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ABSTRACT
In the last few decades the construction of small dwellings, particularly
government subsidy houses, has increased markedly in South Africa. Large
numbers of these light structures have suffered severe damage and many have
been demolished after being occupied for only a small fraction of their expected
life-span. The research detailed in this thesis deals with a search for reasons for
these widespread failures and investigations into economically feasible
solutions. The investigation began with an assessment of the current methods
of identification and assessment of potentially problematic expansive soils. This
revealed serious shortcomings in a number of the standard testing procedures.
These shortcomings may have consequences for a wider range of engineering
projects than just housing development. Progress towards more reliable testing
methods has led to an appreciation of the importance of variability of soil
properties and the necessity of taking this into account in engineering design.
Investigation of clay fraction determination by the hydrometer has led to the
realization that the unreliability of this procedure has been a cause of failure in
subsidy housing projects as well as other light structure developments.
Assessment of expansive potential cannot safely rely on hydrometer
determination of clay fraction, which is a principal parameter for a number of
popular design procedures. It was also established that attractive alternatives in
the form of automatic particle sizing equipment (designed for the analysis of
industrial powders) are not suitable for natural soils containing the clays
commonly found in South African soils. Alternative procedures, particularly
small-scale suction testing, have been found to provide more reliable insights
into design for expansive clays. The investigations suggest that some form of
Reliability Based Design, which takes account of specific variability in soil
properties, may be the only way to achieve rational design for foundations on
expansive clay.
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CHAPTER 1:
1.1

INTRODUCTION

Backgrounds to the Problem to be Investigated

The problem of founding structures on expansive soils began to receive
considerable attention in South Africa in the late 1950’s. The major mining houses
were then experiencing heave problems in accommodation provided for their workforce, particularly at their mines in the Free State. The mining houses provided
funding for geotechnical researchers to investigate the problem. Some of the most
respected soil mechanics experts in the country, including Professor J.E. Jennings
and Professor K. Knight, were involved in this research. Since that time mining in
South Africa has become less profitable and funds for such investigations have
largely dried up. Little research has been done on this problem since the 1980s.

By far the most commonly used method for assessing heave potential for light
buildings remains that devised in 1963 by Van der Merwe (1964), as part of the
quest for solutions to work-force housing problems for gold-mining companies in
the Free State. This widespread acceptance is somewhat surprising since the
method was based on examination of just four houses and two oedometer tests.
Of the four houses, two showed very good agreement between predicted and
observed heave, one showed acceptable agreement and one showed very poor
agreement (predicted heave 120mm and observed heave 220mm).

In the rest of the world the problem of heaving foundations began to receive
attention at about the same time as in South Africa. However, formal instruction in
Soil Mechanics courses lagged behind research in this field throughout the world
and despite a growing number of conferences covering research into this topic,
very few practicing engineers found themselves equipped to deal with the
problems associated with expansive clays. In the 1990s the National Science
Foundation in America sought to address this problem by sponsoring “a document
which can serve both as a reference guide for the practicing engineer and a
textbook for a course on foundations and pavements on expansive soils.” The
result was the book “Expansive Soils: Problems and Practice in Foundation and
Pavement Engineering.” (Nelson and Miller, 1992), which remains the standard
1
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text on this subject. The topic of expansive clays has been expanded into the
discipline of “Unsaturated Soil Mechanics”. The former series of four-yearly
“International Conference on Expansive Clay Soils” gave way in 1995 to the four
yearly “International Conference on Unsaturated Soil Mechanics.” Attention of the
research community in this field has tended to shift away from expansive clays to
more tractable and profitable fields, particularly environmental protection, where
unsaturated soil mechanics has proved to be particularly successful.

The question of expansive soils has again become a prominent problem in South
Africa since the new political dispensation came into being in 1994. A rapidly
emerging black middle class with aspirations of a home of their own led to
burgeoning construction of single-storey houses. Attempts by the government to
provide low cost housing for the poorest section of the community led to the
construction of millions of small, simple, light houses. This significant increase in
light structure construction has coincided with progressive contraction of the
economy. Mining companies are no-longer in a position to subsidise research.
Public service institutions like the Council for Scientific and Industrial Research
have inadequate resources to undertake significant research. The public service is
now staffed largely by management personnel with little or no engineering
knowledge and it is perhaps not surprising that constructive attempts to solve the
problem of damage to large numbers of light structures due to expansive clay
problems appear to be lacking. Large numbers of failures continue to be common.
Large numbers of houses are being demolished and replaced and in many cases
these replacements seem to have little prospect of a longer useful life than the
ones they replace.

1.2

The Beginning of this Research Investigation

As a practicing Civil Engineer the candidate became involved with failures due to
heaving clay problems in 2009. The National Home Builders Registration Council
(NHBRC), which acts as an insurance agent for newly constructed dwellings,
commissioned investigations in which the candidate was called upon to examine a
number of light structures. Most of these were in either emerging middle-class
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developments or government subsidy housing projects. The aim of the
investigations was to establish the reasons for the houses concerned having
cracked to the point of becoming structurally unsound. These investigations
usually showed that normal accepted standards and procedures had been
followed, yet the foundations had been unable to provide sufficient resistance
against shrink/swell of the underlying clay to prevent structural damage. The
candidate began a study of available literature on the subject of foundation design
for expansive clay. This led to correspondence and meetings with Professor Derek
Sparks of Cape Town University who appeared to be the only academic in South
Africa dealing with expansive clays. This association and the literature search led
to the realisation that satisfactory answers were not to be readily found in the
literature. They also led to the realisation that soils testing, focussed on the
problems exposed by these informal investigations, were needed. Such testing
could not be done at Professor Sparks’ laboratory in Cape Town since it had been
demolished to make way for a new one. Dr E. Theron at the Central University of
Technology was approached in 2010 for possible involvement of the CUT soil
mechanics laboratory. Dr Theron suggested that this would be best handled as a
Doctoral research project. A team of interested staff and students were prepared
to help with the investigations and the CUT Soil Mechanic Research Group was
formed in 2011 specifically to examine problems of foundations of light structures
on expansive clays. Professor G.E. Blight, a former colleague from Witwatersrand
University, kindly agreed to give advice with the project. His assistance was cut
short when he unfortunately succumbed to cancer in 2012. This thesis deals with
progress made towards understanding why current procedures appear to be
inadequate, and finding possible solutions to the problem.

1.3

Currently Available Procedures

1.3.1 Atterberg limits

Many methods (Van der Merwe, 1964; Savage, 2007; Weston, 1980; Sparks, 2010
etc.) for estimating swell potential rely on the Atterberg limits. These tests have the
advantage of being simple and inexpensive, and they are offered by almost all
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soils laboratories. They do not give a direct measurement of expansive potential.
The Plasticity Index (PI) (Liquid Limit (LL) – Plastic Limit (PL)) gives an indication
of the amount of water which can be absorbed when mechanical mixing effort is
applied, but gives no indication of how strongly water can be drawn into a sample
against pressure and hence cause heave damage.

1.3.2 Linear shrinkage

Linear Shrinkage (LS), which is normally measured together with Atterberg Limits,
is also well established and employs very simple apparatus. It is one of the
standard “Foundation Indicator Tests” offered by most South African soils
laboratories. It can give a very good indication of how much volume change is
possible in a sample if performed in a suitable manner, but does not give an
indication of the forces which can be mobilised in this volume change.

1.3.3 Hydrometer and pipette determination of clay fraction

Clay content is one of the input parameters for many heave prediction methods
(Skempton, 1953; Van der Merwe, 1964; Nayak and Christensen, 1974 etc.).
Determination of clay and silt fractions by sedimentation has been standard
procedure world-wide for many years and is the standard method of fine fraction
determination in most countries. It is a relatively quick, easy, and inexpensive test.
There have been questions raised about its reliability e.g. (Rolfe et al., 1960);
(Nettleship et al.,1997); (Savage, 2007) and there have been investigations into
possible replacement by automated optical methods. No alternative has gained
acceptance and sedimentation by hydrometer or pipette remains the accepted
standard throughout the world. It was not anticipated that this would be a major
problem for the investigation to examine.

1.3.4 Oedometer testing

The oedometer has the potential to indicate both volume change and the forces
involved in volume change, and to do so for relatively undisturbed samples. It was
formerly favoured for expansive clay analysis because theoretically is would
4
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appear that it should give meaningful results. But sample preparation has proved
to be difficult and any lack of fit between sample and confining apparatus leads to
invalid results as voids are filled by expansion of the sample without expansion
against applied load. The method proposed by Schreiner and Habte (2008) using
compacted, slurried material may solve this, but the potential advantage of testing
substantially undisturbed samples is lost. Nelson and Miller (1992) deal with the
odometer in detail, but conclude that it does not provide reliable indication of
heave potential. Tests performed by the candidate on very expansive plastic clays
showed that from adding water to the sample until cessation of expansion against
low pressure could take several weeks, making the test unattractive for practical
purposes, and probably unfeasible for low cost housing.

1.3.5 Clod test

The clod test is often used in America and is indicated by Nelson and Miller to be
probably the best heave indicator test available. The test uses Saran resin to form
a semi-permeable coating to samples. The resin is permeable to water vapour,
allowing moisture change, but effectively impermeable to short term immersion in
liquid water, allowing volume determination by Archimedes principle. Saran resin is
not available in Africa. It is prepared by dissolving in methyl ethyl ketone, which is
hazardous for health and needs special handling. Alternative non-toxic coatings
have been proposed (Krosley et al., 2003). The authors claimed that testing time
was approximately the same as for Saran Resin. The candidate tested several
alternative coatings similar to those used by Krosley et al. Time to produce the
shrinkage curve was more than two months, which is again unreasonably long for
the problem at hand.

1.3.6 X-Ray diffraction

Mineral composition has very significant influence on swelling potential. Mineral
composition can be indicated by X-Ray diffraction. The equipment for this analysis
is very expensive and few South African institutions possess such apparatus.
While involved with soils testing for this project in co-operation with the soil science
laboratory at the University of the Free State, the candidate delivered samples for
5
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X-Ray analysis. The samples remained in a queue for more than one year by
which time it was concluded that such delays ensure that this method cannot be
considered a possible solution for the problem at hand. Recently apparatus has
become available which gives results in less time and with less skilled input, but
such apparatus was not available for testing.

1.3.7 Cation exchange capacity

Cation Exchange Capacity (CEC) gives an indication of mineral composition. CEC
is related to clay mineralogy and gives an indication of surface activity. The higher
the CEC, the higher the surface activity, and the greater the probable heave
potential. The test for CEC is not normally offered by engineering soils
laboratories, but is commonly offered by agricultural laboratories. It is complex and
involves exchanging the cations naturally occurring in a soil sample with cations of
a known species. The process involves detailed and precise procedures,
expensive spectral analysis apparatus for identification of exchanged cations and
takes considerably more time than most common engineering soils tests.

1.3.8 Methylene blue value

The Methylene blue value (MBV) test is a quick alternative to the CEC test. It is
widely used in France. Methylene blue preferentially displaces cations from clay
surfaces. It gives an estimate of the CEC without attempting to identify the cations
involved. It appears to be rarely used in South Africa, but tests at the CUT soils
laboratory indicate that it is likely to be a good indicator of heave potential and is
quick and inexpensive to perform. It was also found that Methylene Blue can be
very useful for labelling clays and it played a significant role in the investigations
detailed in Chapters 8, 9 and 10.

1.4

The Unsaturated Soil Mechanics Approach to Expansive Clay Problems

On the wider front of world-wide advance in unsaturated soil mechanics, the main
thrust has been in applying the principles of continuum mechanics to geotechnical
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problems. This appears to promise a more rational and reliable approach than
empirical methods like those of Van der Merwe (1964) and Savage (2007) etc.
noted above. Partial differential equations are set up to model the general
processes involved; boundary conditions are determined corresponding to the
particular problem on hand and mathematical solution packages are then used to
solve the differential equations. A major problem for this approach has been the
determination of suitable soil parameters to use in the equations. This approach to
unsaturated soil mechanics requires soil property functions rather than simple soil
properties as in the case of saturated soil mechanics. Determining these soil
property functions requires lengthy laboratory investigations. Techniques have
been developed for estimating the required functions from saturated soil
properties, but these estimations require the soil water characteristic curve
(SWCC), also known as the soil suction curve, or the soil water retention curve,
which represents the relationship between suction and water content for the soil
from saturation to desiccation. The determination of the SWCC is a protracted and
expensive process. In spite of widespread investigations into techniques for
speeding up SWCC determination it remains a lengthy process for soils with
significant clay content.

In some areas of geotechnical engineering this continuum mechanics approach
has had considerable success – particularly in the field of providing soil covers for
the protection of the environment from undesirable wastes and pollutants. But in
the field of expansive clays it has proved particularly unsuccessful. This was
pointed out by DG. Fredlund, one of the leaders in the field, (Fredlund, 2009) when
he remarked in his presentation of the 8th C.W. Lovel lecture at Perdue, I started
in unsaturated soil mechanics by looking at swelling clay problems, where if you
get involved you usually lose money, it is not a good problem. This certainly does
not suggest that the problem of foundations on swelling clay is solved or that the
unsaturated soil mechanics approach of continuum mechanics has immediate
prospects of delivering a solution.

1.5

Research problem to be addressed by this thesis

7
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The research problem addressed by this thesis is (a) the identification of the
weaknesses in current methods of identifying and assessing expansive clays
which lead to widespread foundation failures in South Africa and (b) the search for
alternative methods which will assess such clays more accurately and reliably.

1.6

Proposed Methodology for Solving the Problem

It was proposed first to conduct sensitivity analysis for some of the empirical
methods (Van der Merwe, 1964; Savage, 2007; Sparks, 2010 and Weston, 1980
etc.) to determine their sensitivity to precision attainable for the readily available
inputs - Atterberg Limits etc. Multiple testing would then be performed to compare
precision achievable with that required and assess the impact on the potential
reliability of these empirical methods. If necessary, new methods would be sought
to give better precision for these parameters. Figure 1.1 shows sensitivity of heave
prediction to variation in PI for Savage’s method. It can be seen that for LL = 55,
inaccuracy of 2 either side of the assumed correct PI 28 leads to difference in
predicted heave from 35mm to 67mm per m depth.

Figure 1.1:

Sensitivity of heave prediction (using Savage’s method 2007) to

variation in PI for LL = 55.
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Finite element methods would be developed using these input parameters to
model interaction between raft foundations typical of those used for light structures
in general and government subsidy housing in particular. Such models would
depend on mound shapes which developed under the foundations. The initial
assumption would be guided by results from ground cover tests (de Bruin, 1974);
(Pidgeon and Pellissier,1987); (Miller et al.,1995) and (Fityus et al. 2004). These
tests had monitored heave under simulated foundations of either plastic sheets or
raft-like concrete slabs. It was proposed that a member of the CUT Soil Mechanics
Research Group would undertake a Masters project under the candidate’s
supervision to instrument at least one real government subsidy house to compare
moisture distribution under a real house with the results from simulated
foundations. Inputs to the finite element analysis could be adjusted accordingly.

The second proposed stage was to seek quicker ways of producing the inputs
required for the continuum mechanics approach currently favoured by the leaders
in the field of unsaturated soil mechanics. This approach uses differential
equations suitable for the process at hand – in this case moisture movement and
consequent volume change under a foundation. Boundary conditions are applied
depending on the foundation shape and form of the surrounding ground. Solution
of the equations is achieved by dedicated software (the FlexPDE package was
tried and found to be suitable). The expense and time required to produce the
input functions – particularly the SWCC and the shrinkage curve – were a barrier
to such procedures being feasible for the problems being addressed. Only if
quicker alternatives had been found would this method have been feasible.

1.7

Progress Towards Achieving Expected Goals

1.7.1 Assessment of standard tests

A range of expansive soils from government subsidy housing projects were
collected and tested by members of the CUT research team under the candidate’s
supervision using the Technical Methods for Highways (TMH) procedures then
standard for engineering soils testing in South Africa. Results were compared with
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those from commercial laboratories. Discrepancies were far larger than expected.
The candidate undertook an investigation into the TMH procedures and also into
the SANS 3001 procedures which had recently been introduced with the intention
of replacing TMH. It was found that both were seriously flawed. Among other
problems both contained alternative procedure without clear guidance on the use
of the alternatives. No guidance was given as to who is responsible for choosing
between discretionary alternatives even though major time and cost factors are
dependent on these decisions. Investigations at commercial laboratories
concluded that the quickest, cheapest procedures are always followed, however
unsuitable they may be for the particular soil at hand. A paper (Chapter 2) dealing
with the investigation, its findings, and proposals for possible changes was
published in the journal of the South African Institution of Civil Engineering in June
2015.

1.7.2 Finite element approach

Progress was made in developing finite element models to examine structural
interaction with heaving foundations. Figure 1.2 shows a finite element model of a
government subsidy house on a raft foundation subjected to heave beneath the
foundation. The figure illustrates that the rigidity of the walls of the house tends to
concentrate stress in the beams of the raft directly under door opening. Such
models assumed the kind of heave mound generally accepted following ground
cover tests referred to in section 1.4. Further development was put on hold until
results from the house being instrumented (introduced in section 1.4) could give a
distorted shape for the foundation more likely to be a true reflection of reality.

10
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Figure 1.2: Finite element model.
1.7.3 Unsaturated soil mechanics approach

Progress was made with rapid procedures for determining essential unsaturated
soils inputs. Accurate shrinkage curves for a very wide range of soils could be
produced within 8 hours, as opposed to several weeks using the standard
procedure of Saran resin coating. Two very widely different soils are shown in
Figures 1.3 and Figure 1.4.

Figure 1.3: Shrinkage curve for a kaolinitic clay.
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Figure 1.3 show the shrinkage curve from Liquid Limit to Shrinkage Limit for a
kaolinitic clay from the Western Cape, whilst figure 1.4 shows the shrinkage curve
from Liquid Limit to suction in excess of 300 MPa for a very expansive clay from
the Free State. It appears that this clay may not reach its shrinkage limit even in
severe drought conditions. Chapter 12 deals with details of some of the
procedures developed in this aspect of the research project.

Figure 1.4: Shrinkage curve for a very expansive clay.

1.8

New Avenues of Investigation

Perhaps the most interesting aspect of research is that unexpected avenues of
investigation open up and invite attention. Two such openings led to a change in
focus towards two aspects of soil mechanics which appear to have been
somewhat overlooked. These two aspects – variability of soil properties and clay
fraction determination - have such a profound influence on the problem under
investigation – damage to light structures due to expansive clays – that they have
become the prime focus of attention in this research project.
12
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1.9

Small Scale Suction Tests

Soil Mechanics became a science when Karl Terzaghi introduced the concept of
effective stress. Saturated soil mechanics deals with soil solids and soil water.
Effective stress is total stress minus soil water pressure. Unsaturated soil
mechanics is more complex, since it deals with soil solids, soil water and soil air.
Unsaturated soil pioneers – Fredlund, Bishop, Blight and others established that
soil suction is as fundamental to unsaturated soil mechanics as effective stress is
to saturated soil mechanic.

Suction in unsaturated soils is caused by two distinct factors. The first is capillary
suction due to the meniscus of pore water bridging the gap between individual soil
particles. In the case of clay, the individual particles are very small, the capillary
diameter between particles is extremely small, and the capillary suction is
consequently high. The second factor causing soil suction is far more complex and
involves electrostatic forces in clay mineral structure.

Capillary suction is not usually associated with major damage to structures such
as dwelling houses or even very light structures such as roads. Electrostatic
suction, however, can be very powerful and can cause severe damage to low-rise
buildings, roads, pipelines, canals, drains and other items of infrastructure.

It would therefore appear to be of more value to assess suction potential than to
assess the quantity of clay in a soil when attempting to predict its potential for
causing damage due to heave. A clay like Kaolinite, which has a very stable
molecular structure, may show a high PI (indicating the ability to absorb a
considerable amount of water), but this water is mostly in the form of relatively lowsuction capillary water and is unlikely to cause serious heave problems even if it
makes up a large fraction of the soil. On the other hand, Montmorillonite, which
can draw in water electrostatically into its physical structure against considerable
pressure, may cause serious heave problems even if it makes up only a very small
fraction of the soil (Rogers et al., 2010).

13
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Unsaturated soil mechanics places great emphasis on the value of soil suction and
its relationship with water content, but it remains challenging to measure soil
suction reliably and economically. Direct measurement of soil suction, usually
involving the use of manometers, is very slow and inconvenient and is restricted to
such low suctions that it has limited value for engineering purposes. “Axis
translation” techniques, which assess suction potential by applying pneumatic
pressure to expel water from a sample, require considerable expenditure on
equipment, careful maintenance and several weeks of testing for each sample of
significantly plastic clay. The method cannot deal with suctions above 1500 kPa
and to reach this value can be quite challenging. Instruments specifically designed
to measure soil suction are becoming more reliable and affordable, but tend to be
able to measure a relatively small range of suction. Several samples were tested
at the soil science laboratory of the University of the Free State as part of this
investigation. It was found that the time and expense of testing highly plastic clays
by these methods will ensure that they will never be commercially viable for any
but the largest engineering projects. An inexpensive and versatile method which
can cope with a wide range of suctions uses high-quality filter paper to measure
suction (Gourley and Schreiner 1995; Bulut et al., 2001). This is a popular method
in practical field investigations (Mavroulidou et al. 2013; Mendes and Toll ,2013),
but the filter paper method takes from one to several weeks to yield a suction
value for expansive clay and requires careful laboratory technique.

Blight used the well-established principle of bringing samples to equilibrium with
saturated solutions of various salts, or various molarities of certain chemicals, to
determine the suction potential of soils (Blight, 2013). His experiments suffered
from the problem of a long (90 day) equilibration period, which made his procedure
unattractive for practical engineering use. In the quest for rapid methods of
determining suction potential of soils, the candidate conducted tests comparing
water content retained by soils and Whatman’s 42 filter paper for which suction
calibration curves are readily available (Gourley and Schreiner, 1995).
Comparisons were done using very small samples which allowed many samples to
be tested at once (over standard solutions in air-tight containers or in a climate
chamber). Somewhat surprisingly it was found that while the filter paper was very
14
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consistent in its water content retained against various applied suctions, some of
the soil samples were not consistent. In fact, some showed very large differences
in water retention between individual samples of the same soil. A long and detailed
series of tests was undertaken on many hundreds of samples which led to the
conclusion that coefficient of variability in suction potential may be a definite
property of active clays, and that the range of this variability across different clays
is very large. Since suction is directly linked to heave potential, this implies that
heave potential may vary widely across different samples of one soil also. PI is
often used as an indication of heave potential. Multiple duplicate testing at a
number of commercial laboratories gave coefficient of variation in PI quite
comparable to those given by small scale suction tests. These small scale suction
tests give not only a good indication of variability but also a good indication of
heave potential in a very reasonable time. The procedures for small-scale suction
tests were presented at the 16th African Regional Conference on Soil Mechanics
and Geotechnical Engineering in 2015 (Chapter 5). Findings from investigations
into variability using this technique were presented at the 1st Southern African
Conference on Geotechnical Engineering in 2016 (Chapter 6). The candidate was
invited to expand the paper from the 16th African Regional Conference for
publication in the centenary edition of Geotechnical Engineering. This paper
(Chapter 7) deals comprehensively with the estimation of both heave potential and
variability using the procedures introduced in chapters 5 and 6.

The results of the above investigations throw doubt on the value of some of the
highly mathematical procedures being considered in unsaturated soil mechanics.
Fredlund has long emphasized the need for parametric functions such as the
SWCC in unsaturated soil mechanics (Fredlund and Rehardjo, 1993; Fredlund,
Rehardjo and Fredlund, 2012). But for an expansive soil with a large coefficient of
variation a range of SWCCs can be produced from a range of individual samples.
Each SWCC costs in the region of $10 000 to produce according to Fredlund
(2009), and to gain a fair idea of variability at least 10 such SWCCs would be
needed. Also to make sense of this variability something comparable to a MonteCarlo analysis might be required at each step of the solution of the simultaneous
differential equations when dealing with such soils. This might explain Fredlund’s
comment, noted above in section 1.3, in which he inferred that heave problems
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remain intractable to unsaturated soil mechanics, whereas many other soils
problems can be dealt with successfully.

The existence of significant variability over a small spatial range also suggests
plausible reasons for some rather surprising occurrences. For example, Miller et
al. (1995) found a very strange heave pattern under the ground cover they were
studying at an active clay site in Texas. The cover was intended to simulate a
foundation. Figure 1.5 shows the heave pattern observed. Miller et al. suggested
that this strange pattern might be due to the fact that the strata underlying the site
were not level and this could have allowed moisture to penetrate under the
simulated foundation in such a way as to allow a very uneven moisture-content
pattern to develop in the underlying clay.

Figure 1.5: Heave pattern observed by Miller et al. (1995).

In the light of the prevalence of large variability over small spatial ranges found in
the above suction tests, it seems that a more likely explanation could be significant
variability of heave potential in the expansive clay beneath the cover. This might
also explain the not uncommon situation shown in Figure 1.6. Clayey soil from an
adjoining housing development to the right of the road shown in the picture was
tested and found to have a substantial coefficient of variation for heave potential.
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Figure 1.6: Undulations in a road.
1.10 Clay Fraction Determination

Due to interest in the work of the CUT Soils Research Group, invitations were
received to visit housing developments where severe damage by heaving clay had
led to a large proportion of houses being demolished. In addition, the group was
invited to comment on a new development (Lerato Park) of a higher standard than
normal for government subsidy housing. The candidate noticed that no movement
joints had been provided in any of the houses, some of which were two storeys
and many consisted of semi-detached “duets”. A study of the geotechnical report
revealed that extremely low clay content characterized the entire site. Figure 1.7 is
an extract from the geotechnical report indicating the test results from phase 2.
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Figure 1.7: Extract from the geotechnical report.

However, cracks were visible at the ground surface as is shown in Figure 1.8.
Such cracks do not normally develop unless the soil has clay content of at least
20%. Samples were taken and analysed at the CUT Soils Research laboratory.
Suction tests indicated that heave potential was significant, but the geotechnical
report, which had used Van der Merwe’s method to predict heave throughout the
site, indicated 0% heave because the clay content was everywhere less than 12%.
The sample taken for examination at the CUT laboratory was close to test pit 2-14.
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Figure 1.8: Shrinkage cracks at the ground surface.
Van der Merwe’s method indicates zero heave for any soil with less than 12% clay
(Figure 1.9). Significant heave damaged soon became apparent. This led the
candidate to undertake detailed examination of soil samples taken from the site.

Figure 1.9: Chart for heave prediction by Van der Merwe (1964).
This chart is often used in a form slightly modified by incorporating two extra
Skempton activity lines as shown in figure 1.10. All soils with clay content less than
12% are taken to have heave potential of 0 on both charts.
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Figure 1.10: Modified Van der Merwe’s chart (Williams and Donaldson 1980)

Visual examination of clay is commonly done using scanning electron
microscopes. These have the advantage of providing the high magnification
necessary to identify clay particles, which may have sizes less than 0.1 micron.
Preparation of samples for scanning electron microscope (SEM) examination
involves processes like freeze drying and gold plating. Unfortunately, this makes it
very unlikely that any conclusions can be drawn from SEM images about the
probable behaviour of clay particles in the hydrometer. In the hydrometer all
particles are fully hydrated and suspended in water. Suspensions of clay cannot
be examined by SEM, but they can be examined by light microscopes. Clay is not
normally examined using the light microscope, apparently for five main reasons:


On drying clay binds together into masses whose structure is opaque and
not easy to discern.



Particles of most types of clay range from about 2 microns down to 0.1
micron in size and the lower part of this range is normally considered
beyond the range of the optical microscope.



Suspended clay particles smaller than 1 micron are subject to vigorous
Brownian motion and focussing on them is difficult or impossible.



The high-powered objective lenses necessary to resolve particles as small
as clay have very small depth of focus making observation of suspended
particles difficult.
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Even under high magnification it is difficult to distinguish between clay
particles and silt particles of very small size.

These problems were addressed by using a digital camera mounted on the
microscope and by using methylene blue (C16H18N3SCl) to label the clays for
positive identification. The digital camera allows digital magnification leading to a
meaningful total magnification while using an objective of only moderate power
and more suitable depth of focus. Methylene Blue (MB) molecules exchange
places with exchangeable cations in clays but are not attracted to non-clay
minerals. High Cation Exchange Capacity (CEC) clays become stained dark blue
with a small addition of the dye. Low CEC clays require far more MB to become
visibly stained and usually appear light blue by the time sufficient MB has been
added to turn high CEC clay particles very dark and opaque.

In addition to the Lerato park sample, a number of soils from the Free State,
Limpopo and the Western Cape were examined. It was found that the procedures
of SANS 3001 GR3 are inadequate in all of the cases examined. In all cases the
dispersion of clay particles was not complete. Sand and silt particles often showed
coatings of clay of both high and low cation exchange capacity. Agglomerations of
clay particles were common, agglomerations of clay and silt particles were
common. In some cases, the dispersed clay particles, which hydrometer analysis
would take to constitute the clay fraction, were significantly outnumbered by the
clay particles adhering to larger particles, which would probably not be assessed
by the hydrometer as clay.

Tests were performed to examine the effect of increasing the time of soaking in
dispersant, increasing the concentration of dispersant, increasing the quantity of
dispersant used for soaking and increasing the time of mechanical agitation. It was
found that these measures made little or no visible difference to the results. It was
concluded that the hydrometer is likely to under-estimate clay fraction in almost all
cases, and in many cases that under-estimation is likely to be substantial.

The sample from the Lerato Park housing project was one of the samples which
showed very poor dispersion in spite of chemical and mechanical treatment.
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Suction test results for this soil also indicated that heave potential was significant.
The geotechnical report for the housing project therefore appeared to be very
misleading. The housing authority was advised of these findings but no action was
apparently taken.

Within two years of completion of the project there were public calls for the whole
housing development to be declared unsafe and to be demolished. Large-scale
repair and re-building was undertaken. This expensive disaster could be blamed
on the misleading results produced by hydrometer analysis. It is likely that many
other failures have been caused, and will be caused in future, by relying on
hydrometer analysis together with popular methods to estimate heave potential.
The findings of the microscopic investigation were published in the Journal of the
South African Institution of Civil Engineering in 2016 and are presented in Chapter
8.

The above investigation had shown that clay particles form agglomerations among
themselves and with silt particles in spite of prolonged chemical and mechanical
dispersion, but it was not obvious how these agglomerations would settle in the
hydrometer. It seemed likely that agglomerations might settle more slowly than
single particles of the same size due to their uneven profile producing increased
drag. In addition, water held between individual soil particles might lead to a lower
aggregate density. To investigate this question P.K. Monye undertook to examine
it as a Master’s project under the candidate’s supervision. The results of the first
part of her investigation (using the dispersant and mechanical agitation specified in
SANS 3001-GR3) was presented at the 1st. Southern African Conference on
Geotechnical

Engineering

in

2016.

The

findings

tend

to

confirm

that

agglomerations settle more slowly than individual particles of the same size, that
much of the clay will be counted by hydrometer analysis as silt, and consequent
under-estimation of clay fraction will vary significantly from one soil to another.

The findings of Chapter 8 also led to an invitation from Professor S.W. Jacobsz to
assess the effectiveness of laser scattering particle-sizing at the Soil Mechanics
laboratory of Pretoria University. The findings of this investigation are presented as
Chapter 9.
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1.11 Summary of Research Problem and Progress Towards its Solution

The problem investigated by this thesis entails a) identifying deficiencies in current
procedures for assessing expansive clays, since they are evidently not reliable
enough to enable rational design to provide economically feasible foundations with
an acceptable probability of an acceptable lifespan, and b) the possibility of finding
reliable alternative procedures for this purpose.

Currently the only procedure widely considered able to give reasonable probability
of an acceptable lifespan is the removal of clay and replacement by inert fill
(Lawson, 2006). This is not an economically feasible alternative for many projects.
The papers presented in chapters 2 to 12 of this thesis demonstrate that two major
features appear to play a very significant role in the inadequacy of current
procedures. These are a) inability of current particle size determination procedures
to correctly measure clay fraction and b) variability in heave potential of clay soils
over spatial ranges of apparently fractal proportions. The papers presented show
that the errors in clay fraction determination can be very large and the coefficient
of variation can be extremely large. A solution to the problem of particle size
distribution for soils which contain a significant clay fraction has not yet been
found, and until such a solution is forthcoming the only answer offered is to avoid
methods of assessment which rely on PSD.

A solution to the problem of large COV of expansive potential has been suggested,
i.e. the use of Reliability Based Design. It appears that the multiple small-scale
suction potential measurement procedure described in Chapter 7 can quickly and
easily give suitable inputs for Reliability Based Design, which should be able to
provide an acceptable probability of failure for light structures on expansive clays.
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CHAPTER 2:

SOME

SHORTCOMINGS

IN

THE

STANDARD

SOUTH AFRICAN TESTING PROCEDURES FOR
ASSESSING HEAVING CLAYS
2.1

Abstract

Design of foundations for most light structures in South Africa, and in particular for
low cost housing, relies heavily on particle size analysis and the determination of
Atterberg limits. The tests for these properties are currently performed in
commercial materials testing laboratories using the procedures of CSIR’s
Technical Methods for Highways Part 1 (TMH1). SANS 3001 is being phased in to
replace TMH1. Both are primarily concerned with road construction. Investigations
at the Central University of Technology indicate serious shortcomings in both of
these norms in the context of foundation design for light structures. Highly plastic
material is not usually used as road construction material, and these methods may
be adequate to simply identify material so plastic that they should not be used in
road construction. Structural foundations, particularly for low-cost housing, do not
usually have this option; it is essential to estimate the actual heave potential. This
investigation suggests that some of the changes proposed in SANS 3001 may be
beneficial for heave assessment but the most likely application of SANS 3001
could be unsatisfactory in many cases.

Keywords:

Expansive clay, TMH methods, SANS 3001, Liquid Limit, Plasticity

Index, Linear Shrinkage

2.2

Introduction

Semi-arid and dry sub-humid areas in South Africa and many other parts of the
world are noted for heaving foundation problems. Intense seasonal rainfall and
lengthy intervals of drought lead to soils alternating between desiccation and
saturation. Some types of clay minerals, particularly the smectite group, change
volume powerfully with change in moisture content.
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The behaviour of clay depends on its physical and chemical make-up. Detailed
analysis of the structure and composition of clay is time-consuming and depends
on sophisticated apparatus and highly skilled personnel. Experience has shown
however that valuable insights can usually be gained by simple tests performed
with inexpensive equipment. The tests on which most engineers in South Africa
make their assessments are detailed in CSIR's Technical Methods for Highways
No. 1 (CSIR, 1986). SANS 3001 Civil engineering test methods (SABS 2011) is
being phased in to replace the TMH1 methods. The SANS 3001 procedures are
similar to the TMH1 methods with a number of modifications. There is
considerable resistance to the introduction of SANS 3001, since some of its
procedures are commercially unattractive.

The methods examined here are:

(1)

Liquid Limit - TMH1 Method A2 (SANS 3001 GR10, GR11, GR12)

(2)

Plastic Limit and Plasticity Index – TMH1 Method A3
(SANS 3001 GR 10, GR11, GR12)

(3)

Linear Shrinkage - TMH1 Method A4 (SANS 3001 GR 10).

Note: Linear Shrinkage determination was removed from TMH1 in the latest
edition, but it has remained as one of the “foundation indicators” (TMH1 (1986) A1
– A6) offered by commercial laboratories. Its re-introduction in SANS 3001 GR10
is stated to be for assessing the shrinkage product of wearing course gravels. The
methods of preparing samples on which these test are performed (TMH1 A1 (a),
SANS 3001 GR1, GR2) play a vital role in the effectiveness of these tests and
some aspects of their influence are considered in Preparation of material.

It appears possible that the above methods (in TMH1 form), if strictly followed,
may give acceptable results in many cases for highway applications. Highly plastic
clay is usually rejected as a construction material in highway construction. The
TMH1 and SANS 3001 tests may be adequate for simply identifying materials so
plastic that they must be rejected or given special treatment.
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Light structures in general, and low-cost houses in particular, have limited
prospects for removal of problem material. Removal is too expensive and the
engineer must usually design foundations which can cope with heaving clays,
rather than avoid them. To make matters worse, very little of the budget is
dedicated to soils testing and the most economical procedures are favoured.

These considerations are particularly relevant to Housing Subsidy Scheme
projects, where many houses have suffered severe distress due to the activity of
heaving clays. Poor assessment of heave potential due to shortcomings of current
testing procedures may be one of the reasons for this. It should be noted that it is
possible to have soils tests performed by academic institutions and specialized
geotechnical laboratories. These services appear to be rarely, if ever, sought in the
case of economic housing projects since they come at a premium and the
allocation for geotechnical investigation is extremely small. Only commercial
materials testing laboratory services are considered in this investigation.

2.3

Reasons for the Current Investigation

Concern over a large number of failures in subsidy houses led to a series of tests
being carried out on clay soils from a development project at Botshabelo in the
Free State. Samples of a raw, un-dried, un-sieved soil (extracted from a test pit in
a very moist condition) consistently gave a Liquid Limit (LL) of 67 and Plasticity
Index (PI) of 43 with scatter in results of ± 1,5. The same soil, tested in an
accredited materials laboratory using their normal preparation method (stated to
be TMH1 A1 (a)) gave LL 50 and PI 25. When the commercial values were used in
the heave prediction methods of Van der Merwe (1964) and Savage (2007) the
estimated heave was approximately half that given by the “raw sample” values.
Reasons for the apparent anomaly were sought. One possible source of error is
the Casagrande apparatus specified by both TMH1 and SANS 3001. It is widely
considered to be susceptible to operator bias, and has been replaced by falling
cone apparatus in the standards of many countries. The possibility of using this
apparatus in South Africa has been examined by Sampson and Netterburg (1984),
but their conclusion was not very attractive. Correlations with TMH1 and standards
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from elsewhere were not always straightforward, preparation of samples for testing
had certain disadvantages and it was not preferred by testers. The fall cone was
not adopted in SANS 3001. Its suitability for South African use is currently being
re-investigated at the Central University of Technology (CUT) in Bloemfontein.

To gain an approximate measure of operator bias and other possible sources of
error in the current procedures a team of six testers tested a range of clay soils at
the geotechnical laboratory of CUT. The number of testers was reduced to four
after the general magnitude of operator influence had been established. These
tests suggest that there are, indeed, deficiencies in the usual implementation of
the TMH1 procedures, but operator error cannot account for their magnitude.
Some of the deficiencies may have been addressed in the SANS 3001 methods,
others not. It is proposed here to examine the more familiar TMH1 Methods first
and then consider the implications of the SANS 3001 modifications.

2.4

Preparation of Material

Preparation of material for grading and indicator tests is specified in TMH1 Method
A1 and SANS 3001 GR1, GR2, and GR5. Since the commercial “foundation
indicator tests” employ Method A4 from TMH1 (1986) this is the version here
considered. Method A1(a) includes steps 3.4 Boiling and Washing and 3.5 Drying
and disintegration of fines. Personal discussions with laboratory personnel and
comparison of results from commercial laboratories with those obtained at CUT
and at the Soil Science Department of the University of the Free State suggest that
these two steps may be omitted in many cases. These steps consume time,
laboratory space and energy. This investigation found that in many cases this will
lead to only small differences in the Atterberg Limits. In other cases, however, the
omission of these steps may lead to their under-estimation as well as underestimation of the clay fraction, see Influence of preparation procedures. Jacobsz
and Day (2008) raised concerns about the reliability of results from commercial
laboratories, and noted at least one laboratory estimating linear shrinkage by
dividing the PI by two. If short-cuts are made in the preparation of samples then
other properties could also be unreliable.
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SANS 3001 describes three different methods of preparation; GR1 for wet
preparation, GR2 for dry preparation and GR5 for wet preparation at low
temperature. GR5 is recognition that something may be unsatisfactory with the
normal preparation procedures, but its implementation is optional “when it is
expected that heating of the fines will significantly alter their properties”. No
mention is made of who is responsible for the decision to employ this procedure.
While one would expect the engineer to take this responsibility, when a
commercial laboratory manager was asked about this he reported that he is often
told to make all relevant decisions since he is a testing specialist.

The GR5 procedure is very time consuming. In the case of high plasticity clays, the
procedure took typically 3 days in the oven at 45 degrees, one week or more out of
the oven. While the oven is set at 45 degrees it cannot be used for its normal
purposes and basins of suspended fines take up a large amount of space. This
method of preparation would therefore involve higher costs than GR1 or GR2,
leading to the following considerations: - i) It is unlikely that the testing technician
would be given the responsibility of choosing to do such a protracted test. ii) The
laboratory manager could incur the displeasure of his client if he presented a bill
more expensive than expected. iii) To prove that the procedure was necessary, it
would be necessary also to prepare and test samples using method GR1 and
demonstrate a significant difference. iv) Few clients are likely to be in a position to
assess heat sensitivity and actually specify the procedure. v) Most clients are very
concerned about keeping costs low. Such considerations suggest that method
GR5 will not be performed by the majority of South African commercial
laboratories – certainly not for low-cost housing projects.

2.5

Atterberg Limits

2.5.1 Liquid limit

The LL is determined by TMH1 Method A2, Determination of the Liquid Limit of
soils by means of the flow curve method. The body of this method describes the
determination of the flow curve by three tests with the Casagrande apparatus.
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There is a note at the end of the method. “It has been found that the Liquid Limit of
certain materials is influenced by the mixing time. Hence it was considered
necessary to stipulate a mixing time and a period of ten minutes was decided
upon.” This key point will be addressed in Testing of samples.

Following the specification of the flow curve method is clause 5.2 One-point
method in which it is noted that the Liquid Limit may also be determined using only
one test. There is the provision in clause 5.6 “In the case of dispute the flow curve
method shall be the referee method”.

Commercial laboratories strive to make their services competitive and affordable to
their clients; they therefore almost exclusively opt for the one-point procedure.
They also interpret the note concerning the mixing time of 10 minutes to mean that
the total time, from adding the first drop of water to the fines powder until testing in
the Casagrande cup, is to be exactly ten minutes.

SANS 3001 details three different tests for Liquid Limit determination, a one-point
method (GR10), a two-point method (GR11) and the three-point flow curve method
(GR12). There is close similarity to the TMH1 procedures and there is even
stronger emphasis on the mixing time limit of 10 minutes. It is recommended in the
introductions to both GR10 and GR11 that the three-point flow curve should be
used where a PI greater than 20 is expected; but it is not specified who makes this
expectation, nor is it specified as the referee method. Similar considerations to
those which make the use of GR5 very unlikely apply to GR12. Most laboratories
will probably continue to perform the one-point method in all cases. It should be
noted that the most common method of estimating heave is that of Van der Merwe
(1964). That method relies on the PI, which at the time the method was devised
was always deduced from the 3-point flow curve and there was no ten-minute time
limit.

2.5.2 Plastic limit and plasticity index

TMH1 Method A3 and SANS 3001 GR10 specify similar procedures for
determining the PL and PI. Both specify the use of wet material remaining after LL
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determination and after filling of the shrinkage trough. This makes it likely that for
expansive material the PL will be determined at least thirty minutes after
saturation. This has important consequences as addressed in Results and
observations and Testing of samples below.

2.5.3 Linear shrinkage

TMH1 Method A4 and SANS 3001 GR10 both specify placing the trough in the
oven after filling. GR10 specifies that this should be done immediately after filling
(section 6.2.2.1) and it emphasizes that there should be no air drying before
placing in the oven. This is addressed in Results and observations and discussion
and comments.

2.6

Tests Performed to Assess the Reliability and Consistency of these
Specified Procedures

Samples were prepared according to TMH1 Methods A1(a) with and without steps
3.4 and 3.5 i.e. boiling, washing, drying and disintegration (corresponding to SANS
3001 GR1 and GR2). The samples were prepared from oven dried (105-110°C)
material passing the 0.425 mm sieve. Since comparison with commercial results,
and with tests performed by the soil science department of Free State University,
suggested that steps 3.4 and 3.5 were probably usually omitted in the commercial
procedures, comparisons with commercial values shown here are from tests on
samples where these two steps were omitted unless specifically noted. Tests
performed on samples whose preparation included these two steps usually
showed only small differences in Atterberg Limits but sometimes large differences
in clay fraction. A range of soils, mostly from the central Free State, was used.
These samples were drawn from one major geotechnical investigation and several
smaller investigations in the central Free State and a handful of samples from the
Western and Northern Cape and Gauteng. Screening tests on about sixty of the
samples showed acceptable agreement with commercial laboratory Atterberg
Limits for predominantly sandy soils while clayey soils gave less good agreement.
From approximately 200 available samples, thirty predominantly clay samples
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covering a wide range of plasticity, location and sampling depth were selected for
detailed testing.
Five samples were used for comparison of the one point and the flow curve
methods. In the case of very plastic clays the discrepancy was considerable. It
was deduced that at least part of this difference could be due to time dependence.
The flow curve method provides more time for the sample to absorb water than the
one-point method does. Tests were performed to monitor this time dependence for
a range of 22 clayey soils - 20 from the central Free State, one from the Northern
Cape, one from the Western Cape.

The procedure involved rapidly adding an amount of water commensurate with the
commercial value of LL at the start of the test. This ensured that all of the dry fines
came into contact with water at the start of the mixing process. In the commercial
procedure water is added very slowly and in the case of very plastic material some
of the fines remain dry far into the mixing process. Mixing was performed (with the
addition of more water as needed) until the slurry was suitable for testing in the
Casagrande apparatus. The time of adding the first water and the times of testing
were recorded. Each tester determined the Liquid Limit four, five or six times. The
first result was obtained as quickly as possible; the remainder were spaced over
about one hour.

In the case of highly plastic material it was noted that water was initially absorbed
by the fines very quickly. In transferring material from the mixing bowl to the
Casagrande cup for the first test of each series it was not uncommon for the slurry
to have stiffened beyond the point where a successful test could be made. It
needed considerable practice to achieve a result in less than 5 minutes. After
Liquid Limit tests the remainder of the paste was used for Linear Shrinkage and
Plastic Limit tests.

2.7

Results and Observations

Figure 2.1 shows results of three point tests for a firm grey-olive residual clay from
the Central Free State compared to one-point results from a commercial
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laboratory. The 3-point results give LL 71 ± 2 and PI 42 ± 1 as against the
commercial laboratory value of LL50, PI 24.

Figure 2.1: Three point tests compared to one-point results.

Table 2.1 summarizes the results for the five clays tested.

Table 2.1: PI: commercial one point and measured flow-curve values
PI

PI

Difference

commercial

3-point

(3pt – c)/c

Black stiff transported clay

25

36 ± 2

44%

Grey-olive firm residual clay

24

42 ± 1

75%

Black firm transported silty clay

22

32 ± 2

45%

18

27 ± 2

50%

17

22 ± 1

29%

Description

Orange-banded yellowish-grey
stiff sandy clay
Dark brown firm transported
sandy clay

Figure 2.2 shows typical plots of PI against time for four clays from the central
Free State. Trend lines and upper and lower envelopes have been added. The
trends of the envelopes and the best-fit (logarithmic) curves suggest an initial rapid
increase in PI slowing noticeably after about 20 minutes. Rapidly changing PI
appears to be accompanied by increased scatter. Results from individual testers
suggest that values may not change smoothly with time.
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Figure 2.2: Plots of variation of PI against time for four clay soils.

Less plastic clays were found to give generally less time dependence, and also
less scatter in results. Results from a non-expansive, low CEC, low suctionpotential clay from the Western Cape can be seen in Figure 2.3. The small scatter
allows the possibility of insight into operator bias. No attempt was made to
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rigorously assess this factor, but it appears to be too small to account for the
observed discrepancies.

Figure 2.3: Variation of PI with wetting time for a non-expansive clay.

Little time dependence is evident in figure 2.3 and scatter of results is small; the
values determined by individual testers suggest a range of operator bias in the
region of ± 1. For the 22 samples tested the apparent increase in PI was less than
5 in 8 cases, between 5 and 10 in 9 cases and greater than 10 in 5 cases. Plastic
Limits were found to correspond quite well with those from commercial
laboratories. Saturated material remaining after completion of the LL procedure is
used for PL determination; the time involved is probably sufficient to approach a
stable moisture condition in most cases. It was found that Linear Shrinkage of
highly plastic clays was poorly assessed using the stated procedure of placing the
trough in the oven immediately after filling. Such clays tend to shatter and arch to
such an extent that reconstructing the sample for final measurement is difficult.

Widely different values of LS were given by different specimens of the same clay.
When samples were left to air dry for a period these problems reduce significantly.
Samples of the same soil left for 24 hours, 48 hours and 76 hours before oven
drying showed that the Linear Shrinkage value and the consistency of results
increase with time of air drying. Samples left to air dry until shrinkage stopped
rarely showed pronounced arching and sometimes reached Linear Shrinkage
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almost double the value of immediately oven-dried specimens. Air drying probably
models shrinkage in the field far better than oven drying. Less plastic soils were
less seriously affected by immediate oven drying. While the current LS procedures
may be satisfactory for assessing the shrinkage product of wearing course gravels
they are not at all suitable for the foundation indicator tests offered by commercial
laboratories. Figures 2.4 and 2.5 show the effect of drying of the same firm greyolive residual clay that was used in the LL and PI tests (Figure 2.1).

Figure 2.4: Oven-dried sample of. firm grey-olive residual clay

Figure 2.5: Air-dried sample of the same clay.
Figure 2.6 shows the linear shrinkage (air dried) of two clay soils. Free swell, CEC
and suction tests suggest that the upper clay soil (commercial PI = 12) is nonexpansive and the lower clay soil (commercial PI = 25) is very expansive. The
Linear Shrinkage gives graphic confirmation.

Figure 2.6: Contrasting high and low linear shrinkage.
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Figure 2.7 air-dried samples of some of the soils used in this investigation – the
range of linear shrinkage shown here is from less than 5% to just over 20%; the
red clay second from left is a raw (un-sieved, undried) sample from Gauteng which
received no preparation other than mixing with de-ionised water (raw PI = 42); the
samples on either side of it were extracted by wet preparation from two Free State
soils and were not added back to the dry-sieved fines (PI = 49 and PI = 46); raw
samples typically show more fracturing than fines-only samples; linear shrinkage
of air-dried samples corresponded well with several heave indicators not dealt with
in the TMH1 and SANS 3001 procedures.

Figure 2.7: Shrinkage troughs with air dried samples.

2.8

Influence of Preparation Procedures

In many cases particularly for granular soils it was found that omitting steps 3.4
Boiling and Washing and 3.5 Drying and disintegration of fines from the TMH1 A1
(a) procedure (equivalent to using SANS 3001 GR2 instead of GR1) made little
difference to the Atterberg Limits. In the cases where it did make a difference the
effect on both Atterberg limits and clay fraction could be very significant.
Investigation of these cases usually revealed a fraction of extremely active clays,
having very high suction potential and able to bind fine material to form grains of
high strength (tensile strengths greater than 7 MPa were measured in some
cases). Grinding of these grains with a rubber-tipped pestle failed to reduce them
from gravel to powder in a reasonable time. Up to 70% of some soils appeared to
be gravel, but with wet preparation much of this material passed the 0.425 mm

36
© Central University of Technology, Free State

Chapter 2
sieve. One such sample (Photo 5) was shown to a commercial laboratory
manager. He assessed it as mudstone gravel not suitable for PI testing. In some
cases, clay separated out during wet preparation was found to have very high LL
and PI (LL>80, PI>40). This may be significant in view of the warning by Rogers et
al. that the behaviour of any type of soil may be controlled by swelling clay if it
contains more than 5% clay by weight. Figure 2.8 shows material retained on the
0.425mm sieve after prolonged grinding in the mortar; despite appearing to be
hard gravel, more than 80% of this material passed the 0.425mm sieve with wet
preparation.

Figure 2.8: Material retained on the 0.425mm sieve.

It was found that plastic materials which show time dependence after oven drying
at 105° to 110°C showed little time dependence after GR5 preparation. This
appears to confirm that the time dependence may be due to removal of water from
the structure of the clay during oven drying. Procedure GR5 may be essential to
obtain realistic LL and PI for highly plastic clay when the current ten-minute testing
time is used, but allowing adequate time for water re-absorption may make GR5
unnecessary. The possibility that oven drying may permanently alter properties of
some clays are currently being investigated.
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2.9

Discussion and Comment

Commercial laboratories need to deliver competitive services. Clients are often
under both time and economic pressures. Commercial procedures must therefore
be as simple, quick and economical as possible. This investigation suggests that in
many cases – particularly for sandy soils - procedures being commonly performed
commercially may give acceptable results. In the case of highly plastic material
they do not. The SANS 3001 procedures, if followed strictly, would possibly give
satisfactory results in most cases. Discussions with commercial laboratory
personnel suggest that it is unlikely that these procedures will be followed strictly
because of time and cost implications and the discretionary nature of some
procedures.

2.9.1 Preparation of samples

Certain materials will only give meaningful Atterberg Limits when wet preparation
is performed. Wet preparation is time, space and energy consuming, and it
appears that it may be frequently omitted in many laboratories. In some cases,
omitting wet preparation may have minor consequences for the Atterberg limits
and it may be primarily for high plasticity materials that it is essential. Its omission
has drastic consequences for clay fraction determination in some cases.

Whether samples are prepared according to TMH1 A1 (a), SANS 3001 Gr1 or
GR2, the specified one-point LL procedures give poor results for highly plastic
clays. The use of GR5 (wet preparation at low temperature) appears to have the
potential to solve this problem. However, the economic consequences of the
method are such that it is almost certain that GR5 will not be used commercially.
Small changes to the normal testing procedure may render GR5 unnecessary.

2.9.2 Testing of sample
2.9.2.1 Liquid limit
Some deficiencies apparent in the tests for Atterberg limits seem to be specifically
dependent on the 10-minute mixing time. This limit may be linked to the findings of
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Kleyn et al. (2009). Their paper deals with the assessment of decomposed dolerite
gravel for use in road construction. It deals with materials of very low plasticity.
They found an increase in PI from 2 to 7 with extended mixing. They express the
opinion that prolonged mixing of the gravel may break down the grains and expose
more of the dolerite’s montmorillonite component to water and thus allow the
mineral to exert its swelling potential. They give a graph of measured PI against
mixing time which shows great similarity (though in a much lower range) to some
of the curves found in this investigation for active clays.

Figure 2.9 shows the variation of PI as determined by one tester; (a) five data
points; mixing time: 10–30 min for a decomposed dolerite gravel (Kleyn et al.
2009), and (b) for a plastic clay (tester C vd W from Figure 2.2 (a)).

Figure 2.9: Time variation of PI for dolerite gravel and plastic clay
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The mechanism proposed by Kleyn et al. (2009) is unlikely to be the correct
explanation for the time dependence investigated here. Raw, un-sieved wet clay
samples which required the addition of little water and little mixing time, gave
values of LL and PI much higher than those given by a commercial laboratory
which observes the 10-minute mixing time. In the timed tests LL and PI values
were usually above the commercial laboratory’s values even when the mixing time
was less than 5 minutes (Figure 2.2). This investigation suggests that the problem
is not that of breaking down soil particles, but of not allowing sufficient time for
reintegration of water into the structure of the dried clay before performing the test.
The similarity of the Kleyn et al. (2009) curve to some of those in this investigation
suggest that the change in PI of their samples could be at least partly due to the
montmorillonite fraction being given time to absorb water, and that such material
might be less suitable for road construction without treatment than the ten-minute
test suggests. Even if Kleyn et al. (2009) are correct that longer mixing breaks
some of the particles, tests at CUT have found decomposed dolerite to be porous.
The montmorillonite fraction will therefore eventually gain access to water and
swell in any case.

2.9.2.2 Plastic limit

The PI is the difference between the LL and the PL. The PL is determined using
material left over from the LL test after the filling of the shrinkage trough. The
procedure makes it almost certain that the sample will have been fully saturated
for a considerable period before the PL can be obtained. This investigation found
acceptable agreement with commercial laboratory PL values whether LL-timedependence was present or not. As a consequence, the differences in numerical
values of PI and LL are comparable; but the percentage differences are far
greater. For the clay mentioned above, the commercial laboratory values were
LL50, PL25, PI 25, whereas the values for the un-dried sample were LL67, PL24,
PI 43. The PL differs by only 1, the LL differs by 17 (i.e. 34% above the
commercial lab value) and the PI differs by 18 (i.e. 72% above the commercial lab
value). The PI is the most commonly used indicator of potential heave, and this
discrepancy is very serious.
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2.9.2.3 Proposed amendment to liquid limit procedure

A simple procedure is proposed to address this problem; a procedure which meets
the 10-minute mixing requirement of TMH1 and SANS 3001. It is suggested that it
could be used until an alternative can be standardized. It is very easy for an
experienced tester to recognize a sample which will have a high LL; it is usually
obvious with the first addition of water to the oven-dry fines. While not all soils with
high LL show time dependence for water intake, all of the clayey soils which this
investigation found to be markedly time-dependent do have a high LL. It is
proposed that as soon as a tester suspects a high LL, then sufficient water to bring
the sample close to the LL be added in the first 5 minutes of mixing. The sample
should then be covered and set aside for at least 30 minutes (allowing the testing
of another sample), after which the mixing procedure should be resumed for a
further 5 minutes and the remainder of the test continued as normal. Section
6.1.10 of SANS 3001 GR10 should be ignored. The economic implications of this
proposal would be small. Probably only a small percentage of samples would need
this treatment, which is itself minor. It is far more likely to be embraced by
commercial laboratories than the blanket application of SANS 3001 to all samples.
Simple procedures for identifying soils which need special treatment, and
inexpensive procedures for dealing with them reliably and effectively are being
sought. It is hoped that they can be incorporated in an economically viable revision
to SANS 3001.

2.9.2.4 Linear shrinkage

Soils containing very expansive clays contract so violently under oven drying
conditions that they often bend, shatter and produce very unreliable results in the
Linear Shrinkage trough. A trough without a base is specified for the case of
materials expected to have PI greater than 20. This type of trough reduces
bending and shattering and may give better results for highly plastic soils. The
“expectation” leading to its use would indicate a flow curve LL - with the same
considerations as in PREPARATION OF MATERIAL above. Even if it were
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actually used in the case of plastic clays, immediate placement in the oven at
105°C would guarantee a poor indication of shrinkage potential.

To be of value for the assessment of clays the trough should not be put into the
oven until the shrinkage limit has been almost reached. With this procedure the LS
gives a consistent indication of shrinkage from Liquid Limit to Shrinkage Limit and
probably models field conditions reasonably well. Linear Shrinkage appears to
have potentially more value for heave prediction than is currently being utilised.
Page Green and Ventura (1999) demonstrated that the Linear Shrinkage test can
give valuable insights for low plasticity road-building materials. Cerato and
Lutenegger (2006) demonstrated that it can give a fair approximation to the full
shrinkage curve. Investigations in progress at CUT suggest that it can indicate
cases where current methods fail to show true heave potential and give
confirmation when they do.

2.10 Comparisons with Standards from Elsewhere and Previous South
African Findings

The New York State Department of Transportation's specification for liquid limit
determination, Geotechnical Engineering Bureau (2007) recommends that where
possible clays should be tested in their natural, un-dried state (section 4.
Preparation of test samples). Where this is not possible section 6.2, Note 1 states
"Allow ample time for mixing and curing since variation can cause erroneous test
results. Some soils are slow to absorb water. Therefore, it is possible to add the
increments of water so fast that a false liquid limit value is obtained. This is
particularly true when the liquid limit of clay soil is obtained from one determination
as in the one-point method."

There is recognition of time dependence without warning that it is precisely the
most problematic clays which are at issue. There is also no warning that the "false
liquid limits" are always under-estimates and that they may be very severe underestimates. There is no guidance on how much time might be "ample time", but
there certainly is a clear warning about the inadequacy of the one-point method for
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clays. Rather than suggesting that extended mixing time affects the result by
breaking down soil particles the suggestion is that the time required for absorbing
water into the clay is the important factor.
Professor JE Jennings, one of South Africa’s most notable soils experts, habitually
advised his students to allow “ample time” for mixing and curing - also without
specifying just how much time is “ample”.

Indian Standard (IS 2720 (Part 5) 1985 - Reaffirmed 1995) does give specific
guidance. Clause 3.4.1 states “In the case of clayey soils, the soil paste shall be
left to stand for a sufficient time (24 hours) so as to ensure uniform distribution of
moisture throughout the soil mass.”

This again suggests that the time for which the sample is left in contact with water
is important, rather than that mixing may break down soil particles. While this
specification recognizes the possibility of time dependence and may be a safe way
to proceed, there may be few South African soils for which such lengthy curing is
essential. Storage of slurried samples for 24 hours needs additional containers,
labelling, record-keeping and storage space. S.A. standards frequently follow
British standards quite closely. BS 1377 also specifies a far more reasonable time
frame than TMH1 and SANS 3001.

Blight and Cheong (2012) note that it is well known that drying (even air-drying) of
some soils affects their properties and can lead to underestimate of LL and PI.
They recommend that Atterberg limits should therefore be performed without any
drying wherever practicable. This requires testing soil in a state as close to its
natural condition as possible, with only minimal processing for removal of large
particles. They point out that extended mixing (of soil in its natural condition) can
lead to increased LL and PI because of breaking down of cemented bonds
between clay clusters (a well-known feature of tropical and volcanic soils). This
series of tests found that where clay samples can be tested in the raw state (with
only removal of large particles where necessary) PI for the whole sample could be
considerably greater than that of the fines alone in the standard test.
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2.11 Some Theoretical Considerations

Non-expansive clays, typically Kaolinite, consist of alternating Silicon-based
tetrahedral sheets and Aluminium-based octahedral sheets. They form a structure
in which hydrogen bonds hold the pairs of sheets in stacks of the order of 1000
layers thick. When a soil containing such clay absorbs moisture, the water fills the
spaces between the individual soil crumbs, but does not penetrate between the
individual sheets of the clay structure itself. The clay does expand somewhat
(despite being called “non-expansive”) since the small size of the clay particles
(<0.002mm) leads to capillary suction which draws water into the tiny pore spaces
quite strongly. This suction is, however, not usually severe enough to cause
expansion against the pressure under the foundation of a building.

Expansive clays (e.g. smectites), on the other hand, consist of silicon-based
tetrahedral sheets and aluminium-based octahedral sheets which have suffered so
much corruption to the ideal structure (e.g. by substitution of aluminium3+ for
silicon4+ in the tetrahedral sheets and magnesium2+ for aluminium3+ in the
octahedral sheets) that the pattern of hydrogen bonds is disrupted and layers
become attached largely by electrostatic forces. The number of layers in the
stacks of these sheets may be very small, giving a thin, plate-like structure to the
clay particles. When such clay is allowed to take in moisture, not only the pores
between individual grains are filled, but water is drawn in between the individual
layers, which move apart to admit water-borne cations attracted by the unbalanced
electrostatic forces on the sheets. The spacing of layers is of molecular
dimensions. The suction is extremely high, so the expansion can take place
against a considerable pressure, but the spacing is so small that an appreciable
amount of time may be needed for water to be drawn in. Such considerations lead
to the question of how long it takes for water to be drawn into the structure of
expansive clays, and whether the procedures of TMH1 and SANS 3001 allow
sufficient time for this hydration to take place.
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2.12 Conclusions

The TMH1 methods have long been standard in commercial laboratories
throughout South Africa. The way these methods are currently being applied is
convenient and economical but unsatisfactory for assessing clays under
foundations of light structures. The introduction of SANS 3001 to replace the TMH
methods might address shortcomings in this regard if all of its procedures were
strictly employed. The discretionary nature of critical procedures and their cost
implications,

however,

makes

their

employment

unlikely.

Introduction

of

procedures to address the cases where the TMH methods are not satisfactory is
suggested as an alternative at least for the “foundation indicator” tests. It appears
that relatively small modifications to the current methods may be sufficient in many
cases to provide more reliable values for these indicators for active clays. These
minor changes would have relatively minor economic implications and would be
more attractive to commercial laboratories and their clients than SANS 3001 in its
current form.

Two further points are offered for consideration:
(i)

Kitcher (1980) showed that records of damage to small houses on heaving
clays suggest R 2150 spent on geotechnical investigation per house would
be economically justified to eliminate future repair costs. The figure
currently allocated for subsidy housing is approximately R104 per house.
The cost of heave damage at one 500-unit housing project visited by the
CUT Soil Mechanics Research Group in 2013 was more than R14 000
000.

(ii)

If geotechnical investigations are to be entrusted to engineers with
sufficient skill and experience to make valid assessments of what tests
must be performed, what procedures must be followed, and what
conclusions can be drawn from the results, then a realistic allocation of
funds will be needed.
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CHAPTER 3:

SHORTCOMINGS IN CURRENT METHODS OF
IDENTIFICATION

AND

ASSESSMENT

OF

EXPANSIVE CLAYS.
3.1

Abstract

The problem of damage to buildings caused by heaving foundations remains a
challenge in Africa. Recent developments in unsaturated soil mechanics have led
to theoretically convincing tools for dealing with most unsaturated soils problems,
but the parameters required to apply these methods involve tests so lengthy and
expensive that they are not feasible at this stage for economic housing projects.
Widely used empirical methods rely on simple, economical tests, but procedures
usually involved in these tests are primarily designed for road-building rather than
housing foundation purposes. There is a need for simple and economic
procedures tailored to the specific needs of light structure foundations.

3.2

Introduction

The problem of providing economic housing for lower-income communities is
widespread throughout Africa. In South Africa the government is attempting to
provide small subsidised houses for the very poor, while the economically
emerging see building a home for themselves as a high priority. Much of Africa has
semi-arid and sub-humid conditions which lead to generally shallow residual soils
subject to seasonal alternation of desiccation and saturation. Such conditions are
known throughout the world for giving expansive foundation problems. The
necessity of reserving easily worked, fertile soils for farming, and of avoiding
problem soils for essential and expensive services like roads, and airports may
result in problematic soils being allocated to housing by default. In the 1960s and
70s a great deal of work was done towards understanding and designing for
heaving clays. Much of the development in this field was funded by large mining
companies seeking solutions to problems with the housing they were providing for
their work force. Economic housing does not usually have the financial backing of
such companies today.
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At the 7th Regional Conference for Africa on Soil Mechanics and Foundation
Engineering, Pidgeon (1980) noted 14 methods of foundation design from
America, Australia and Africa and presented a comparison of the five most
promising among them. Since that time great strides have been made in the whole
discipline of unsaturated soil mechanics, of which expansive soils have
traditionally featured as a major part. It would be expected that in the 35 years
since that time the problems associated with foundations on heaving clay would
have been solved. Lawson (2006) makes it clear that this is not the case. He
observed that even among experience senior engineers who spend most of their
time working on expansive soil problems the only design solution which is
considered reliable is removal of the expansive soil and replacement with inert fill.

The situation was even more clearly highlighted by DG Fredlund (2009), perhaps
the world’s leading authority on unsaturated soil mechanics, who noted: “I started
in unsaturated soil mechanics by looking at swelling clay problems, where if you
get involved you usually lose money, it is not a good problem.” He then suggested
that geotechnical engineers turn to more profitable problems like environmental
protection. This suggests that the problem of heaving foundations is not even
close to being solved.

It is therefore not surprising that many economic houses are still being destroyed
by expansive clays. The authors have visited one housing project where almost 30
percent of the houses had to be demolished after becoming unserviceable due to
heaving foundations. At another project a house suffered such serious heave that
it lost its structural integrity before construction was finished. It had to be
demolished not many days after the first brick was laid.

Although this may not be financially a good problem to get involved with, it would
not be ethical to simply turn our attention to more profitable geotechnical problems.
There is a need to find a solution which can lead to acceptable foundations in at
least a large majority of cases. While the authors’ experience in this is primarily in
South Africa, their findings may be relevant to other countries since similar
conditions are quite widespread in Africa.
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3.3

Shortcomings in Available Methods for Dealing with the Problem

The most advanced methods available are mathematical. One need only to specify
the governing partial differential equations, the boundary conditions of the system,
the relevant parameters for the equations and readily available software will deliver
a solution. Unfortunately, as Fredlund (2009) has pointed out, the soil water
characteristic curve (SWCC) is the pivotal input parameter, for which he indicated
a typical cost of US $10 000. While approximations can be made to the SWCC for
preliminary design, Blight (2013) noted that if it is needed at all, then it must be
measured, since estimated values can only serve as very preliminary guides. For
some of the seriously expansive clays tested by the authors, more than six weeks
in the pressure plate apparatus was needed to measure just the first (0-900 kPa)
section of the SWCC. Such a test is not feasible for small housing projects from
both cost and time perspectives. Other parameters besides the SWCC must also
be determined. They also require considerable time and expense.

Alternatives to a fully mathematical unsaturated soil mechanics analysis are
considered in Nelson and Miller’s (1992) standard text on expansive soils, which is
widely considered the most comprehensive and authoritative guide available for
expansive foundation problems. Nelson and Miller (1992) consider three general
approaches to heave prediction: the use of the oedometer, the use of shrinkage /
suction curves, and the use of empirical methods.

Several procedures for estimating heave potential by means of the oedometer
have been devised. But there are well known shortcomings even for relatively
easily-handled soils. It is difficult to get undisturbed samples to completely fill the
odometer ring and imperfections in the cutting of samples lead to spurious results.
Tests by the authors have shown that expansive clays may take up to two months
to stop expanding after inundation under nominal loading. A meaningful oedometer
test on such clays is not feasible for a low-cost housing project. Nelson and Miller’s
(1992) examination of the odometer is lengthy, but the conclusion is that it is not
the best tool for solving the heave problem.
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Nelson and Miller (1992) indicate that the CLOD test, which entails direct
measurement of the shrinkage curve, may be the best method available.
Unfortunately, it involves coating samples with Saran resin, which is not widely
available in Africa; it is dangerous from a health point of view, and involves tests
spanning six weeks or more. Less toxic substitutes have been proposed to replace
the Saran resin, but the time for the test remains prohibitive. It has not been widely
adopted in the design of foundations in Africa.

Alternative methods for determining the shrinkage curve have been tried. In
Morocco, Bensallam et al. (2012) devised a method using direct measurement of
un-coated soils. No indication was given of the total time for a test, but they did
indicate six hourly intervals between readings and a final stage of 3 days’ oven
drying of the whole apparatus. This suggests a possible time-frame of the order
one or two weeks. This may be more feasible than the clod test, but the method is
skills, labour and equipment intensive, it does not appear to have become popular
and does not seem likely to be adopted by commercial laboratories.

It is therefore not surprising that the procedures widely used in practice depend on
empirical methods rather than on direct measurement of heave-specific
parameters. This approach bases estimates of heave potential on simple, quick,
economic tests, particularly the Atterberg limits and particle size analysis. The
most popular method in South Africa, and the only one dealt with in detail in
Nelson and Miller’s (1992) summary of empirical methods, is that devised by Van
der Merwe in 1963. Two improvements have been proposed - by Williams (1980)
and by Savage (2007) - but the method remains basically the same. After fifty
years of major technological progress no new method appears to have been
devised which has demonstrated its superiority to the point of convincing a
majority of engineers to use it. Paige Green (2004) noted that it is “somewhat
worrying” that little development has taken place in this regard since the 1980s.
Despite half a century of experience with these empirical methods there are still
large numbers of houses suffering heave damage, becoming structurally unsound
within a small fraction of their design lifespan.

49
© Central University of Technology, Free State

Chapter 3
Investigations by the authors suggest that a major contributing factor may be that
the procedures for determining the basic parameters are seriously flawed. The
soils testing procedures currently in use in commercial engineering materials
testing laboratories are primarily designed for road construction. Road construction
is concerned primarily with coarse-grained material; clay is usually rejected or is
given stabilization treatment of some kind. Sample preparation and testing
procedures which are suitable for granular soils are used for all samples, even for
those not intended for road construction.

3.4

Currently Used Parameters for Foundation Design

The parameters most frequently used currently in empirical methods of heave
estimation are the Liquid Limit (LL), the Plastic Limit (PL), the Plasticity Index (PI =
LL-PL) the Bar Linear Shrinkage (LS) and the percentage clay fraction. The
present investigation has found the current procedures for preparation of materials
and laboratory testing to be usually adequate for assessing typical road
construction materials, but very inadequate for assessment of heave potential in
clays.

3.4.1 Liquid limit, plastic limit and plasticity index

Sample preparation involves oven drying of soils, crushing, sieving and testing of
the fines fraction (the fraction passing the 425-micron sieve). The LL is found using
a one-point determination with a mixing time, from oven dry to testing in the
Casagrande cup of 10 minutes. Material remaining is used to fill the linear
shrinkage trough and to perform the PL test. Moisture contents are determined by
oven drying at 105°C to 110°C until constant mass. The PI of the fines fraction is
determined by subtracting the PL from the LL. This value is reduced by multiplying
by the fines fraction to give the gross PI of the whole sample.

Road construction involves re-working material, which is commonly transported
and re-compacted in a new position. Current sample preparation methods may be
a reasonable representation of such conditions. Economic housing does not allow
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for large-scale disturbance of the soil under foundations. The only disturbed and
transported material is normally a layer of selected fill under floor slabs.

There have been warnings (Blight, 2012), that inappropriate preparation
procedures may significantly reduce PI, particularly for the residual clays which are
common in semi-arid and sub-humid regions in Africa. Results of tests prepared
using the common standard procedures may therefore be relevant for road
construction purposes, but not for foundations of houses. Several samples of clays
from a number of different subsidy housing sites were tested using “raw”, un-dried,
un-sieved samples to which the only treatment was removal of visible large
particles and the addition of sufficient water to enable a LL determination. In each
case the “raw” PI for the whole sample was significantly greater than the PI of the
fines alone from the corresponding sample prepared using the standard
procedure.

Further tests showed that when dried fines are allowed to absorb water for longer
than the allotted time for the test, the measured PI increases significantly, initially
at a rapid rate. Since economic houses are almost always founded on natural
ground with minimal surface preparation, and since they are subject to wet-season
rains which may last for days, rather than minutes, it seems likely that the PI given
after minimum preparation on an un-dried “raw” sample is likely to be a better
indication of the heave that will actually occur than that given by the standard
laboratory procedure.

3.4.2 Linear shrinkage

The linear shrinkage test currently in use in South African laboratories uses
material left over from Liquid Limit determination. The shrinkage trough is filled and
immediately put in the oven at 105°C-110°C. This appears to be satisfactory for the
granular materials common in road building. Clay soils, however, tend to arch and
shatter when dried rapidly, making shrinkage measurement very inaccurate. The
same soil left to air-dry usually arches and shatters to a far smaller degree; the
linear shrinkage is often about double that of the oven-dried sample. Figure 3.1
shows eight linear shrinkage troughs all filled from one sample of raw, un-dried,
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un-sieved clay (LL 63, PI 40) which had given closure after 22 taps in the
Casagrande cup. Four were put into the drying oven at 105°C-110°C, the
remaining four were left to air dry for five days. The oven dried specimens are so
shattered that the linear shrinkage values (4.39, 12.04, 10.17, 7.16) are
meaningless. The air-dried values (15.14, 15.78, 15.05, 14.79) are all within 0.6 of
the average value, (15.19) and give a consistent indication of high heave potential.
Figure 3.1 shows the LS of a plastic clay when air dried (top) and oven dried
(bottom).

Figure 3.1: Linear Shrinkage of a plastic clay, air – and oven dried.

Clays under houses experience changes in moisture content slowly over a long
period. Oven drying gives a very poor indication of the shrinkage/swell likely to
occur in practice. A far more realistic indication would be given by a sample
consisting of the entire soil allowed to air-dry at normal temperature. Current test
methods for linear shrinkage systematically underestimate the heave potential of
expansive soils.

3.4.3 Clay fraction

Clay fraction is usually determined by hydrometer analysis. The unsatisfactory
nature of the hydrometer has been recognized for some time. Savage (2007)
noted that its unreliability could be due to the fact that clay particles may be platelike and not spherical, as assumed in the analysis, and also that clay particles may
be carried down rapidly by larger particles. He suggested that estimation of clay
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fraction by Skempton’s activity equation may be more reliable. The authors have
found that there are often very significant differences between clay fraction
estimated by this method and the hydrometer results given by commercial
laboratories. Precipitation tests have been performed on a number of clay samples
from economic housing sites. Soil was allowed to precipitate in an apparatus with
dimensions similar to a hydrometer. Significant clay content has been found in all
but the coarsest fraction precipitated. Estimates based on these observations
suggest that the hydrometer test may significantly underestimate clay content in
some soils, which in turn may lead to significant underestimation of heave
potential.

3.5

General Considerations of the Standard Methods

The only one of the commonly performed simple tests with the potential to be a
direct indication of shrink/swell potential is the linear shrinkage test. When
performed on whole samples and allowed to air dry there is a possibility that it may
give a direct indication of the behaviour of the in-situ material under a foundation.
The Atterberg limits and clay fraction may often give a useful indirect indication of
shrink/swell potential, but they do not give a direct value. Sridharan and Prakash
(2000) have shown that Atterberg limits can give values suggesting very low heave
potential for some expansive soils and indications of expansiveness in some soils
which actually have low heave potential. If the laboratory techniques currently
employed do not give reliable results for the heave potential of clays, then it is not
surprising that failure of foundations for economic housing schemes remains at an
unacceptably high level.

3.6

Conclusion

The design of foundations for small buildings on expansive soils is theoretically a
very difficult problem, it is far from solved, and a theoretically-rigorous approach is
impractical at this stage due to the cost and time required for determining the
necessary parameters. Removal of a significant amount of expansive material and
replacement by inert fill is also not feasible for most small structures, since the cost
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may be greater than the budget will allow. There seems to be little alternative but
to use empirical methods of design based on parameters which are quick and
economical to measure. These parameters should be directly relevant to
expansiveness of soils and should be determined using procedures suitable for
economic housing foundations rather than for road construction materials.
Currently used tests do not adequately satisfy these criteria.
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CHAPTER 4:

DUPLICATE TESTING CONDUCTED ON THE INPUT
PARAMETERS

FOR

THE

ESTIMATION

OF

POTENTIAL EXPANSIVENESS OF CLAY.
4.1

Abstract

This paper presents a study conducted on three active clay soils analysed at
seven commercial laboratories in South Africa. Commercial test results are often
used as input parameters for prediction models used to estimate potential heave
expected from active clays, especially when designing foundations for light
structures. This paper briefly looks at the typical results obtained from such
laboratories and comments on the correlation achieved.

4.2

Introduction

The American Society of Civil Engineers estimates that of all homes in the United
States, a quarter has had some damage caused by expansive soils. The financial
loss to property exceeds that of earthquakes, floods, hurricanes and tornadoes
combined. In Africa there exists a widespread problem of providing economic
housing for lower income communities. In South Africa the government is
attempting to provide small subsidised houses for the very poor. Most of South
Africa has semi-arid and sub-humid conditions (Weinert, 1980) which lead to
generally shallow residual soils subject to seasonal saturation and aridity. Such
conditions are known for giving expansive foundation problems.

Advanced mathematical solutions are available for heave prediction, but
unfortunately they rely on the input of the soil water characteristic curve (SWCC)
for which the typical cost is US $10 000 (Fredlund, 2009) - more than the cost of a
low cost house. Besides the cost, the time needed to develop the SWCC takes in
excess of 6 weeks. In practice almost all low-cost housing relies on empirical
methods – estimation of heave potential based on quick, simple and economical
tests. The most popular method in South Africa (Van der Merwe,1964), uses
Atterberg limits and particle size distribution These tests are also known as
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“Foundation Indicators”. Predictions of heave are only as reliable as the input
parameters. This paper focuses on the reliability of these input parameters in the
form of test results received from seven premier commercial laboratories.

4.3

Particle Size Analysis of Soil Samples

Particle size analysis of soil samples is a combination of grading analysis using
sieves with different size apertures and hydrometer analysis which uses settlement
and Stoke’s law to determine the finer fractions of a soil sample.

4.3.1 Grading analysis

Figure 4.1 shows results from a sample that was divided and sent to seven leading
commercial laboratories. The results show an acceptable variance. Results are
closely grouped from 13.2mm to 0.425mm. Sample preparation might have played
a role in divergence of results from 0.425mm to 0.075mm. The authors have noted
that details of the preparation of fines samples are critical and have a profound
influence on the end result obtained.

Figure 4.1: Grading analysis of Brandwag sample.
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Six of the laboratories used in this study are accredited with SANAS and conform
to the international ISO: 17025 standards, suggesting that the quality is well
managed and ensured. For each of the three samples analysed, the grading
analyses were reasonably consistent.

4.3.2 Hydrometer analysis

Hydrometer analysis is used to determine the various fractions of fines in a
sample. The method is based on Stoke’s law and is flawed due to several of its
assumption being dubious. Clay particles may be flaky and may have very large
specific surface areas (Whitlow, 2001). Hydrometer accuracy is doubtful for four
reasons (Savage, 2007), Stoke’s law assumes all particles are spherical, deflocculation may not be complete at the time of testing, clay particles are partially
carried down by larger particles and a relative density of 2.65 is assumed for all
particles, which may not be true. This is addressed further in section 4.3.3.

Figures 4.2 (a) and Figures 4.2 (b) indicate the variance obtained from different
commercial laboratories. Note that the values vary between 63% and 18% on the
Steelpoort sample (Figure 4.2 (b)), a difference of 45%.

Figure 4.2 (a): Hydrometer analysis of Botshabelo Sample.

57
© Central University of Technology, Free State

Chapter 4

Figure 4.2 (b): Hydrometer analysis of Steelpoort Sample.
4.3.3 Savage’s method to determine the 0.002mm fraction
Savage (2007) suggested using Skempton’s activity equation to relate activity to
the ratio (R) of the liquid limit (LL) to the plastic limit (PL) of a soil sample.
Savage’s analysis is as follows:

Activity = PI / P0.002

(4.1)

Where P0.002 refers to the percentage of material smaller than 0.002mm

Savage found an exponential relationship between the ratio LL / PL (R) from a
table of the activity values for Montmorillonite, Illite and Kaolinite published by
Cornell University in 1951.
Activity = 0.16R2.13

(4.2)

Using equations (4.1) and (4.2) the clay content can be established empirically as:
P0.002 = PI / Activity = PI / 0.16R2.13 = 6.25 PI.R-2.13
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The P0.002 value obtained is based on the PI that was tested, typically at P 0.425, and
does not represent the whole sample. The equation is adjusted to reflect the entire
sample (PIGross):
PI0.425 x P0.425 = PIGross

(4.4)

P0.002 = 6.25 PIGross.R-2.13

(4.5)

Table 4.1: draws a comparison between the hydrometer values for clay fraction
and those derived from Savage’s equation (4.5). In Table 4.1 it can be seen that
some of the results compare favourably, while those in italics are unacceptable.
Savage’s method does not consistently predict lower or higher values and the
values do not correlate well.

Table 4.1: Hydrometer P0.002 compared to Savage P0.002.
Sample

Lab1

Lab2

Lab3

Lab4

Lab5

Lab6

Lab7

Hydrometer

17

56

24

26

Savage

68

44

11

49

Hydrometer

49

58

33

44

56

50

47

Savage

51

27

18

44

40

43

36

Hydrometer

35

56

29

43

44

40

35

Savage

31

26

22

30

31

37

34

Steelpoort

Brandwag

Botshabelo

Figure 4.3: Steelpoort sample: Hydrometer P0.002 compared to Savage P0.002.
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4.3.4

Atterberg limits

Atterberg limits include the Liquid Limit (LL), Plastic Limit (PL), Plasticity Index
(PI = LL- PL), the Shrinkage Limit (SL) and Linear Shrinkage (LS).
Commercial laboratories in South Africa make use of the Casagrande – cup
apparatus and typically perform the LL test according to TMH1: 1986 Method A2,
which uses the same apparatus as the British Standard BS 1377-2. The authors
have found that sample preparation has a significant bearing on the results, which
may be responsible for the variance between the different commercial laboratories.
Figure 4.4 illustrates typical results obtained for one of the three different active
clay samples.

Figure 4.4: Brandwag sample results.

Based on Figure 4.4, it is clear that the LS values are relatively consistent, with
most laboratories within two per-cent of the average. The LL, PL and PI values
show a large variance, although there is a grouping of LAB2, LAB3, LAB5 and
LAB6 which seem to compare well.
Casagrande’s plasticity chart, as used by the Unified Soils Classification System
can be derived from the relationship between the LL and PI of a soil sample.
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Figure 4.5 shows the relationship between the liquid limit and plasticity index for
the Steelpoort sample.

Figure 4.5: Casagrande’s plasticity chart, Steelpoort sample.

4.4

Van der Merwe’s Empirical Method for the Estimation of Potential Heave

Van der Merwe’s method relies on the PI of the gross sample and the P 0.002 fines
fraction, which according to the British Classification is deemed to be the clay
fraction of a soil sample. For Van der Merwe’s method to give valuable output,
valuable input is required. This paper does not focus on the prediction model itself,
but rather the input parameters. For better understanding of the method, a
simplified example of the process follows:
PIGross is plotted on the y-axis and P0.002 on the x-axis as the “classification of
heave potential” curve, after (Van der Merwe, 1964). Figure 4.6 shows an example
of such a plot with values obtained from various laboratories using Hydrometer
analysis to obtain the P0.002 fraction. Table 4.2 and Figure 4.6 compare the
resultant heave potential to that obtained using Savage’s equation to determine
the P0.002 fraction.
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Skempton (1953) suggested using the relationship between the P0.002 fraction and
the Plasticity Index to give an indication of the heave potential of soils. He
proposed using slopes of less than 0.75 to refer to inactive clays, slopes of more
than 1.4 would suggest active clays and everything in between would be referred
to as normal clays. In Figure 4.6 those designations have been adjusted to reflect
slopes of 2.0, 1.0, 0.7, 0.6 and 0.5, with anything less than 0.5 considered inactive.
Table 4.2: Heave Potential (Hydrometer Analysis: Savage’s Equation).
Method

Lab1

Lab2

Lab3

Lab4

Lab5

Hydrometer

Medium

Medium

Medium

High

Low

Savage

Medium

High

Medium

Medium

Medium

Lab6
Very
High
Very
High

Lab7
Low

Low

Figure 4.6: Swell potential: Steelpoort sample

4.5

Conclusion

Seven leading commercial laboratories were tasked with performing “Foundation
Indicators”, which refer to the Atterberg Limits and Particle Size Analysis. Although
the physical sieving provided comparable results down to the 0.425mm sieve,
anything finer proved troublesome. The authors concluded that the problem
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probably lies with the preparation of the samples, as some details of preparation
were found to have a major impact on testing done “in-house”.
The Atterberg Limits were performed on fractions passing the 0.425mm sieve, and
preparation might have played a role there also. A grouping of laboratories
obtained results that compared well, while two laboratories found substantially
different results. The finer fractions, those passing the 0.075mm sieve, proved
problematic as not all of the laboratories use the same method, although
theoretically they should yield similar results. The results varied substantially and
the range between the highest and lowest P0.002 is alarming. It can be concluded
that using “foundation indicators” alone as the basis for empirical heave prediction
methods is a very risky approach and that other approaches need to be identified.
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CHAPTER 5:

ASSESSMENT

OF

CLAYS

BY

SMALL-SCALE

SUCTION TESTS

5.1

Abstract

The relationship between suction and water content gives crucial information about
a soil. The time and cost of determining the full soil water suction curve make it not
feasible for small projects like economic housing. A considerable range of soil
suctions can be determined easily and within a reasonably short time by using
small samples, simple suction control and a high precision balance. It appears that
in this way it may be possible to estimate heave potential and variability of soil
properties at reasonable cost in an acceptable time.

5.2

Introduction

The tests here presented aim to address problems with the current commercial
methods for foundation indicator tests. Usually such tests involve procedures
primarily intended for road construction materials and they frequently give poor
estimates of heave potential for high clay-content soils. Preoccupation with
economy points to a need for simple tests with minimum skilled labour content,
minimum opportunity for short-cuts and straightforward interpretation of results.
Tests should directly relate to heave potential, rather than general properties.
Suction potential gives an indication of how readily a soil can draw in water.
Change in water content is the cause of volume change. Suction potential should
be a good indicator of swell potential.

5.3

Indication of Shrink/Swell Potential

Kassa (2005) found that Atterberg limits are not a reliable indicator of volume
change under load. Sridharan and Prakash (2000) found that Atterberg limits can
sometimes indicate heave potential significantly higher or significantly lower than
reality. Atterberg limits remain, however, the most popular indicators of heave
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potential. The Linear Shrinkage test performed on raw soil samples and allowed to
air-dry slowly, gives a graphic indication of the extent to which a soil may change
volume with water content, but does not indicate the likely pressures involved in
this change of volume.

Clays expand when they draw in water. The force which can be exerted in this
expansion depends on the strength with which they can suck in water. The suction
of clays has long been recognized as a cardinal indicator of heave potential, but it
is one of the least convenient indicators to measure. The plot of suction from
saturation to desiccation is known as the soil water characteristic curve (SWCC).
The SWCC is an indispensable part of a full unsaturated analysis, but it requires
much time and skill to measure.

5.4

Recent Advances and Current Practice in Suction Measurement

Three papers presented at the International conference on Soil Mechanics and
Geotechnical Engineering in Paris 2013 dealt with advances in techniques of
suction measurement. Two other papers dealt with measuring suction in practical
engineering projects. Advances in dew-point potentiometer technology point to
extending the range of suctions measurable by this type of instrument (Macek et
al., 2013). The use of micro-porous membranes may allow quicker suction
measurement in the 0-30 kPa suction range (Nishimura, 2013). The use of a
centrifuge may speed up measurement in the 0 to 900 kPa range (Reis et al.,
2013). But in practical use, for assessing lime treatment on London Clay
(Mavroulidou et al., 2013) and for modeling the impact of climate changes on
embankments and cuttings (Mendes and Toll, 2013), Whatman No.42 paper
remained the method of choice. This time-honoured system takes two to six weeks
for a suction measurement and requires careful laboratory technique.
5.5

Small Scale Suction Potential Measurement

A more limited indication of suction potential can be found by allowing samples to
reach equilibrium at known temperature and humidity. Soil samples can be
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brought to equilibrium with saturated solutions of various salts (Blight, 2013).
Blight’s tests took typically 90 days. Although the equipment was cheap and
unsophisticated, and the skilled labour component not large, the time frame is not
feasible for normal engineering practice. The authors have modified the procedure
to give quicker results, making enquiry into some important questions feasible.

The procedure involves using small pieces broken from a soil specimen. Breakage
usually occurs along planes of existing weakness; the micro-structure and fabric of
the soil are not greatly disturbed. Samples are placed in small glass weighing
bottles with ground-in lids. When firmly closed, little air or water vapour leaves or
enters in the time taken for weighing. Samples are weighed on an analytical
balance and then placed with lids open in a container at controlled temperature
and humidity.

Equilibrium moisture content is a measure of the suction potential of the soil under
those conditions. Samples can be weighed periodically by closing the groundglass lid and removing from the controlled atmosphere to the analytical balance.
For most of the tests performed in this investigation suctions corresponding to
saturated solutions of KCl and NaCl were used, though a number of tests used
both higher and lower suctions.

Figure 5.1 shows curves of moisture content against time at constant suction for
samples of 30 clayey soils from housing developments in central South Africa. The
masses of the samples range between 25g and 35g. Starting water contents were
arbitrary. The equilibrium moisture contents at 22 MPa suction (corresponding to a
saturated solution of KCl at 20°C) vary from 3.6% to 12.6%.

There appears to be a correspondence between moisture content and possible
heave potential. Those with the highest water contents have Plasticity Index close
to 40, which would normally be considered an indication of high heave potential.
Those with the lowest water content have PI below 15, normally taken as an
indication of low heave potential.
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Figure 5.1: Thirty samples at 22 MPa suction.

These same samples were used to probe questions concerning differences of
behaviour in wetting and drying, and the possibility of permanent change in
properties due to oven drying.

Figures 5.2 to 5.4 show these 30 samples being tracked from equilibrium moisture
content at 22 MPa, through oven drying and re-wetting by absorption of water from
the air (Figure 5.2), wetting by the addition of a small amount of de-ionised water
and re-equilibrating at 22 MPa (Figure 5.3), saturation with de-ionised water and
re-equilibrating at 22 MPa (Figure 5.4).
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Figure 5.2: Thirty samples after oven drying.

Figure 5.3: Thirty samples after wetting.
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Figure 5.4: Thirty samples after saturation.

Figure 5.5 shows the water content reached by 30 samples at 22 MPa from initial
moisture content after oven drying, wetting and saturation as a bar chart. Samples
whose initial water content was very low are grouped predominantly on the left
side. Where the initial water content of the soil was well above its 22 MPa value,
oven drying significantly reduced the soil’s subsequent suction potential, and even
saturation did not restore the original suction potential. Where the initial water
content was well below the 22 MPa value, the soil was not so greatly affected by
oven drying and saturation could lead to higher retained moisture content at
22MPa. This suggests that Blight’s (2012) contention that air drying can lead to
permanent changes in some residual soils may commonly apply to many clayey
soils.

Alternatively, it may be a consequence of the well-known hysteresis property of
clays and a very high degree of saturation may be needed to regain the original
drying curve. This test also suggests that in the majority of cases, whatever
suction changes take place, the ratios of water content between the various
samples remain substantially the same. The possibility of consistent relationship
over a range of suctions were tested with 20 samples which were brought to
equilibrium at 37 MPa then 10 MPa and then 2 MPa.
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Figure 5.5: Water content reached by 30 samples at 22 MPa.
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Figure 5.6 shows that almost all of the samples maintained a consistent
relationship throughout this range of suctions. They also maintain this relationship
after oven drying. This suggests that a single determination at one suction may
allow estimation of suction potential over a considerable range of suctions. Figure
5.6 indicates equilibration of water content at 37 MPa, 10 MPa, 2 MPa and at 22
MPa after oven drying for the 20 samples.

Figure 5.6: 20 Samples: Equilibrium of water content.
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5.5.1 Reducing the time of testing

It could be expected that smaller samples would take less time to reach
equilibrium. Figure 5.7 shows plots of moisture content against time for seven
different-sized small samples of the same clay (PI = 40). The sample masses vary
from 0.71g to 8.4g. All seven samples reached equilibrium water content in
approximately one day. The equilibrium value reached by the 7 samples averaged
13.56% with standard deviation of 0.30%. The correlation coefficient with samplesize was 0.17, suggesting that there is no significant correlation between sample
size and test outcome for this range of sample masses (8g to slightly less than 1g).

16

7 samples of different sizes from one clod at 22 MPa

15
14

0.71g

13

w%

1.3g
12

1.8g

11

4.6g

10

8.4g
3.5g

9

0.8g

8
7
0

1

2

3

4

5

Time (days)
Figure 5.7: Equilibrium of 7 samples at 22 MPa suction.

5.5.2 Assessment of variability of soil properties

Soil is highly variable, and testing procedures usually lay stress on the need to
take a sample of adequate size from which a representative portion is obtained by
systematic mixing and division. The intent is to give characteristic median values.
Reliability analysis is an increasingly accepted technique for accounting for
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uncertainties in various aspects of geotechnical analysis (Phoon, 2008). Reliability
analysis needs an estimate of standard deviation as well as a median value of soil
properties. The procedure described above allows a direct assessment of the
variability of a soil by using a number of different small samples. The difference in
time involved in testing one, five, or even twenty samples is small, since the
samples are just weighed and put into a container where they are left to reach
equilibrium.

Preparation time is minimal - specimens are simply selected from any preferred
location in the sample. There is little scope for short-cuts in preparation. The soil
micro-structure remains substantially intact. For samples smaller than about 10g, a
time of only one or two days may be needed to reach equilibrium when suction is
20 MPa or more. The weighing procedure is quick compared to the time taken to
reach equilibrium - each weighing takes only a few seconds.

Table 5.1: Mean and standard deviation for 5 samples of 6 different soils
Average w% at 22
MPa

Standard Deviation

S1 Light brown clayey sand

7.12

0.23

S2 Dark brown clay

11.92

0.29

S3 Black clay

12.4

0.18

S4 Brown clay

13.86

0.32

S5 Light yellow silty clay

6.06

1.22

S6 Light brown sandy clay

11.09

1.76

Table 5.1 shows results for five specimens each of 6 widely different soils. The first
four show only small standard deviation, suggesting that variability is small and a
single test result would probably give a good representation of the properties of the
soil. The results for the fifth and sixth samples show substantial standard
deviation. Sample S5 is a kaolinitic clay presenting little problem for heave.
Sample 6 was taken from a subsidy housing project site where results of
foundation indicator tests suggested low heave potential but significant heave was
in fact, encountered. Ten more samples of the soil S6 were tested. The results for
the two tests were:
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7.98, 12.22, 11.67, 12.02, 11.58 Average 11.09, S. Dev. 1.76, 11.63, 11.72, 11.37,
11.23, 11.98, 8.11, 11.50, 11.76, 11.13, 11.37 Average 11.13, S. Dev. 1.11.
Most of these results give equilibrium water content at 22 MPa close to 12%,
indicating the probability of medium to high heave potential. There are, however,
two very different results, one in each set. Both are close to 8%, indicating far
lower heave potential.

These results suggest that in a very restricted area there is the possibility of major
variation in properties for some soils. They suggest the possibility that a single
laboratory determination of heave potential may give a misleading value and this
could be the cause of the damage which occurred in this case.

5.6

Conclusions

The testing technique described here, using very small samples subjected to
easily-controlled suctions, may provide a more convenient means of assessing
probable heave potential than current commercial methods. Very little sample
preparation is involved and there is little scope for short-cuts. A large enough
number of test samples can be used to gain insight into the variability of the soil
concerned without greatly increasing the testing time or labour cost.
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CHAPTER 6:

VARIABILITY IN SOIL PROPERTIES AND ITS
CONSEQUENCES FOR DESIGN

6.1

Abstract

Samples from one particular layer of one particular test pit may give widely
different results at different laboratories. Jacobsz and Day (2008) suggested
possible slipshod testing. It appears that testing is sometimes not done as
rigorously as it should be, but this does not convincingly explain all cases.
Badenhorst et al. (2015) suggested that preparation differences may be significant.
Preparation can lead to different results (Blight, 2012; Stott and Theron, 2015a),
but will also not convincingly explain some cases. Many soil properties are linked
to suction. A procedure for assessing suction potential with little sample
disturbance was described by Stott and Theron (2015b). This technique allows
reasonably rapid testing with little variation in preparation or testing procedure.
Tests performed on a range of soils show large differences in variability. It seems
possible that inconsistent laboratory results indicate that some soils cannot be
reliably assessed with current procedures.

6.2

Introduction

The variability of soil properties has been noted by many observers, (e.g. Singh
and Lee, 1970; Phoon and Kulhawy, 1999). There appears to have been relatively
little heed paid to this observation by many practicing engineers. Little attention is
usually drawn to it in tertiary level geotechnical engineering courses. Little
attention is drawn to it in many well-known soil mechanics text books. “Craig’s Soil
Mechanics” (2012) mentions variability in three places, Das (2006) makes no
mention of variability in either “Principles of Geotechnical Engineering” or
“Advanced Soil Mechanics”. It is mentioned once in “Soil Mechanics for
Unsaturated Soils” (Fredlund and Rehardjo, 1993) and once in “Unsaturated Soil
Mechanics in Engineering Practice” (Fredlund et al., 2012). Blight’s “Unsaturated
Soil Mechanics in Geotechnical Practice” (Blight, 2012) is one of few text books
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which not only stress the existence of variability but also point out the dangers of
ignoring it.
Perhaps, therefore, it is not surprising that it is common practice, at least in the
case of normal “bread and butter” engineering projects, to send one sample from
each distinct horizon from a test pit to one laboratory for the performance of one
set of a very limited selection of standard tests. There have been clear indications
that this method of working may be inadequate. Jacobsz (2013) described a
situation resulting from this procedure at an electricity substation. Samples from a
test pit were sent to a reputable laboratory where the usual Technical Methods for
Highways (TMH) (CSIR, 1986) foundation indicator tests were performed. Results
indicated that the soil had low expansive potential and no major precautions were
taken against heave in the foundation design. Significant heave damage did,
however, occur. Stott and Theron (2016) noted a case where samples from a
housing development were analysed by the “foundation indicator” tests from
TMH1. These tests indicated no risk of heave and the foundations and
superstructures were designed accordingly. Heave did, in fact, occur, and one
house became structurally unsound and had to be demolished before its
construction was even completed.

It is widely suspected that a prime cause of this situation is that engineering
materials laboratories may be slipshod in their testing procedures e.g. Jacobsz
and Day (2008). It has also been suggested that the tests may be critically
dependent on details of sample preparation, which vary between laboratories
(Badenhorst et al. 2015; Stott and Theron, 2015a). The warning of intrinsic
variability noted by, for example, Phoon (2008), however suggests that it may
rather be the normal practice of reliance on a single set of tests from each horizon
which could be unsound. It is almost certain that the main reason for relying on
only one test is the expense of multiple testing. This paper outlines an
investigation to assess the intrinsic variability of soils which requires relatively little
time and input of skilled labour and little increase in these inputs for obtaining a
significant number of results. It may therefore have the potential for indicating
intrinsic variability in an economically feasible way.
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6.3

Testing of Soils for Typical Southern African Projects

The majority of soils tests in Southern Africa deal with sites where moisture
content experiences marked seasonal variation and unsaturated conditions are
normal. Light structures like roads and low-rise buildings provide a significant
fraction of the samples tested. It has long been realized that soil suction is the
defining feature of unsaturated soils and unsaturated soil mechanics experts e.g.
Fredlund et al. (2012) affirm that the correct way to precede with any unsaturated
soils problem requires determining the Soil Suction Curve – also known as the Soil
Water Retention Curve or the Soil Water Characteristic Curve. All soils property
functions required for non-saturated soils analyses can then be derived by means
of this curve. Using these soil property functions, differential equations can be set
up, boundary conditions can be defined and fully automated solutions follow.
Unfortunately, the cost of producing the suction curve is quite high and the time
required is considerable. Such a costly, time-consuming procedure is not feasible
for most small Southern African engineering projects. Engineers continue to rely
on simple, inexpensive tests and analyses which have been in existence for
decades, but whose relevance and reliability may be questionable.
The Central University of Technology’s Soil Mechanics Research Group has
explored simple and potentially rapid suction tests as described by Stott and
Theron (2015b). These tests use well known principles (Blight, 2013), maintaining
samples at known temperature and humidity and using small sample size and high
precision weighing to achieve significant reduction in time to reach moisture
content equilibrium. One of the initial aims was to investigate the possibility of
using a single suction value to assess a soil’s expansive potential. This may seem
a very unlikely possibility, but as can be seen in Figure 6.1, the relative values of
water retention between various soils shows reasonable consistency over a
considerable range of suctions. It can be seen that equilibrium is reached
reasonably quickly for high suction/low water content conditions and much more
slowly for low suction/high water content conditions. For most of this test,
temperature

was

maintained

at

20 degrees ± 0.1 degrees Celsius. For part of the test the samples were allowed to
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follow laboratory ambient temperature which varied between 19 and 25 degrees.
This demonstrates the feasibility of performing such tests in very economical
circumstances.

Figure 6.1: W%: time for 10 clays at various suction potentials.
Figure 6.1 shows w% versus time for 10 clays: over NaCl, water and KCl at 20°C
and over water at 19°C to 25°C with wetting and drying incidents. Time to reach
equilibrium over water (low suction, high water content) is more than 30 days.
Time to reach equilibrium over NaCl (38 MPa) and KCl (22 MPa) is about 5 days.

Not all soils follow this pattern. Figure 6.2 show curves for five specimens each of
four different clayey soils, three of which follow the pattern of consistent
relationship of water retention with suction, but the fourth breaks away from the
pattern at low suction values and their curves cross over the curves of the other
three. This soil is not typical; it is an almost pure Kaolinite from the Southern Cape.
At high suction values the pattern of water content with suction variation is similar
to the other clays, but is different for low suction values. The range of suction
potential is also much larger than for the other soils at all suction values. This
break in the normal pattern has been noted in relatively few soils, and usually only
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for “pure” clays, which are not a common occurrence. An example can be seen in
Figure 6.3, which shows curves of multiple samples for each of four different soils.

Figure 6.2: Five samples each of four soils over KCl and over water at 20 °C.

Figure 6.3: Twenty samples (4 different clayey soils).

Figure 6.3 indicates 20 samples (4 different clayey soils) at 37 MPa, 10 MPa, 1
MPa, oven-dried and 22 MPa. The five curves in Figure 6.3 with circular markers
are for a clayey soil from Steelpoort in Limpopo. One of the curves (markers
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unfilled) does not maintain the usual pattern of constant relationship with the other
samples. The sample showing the non-typical curve is not a natural clay sample,
but was isolated from sediment in a settlement test of Steelpoort clay. It is pure
clay (probably montmorillonite) from the upper layer of sediment following wet
preparation. All of the other curves are for unprepared natural samples and all
follow the normal pattern of maintaining a substantially consistent relationship.

6.4

Assessment of Variability

A noticeable feature of Figure 6.3 is the variation indicated by the curves for the
different clayey soils. Most show little variation, but the Steelpoort clay (circular
markers) shows very large variation, from the highest suction by far to the lowest
suction by far. This observation of marked difference in variability led to a series of
tests using multiple samples of several clayey soils and an assessment of the
variability exhibited by these clays. Sample size was approximately 2-5 g. All
samples were simply selected from appropriately sized pieces in the sample bags,
or broken from larger lumps. They were then placed in glass weighing bottles with
ground in lids after no further treatment. The samples were maintained at constant
suction, either in a climate chamber or over solutions of various salts in a
temperature-controlled chamber, until constant moisture content was achieved
(usually from three to six days).

Figure 6.4 shows the results for 28 samples of Steelpoort clay at 28 MPa suction.
Samples were supplied by Prof SW Jacobsz on two separate occasions. Samples
were taken randomly from both batches. Both batches gave similar results, which
are combined in this graph. Figure 6.4 tends to confirm the impression given by
Figure 6.3 that there is huge variability in suction potential between individual
samples of this soil. The lowest of the values for water-retention (2.7%) suggests a
non-plastic soil with a PI possibly less than10, the highest retention (24.4%)
suggests extremely plastic clay with a PI possibly greater than 50. The average
retention of 17.3% suggests highly plastic clay with PI probably in the region of 35
to 40. The Coefficient of Variation (COV) is 35.6. Samples of this clay were sent to
seven reputable soils testing laboratories.
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Figure 6.4: 28 samples of Steelpoort clay. Water retention at 28 MPa suction.

Figure 6.5 shows values of PI from these laboratories. The lowest PI is 17, the
highest is 49 and the average is 34.2. The coefficient of variation is 33. These
values correspond well with the suction results. They raise the question whether
the discrepancies between commercial laboratories - which have been noted for
so long by so many people - may be due not to slipshod testing, as is often
thought, but to intrinsic variability in soil properties. Such variability could lead to
serious consequences if ignored.

Figure 6.5: Steelpoort clay PI values from 7 soils laboratories.
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Figure 6.6 shows suction values, again at 28 MPa, for a typical clayey soil from
Bloemfontein. The retention values of Figure 6.6 range from 5.8 to 8.7 with mean
of 6.8 and the COV is 13.1. Samples of this soil were sent to 5 commercial
laboratories for testing.

Figure 6.6: Ten samples of Brandwag clay. Water retention at 28 MPa.
Figure 6.7 shows the values of PI obtained in these tests. PI’s range from 19 to 38
with mean 28 and COV 17.1. The variability here also corresponds well with that of
the suction values.

Figure 6.7: PI for Brandwag clay from 5 laboratories.
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It should be noted that although PI is the most commonly used heave indicator in
Southern Africa it is not a direct measure of heave. Sridharan and Prakash (2000)
noted many instances of poor correlation between PI and heave potential. Suction
is directly related to heave potential and may be a better indicator than PI.

6.5

Sample Preparation and Value of Suction for Consistent Comparison

If the above way of assessing soil variability is to give consistent results and allow
different soils to be compared meaningfully with each other, then two features
need to be considered.

6.5.1 Hysteresis

Hysteresis has a significant effect on suction values in soils. Figure 6.8 shows the
water retention at suction 28 MPa of ten different clayey Free State soils from both
wet and dry condition. The retention for the initially dry samples is on average 18%
less than for the initially wet samples. This is due to hysteresis effects.

Figure 6.8: Differences in suction due to hysteresis.
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On the principle of preferring in-situ conditions it might be logical to consider
determining suction potential from natural moisture content. Unfortunately, sample
bags are often casually treated; they are often punctured, and stored and
transported in the sun. Samples often reach the testing stage at well below their
original moisture content. It appears that unless a concerted effort is made to
improve sample treatment and storage, the most feasible consistent procedure
would be to test dried samples. A reasonable procedure might be too dry at 40 or
45 degrees, since it is unlikely that any South African soil will be dried at a
temperature higher than this under all but the most exceptional field conditions.
A commercially more attractive procedure would be to dry at 105°C so that an
additional drying step to establish water content would be eliminated. A
disadvantage of this is that drying is known to affect the properties of residual soils
more seriously than transported soils (Blight, 2012). Investigations are being
undertaken to assess this point.

6.6

Suction Value

In general, the higher the suction, the quicker a soil stabilizes to its equilibrium
water-content. But as can be seen in Figures 6.1 and 6.3, the lower the suction,
the greater the equilibrium water-content and hence the less sensitive the
weighing procedure required to differentiate between soils. Tests were performed
on a number of clays to assess the effect of suction value on COV.

Table 6.1 shows values for ten samples each of ten clayey soils at suctions of
22 MPa, 38 MPa and 180 MPa. The COV for each soil at any of the suctions
measured is not far from the average of all of the values. A relatively quick test at
reasonably high suction would probably give an adequate indication of variability
over an appropriate range of water content.
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Table 6.1: COV for 10 samples of 10 clayey soils.
Soil

22 MPa

38 MPa

180 MPa

Average

Belcher 2

15.3

15.1

15.2

15.2

Lerato Park 1

10.5

10.9

10.7

10.7

Lerato Park 2

5.2

6.0

5.2

5.5

Fichardt Park

5.0

5.8

5.6

5.5

Botshabelo R

19.4

18.9

22.0

20.1

Botshabelo B

2.8

2.6

3.3

2.9

Dersley

7.1

7.0

7.1

7.1

BK 3270

2.3

2.3

2.4

2.3

Cecelia 5A

7.4

7.5

7.6

7.5

Cecelia 5B

14.2

14.0

14.4

14.2

6.7

Conclusions

Some soils appear to show little intrinsic variability others show very large
variability. Conducting one set of tests on some soils would therefore probably
lead to reasonable values for use in design. In other cases, this procedure could
lead to very unsound design. The investigation described here gives a reasonably
quick, easy and inexpensive way of assessing soil variability. The question
remains of how to proceed to design. The best way of dealing with such
uncertainty is undoubtedly Reliability Based Design. This is not likely to be an
attractive solution for a large number of engineering practitioners since it requires
time-consuming and skills-intensive procedures like Monte-Carlo analysis. But in
view of the apparent variability of some soils it might be preferable to invest the
time and effort required rather than risk expensive failures.
It may also be worth noting Phoon’s comment “probabilistic techniques do exist to
calculate the probability of failure efficiently. The chief drawback is that these
techniques are difficult to understand for the non-specialist, but they are not
necessarily difficult to implement computationally.” (Phoon, 2008 p 27). If a
decision was made that such an approach was advisable, then specialists would
probably be prepared to develop the required software for non-specialists at an
acceptable price. Another possibility might be to accept the most unfavourable
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values as indicated by a variability assessment (or some statistically acceptable
compromise). This would probably lead to simpler, but less economic designs than
the first alternative. To do nothing, and to continue to base designs on isolated test
results, is likely to perpetuate the occurrence of expensive failures - which are not
at all uncommon in certain fields, such as low cost housing.
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CHAPTER 7:

ESTIMATION OF SHRINK/SWELL POTENTIAL AND
VARIABILITY

OF

CLAYS

BY

SMALL-SCALE

SUCTION TESTS
7.1

Abstract

The relationship between suction and water content gives crucial information about
a soil. Small projects like economic housing do not warrant the time and cost of
determining the full soil water suction curve. A considerable range of soil suctions
can easily be achieved within a reasonably short time by using small samples,
simple suction control and a high precision balance. It appears that in this way it
may be possible to estimate heave potential and variability of soil properties at
reasonable cost in an acceptable time. Variability assessment appears to be of
great value and may offer significant potential for improving the reliability of
foundation design on shrink/swell soils.
Keywords: Soil suction, expansive clay, shrink/swell, heave potential, Soil
variability.

7.2

Introduction

The tests presented here are part of an attempt to address problems with the
current commercial methods for foundation indicator tests prevalent in Africa and
also in other parts of the world. Such tests often involve procedures primarily
intended for road construction materials and they frequently give poor estimates of
volume change potential for undisturbed, in-situ, high clay-content soils. This is not
very satisfactory since shrink/swell is the most frequent cause of damage to housing
and infrastructure in many countries. Considerations of economy point to a need for
simple tests with minimum skilled labour content, minimum sample preparation,
very little opportunity for short-cuts and straightforward interpretation of results.
Tests should relate directly to expansive potential, rather than general soil
properties. Suction potential gives an indication of how readily a soil can draw in
water. Change in water content is the cause of volume change. Suction potential
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should therefore be a good indicator of swell potential. Variability in soil properties is
another potential source of problems not only in design for expansive soils, but for
many kinds of soils analysis. Little attention is usually drawn to it in tertiary level
geotechnical engineering courses. Little attention is drawn to it in many well-known
soil mechanics text books. “Craig’s Soil Mechanics” (2012) mentions variability in
three places, Das (2006) makes no mention of variability in either “Principles of
Geotechnical Engineering” or “Advanced Soil Mechanics”. It is mentioned once in
“Soil Mechanics for Unsaturated Soils” (Fredlund and Rehardjo, 1993) and once in
“Unsaturated Soil Mechanics in Engineering Practice” (Fredlund et al., 2012).
Blight’s “Unsaturated Soil Mechanics in Geotechnical Practice” (Blight, 2012) is one
of few text books which not only stress the existence of variability but also point out
the dangers of ignoring it. “Reliability-Based Design in Geotechnical Engineering”
(Phoon, 2008) is dedicated to dealing with variability in several aspects of soil
mechanics and merits widespread attention.

7.3

Indication of Shrink/Swell Potential

Kassa (2005) found that Atterberg limits are not a reliable indicator of volume
change under load. Sridharan and Prakash (2000) found that Atterberg limits can
sometimes indicate expansive potential significantly higher or significantly lower
than reality. Atterberg limits remain, however, the most popular indicators of
shrink/swell potential. The linear shrinkage test, performed on raw soil samples
allowed to air-dry slowly, gives a graphic indication of the extent to which a soil may
change volume with water content. This gives a clear and reliable indication of how
much a soil may shrink or swell under zero loading, but it does not indicate the likely
forces (or pressures) which can be exerted in this change of volume and therefore
the shrink/swell potential under load. Clays expand when they draw in water. The
force which can be exerted in this expansion depends on the strength with which
they can suck in water. The suction of clays has long been recognized as a cardinal
indicator of heave potential, but it is one of the least convenient indicators to
measure. The plot of suction from saturation to desiccation is known as the soil
water characteristic curve (SWCC). The SWCC is regarded as an indispensable
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part of a full unsaturated analysis (Fredlund et al., 2012), but it requires much time,
skill and expense to measure.

7.4

Recent Advances and Current Practice in Suction Measurement

Three papers presented at the International conference on Soil Mechanics and
Geotechnical Engineering in Paris 2013 deal with advances in techniques of suction
measurement. Two other papers deal with measuring suction in practical
engineering projects. Advances in dew-point potentiometer technology should lead
to extension of the range of suctions measurable by this type of instrument (Macek
et al., 2013). The use of micro-porous membranes may allow quicker suction
measurement in the 0-30 kPa suction range (Nishimura, 2013). The use of a
centrifuge may speed up measurement in the 0 to 900 kPa range (Reis et al.,
2013). Such advances should hopefully lead to quick, convenient and economic
assessment of the full range of soil suctions in the future. But in practical use, for
assessing lime treatment on London Clay (Mavroulidou et al., 2013) and for
modeling the impact of climate changes on embankments and cuttings (Mendes
and Toll, 2013), Whatman No.42 filter paper remains the method of choice. This
time-honoured system takes typically two to six weeks for a suction measurement
and requires careful laboratory technique (Bulut et al., 2001).
7.5

Small Scale Suction Potential Measurement

A more limited indication of suction potential can be found by allowing samples to
reach equilibrium at known temperature and humidity. Soil samples can be brought
to equilibrium over saturated solutions of various salts (Blight, 2013). Blight’s tests
took typically 90 days. Although his equipment was cheap and unsophisticated, and
the skilled labour component not large, the time frame is not feasible for normal
engineering practice. In this paper the authors introduce modifications to Blight’s
procedure which give quicker results, making enquiry into some important questions
feasible.
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This procedure involves using small pieces broken from a soil specimen. Breakage
in high clay-content soils usually occurs along planes of existing weakness; the
micro-structure and fabric of the soil are not greatly disturbed (See Figure 7.1).
Samples are placed in small glass weighing bottles with ground-in lids. When
closed, little air or water vapour leaves or enters in the time taken for weighing.
Samples are weighed on an analytical balance and then placed with lids open in a
container at controlled temperature and humidity (see Figure 7.1). Equilibrium
moisture content is a measure of the suction potential of the soil under those
conditions.

Figure 7.1: Above: samples in climate chamber.
Temperature and humidity can be controlled to give a wide range of suction. Below
samples in a readily obtainable storage container whose lid is air-tight. Sample
bottles stand on a perforated platform above a solution whose vapour pressure is
known at various temperatures.
Samples can be weighed periodically by closing the ground-glass lids and removing
them from the controlled atmosphere to the analytical balance. For many of the
tests performed in this investigation suctions corresponding to saturated solutions of
KCl and NaCl were used, though both higher and lower suctions were also
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employed (as for example in generating the SWCCs shown in Figure 7.22). A
climate chamber was used for many of the tests, often at settings which give the
same suctions as KCl and NaCl. A climate chamber has the advantage of
convenient control over a wide range of suctions and quicker equilibration due to
active circulation. A description and flow-diagram of a streamlined procedure
suitable for routine testing is detailed in section 10.

Figure 7.2 shows curves of moisture content against time at constant suction for
samples of 30 clayey soils from a housing development in central South Africa.
These 30 samples cover a very wide range of shrink/swell potential. The masses of
the samples range between 25g and 35g. Starting water contents were as found in
the sample bags and would probably be close to natural field values in most cases.
The equilibrium moisture contents at 22 MPa suction (corresponding to a saturated
solution of KCl at 20°C) vary from 3.6% to 12.6%.

Figure 7.2: Thirty samples at 22 MPa suction.
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Correspondence between moisture retention and heave potential appears to be
supported by the fact that the highest water retention samples have Plasticity Index
(PI) in the region of 40, which would normally be considered an indication of high
expansive potential. Those with the lowest water retention have PI below 15, which
would normally be considered an indication of low expansive potential. More
detailed tests have shown high coefficient of variability for many clayey soils, as can
be seen in Figures 7.17 and 7.18 and also Figures 7.19, 7.20 and 7.21.
Comparisons of expansive potential are therefore only loosely indicated by single
tests. Multiple duplicate testing is needed for worthwhile comparisons of shrink/swell
potential, as discussed in section 7.6.

These 30 samples were used to probe questions concerning changes in suction
due to conditions likely to be met in the lifetime of a structure (particularly prolonged
rainfall and drought) and the possibility of change in suction potential due to oven
drying of test specimens. These questions are independent of the variability noted
above and the conclusions are meaningful for individual or multiple samples of each
soil. Figures 7.3 to 7.5 show these 30 samples being tracked from equilibrium
moisture content at 22 MPa, through oven drying and re-wetting by absorption of
water from the air (Figure 7.3), wetting by the addition of a small amount of deionized water and re-equilibrating at 22 MPa (Figure 7.4), saturation with de-ionized
water and re-equilibrating at 22 MPa (Figure 7.5).

It is clear from Figure 7.3 that the equilibrium water retention at 22 MPa suction is
noticeably less after oven drying than before drying. Figure 7. 4 shows that
equilibrium water retention after wetting to close to natural moisture content is
higher than before wetting, but not as high as before oven drying. Relative values of
suction between the various samples remain quite similar.

From Figure 7.5 it is clear that the equilibrium water retention at 22 MPa suction
after saturation is higher than after partial wetting, but in most cases it does not
reach the value attained before oven drying.
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Figure 7.3: Thirty samples after oven drying.

Figure 7.4: Thirty samples after partial wetting.
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Figure 7.5: Thirty samples after saturation.
7.5.1 Discussion of results from this test

From initial (natural) moisture content the low-suction samples reached equilibrium
moisture content after about 4 days, the high-suction samples reached constant
water content after about 9 days. After oven drying and returning to 22 MPa suction
conditions, all samples reached equilibrium after about 5 days. This indicates that
equilibrium is reached more quickly in gaining water content than in losing it. In
most cases the equilibrium water content was significantly lower than that reached
before oven drying. After wetting to water contents close to, or slightly higher than,
the original values and re-stabilizing at 22 MPa, all of the samples reached moisture
contents higher than the value after oven drying, but some were substantially lower
than the original values.

Following saturation, most of the samples reached equilibrium at somewhat higher
moisture content, but lower than that reached before oven drying. Figure 7.6 shows
moisture content changes as a bar chart. Samples whose initial water content was
very low are grouped predominantly on the left side. Where the initial water content
of the soil was well above its 22 MPa value, oven drying significantly reduced the
soil’s subsequent suction potential, and even saturation did not restore the original
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suction potential. Where the initial water content was well below the 22 MPa value,
the soil was not so greatly affected by oven drying and saturation could lead to
higher retained moisture content at 22 MPa.

Figure 7.6: Water content at 22 MPa.

Figure 7.6 shows the water content reached by 30 samples at 22 MPa from initial
moisture content, after oven drying, after wetting and after saturation.
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This suggests that Blight’s contention (Blight, 2012) that air drying can lead to
permanent changes in some residual soils may commonly apply to many, if not
most, clayey soils. These points can be seen more clearly in Figure 7.6 a, enlarged
from the right hand side of Figure 7.6, and in Figure 7.6 b, enlarged from the left
hand side of Figure 7.6.

Figure 7.6a: Initial water content well above that at 22 MPa suction.

From Figure 7.6a it is clear that the water retention after oven drying is considerably
less than the value before drying and pre-oven drying water retention is not
recovered even after full saturation. This suggests that the structure of the clay has
been permanently changed by oven drying.

Figure 7.6b: Initial water content below that retained at 22 MPa suction.
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Figure 7.6b shows that water retention is only slightly less after oven drying and
retention after saturation is usually greater than before oven drying. This suggests
that part of the permanent structural change noted in oven drying had already been
accomplished by field moisture conditions.
This test also suggests that in the majority of cases, whatever suction changes take
place, the ratios of water content between the various samples remain substantially
the same. The suction-history pattern moves up or down according to the general
suction potential of the sample. In drought conditions soil suction can be expected
to rise to 100 MPa or more in some situations e.g. under the North side of a
Southern hemisphere building (Bester et al., 2016). Oven drying might therefore not
give a major distortion in many cases.

The consistent relationship over a wide range of suctions has been observed for
hundreds of other samples besides those shown here, but some soils have been
found which do not follow this pattern at very low suction/high water content values.
High kaolinite content clays appear to retain more water at very low suction/high
water content than would be expected according to the normal pattern. Some very
high Cation Exchange Capacity (CEC) clays tend to retain less water than expected
according to the normal pattern at very low suction/high water content). This
occasional lack of conformity to pattern is likely to have little relevance for the
problem of heaving foundations since it is generally high suction which causes
shrink/swell problems. Kaolinite has low suction potential at any water content and
is not known for causing shrink/swell damage.

High CEC clays generally cause severe volume-change problems and the small
reduction sometimes observed at high water content does not significantly change
their problematic nature. Of more relevance to the question of economically
assessing expansive potential is the fact that equilibrium water content is reached
far more quickly at high suctions than at low values. Equilibrium is also reached
more quickly from initially dry conditions than from wet. This suggests that testing at
fairly high suction from low initial moisture content could give useful results in an
economic time-frame.
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7.5.2 Reducing the time of testing by reducing sample size

It could be expected that smaller samples would take less time to reach equilibrium.
Figure 7.7 shows small samples broken from one corner of a small clod of high
plasticity clay from an electricity sub-station site in central South Africa. The
samples were originally adjacent to each other in an attempt to eliminate variability
in the material, so that difference in results would be attributable to sample size
only.

Figure 7.7: Small samples broken from a clod of clay.

Samples tend to break along existing planes of weakness and their structure and
fabric are likely to be similar to that of the original sample. Such simple preparation
takes little time and leaves little opportunity for short-cuts in preparation, which is
widely thought to be a cause of inconsistent results in many kinds of tests. Figure
7.8 shows plots of moisture content against time for seven different-sized small
samples of the same clay (PI = 42) at 22 MPa suction. The sample masses vary
from 0.71g to 8.4g.

All seven samples were close to equilibrium water content after one day in a climate
chamber at 22 Mpa. Equilibrium value reached by the 7 samples averaged 13.56%
with standard deviation of 0.30 giving a Coefficient of Variation (COV) of 2.2. The
correlation coefficient with sample-size was 0.17, suggesting that there is no
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significant correlation between sample size and test outcome for this range of
sample masses.
16

7 samples of different sizes from one clod at 22 MPa
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Figure 7.8: Equilibration of 7 samples (0.71g to 8.4g) at 22 MPa suction.

7.6

Assessment of Likely Sources of Error

The range of variation in the above test raises the question of the accuracy of the
experimental procedure. Reliability of the method depends on accuracy in weighing.
The aspect of the procedure most likely to involve weighing error is the
determination of the oven-dry mass. To assess the probable errors in this, samples
of 10 different soils were oven dried and the change in weights after leaving the
oven were tracked until equilibrium mass was reached. The loading plate of the
balance was protected with an expanded polystyrene pad to reduce conduction of
heat into the balance and hence reduce temperature induced errors. The enclosure
around the loading plate was closed to reduce convection current effects and the
samples were taken through the weighing procedure as quickly as possible to
minimize temperature change effects in the balance. Samples were repeatedly
weighed in sequence until all showed equilibrium of readings. Results are plotted in
Figure 7.9.
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In the cooling of the sample containers from oven drying temperature (105 °C) to
room temperature the change of weight of air in the container must be accounted
for since the ground glass lids of the sample bottles are not air-tight against the
pressure differential developed in the cooling process. The volume of the sample
containers was measured to be 70 ml. The density of dry air at 105 °C is 0.0009217
g/ml, giving the weight of air in the container as 0.0645g. At the ambient
temperature at the time of the test (25°C) the density of dry air is 0.001196 g/ml
giving the weight of dry air in the container as 0.0837g. Relative humidity in the
laboratory was 36%. The adjustment required for density to take account of water
vapour at this humidity is 0.000003 g/ml giving a weight adjustment of 0.0002g The
change in weight due to air density factors could therefore be expected to be 0.0837
+ 0.0002 – 0.0645g = 0.0194g.

10 Soil samples: weight discrepancy against time
after oven drying
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Figure 7.9: Progress towards constant temperature.

Figure 7.9 shows progress towards constant temperature of 10 samples from oven
drying. Extrapolating to time of leaving the oven shows a gain in weight up to a
constant value of about 0.019g after about 1500 seconds (25 minutes).
Similar tests were performed on three more sets of ten samples. All showed similar
results and it was concluded that if samples were weighed after 25 minutes of
cooling at ambient temperature with lids closed the results were likely to be
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accurate to within 0.001g. The smallest sample mass in the test under review was
0.7129g. An error of 0.001g could account for an error of 0.14% in moisture content.
This does not account for the observed range of almost 1%.

A second possible source of error is the leakage of water vapour into or out of the
weighing bottles while closing the lids on removal from the constant suction
container before weighing. Samples were usually dealt with in batches of 20.
Closure was always performed with both hands to halve closure time. The time to
close the lids of all 20 samples was usually 18 seconds, and it is unlikely that the
time could have reached 25 seconds in any test.

On six occasions the first sample of a batch was transferred immediately from the
constant suction container to the balance. Figure 7.10 shows change in mass with
time for a sample left with lid open for 3 minutes. Throughout this time the loss of
water vapour was fairly constant at approximately 17.9 x10-6 g/s. The rates for the
six samples were: 10.9 x10-6 g/s,17.9 x10-6 g/s, 14.8 x10-6 g/s, 9.5 x10-6 g/s, 12.5
x10-6 and 13.6 x10-6 g/s (average 13.2 x10-6 g/s). The maximum observed rate of
moisture loss was 17.9 x10-6 g/s, which would mean the loss of 25 x 17.9 x10-6 g =
0.0004g for the last sample closed at the slowest probable handling rate (25 s.).

Figure 7.10 shows the loss of weight due to loss of water vapour with the sample
bottle open after removal from a sealed container of saturated KCl solution to an
analytical balance.

From KCl with lid open
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Figure 7.10: Loss of weight due to loss of water-vapour.
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A third possible source of error is transfer of water vapour to or from the
atmosphere due to imperfections in the air-tightness of the ground glass lids of the
sample bottles. After removing 20 samples from the constant suction chamber and
closing all lids, 330 seconds are typically required to weigh the 20 samples. It is
conceivable that the procedure might take 500 seconds if unfavourable conditions
led to unusually slow stabilization of the balance.

This possible source of error was examined by repeated sequential weighing of 10
samples after removal from an atmosphere of KCl and closing the lids of the sample
bottles. The procedure was similar to that illustrated in Figure 7.9, where progress
towards equilibrium was plotted until constant mass was achieved. Figure 7.11
shows the results of this investigation.
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10 samples: weight discrepancy against time after
closure of sample bottles
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Figure 7.11: Weight discrepancy against time

Figure 7.11 shows that no clear trend of either losing or gaining weight is
discernible. The majority of readings start and remain at the equilibrium value.
Results not at the equilibrium value are all within 0.0002g of that value. The balance
reads to 0.0001g; the pattern of results suggests that the balance may have an
accuracy of ± 0.0002g and that in the 20 minutes’ duration of the test, transfer of
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moisture to from the closed bottles was not large enough to be demonstrated by this
balance.

Although tests performed over periods of the order of 20 minutes did not detect a
clear pattern of water vapour movement into or out of the container, it has been
observed that over a period of several days there is certainly such movement and
the samples gradually move towards equilibrium with ambient conditions.

The fourth possible source of error considered was inaccuracy of the balance itself.
The balance used throughout these tests has an internal calibration mass and can
be set to check consistency by weighing this mass ten times and assessing the
standard deviation in the ten values. The consistency was checked periodically
throughout the tests. The reported standard deviation was typically 0.00005g, and in
all cases less than 0.0001g. As an additional check, two empty sample bottles were
weighed repeatedly, two weighing sequences for each bottle. In no case was any
measurement more than 0.0001g above or below the dominant value. From this it
would appear that the balance readings are probably accurate to ± 0.0001g if good
laboratory technique is followed. Following these investigations into likely accuracy,
a test was run where samples were closed and weighed alternately in ascending
and descending numerical order on removal from the constant suction environment.
It was expected that there might be small relative displacements between alternate
measurements for the first and last closed samples due to the considerations
illustrated in Figure 7.10. The resulting retention values can be seen in Figure 7.12,
where the alternately first and last sealed and weighed samples for one of the soils
have accentuated markers. Part of the plot after stability was reached is magnified
at the lower part of the figure (where the curves of other samples have been omitted
for clarity).

It might have been expected that a slight, alternating narrowing and widening of the
gap between first and last samples would result from water vapour loss in the 18
seconds between closures. From the average rate of loss determined above this
might be expected to be about 0.0004g. The dry weights of the first and last
samples were 1.8656g and 2.0735g respectively. Allowing for possible balance
errors of 0.0001g in worst combination this would suggest a likely change in water
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content of no more than 0.032%. Without allowance for worst-case balance error
the likely change expected would be not more than 0.021%. The plots in Figure
7.12 show variations of about 0.05% in which the values for the samples move
largely in sympathy. This suggests that limiting factors for accuracy may not depend
on mass measurement considerations but rather on considerations like lack of
constancy in temperature and humidity control. Nevertheless, it appears that the
method is capable of distinguishing between suction potentials of different soils and
different samples of the same soil to a high degree of accuracy. It also appears
capable of detecting variability in suction potential of a particular soil over a very
small spatial range.
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Figure 7.12: Samples tested in alternately reversed order. Part of the graph is
magnified (below) where only the first and last closed values for one of the soils are
shown.
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7.7

Assessment of Variability of Soil Properties

Variability of soil properties has been noted by many observers, (e.g. Singh and
Lee, 1970; Minty et al.,1979; Phoon and Kulhawy,1999a; Phoon and Kulhawy
,1999b; Jaksa, 1995). There appears to have been relatively little heed paid to this
observation by many practicing engineers. Little attention is usually drawn to it in
tertiary level geotechnical engineering courses or popular text books. It has been
suggested that variability in measured properties may be due to differences in
operator technique and laboratory processes (Minty et al., 1979), or careless
laboratory procedures (Jacobsz and Day, 2008). Figure 7.12 (upper) shows
effective suction potential for two soils which received practically identical treatment
and minimal preparation, by one operator. They show substantial variability
between individual samples and one soil shows more than twice the variability of
the other.

This suggests that variability may be a property of the soil rather than an artifact due
to poor testing procedures. Whatever the reason for variability it is clear that it must
play a role in the soundness of geotechnical design. The field of Reliability Based
Design (RBD) has been developed to provide a rational way of taking variability of
various kinds into consideration in assessing the probability of success or failure of
geotechnical designs. Coefficient of Variation (COV) is a fundamental input to RBD.
COV is defined as standard deviation divided by mean expressed as a percentage.
COV is typically assessed by considering variability across soils databases and
across testing methods for the property under consideration rather than being
sample specific. Hence rather crude approximations are commonly used. For
example, Phoon and Ching (2013) give a range (in their Table 1) of mean for PI of
clay and silt (10-40) and guideline estimate of COV as (3-12%)/mean.

Such empirical estimates imply considerable lack of precision and could be a
contributing factor to reluctance towards application of RBD in engineering practice.
The small-scale suction testing procedure described here allows an assessment of
actual sample-specific variability relatively quickly and easily. The authors have
related such specific assessments to some engineering projects and the following
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brief case studies illustrate that they can be of value in practical situations even
without rigorous application of RBD.
7.7.1 Five brief variability case studies
Case1. Five test pits were dug in a geotechnical investigation at a building site in
Central South Africa. A layer of clearly identifiable dark brown residual clay was
evident in four of these pits. Five samples each from the first two pits were tested by
small-scale suction tests. They showed a COV of 27. Five samples from each of the
other two pits were tested. They showed a COV of 25.

The COV of the combined 20 samples was 27. Figure 7.13 shows the combined
values. It appears that high variability may be a consistent property of this soil and
was taken into account in the design of the new structure. When access roads were
constructed near this site several years ago the roads developed an undulating
profile. Removal of underlying clay was needed to reach an acceptable standard.
Early appreciation of the variability of the material could have led to its removal
initially and saved considerable expense.
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Figure 7.13: Water retention at 38 MPa suction.
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Figure 7.13 indicates the water retention at 38 MPa suction for 20 samples from a
layer of residual clay in 4 test pits.

Case 2. A similar situation was noted at a road project on a similar geological
formation about 150km away. Undulations in the road indicate wide variation in
expansive potential of the sub-grade. Tests on soil from an adjacent housing project
which has suffered significant heave damage showed substantial variability in
suction potential.

Figure 7.14: Undulations in road.

Case 3. Samples were taken from the proposed site of an electricity sub-station in
Central South Africa. A clod from this site was used for the test of Figure 7.7.
Samples were broken from adjacent locations on one lump of soil in an attempt to
eliminate variability of material so that the effect of sample size only would be
assessed. Water retention at 22 MPa varied by a little under 1%, showing a coefficient of variation (COV) of 2.2.

Ten samples from a test pit at this site were tested. A COV of 2.4 was found in a
test at 22 MPa suction. Ten samples from a second test pit on the site were tested.
A COV of 2.5 was found when tested at 22 MPa and also when tested at 140 MPa.
Results are shown in Figure 7.15 and Figure 7.16. Low variability appears to be a
consistent property of this soil. All values indicated high expansive potential.
Foundation indicator tests were performed on a number of samples and all tests
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indicated high expansive potential with very little variability. The foundation was
designed accordingly and no significant problems occurred. This suggests that
where variability is low, current methods of design may be adequate.

Figure 7.15 shows the water retention at 22 MPa from a test pit at the electricity
sub-station in central South Africa. This clay gave almost the same COV from three
different scales of distribution and suggests a possible fractal aspect to variability.
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Figure 7.15: Water retention at 22 MPa.

Figure 7.16 shows water retention at 22 MPa and 140 MPa in a second test pit for
the same clay layer as in Figure 7.15 at an electricity sub-station site in Central
South Africa. COV is 2.5 in both cases.
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Figure 7.16: Water retention at 22 MPa and 140 MPa (2nd test pit).

Case 4. A less fortunate situation occurred at a sub-station in Northern South
Africa. Normal foundation indicator tests were performed on samples from a test pit
at the site. The tests indicated non-expansive soil and the foundations were
designed accordingly. Shortly after completion serious heave damage occurred.
Suction tests on samples of the soil concerned gave results as in Figure 7.17. The
figure indicates that the variability of suction potential is very high. The COV for
these 20 samples is 39. It appears that the common practice of relying on results
from a single sample could lead to very unsound design.
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Figure 7.17: Variability of suction potential.

Samples of this clay were sent to seven reputable soils testing laboratories for
foundation indicator tests. PI is the most commonly used property for indicating
shrink/swell potential. Figure 7.18 shows values of PI from these seven laboratories.
It is evident that the original tests on which the foundations were designed
happened to be from a very unfortunately chosen sample. The resulting damage
might have been avoided if the exceptionally large variability had been assessed
and allowed for in the design process. It is doubtful whether RBD would have given
satisfactory results using the estimated COV from (Phoon and Ching, 2013) as in
section 7.7 above.
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Figure 7.18: COV for PI of 7 laboratories.
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In Figure 7.18, the COV for PI of 7 laboratories is 34, which is in good agreement
with 39 from a considerably larger sample space of suction values. It is far more
convenient to assess 20 samples by suction tests than to send multiple samples for
duplicate testing.
Case 5. A house was built close to a test pit where laboratory results indicated no
risk of heave. With the following rain the house suffered such severe heave damage
that it had to be demolished before the roof was installed. Suction tests showed
COV 16, very similar to the soil of Figures 7.19 and 7.20. The sample tested in the
geotechnical investigation was again unrepresentative of the general ground
conditions. Suction tests would have given warning of this and almost certainly have
led to better foundation design.

7.7.2 General observations on variability

Cases 3 and 4 above represent opposite ends of the variability spectrum. Very few
soils so far tested by this technique, have had COV smaller than 2 and none greater
than 39. Values from a more typical soil are illustrated in Figures 7.19 and 7.20.

Figure 7.19: COV of 13 for 10 suction test samples.

Figure 7.19 shows COV of 13 for 10 suction test samples of typical clayey soil from
Central South Africa. Figure 7.20 shows COV for PIs from 5 different laboratories as
17 – again close to the value from suction tests on a bigger sample space.
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Figure 7.20: COV for PIs from 5 different laboratories.

This soil is from a building site in Central South Africa. Not all correlations with
multiple laboratory PI tests are as close as this, as might be expected in view of the
weaknesses noted in section 2 concerning the reliability of Atterberg limits for
predicting heave. Figure 7.21 shows 8 samples from a roads project tested at 8
different testing laboratories (top) and also in 8 suction tests (below) – the
commercial laboratory results show COV of 29 where the suction tests show COV
of only 20. Both sets of results are, however, adequate to give warning of the
danger of basing design on one set of test results.

In order to assess shrink/swell potential across a wide range of soils in a consistent
and systematic manner two factors need to be considered: a standard suction at
which to measure water retention, and a consistent approach to hysteresis
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Figure 7.21: PI and water retention values for a clayey soil.

7.8

Considerations for assessment of shrink / swell potential

7.8.1 Suction value for measurement
Factors influencing the choice of standard suction value should include
convenience, time taken to reach equilibrium, ease of attaining acceptable accuracy
and cost. Stable water retention is achieved quickly at high suctions and slowly at
low suctions but water content is low at high suctions and therefore more precision
is required in weighing samples. Figure 7.22 shows plots of equilibrium water
retention over the full suction range relevant to soil mechanics for 5 sets of 4
samples through one drying and wetting cycle. These are effectively soil water
characteristic curves plotted with linear scales. The SWCC is commonly drawn with
semi-log scales. As Blight (2013) pointed out, log scales give a much distorted view
of reality and linear scales allow a better understanding of the true situation. From
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these plots it appears that at very high suctions (greater than about 150 MPa) all of
the plots take on steeper gradients and converge, so that the spread of water
content becomes inconveniently small. From about 20 MPa to 120 MPa the plots
have only a small gradient and remain at a fairly constant spacing. From about 20
MPa to 0 MPa the curves rise at a very steep gradient, indicating that water content
determination may be inconveniently sensitive to accuracy in suction measurement.
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Figure 7.22: Water retention: suction for 5 clayey soils.

From these plots it appears that low suctions may be a poor choice for
standardization from the points of view of both excessive testing time and sensitivity
to suction. The ideal range appears to be in the region of 20 MPa to 100 MPa,
where sensitivity to suction and testing time are both favorable. For equilibrating
samples over saturated solutions of known suction it appears that NaCl would be a
very good choice. It is cheap, readily available, non-toxic and needs no handling
precautions. Its suction value is close to 38 MPa throughout the temperature range
from 15°C to 25°C. This is also a very convenient suction for the climate chamber,
since temperatures close to ambient require a relative humidity of only 75% for 38
MPa suction and this poses negligible risk of condensation problems. KCl would
also appear to be suitable, with a saturated solution providing 22 MPa over the
same range of temperature.
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7.8.2 Hysteresis
To give comparable results across different samples the question of hysteresis
needs to be considered. Figure 7.23 shows water retention for samples of 20
different soils at 22 MPa suction after the samples started wet and dry. The
difference in retention varies from about 10% to 30%, with most fairly close to the
average of 20%. For the purpose of assessing potential shrink/swell it might be
preferable to start from the shrinkage limit of the soil or from the driest condition the
soil is likely to experience in the lifespan of the structure concerned. In the subhumid and semi-arid conditions where shrink/swell problems are usually most
severe suction values can be very high during periods of drought. For convenience
and uniformity, values used in this paper are from oven dry unless otherwise
indicated.
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Figure 7.23: Water retention differences at 22 MPa due to hysteresis

7.9

Considerations for Assessment of Variability

Table 7.1 shows COVs for 13 soils at 3 suctions. Due to the excessive time taken,
only 1 set was tested at very low suction. COV does not seem to be sensitive to
suction value; all measured values are within 1.2 of the average, most are within
0.5. The most suitable range for evaluating shrink/swell potential (section 7.8.1)
appears to be also suitable for COV. It should therefore be feasible to perform one
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test for both shrink/swell and variability. The table deals with the typical range of
variability for Central South African clayey soils tested to date. About half of them
show COV indicating that multiple sample testing is essential for accurate
shrink/swell evaluation.

Table 7.1: COV: 10 samples of 13 soils.
Soil

0 MPa

22 MPa

38 MPa

180 MPa

Average

10.8

10.6

10.0

-

10.5

Big Lump

-

1.9

1.5

1.7

1.7

Belcher 2

-

15.3

15.1

15.2

15.2

Lerato P 1

-

10.5

10.9

10.7

10.7

Lerato P 2

-

5.2

6.0

5.2

5.5

Fichardt P

-

5.0

5.8

5.6

5.5

Botsha R

-

19.4

18.9

22.0

20.1

Botsha B

-

2.8

2.6

3.3

2.9

Dersley

-

7.1

7.0

7.1

7.1

Cecelia 5 A

-

7.4

75

7.6

7.5

Cecelia 5 B

-

14.2

14.0

14.4

14.2

Brandwag

-

13.0

13.6

13.4

13.3

Vrede 6

7.10 Considerations for Design

Variability of shrink/swell potential appears to hold out far greater risk for design
than high shrink/swell potential alone. In the cases encountered in practice, some of
which have been presented in section 6.1, where foundation indicator tests have
pointed to high expansive potential and variability was low, foundations were
designed for high swell and suffered little significant damage. Where high variability
exists, but variability was not taken into account, substantial damage occurred. How
then should design proceed for a soil with significant shrink/swell potential? It would
be possible to do multiple tests and then design for the most unfavorable value
found. This should be much safer than accepting the value from only one set of
tests. The design might, however be over-conservative and unnecessarily
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expensive. It would appear that the only rational method, for which a reasonable
assessment of acceptable risk can be made, is reliability based design. Small scale
suction testing can give sample specific values relatively easily and there may be a
good fit between RBD and these tests in such cases.

7.11 Testing Procedure

The following procedure, as shown in Figure 7.24, is suggested as providing a
balance between speed, simplicity, ease of preparation, economy of apparatus and
reliability of results.

10 <= n <= 20

Size of batch to be tested

Weigh empty, clean sample bottles

Extract samples between 1g and 5g from
various positions in sample container

Weigh bottled samples

If necessary, break small pieces from
various parts of larger clods

Re-weigh bottled samples

Oven dry bottled samples

Climate chamber
Temperature: 200C
Place bottles in atmosphere
RH: 75%
with suction of 38 MPa
or
Saturated solution of NaCl
Temperature: Between 100C and 300C

Recommended
balance sensitivity: 0.1mg

Place bottles in atmosphere
with suction of 22 MPa

Climate chamber
Temperature: 200C RH: 85%
or
Saturated solution of KCl
Temperature: Between 150C and 250C

Check progress towards equilibrium water
content by closing all lids of sample bottles and
transferring to the balance

Figure 7.24: Testing procedure flow diagram.

Three days may be required to approach within 1% of equilibrium value, and 5 days
may be required for effective equilibrium over saturated solutions. Equilibrium is
reached in noticeably less time in a climate chamber. At 38 MPa, water retention
below 4% corresponds with low swell potential; retention above 10% corresponds
with high swell potential; retention above 13% corresponds with very high swell
potential. At 22 MPa water retention below 5% corresponds to low swell potential;
retention above 12% corresponds with high swell potential and above 16%
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corresponds with very high swell potential. COV greater than 15 may indicate more
troublesome shrink/swell problems than high expansive potential alone.
7.12 Conclusion

Moisture retention at an applied suction appears to be a good indicator of
shrink/swell potential although it may not be an indicator of other soil properties
such as shear strength. The testing technique described here, using very small
samples subjected to easily-controlled suctions, may provide a more convenient
and reliable means of assessing probable shrink/swell potential than current
commercial methods. Very little sample preparation is involved and there is little
scope for short-cuts which may adversely affect results. The soil micro-structure
remains substantially intact. A large enough number of test samples can be used to
gain insight into the variability of the soil concerned without greatly increasing the
testing time or labour cost. A measure of the variability of individual soils can be of
value in indicating cases where current testing procedures give inadequate warning
of shrink/swell problems. Specific COV values for individual soils provided by this
method could make RBD a very attractive tool for design in a field well known for
widespread failures following traditional design procedures.
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CHAPTER 8:

SHORTCOMINGS IN THE ESTIMATION OF CLAY
FRACTION BY HYDROMETER

8.1

Abstract

The estimation of clay fraction is important for predicting the engineering
properties of a soil. SANS 3001 GR3 (SABS 2011) specifies a procedure for clay
fraction determination using a hydrometer. It has long been suspected that there
may be flaws in this approach. Some of the possible sources of error have been
suggested, but little or no change has been made in the standard procedures for
assessment of clay fraction in well over half a century. This paper deals with a
microscopic examination of some typical South African clayey soils to assess the
adequacy of dispersion and possible consequences for clay fraction determination
in currently specified hydrometer procedures. Clays are examined both with and
without dispersant, and with and without labelling of clay minerals using an
exchangeable cation dye.

Keywords: Hydrometer analysis, clay fraction, dispersion of clays, de-flocculation.

8.2

Introduction

An estimation of the clay fraction of a soil is required for a number of soil
evaluations, including common methods of assessing heave potential relating to
foundation design. Van der Merwe’s method (1964) uses the Plasticity Index (PI)
and clay fraction. Skempton’s “activity”, is defined as PI / clay fraction (Skempton,
1953). The method of estimating clay fraction by hydrometer as specified in the
South African standard SANS 3001 GR3 (SANS 2011) is very similar to that
specified in Britain, America, Australia and many other countries. It is, however,
somewhat dubious in its efficiency. Savage suggested that the hydrometer method
may be doubtful due to four factors (Savage, 2007): (i) Stokes law assumes all
particles to be spherical, while clays are flaky. (ii) De-flocculation of many clays is
seldom fully completed at the time of testing. (iii) Clay particles are partially carried
down by the larger particles. (iv) A relative density of 2.65 is assumed for all
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particles, which may not be true. Savage (2007) proposed a method of estimating
clay fraction indirectly by using Skempton’s activity equation. Unfortunately, there
seems to be no clear pattern of correlation between hydrometer results and
Savage’s method (2007). Savage did not give examples and the examination of
samples by the Central University of Technology (CUT) Soil Mechanics Research
Group revealed no clear pattern of correlation (some values higher, some lower
than the hydrometer). There appears to be no way of telling which gives the better
estimate or what the likely margins of error may be. The method does not appear
to have found wide acceptance. Progress has been made on Savage’s first point,
the question of non- sphericity of particles. It has been addressed by laser
scattering techniques for particle suspensions. (e.g. Konert and Vandenberghe,
1997; McCave et al., 1986; Ma et al., 2000). This technique has enabled an
allowance to be made for particle shape and has generally led to a small but
significant increase in clay fraction estimation. Such an allowance is not specified
in SANS 3001 GR3. Savage’s fourth point seems to have drawn little attention,
since almost all non-organic soil components have densities reasonably close to
2.7, and the likely error due to this factor is probably quite small. His remaining two
points concern dispersion and obviously merit attention.

Research currently being done on the theoretical aspects of dispersion of clay
particles suggests that the problem is far from well understood e.g. Robinet et al.
(2011) and it remains very difficult to assess most aspects of dispersion for any
specific

clay

and

solute

system.

Experimental

research

on

de-

flocculation/dispersion using non-traditional de-flocculants appears to be currently
concentrated on ceramics, e.g. Al-Lami (2008). Such dispersants produce
functional groups acting as spacers between clay particles and may be too
expensive for routine soils testing at this stage of development. Work on
deflocculation/dispersion relevant to soil mechanics continues to use methods and
dispersants which have been in use for many years (e.g. Rodriguez et al., 2011;
Rolfe et al., 1960). Attempts to assess the magnitude of error likely to be involved
in incomplete dispersion continue to use the hydrometer itself as the instrument of
investigation (Nettleship et al., 1997; Rodriguez et al., 2011). This paper is
primarily concerned with Savage’s second point, the dispersion of clay particles.
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His third point, clay being carried down with larger particles, follows from this as a
matter of course.

8.3

Theoretical background to dispersion of clays

The behaviour of dispersants is complex and appears to be still imperfectly
understood. This outline synthesises information from Das (2008); Zschimmer and
Schwartz (2014); Nettleship et al. (1997) and Robinet et al. (2011) Clay particles
carry charges which leave their inner structure negatively charged and tend to
leave the charge of their outer edges pH dependent. When active clay soils are
mixed with water two things tend to happen. Water molecules, which are polar
(their atomic structure leaves one side positively charged and the other side
negatively charged, while remaining neutral as a whole) surround cations
(positively charged metal ions) in the soil. When coated with water the cations
become mobile. They are strongly attracted by the negative charges in the interior
of some types of clay minerals and penetrate between the tetrahedral and
octahedral sheets of these clays, forcing the sheets apart. This is the reason why
some clays can increase in volume powerfully when wetted. Secondly, the
charged outer edges of the clay particles attract oppositely charged ions which
form a diffuse layer whose concentration diminishes with distance from the clay
surface. Multi-valent ions provide multiple electric charges and relatively few of
them need to congregate around a clay particle to balance the charge on the
surface of the clay. The resulting field surrounding the clay has marked peaks at
the ions and troughs between them. This allows adjacent clay particles to maintain
mutual electrical attraction by fitting troughs on one particle to peaks on another.

In order to assess clays by their rate of precipitation, as in the pipette and
hydrometer methods, it is necessary to disperse the particles of clay into the water
through which they precipitate. Mechanical agitation is essential for this, but is not
sufficient on its own, chemical dispersion is needed to break the bonds of electrical
attraction holding assemblages of clay particles together.
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Dispersants work in three ways. The first is to replace multi-valent ions at the clay
surface by mono-valent ions. When an individual clay particle is surrounded by
sufficient monovalent ions to render it electro-neutral, the field surrounding it is
relatively uniform; clay particles in such a state cannot attract each other by fitting
electrostatic peaks to troughs. The second way is by reacting with multi-valent ions
to form chemical complexes, making them unavailable for attraction to clay
surfaces. The third is by forming functional groups which act as spacers between
the clay particles, effectively preventing them from approaching each other.

The combined action of clay particles, cations and dispersing agents is complex.
Above a certain concentration of dispersant, the diffused double layer starts to
become thinner, repulsion between the particles reduces, and at higher
concentration turns to attraction, allowing flocculation to occur. Sodium
Hexametaphosphate is one of the most popular dispersing agents. It is specified in
the standards for assessing clay fraction in Britain, America, Canada, Australia,
Japan and other countries. It provides mono-valent sodium ions to coat the clay
surface as well as phosphate groups to form complexes with multi-valent cations.
Sodium Carbonate may be added to increase alkalinity; this has been found to
improve the dispersive efficiency slightly in some circumstances (Rolfe et al.,
1960) and to extend the useful life of the dispersant (Nettleship et al., 1997). A
mixture of Sodium Hexametaphosphate and Sodium Carbonate is specified as the
dispersant for the hydrometer procedure of SANS 3001 GR3.

8.4

Background and Aims of the Study

Investigations are being undertaken by the CUT Soil Mechanics Research Group
seeking solutions to the problem of large numbers of failures in government
subsidy houses due to heaving foundations. It appears that in some of the failures
investigated, the geotechnical investigation had given misleading indications of
clay fraction. In one case hydrometer analysis indicated less than ten percent clay
on a site where notable shrinkage cracks in the ground surface suggested at least
20% clay content. Since hydrometer analysis is normal for almost all construction
projects in South Africa such shortcomings in the method may be relevant for a
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wide range of situations. The aim of this study was to gain an insight into the
reliability of the clay fraction indicated by the hydrometer for a range of clays
typical of those found in construction projects in South Africa. It is common
practice among researchers to examine clays with the electron microscope. This
has the advantage of very high magnification. Preparation involves samples being
treated by techniques such as drying and coating with gold (Nettleship et al.,
1997). This does not replicate conditions in the hydrometer. A series of exploratory
tests were conducted at the geotechnical research laboratory of CUT to examine
the possibility of using an optical microscope / digital camera combination to
investigate the efficiency of the dispersion of clays using method GR3. The results
suggested that dispersion was not always satisfactory. Many clay particles
appeared to remain as conglomerations, others remained adhering to silt and sand
particles.

The procedures used by soil science laboratories differ somewhat from those for
engineering materials. Previous cooperation with the Soil Science Department of
the University of the Free State had sometimes found higher clay fractions
indicated by their procedures. It was arranged for six samples to be prepared by
the UFS soil science laboratory using their normal method. The dispersant is 50g
per litre Sodium Hexametaphosphate solution, the amount applied depends on soil
type; sonification in a dismembrator is specified for clay soils, mechanical
dispersion is of shorter duration but at a higher speed than SANS 3001 GR3. The
samples were examined to determine whether dispersion by this treatment was
visibly more effective than SANS 3001 GR3 for these six soils.

8.5

Equipment, Materials and their Usage in the Investigation

8.5.1 Microscope and camera

An optical microscope with objectives of 10x, 40x, 60x and 100x was equipped
with a digital camera with resolution of 9 mega pixels. Magnification resulting from
the combined effects of the microscope’s lenses and the camera was assessed by
measurements on a 100 lines-per-millimetre diffraction grating. A drop of sample
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prepared for hydrometer analysis was placed on a microscope slide, covered with
a cover-slip and photographed at various magnifications. Photographs were taken
at various locations on the slide. Most of the photographs in this investigation were
taken using the microscope’s 40x objective since more powerful lenses give a very
small depth of focus.
8.5.2 Magnification

The combined optical and digital magnification can be defined in different ways.
The image on the computer screen used to view the images showed lines spaced
at 10 microns on the diffraction grating spaced at 40mm on the screen when using
the 40x objective. This implies a magnification of 4000 times. Alternatively, the
10 micron spacing on the diffraction grating corresponds to 150 pixels on the
photographs produced by the camera using the same objective. The most
convenient way of indicating magnification is by incorporating a reference object of
known size. All of the photographs below have a rectangle superimposed to
indicate the scale. The length of each rectangle represents 30 microns and the
breadth represents 2 microns.

8.5.3 Variations in procedure

Samples were also prepared employing variations to the normal procedures in
order to examine the influence of time of soaking in dispersant, time of agitation,
concentration of dispersant and volume of dispersant used. Method GR3 specifies
only minimum times of soaking and agitation. All of the times involved are within
these specifications, and this part of the investigation served only to verify whether
this aspect of the specification is adequate. Examination of the concentration of
dispersant was prompted by the finding of a difference in hydrometer yield for
certain clays using the Japanese and American standards, which specify different
concentrations of Sodium Hexametaphosphate (Mishra et al., 2011).

8.5.4 Methylene blue

In addition, samples were treated with methylene blue (MB) with the aim of
labelling clay particles for positive identification. Methylene blue (C16H18 N3SCl) is
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an effective indicator of clay; it readily exchanges places with cations in the clay
mineral structure, the amount depending on the cation exchange capacity (CEC)
and specific surface area (SSA) of the clay minerals (Turoz and Tosun, 2012).
Active clays like montmorillonite have high CEC and SSA and readily take in
methylene blue. When MB is available in large concentrations such clays rapidly
become totally opaque and appear in photographs as dark blobs in which no
structure can be seen. Inactive clay minerals like Kaolinite have low CEC and SSA
and show little colouring until high CEC / SSA fractions present are already deeply
stained. Progressive addition of small amounts of dye can therefore give an
indication of the types of clay mineral present in a sample and also help to
establish whether the clay-size particles which can be seen adhering to silt and
sand particles are, in fact composed of clay minerals. Any additive to the soil
solution which affects the cation balance will inevitably influence the effectiveness
of the dispersant. Only small quantities of methylene blue were therefore added to
the dispersed samples. It could be expected that silt and sand would not be
coloured, high CEC / high SSA clays (e.g. montmorillonite) would be coloured after
adding very little dye, whereas low CEC / low SSA clays (e.g. Kaolinite) would be
coloured only after the addition of considerably more dye.

8.6

Theoretical Considerations and Strengths/Weaknesses of the Method
Employed

Soil mechanics and soil science generally consider all particles of 2 microns and
smaller to be “clay-size” particles, and those from 2 microns to 60 microns (or
some other arbitrary figure of this order) to be of silt-size. But particles and
agglomerations of clay minerals typically range from about 0.1 micron to slightly
more than 2 microns; non–clay particles typically range from about 1 micron
upwards (Robinet et al., 2011). Some clays, e.g. kaolinite and halloysite may have
particles considerably larger than 2 microns as can be seen in electron
micrographs by Buhmann and Kirsten (1991). There is therefore a range where
size classification may not correspond with mineral classification. Certain important
aspects of soil behaviour (e.g. volume change) depend on clay mineral content,
while hydrometer and pipette analysis attempt to establish only particle sizes, not
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mineral content. Many of the individual particles observed were in this ambiguous
range of 1 to 2 microns raising the question of whether they are clay particles
which need to be dispersed, or silt particles, which do not flocculate and should not
need dispersion.

The magnifications possible with the optical microscope and camera combination
used in this investigation are probably sufficient to distinguish most of the range
typical for clay through silt to sand, but not adequate to measure the smallest
particles in this range. Since all samples remained in aqueous suspension, all of
the smaller individual particles were subject to Brownian motion. At the highest
magnification (100x objective – 37.5 pixels per micron, 10 000x magnification on
the computer screen), particles at the lower end of the clay-size range could be
distinguished in many of the samples, but their Brownian motion hindered
observation or measurement since they suddenly appear in the focal plane and
disappear as they move away from the focal plane. Photographing them was not
very successful, possibly because the exposure time of the camera/computer
combination was too long. Many small particles were visible and could be
photographed where they formed part of large agglomerations or were attached to
silt or sand particles.

8.7

General Considerations

The following considerations in terms of the microscopic investigation should be
noted:

(a) Those samples extracted for microscopic investigation at the UFS
laboratory were taken by pipette after a settling time calculated to give only
silt and clay sized particles at the depth of extraction (larger particles having
settled below this level). The largest particle sizes measured were of the
order 50 microns, suggesting that the sample was, indeed, restricted to clay
and silt-sized particles. Samples prepared in the CUT laboratory were taken
immediately after agitation and some samples contained particles
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considerably larger than 50 microns, allowing examination of sand grains as
well as silt.

(b) The cover slip over the sample was supported by the largest particles and
consequently a depth of about 50 microns was filled with suspension for the
UFS samples and up to about 100 microns for the CUT samples. Depth of
sharp focus at high magnification is far smaller than this and consequently
photographs necessarily have most of their field out of focus.

(c) Since clay-sizes range from 2 microns downwards, the concentration of
suspension specified in the hydrometer method allows too many clay
particles in a depth of 50 microns for convenient optical differentiation. This
made dilution of the hydrometer samples necessary. The majority of
samples were diluted with three times their own volume of de-ionised water.
This dilution was arbitrarily chosen and was considered adequate for this
purely qualitative investigation.

(d) The gap of approximately 50 to 100 microns between slide and cover slip
allows evaporation of the suspension’s water around the edges. It may be
possible to seal around the edge of the cover slip and prevent evaporation,
but it was found that the movement of water caused by evaporation was
helpful in distinguishing between clay-size particles which were dispersed
and free-floating, from those which were attached to silt or sand particles or
formed agglomerations with other clay particles. This consideration results
in a very limited time available for the observation of each slide.

(e) When samples dry out they conglomerate, making it difficult to draw
conclusions about the behaviour of the clay in conditions relevant to the
pipette and hydrometer tests. Only observations in suspension conditions
were considered in this investigation.
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8.8

Samples Used in the Investigation

Samples of six widely different clay soils (from Free State, Northern Cape,
Western Cape and Limpopo) were mechanically agitated as in procedure GR3 but
without first soaking in dispersant. Samples of the same soils were prepared with
both dispersant and mechanical agitation at CUT as per SANS 3001 GR3 and at
the Soil Science laboratory of UFS using standard soil science procedures. From
the six soils two were selected as showing typical features and illustrating the
general effectiveness of the investigation’s procedures. One soil appears to show
fair dispersion, the other very inadequate dispersion. The first of these samples is
shown in Figures 8.1 to 8.5, the second in Figures 8.6 to 8.13. They provide a
reference frame and show widely different clays with and without dispersant both
with and without methylene blue. Features of some of the other soils are shown in
the remainder of the photographs.

8.9

Observations

Figure 8.1 is of an olive-grey residual clay from a proposed housing development
in Bloemfontein. Tests at the UFS Soil Science Laboratory gave LL 72, PI 26 and
clay fraction 41% (by both hydrometer and pipette methods).

Figure 8.1: Olive grey residual clay.
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Figure 8.1 shows this clay not treated with dispersant but mechanically stirred as
specified in SANS 3001 GR3 Comparison with the 30 micron by 2-micron
rectangle suggests that there are particles of about 2 microns attached to several
of the silt particles. Some clay-size particles appear to be dispersed in suspension.
Note the faint pinkish cloudy patches covering a considerable part of the field of
view (most of which is not within the lens’s range of sharp focus).

Figure 8.2 shows the same sample (without dispersant) after the addition of 3mg
of methylene blue per 1g of soil. Many of the particles of 2 microns and a little
larger adhering to the silt particles show a faint blue outline. Much of the pinkish
cloudy area has taken in methylene blue and appears to be composed of
extremely small clay particles. Little of the field of view is in focus but some deeply
stained individual particles smaller than 1 micron are discernible.

Figure 8.2: Olive grey residual clay with 3 mg/g methylene blue.

Figure 8.3 shows the same sample (without dispersant) after the addition of a
further 5mg/g. of MB dye. None of the pinkish cloud remains, it appears to have
taken in dye and can be deduced to be an aggregation of very small clay particles.
Almost all of the silt particles appear to be completely covered with clay. The
assembly moves as a flexible unit in the currents caused by evaporation around
the edge of the cover slip. No individual clay particles can be seen which are not
part of an aggregation.
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Figure 8.3: Olive grey residual clay with 8mg/g methylene blue.
It appears that a large number of very small clay particles bind considerable
numbers of various kinds of particles into associations. Currents caused by
evaporation of the suspension’s water show that these associations are flexible but
strongly tied together. Figure 8.4 shows the same soil after treatment with
dispersant as specified in SANS 3001 GR3. Comparison with Figure 8.1 shows a
very large increase in clay-size particles dispersed throughout the water. There
are, however, some clay-size particles adhering to silt particles and a number of
small agglomerations of clay-size particles with no visible silt core.

Figure 8.4: Olive grey residual clay treated with dispersant.

Figure 8.5 shows this same dispersant–treated sample after the addition of
methylene blue. While this sample shows good dispersion compared to the
untreated state, it is apparent that dispersion in not complete.
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Figure 8.5: Olive grey residual clay with dispersant and methylene blue.
The majority of dispersed particles appear to be about 2 microns in size, but small
deeply stained particles of less than one micron can also be seen, it is difficult to
discern whether they are free or attached to larger clay-size particles. The
agglomerations of clay-size particles, the clay-coated silt particles and the
agglomeration of very fine clay will probably not precipitate at a rate which will
ensure their contribution to the clay fraction being recorded by the hydrometer.
The small agglomerations of clay-size particles show little if any staining,
suggesting very low CEC. The silt particle at bottom centre appears to be coated
with very small, high CEC particles which are very darkly stained. The deeply
stained agglomeration in the centre is about 50 microns in length and 25 microns
in width. It appears to be made of very small, high CEC particles and it seems to
engulf several silt and clay-size particles. Such agglomerations were not
uncommon in this sample, but probably not common enough to ensure a
meaningless clay fraction from hydrometer analysis.

Figure 8.6 is of a red-brown soil from Limpopo Province which has a history of
giving variable results in soil tests and causing difficulties in construction.
Treatment was only mechanical stirring of the raw soil without dispersant.
Commercial laboratory results for samples sent by CUT as part of a parallel testing
programme ranged between 17% and 56% for clay fraction, and between 31 and
43 for PI. Many of the silt-sized particles appear to have clay-sized particles
adhering to them.
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Figure 8.6: Red Brown soil from Limpopo after mechanical stirring

A faint cloudy pinkish haze, as noted in Figure 8.1, is again evident. Most of the silt
particles appear to be clustered together in loose associations. As in the case of
the olive grey Bloemfontein soil there are shadowy pinkish bands associated with
the distinctly visible particles. There are also many clay-size particles adhering to
most of the silt-size particles.

In Figure 8.7 a large grain of silt appears to be mostly covered with clay-size
particles. Part of the grain, however, is completely clean and free from clay
coating. It is possible that it was struck by one of the paddles of the mechanical
stirrer and some of the coating was torn away.

Figure 8.7: Large grain of silt of red brown Limpopo soil.
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The coating of the lower right area seems to have come loose from the large
particle but remains attached to the clay coating above. The pinkish haze and
loose groupings of silt particles are again evident.

Figure 8.8 shows the same sample after addition of 3mg/g of methylene blue. A
few small blue spots are visible on the larger silt-sized particles but the majority of
particles of about 2 micron remain un-stained. A clearly visible cloud of very small
blue-stained particles has largely replaced the faint pink cloud, suggesting that the
cloud consists of very small and possibly translucent clay particles with high
CEC / SSA.

Figure 8.8: Red brown soil from Limpopo with 3mg/g methylene blue.

Most of the silt grains which appear to be covered with clay-size particles have
scattered spots of dark blue stain suggesting a few high CEC clay particles among
many low CEC particles.

Figures 8.9 and 8.10 show the same sample after the addition of a further 3 mg/g.
of methylene blue. Figure 8.9 shows a grain of silt, apparently covered with low
CEC clay almost completely enveloped by high CEC clay particles.
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Figure 8.9: Red brown Limpopo soil with 6mg/g of methylene blue.

A number of small clay particles appear to be dispersed into the surrounding
water, but the majority are associated with aggregations. The dense mass of
deeply stained clay particles appears to almost completely engulf a silt particle
covered with barely-stained clay-size particles. In Figure 8.10 a large
agglomeration of clay appears to contain several small silt particles of various
types.

Figure 8.10: Large agglomeration of clay of red brown Limpopo.

The large blue structure is more than 150 microns by 50 microns in size. Within
this structure, silt particles can be distinguished. Much of the agglomeration
appears to consist of clay particles of about 1 micron or smaller. The
agglomeration slightly above and left of centre appears to consist almost entirely of
a different species of clay particles of about 2 microns which are very lightly
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stained. Very few soil particles are visible which are not part of an agglomeration.
Figure 8.11 shows a sample of the same soil treated with dispersant.

Figure 8.11: Red brown Limpopo soil after treatment with dispersant.

Many small clay particles are dispersed, and compared to Figures 8.6 and 8.7 the
groupings of silt particles have largely disappeared. Yet many of the slit particles
remain totally or partially coated with clay-size particles and many agglomerations
of two or more clay-size particles can be seen. There are also cloudy pinkish areas
similar to those in Figure 8.1.

Figures 8.12 and 8.13 shows the same soil after addition of methylene blue. In
comparison with Figures 8.9 and 8.10, where no dispersant was used, dispersion
is clearly improved, but most of the silt particles are seen to be covered with clay
and the faint pinkish clouds again appear to be revealing themselves as very fine
clay particles which are not well dispersed and may settle in the hydrometer as siltsize aggregates rather than as individual clay particles.
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Figure 8.12: Red brown Limpopo soil with addition of methylene blue.

Figure 8.13 shows an exceptionally large agglomeration of small clay particles
engulfing several silt particles and numerous 1 to 2-micron clay particles against a
background of well-dispersed clay particles. This sand-size grouping of silt and
clay is unlikely to settle at the rate expected of clay; nor are the numerous smaller
aggregations. Nettleship et al. (1997) came to the conclusion that their anomalous
observations of settlement in the hydrometer might be explained by agglomeration
taking place while particles were settling during the test. It seems more likely that
this could be the case here than that such an agglomeration could have survived
15 minutes of stirring at 1500 rpm after prolonged soaking in dispersant.

Figure 8.13: Red brown Limpopo soil indicating large agglomeration

The amount of clay which is obviously not dispersed in Figures 8.12 and 8.13
suggests that it is very unlikely that the hydrometer will give a reliable estimate of
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the true clay fraction of this soil. Figure 8.14 shows a soil from a housing project in
the Northern Cape. The figure shows the soil after treatment with dispersant and
mechanical agitation at UFS Soil Science laboratory. The majority of silt particles
remain covered with clay-size particles. Hydrometer analysis had shown the clay
fraction for almost all of the samples from this site to be very low. This led to a low
value of Van der Merwe’s (1964) predicted heave being accepted for design.
Heave damage did, however, occur on the project.

Figure 8.14: Soil from subsidy housing project in the Northern Cape.

A considerable fraction of the clay-size particles visible in Figure 8.14 are attached
to silt particles of various sizes. It is not clear whether all the agglomerations of
clay-size particles have a silt core, but it appears that much of the clay in this
sample has not been dispersed. Hydrometer analysis could underestimate the clay
content quite drastically. This might explain the unexpected damage which
occurred at the housing project.

Another sample was prepared according to SANS 3001 GR3 (soaking in
dispersant and mechanical agitation) at the CUT laboratory. This sample was
taken a few metres from where a house became structurally unsound due to
heave and was demolished before the roof was installed. Soil apparently identical
to this from a nearby test pit was assessed by hydrometer as containing only 6%
clay. Figures 8.15 and 8.16 are the sample from the CUT laboratory. In Figure
137
© Central University of Technology, Free State

Chapter 8
8.15 many of the visible clay-sized particles are attached to silt particles. In the
figure many apparently clean silt particles can be seen as can many dispersed
particles

smaller

than

2 microns. The larger particles are all covered with clay size particles.

Figure 8.15: Sample of soil from Northern Cape housing project.

The same sample is shown in Figure 8.16. A large number of clay size particles
form an agglomeration around a thin, thread-like structure – possibly a root-hair,
while towards the top right many similar size particles appear to be well dispersed.
Considerably more clay is undispersed than is dispersed. This would suggest the
likelihood of a misleading estimate of clay fraction by the hydrometer method.

Figure 8.16: Agglomeration of large number of clay sized particles.
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Figure 8.17 shows a low-activity kaolinitic soil described as “light yellow silty clay”
from the Western Cape after treatment with dispersant and mechanical stirring to
the specification of SANS 3001 GR3. and addition of methylene blue. It has LL 34,
PI 13 and LS 4.6 suggesting that its heave potential is very low. All of the clay
particles are about 2 micron or slightly larger in size, which is consistent with the
clay being kaolinite. This is the only sample tested which showed no small, high
CEC clay particles; all of the other samples showed a range of sizes and probable
clay mineral types. Many agglomerations of clay particles are evident. Many
appear to be properly dispersed, but many are not.

Figure 8.17: Western Cape yellow kaolinitic soil.
Since it is unlikely that these will settle at the rate expected of individual clay
particles the clay fraction determination is again likely to be unreliable. The
description “silty clay” seems inappropriate since little, if any silt is evident. The
agglomerations of clay are, however of silt size and it could be that they have
settled in the hydrometer at the rate expected of silt-size particles and been
incorrectly assessed as silt.

8.10 Additional Tests

Although it appears that one or two of the samples tested showed fair dispersion
(as in Figures 8.4 and 8.5), none showed unquestionably satisfactory dispersion
(i.e. little or no clay-sized material forming agglomerations or associations with
other particles). Some showed very poor dispersion (as in Figures 8.12 to 8.16).
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Tests at the CUT geotechnical research laboratory were carried out to assess the
effect of concentration of dispersant, volume of dispersant, length of time of
submersion in dispersant and time of mechanical agitation. The GR3 procedure
includes only minimum times for soaking and agitation, so this served only to
check the adequacy of this aspect of the specification.
SANS 3001 GR3 calls for a minimum of 16 hours’ submersion in the dispersing
agent. Various periods from 16 hours to 2 weeks were tested. No visible
improvement in dispersion was observed. SANS 3001 GR3 calls for a minimum
mechanical stirring time of 15 minutes at 1500 rpm. Various periods from 15
minutes to 24 hours were tried with no visible improvement in dispersion observed.
This tends to confirm that the specified minimum times are adequate. No visible
improvement in dispersion was observed by doubling the quantity of dispersant
used to treat the samples or by increasing the concentration of dispersant from 40
g/l to 60 g/l. This was not unexpected, since the UFS samples used 50g/l and
showed no visibly significant improvement in dispersion from the GR3 samples.

Figure 8.18: Dark brown sandy clay from a road project at Thaba Nchu
in the central Free State after preparation for hydrometer analysis by soaking in
dispersant and mechanical agitation according to SANS 3001 GR3
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Samples taken from suspensions allowing little time for settlement allowed
assessment of the dispersion of clay particles from sand-size particles. Dispersion
appeared to be no better than from silt as can be seen in Figure 8.18

This sand grain is of the order of 200 microns long and 100 microns wide. It
appears to be completely covered with clay size particles. Many clay particles
around it are dispersed, although most are out of focus and cannot be clearly
seen. With particles as large as this the depth of the suspension between slide and
cover slip is so great that very little of the suspended material is in focus. It
appears that treatment with dispersant and subsequent mechanical agitation has
failed to dislodge clay particles from the sand grain.

8.11 Discussion

All of the clays tested showed some lack of dispersion. Every sample showed
instances of clay remaining attached to larger particles or forming agglomerations
with other clay particles. In some cases, the lack of dispersion was fairly small but
in some cases a substantial fraction of the clay particles appeared to be
undispersed. This suggests that it will not be reasonable to look for some universal
factor by which hydrometer results could be corrected. It appears that predictions
based on clay fraction determined by the procedure of SANS 3001 GR3 may be
very unreliable for some soils. Since the SANS 3001 procedure is very similar to
that of many other countries it is likely that this problem may be widespread. The
samples prepared at the UFS Soil Science laboratory using soil science
procedures with some differences to those of SANS 3001 GR3 showed visibly
similar results to those prepared at the CUT laboratory using the GR3 procedure.

It might be reasonable to consider specifying different de-flocculants for different
types of soil. Rodriguez et al. (2011) found that Lithium hydroxide is very efficient
for high-CEC soils but is not efficient for dispersing low-CEC electropositive soils.
Rolfe et al. (1960) found considerable difference in the clay yield given by a
number of dispersants across different types of clay in hydrometer tests. Perhaps
it is not surprising that the single dispersant specified for all South African soils
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appears to be reasonably adequate for some soils and completely inadequate for
others. Changing dispersant may be futile however, since most of the soils tested
showed mixtures of clay ranging from small, high CEC particles (much of it
probably montmorillonite) to large, low CEC particles (much of it probably
Kaolinite). If a dispersant is not efficient for several types of clay it will not give
reliable results for these soils.

The methods of quantitatively assessing the efficiency of de-flocculants for
geotechnical and soil-science purposes (Rodriguez et al., 2011; Rolfe et al.,1960)
take hydrometer yield as the standard of comparison. There appears to have been
no attempt to assess how much of the clay remains undispersed. The use of even
the most efficient dispersant for any particular clay may therefore give poor results.
There is also the question of mechanical agitation. Rodriguez et al. (2011) noted
that horizontal mechanical shaking in helicoidal motion, with the addition of coarse
sand as an abrasive, is more effective for dispersion than the conventional
method. They did note, however, that its efficiency is not the same for all soils.

8.12 Conclusion

It appears that Savage’s suspicion that “De flocculation of many types of clay is
seldom fully completed at the time of testing” is well founded. None of the clays
tested reached good dispersion even when all aspects of the dispersion procedure
were extended substantially. Clay coating of large (silt/sand) particles was
observed to some extent in all samples which contained silt and sand particles - in
some cases to a very considerable extent. Such particles will probably settle at the
rate of silt/sand particles and their clay coating will not be assessed with the clay
fraction. It may be advisable to consider the hydrometer unreliable for any critical
analysis such as heave prediction. Work in progress at the CUT soil mechanics
research group is attempting to find more reliable methods of assessing clay
fraction but is at a very early stage and is unlikely to be able to give reliable
quantitative results for at least two years. The quest for better methods of
assessing clay content should perhaps become a priority on a wide scale.
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9.1

Abstract

A combination of sieving and hydraulic settlement is widely specified throughout
the world to determine particle size distribution for geotechnical purposes. In the
past three decades several kinds of apparatus have become available for
automatic determination of particle sizes for grains and powders, particularly for
the pharmaceutical industry. The speed and convenience of these instruments
have attracted much interest for possible use in particle size analysis of soils.
Agreement between traditional and new methods has generally been found to be
very promising for coarse soils, but poor agreement for soils with significant fines
fraction has prevented their general acceptance for geotechnical use. This paper
examines possible reasons for the difficulty of analysing the fines fraction of soils,
by using optical microscope imaging. It is concluded that fundamental problems,
including dispersion and agglomeration, need to be overcome before any currently
available particle sizing method can be reliably used for assessment of natural
soils containing a significant clay fraction.

Keywords: Particle size distribution, PSD of soils, PSD of clays, Laser Diffraction,
Hydrometer analysis, dispersion of clays.

9.2

Introduction

Particle size analysis forms the most basic and vital part of soils analysis. A
combination of sieving and sedimentation techniques have traditionally been used
in geotechnical soils laboratories for this purpose using standardised techniques
as set out in for example ASTM D422-63 (ASTM 2002) and BS 1377-2 (British
Standards Institution 1990). These procedures typically involve sieve analysis for
the coarse fraction (sand and gravel size particles) and hydraulic sedimentation
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analysis for the fine (silt and clay-size) fractions. Despite many years of
standardisation and reliance on the hydrometer or pipette, doubts have frequently
arisen about the reliability of fines fraction determination. Perhaps this is one of the
reasons for many months of absence of ASTM D422-63 after withdrawal in 2016.
Large discrepancies have been noted. Kubota (1972) for example found very large
differences in clay fraction for some soils depending on the details of sample
preparation for hydrometer analysis. Keller and Gee (2006) noted that particle size
data must be treated at best as an empirical estimate, and that hydraulic methods
work best for coarse-textured (low clay) structure-less soils. It appears that it is the
clay fraction which poses the greatest problem for particle size analysis of natural
soils.

Much of our understanding of clays comes from scanning electron microscope
(SEM) images. Preparation of samples for SEM imaging involves processes such
as drying and gold plating. However, clay fraction is usually assessed by
sedimentation procedures in aqueous suspension. In this form, clay particles are
surrounded by vast numbers of hydrated ions. The hydrated diameter is several
times that of the ion itself. A clay particle in aqueous suspension, closely
surrounded by such structures held captive by electrostatic fields may look
different from a SEM image and it may behave in a different way to that expected
by reference to a SEM image.

In the 1970’s several methods for inferring particle size distribution (PSD) by the
scattering of light were proposed. In the 1980s instruments were commercially
produced based on these and related ideas and have now become readily
available. Such designs have reached a high degree of sophistication. The
possibility of their use for PSD analysis of soils is attractive since they are
convenient to use, require only a small sample size, allow a PSD analysis to be
completed in a short time and generally give repeatable results with very fine
grading (of the order 100 divisions).
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9.3

Automatic Particle Sizing

Automatic particle sizing instruments employ a wide variety of techniques. One
popular technique involves the evaluation of occlusions (shadows) cast against an
optical detector illuminated with laser light as a stream of single particles crosses
the laser beam. The merits of the single particle size (SPOS) technique have been
assessed by White (2003) and Clayton, Abbireddy, and Schiebel (2009). White
showed that the SPOS technique can accurately assess dry sand-size particles
down to about 100µm. Clayton, et al. (2009) showed that the SPOS technique has
promise for evaluating the form of sand-size particles but is not suitable for
assessment of finer material. It seems rather unlikely that any dry powder
technique will be successful for assessing clay fraction. Clay particles agglomerate
on drying. In aqueous suspension chemical and mechanical dispersion can be
applied to break down clay agglomerations. It therefore seems likely that
techniques using aqueous suspensions would stand a better chance of assessing
clays.

Possibly the most popular such technique is based on the principle of laser
diffraction, which evaluates multiple particles as they pass in aqueous suspension
through a laser beam. Instruments using laser scattering (LS) techniques have
been assessed by a considerable number of researchers. Konert and
Vandenberghe (1997) found that LS works well for particles of certified size, but for
natural soils correspondence with traditional methods breaks down. They
suggested ad-hoc re-classification of sizes by up to 8 size classes to achieve
tolerable agreement. Eshel et al. (2004) assessed the LS technique with a range
of natural soils from sand through silt to clay. They found significant discrepancies
between LS and hydraulic PSD which did not follow a systematic pattern
compared to sedimentation. LS under-estimated clay fraction but over-estimated
silt fraction. Adjusting results to improve correlation in one particle size category
made discrepancies worse in the other categories. They could not devise a
meaningful correlation between the two approaches.

Abbireddy, Clayton and Huvenne (2009) assessed the use of the LS technique for
evaluating the form of fine particles. They compared particle-sizer results against
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particles which had been restricted to a small size range by sieving, and whose
form had been assessed by examining scanning electron microscope (SEM)
images. They used manual settings to adjust the analysis accordingly. While this
may be a valuable method of determining the shape or form, it also suggests that
the sizer may give misleading results for particle sizes where SEM images are not
available to suggest suitable correction factors for lack of sphericity. Di Stefano,
Ferro and Mirabile (2010) did comparisons between PSD results from hydrometer
and LS tests for 228 natural soils from Sicily. Their results were comparable to
those found by Eshel et al. (2004), whose correlation between sedimentation and
laser diffraction showed relative errors up to 104% for sand, 93% for silt and 144%
for clay-size particles. Di Stefano et al. (2010) presented their results graphically,
rather than numerically. Their graphs suggest even worse correlation for clay but
better correlation for sand.

Goosens, (2008) tested ten different instruments for measuring hydrated PSD. He
analysed four sediments with different median grain size and with no particles >
90µm. The instruments were based on laser diffraction, sedimentation,
impedance, electrical sensing zone and optical techniques. His results showed
disagreement between the various methods of at least 4:1 and often greater than
10:1 with little or no consistency across size categories or across the four
sediments. He expressed the opinion that the LS technique appeared more
credible than the others, but noted that without defining the exact criteria for
comparison, none could be assessed as reliable. Abbireddy and Clayton (2009)
reviewed 7 methods of automated PSD measurement techniques and found that
for glass spheres, and clean, bulky sand all gave similar results. For small and
medium chips of glass, flakes of mica and classified gold tailings results showed
less good, but still fair agreement. For kaolinite results disagreed by an order of
magnitude. Kaolinite is found in most natural soils. Their results, therefore, again
throw doubt on the suitability of automated PSD equipment currently available for
PSD of natural soils.

Bah, Kravchyuk and Kirchof (2009) suggested that the discrepancies between LS
and hydraulic methods might be attributable to the variability of soil particle density
as well as non-sphericity. Sedimentation methods assume a single particle
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density, whereas LS measurements are independent of particle density. Lack of
sphericity affects both methods. LS should on average assign an irregular shaped
soil particle a cross-sectional area greater than that of a sphere having the same
volume and therefore inflate larger size fractions and underestimate the clay
fraction. Non-spherical particles, on the other hand, have longer settling times than
equivalent spheres, which should lead to overestimation of the clay fraction in
hydraulic methods. The need for an agreed definition of size arises in all of these
investigations. The traditional definition, based on particles passing through the
square apertures of a sieve, cannot be applied in optical methods which assess
other aspects such as a two dimensional projection (SPOS) or a scattering
potential (LS). It is therefore difficult to compare results with conventional tests.
Nevertheless, it would appear that for inert particles (grains of rock of any size
from a few millimetres to a few tenths of a µm) optical methods hold out potential
for rapid, repeatable, reliable and accurate PSD with very fine gradation of results.
The problem remains, however, that the determination of clay fraction is a very
important part of PSD assessment and automatic optical methods do not appear to
have shown their suitability for this task.

9.4

Suitability for Geotechnical PSD

For geotechnical purposes it is more important to be able to assess the fractions of
the major soil divisions: clay, silt and sand, than to assess fine gradations within
these categories. Concerning the pipette method specified in BS 1377-2,
Abbireddy and Clayton (2009) pointed out, the standard test is configured only to
determine the silt and clay fractions of materials, because these are the
parameters most often required in geotechnics. The clay fraction is of particular
importance for many geotechnical considerations. The above review suggests that
no automatic PSD technique has demonstrated the ability to give convincing
estimates of clay fraction of natural soils. The standard hydraulic methods are also
questionable for high clay content soils. This investigation seeks to assess the
reliability of both automatic and traditional hydraulic methods of PSD.
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9.5

The Uniqueness of Clays

The reason for clays presenting such a challenge is of great importance to the
question of what techniques can be expected to assess them reliably. Clays
generally consist, in principle, of silicon atoms, each surrounded by four oxygen
atoms forming silicon-centred tetrahedral, and aluminium atoms, each surrounded
by six hydroxyl groups forming aluminium-centred octahedra. The silica tetrahedral
pack together to form extended sheets. The alumina octahedra also pack together
to form extended sheets. These sheets can stack together in two distinct patterns.
When silica and alumina sheets are stacked alternately they form a 1-1 mineral
structure. When one alumina sheet is sandwiched between two silica sheets, a 2-1
structure results. In the 1-1 form, the pairs of sheets are held together by hydrogen
bonds and form stable, non-expansive stacks which can be a few thousand sheets
thick. Such particles tend to be large (~2µm) and bulky, with a low surface to
volume ratio, or specific surface area (SSA). Kaolinite is the most common 1-1
clay mineral and occurs in almost all soils. In 2-1 structures each three-sheet
sandwich is held to neighbouring sandwiches by interlayers of positively charged
particles. Cations of various species like potassium or iron may fill the interlayer,
producing various types of clay such as mica and illite. These are usually stable
and only slightly expansive. Where hydrated cations fill the interlayer, smectites
are produced, one of the most common being montmorillonite. In this case, where
the interlayer is formed by hydrated cations, the structure is far less stable, the
number of sheets stacked together to form a clay particle may be quite limited;
they tend to be small and flaky with large SSA. These particles are expansive; the
spacing between the three-sheet sandwiches depends on the number of hydrated
cations in the interlayer. This simple picture is complicated by exchanging of ions
in the clay structure. Clay properties are therefore complex, they depend not only
on patterns of ion exchange, but on the nature of the underlying geology and the
balance between chemical, physical and biological processes to which it has been
subjected. These, in turn, depend on highly variable factors such as rainfall and
temperature.
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9.6

Cation Exchange Capacity

Clay particles at normal pH are negatively charged. Soil contains a variety of ions,
both positively and negatively charged. The positively charged cations are
attracted to the clay particles and are adsorbed in vast numbers on the exposed
edges of the silica and alumina sheets. Soil in natural conditions contains water to
some degree. When an ion is surrounded by a sufficient number of water
molecules, it becomes a stable hydrated unit of size characteristic for the specific
ion (several times larger than the ion itself). Hydrated ions are mobile and are
attracted to the edges of clay particles. There is an order of preferential adsorption
onto clay surfaces known as the Hofmeister series. When hydrated cations of
higher rank in the series are available, they tend to displace those of lower rank,
although any cation can displace the others if present in high enough
concentration. The total charge which can be displaced by cations is known as the
cation exchange capacity (CEC). For large, bulky, low SSA clay particles like
kaolin CEC is low, typically 3-4 cmol/kg, while for small, high SSA particles like
montmorillonite, CEC is far higher, typically 70-120 cmol/kg (Borden and Giese,
2001).

9.7

Dispersion

When clay is agitated in water it tends to disperse into small agglomerations in
suspension. For estimation of clay fraction, it is necessary to break down the small
agglomerations so that they can be assessed as individual clay particles. Certain
chemicals have been found to be effective for increasing clay yield in settlement
procedures like hydrometer and pipette analysis, particularly when pH is raised to
10 or above, at which stage the charge at the exposed edges of the silica and
alumina sheets changes from negative to positive. A mixture of Sodium
Hexametaphosphate (NaPO3)6 and Sodium Carbonate (NaCO3) is one such
dispersant specified in many engineering standards. Attractive, but over-simplified
theoretical explanations have been put forward to explain this dispersion. It is
implied that when sufficient dispersant has been applied, then dispersion is
effectively complete. This can be seen, for example in Mishra et al. (2011). On
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finding that ASTM D422-63 (which specifies the use of more dispersant than the
Japanese standard JIS A1204-JGS 0131) gave a higher yield in the hydrometer,
they concluded that the ASTM procedure gave complete dispersion for all
samples. Experiments by other researchers e.g. Rolfe et al. (1960) have shown
that there is an optimum quantity of dispersant for particular clay samples and
adding more dispersant than the optimum leads to flocculation and fall in yield,
contrary to the expectations of popular, simple theories. The assumption that
maximum hydrometer or pipette yield signifies complete dispersion may be
unjustified.

In attempting to explain dispersion, attention has turned to double-layer theory.
The double layer theory was proposed by Helmholtz more than a century ago to
explain the behaviour of an electrolyte around a charged rod. It is a continuum
description which tries to account for the interaction of the charge densities, the
charged mineral surfaces and the thermodynamics of ion interaction. It has been
successful in qualitatively explaining reduction of dispersant efficiency at high
concentration of dispersant, but has had to rely on untested assumptions for its
attempts at quantitative analysis. Two points about double layer theory raise
questions about its applicability to clays. Firstly, the theory was proposed for
electrodes producing moderate electric fields. Measurements by Hu et al. (2015)
suggest enormous field strengths at clay surfaces (in the region of 10 8 V m-1)
under certain circumstances. Secondly, the theory was proposed for particular
electrolytes. In clays there are mixtures of a not necessarily easy to determine
number of not necessarily easily identified electrolytes. Double layer theory relies
on a number of assumptions which make its predictions uncertain in many
respects. It does not appear to imply that maximum yield signifies complete
dispersion. It does not predict the findings by (Hu et al., 2015) that at low
electrolyte concentrations, repulsion increases substantially. Hu et al. deduced that
this may be due to non-classical (i.e. quantum mechanical) effects. It appears that
the theory is as yet not able to reliably predict the effectiveness of any technique
for the dispersal of clay suspensions.
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9.8

Optical Assessment of Dispersion

The majority of images of clay particles are made with the scanning electron
microscope (SEM). Such images give an indication of the appearance of clays
typically at high magnification. Preparation for electron micrographs involves
processes like drying and gold plating. SEM images may therefore not be relevant
to clays in suspension, where clay particles are probably surrounded by multiple
layers of closely bound hydrated ions to a thickness of several nanometres.

The optical microscope is well suited to examining aqueous suspensions. There
are, however, objections which make the use of optical microscopes largely
rejected. Suspended particles of the order 1µm and smaller are subject to
Brownian motion; impacts by groups of water molecules impart random impulses
leading to erratic motion in random directions. The high-powered objective lenses
required to study particles as small as clay have very little depth of focus and
tracking small, erratically moving particles can be challenging. It can also be
difficult to differentiate between clay-size silt particles and particles of clay. These
disadvantages can, to some extent, be overcome in two ways. Firstly, a digital
camera can add digital magnification to produce useable images with less
powerful objective lenses (which have greater depth of focus). Secondly, clay can
be labelled with C16H18N3SCl, generally known as “Methylene Blue” (MB), which
preferentially replaces exchangeable cations in clay while leaving silt and sand
unstained (Turoz and Tosun, 2011). These considerations led the authors to a
qualitative assessment of the reliability of the LS technique for assessing the clay
fraction of natural soils. For this investigation the particle size distributions of
clayey soils were determined using an instrument which employs laser diffraction
and is equipped with a facility to apply ultra-sound for dispersion purposes. This
equipment is predominantly used for the determination of particle size distributions
of industrial powders. The particular instrument for the tests here described is
housed in the soil mechanics laboratory of the University of Pretoria, South Africa,
where it is generally used for soils research purposes.
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For correct particle size distribution to be determined, sufficient dispersion, either
by means of mechanical agitation and/or chemical de-flocculation, needs to be
achieved. The use of ultrasound may provide a means of increasing dispersion.
Franco; Perez-Maqueda and Perez-Rodriguez (2004) found that sonication
increased the structural disorder (synonymous with dispersion) in kaolinite. They
found that prolonged treatment with ultrasound led to splitting of the crystal
structure. The possibility that exposure to ultrasound for a limited period may
increase structural disorder by de-flocculating and dispersing clays could be of
value in estimating the clay fraction of soil more reliably. This possibility was
investigated by Di Stefano et al. (2010). They did not go into detail but gave the
impression that success was limited. This paper deals with attempts to assess the
effectiveness of PSD by laser diffraction (with and without ultrasound dispersion)
for natural clayey soils and compares the results to values obtained by traditional
means. The effectiveness was assessed qualitatively using an optical microscope.

9.9

Materials and Methods

This investigation employed a Malvern Mastersizer 2000, an optical microscope
equipped with 10x, 40x, 60x and 100x objective lenses and a 9 Megapixel digital
microscope camera. The magnification achieved by the combined optical and
digital contributions of objective and camera were assessed by measurement on a
diffraction grating having 100 lines per mm (i.e. a line spacing of 10µm). The total
magnification depends on the device on which the camera’s image is projected.
The most meaningful expression of magnification or resolution is given by the
number of pixels per µm (e.g. 37.7 pixels per µm for the 100x objective). The most
convenient way of indicating scale is by superimposing an object of known size on
the image produced. In this investigation a rectangle is superimposed on
photographs and the dimensions of the rectangle are stated in the caption.

All photographs were taken of samples suspended in water. The depth of water
depends on the size of the largest particles, which act as spacers between the
microscope slide and its cover slip. Since all samples contained silt-sized particles,
the depth of water was far greater than the depth of focus of the microscope’s
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high-power objectives. Much of the field of view is therefore out of focus in most of
the photographs. Brownian motion causes rapid movement of the smallest
particles. Extremely small particles could, however, be photographed where they
formed part of agglomerations too large to be subjected to Brownian motion. In
many instances minute particles appear to form nebular structures which often
contain silt and coarse clay.

Samples of natural soils of different clay-content were tested. Three soils are of
particular interest for their problematic behaviour on construction projects and
most of the photographs shown deal with these three soils. Samples were sent for
testing to accredited laboratories and hydrometer results from these laboratories
are compared with LS results.

Normal procedure at the laboratory where the tests took place involves sizing
without chemical dispersant. The first test compared this procedure against
soaking for 24 hours in chemical dispersant before testing. The dispersant was a
solution of 33g Sodium Hexametaphosphate together with 7g Sodium Carbonate
dissolved in 1 litre of water. This is the dispersant specified in BS 1377 part 2
(British Standards 1990), SANS 3001 (SABS 2011) and engineering standards of
several other countries. Some samples had a small quantity of methylene blue
(C16H18N3SCl) added after sizing to aid positive identification of clay particles. All
tests with the Malvern Mastersizer 2000, took place at the soil mechanics
laboratory of the University of Pretoria.

9.10 Results of the PSD Tests

9.10.1 Steelpoort clay

Samples of a red-brown soil with very high swell potential from Steelpoort in NorthEastern South Africa were examined. For this soil: 90% passed the 425µm sieve,
LL = 78, PI = 43, LS = 18.0, Gs = 2.46. LS analysis was performed both with and
without pre-treatment in chemical dispersant. PSD curves with and without
ultrasound are shown in Figure 9.1. The curves for samples with no chemical
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dispersion show a large difference with and without ultrasound treatment. Those
with chemical dispersion show very little difference with ultrasound treatment. The
curves from the LS device are in marked disagreement with the hydrometer. The
most necessary particle size information for most geotechnical puposes is the
clay/silt/sand make-up of the soil. Figure 9.2 shows the results as bar charts
divided into three classes: sand (>75µm), silt (2µm to 75µm) and clay (< 2µm). If
automatic particle sizing cannot give reasonable values for these important
groupings then fine grading into 100 intervals may be of little relevance, and may
simply give a false impression of accuracy and reliability.

Figures 9.1 and 9.2 sugges that use of the apparatus without chemical dipersant
may give unreliable results. This soil is so expansive and caused so much damage
to structures founded on it that the clay fraction does not appear to be
reasonsable. Ultrasound appears to disperse clay from the slt and sand
components, but too little to give a credible clay fraction.

Figure 9.1: PSD curves for Steelpoort Clay by Laser Scattering.

Figure 9.1 shows PSD curves for Steelpoort Clay by Laser Scattering with no
chemical dispersion with and without ultrasound, by Laser Scattering with chemical
dispersion with and without ultrasound, and by hydrometer with chemical
dispersion and mechanical stirring.
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Figure 9.2: Broad particle size categories for Steelpoort Clay.

Figure 9.2 shows division of results for Steelpoort Clay into broad particle size
categories of sand (> 75µm), silt (2µm to 75µm) and clay(< 2µm). Results are from
Laser Scattering PSD, with and without chemical dispersion, both with and without
Ultrasound dispersion, and also PSD by hydrometer.
It is clear from the two figures that after chemical dipersion the LS value for clay
fraction is almost three times as much as without dispersant, and about half that of
the hydrometer. With dispersant the silt fraction is about three times more than the
hydrometer and the sand fraction about one third. This tends to support the
observation by Eschel et al (2004) that it may be difficult to devise a meaningful
correlation between the LS and Hydrometer results.

9.10.2 Botshabelo clay

Samples of a dark olive-brown clay soil from a roads project near Botshabelo in
Central South Africa were examined. For this soil: 95% passed the 425µm sieve,
LL = 66, PI = 36, LS = 12.2 and Gs = 2.47. This material was considered
unsuitable for a road foundation and was removed from the site. LS analysis was
performed after pre-treatment in chemical dispersant (with and without ultrasound).
PSD curves are shown in Figure 9.3. There is again considerable disagreement
between the LS and hydraulic results.The fact that this material was considered
only suitable for removal rather than treatment suggests that the hydrometer
results are more likely to reflect a credible PSD. There is little significant difference
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between applying and not applying ultrasound; both give a clay fraction less than
one third of the hydrometer’s value. Figure 9.4 shows the sand, silt, clay fractions
of the clay.
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Figure 9.3: PSD curves for Botshabelo clay with dispersant
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Figure 9.4: Broad particle size categories for Bosthabelo Clay.

9.10.3 Kimberley clay

Figures 9.5 and 9.6 give results for a light reddish-brownsoil from a housing
development in Kimberley, central South Africa. For this soil: 60% passed the
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425µm sieve, LL = 44, PI = 19, LS = 9.0 and G s = 2.32. PSD results from the
geotechnical investigation indicated a very low clay content, and consequently a
low shrink/swell potential.
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Figure 9.5: PSD for a soil from a Kimberley housing project.
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Figure 9.6: Broad particle size categories of Kimberley soil.
However, severe heave damage occurred within a short time after completion of
the project. This soil represents the only sample of 9 soils tested in the
investigation, where LS PSD indicated a higher clay content than the hydrometer.
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The investigations considered by Eshel et al. (2004), Di Stefano et al. (2010) and
Abbireddy and Clayton (2009) found LS methods gave consistently lower values
for clay content than hydraulic methods. It would appear that this is an unusual
soil, and the damage to the housing project would indicate that the true clay
content may be considerably higher than any of these results suggest.
9.11 Results of Microscopic Examination

9.11.1 Steelpoort clay

Figure 9.7 shows typical low-power views after PSD with ultrasound. The sample
is untreated Steelpoort clay (a) after PSD with ultrasound and (b) after PSD with
ultrasound and subsequent addition of methylene blue. The depth of focus is of the
same order as the depth of water between slide and cover slip and everything is
inacceptable focus. Many small individual particles are visible together with some
silt particles and some agglomerations which could be silt particles with clay
adhering to them. In (b) practically all of the silt-size particles are stained,
suggesting that they are either agglomerations of clay, or silt particles with clay
adhering to them. Although low-power views give a good impression of the sample
as a whole, higher powered views are more suitable for showing salient details which are not necessarily typical, and much of the field of view is out of focus. The
larger perspective (scale bar 80µm x 4µm), as in Figure 9.7 should be borne in
mind.
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Figure 9.7: PSD of untreated Steelpoort clay sample.

Figure 9.8 (a) shows silt-sized particles after PSD with ultrasound. The two large
particles both appear to be either agglomerations of clay-sized particles or silt
completely covered with clay-sized particles. Not every silt particle appears to be
coated with clay. A few apparently clean, uncoated particles are visible, but more
clay particles appear to be in agglomerations than not.

It appears that more

effective dispersion is required than is provided by the mechanical dispersion and
ultrasound applied by the apparatus. Figure 9.8 (b) shows a chemically dispersed
sample which has gone through the PSD procedure without ultrasound. A number
of particles appear to be dispersed, but the agglomeration in this photograph
seems to consist largely of clay-sized particles held together by a tenuous nebula
which is probably composed of particles too small for resolution at this
magnification. (c) shows a similarly treated sample after PSD and the application
of ultrasound. Again there are a few well dispersed particles but the main feature
of the photograph appears to be a grain of silt largely covered by clay-size
particles.
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Figure 9.8: Steelpoort clay; (scale bar 30µm x 2µm).
(a) After no chemical dispersion, PSD without ultrasound: (40x objective)
(b) After chemical dispersion and PSD without ultrasound: (40x objective).
(c) After chemical dispersion and PSD with ultrasound: (60x objective).

The addition of methylene blue effectively labels the clay, as can be seen in
Figure 9.9. In (a) many clay particles between 1 and 2µm are dispersed, but others
appear to have tenuous associations with small clouds of very small particles. The
larger agglomerations could be silt with a complete coating of clay particles which
are so deeply stained that their form is not discernable. The silt-sized
agglomerations will probably be counted by the particle-sizer as silt and the clay
fraction will therefore be under-estimated. It appears that this is the case whether
ultrasound is used or not. Figure 9.9 (b) shows the same sample after chemical
dispersion and PSD with ultrasound. It shows a tenuous silt-size agglomeration
which appears to be almost entirely made up of clay particles, most of which are
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very small. Figure 9.9 (c) is an enlargement of part of Figure 9.9 (b). The particles
making up the blue-stained nebula appear to be smaller than 0.1µm.

It could be expected that for this particular clay, neither treatment with ultrasound,
nor with the standard chemical dispersant, nor a combination of both will lead to an
accurate estimate of clay fraction. It could be expected that LS might register such
particles incorrectly as silt-sized, whereas the hydrometer might possibly register
them correctly as clay, since the settling speed would probably be considerably
slower than a single, solid particle of this size.

Figure 9.9: Steelpoort clay, after addition of methylene blue following PSD.
(a) No chemical dispersant with ultrasound: scale bar 30µm x 2µm.
(b) Chemical dispersant with ultrasound: scale bar 30µm x 2µm.
(c) Enlargement of (b): scale bar 5µm x 0.1µm.
The question of the reliability of the Hydrometer as the standard of reference
remains. A sample of Steelpoort clay (Figure 9.10) was prepared for hydrometer
analysis by soaking in dispersant for 24 hours and mechanically stirring for 15
minutes at 1500 rpm before examining under the microscope. The result can be
seen in Figure 9.10 (scale bar 30µm x 2µm). Note that concentration of particles is
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far higher in the hydrometer than in the LS sizer. Although many particles of 2µm
and smaller are dispersed, it appears that a large proportion of visible clay has
formed groupings which are larger than clay-size and are not likely to be counted
by hydrometer analysis as clay. The true clay fraction may therefore be
considerably greater than any of the results found above.

Figure 9.10: Sample after dispersion and agitation for hydrometer analysis.

9.11.2 Botshabelo clay

Samples of the soil from Botshabelo which had been immersed for 24 hours in
dispersant and then analysed using the particle sizer with and without the
application of ultrasound were examined under the microscope. Figure 9.11 (a)
shows a large particle which is apparently completely covered with clay-sized
particles. Figure 9.11 (b) shows a coarse silt-size particle covered by small, high
CEC, deeply blue-stained particles, silt particles covered with larger clay-size, low
CEC, lightly stained particles, and also scattered, well dispersed clay-sized
particles. Many, possibly the majority, of the clay particles have not been
dispersed. For comparison with the Hydrometer standard, a sample of this soil was
prepared accordingly. Figure 9.11 (c) suggests that while a large number of silt
and clay size particles can be seen to be well dispersed, there are many clay
particles forming an agglomeration of about 40µm diameter. These clay particles
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may be covering a silt particle. They will probably not be assessed as clay in the
hydrometer analysis. It would again appear that the hydrometer is not an adequate
standard by which to compare clay fraction determination and it is likely to underestimate clay fraction quite significantly for this soil.

Figure 9.11: Botshabelo clay after chemical and mechanical dispersion.
(a) Laser particle sizing (no ultrasound).
(b) Laser particle sizing with ultrasound and methylene blue.
(c) Chemically and mechanically dispersed for Hydrometer analysis.

9.11.3 Kimberley clay

Figure 9.12. Shows a sample from a housing project in Kimberley in central South
Africa. Laboratory results from the geotechnical investigation had indicated the
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clay content to be very small over the whole site. Expansive potential was
therefore assessed as low and no significant shrink/swell was designed for. One of
the houses became structurally unsound due to heave and had to be demolished
before construction was even completed. In the course of one year many of the
houses became seriously damaged and required major repairs.

Figure 9.12 (a) shows a sample treated with dispersant and subjected to laser
diffraction analysis without ultrasound. Dispersed particles are visible, but there is
a large conglomeration of clay-sized particles which are not dispersed. Figure 9.12
(b) shows the same sample after ultrasound. Again there are many dispersed claysized particles, but others appear to be attached to a silt particle and others form
fine-silt-size associations of a few clay-size particles. Figure 9.12 (c) shows the
same sample after addition of MB. It is difficult to find any particles at all which are
not stained. They are therefore of high CEC clay or covered with high CEC
particles. The majority of particles are extremely small. The nebula at lower left is
approximately 30µm in diameter and appears to consist entirely of high CEC / high
SSA clay particles.

Most of the visible particles are agglomerations larger than 2µm and would
probably be analysed by the particle-sizer as particles larger than clay. This would
probably be the case with hydrometer analysis also and could explain why the
estimate of clay fraction was deceptively small in the geotechnical investigation’s
particle size analysis. The output from the LS particle-sizer indicated the clay-size
fraction to be a little under 20%. Visual assessment of the methylene blue-stained
samples typified by this photograph suggests a considerably higher value for the
actual clay content. The extensive damage to the building project also suggests
high clay content. Figure 9.12 is a sample from Kimberley housing project after
dispersant treatment and laser scattering PSD.
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Figure 9.12: Sample of Kimberley soil (scale bars 30µm x 2µm).
(a) No ultrasound;
(b) with ultrasound;
(c) With ultrasound and methylene blue labelling.

Several other clayey samples were tested; PSD results gave poor correlation in all
cases. One sample, from Virginia in central South Africa is shown in Figure 9.13
(a) is a high power image (100x objective) of a nebula of small, high CEC/high
SSA particles containing many larger particles. This follows chemical and
mechanical dispersion in preparation for hydrometer analysis. Part of this image is
enlarged in Figure 9.13 (b), where the scale bar measures 2µm by 0.1µm, which
covers the range of sizes normally considered typical for most species of clay
particles. It appears that the individual particles making up the nebula are smaller
than 0.1µm. Clay particles smaller than 0.1µm would be typically smectites.
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However, some organic colloids can also be smaller than 0.1µm (Dur et al., 2006).
Organic colloids are widely distributed in soils and this raises the possibility that
these features may possibly be not clay, but organic colloids.

Figure 9.13: Methylene blue-stained clay-size and silt-size particles

9.12 Discussion of Results

The laser and ultrasound scattering particle-sizer is quick and convenient to use. It
appears to give satisfactory results for analysing inert powders and its use in the
pharmaceutical industry is widespread. Its use for analysis of natural soils, while
tempting from the point of view of its speed and simplicity appears to be dubious.
Even after prolonged treatment with chemical dispersant there appears to be
significant flocculation of clay particles whether ultrasound is employed or not. It
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would appear likely that much of the clay in many samples would be assessed as
larger particles, since they form part of silt or even sand-size agglomerations. This
would give an under-estimate of clay fraction. Examination of sediment following
settlement of samples prepared for hydrometer analysis has shown that the
agglomerations visible in microscopic inspection tend to settle more slowly than
solid particle of similar size (Stott, Monye, and Theron, 2016). Sand-size
agglomerations tend to settle with the coarse silt, large silt-size agglomerations
tend to settle with the fine silt and small agglomeration tend to settle with the clay.
It appears that Laser Scattering PSD should under-estimate clay fraction even
more seriously since particle density is not thought to influence its assessment.

The extremely small size of many particles suggested by, for example Figures 9.7
(b), 9.10 (c) and 9.11 may be beyond the resolution of current LS devices. Their
apparent propensity to form extended nebular structures may explain the
somewhat surprising appearance of electron micrographs of smectites. The overall
size of the petal-like structures often found in SEM images of smectites is
comparable to that of the nebular structures of Figures 9.7 (b), 9.10 (c) and 9.11. It
might be possible that drying in preparation for SEM imaging may cause extremely
small clay particles in such nebulae to condense into very thin, undulating sheets,
making the individual particles difficult to distinguish, especially after gold plating.
On the other hand, it is possible that some or all of these very small particles could
be organic colloids (which commonly form part of soils to considerable depth).
PSD for geotechnical purposes does not usually consider the effect of organic
colloids. In view of the apparent role of the observed nebular structures in binding
clay particles into large groups and preventing the entrapped particles being
counted as clay, it may be necessary to consider removal of organic colloids to
allow meaningful PSD. The removal of organic content has been a subject of much
research by soil scientists primarily interested in determining total organic content.
Mikutta et al. (2005) have reviewed the soil science research on this subject and
found that it is a complex process which can produce permanent and major
changes in the make-up of clay minerals, precipitation of metals, changes in SSA
of up to 90% and replacement of organic particles by inorganic particles in the
interlayers of 2-1 clay structures. Efficiency and results depend on the elements in
the soil, the pH, types of clay present, depth of sample and other factors. Its effect
167
© Central University of Technology, Free State

Chapter 9
on PSD would require detailed investigation. BS 1377 part 2 specifies an H 2O2
treatment for high organic content soils like peat, but warns against its application
for most soils because of its effects on clay minerals. Di Stefano et al. (2010)
applied an unspecified H2O2 pre-treatment to their samples for removal of organic
content but their results (as noted above) suggest that its effect, although
recognizable, did not lead to good correlation for the clay fraction. Abbireddy and
Clayton (2009) also treated their samples with H2O2 but also found that results
differed by an order of magnitude between the automatic and hydraulic methods.

9.13 Conclusion

It appears that the laser-scattering particle-sizer is not a suitable instrument for
assessing natural soils which contain a significant clay fraction. The deficiencies
seem to be attributable largely to difficulty in dispersing the materials tested. It also
appears that the hydrometer is not a reliable standard by which to compare
performance in this regard. It is possible that difficulty of dispersion could be
peculiar to the soils tested, all of which could, possibly, be classed as tropical soils.
None are from within the tropics, but all are from latitudes less than 30°S. Tropical
soils are known to have certain peculiarities. However, salient aspects of these
findings are similar to those of other researchers Eshel et al. (2004), Abbireddy
and Clayton (2009), Di Stefano et al. (2010) who worked with soils from California,
UK and Sicily respectively. All of these researchers noted poor agreement but did
not suggest a plausible reason. It would seem that a reliable method of assessing
clay fraction remains elusive and automatic PSD methods in their current form are
unlikely to give acceptable analysis of soils containing significant clay fractions.
Currently available chemical dispersants, mechanical agitation and ultrasound all
appear to be ineffective, particularly for dispersing extremely small, high CEC /
high SSA clay particles. None of the current methods appear likely to reliably
assess natural soils with significant clay content. It would appear that a search for
a reliable method of clay fraction determination should be given high priority. Until
such a method is found it might be advisable to examine critically important
samples using optical microscope procedures as described here to guard against
gross error.
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CHAPTER 10: ASSESSMENT

OF

RELIABILITY

OF

THE

HYDROMETER BY EXAMINATION OF SEDIMENT
10.1 Abstract

A fundamental aspect of the characterization of any soil is the assessment of its
particle size distribution. While this is relatively easy for the coarse fraction it
remains problematic for soil fines particularly for the fraction less than 2µm.
Hydrometer analysis has been the standard tool for fines assessment for many
years but there may be serious shortcomings. Nettleship et al. (1997); Savage,
(2007); Rodrigues et al. (2011) and many others have pointed to a number of
problems facing the hydrometer. Some of the questions have been addressed by
laser scattering techniques (e.g. Eshel et al., 2004), but others, including
completeness of dispersion and the amount of clay carried down with coarser
fractions remain problematic. This investigation assesses some aspects of the
reliability of the hydrometer by isolating and testing the sand and silt fractions after
settlement. Microscopic examination is used to compare the composition of
sediment layers with that expected according to hydrometer theory.

10.2 Introduction

Hydrometer analysis is widely used internationally for determination of the clay and
silt fraction of soils in both engineering and soil science practice. The standard
procedure used in South Africa for Civil Engineering purposes is detailed in SANS
3001 GR3 (SABS 2012). The test has a number of theoretical weaknesses. It
monitors the change in density of a settling suspension - theoretically at one level
in the suspension. It has been pointed out, by e.g. Rolfe et al. (1960) that it
averages the specific gravity over the submerged part of the instrument and
therefore depends on the shape and depth of hydrometer submergence, which
may bring errors into the analysis.

Others e.g. Savage (2007) have noted that hydrometer analysis relies on Stokes
Law (which assumes all particles to be spherical); it assumes that all soil particles
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have the same density; it assumes complete dispersion of clay particles at the time
of testing; and it assumes that fine particles are not carried down by coarse
particles – all of which assumptions are dubious. Nettleship et al. (1997)
suggested

that

hydrolysis

of

polyphosphate

dispersants

may

cause

underestimation of clay fraction. Rodrigues et al. (2011) proposed that soil
mineralogy should be taken into account and probably different treatments and
different dispersants are required for different clay types. In addition, Keller and
Gee, (2006) noted that hydraulic soil property estimates work best for coarsetextured, structure-less soils of low clay content.

One of the most problematic aspects of South African soils (from an insurance
claims point of view, from the point of view of frustration to the government’s
attempts to provide durable low-cost housing to the poor, and from the point of
view of several aspects of the performance of roads, water supply conduits, etc.),
is the behaviour of expansive clay. Most of the methods for predicting the severity
of heave which may be expected on a site underlain by fine-textured soil rely on an
estimate of clay fraction. As noted above by Keller and Gee (2006), clay is the soil
material which is least amenable to hydraulic methods of analysis, and hydrometer
results can be expected to be particularly unreliable for these most problematic
soils.

Critical aspects of soil behavior depend on clay mineral content rather than particle
size as given by the hydrometer test. It is assumed that clay particles range from 2
microns downward, and that particles larger than 2 microns are silt. There are,
however, some clays whose particles can be considerably larger than 2 microns
(e.g. kaolinite, illite and halloysite) also silt particle sizes may range down to 1
micron. The range of sizes between approximately 1 and 2 microns may therefore
be mineralogically either clay or silt.

Stott and Theron (2016) examined suspensions after preparation for hydrometer
testing following the procedures of SANS 3001 GR3. The suspensions were
examined using a light microscope / digital camera combination. They found three
aspects of incomplete dispersion which suggested that unreliable results might be
obtained by hydrometer analysis. The first was adhesion of clay to larger-sized
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particles, the second was agglomeration of clay particles among themselves and
the third was agglomeration of clay and silt particles into groups of appreciable
size. They speculated that these agglomerations would not precipitate at the rate
expected for clay and would therefore give misleading results in hydrometer
analysis. The objective of the investigation here described is to evaluate the
hydrometer test for assessing typical South African clayey soils in light of the
above objections.

10.3 Methods and Materials

10.3.1 Soil samples and treatments
A range of plastic clays from typical roads and housing projects were tested.
Samples were treated with Sodium Hexametaphosphate and Sodium Carbonate
as per SANS 3001-GR3. For control purposes examination of untreated samples
were considered to serve as a check on the effectiveness of the dispersant for
each soil. Preliminary tests, however, showed that without treatment in dispersant,
agglomerations are so large that meaningful information would not be obtained.
Samples were prepared in accordance with SANS 3001-GR3:2012. After being
soaked in dispersant solution for not less than the prescribed minimum of 16 hours
they were mechanically stirred at 1570 rpm for a minimum of 15 minutes and
transferred to a settlement container specifically designed for this investigation.
Distilled water was added to reach the dilution indicated in SANS 3001 GR3.

Samples were left to settle for approximately two days, excess water was carefully
removed by a suction pipe. Containers were then transferred to an oven and dried
at 45°C until the sediment was solid enough to be removed from the containers.
The various fractions, which were usually visually distinct, were separated. SANS
3001 GR3 is concerned primarily with determining sand and silt fraction and the
last reading which is given as normal is 12 minutes. The sub 2µm fraction can be
deduced by subtraction. An optional final reading at 12h is mentioned if a reading
is required for the sub 2µm fraction. The clay topping was treated simply as a
protective layer to shield the silt layers from disturbance while removing water from
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the container and was not examined. The separated layers were prepared for
microscopic examination by the addition of de-ionised water.

10.3.2 Settlement container

A settlement container was designed to be waterproof while having one side
removable for the extraction of settled samples. Figure 10.1 shows two of these
containers, one before closure, the other with water seal and front cover in place.

Figure 10.1: Settlement containers: 430x50x20mm: 0.43ℓ.

10.3.3 Microscopic examination

An optical microscope with 10x, 40x, 60x and 100x objectives was used for this
investigation. The microscope was equipped with a 9 mega-pixel digital camera.
The combined optical and digital magnification was assessed by measurements
on a micro ruler. Magnification can be expressed in various ways. For example,
the spacing between 10 micron graduations on the micro ruler was 60mm on the
viewing screen when using the 60x objective, indicating a magnification of 6000
times. Alternatively, the magnification can be expressed as the number of pixels
per micron (22.48 for the same objective). The most useful way of indicating
magnification is by the inclusion of a scale on photographic results. All
photographs shown here have a scale rectangle 30µm x 2µm.

172
© Central University of Technology, Free State

Chapter 10
After removal of sediment from the container and separation of the visible layers,
small samples of each layer were suspended in de-ionised water. A drop of that
suspension was placed on a meticulously cleaned microscope slide and covered
with a similarly cleaned cover slip. Photographs were taken of samples before and
after addition of methylene blue.

10.3.4 Methylene blue
Methylene blue - C16H18 N3SCl - (MB) has been found to be effective in labeling
clay minerals by replacement of exchangeable cations. Clay minerals have cation
exchange capacity (CEC) which depends on their atomic structure and specific
surface area (SSA). The more active clays, like the smectites, have high CEC and
SSA. Such clays exchange cations with MB readily and become stained easily.
Less active clays like kaolinite and halloysite have low CEC and SSA and require
higher concentration of MB to become visibly coloured. MB staining techniques
have been found useful in evaluating possible clay activity and estimation of CEC.
Procedures are specified by the Association Française de Normalization (AFNOR)
and by the American Society of Testing Materials (ASTM). Both standards
describe procedures for obtaining a semi-quantitative evaluation of the activity of a
soil and indications of the probable type of clay minerals contained in the soil.
AFNOR (1993) derives the “valeur de bleu” (VB) and ASTM (1984) derives a
comparable “methylene blue index” (MBI). Chiappone et al., (2004) came to the
conclusion that both procedures can give good estimates of clay content in certain
circumstances. For the purpose of this investigation a MB solution with a
concentration of 0.5g/ℓ was used for staining purposes. After examining unstained
samples, small quantities of this MB solution were progressively added to the soil
suspensions and samples were examined microscopically after each addition.
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10.4 Photographs and Findings

10.4.1 Sand layer

The sand layers were expected to contain small quantities of silt and clay present
at the lower part of the containers at the start of precipitation. This expectation was
met, as can be seen in Figure 10.2, a photograph of material from the sand layer
from an active clayey soil from Bloemfontein. A small quantity of Methylene Blue
has been added. A scale-rectangle of 30 x 2 microns has been included in all of
the microscope images. Some photographs show conditions before, others after,
addition of MB. A few silt and clay particles are visible in Figure 10.2. The silt-size
particle within the white circle is completely covered by particles of approximately 2
microns which show very little Methylene Blue staining and are probably kaolinite.
Almost all of the sand particles have a thin covering of extremely small, deeply
blue-stained particles which are probably montmorillonite. The two sand grains at
upper left appear to be joined by a solid bridge of these clay particles (within the
white rectangle) and at the lower left there is a silt-size arc (within the white
pentagon) which appears to be entirely made up of the same minute clay particles.

Figure 10.2: Sand layer of Bloemfontein soil.
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Figure 10.3 is a view of a grain of coarse sand from the lowest deposition layer of
a clayey soil from a roads project in Thaba Nchu. The sand grains visible in this
photograph show fuzzy blue-stained edges consisting of very small, deeply stained
clay particles (probably montmorillonite). The larger sand grain has a marked
projection of these particles near the upper right corner and a more tenuous
projection on the upper left side.

Figure 10.3: Sand layer of Thaba Nchu soil.

Figure 10.4 is from the sand layer of a soil from a housing project in Kimberley.
The hydrometer analysis performed as part of the geotechnical investigation for
the project indicated very little clay. Heave damage, however, indicated significant
clay.

175
© Central University of Technology, Free State

Chapter 10

Figure 10.4: Sand layer of Kimberley soil (1).

The agglomeration shown consists of silt particles of various sizes. Each silt
particle has a coating of deeply blue-stained fine clay particles, and it appears to
be these clay particles which hold the silt together in a large, sand-sized
agglomeration. Since it is found in the sand layer it seems probable that it
precipitated out of suspension at a rate suitable for a sand grain, rather than at the
rate expected for silt.

Figure 10.5 is from the same sand layer of the Kimberley soil shown in Figure
10.4. The structure visible appears to be an agglomeration, possibly of silt,
(possibly also sand) or possibly part of a root-hair, within a mass of particles with
size close to 2µm. These show only slight staining from the very small quantity of
Methylene Blue added and are probably low-CEC clay. At top right and along the
left side smaller, deeper stained particles are visible.
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Figure 10.5: Sand layer of Kimberley soil (2).

They are high-CEC / high SSA clay. The size of this agglomeration is that of a
large sand grain, and it appears to have precipitated with the coarse sand
particles. Little, if any of it appears to be sand. A significant fraction is clay. One of
the clays (from a Bloemfontein housing project) showed good dispersion of clay
from the sand particles.
Figure 10.6 shows grains from the coarse sand layer. Very few clay particles
appear to be attached to the sand grains at the right and centre. The sand grain on
the left has a partial coating of very small clay particles visible as a fuzzy covering,
particularly at the top. Dispersion for the sand grains of this soil appears to be
more successful than for the other soils examined.
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Figure 10.6: Sand layer of Bloemfontein soil.

10.4.2 Coarse silt layer

Figure 10.7 is a photograph from the coarse silt layer of the soil in Figure 10.6.

Figure 10.7: Coarse silt layer of Bloemfontein soil (1).
The structures visible are of coarse-silt size, but they appear to contain fine silt
sized particles bound together and covered by clay particles. A similar situation is
shown in Figure 10-8. Where the largest silt particle (which is only partially visible)
could be coarse silt, but the agglomeration is of sand size. The coating obscuring
the details of the structure appears to be about half of fine, high CEC/SSA clay
and half of larger, low CEC/SSA clay.
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Figure 10.8: Coarse slit layer of Bloemfontein soil (2).

Figure 10.9 is from the coarse silt layer of the Thaba Nchu soil shown in Figure
10.3.

Figure 10.9: Coarse silt layer of Thaba Nchu soil.
There are agglomerations of finer material together with the silt. Again the
agglomerations tend to be larger than the clean members of the group. This tends
to confirm the impression gained from most of the photographs; that
agglomerations precipitate more slowly than single particles of similar size.
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10.4.3 Fine silt layer

Figure 10.10 shows the fine silt layer from the Bloemfontein soil of Figures 10.6,
10.7 and 10.8. The agglomerations are again larger than the clean silt particles.
Some fine silt particles appear to be fully coated with very fine, deeply stained clay
particles. Some of the agglomerations appear to be clay particles with no silt core;
the largest agglomerations probably do have silt cores. Genuine fine silt particles
do not appear to make up the majority of the material present.

Figure 10.10: Fine silt layer of Bloemfontein soil.

Figure 10.11 is a photograph from the fine silt layer of a soil from Wepener in the
Free State. A large part of this layer appears to be made up of agglomerations of
clay without silt cores. Many of these agglomerations appear to be tenuous stinglike structures, in some cases up to 100µm long. Observation of their movement
under the microscope suggests that their bonds, though flexible enough to allow
them to bend easily, are strong enough to hold the structures together robustly.
The silt particles present are completely coated by fine, high CEC/SSA clay which
is deeply stained by the small quantity of methylene blue added to the suspension.
A large proportion of the material appears to be clay.
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Figure 10.11: Fine silt layer of Wepener soil.

10.5 Conclusion
The investigation tends to confirm the widely held view that hydrometer analysis is
not always reliable, particularly for high clay-content soils. A number of the queries
raised by Savage (2007) can be seen to be justified. The photographs generally
indicate relatively few free clay particles in the sand layer but a noticeable increase
in the silt layers. The fine silt layer has generally more free clay particles than the
coarser layers (Figures 10.10 and 10.11), suggesting that smaller particles may be
more effective in carrying clay particles down with them than large particles.
Almost all sand and silt particles were seen to have at least a few attached clay
particles. The coating of clay noted in the sand-layer was generally quite thin in
comparison with the size of the sand grains and therefore unlikely to make up a
large fraction of the material in this layer. Hydrometer analysis might therefore be
expected to give an acceptable assessment of the sand fraction in many cases.
The silt layers, on the other hand were frequently found to be made up of
agglomerations of fine silt and clay, or in some cases, of clay alone. These
agglomerations were frequently larger than the bare particles of the host layers,
suggesting that the agglomerations settle more slowly than single particles of their
aggregate size, but more quickly than the individual small particles of which they
are made. In the analysis of high clay content soils, it seems likely that the
hydrometer will over-estimate the amount of silt to a considerable extent.
Consequently, the clay content will almost always be under-estimated.
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11.1 Abstract

The South African Government’s attempts to provide affordable, subsidised
housing for the very poor has suffered from a large number of structural failures,
many due to heaving foundations. These houses are particularly susceptible to
damage by heaving clay because they are exceptionally light and clay can lift them
very easily. Rational design requires knowledge of the pattern of heave which will
occur under the foundation. The pattern of heave depends on the pattern of
moisture movement. Currently available methods of rational design rely on
assumptions about the shape of the mound which will develop due to moisture
movement under the foundation. The shape assumed is largely guided by
measurements made on test foundations. Instrumentation has been installed
under a Government Subsidy house in the Free State and moisture movement is
being monitored. The actual pattern of moisture movement observed is
substantially different to what is normally assumed and could point to more reliable
estimates of the heave which needs to be designed for.

11.2 Introduction

Since 1994 the South African government has built more than 2.68 million
subsidised houses throughout the country (Government Communication and
Information System 2015). The construction of raft foundations for Government
Subsidy housing has become common in areas affected by expansive soils as is
the case in much of the Free State and Northern Cape. The intention of raft
foundations on active soils is to limit the differential movements of the underlying
soils to a level which can be tolerated by the superstructure (Day, 1991). The large
number of failures suggests that the problem of providing sufficient stiffness to the
foundation has not yet been solved. This impression is reinforced by the
observation that many houses are being built on “stock design” rafts which bear
only general correspondence with the likely heave potential of the soils involved.
There is the impression that there may be inadequate understanding of the actions
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which need to be designed for. In many cases, when structures have become
structurally unsound due to heaving foundations, it is more economical to demolish
than to attempt repair. The seriousness of this problem therefore merits a search
for a solution. Current raft design relies on assumptions about the shape of the
mound or dome which will develop due to moisture movement underneath the
foundation. The shape which is assumed is often based on heave measurements
on simulated foundations (Pidgeon, 1987; Pidgeon and Pellissier, 1987) or
foundations simulated by sheet covers (Fityus et al., 2004; Miller et al., 1995; De
Bruijn, 1973). Such test foundations do not take account of two important factors
concerning the influence of a building constructed on the foundation – the
influence of the building on the temperature regime under the slab and the
influence of the building on solar radiation reaching the soil surrounding the raft.
Both of these factors can have a profound effect on moisture movement under the
foundation. Fityus et al. (2004) found that over a period of measurement lasting
seven years, temperature appeared to have a greater effect than rainfall on
moisture movement and consequent heave of clayey soils at their test site.

11.3 Site Description and Instrumentation

The location of the study area is in Botshabelo section K, which forms part of the
Mangaung Metropolitan area and is situated 45° km east of Bloemfontein. Each
year many government subsidy houses are built throughout Botshabelo. A
significant number of them experience structural distress well short of their design
lifetime. Botshabelo is underlain by mudstones, shales and sandstones of the
Beaufort Group, with frequent intrusions of dolerite. All of these rocks frequently
produce expansive clays when weathered in the semi-arid conditions of the central
Free State. The area is therefore likely to be very suitable for the study being
undertaken. A Government subsidy house (GSH) was selected based on the soil
conditions and the fact that it has a raft foundation of a very common “stock”
design. Continuous Logging Soil Moisture (CLSM) probes were installed to
measure water content at various depths under the house. Measurements are
being taken automatically at hourly intervals. The installation layout is from east to
west and north to south in direct alignment with the house.

183
© Central University of Technology, Free State

Chapter 11

Figure 11.1: Study site: Botshabelo Section K.

The CLSM probes allow measurement of temperature and water content at depths
of 150mm, 300mm, 450mm, 600mm, 800mm and 1000mm. The soil profile
underneath the house has a thin layer of dark brown clayey sand with a thickness
of 150mm. This is underlain by a layer of black transported clay and a layer of
olive residual clay. Both clays were assessed by Van der Merwe’s method (1964)
as having medium expansiveness. Rock is found at a depth of approximately 1.1
meter. The first clay layer is from 150 - 900mm, the second clay layer is from 900 1100mm. Figures 11.2 and 11.3 illustrate the layout of the CLSM probes inside
and below the house.

Figure 11.2: 3D layout of CLSM probes.
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Figure 11.3: CLSM probe layout in raft foundation: dimensions (m).

11.4 Results and Discussion

11.4.1 Moisture content seasonal change models

Results of hourly measurement of water content taken over a period of two years
were analysed. The following figures illustrate moisture content values measured
in summer and winter at each depth recorded by the probes. These graphical
representations of the data were produced using the programme “3D field”. The
scale was selected as a best fit for each specific model. Areas of dark blue have
higher moisture content. A colour scale is shown next to each figure. From the
figures it can be observed that the north side consistently shows the lowest
moisture content compared to the rest of the house. This is almost certainly due to
the fact that solar energy reaching the ground on the northern side is more intense
than that reaching the other sides of the building. When rainfall occurs the north
side is prone to rapid moisture change. This is probably due to the fact that the
dry, cracked soil allows immediate access to rainwater. At the north side water
contents range from less than 5% to 25%. In contrast, water content near the
south east re-entrant corner remains within the range 31% to 34% at all depths in
both summer and winter. This re-entrant corner never receives any significant
solar radiation
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Figure 11.4: Summer: 150mm w = 10%-32%.

Figure 11.5: Summer: 300mm w = 7%-33%.

Figure 11.6: Summer: 450mm w = 24%-33%.
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Figure 11.7: Summer: 600mm w = 20%-35%.

Figure 11.8: Summer: 800mm w = 25%-35%.

Figure 11.9: Summer 1000mm w = 25%-34%.
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Figure 11.10: Winter: 150mm w = 15%-31%.

Figure 11.11: Winter: 300mm w = 5%-33%.

Figure 11.12: Winter: 450mm w = 24%-31%.
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Figure 11.13: Winter: 600mm w = 25%-33%.

Figure 11.14: Winter: 800mm w = 25%-35%.

Figure 11.15: Winter: 1000mm w = 24%-33%.
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The architecture of the building guarantees that this re-entrant corner is practically
always in the shadow of the building. Its moisture content did not change by more
than 3% in any of the different layers of soil. Figure 11.16 illustrates the seasonal
changes from March 2014 to February 2015 of the north side (CLSM probe 23998)
that consistently has the lowest moisture content compared to the rest of the
house. While Figure 17 shows the south east side (CLSM probe 24005) seasonal
moisture changes for the same time that has the most consistently high moisture
content compared to the rest of the house.

Figure 11.16: Probe 23998 moisture content 5% to 25%.

Figure 11.17: Probe 24005 moisture content 31% to 34%.
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The observed moisture variations suggest that an approximately symmetrical
dome-shaped heave pattern, centred roughly on the centre of the foundation, as
found by Pidgeon (1987), Pidgeon and Pellissier (1987), Fityus et al. (2004) etc. in
simulated foundation tests is not likely to develop. Simulated foundation tests take
no account of the influence of shadows cast by the building. It appears that the
south east re-entrant corner will remain in a high water-content, highly expanded
state (varying by only about 3%) whereas the northern wall will assume a lower
water-content, less expanded state with far more variability. This tends to confirm
the findings of Fityus et al. (2004) that temperature can have a more pronounced
effect than rainfall on swelling patterns in active soils.

11.4.2 Further considerations

It has been noted (Fityus et al., 2004) that heave predictions commonly ignore the
effect of the loads applied by the building, though this may not be true in all cases.
The load applied to the soil directly under a raft foundation by a completed GSH
house is approximately 10 kPa. The three layers of material under the
instrumented foundation were tested to assess their ability to heave against
constraining pressures. The clayey sand of the thin upper layer was found to be
able to expand against a pressure of 11 kPa up to a water content of slightly above
28%. The transported clay, of the second layer, was found to be able to expand
against a pressure of 14 kPa up to a water content of 35% and the residual clay of
the third layer could expand against a pressure of 14 kPa up to a water content
exceeding 45%. These pressures

were measured by apparatus under

development by the CUT Soil Mechanics Research Group. At lower water content
far higher pressures can develop. Assuming a unit weight of 2 000 kg/m3 for all
layers, the maximum pressure exerted at the base of the lowest layer would be
approximately 21 kPa. It would therefore appear that the loads applied by
overburden and structure might cause a restriction to heave in the thin upper layer
in the wettest area only (around the south-east re-entrant corner). The lowest layer
of clay would probably experience no restriction to heave, and the lower part of the
middle layer would probably be restrained in the area of maximum water content.
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11.5 Conclusion

The measurements of moisture content under a very common type of Government
subsidy house built on clayey soil suggest that currently accepted patterns of
heave are unlikely to provide good guidance for foundation design. The
instrumentation used in this investigation has proved itself convenient and reliable.
It is hoped that it will be possible to instrument several other light structures in
order to work towards a general modelling procedure. This should enable reliable
predictions of the moisture conditions which need to be designed for in the general
case. This in turn should allow reliable and economic design of a wide range of raft
foundations with the prospect of fewer failures. In the meanwhile, by applying the
findings of this investigation it should be possible to at least obtain better estimates
of moisture pattern development and to estimate more realistic heave patterns
than are currently being employed.

192
© Central University of Technology, Free State

Chapter 12

CHAPTER 12: RAPID SHRINKAGE CURVE GENERATION USING
SMALL SAMPLES AND HIGHLY VOLATILE NONPOLAR LIQUIDS
12.1 Abstract
The application of unsaturated soil mechanics would benefit from quicker and
simpler procedures for producing essential tools including the shrinkage curve.
Determination of the shrinkage curve for expansive clay usually takes several
days. A method is presented for producing accurate and consistent shrinkage
curves from full saturation to complete desiccation in a few hours using highly
volatile non-polar liquids and samples of small size.

Keywords: Rapid soils testing, shrinkage, soil shrinkage curves, unsaturated soil
mechanics.

12.2 Introduction

The development of unsaturated soil mechanics over the last few decades has
provided the engineer with powerful tools for coping with a wide range of
problems. The use of these methods by the engineering community has been
somewhat limited, particularly for smaller projects. Fredlund (2006) noted “Greatly
increased costs and time were required for the testing of unsaturated soils. As
well, laboratory equipment for measuring unsaturated soil properties has proven to
be technically demanding and quite complex to operate.” In the same paper, he
emphasized this problem by noting “One of the ‘roadblocks’ standing in the way of
implementation of unsaturated soil mechanics has been the excessive cost and
demanding laboratory testing techniques associated with the direct experimental
assessment of unsaturated soil properties.”

To overcome the problem that some of the tests take several weeks (and cost
several thousand dollars) to perform methods have been devised for estimation
from the results of quicker, easier, cheaper tests such as particle size analysis, or
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from “data-base mining”. Such estimates are less reliable than direct
measurement, and they are suitable primarily for preliminary analysis. There is
therefore a need to produce essential unsaturated soil mechanics parameters
such as the soil water characteristic curve and the shrinkage curve cheaply and
accurately if the advances in unsaturated soil mechanics are to be widely adopted
by the majority of Engineers. This paper deals with a technique for the production
of the shrinkage curve with good accuracy in one day, even for clays with high
expansive potential.

12.3 The Soil Shrinkage Curve

Soils which shrink and swell do not have a “rigid” structure, i.e. they do not have
stable relations between their solid and pore volumes and experience significant
bulk density variations during water content variation Taboada (2003), Peng, and
Horn (2005) noted that understanding and prediction of water transport processes
in non-rigid soils requires a knowledge of the dynamics of soil shrinkage. Chertkov
(2003) noted that the shrinkage curve is one of the physical characteristics of soils
and it is necessary for the prediction of soil behaviour when a soil interacts with
water. The shrinkage curve is then, an important tool for dealing with
shrinking/swelling soils. In principle, it demonstrates a relationship between
volume and water content. A typical representation of the shrinkage curve from
Fredlund (1999) is shown in Figure 12.1. Unfortunately, there is no universally
accepted way to illustrate this dependence. Among soil scientists, two popular
ways to show this dependence are a) specific volume (volume per unit mass)
versus water content, and b) void ratio (volume of voids: volume of solids) versus
moisture ratio (volume of water: volume of solids). Among engineers, common
ways to show this dependence are void ratio versus water content and specific
volume versus water content. Even more unfortunately, there is no consistency in
the use of the term “water content”; sometimes it refers to volumetric, sometimes
gravimetric measure. In this paper, “water content” is always gravimetric and the
pattern of Figure 12.1 is followed. This has the advantage that specific volume has
a definite base line value (the inverse of density of the soil solids) and a definite
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reference line (the zero air voids line) which allows immediate and convenient
comparisons between different soils.

Figure 12.1: Shrinkage curve for Regina Clay (Fredlund, DG.1999).

12.4 Review of Currently Popular Methods

Shrinkage curves have been produced by soil scientist since before engineers
appear to have appreciated their value. A major concern of soil scientists is
agriculture and hence with soils containing enough moisture for crop production.
Soil scientists have, for many years, been producing shrinkage curves for the
wetter part of the range by immersion in paraffin (kerosene), toluene or other nonpolar liquids. Figure 12.2 shows a typical arrangement (Taboada, 2003) in which a
container of non-polar liquid is placed on a balance and a sample is immersed by
hanging from a support. When a soil is saturated it does not absorb non-polar
liquids and the method gives a shrinkage curve very conveniently up to the air
entry point. When a soil is drier than the air-entry point, however, it does absorb
non-polar liquids.
195
© Central University of Technology, Free State

Chapter 12

Figure 12.2: Container of non-polar liquid.

Unsaturated soil mechanics deals with soils drier than the air-entry point and to
overcome this problem the technique of coating soil samples with Saran resin
dissolved in methyl ethyl ketone was developed (Brasher et al.,1966), and became
widely accepted as the standard method for shrinkage curve generation. The
essential feature of the Saran resin coating is impermeability to liquid water
(allowing volume determination by immersion), combined with permeability to
water vapour (allowing the sample to undergo a drying or wetting regime). While
this method is widespread it suffers from the disadvantages that about six weeks
are needed to produce a shrinkage curve and methyl ethyl ketone is hazardous to
human health and living environment. The test should be performed under a fume
hood exhausting above the level of the local building. Alternative, less hazardous
encasement materials, have been sought (Krosley et al., 2003) apparently with
some degree of success.

It is also possible to determine the volume of a soil clod by coating with a totally
impermeable material before immersing in liquid. Paraffin-wax is the standard
coating material, but it suffers from a number of disadvantages. The temperature
of melting, and the high latent heat of fusion cause considerable heat input to the
sample being coated. There is usually a significant expulsion of air and/or water
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vapour from any sample which is not completely desiccated. This leads to small
blow-holes in the coating. These may be so small that they are not easily seen and
are only detected when the sample is found to gain weight on immersion. Paraffinwax also contracts significantly on solidification, and tension cracking of the
coating may occur, particularly in cool conditions.

The production of a shrinkage curve by wax coating is not very convenient. An
individual sample must be prepared for each data point on the curve. Due to the
difficulty of ensuring a completely waterproof sample (which is confirmed only on
immersion) more than one sample may be required for each data point. Moisture
content determined by comparison with an initially similar sample may be
questionable due to the expulsion of water vapour during immersion in the hot
wax. Determination of moisture content after immersion may be problematic due to
the difficulty of complete removal of the coating in a sufficiently short time to
prevent significant evaporation or absorption of moisture from the air. Cornelis, et
al. (2006) noted an advantage of this method in that samples for testing can be
broken from clods along lines of cracking for specimens in the dryer range of the
shrinkage curve, eliminating the inclusion of voids from the test sample. This is not
normally considered for clod-test specimens, and the results of these tests may be
significantly affected by included voids.

Another approach to the production of shrinkage curves is the direct measurement
of dimension changes in a sample during drying. This requires a large enough
sample to allow acceptable accuracy in dimension measurements. This in turn
requires a considerable time for evaporation, particularly for clays, which have low
permeability both to water and to water vapour. Bensallam et al. (2012)
determined shrinkage curves using such a method. Their apparatus allowed
shrinkage curve readings to be taken at 6 hourly intervals, the final stage requiring
three days of oven drying. The total time required to produce a shrinkage curve
was not stated.

A rather simple method of shrinkage determination was devised by Tariq and
Durnford, (1993). A soil sample is enclosed in a normal rubber balloon. The
balloon provides a waterproof coating; its flexibility allows volume determination.
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Drying of the soil sample is achieved by pumping air into the balloon between
mass and volume readings. Cornelis et al. (2006) reported favourably on this
method. They noted that using an air pump delivering 50 to 100 L per hour they
were able to take measurements at 12h intervals. Shrinkage curve production took
two weeks. They noted that it should be possible to reduce the time by using a
more powerful pump.

Another simple and inexpensive method has been investigated by Cerato and
Lutenegger (2006). Shrinkage trough is filled as for a normal linear shrinkage
determination. The sample is dried progressively and measurements of linear
dimensions taken at suitable intervals. The moisture content is determined by
weighing the trough and its contents. The procedure has been found to give good
results for determining the shrinkage limit, and gives a fair indication of the shape
of the shrinkage curve, but these curves tend to show considerable variability
between individual samples of the same material. This may be due to two
problems. Firstly, expansive clay samples arch and shatter to an unpredictable
extent even when dried slowly; this makes linear measurement uncertain.
Secondly it is difficult to exclude all voids when filling the shrinkage trough; this
may lead to uncertainties in the estimation of volume. A shrinkage curve can be
obtained in about one week by this method.

12.5 General Consideration for this Investigation

Several alternative coatings were tried following the methods of Krosley et al.
(2003). It was soon realised that any such coating, which can give impermeability
to water, but permeability to water vapour, cannot give a shrinkage curve in a short
period of time. The limiting factor for a rapid shrinkage curve is rapid drying. This
implies a small sample and all-round exposure to the air. To maintain acceptable
accuracy this in turn demands a sensitive balance. Sensitive balances have a
relatively small measuring capacity, which necessitates modification of the normal
approach to volume determination by Archimedes principle. Dispensing with a
water-tight coating requires that volume determination be done with a non-polar
liquid. Immersion at moisture contents below the air entry point results in liquid
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entering the sample. Volume determination must therefore account for absorbed
liquid.

12.6 Materials and Methods

An analytical balance capable of reading to 0.00001g was used. To utilise this
accuracy a balance requires a very stable operating environment free from air
currents and vibration as well as temperature and humidity fluctuations. Relatively
few measurements were taken at this accuracy. When set to read to 0.0001g the
balance performed well in normal laboratory conditions. Most of the measurements
were done at this sensitivity, which is considered ideal for shrinkage curve
production. The balance was mounted on a small table closed on three sides to
give protection from air currents. A hole in the centre of the table top allowed a
hook to hang from an attachment point in the balance to the shielded area below.
Cradles made from 1mm galvanised wire were used to carry the soil samples. The
cradles and their samples were suspended from the hook attached to the balance
(Figure 12.3 (a)). A manual lifting device was made to raise a container of liquid to
immerse the suspended sample. To minimise disturbance of the fluid and allow
rapid stabilisation of the balance reading, the lifting must be smooth and vertical. It
should also always be to the same height. A rubber stopper was provided against
which the lifting handle was brought to a halt in each test (Figure 12.3(b)).
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Figure 12.3: Submerged sample.
Figure 12.4 shows the graph produced by balance software of weight (g) against
time (s) for a 2.1879g cradle and 3.3245g dry-mass sample at water content
27.0% (above air entry). The reading stabilised to a constant value of 2.9462g
about 5 seconds after immersion. The vertical lines mark immersion and
extraction.

Figure 12.4: Graph of weight (g) against time (s).
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Some turbulence is inevitable however smooth the immersion of the sample, and
stable readings can only be obtained when the turbulence has largely dissipated. It
was found that a time of about 5 to 10 seconds was usually sufficient for readings
to become stable when the sensitivity of the balance was set to 0.0001g and
saturated samples were used. A major problem with absorption of fluid by the
sample is its removal before the next mass and volume determination can be
made. This necessitates a very volatile liquid. A number of volatile liquids were
considered. Some were discounted because of health hazard; others were found
to have damaging effects on soil samples. Two were chosen as suitable for the
purpose: chloroform and benzene (petroleum ether). Both have the advantages of
reasonable price and ready availability. Both are widely used as solvents.
Chloroform is also commonly used as an adhesive for plexi-glass (Perspex).
Chloroform has the advantage of posing no fire hazard – it is non-inflammable, but
it has the disadvantage that it will produce toxic gasses when exposed to fire.
Benzene is highly inflammable and poses a significant fire risk. Chloroform has the
disadvantage that it has anaesthetic properties and could cause lack of
concentration or worse if inhaled at high enough concentration. No such problems
were noted in several months of use for shrinkage curve production. Chloroform
appears to have two major advantages. It is more volatile and its density is far
greater (more than double). This means that for any sample size the time between
data readings can be shorter, and for any required degree of accuracy of volume
determination the sample size can be smaller.

Evaporation tests were performed by saturating filter papers in various non-polar
fluids and monitoring evaporation by weighing at five second intervals. Two liquids
used in soil-science tests, paraffin (kerosene) and toluene, were tested in addition
to Chloroform and Benzene. Figure 12.5 shows the fraction of original mass
remaining over time. Two curves were produced for each liquid. The exact shape
of each curve depends on varying factors including temperature, humidity and
local air movement, but the trends are evident.
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Figure 12.5: Normalised evaporation curves.

Chloroform reaches its residual value in about 60% of the time required for
benzene and in a very small fraction of that required for paraffin or toluene. A point
of note is that a small residual (of the order 2% of the initially absorbed mass for
both liquids) remained held by the filter paper. This residual can be expelled by
oven heating. Control filter papers were allowed to reach equilibrium with
prevailing air conditions during the evaporation tests. The filter paper used
(Whatman’s 42) held an equilibrium water content of approximately 7.4% by mass
at the prevailing temperature and humidity at the time of the experiment. The
retained content of chloroform and benzene at the same conditions were
approximately 1.0% and 1.5% by mass of filter paper respectively. Since soils may
retain comparable water content in similar temperature and humidity conditions it
can be expected that comparable percentages of these liquids may be retained by
desiccated soils after immersion. The normalised evaporation curves from
Whatman’s 42 filter paper for four non-polar fluids subject to air drying is shown in
the figure. Evaporation tests were performed on several clayey soils, with PI
ranging from 7 to 42, in order to assess evaporation times and residual retention.
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Figure 12.6 shows drying curves for three samples of a saturated clay soil. The
weight of each of the three samples was approximately 5g.

Figure 12.6: Normalised drying curves of 3 samples of a saturated clay soil.
Weights have been normalised and superimposed for meaningful comparison.
One sample was simply air-dried, the other two were immersed for 20 seconds
commencing 120 seconds after the start of the test. The sample immersed in
chloroform took approximately 3 minutes to reach the air drying curve, the sample
immersed in benzene took approximately 5 minutes. Water content remained
above air entry level throughout the tests. For dry samples, liquid is absorbed into
the soil on immersion. Evaporation from the fabric of the soil takes longer than
from the surface only and some of the liquid is retained in the sample by capillary
suction.

Figure 12.7 shows curves of gravimetric moisture content against time for samples
of a clay soil on exposure to the air after oven drying. Four samples with mass of
approximately 2g each were oven dried. Two were then exposed to the air and
weighed at 10 second intervals. One of the samples was immersed in chloroform
for 30 seconds, 40 seconds after the start of the test. The other two samples were
treated in the same way but with immersion in benzene. Soil samples absorb
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moisture from the air when removed from the oven; the times taken for the
samples to cool and be transferred to the scale were a little different for each pair
of samples, so the starting moisture contents are not identical.

Figure 12.7: Moisture content: Time(s).
The form of the curves is similar and similar conclusions can be drawn. The curves
for immersed and non-immersed samples do not meet, but do tend to become
parallel. This was as expected. The gap between the final parallel curves is the
retained non-polar liquid content. The chloroform-dipped curve becomes parallel to
the un-dipped curve after about 50 minutes. The curve for benzene is not quite
parallel after 70 minutes. Both curves tend to a retained liquid content of
approximately 0.5% of the weight of the sample. 1.0% retention was reached after
about 12 minutes following immersion in chloroform and after about 23 minutes
following immersion in benzene. A point to note is that chloroform has more than
twice the density of benzene. A similar mass retained implies that more than twice
the volume of benzene is retained compared to that of chloroform. Unsaturated
samples draw in fluid at a rate dependent on their state of desiccation. Sufficient
time of immersion is necessary to establish a curve suitable for extrapolation back
to the time of immersion. This extrapolation allows an estimate to be made of the
immersed weight of the sample before the ingress of fluid. It was found that an
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immersion of 20 to 30 seconds was usually required to establish an absorption
curve for this purpose.

Figure 12.8 shows two curves given by proprietary software immediately after a
series of readings. They are for the same active clay sample as Figure 12.4, at
moisture contents below air entry, viz. (a) 8.14% (top) and (b) 2.42% (bottom).

Figure 12.8: Proprietary balance software curves (balance reading: time)
Extrapolation by eye suggests a balance reading of approximately 3.069 at
immersion for (a) and 2.927 at immersion for (b). Balance output can be exported
to a spread-sheet if more precise extrapolation is required. Figure 12.9 shows the
same results plotted in a spread-sheet, with extrapolation curves superimposed
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Figure 12.9: Results plotted with extrapolation curves superimposed.

Extrapolation for Figure 12.9 (a) suggests balance reading 3.068 at immersion and
for (b) 2.926. These values are very close to those obtained by inspection of
curves (available immediately after recording the balance readings) shown in
Figure 12.8. The steepness of the curve increases and probable accuracy of the
extrapolation decreases as the sample approaches complete desiccation.
Immediately after oven drying the probable error appears to be of the order of 1%
of the sample mass for small samples (1g-2g). In all cases of shrinkage curves
which follow, extrapolation was done by inspection of the immediately available
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curves given by the balance software. Occasional spot checks were made by
transfer to a spread-sheet.

Shrinkage curves of three samples of an active clay (PI 36) are shown in Figure
12.10 (a), (b) and (c). Chloroform was used as the liquid for volume determination.
Air drying at approximately 23°C and 35% relative humidity required 8 hours for
completion of the curve. Figure 12.10 (a) shows the curve with no allowance for
liquid retention, Figure 12.10 (b) shows the shrinkage curve allowing for 1%
chloroform retention below the air entry point. Since the time between immersions
was in the region of 30 minutes this is probably a generous allowance. It shows a
small change from the “uncorrected” curve. Since the correction is for moisture
content only, the effect of the adjustment is to move data points in the direction of
water content rather than in the direction of specific volume. The curves close to
the shrinkage limit are therefore altered very little and the most noticeable change
is to give a transition curve with slightly greater radius of curvature.

Figure 12.10 (a): No correction for liquid retention.
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Figure 12.10 (b): Allowance made for 1% liquid retention.

Figure 12.10 (c): Superimposed curves with data points corrected.

Figure 12.10 (c) shows the “uncorrected” and the “1% corrected” curve together
with the data points for 0.5% correction. It appears that the scatter of the data is of
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the same order of magnitude as the divergence of the curves. It appears that a
very good approximation to the shrinkage curve can be made using any value less
than 1%. Figure 12.11 shows the shrinkage curve for an active clay obtained using
six undisturbed samples and 3 remoulded samples of sizes ranging from 2g to
10g. Immersion was in benzene for three undisturbed samples and two disturbed
samples, in chloroform for the remainder. Air drying took approximately 8 hours at
approximately 24°C and 35% relative humidity.

Figure 12.10: Composite shrinkage curve.

12.7 Conclusion

Shrinkage curves can be produced quickly and easily for small samples using
volatile non-polar fluids. Chloroform appears to be an ideal liquid for this purpose,
requiring little time for removal from samples between mass and volume
determinations and requiring little correction for retention by desiccated samples.
Drying at slightly elevated temperature in an incubator can reduce the total time
required for a full shrinkage curve to below 8 hours even for highly active clays.
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CHAPTER 13: CONCLUSIONS
This research project has taken a very different direction from that originally
intended. The original intention entailed checking the reliability of standard soil
mechanics tests and finding ways to improve reliability of inputs to existing heave
prediction methods (particularly the Atterberg limits). Intentions also involved
finding quicker ways to generate unsaturated soil mechanics parameters like the
shrinkage curve and the soil water characteristic curve, as well as more reliable
input parameters for finite element analysis of foundations.

The project uncovered a major set-back for this approach, in finding that no
reliable procedure seems to be able to accurately assess clay fraction. The most
popular methods of assessing heave-potential rely on clay fraction as a critical
input. It appears that cases of large-scale and costly failure can be attributed to
large and apparently not easily recognisable errors in clay fraction determination
by the most trusted and long-established methods, performed in well-established,
reputable laboratories.

13.1 The Potential Value of the Research Presented in this Thesis.

But the most significant aspect of the research presented is the demonstration that
variability of heave potential may be a specific property of individual clayey soils,
and that this variability can be very significant. This fact throws doubt on the
effectiveness of any design method which does not take variability into account.
For many years engineering pioneers like Phoon (2009) have been pointing out
the value of considering variability in inputs for all aspects of geotechnical design.
Reliability Based design appears to be a very powerful way to incorporate
variability, but relatively little attention has been paid by most practicing engineers.
Perhaps one of the reasons for this has been the ad-hoc estimates of COV to be
employed. For PI of clay, for example, the recommendation of assuming 3% to
12% of the PI for the COV (Phoon and Ching, 2013) appears to be too much like a
guess to inspire confidence. The value Phoon and Ching (2013) suggest is based
on considerations of operator error in testing, variations between clay types etc.
This thesis has presented cases of measured values of COV for particular clays
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well above 20%. Failure to recognise this variability for specific soils has led to
costly damage. It would probably have led to damage even if Reliability Based
design had been applied if the proposed ad hoc estimates had been used instead
of measured values. With the simple and inexpensive method presented in this
thesis it is possible to obtain a good estimate of mean and COV for expansive
potential in one test which requires relatively little cost in both equipment and
skilled labour content.

The discovery of specific variability in properties of the expansive soils concerned
in this project has brought the realisation that all attempts to solve the problem of
expansive clays must be viewed in a different light. Any attempt to assess heave,
or to find practical procedures to deal with it, must take specific variability of the
soil concerned into account. No currently popular method of heave prediction does
so.

13.2 Outlook for Future Studies

Several lines of investigation were being undertaken by the candidate when the
problem of variability was revealed. One of these possibilities was that of using the
fall cone for Liquid Limit determination. The fall cone has been adopted in many
countries, but not in South Africa. This is somewhat surprising in the light of
widespread dissatisfaction with the current method which uses the Casagrande
cup. Several prominent South African Soil Mechanics practitioners, including
Derek Sparks and Geoffrey Blight suggested in personal communications that the
fall cone test is superior to the Casagrande cup and should be investigated. It
appears that a major reason for the fall cone being rejected for use in South Africa
is an assessment by Sampson and Netterberg (1984) in which they found several
reasons for not adopting the fall cone. One of these reasons was the difficulty of
finding consistent correlation between values of LL given by the fall cone with
those given by the traditional method. The finding of a substantial Coefficient of
Variation (COV) for many clayey soils suggests possible reasons for such lack of
correlation. In fact, the CUT research group had been attempting to find
correlations between several different heave indicators and had found difficulty

211
© Central University of Technology, Free State

Chapter 13
identifying any such correlation before the influence of COV was appreciated.
Comparing single values from different methods can only be valid for soils with
very low COV. It would, for example, be unhelpful to compare isolated values of PI
taken at random from the upper part of Figure 7.21 (shown below as Figure 13.1)
against isolated values of water retention taken at random from the lower part of
the figure. Meaningful comparison must deal with sufficient samples to enable
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Figure 13.1: PI and water retention values.

Figure 13.1 shows PI and water retention values for a clayey soil from a Central
South African road project. PI from 8 laboratories (top) and water retention from 8
suction tests (bottom).

The investigations at the CUT Soil Mechanics Research Group have now changed
focus to take account of variability in the soils involved in all of its investigations.
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All tests, including the fall cone investigation, are now being done with the
understanding that large enough numbers of tests on different samples of the
same soil must be conducted to enable comparisons of mean and COV rather
than only isolated values. As a consequence, some of the possibilities being
examined by the candidate as part of this investigation are being taken over by
students as individual research projects.

Apparatus has been developed for several promising ways of assessing aspects of
expansive clay behaviour. Most of the apparatus developed for these
investigations is made from Perspex or wood, since they can be cut and
assembled to fair accuracy quickly and cheaply. This has proved more successful
than more glamorous procedures, such as 3D printing, which was found to be
expensive, slow, and difficult to modify. When designs have been brought to the
stage where useful results can be obtained then it is worthwhile to make working
prototypes in stronger material.

One of these avenues of investigation is a rapid way to assess heave against
pressures of the magnitude probable under the foundations of light structures. This
method was used for assessing the potential movement under the government
subsidy house of section 11.4.2 in Chapter 11. A narrow sample of soil can be
dosed with water in its central plane. There is only a short path for water to
penetrate the clay structure and swelling response is very quick. The surface of
the sample lifts a cover plate as the soil expands and the movement is monitored.
This apparatus enables some questions to be studied in far less time than, for
example, by the oedometer. The kind of output to be produced can be seen in
Figure 13.2. This figure shows the expansion of a clayey sample against pressures
of 7 kPa and 11 kPa from initial water content 19% after addition of sufficient water
to bring the final water content to 25%, and from the same sample after further
addition of water sufficient to bring the final water content to 30% (Note: apparently
not all could be absorbed).

From the curves it can be deduced that this soil can probably lift a government
subsidy house (where pressure under a typical raft foundation is about 10 kPa)
from typical natural moisture content for highly expansive clay (19%) to moisture
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content 25%. It appears that it should be able to lift the house by 8% of the
thickness of the clay layer. Of the water made available to the clay when at 25%
water content, it would appear that it could only draw in about one third of the
water supplied, say 2% and could heave only another 2.4% of the thickness of the
clay layer. One might therefore expect a maximum uplift from natural moisture
content of about 10% of the thickness of the clay layer. The total testing time
needed to be able to make these deductions is about 12 hours.

Figure 13.2: Expansion of a clayey sample.

Another set of readings from the apparatus is shown in Figure 13.3, where the
general heave potential of a sample is rapidly assessed and full testing is only
continued when the sample is deemed to be close to the limits of its heave
potential. This can save considerable time for assessing powerfully expansive
clay.
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Figure 13.3: Heave progress of a clayey soil subjected to incremental loading.

Initially 6.8 kPa was applied. After 6 minutes it was seen that the sample was
heaving at the rapid rate of 2.49mm per hour and was probably capable of
expanding against a much higher pressure. Load was increased to 13.59 kPa and
after another 6 minutes the expansion rate was seen to be 1.46mm per hour.
Further increments were made until at 30 kPa the expansion rate had fallen to
0.47mm per hour, indicating that the soil was probably close to its full heave
potential and expansion was allowed to continue at this load until all of the water
supplied had been absorbed, as shown in Figure 13.4.

It can be seen that it took 6 hours to reach the maximum expansion possible with
the amount of water added (1ml). The disadvantage of making apparatus out of
Perspex is illustrated in these graphs. Each addition of load causes significant
compression of the thin Perspex structure and leads to a step down in the curve at
each load increment. The full heave therefore has to sum the individual heave
contributions at each loading step, showing a total heave against 30 kPa pressure
of 1.22mm i.e. 4.9% of the clay layer thickness. 30 kPa corresponds to the
pressure under the raft foundation of a typical two storey building.
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Figure 13.4: Continuation of the heave curve.

Having reached the stage of providing interesting results the apparatus has now
been manufactured from stainless steel and has been made available for a student
to conduct further research. Any testing programs for this apparatus will take into
account the fact that variability is a vital factor to be considered and will allow
broadening the scope of investigation into possible fractal distribution features of
expansive clays.

Investigation of this type of heave indication method seems to hold out far more
hope of success than any procedure which relies on clay fraction determination until a reliable method of particle size determination can be devised. Possible
methods of PSD are being investigated at the present time, but success is not
likely to be achieved in the very near future.

It appears that a wide range of assessment is needed to examine the full
ramifications of the issues raised in this thesis. It is hoped that this will lead to a
significant change in Fredlund’s assessment that volume change of clays is a field
“where if you get involved you usually lose money; it is not a good problem”.
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