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Abstract. Expansive (or swelling) clays are the most prolific problem soil across Southern Africa and many
parts of the world. Large volume changes due to seasonal wetting and drying cause millions of dollars’
worth of damage to engineering infrastructure yearly. Soil-water retention behaviour is dependent on
density, and determining the correct retention curve may be key for reliable design of infrastructure. Soil-
water retention curves and shrinkage curves were measured for recompacted samples of a highly expansive
bentonite clay from South Africa. Four samples were prepared at varying initial dry densities between
approximately 1200 and 1500 kg/m® and subjected to total suction testing in a dewpoint hygrometer. The
water content of each sample was varied through wetting and drying. The sample volume was measured
after each suction reading, allowing relationships between suction and void ratio, degree of saturation and
water content to be determined. The relationship between gravimetric water content and suction was not
significantly influenced by initial density. Degree of saturation at a given suction varied significantly
according to initial density. Volume reductions of 25% to 36% from saturated to residual conditions were
recorded, and samples tended to a residual void ratio of 0.35 to 0.4. The swelling clay showed propensity
for maintaining high suctions (over 300 MPa at residual conditions) and hysteretic response between
primary drying and wetting.

1 Introduction 2 Unsaturated expansive clays

Reports of the presence of expansive soils and the
associated consequences at many locations across every
continent show that these soils are a worldwide problem
[1, 2-6]. Expansive clays are the problem soil
responsible for the greatest damage to infrastructure in
North America [2, 3], Great Britain [4], Southern Africa
[5] and China [6]. To understand the seasonal heaving
and shrinkage these clays exhibit and thus limit
structural damage, an understanding of unsaturated soil
mechanics and the relationships between water content
and volume change are vital.

The soil-water retention curve (SWRC) is known to
be dependent on sample density [7, 8]. In the case of
swelling clays, where density in itself is highly
dependent on water content, it becomes challenging to
accurately determine the in-situ soil-water retention
behaviour from a recompacted specimen. This study
aims to gain a better understanding of the volumetric and
soil-water retention behaviour of expansive clay present
at a selected site near Vredefort, South Africa, with
varying initial density. Specific reference to the
hysteresis between wetting and drying is highlighted.

* Corresponding author: ruan.murison@tuks.co.za

Expansive clays exhibit large volume changes with
changes in water content, potentially causing distress to
overlying or adjacent infrastructure. The active clay
minerals are generally aluminosilicates in the smectite
group, such as montmorillonite [9]. The clay platelets
are loosely bonded by polar water molecules, allowing
for considerable ingress and expulsion of water during
seasonal wetting and drying, causing swelling and
shrinkage. This concept is depicted in Fig. 1 (after [10]).
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Fig. 1. Microstructural swelling and shrinkage of smectites
(after [10]).

Unsaturated soil mechanics concepts are important
considerations in understanding the behaviour of
swelling clays with varying water contents. Testing of

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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partially saturated soils to predict heaving of swelling
clays (for example, the double-oedometer test) has been
documented since as early as the 1950s [11].

The term 'retention' curve is preferred to
'characteristic' curve as the relationship between degree
of saturation and suction is dependent on factors such as
initial void ratio, and as such, is not a 'characteristic'
relationship [7]. The dependence of the soil-water
retention curve on net stress and initial dry density for
recompacted samples has been shown experimentally
(for example [8, 12]). An additional challenge arises
when the samples inherently experience large changes
in density during wetting or drying, as is the case for an
expansive soil. Reliable volume measurement for initial
conditions and throughout drying and wetting are thus
key for the determination of each SWRC and shrinkage
curve (SC) of the samples with varying initial densities.

In several software applications, only one primary
curve is required for numerical modelling of unsaturated
soils (e.g. [13, 14]); usually a drying curve, as these are
easier to measure. Hysteresis between wetting and
drying primary curves was considered in this study, to
support comment on the validity of such an assumption.

3 Soil properties

The selected site near Vredefort, South Africa is
underlain by an approximately 6 m thick layer of
expansive clay, adjacent to a bentonite mine. Samples
taken from a depth of 3 m were considered for this study
as this was the material with the highest expansive
potential according to the Van der Merwe activity chart
[15]. A simplified borehole log is given in Fig. 2.

.. _bIZ‘)_epth: 0.00 (m)
T 0.50 Stiff, intact/microshattered,
slightly silty sandy clay. Alluvium

1.95 Very stiff, shattered & slickensided,
slightly sandy silty clay. Alluvium

3.00 Material used in this study:

Very stiff, strongly shattered &
slickensided, silty sandy clay.
Alluvium

4.50

Very stiff, shattered & slickensided,
7.00 silty clay. Alluvium

Very stiff, intact, clayey silty fine
sand. Reworked residual
9.00 sandstone

Fi

[

g. 2. Simplified borehole log of selected site.
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Fig. 3. Grading curve for samples from a depth of 3.0 m.
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Fig. 4. Mineralogy of the clay sampled at 3.0 m, from XRD.

Fig. 3 gives the particle size distribution of the tested
material, and Fig. 4 indicates the mineralogical
composition, based on X-ray diffraction (XRD) results.
The high smectite content in the clay fraction, paired
with the very high plasticity index and activity, motivate
the classification of the soil as a very highly expansive
clay. Table 1 gives properties of the clay.

Table 1. Properties of the expansive clay sampled at 3.0 m.

Property Value
Specific gravity, G 2.69
In-situ dry density, pq (kg/m?) * 1450
In-situ void ratio, e * 0.857
In-situ gravimetric water content, w (%) * 21.5
In-situ degree of saturation, S (%) * 67.5
Liquid limit, LL (%) 109
Plastic limit, PL (%) 27
Plasticity index, PI (%) 82
Clay fraction by mass (<2 um, %) 39
USCS Classification [16] Ccv
Activity [17] 2.1
Potential expansiveness [15] Very high

* sampled during wet season

4 Experimental procedure

Disturbed samples obtained from site were air-dried for
at least 30 days before being crushed using a mortar and
pestle. Crushed material was subsequently sieved
through a 2 mm sieve. Water was added to the air-dried
material to achieve a target gravimetric water content
corresponding with full saturation at the target dry
density for each sample. Samples were statically
compacted to various initial dry densities in a precision
machined stainless steel compaction mould, which
facilitated the preparation of cylindrical samples with
initial height of 10 mm and diameter of 15 mm.
Undisturbed samples were not considered for this study.
However, [1, 18] determined similar hydromechanical
behaviour between series of statically compacted and
undisturbed oedometer and SWRC samples. The Meter
Group WP4C dewpoint hygrometer [19] was used to
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measure total suction of samples at a set point of 25°C.
Gravimetric water content was continuously varied for
each sample, with suction readings taken incrementally
to measure the primary drying and wetting curves. A
mass balance with a resolution of 0.001 g was used.
Samples were allowed to air-dry until the natural
minimum water content under the ambient laboratory
relative humidity was reached, beyond which drying
was facilitated in a desiccation chamber with silica
crystals. This allows for samples to be dried out further
without subjecting them to elevated temperatures [1].
Wetting was facilitated by placing the samples in a
sealed desiccation chamber with distilled water, to
create a 100% relative humidity environment. After
each suction reading, a Vernier calliper was used to
determine the volume of the sample. Fig. 5 gives a
photograph of two samples, one near full saturation and
one near residual suction, and Fig. 6 shows a photograph
of the chambers used to vary water content.

Near saturation: Near residual:
S~ 90% S~ 20%

Approx. )
scale: 0 10 20 30 40 mm

Fig. 5. Photograph of compacted SWRC samples near full
saturation and residual conditions.

Wetting - Sealed
chamber o desiccators

, " E——
Distilled — X = 3 g Dry silica
water - = S— 2 crystals

Fig. 6. Photograph of wetting chamber and drying chamber.

5 Results and discussion

Relationships between suction and gravimetric water
content (w-SWRC), degree of saturation (S-SWRC) and
void ratio (e-SWRC), as well as the relationship
between void ratio and gravimetric water content,
commonly known as the shrinkage curve (e-w-SC),
could all be determined at any given measurement using
the following fundamental phase relationships:

w=M/MS—1 (1)
Gs' w

e =Py =1 @
S-e=w-Gg 3)

where: M = Total sample mass
M = Mass of solids, determined using Eq. 1,
initial mass (M;) and initial water content
(wy) from a water content sample.
pw = Density of water
V = Total sample volume, determined using a
vernier calliper

The initial conditions for the samples, where full
saturation was targeted for each, are given in Table 2.

Table 2. Initial conditions for SWRC samples.

Sample: | S3-1 | S3-2 | S3-3 | S34
Initial dry density,
Pa,o (kg/m’)

Initial void ratio, e, 0.799 | 0.826 | 0.915 | 1.198

1496 | 1476 | 1406 | 1225

Initial grav. water

content, wo (%) 292 | 304 | 33.0 | 41.0

Initial degree of

saturation, S, (%) 984 | 99.1 97.1 92.1

Fig. 7 illustrates how the total suction air-entry value
(AEV) was determined by connecting the approximately
straight-lined portions of the capillary and funicular
regimes in the S-SWRC primary drying curve, per [20].
Air entrapment represents the difference between the
initial degree of saturation before drying and final
degree of saturation after wetting. The shrinkage limit
and minimum void ratio were determined using
constructions on the drying shrinkage curve, also
illustrated in Fig. 7. The measured primary drying and
wetting curves are reported in Fig. 8, with key
information summarised in Table 3. Note that dewpoint
hygrometer readings less than 1 MPa were subject to
scatter, consistent with past findings [21], and that the
maximum suction that can be accurately measured by
the WP4C is 300 MPa [19].
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Fig. 7. Constructions used to determine air-entry value (AEV),
shrinkage limit and minimum void ratio of each sample.
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Fig. 8. Measured primary soil-water retention and shrinkage curves.
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Table 3. Summary of SWRC results. 10 to 30 MPa, and was approximately 15% during
drying and 18% during wetting. However, the air-entry
Sample: | S3-1 | §3-2 | 83-3 | $34 value was not significantly influenced by initial density.
Initial dry density, Interestingly, initial dry density had no noteworthy

1496 | 1476 | 1406 | 1225 . ’ . .
Pa,o (kg/m’) influence on the w-SWRC. These relationships were
Final dry density, approximately straight lines in semi-log space. The

1998 1972 1952 | 1924
Pd,max (kg/m?)

Final void ratio, eyin, | 0.347 | 0365 | 0.379 | 0.399

Max. volume

reduction, &y may (%) 250 | 252 | 28.0 | 363

Shrinkage limit, 129 | 136 | 141 | 148

wsy, (%)

Air-entry value, 7 70 70 67
AEV (MPa)

Air entrapment (%) 8.0 8.7 9.5 10.5

The volumetric relationships (i.e. the e-SWRC and
e-w-SC) plotted within a narrow band of approximately
0.05 in void ratio with varying initial density. The void
ratio at a given suction increased for samples with
decreasing initial dry density. The offset between these
curves did not change considerably with changes in
suction, or across drying and wetting. The greatest
variation in measured curves as a function of initial dry
density was observed in the S-SWRCs. Greater variation
in degree of saturation was visible at lower suctions,
whilst the curves converged at large suctions (greater
than AEV). The degree of saturation at any given
suction increased with increasing initial dry density. The
largest difference in degree of saturation between
samples was evident within a suction range of

0.08
@ — Pgo= 1496 kg/m3
7]
o —_— = 1476 kg/m?
5 0.06 Pao g
% — Pgo= 1406 kg/m?
O Pao= 1225 kg/m3
= 0.04 -
.Q
g
£ 0.02 -
o
O]

0.00 — T T —————

1 10 100 1000
Total suction, ¢ (MPa)
a) Hysteresis in w-SWRC

40
X
% 3.0
o
(0]
2
2 20 A
c
I
» 1.0 4
Q
®
g 0.0
>
)
>

-1.0

-

10 100 1000
Total suction, ¢ (MPa)
¢) Hysteresis in e-SWRC, presented in terms of strain

maximum discrepancy in water content for a given
suction was approximately 1% for drying and
approximately 2% for wetting.

Each sample showed a hysteretic response between
drying and wetting in all four relationships considered.
SWRC equations from literature were fitted through the
datapoints for wetting and drying, so that hysteresis
between wetting and drying curves could be quantified.
The Fredlund-Xing [22] equation was used for the S-
SWRCs, the M. Fredlund [23] equation for the
shrinkage curves, logarithmic best-fit relationships for
the w-SWRCs, and the e-SWRCs were determined from
the three aforementioned curves. Hysteresis in any
parameter was defined as the drying curve value minus
the wetting curve value at the same total suction.
Hysteresis between wetting and drying over the full
measurement range for each test is given in Fig. 9.

Hysteresis in gravimetric water content and void
ratio reduced with increasing suction. Hysteresis in
degree of saturation peaked at a suction near the air-
entry value for each of the samples. Air entrapment
(hysteresis at minimum suction) increased with
decreasing initial dry density. Conversely, the peak
degree of saturation hysteresis increased with increasing
initial dry density, ranging between 16% for the least
dense sample to 21% for the most dense.

0.25

0.20 A

0.15 1

0.10 1

0.05

Degree of saturation hysterisis

0.00 T T —_—
1 10 100 1000

Total suction, ¢ (MPa)
b) Hysteresis in S-SWRC

0.0

Volumetric strain hyseresis (%)
)
o

-4.0 T T T
0.00 0.05 0.10 0.15 0.20

Gravimetric water content, w
d) Hysteresis in e-w-SC, presented in terms of strain

Fig. 9. Hysteresis between fitted primary drying and wetting soil-water retention and shrinkage curves.
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Since the shrinkage curves and e-SWRCs are
essentially only offset vertically, changes in volume
modelled using these relationships would not be
considerably influenced by the initial dry density to
which the sample is prepared. Hysteresis in the wetting
and drying volumetric relationships was not significant
except near saturation, which suggests that a single
primary drying shrinkage curve might be successfully
used for modelling volumetric behaviour of this soil.
The greatest hysteresis in volumetric strain was 3.8% for
any of the tests under any suction state.

However, these results suggest that sample
preparation density must be considered for any
modelling of unsaturated flow or strength behaviour,
where parameters would be calculated from the degree
of saturation at a given point. Variations of nearly 20%
in degree of saturation near air-entry may result in
significant overpredictions of strength. In addition,
considerable hysteresis means that specifying a single
primary drying S-SWRC cannot properly capture the
water holding capacity of this soil in wetting at any
suction, and especially near air-entry.

6 Conclusions

Gravimetric water content soil-water retention curves in
this study were found to be nearly independent of initial
dry density. The void ratio curves of samples with
varying initial density exhibited a relatively constant
offset with varying suction, suggesting that the
preparation density of a laboratory SWRC would not
significantly influence modelling of volume changes of
the expansive clay. Air-entry values of approximately
70 MPa were recorded for all samples. Hysteresis in the
S-SWRC was significant, which should be considered in
modelling of unsaturated strength and flow problems.

The authors would like to express their gratitude to the UK
EPSRC Global Challenges Fund for the financial support
under the WindAfrica project, Grant Ref: EP/P029434/1.

References

1. T.A.V. Gaspar. Centrifuge modelling of piled
foundations in swelling clays. PhD thesis.
University of Pretoria. (2020)

2. D.G. Fredlund, H. Rahardjo, M.D. Fredlund.
Unsaturated Soil Mechanics in Engineering
Practice. New York: John Wiley & Sons. (2012)

3. D.E. Jones, W.G. Holtz. Expansive soils — the
hidden disaster. Civ. Eng., 43(8), 49-51. (1973)

4. L.D. Jones, L. Jefferson. Chapter C5 — Expansive
soils. In: Institution of Civil Engineers: Manuals
series. 413-441. London: ICE. (2012)

5. S. Diop, F. Stapelberg, K. Tegegn, S. Ngubelanga,
L. Heath. A review of problem soils in South Africa.
Cncl for Geosc. Report 2011-0062. (2011)

6. L. Miao, F. Wang, Y. Cui, S.B. Shi. Hydraulic
characteristics, strength of cyclic wetting-drying

and constitutive model of expansive soils. Proc.:
4th Int. Conf. Prob. Soils, Wuhan, 303-322. (2012)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

D.G. Toll. Chapter 4: The behaviour of unsaturated
soil. In: Handbook of Tropical Residual Soils
Engineering. Eds. B.B.K. Huat, D.G. Toll, A.
Prasad. 117-146. London: Taylor & Francis. (2012)

C.W.W. Ng, Y.W. Pang. Experimental investigations
of the soil-water characteristics of a volcanic soil.
Can. Geotech. J., 37(6), 1252-1264. (2000)

A.A.B Williams, J.T. Pidgeon, P.W. Day. Problem
Soils in South Africa — State of the Art. The Civ.
Eng. in S. Afr., 27(7), 367-377. (1985)

R.A. Murison, S.W. Jacobsz, T.S. da Silva Burke,
T.A.V Gaspar, A.S. Osman. Comparison of swell
behaviour of highly expansive clay through field
monitoring and centrifuge modelling. Proc. 20th
Int. Conf. on Soil Mech. and Geotech. Eng., Sydney,
1453-1458. (2022)

J.E Jennings, K. Knight. The prediction of total
heave from the double oedometer test. J. of S. Afr.
Inst. Civ. Eng.,7(9), 285-291. (1957)

C.W.W.Ng, Y.W. Pang. Influence of stress state on
soil-water characteristics and slope stability. ASCE
J. Geotech. Geoenv. Eng., 126(2), 157-166. (2000)

Geo-Slope. Seepage modeling with SEEP/W.
(2012)

Bentley Systems Incorporated. Plaxis 2D 2023.1 —
Material models manual. (2023)

D.H. Van der Merwe. The prediction of heave from
the plasticity index and percentage clay fraction of
soils. The Civ. Eng. in S. Afr., 6(6), 103-107. (1964)

ASTM International. ASTM Standard D2487:
Standard Practice for Classification of Soils for
Engineering Purposes (Unified Soil Classification
System). West Conshohocken: ASTM. (2011)

A.W. Skempton. The Colloidal “Activity” of Clays.
Proc.: 3rd Int. Conf. on Soil Mech., Ziirich, 1, 57-
61.(1953)

T.A.V. Gaspar, S.W. Jacobsz, G. Heymann, D.G.
Toll, A. Gens, A.S. Osman. The mechanical
properties of a high plasticity expansive clay. Eng.
Geol., 303, 106607. (2022)

Meter Group Incorporated. WP4C Dew Point
PotentiaMeter — Operator’s Manual. (2018)

D.G. Fredlund. Role of the Soil-Water
Characteristic Curve in Unsaturated Soil
Mechanics. Proc: 19th Int. Conf. on Soil Mech. and
Geotech. Eng., Seoul. 57-80. (2017)

T.A.V. Gaspar, S.W. Jacobsz, M. Schultz-Poblete,
D.G. Toll. Measurement of the soil water retention
curve: practical considerations. Proc.: 17th Afr.
Reg. Conf. on Soil Mech. and Geotech. Eng., Cape
Town, 227-232. (2019)

D.G. Fredlund, A. Xing. Equations for the soil-
water characteristic curve. Can. Geotech. J., 31(4),
521-532.(1994)

M.D. Fredlund. The role of unsaturated soil
property functions in the practice of unsaturated

soil mechanics. PhD thesis. University of
Saskatchewan. (2000)



	1 Introduction
	2 Unsaturated expansive clays
	3 Soil properties
	4 Experimental procedure
	5 Results and discussion
	6 Conclusions
	References

