be introduced to complement limit states design.
However, the adoption of reliability-based design as the
“default” or “preferred” method could present problems with
the potential for misuse because of its complexity or abuse on
account of the flexibility of the method and the dependence of
the outcome on the input parameters.

At this stage, practicing geotechnical engineers have the
tools they require to cope with uncertainties in design
parameters, whether by means of limit states design or
reliability-based design.  The main problems faced by
practitioners remain:

— the risk of encountering unexpected geological conditions
due to inadequate geotechnical investigations;

— inaccurate, insufficient or inappropriate geotechnical data;

— the risk of overlooking the critical failure mechanisms or
ground conditions that could significantly affect the
performance and serviceability of the structure;

— human error including a lack of understanding of
advanced methods of analysis coupled with an
unquestioning acceptance of the results; and

— finding solutions to problems that are not well understood
or amenable to rational analysis.

Difficulties associated with the adequacy and correctness of
geotechnical data are dealt with in Section 5. Section 6 looks
at attempts to address practical problems that are not amenable
to rational analysis.

5 GEOTECHNICAL DATA

In the context of a developing country such as South Africa, the
main challenges are the poor quality of laboratory test results,
the lack of advanced testing facilities, the inability to conduct
certain routine tests such as the CPTu due to the stiftness of our
partially saturated soil profiles, and the reluctance of clients and
project managers to procure adequate and appropriate
geotechnical investigations.

5.1 Shortcomings in basic testing

The most basic geotechnical laboratory testing is aimed at
classification of soils in terms of their grading and Atterberg
limits. It is, however, surprising how few laboratories can
execute these basic tests correctly. Figures 11 and 12 show
the results of Atterberg limit, specific gravity and grading
analyses on the single samples of clayey and sandy soil
produced by four different commercial laboratories in South
Africa (Jacobsz and Day 2008). All the laboratories
concerned were accredited by the national accreditation system
and all are ostensibly working to the same standard test
methods. The differences between the results are such that
they could seriously affect the classification of the material.

Apart from one of the clayey samples which seems to have
been dry sieved instead of wet sieved or alternatively oven
dried, the problem with the grading analyses in Figure 12
appears to be inadequate dispersion of the fine fraction during
the hydrometer test.
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The main factors that could affect the results of Atterberg
limit tests were given by Stott and Theron (2015) as operator
bias, method of sample preparation and mixing time after
addition of water for the liquid limit test. The latter is thought
to be the reason for the significant differences observed in their
study between plasticity indices obtained from the one-point
method used by commercial laboratories and those from the
three-point method used for control testing by four individual
testers. In tests on five samples of clayey material, the
plasticity indices from the control tests were 29% to 75% higher
than from commercial laboratories. The differences between
testers who undertook the control tests were minimal compared
to the difference between the commercial and control tests.

Brink and Hortkorn (2016) looked at the effect of sample
preparation and test procedures on the evaluation of tropical
soils. Differences in natural moisture content of 3,5% to 7,6%
were observed between samples oven dried at 105°C and at
65°C. The effects of drying were reported to be largely
irreversible.  Parallel testing of a single sample by four
laboratories in South Africa and two in Europe gave clay
fractions varying from 12% to 62% (see Figure 13). The
differences were ascribed to the testing standard used, mixing
times and type of dispersing agent. The plastic limits obtained
were consistent but liquid limits varied from 45% to 85% with
the highest values being for longer mixing times and air drying.
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Figure 11. Variation in Atterberg Limit and Specific Gravity test results
(Jacobsz and Day 2008). NP = non-plastic.
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Figure 12. Variation in grading analysis (Jacobsz and Day 2008).
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Figure 13. Effect of sample preparation and dispersing agent on grading
of a red tropical soil (Brink and Hortkorn, 2016).

The effect hydrometer type and the concentrations of three
different dispersing agents on the grading of fine-grained soils
was investigated by Kaur and Fanourakis (2016). The clay
content (<2u) of a black noritic clay was found to vary from
14% to 35% depending on the concentration and volume of the
dispersing agent added and the hydrometer type used.

The variations in basic soil properties such as grading and
Atterberg limits described above have a significant impact on
the assessment of the behaviour of the soils and their suitability
for use as construction materials. The extent of these
variations is alarming and places geo-professionals relying on
such data at considerable risk.

There is a clear need for further research into the
standardisation of test methods. The drawback is that results
from any new (hopefully improved) methods may differ so
much from those obtained in the past that correlations between
basic material properties and soil behaviour developed using
earlier methods may no longer apply.

5.2 Characterisation tests and advanced testing

Most materials testing laboratories are equipped to deal with
high volumes of routine testing for classification purposes,
typically of road-building or construction materials. Some
may venture into basic characterisation tests such as
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consolidation or shear box testing. In many developing
countries, this is all that is on offer on a commercial basis.
Very often, the only laboratories that can provide high quality
soil characterisation testing are the academic laboratories which
generally have limited capacity for commercial work. The
only other option is ship the samples to specialist testing
facilities overseas. This can add significantly to both the cost
and time required for laboratory testing.

There is no doubt that inadequate site investigations, type of
tests on offer and poor quality data is hampering the uptake on
new technologies. There is little point in doing sophisticated
numerical analyses based on assumed parameters, particularly
when the more advanced constitutive models require an ever-
increasing number of parameters. The absence of reliable
laboratory test results is one of the reasons for the increased
reliance on in situ methods and large scale load testing to
predict the performance of geotechnical structures.

5.3 Adequacy and appropriateness of investigations

Problems relating to the adequacy and appropriateness of
geotechnical investigations occur throughout the world but are
most severe in developing countries. This is probably due to
higher standards of professionalism and the stricter controls in
developed countries. In South Africa, there are legislative
controls over investigations for housing and development on
dolomite land. For most other types of development, the
extent of the investigation depends largely on the value of a
geotechnical investigation in the eyes of the client and the

professionalism and experience of the project management team.

Part of the problem lies with the inability of the client and
project management team to clearly specify the investigation
and testing required and to adjudicate the site investigation
tenders received in terms of their adequacy for the project rather
than the more usual yardsticks of cost and programme.

When project managers or quantity surveyors issue tenders
for concrete work (for example), they make use of standardised
specifications. Such specifications, together with the schedule
of quantities based on the construction drawings, is normally
sufficient to ensure that comparable bids are received. The
difficulty with specifying geotechnical investigations is that
they are project- and site-specific. There is, however, scope
for development of minimum standards for investigations
required for various types of development such as basement
excavations, piled foundations and so on. These standards
would specify basic requirements such as the number of
investigation points, the depth and extent of the investigation
and the ground parameters to be determined. As ground
conditions and investigation methods vary from place to place,
these standards should preferably be developed on a regional
basis. South Africa is currently considering such a proposal.

6 CHALLENGING SOIL PROFILES

6.1 Background

Most of our solutions to geotechnical problems are rooted in
classical soil mechanics including the principles of effective
stress.  Many of our laboratory tests for strength and
compressibility of soils are undertaken on saturated, intact
specimens, a fraction of the size of the affected soil mass.
These methods are not appropriate when the ground is highly
heterogeneous, includes large particles or is partially saturated.
The understanding of the behaviour of partially saturated soils
is well advanced but seldom applied in practice with the
possible exception of heaving or collapsible soils. Our designs
typically assume soils to be saturated and are, by and large,
based on the principles of continuum mechanics.

In practice, there are many situations where the conventional

methods of analysis and testing cannot be applied. In some
cases, advanced methods of testing and analysis are available
but they are either too expensive to apply or the data required
for their application is not readily or economically obtainable.
It is not a question of whether the knowledge or procedures
required to solve a particular problem are available, it is
whether these are practically and economically implementable.
This situation is closely linked to the implementation of
research findings in practice discussed in Section 3 of this
report.

Some of the more intractable problems faced by South
African geotechnical engineers are described below.

6.2 Dolomite land

Dolomite land in South Africa is underlain by some of the most
heterogeneous ground known to man. The solid dolomite rock
has a density of around 2800 kg/m? and an unconfined
compressive strength of 350MPa and beyond. By comparison,
one of the weathering products from manganese-rich dolomite
is wad (or manganese earth) which can have a dry density as
low as 180 kg/m3 and a shear strength comparable to that of a
soft to firm silt (Day 1981). Between these two extremes, the
bulk of the residuum overlying the rockhead comprises a
heterogenous mixture of sands, clays, slumped or randomly
orientated chert breccia and massive boulders or floaters of
dolomite rock that have become detached from the bedrock by
chemical weathering processes.

The upper surface of the rockhead is pinnacled (Photo 5).
In extreme cases, the depth to the rockhead can vary by 40m or
more in the space of a few metres. It is a common experience
that each new borehole drilled on a site leads to a re-evaluation
of the bedrock topography.

6.2.1  Dolomite weathering and sinkhole formation
Dolomite is a soluble rock consisting of calcium and

magnesium carbonate (3CaCO3.2MgCO3) with varying
proportions of manganese, often interbedded chert (SiO2). In
South Africa, the main body of dolomite is over 1km thick and
was deposited in two sedimentary basins about 2 300 million
years ago (Brink 1979). With the passage of time and the
percolation of slightly acidic groundwater, the vertical joints in
the rock have widened to form grikes (slots between pinnacles)
and solution cavities in the bedrock. The overburden above
the rockhead consists of transported soils and the insoluble
residues from the dissolution of the rock, mainly chert and wad.
A typical profile on chert-rich dolomite is shown in Figure 14
(Wagener and Day 1984).

The ingress of water causes subterranean erosion which
removes material into lower-lying cavernous rock resulting in
voids. These voids may propagate to the surface giving rise to
sinkholes. The situation is exacerbated by drawdown of the
water table (typically by over-utilization of groundwater or
dewatering by deep-level mining) which lowers the base level
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for subsurface erosion. The largest sinkholes in recorded times
are up to 60m in diameter (Photo 6). Lowering of the water
table also increases the effective stress on the residuum and can
cause settlements of Sm or more (Photo 7) or tension cracks in
the overlying formations.
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Figure 14. Typical profile on shallow dolomite.
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Photo 7. Subsidence due to dewatering (Schutte’s depression, 1963).

6.2.2  Dolomite site investigation

Numerous investigation techniques have been attempted on the
dolomites (Day and Wagener 1984) including remote scanning,
geophysical methods and direct investigation. Photo

interpretation and infrared thermal imagery have been used with
success. Airborne geophysics (gravity, magnetic and electro-
magnetic surveys) and spaceborne surveys (ASTER and
inSAR) can be used for regional mapping and identification of
zones of active subsidence.

Of the ground-based geophysical methods, gravity surveys
are most effective. Ground penetrating radar lacks the depth
of penetration required for meaningful detection of voids.
Direct investigation is typically by means of test pits or
exploration trenches and rotary percussion drilling. Rotary
core drilling is impractical in most cases due to the chert in the
residuum. The chert, which is typically very hard, occurs as
angular gravels and slabs ranging in size from fine gravels to
boulders many metres across in a loose matrix making sampling
and core recovery very difficult. For the same reason, in situ
tests such as CPT, SPT, and pressuremeter tests are rarely used.

None of the above methods is capable of reliably detecting
the presence of voids. The best that can be achieved is a
qualitative assessment of the properties of the overburden based
on drilling parameters (penetration rate, hammer tempo, air
return, etc.) and percussion chips. The assessment of strength
and compressibility parameters is only possible in the finer-
grained materials where undisturbed samples can be retrieved
either in boreholes, large diameter auger holes or test pits, or
materials that are more amenable to conventional in situ tests
such as those mentioned above plus cross-hole plate load tests.

6.2.3  Hazard zoning

Hazard zoning of dolomite land according to SANS 1936:2012
is based the likelihood of occurrence of a sinkhole of a
particular size ranging from small (< 2m) to very large (>15m).
These classifications are frequently done using the scenario
supposition method (Buttrick et al 2001) which examines a
parcel of undeveloped land in the context of a dewatering or
static water table scenario and then makes a hypothesis on the
probable impact of man’s activity including the abstraction of
ground water or the ingress of surface water. The main factors
that influence the classification are receptacle development
(voids or cavities), mobilising agent (typically water ingress or
drawdown), nature of the overburden (erodibility, cohesion,
etc.) and potential development space (depth to rock or water
table and likely angle of draw). The lateral extent of
compressible material influences the formation of compaction
subsidence due to dewatering (Photo 7).

The main criticism of the method is the subjectivity of the
assessment.

The current approach to managing risk is to divide the site
into zones with a similar inherent hazard class.  This
determines the type of development that will be permitted and
the precautions that must be taken during development. At
present, it is not possible to predict where a sinkhole may form.
Thus, the specified precautions apply throughout each identified
zone.

6.2.4  Current research
There are two active research programmes in progress.

The first deals with the mechanism of sinkhole propagation
through the overburden. Buttrick’s scenario supposition
method postulates that the size of a sinkhole is determined by
the thickness of each layer in the overburden and the likely
angle of draw in such material. This implies that the shape of
the crater will be conical as is the case for the sinkhole in
Photo 6. However, the shape of this particular sinkhole was
influenced by the considerable thickness of transported material
and weathered sedimentary strata overlying the dolomite
residuum. Most sinkholes form with near vertical sides that
collapse back to a more stable angle over time.

Using their geotechnical centrifuge to model the sinkhole
development process, the University of Pretoria has observed
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the formation of a fairly uniform “chimney”, the diameter of
which depends on the diameter of the initial opening in the
underlying rock (Jacobsz 2017, pers comm). Photo 8 shows
the propagation of a void through fine (sieved) dolomite
residuum and the resulting sinkhole when the void holes-
through to surface. The initial void shown in Photo 8a was
created by release of a trapdoor resulting in a stable arch
between two “rock” abutments. The propagation of the void
was triggered by the progressive wetting of the soil from above,
thereby simulating the most common cause of sinkhole
formation, namely water ingress.

Photo 8. Centrifuge modelling of void propagation and sinkhole
formation. (Jacobsz 2017, pers comm.)

As opposed to the above model which made use of natural
dolomitic soils, most of the tests to date have been carried out
using sand with just enough moisture for suctions to impart an
effective cohesion to the sand. The indications are (Jacobs
2017, pers comm.) that in dense sands, the diameter of the
chimney remains reasonably uniform throughout. In loose
sands the diameter tends to increase as it propagates upwards.

The second project deals with the properties of wad. The
Oaktree Formation at the base of the Chuniespoort dolomites
which underlie large areas south of Pretoria, is a chert-poor
dolomite with a high proportion of manganese. On dissolution
of the carbonate portion of the dolomite rock, the manganese
together with other “impurities” (Al, Si, K and Fe) remains in
the form of a light-weight residuum known as wad. For years,
wad has been regarded as a highly compressible and erodible
material. Its presence was, and to some extent still is, viewed
as increasing the likelihood of sinkhole formation (Bester et al
2017). This view was based on speculation rather than fact.

Unlike other components of dolomite residuum, it is possible
to retrieve undisturbed samples of wad from test pits or large
diameter auger holes and to subject these to laboratory testing.
Initial tests carried out in the 1980’s (Day, 1981) showed the
wad to have properties, apart from density, similar to those of a
firm silt. The intact material was found to be neither collapsible
nor erodible. With encroachment of the southern suburbs of
Pretoria into areas underlain by wad, further research is
underway including strength and compressibility tests in the
laboratory, in situ plate load tests, dispersivity testing, etc.

Researchers have also been looking more closely at the
database of recorded sinkholes in the area south of Pretoria
(Oosthuizen and Van Rooy 2015). This work complements
the sinkhole risk assessment carried out for the development of
a high-speed rail link between Johannesburg and Pretoria in the
early 2000’s (Sartain et al 2001). The challenge here is that
the database is incomplete both in terms of occurrences
recorded and in completeness of individual records. In
particular, many small sinkholes are likely to have gone
unreported.

6.2.5  New challenges and promising new developments

The dolomites on the Far West Rand (west of Johannesburg)
which overly the gold-bearing reefs of the Witwatersrand
Supergroup are excellent aquifers. Flooding of shafts sunk
through the dolomite proved to be a serious obstacle and it was
only in 1937 that the first shaft was successfully sunk through
the dolomites by a combination of dewatering and cementation
(Wagener 1982). Since the mid 1900’s, the mines have
dewatered entire dolomite water compartments (dolomite areas
bounded by impermeable dykes) resulting in the formation of
numerous sinkholes and ground subsidences.

Some of the shafts in the area, the deepest of which are
between 3km and 4km deep, are being closed and the
compartments will be re-watered. As this has not previously
happened in South Africa, it is uncharted territory. The current
thinking is that the rise in the water table could destabilise
existing voids within the residuum through which the water
table rises by reducing the strength of material spanning the
void where such strength is derived in part from suctions caused
by partial saturation. Once the water table rises to its original
level, which is expected to take about 10 years, the situation
will again stabilise and the risk of instability will revert to the
pre-mining levels. Areas that subsided during dewatering due
to an increase in the effective stresses in the overburden are
unlikely to be affected and little or no rebound is expected.

One of the promising developments in the measurement of
the properties of the dolomite residuum en masse is the use of
continuous surface wave testing. With the larger shakers now
available, it is possible to obtain measurements of small strain
stiffness to depths of around 20m. These measurements show
that, contrary to expectations, the stiffness of the residuum
increases with depth and is significantly higher than previously
expected even at strain levels likely to occur below foundations.
Further details are provided in Section 6.2.7.

The other promising development is the use of satellite-
borne synthetic aperture radar (SAR) to detect ground
movements on a millimetre to centimetre scale using the
interference patterns between two SAR images captured at
different times. The method has been successfully used to
map large areas in the North West Province of South Africa
which have been dewatered by iron ore mining allowing zones
of active subsidence to be detected. This technique has also
been recommended for use during re-watering of the
Gemsbokfontein West ground water compartment described
above.

6.2.6  Large scale surcharge load trials (Jacobsz 2013)

In the dolomite areas south of Pretoria, a 3 km section of the
Gautrain high-speed rail link is on a viaduct supported by piers
at approximately 44m centres (Photo 9). The dead load is
approximately 30MN per pier. Initially, these piers were to be
founded on 1,5m diameter piles socketed into the dolomite
bedrock at depths ranging typically between 30m and 55m.
This would have been a costly and time consuming operation.

Photo 9. Piers supporting viaduct on Gautrain rapid rail link, Centurion.
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The alternative solution involving the use of large spread
footings (~12m x 12m in plan) required an assessment of the
stiffness of the residuum and colluvium overlying the rockhead

which has traditionally been assumed to be highly compressible.

The scale of the savings that could be achieved by omitting the
piles justified additional expenditure on investigation.
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Figure 15. Borehole logs at Pier 45 showing heterogeneity of soil and
rock profile (after Jacobsz, 2013)

Due to the highly heterogeneous nature of the profile as
shown in Figure 15 and difficulties with any form of laboratory
and in situ testing, a decision was made to conduct large-scale
surcharge trials exerting pressures equivalent to those below the
footings. This was done by stacking two thousand 2m x 1m x
Im concrete blocks to a height of 10m over a 21m x 21m plan
area comprising four 10m x 10m stacks with a 1m wide corridor
in each direction between the stacks (Photo 10).

Photo 10. Surcharge loading of pier positions for railway viaduct on
dolomite.

Settlement of the lowest layer of blocks was monitored at 16
points including the corners, mid-sides, mid-passage and centre
of the loaded area. Rod extensometers were installed to
measure settlement at depth within the profile at two of the test
locations. Due to cost constraints, extensometers were not
installed at all locations. Settlement was monitored during
placement of the blocks, which typically took between 8 and 14
days to complete, and continued until no further settlement was
observed (7 — 10 days). The rebound on removal of the blocks
was also observed. Thirty pier positions were surcharged in
this manner.

The surcharge trials were used to determine the in situ
stiftness of the dolomite residuum and to assess the likely
differential settlements between piers and across any individual
foundation. The trials also pre-loaded the founding soils,
thereby reducing the expected settlement of the viaduct
foundations.

Due to the inability to model the highly variable soil profile
with any degree of accuracy, a simple elastic stress distribution
was assumed below the loaded area. An average Young’s
modulus was calculated for each foundation based on the
average depth to rock from rotary-percussion boreholes.

A number of conclusions were drawn from these surcharge
trials (Jacobsz, 2013):

— The average stiffness of the profiles tested was higher
than the equivalent stiffness calculated using the results of
large diameter plate load tests on representative materials.

— The average stiffnesses varied from 38MPa to 263MPa
with a mean of 110MPa and a coefficient of variation of
72%.

— The corners of the loaded area settled more than expected.
This was attributed to the rigidity of the stack,
heterogeneity of the soil profile, increase in stiffness with
depth, stress anisotropy and localisation of strain around
the perimeter of the loaded area.

— The average ratio of initial- to rebound-stiffness was 3.3
varying from 2 to 19.

— Differential settlements can approach total settlements
rather than the traditionally accepted one- to two-thirds of
total settlement.

The information on the stiffness and the bearing resistance
of the profile gained from these surcharge trials enabled the
viaduct structure to be founded on spread footings with an
increased confidence in an acceptable outcome.

6.2.7  Small-strain stiftness from CSW tests

In recent years, considerable advances have been made in the
measurement of small-strain stiffness of soils using continuous
surface wave (CSW) testing (Heymann 2007, Heymann et al
2017). The main advantages of the method are that it is quick to
execute, requires no excavation and can measure small-strain
stiftness to depths of up to 20m.

Traditionally, the stiffness of the dolomite residuum was
thought to decrease with depth due to a reduction in cementing
of the profile which occurs near the surface and an increase in
the wad content close to the rockhead. However,
measurement of the stiffness of the residuum is difficult due to
the heterogeneity of the material and the large range of particle
sizes. CSW testing has challenged this belief.

Figure 16 shows the results of CSW testing on dolomite
residuum from the Monte Christo Formation on a site south of
Pretoria. The profile consists of a deep layer of chert rubble in
a clayey sand matrix with an increasing amount of wad at depth
within the profile. Although the increase in the rate of
penetration during percussion drilling indicated that the
consistency of the residuum decreased with depth, the CSW
tests show the opposite. This is yet another instance where the
ability to measure stiffness in situ is challenging perceptions
that are based on conjecture rather than fact.
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Figure 16. CSW test results on dolomite residuum in Pretoria.

6.3 Calcretised soil profiles (Wardle and Day 2003, Day
2013)

Pedocrete formation is widespread across South Africa.
Ferricretes tend to form under sub-humid climatic conditions in
the east and calcretes in the sub-arid regions mainly over the
western side of the country (Brink 1985). In many areas, the
calcretes take the form of well cemented hardpan (rock) bands
interbedded with lightly-cemented calcareous sands.

At Saldanha Bay (South Africa) on the Cape West Coast, the
upper 10m of the profile consists of calcareous pedocretes of
the Langebaan Limestone Formation followed by a further 20m
of mainly sandy, unlithified, Cenozoic-aged sediments of the
Varswater and Elandsfontein Formations. These sedimentary
strata are underlain by granite that has decomposed to a clayey
silt to depths of up to 50m. The water table is at 4m — Sm
below surface. The highly heterogeneous nature of the upper
10m of the profile made it difficult to estimate the stiffness of
the profile. Numerous bands of hardpan calcrete up to 600mm
thick and the depth to rock made the installation of piles for a
proposed steel smelter and plate mill uneconomical.

Oedometer tests were carried out on specimens cut from
block samples of the lightly cemented sands between the
hardpan bands. Despite the care taken sampling, these tests
showed the sands to be highly compressible with elastic moduli
generally below 10MPa. Vertical plate load tests using a 1,0m
diameter plate and 300mm diameter cross-hole plate load tests
were carried out on the calcareous sands in the field. The
resulting load-displacement plot was typically curved (see
Figure 17) giving a high initial modulus for the lightly
cemented sand and a lower final modulus as the strength of the
cementing was overcome at pressures above 400kPa. The
average initial modulus from 20 such tests was 85SMPa and the
average final modulus was 27MPa.
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Figure 17. Results of cross-hole plate load tests in calcareous sand (Day,
2013).

Despite the higher moduli recorded by the in situ plate load
tests, the performance of other structures in the area suggested

that the small strain stiffness of the profile was considerably
higher even than that measured by the plate load tests and that
many of the structures and the installed equipment could be
founded on spread footings resting on a mattress of compacted
fill or on raft foundations. The 450m long mill building in
particular exerted an average pressure of only 85kPa. It was
therefore decided to carry out a large-scale load test in which
the settlement of the profile would be measured at various
depths below a 50m diameter, 5m high load test embankment.
This work was carried out in 1995 before CSW testing became
readily available in South Africa.

The settlement monitoring points at depth consisted of a
sleeved 22mm diameter galvanised water pipe with the lower
2m grouted into a 76mm diameter borehole formed using the
rotary core drilling rigs already on site. SPT tests were carried
out during the drilling process. Two sets of monitoring points
were installed at depths of 2m, 10m, 15m, 20m and 25m. In
addition, two monitoring rods were grouted into the granite
rock below 50m to serve as benchmarks. The two clusters of
monitoring points were protected using precast manhole rings
and the fill built up around these installations.

Photo 11. Near-completed 50m diameter x 5m high loadtest
embankment at Saldanha Steel.

Settlements of the monitoring points at depth and the surface
monitoring points around the perimeter of the embankment
were recorded using precise levelling for a period of two
months after completion of the fill. The averaged settlements
are given in Figure 18. Most of the settlement occurred during
placement of the fill.
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Figure 18. Measured settlements below trial embankment (Day 2013).

Based on an assumed elastic stress distribution below the
loaded area, the observed settlements were used to determine
the elastic modulus for each layer in the soil profile. The
inferred moduli are shown in Figure 19b. The observed
average modulus of the calcareous sand over the upper 10m of
the profile is considerably higher than the moduli inferred from
plate load tests and probably represents the small-strain
stiffness of the material.

Using the method proposed by Stroud (1989), the SPT tests
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from the borehole on the centre of the load test embankment
were used to predict the elastic modulus of the materials below
the embankment. Stroud’s method uses the ratio of the nett
bearing pressure (guer) to the ultimate bearing pressure (qux) to
determine the factor by which the SPT N-value should be
multiplied to determine the modulus of the soil at the
appropriate stress level. Figure 19 shows good agreement
between the results from the load test embankment and the
values inferred from the SPT tests (limited to N=80) was
obtained by assuming the calcretised upper 10m of the profile
to behave as an overconsolidated sand (£7Nso = 9,0) and the
cenozoic sediments and residual granite as an overconsolidated
clay of low plasticity (£7Nso = 5,4). This enabled the results
of the load test embankment to be extrapolated to other areas of
the site where only SPT N-values were available.
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Figure 19. a) SPT N-values below embankment, b) moduli inferred
from settlement of load test embankment and from SPT results.

On the strength of the results of the load test embankment,
the calcretes above the water table were excavated, processed
and replaced with compaction to form a fill mattress on which
the mills and the mill building were founded using shallow
footings. Other heavier structures, such as the 90m high
Corex tower, were founded on raft foundations after preloading
the profile with fill in a similar manner to the load embankment.
Monitoring of the settlement of the preload provided additional
confidence in the design.

The cost of the load test was insignificant compared to the
savings resulting from the omission of piles, as the fill material
imported for the construction of the load test embankments
reduced the amount of fill to be imported during the
construction of the works.

6.4 Opencast mine pit backfill

South Africa has extensive coal deposits at the base of the
Karoo Sequence. Where the coal is shallow (less than 100m
below surface), it is extracted from opencast mines using either
truck-and-shovel or dragline mining methods.

The overburden above the coal and the interburden between
coal seams comprises layers of sandstone, siltstone and
carbonaceous shale. The sandstones break out in blocks,
frequently up to 1,5m across, whereas the siltstones and shales
fragment when blasted and tend to slake on exposure. The
carbonaceous shales are prone to spontanecous combustion.

Following the extraction of the coal, the pit is backfilled
using the excavated spoils. Various methods of placement are
used including dumping from the dragline bucket, areal
dumping from large (up to 225 ton capacity) dump trucks
followed by dozing to form a thick layer, or simply by end-
tipping over a free face. The result is a heterogenous mixture
of various types of material and particle sizes ranging from Im -
2m boulders to dust. Typically, no compaction takes place
apart from the passage of trucks and dozers. ~Settlement of this
uncompacted fill is a major consideration for future
development on the mined-out areas.

6.4.1  Components of settlement of pit backfill
The settlement of pit backfill can be subdivided into four major
components (Hills 1994, Day and Wardle 1996):
immediate settlement at constant volume due to shear
strains in the material on application of load,

— consolidation settlement due to change in volume caused
by dissipation of excess pore (air and water) pressures,

— creep settlement under constant stress and moisture
conditions due to particle rearrangement and crushing of
highly stressed particle contacts, and

— collapse settlement due to rearrangement of particles
triggered by an increase in moisture content from surface
water infiltration or re-establishment of the water table in
the pit on cessation of mining.
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Figure 20. Components of pit backfill settlement

Due to partial saturation and the high permeability of the
backfill, immediate and consolidation settlement occur
simultaneously during placement of the fill. Creep and
collapse settlement therefore have the biggest impact on future
development on the backfill.

6.4.2  Elastic modulus of pit backfill

The settlement of the backfill under load (immediate and
consolidation settlement combined) can be assessed using the
drained elastic modulus of the material. Various tests and
measurements have been undertaken to determine this
parameter.

In 1989, geotechnical consultants Wates and Wagner
measured the elastic modulus of pit backfill at Kriel colliery by
excavating a 3,5m deep pit into the backfill and lining the pit
with clay. The excavated material was then replaced and
surcharged with a further 7m of fill. Back-analysis put the
clastic modulus of the replaced backfill at 1,2MPa. This is an
unrealistically low value, probably because the fill was tested so
soon after excavation and replacement (Day, 2013).

Day (1992) describes a full-scale test carried out during
construction of a starter platform for a dry ash stacking system
on 30m of opencast pit backfill at New Vaal colliery. The test
was carried out by constructing four 1,2m square concrete slabs
on the surface of the backfill and determining the level and
position of each slab. The 11m high starter platform was
formed by end tipping and dozing of sandy overburden material,
burying the slabs. On completion of filling, the level of each
slab was determined by washboring to the top of the slab with a
string of drilling rods of known length and taking levels on the
top of the rods. The borehole was then cored through the slab
and a galvanised iron water pipe was grouted into the slab to
serve as a permanent monitoring point by pumping a measured
quantity of grout through the pipe. An average settlement of
989mm was recorded by the first survey, eight weeks after the
slabs were covered, with a difference of only 40mm between
the three readings. This increased to 997mm over the next
twelve weeks after which the points were destroyed by
construction activities. ~ The back-figured average drained
elastic modulus of the pit backfill was 5,6MPa if the modulus
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was assumed to remain constant with depth and 6,2MPa if the
modulus was assumed to vary linearly from 0,5 E” at surface to
1,5 at the base of the pit.

Based on monitoring of several backfilled opencast coal
mines in the UK, Hills (1994) gave typical constrained moduli
(1/My) for various materials including poorly compacted
colliery spoils. The constrained modulus of well-graded
sandstone rockfill was given as 4MPa — 15MPa and that of
poorly compacted colliery spoils as 2MPa.

Day and Wardle (1996) and Day (2001) reported on the
construction of a public railway line across 28m of opencast
backfill at Optimum colliery in Mpumalanga Province. The
backfill was placed by dragline in two 11m lifts and each lift
was compacted by means of dynamic compaction. The final
6m was constructed using conventional earthworks. Prior to
compaction, the average elastic modulus of the uncompacted
fill was determined using 1,2m diameter plate load tests as
5,5MPa under soaked conditions. After compaction, which
included an ironing phase, the backfill between prints had an
average modulus of 31MPa in the soaked condition.

Grootegeluk mine in Limpopo Province is a 90m deep pit,
2,5km wide. By 2011, parts of the pit had been backfilled with
50m of spoils placed mainly by areal dumping and dozing. In
preparation for the installation of a mechanised stacking system,
a further 40m of backfill was placed over a period of about one
year.

Original 50m
of baekfill .. =

40m backfill

2,5km, 90m deep

Photo 12. Grootegeluk mine.

Prior to placement of the upper layer of fill, three 150mm
long trenches were excavated below the area to be filled into the
surface of the initial S0m fill layer in which S0mm diameter
UPVC monitoring tubes were buried. A pulley box and a
return tube (25mm HDPE) were installed to allow a hydro-
profiler to be pulled into the monitoring tubes using a stainless-
steel draw-wire. The hydro-profiler consists of a probe
containing a pressure transducer at the end of a fluid-filled tube
attached to a fluid reservoir. The level of the transducer
relative to the fluid level in the reservoir can be determined to
an accuracy of lcm-2cm.
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Figure 21. Schematic of settlement monitoring tubes.

During placement of the additional 40m of fill, settlements

of the order of 2m were recorded. The final settlement below
the middle probe six months after completion of the fill was
2,8m. The back-figured elastic moduli of the lower 50m of
backfill were 10,1MPa, 10,6MPa and 13,6MPa at each of the
three tubes respectively.

6.4.3  Collapse settlement

Collapse settlement is typically expressed as a percentage of the
thickness of fill material that is saturated by a rise in the water
table. This measure takes no account of the overburden
pressure on the saturated layer and is, at best, a crude measure.

During the tests carried out at Kriel colliery in 1989
described above, the lined excavation was flooded after
application of the 7m surcharge and the collapse of the 3,5m of
saturated material was measured as 14% (Day 2013).

At New Vaal colliery, flooding of a 30m x 30m, shallow
impoundment on the surface of the backfill resulted in
settlements of approximately 270mm, most of which (205mm)
was recorded between 5m and 10m below ground level (Day
1992). The calculated collapse settlement for this Sm thick
horizon was 4%. It is unclear why little or no collapse was
observed over the upper 5Sm of the profile. There is also no
certainty regarding the degree of saturation achieved at depth in
the spoil profile.

Double oedometer tests were carried out on samples of
material from New Vaal colliery from which all particles larger
than 4,25mm had been removed. The samples were lightly
compacted into the oedometer ring in an air-dried condition and
then tested with and without soaking of the test specimen. The
shale samples collapsed most (19% at 250kPa) followed by
mixed spoils at 13%. The sand samples collapsed least (12%
at 50kPa) (Day 1992). All samples showed a decrease in
collapse percentages at higher applied loads (2 000kPa max.)
due to the increased density of test specimens at high vertical
stresses.

At Optimum colliery (Day and Wardle 1996), soaking of the
area around the plate loads tests at an applied pressure of
200kPa resulted in a 40% reduction in the secant modulus of the
uncompacted spoils.  Significantly less collapse settlement
occurred with the dynamically compacted spoils.

At Horsley in the UK, Charles et al (1984) observed
settlements caused by a 40m rise in the water table in a 70m
deep pit. The maximum compression of the fill of 2% was
noted immediately below the water table decreasing to less than
1% near the base of the pit. Hills (1994) reported average
collapse percentages of between 0,25% for materials compacted
using a performance specification and 1,2% for uncontrolled pit
backfill. Clearly, the potential for collapse settlement in UK
collieries is lower than that in South Africa.

L=
_. Local settlements to
ponding-of rain water

Photo 13. Local collapse settlement due to rain.

Collapse settlement is typically associated with a rise in the
water table. However, significant collapse settlement can also
occur due to ingress of surface water including rain. This
settlement is often differential, being greatest where water can
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pond on the surface. At Grootegeluk colliery, current
monitoring shows an increase in the rate of settlement during
the rainy season. At Duvha colliery in Mpumalanga, a mine
railway line constructed across recently placed, uncompacted
opencast spoils suffered severe differential settlements as
shown in Photo 13 (Day 2013).

6.4.4  Creep settlement

Of all the components of total settlement of fills, creep
settlement is probably the most difficult to predict. There are
two reasons for this difficulty. The first is the selection of the
creep compression factor (¢). This is the slope of the
settlement / log-time graph as proposed by Sowers et al (1965).
The second is the prediction of the time # marking the
commencement of creep settlement for a particular layer of
backfill. Sowers et al took this time as halfway through the
construction period of the fill. This, however, assumes a
continuous  backfilling process. In opencast mines,
particularly where truck-and-shovel mining takes place, the
backfill may be placed in several stages as was the case with
Grootegeluk mine referred to above.

Hills (1994) proposed values of o depending on the method
of placement of the fill. For fill compacted using a
performance specification (specified percentage of maximum
dry density), a value of 0,15 £0,05 was proposed. At the other
end of the scale, a value of 0,8 +0.55 was proposed for
uncontrolled backfill.

For the estimation of #, Hills proposed that, for any layer of
backfill within the pit, there comes a time when the placement
of additional material at the surface will have little influence on
the behaviour of the material at depth. This time, which is
taken to be # for the layer under consideration, can be
expressed as the time at which the percentage increase in
effective stress at the centre of the layer due to the placement of
additional material is less than a given value (x%) where x is
defined by the user. In his example, Hills uses a value of 30%.
Because of the different times of creep initiation for the various
layers of backfill (# values), the creep settlement is no longer
linear on a log-time plot. As an example, Figure 22 shows the
predicted creep for the embankment at Grootegeluk mine based
on o= 0.7 and x = 30%.
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Figure 22. Predicted creep settlement for embankment at Grootegeluk.

6.4.5  Uncertainties and unknowns

Five years since the completion of the embankment at
Grootegeluk mine, the settlement in some places has already
exceeded the creep settlement predicted for the 20 year design
period. It is instructive to examine the factors that may have
contributed to this situation.

First and foremost, the creep factor & was based on creep
measurements in the UK as no data is available for South
African conditions. The same applies to the assumed value of
x%. Both assumptions have a marked effect on the predicted
creep settlement. There is a pressing need for more long-term

monitoring of opencast pit backfill in different lithologies.

While it is convenient to divide total settlement into
individual components as shown in Figure 20, these
components of settlement may overlap and may not be
independent of one another. For example, creep settlement
begins to occur even before completion of the fill, i.e. Hills’s
parameter x% is not zero. Furthermore, it is not known
whether collapse settlement will re-initiate creep settlement or
whether creep settlement will simply pick-up from where it left
off before the collapse occurred. If, as asserted by Hills, creep
is a gradual reduction in void ratio due to crushing of highly
stressed contacts and collapse settlement results in
rearrangement of the material fragments thereby creating new
points of contact, collapse may well restart the creep clock.

Typical backfill material is partially saturated and highly
permeable. As such, excess pore pressures will either not
develop during placement of the material or they will dissipate
very rapidly. The settlement monitoring at Grootegeluk
showed movements during the first few months after placement
of the fill too large to be attributed to creep.

Two other factors that may have given rise to larger than
expected settlements at Grootegeluk are the placement of fill in
surrounding areas and the effect of rainfall. Given that the pit
was initially backfilled with 50m of material prior to
construction of the embankment, placement of fill around the
embankment will have caused additional settlement of the
embankment itself. Visual observations of the alignment of
conveyors supported on the fill suggests that rainfall can play as
large a role in the initiation of collapse settlements as a rise in
the water table. The formation of an initial depression on the
surface of the fill encourages infiltration of rain water leading to
further settlement and yet more infiltration.

Clearly, there is a lot more to be learnt about the settlement
of opencast mine backfill than can be revealed by classical soil
mechanics.

7 CONCLUSIONS

7.1 Narrowing the research-practice gap

Two assertions arise from the subjects traversed in this paper.
The first is that most cases, unsatisfactory performance of
geotechnical structures is not caused by a lack of knowledge but
by our failure to apply the available knowledge to the analysis
of the relevant critical design situation. The second is that
there are geotechnical problems that are not amenable to
rational analysis using classical soil mechanics methods.
These two assertions point us to two aspects of the knowledge
creation and implementation cycle given in Figure 1 that require
attention.

The first aspect is the tendency in research circles to focus
on the creation of new knowledge rather than consolidating
what we already know and transferring this consolidated
knowledge into practice. This is a task that can only be
undertaken by experienced academics with a wide appreciation
of new developments in their field, acting in conjunction with
leading practitioners. The means whereby this consolidated
information can be transferred to practice include state-of-the-
art reports containing clear guidance on acceptable methods and
procedures (e.g. Poulos et al 2001), guideline documents (e.g.
Geoguide 1 1993) and authoritative text books.  The
consolidation of knowledge should be regarded as equally
important as knowledge creation as without it the process of
transferring knowledge into practice is severely hampered.

Codes of practice are probably the most effective way of
formalising the transfer of knowledge into practice.
Unfortunately, such documents tend to lag behind the
introduction of new methods rather than lead the way.

Universities can contribute to this process by increasing their
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interaction with the industry and encouraging their academic
staff to obtain practical experience and professional registration.
Research that is relevant to industry and conducted in
collaboration with industry practitioners should be encouraged.
Practitioners should be invited to participate in post-graduate
lectures, particularly block courses, either as presenters or
delegates as this enriches the course content and the learning
experience for registered students.

The ISSMGE can also contribute, particularly through its
Technical Committees and member societies. The Technical
Committees’ contribution could be by way of speciality
workshops, publications and guidelines aimed at practicing
geotechnical engineers. Member societies play an essential
role in communicating knowledge to their members by training
courses, lectures and seminars.

The second aspect also involves collaboration between
academics and practitioners. Academics need to be aware that
there are problems in industry that are better solved by
observation of field trials than by analysis. Many soils are
neither saturated nor capable of being characterised by standard
test methods. Likewise, practitioners need to be aware of the
benefits that field testing can offer over and above what can be
obtained by rational analysis alone. While there are
advantages to keeping field trials practical and optimising the
resources which may already be on site, there are situations
which warrant the use of new technologies such as fibre-optic
strain measurements, null-displacement earth pressure
transducers, digital image correlation, low-cost tensiometers
and others which are commonly used in academic research.
The results of such field trials provide data for future research.
These situations provide an ideal opportunity for interaction
between academics and practitioners, to the advantage of both.

Practitioners have a vital role to play in the furtherance of
research efforts by reporting the outcome of the application of
new technologies by way of well documented case histories of
both successes and failures. Certain leading geotechnical
journals are on the right track by inviting practitioners to make
their monitoring data available in electronic format to facilitate
its analysis by others working in similar fields.

7.2 Sufficiency and quality of geotechnical data

Meaningful quantitative analysis of geotechnical problems
cannot take place without geotechnical data that is appropriate,
sufficient and reliable.

The appropriateness and sufficiency of the geotechnical data
are largely a function of the adequacy of the site investigation
fieldwork and laboratory testing programme. The problem of
inadequate investigations has been with us for years and is
unlikely to disappear anytime soon. Competitive bidding for
geotechnical investigation contracts is here to stay. The best
that the profession can do is make it as simple as possible for
those issuing bids (clients, project managers, principal
consultants and quantity surveyors) to correctly specify the type
and scope of investigation and the required deliverables.
Regional specifications giving minimum requirements for the
investigation of various types of structures will go a long way
to improving the adequacy of geotechnical investigations and
the ensuring that comparable bids are received.

The quality of geotechnical data received from testing
laboratories remains a concern. The difference between the
results of basic classification tests received from various local
and overseas laboratories are sufficient to give rise to incorrect
assessments of the likely behaviour of the soils. In South
Africa, the first step is a review of the differences between the
various specifications for Atterberg limit tests and hydrometer
determination of the clay fraction of soils. It may be necessary
to create a new standard for the testing of fine-grained
foundation soils distinct from the standards used for road-
building materials.

7.3 Codes and standards

There appears to be consensus that limit states design, in
whatever format, is a step forwards from working stress (global
factor of safety) design. The recent advances made in
reliability-based design make this an ideal complement to limit
states design. Reliability-based methods will continue to play
an essential role in the calibration of limit states design codes.
Whether or not reliability-based design methods are suitable for
everyday use in a design office is an open question. The
availability of sufficient data for adequate statistical
characterisation of geotechnical parameters is a limiting factor.
There is a concern, as expressed by Bolton, that the way we
teach geotechnical engineering and the way current codes are
formulated tends to focus more on design situations involving
rupture of the ground than its deformation. We tend to think
in terms of stresses rather than strains, or at very least, we
compartmentalise the two. We use the plasticity of soils as an
excuse for completely ignoring the stiffness of soils in the limit
equilibrium analyses which often form the basis for calculating
the resistance in ultimate limit state designs. A lot can be
learnt from our structural colleagues for whom the stiffness of a
structural member is every bit as important as its strength.

7.4 Maintaining the cycle

One of the laments of this presentation is that academics and
researchers are doing a great job of creating new knowledge
while designers and contractors continue along their well-
trodden path. There is a break in the knowledge development
and implementation cycle depicted in Figure 1, a separation
between the top and the bottom sections of this figure.

This separation involves a break in both the “vertical legs”
of the cycle, namely the transfer of new knowledge from
researchers and academics to practitioners (right side of figure)
and the feedback from practice to academia (left side). The
maintenance of these “vertical legs” of the cycle is the
responsibility of academics and practitioners alike and requires
as much cooperation and interaction as possible.
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