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Abstract
Engineers typically require two parameters for the understanding of expansive soils to limit damages invoked by volume

change: the swell pressure – the stress required to completely restrain volume change upon inundation – and the swell potential
– the volume increase exhibited upon inundation at a given stress level. These properties have been shown to be dependent
on the stress path followed during their measurement in the laboratory. This creates challenges for practitioners attempting
to obtain reliable swell properties without an extensive testing programme. A discussion of the stress path-dependency and
reasons for variations of the measured swell properties within a Barcelona Extended Model (BExM) framework is given. Series
of oedometer tests following three standard methods for the determination of swell pressure and swell potential were carried
out for two highly expansive clay soils with different microfabric types. After swell phases, samples were consolidated to high
stresses (up to 4 MPa). For both soils, the magnitudes of the swell properties relative to one another, when measured using the
different experimental methods, aligned with the predicted hierarchy according to the theoretical framework. This verifies the
suitability of the framework for both microfabric types. The insights gained from the test results and theoretical framework
were used to design a minimum testing programme for practitioners, allowing robust determination of the swell pressure and
swell potential of a given clay.
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Résumé
Les ingénieurs ont généralement besoin de deux paramètres pour comprendre les sols expansifs afin de limiter les dom-

mages causés par le changement de volume : la pression de gonflement – la contrainte requise pour limiter complètement
le changement de volume lors de l’inondation – et le potentiel de gonflement – l’augmentation de volume présentée lors de
l’inondation à un niveau de contrainte donné. Il a été démontré que ces propriétés dépendent du trajet de contrainte suivi
lors de leur mesure en laboratoire. Cela crée des défis pour les praticiens afin d’obtenir des propriétés de gonflement fiables
sans un programme de tests approfondi. Une discussion sur la dépendance au trajet de contrainte et les raisons des varia-
tions des propriétés de gonflement mesurées dans le cadre du modèle étendu de Barcelone (BExM) est présentée. Une série
de tests d’oedomètre suivant trois méthodes standard pour la détermination de la pression de gonflement et du potentiel de
gonflement a été réalisée sur deux sols argileux hautement expansifs de types de microfabrique différents. Après les phases de
gonflement, les échantillons ont été consolidés sous des contraintes élevées (jusqu’à 4 MPa). Pour les deux sols, les magnitudes
des propriétés de gonflement mesurées expérimentalement, par rapport les unes aux autres à l’aide des différentes méthodes,
ont été conformes à la hiérarchie prédite selon le cadre théorique. Cela vérie l’adéquation du cadre pour les deux types de
microfabrique. Ces connaissances ont été utilisés pour concevoir un programme d’essais minimal pour les praticiens, afin de
déterminer de manière robuste la pression de gonflement et le potentiel de gonflement d’une argile donnée.

Mots-clés : argiles expansives, essais oedométriques, sols non saturés, pression de gonflement, potentiel de gonflement, mi-
crofabrique

1. Introduction
Expansive (or “swelling”) clays are problem soils which ex-

hibit large volume changes due to variations in water con-

tent. The seasonal wetting and drying of these soils may
lead to significant swelling and shrinkage, causing distress
to infrastructure founded on or within a profile contain-
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ing the active expansive clay strata. In the USA, the annual
cost associated with structural damage caused by expansive
soils has been quoted to substantially exceed the combined
cost of all other natural disasters, such as earthquakes and
hurricanes (e.g., Jones and Holtz 1973; Nelson and Miller
1992).

All unsaturated soils have the potential to exhibit some
volume change with variations in water content, due to al-
terations in particle contact forces brought about by the
associated changes in soil suction. There are two particu-
lar factors that set expansive clays apart from other clays
and unsaturated soils. The first is that hydration can occur
within the clay lattice of expansive soils due to their min-
eralogy, which is typically primarily constituted of smectite
group minerals such as montmorillonite. Stronger bonds be-
tween platelets of other phyllosilicate clay minerals, such
as illite and kaolinite, generally only allow for hydration at
the edges of clay lattices. For this reason, far greater vol-
ume changes can be induced in expansive soils due to hy-
dration. The second characteristic factor is that large plas-
tic (irrecoverable) volume changes may occur upon wetting
of expansive soils (Gens and Alonso 1992), as opposed to
exclusively elastic changes in most other unsaturated soils
(excluding collapsible soils). This provides additional chal-
lenges in the modelling and general understanding of the
swelling behaviour of expansive clays. Gens and Alonso (1992)
showed that it is useful to separately consider microstruc-
tural and macrostructural components of swell, but that the
two structural levels are coupled. Experimental quantifica-
tion of the magnitude of microstructural swell requires so-
phisticated equipment (Lourenço et al. 2008; Romero and
Simms 2008) and was not considered in this study. However,
even a conceptual consideration of the microfabric of ex-
pansive clays can provide useful insights into understanding
the macroscopic behaviour. Conventional laboratory meth-
ods are targeted toward the measurement of macrostructural
behaviour, which is ultimately what is of interest to the geo-
practitioner.

Despite the advancement in knowledge surrounding ex-
pansive clays, routine testing procedures have remained rel-
atively unchanged over the years. With the introduction of
suction-controlled oedometers, it is now possible to perform
sophisticated testing of swelling clays that can produce sub-
stantially more information on the behaviour of this problem
soil. However, such testing has been largely confined to the
research community, since few institutions across the world
possess the necessary testing equipment. Furthermore, the
time and cost associated with such testing makes it unfeasi-
ble for routine use in industry.

It is therefore useful to revisit and evaluate conventional
oedometer testing for expansive clays, using the insights
gained from more sophisticated testing. This paper first
outlines the various conventional oedometer testing proce-
dures routinely employed by practitioners to characterise
key swell properties. Thereafter, the results of a suite of
oedometer tests on two highly expansive clays from South
Africa are reported. The rationale for selecting the two clays
considered is that they represent two distinct fabric types
which are typical for expansive clays. The differences in re-

sults between the testing methods, and the behaviour of
the two clays, are interpreted with reference to microfab-
ric observed using scanning electron microscopy. Such con-
siderations of the microfabric have allowed interpretation
of results within the framework of the Barcelona Extended
Model (BExM) for highly expansive soils (Gens and Alonso
1992).

Although previous studies have noted differences in swell
properties between the different standard test methods,
guidelines on what tests are required for robust determina-
tion of these properties have not been explicitly outlined.
The results of the current study and the evidence from the
BExM framework have been used for the first time to propose
a novel testing programme independent of fabric, which al-
lows practitioners to obtain reliable and conservative swell
properties for any construction sequence using a minimum
of three conventional tests. The programme also allows for
confident determination of saturated consolidation proper-
ties, and identification of temporal swelling phenomena for
the given clay.

2. Oedometer test methods for
expansive clays

Oedometer testing of expansive clays is generally used to
assess two parameters of importance:

– The magnitude of pressure required to completely prevent
swell, referred to as the swell pressure.

– The magnitude of swell that can be expected under various
overburden stresses, referred to as the swell potential.

Of the conventional oedometer tests readily available to
geotechnical practitioners, all suffer from the drawback of
reducing a sample to a point of zero suction (sometimes
erroneously interpreted as full saturation) (Schreiner 1988).
While this condition is generally assumed as unlikely to oc-
cur in practice, useful information can still be obtained from
these tests if their limitations are understood, and their rele-
vant applications borne in mind. A summary of conventional
approaches is provided in Table 1, along with the typical con-
struction sequence emulated by the stress path followed in
each test method. Brief explanations of the various tests are
provided in the subsequent sections.

2.1. Double oedometer test
Jennings and Knight (1957) proposed a method for deter-

mining the swell potential of expansive clays, or the collapse
potential of collapsible soils, using parallel samples in two
oedometers. Two samples are prepared in an unsaturated
state at their in-situ water content and density. One sam-
ple is sealed to prevent any change in water content and
tested in an unsaturated state. Loads are incrementally ap-
plied and the change in volume associated with each incre-
ment is recorded. The other sample is inundated with wa-
ter under a small seating stress and allowed to swell to a
state of zero suction. After the swelling stage is complete,
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Table 1. Oedometer test methods for expansive clays.

Test name
Example of typical construction sequence for which the test stress
path is relevant (after Schreiner and Burland 1991)

Double oedometer test (Jennings and Knight 1957) Soil profile is wetted prior to construction

Loading after wetting (ASTM D4546-21)
Also referred to as:
• swell followed by consolidation (Schreiner 1988)
• single oedometer test (Jennings et al. 1973a)

Soil profile is wetted prior to construction

Wetting after loading (ASTM D4546-21)
Also referred to as:
• swell under constant stress (Holtz and Gibbs 1956; Schreiner et al.
1994)

Changes in moisture content occur after the structure has been built

Constant volume swell (BS 1377-5:1990∗; Sullivan and McClelland
1969)

Not representative of any typical construction sequence

∗Clauses 4.3 and 4.4.

Fig. 1. Determination of swell potential using the double oe-
dometer test (after Jennings and Knight 1957).
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the sample is incrementally consolidated in the conventional
manner. This was termed the “saturated” test by Jennings
and Knight (1957), although of course full saturation can-
not be confirmed in conventional oedometers. Jennings and
Knight (1957) suggested that the loading curve of the nat-
ural water content test should be adjusted such that the
curves of the two tests coincide once they begin to run par-
allel. The offset between the “saturated” and adjusted curve
is the swell potential at any given stress level. The definition
of swell potential using the test method is given in Fig. 1.
Jennings and Kerrich (1962) discussed how the assumption
that the two curves should coincide only applies if the tradi-
tional law of effective stress holds true for the given initial
state of the unsaturated soil. This method is thus applicable
only for a narrow upper range of initial degrees of satura-
tion.

2.2. Loading after wetting
This test procedure was derived from the double oedome-

ter test, but only one sample is tested. Several variations of
this test have been described in the literature (e.g., Jennings
et al. 1973a; Sridharan et al. 1986). The sample is prepared
and placed in the oedometer at its in-situ state (i.e., void ra-
tio and water content). As with the “saturated” sample in the
double oedometer test, a small seating stress is applied to the

Fig. 2. Determination of swell potential and swell pressure
using a loading after wetting test.
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sample in its unsaturated state. The cell is then filled with wa-
ter, allowing the sample to swell. After the sample has been
brought to a state of zero suction, consolidation stages are
applied. In this case, the swell potential is defined as the vol-
umetric strain on the loading path at the stress of interest,
and the swell pressure is the stress at which the consolida-
tion curve has intersected the initial void ratio (i.e., the stress
at which the sample is consolidated back to zero volumetric
strain). The concept of the test is illustrated in Fig. 2. Different
magnitudes for the nominal seating stress have been recom-
mended in the literature, such as 1 kPa in a study by Jennings
and Knight (1957), and 6 kPa in a study by Sridharan et al.
(1986). A standard test method that can be followed to carry
out the test is the “loading after wetting” procedure in ASTM
D4546-21.

2.3. Wetting after loading
Holtz and Gibbs (1956) proposed a test method to directly

measure swell potential under a given stress. As with the
previous methods, a sample is prepared at its in-situ water
content and void ratio. A seating stress corresponding with
the expected in-situ stress (for example, overburden stress
plus an expected foundation load) is applied to the sample
in its unsaturated state. After applying the desired net verti-
cal stress (termed the “soaking stress”), the cell is inundated
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Fig. 3. Determination of swell potential and swell pressure
using (a) a single wetting after loading test; (b) series of swell
tests under various constant loads (soaking-under-load curve
method).
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with water and the sample is allowed to swell/compress ver-
tically as the suction is reduced to zero. The vertical strain
achieved once the sample has reached equilibrium is the
swell potential at the given stress. The stress path followed
is illustrated in Fig. 3a. If a series of these tests is performed
under various constant soaking stresses, the swell pressure
may be determined. Connecting the equilibrium points af-
ter soaking under various stresses defines what is known
as a “soaking-under-load” curve. The swell potential at any
given stress may be read off from this curve, and the inter-
section of the soaking-under-load curve with zero volumet-
ric strain is the swell pressure. This is illustrated in Fig. 3b.
Note that some compression would likely occur during load-
ing of the unsaturated sample, but this volume change is gen-
erally small relative to the magnitude of swell during soak-
ing. A standard test method that can be followed to carry out
these tests is the “wetting after loading” test procedure in
ASTM D4546-21.

2.4. Constant volume soaking
A direct measure of swell pressure using a single test may

be achieved by maintaining a constant sample volume dur-
ing soaking, and recording the stress required to impose this
condition as the suction is reduced to zero. This is difficult
to achieve using a conventional oedometer apparatus, as it
requires constant monitoring of displacement and a manual
change in applied stresses in response to any change in the
displacement reading. Of course, the smaller the increments
of strain that are induced before increasing the load to sup-

Fig. 4. Determination of swell pressure from constant vol-
ume soaking and swell potential from unloading (after
Sullivan and McClelland 1969).
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press swell, the closer one is to measuring a true constant
volume stress path. The magnitude of the swell pressure mea-
sured using this technique has been observed to be sensitive
to any volume change taking place during soaking, causing
undermeasurement. As a result, Fredlund et al. (1980) sug-
gested a graphical correction to the swell pressure path by
subtracting the system flexibility, measured by replacing the
oedometer sample with a steel disc. Further empirical graphi-
cal constructions proposed by Fredlund et al. (1980) or Nelson
and Miller (1992) can be applied to correct for sampling
disturbance if intact (or “undisturbed”) samples are being
tested.

The constant volume soaking process can be automated
using modern automatic oedometer frames with a feed-
back loop between the force and displacement transducers.
Sullivan and McClelland (1969) suggested that if the sample
is unloaded in the conventional manner after the constant
volume soaking phase, the swell potential can be estimated
from the rebound curve. The stress path followed during the
test is illustrated in Fig. 4. This swell potential prediction only
captures elastic deformation – a shortcoming which is dis-
cussed in Section 3.

Alpan (1957) and Brackley (1973) each developed test meth-
ods aiming to determine the constant volume swell pressure,
by enforcing constant volume conditions using a stiff frame
and measuring the swell pressure that developed using a stiff
load cell or proving ring. The load cell and frame should be
sufficiently stiff such that any change in volume of the sam-
ple due to deflection of the system is negligible. Similar ap-
proaches have been used in recent publications (e.g., Manca
et al. 2016).

As mentioned, an automatic oedometer can also be utilised
for this test. An advantage of the automatic oedometer is that
true constant volume conditions can be maintained by ad-
justing the pedestal to counter any small deflections of the
load cell, using a feedback loop that maintains a constant dis-
placement transducer reading. In addition, once the sample
has been brought to a state of zero suction, the volumetric
strain can be tracked as the sample is unloaded to known
stresses. This is achieved by recording the resulting displace-
ment transducer reading whilst continuously adjusting the
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pedestal such that a constant force is maintained for each
unloading increment. A standard test method for constant
volume soaking followed by unloading is outlined in Clauses
4.3 and 4.4 in BS 1377-5:1990.

2.5. Suction-controlled testing
Recent advancements in laboratory testing have allowed

for the control of suction in the oedometer, allowing the
previously discussed stress paths to be imposed in a more
controlled manner, and without the need for full sample in-
undation. The three main types of suction control typically
utilised include axis-translation, osmotic control, and vapour
equilibrium, which target the low, medium, and high suction
ranges, respectively.

The axis-translation technique, first proposed by Hilf
(1956), involves artificially increasing the pore air pressure
(ua), such that control of a positive pore water pressure (uw)
allows for a positive matric suction (ua − uw) to be im-
posed. The method has been applied in suction-controlled oe-
dometer testing in studies by Schreiner and Burland (1991),
Schreiner et al. (1994), and Bagheri et al. (2020). The ap-
proach is typically quoted as having an upper suction limit
of 1500 kPa, which is governed by the high-air entry disc
used and the maximum capacity of the pressurised air sup-
ply system (Bagheri et al. 2020). In addition to the limited
measurement range, a criticism of the method is that ele-
vated air pressure may cause irreversible changes to the soil
fabric if the pore air phase is not continuous, in which case
it imposes a total stress on the soil skeleton (Delage et al.
2008).

Osmotic suction control involves enclosing the sample in
a semi-permeable membrane (permeable to water but not
salts) and circulating a polyethylene glycol (PEG) solution
behind the membrane. The method was first introduced to
geotechnical engineering in the form of a suction-controlled
oedometer by Kassiff and Ben Shalom (1971). The osmotic
technique imposes a matric suction to the soil, which in-
creases with increasing PEG concentration. An advantage of
the method over axis-translation is that a more realistic suc-
tion condition is imposed on the sample, i.e., without impos-
ing an artificial air pressure (Delage and Cui 2008). Further-
more, while the approach does have a theoretically higher
suction range than the axis-translation technique of up to
10 MPa (Delage et al. 1998), it does require calibrations to re-
late imposed suctions to PEG concentration. As a result, the
practical range of the approach is limited by the measure-
ment capacity of the instrument used to calibrate it. Various
calibrations reported in the literature (Dineen and Burland
1995; Tarantino and Mongiovi 2000; Monroy et al. 2007) have
also highlighted how the calibration is dependent on both
the membrane type and nature of the PEG used (Delage and
Cui 2008). Perhaps the greatest shortcoming and challenge
of the approach is degradation of cellulotic semi-permeable
membranes due to mechanical shearing and bacterial attack.
While some studies have illustrated successful imposition of
suction for up to 146 days without issues when using syn-
thetic membranes (Monroy et al. 2007, 2015), expansive clay
tests often take significantly longer (as was the case for many

of the tests in the current study) making the osmotic ap-
proach problematic.

For suction control in the high-megapascal range, the
vapour equilibrium technique with relative humidity control
can be utilised. By controlling relative humidity and tempera-
ture, and allowing equilibrium to occur through exchange of
water through the vapour phase, a known total suction (gov-
erned by Kelvin’s law (Thompson 1871)) is imposed on the soil
sample. Example uses of the vapour equilibrium technique
include Likos and Lu (2003), who measured soil-water reten-
tion curves between suctions of 7–700 MPa, and Mantikos
(2018), who developed a modified oedometer capable of im-
posing suctions of up to 100 MPa. Whilst the method is useful
at very high suctions, a shortcoming of the method is that the
imposed suction is extremely sensitive to changes in relative
humidity. Likos and Lu (2003) reported a maximum deviation
in relative humidity of 0.6% in their apparatus. While seem-
ingly small, this variation resulted in suction variations of
approximately 1 MPa in the 7–10 MPa range. Mantikos (2018)
reported a suction uncertainty of approximately 1.7 MPa in
the same range. For soils where suctions are typically in the
range of 1–10 MPa, such as those tested in the current study,
such variations would substantially influence the mechanical
response.

Considering the limitations of the discussed approaches,
it can be seen that they would all be limited in their abil-
ity to control suction in the ranges under consideration for
this study (1–10 MPa), and are likely to present challenges
for the longer testing times required. Furthermore, as pre-
viously stated, only a few academic institutions have access
to suction-controlled oedometers making their routine use
in industry unfeasible. As a result, this study aims to develop
guidelines that can be implemented in conventional oedome-
ter testing which is available in most commercial laborato-
ries.

3. Stress path-dependency according to
the BExM

Each of the discussed methods considers a different stress
path to determine both swell potential and swell pressure. Ex-
perimental investigations have shown variations in the mea-
sured properties, depending on the stress path followed (e.g.,
Brackley 1975; Justo et al. 1984; Sridharan et al. 1986; Monroy
et al. 2015).

The reasons behind the differences in measured swell pres-
sure and swell potential for the various methods, and the
dependency of these parameters on the stress path followed
during testing, can be better understood by considering the
tests in a conceptual unsaturated critical state soil mechanics
framework. The BExM for highly expansive clays (Gens and
Alonso 1992) was used for this purpose. Figure 5 shows ex-
pected stress paths according to the BExM in suction (s) vs net
mean stress (p̄) and void ratio (e) vs net mean stress planes for
hypothetical samples subjected to various test methods. An
identical initial state, given by (e0, s0, p̄0) applies to each hy-
pothetical test. A loading after wetting test for a sample soaked
under a constant nominal seating net stress is given by Path A
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Fig. 5. Yield loci and state paths in loading after wetting, wet-
ting after loading, and constant suction tests in the BExM
framework (after Gens and Alonso 1992).
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(1-2-3-4-5). Wetting after loading tests are given by Path B (1-6-
7-4-5) for a sample soaked at a constant stress significantly
less than the swell pressure, and by Path C (1-6-8-5) for a sam-
ple soaked at a stress greater than the swell pressure. The
pre-wetting phases of Path C (1-6-8) also represent the con-
stant suction loading path, i.e., the slope of this path in the
e-logp̄ plane would represent the compressibility of a soil el-
ement in its natural unsaturated state that is only subjected
to changes in mechanical stress. The “saturated” normal con-
solidation line (NCL), given by Path 3-4-5, is assumed to be
unique. Positions of the neutral loading (NL) lines, which
serve a purpose similar to yield loci on the microstructural
scale, as well as the load–collapse (LC) yield curves, which rep-
resent yield loci on a macrostructural scale, are indicated at
various key points along these stress paths in Fig. 5. The sup-
plementary material to this article gives a detailed descrip-
tion of the generation of these stress paths according to the
BExM model (Gens and Alonso 1992) using the positions of
the NL and LC loci, the soaking-under-load curve, and the con-
cept of macrostructural softening induced by microstructural
strain.

Given the assumptions made by the BExM and in the con-
structions of the stress paths outlined in Fig. 5, a number
of consequences regarding the swell pressure and swell po-
tential follow. If it is assumed that the NCL is unique, there

are two reasons that the swell potential determined using
a stress path from the loading after wetting method with a
low soaking stress must always be greater than or equal to
the swell potential determined using the soaking-under-load
curve:

– Samples cannot swell beyond the NCL into impossible
states at zero suction.

– Unless enough softening has occurred such that the path
engages the LC yield curve, samples will compress along a
swelling line before yielding onto the NCL.

For the same reason, the swell pressure determined us-
ing the loading after wetting method (p̄SP,2) must always be
greater than or equal to the swell pressure determined from
the soaking-under-load curve (p̄SP,1), since a specimen would
need to attain an impossible state beyond the NCL under zero
suction to register a greater stress than that upon the NCL
when compressed back to the initial void ratio. This is the
consensus on the hierarchy of magnitudes of the swell pres-
sure and swell potential determined using the two methods
in the literature (Brackley 1973; Justo et al. 1984; Sridharan
et al. 1986). Blight (1965) reported a case where the compres-
sion curves after soaking and the soaking-under-load curve
practically coincided, which also conforms to the aforemen-
tioned assumptions (i.e., samples yielded upon completion of
inundation as they swelled onto the saturated NCL). In this
case, the swell potential functions and the swell pressures
determined using the two methods were virtually equal. This
phenomenon is most likely to occur in the case of soils that
exist in a high degree of saturation range where some form
of effective stress law is valid (i.e., the initial degree of sat-
uration exceeds the critical value: S0 > Scrit as discussed by
Jennings and Burland (1962)). Note that due to the assump-
tion of a unique NCL, a unique swell pressure value for the
loading after wetting method (p̄SP,2) is assumed within this
framework.

What has not yet been addressed are the swell properties
measured during constant volume soaking, followed by un-
loading. Such a test is given by Path D (1-9-10), which has been
added to the previously outlined framework in Fig. 6. The
sample is inundated at a constant void ratio and is brought
to zero suction along Path 1-9, with a net mean stress equal to
the constant volume swell pressure p̄SP,3. Hereafter, the sam-
ple is unloaded at a constant suction of zero, and elastic vol-
ume increase occurs along Path 9-10. If any plastic volume
change occurs during soaking under constant net stress, the
swell potential estimated from an elastic rebound curve after
constant volume soaking should always be less than the swell
potential from the other two methods for a highly expansive
clay. Gens and Alonso (1992) listed the large plastic volumet-
ric strains during swelling as a defining feature of highly ex-
pansive clays. Plastic strains during wetting are accounted for
in the framework, which is why the swell potential for load-
ing after wetting and wetting after loading should both always
be greater than the elastic swell potential along a swelling
line during unloading after constant volume soaking. This is illus-
trated graphically in Fig. 6 by an evaluation of swell potential
at the in-situ net mean stress (p̄in·situ). The swell potentials for
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Fig. 6. Swell potential and swell pressure for loading after
wetting, wetting after loading, and constant volume soaking
tests in the BExM framework (after Gens and Alonso 1992).
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loading after wetting, wetting after loading, and constant vol-
ume soaking would be determined by considering the void
ratios at Points 3, 7, and 10 respectively, relative to the ini-
tial void ratio. It is evident in the framework set out in Fig. 6
that e3 ≥ e7 > e10 for any net stress p̄in·situ in the swelling
range.

The magnitude of the swell pressure measured under con-
stant volume soaking is a more complex matter. Gens and
Alonso (1992) explained how the development of swell pres-
sure and the stress path followed under constant volume
soaking were highly dependent on initial conditions. The po-
sition of the initial state relative to the initial NL line and
initial LC curve play a large role in the measured swell pres-
sure, and whether any peak followed by reduction in pressure
occurs during soaking. There is no reason for the constant
volume stress path to be bound by the soaking-under-load
curve. Thus, the peak and equilibrium swell pressures at con-
stant volume may exceed the magnitude determined from a
soaking-under-load curve constructed from samples soaked
under constant net stress (i.e., p̄SP,3 > p̄SP,1). Such a result was
reported by Sridharan et al. (1986). Although it was not explic-
itly discussed by the authors, the constant volume swell pres-
sure reported by Monroy et al. (2015) practically coincided
with the soaking-under-load curve. It is of course also possi-
ble for the constant volume swell pressure to be less than
the swell pressure from the soaking-under-load curve (i.e.,
p̄SP,3 < p̄SP,1) as reported by Brackley (1973). The dependency
on initial state, initial yield loci, and the resulting stress path
under constant volume soaking are the reason for the lack
of consensus in the literature regarding the magnitudes of
the two swell pressures relative to one another. However, no
study reports an equilibrium constant volume swell pressure
greater than the magnitude measured during a “free swell”
followed by consolidation (loading after wetting) test. This is
once again due to the fact that a state beyond the NCL cannot
be attained when suction has been reduced to zero, and thus
it should always be true that p̄SP,2 ≥ p̄SP,3, given a unique NCL.

4. Sampling sites and material
classification

Two highly expansive clays were considered in this study.
Both soils were alluvially deposited at the sites from which
they were sampled, after being transported along water-
courses from the nearby residual igneous profiles. The first
is a black cotton clay (locally referred to as “turf”) weath-
ered from norite and sampled near Steelpoort in the Limpopo
Province of South Africa, henceforth referred to as Black Clay.
The second is an olive/green–grey alluvial bentonite clay,
weathered from andesitic and amygdaloidal lavas and sam-
pled near Vredefort in the Free State Province of South Africa,
referred to as Olive Clay.

The distribution of expansive clays in South Africa, based
on records of severe swell-shrink behaviour and associated
damage to infrastructure, was given by Williams et al. (1985)
and is provided in Fig. 7. The locations of the test sites from
which the soils in the current study were sampled have been
added to Fig. 7. It is evident that both sites are located in re-
gions where previous records of severe movement of expan-
sive clays exist.

Each of the clays exhibited a fissured or shattered in-situ
macrofabric, attributed to the seasonal swelling and shrink-
age of the intact clay masses. The X-ray diffraction (XRD)
results presented in Table 2 show that despite the differ-
ent geological origins, the predominant mineral constituent
of each clay is smectite – which is the active clay min-
eral group responsible for the expansiveness of the soils.
The Black Clay contains a low quartz content due to the
mafic composition of the parent norite rock, whereas the
greater silica content in the Olive Clay is likely due to the in-
termediate felsic/mafic composition of the parent andesitic
lava.

Material properties for each of the clays are presented
in Table 3 and the respective particle size distributions are
presented in Fig. 8. The classification was conducted ac-
cording to BS 1377-2:1990 and BS 5930:1999. The pycnome-
ter method was used for determination of specific grav-
ity, the fall-cone method for liquid limit, and wet sieving
and hydrometer (with sodium hexametaphosphate utilised
as the dispersing agent) were employed for determina-
tion of the particle size distributions. The in-situ suction
was estimated through dewpoint hygrometer and filter pa-
per tests on various samples at the in-situ water content
and void ratio at the end of the dry season. These suc-
tions were in the order of several megapascals for both
clays.

Despite similar classifications and clay mineralogy, scan-
ning electron microscope (SEM) images showed that a key
difference between the two clays, which might contribute to
differences in swelling behaviour, is in their microstructural
arrangements (i.e., microfabrics). Figure 9a shows the contin-
uous matrix of elementary clay particles evident in the Black
Clay, such as that of microfabric type a described by Gens
and Alonso (1992). Figure 9b shows the aggregations of ele-
mentary clay particles or “packets” evident in the Olive Clay,
such as that of microfabric type b as described by Gens and
Alonso (1992).
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Fig. 7. Sampling locations of the two clays, superimposed upon the distribution of expansive clays in South Africa based on
records of severe movement (after Williams et al. 1985).
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Table 2. Mineralogy from X-ray diffraction (XRD) results.

Mineral Olive Clay Black Clay

Quartz (%) 36 7

Orthoclase feldspars (%) 5 11

Anorthoclase feldspars (%) – 3

Plagioclase feldspars (%) 6 10

Smectite and illite–smectites (%) 52 64

Kaolinite (%) 1 –

Enstatite (%) – 5

5. Testing programme
As reported in a previous study, oedometer specimens of

the Black Clay were prepared by grating intact masses of clay
at their natural water content, and then statically compact-

ing the samples to their initial in-situ density (Gaspar et al.
2022). The purpose of this preparation method was to at-
tempt to mimic the fissured macrofabric typical of such clays
in situ. Such an approach was not feasible for the Olive Clay as
the higher stiffness, brittleness, and presence of silt particles
caused difficulties during the grating process. As a result, ma-
terial preparation methods employed in previous studies on
compacted expansive clays (e.g., Monroy et al. 2015; Manca et
al. 2016) were employed for the Olive Clay. Bulk samples were
air-dried for a minimum period of 30 days to allow for sub-
sequent breaking up of the material with a pestle and mor-
tar until all material passed the 2 mm sieve. Thereafter, the
broken-up material was laid flat on a laboratory tray and wet-
ted back to the in-situ water content with a spray bottle, and
allowed to equilibrate in a sealed sample bag for 2–7 days
prior to testing. The moist clay was statically compacted into
oedometer rings, targeting the in-situ dry density presented
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Table 3. Properties of the two expansive clays.

Property Olive Clay Black Clay

Description of soil in situ (according to profiling
guidelines by Jennings et al. 1973b)

Slightly moist, olive/green-grey, very stiff,
shattered and slickensided, silty clay

with scattered calcrete nodules. Alluvium

Moist, black, stiff, fissured and slightly
slickensided, silty clay with scattered

calcrete nodules. Alluvium

Sampling depth (m) 3.0 0.5–1.5

Specific gravity 2.69 2.65

In-situ dry density, ρd (kg/m3) a 1450 1330

In-situ void ratio, e a 0.86 0.99

In-situ water content, w (%) a 21.5 33.0

In-situ degree of saturation, S (%) a 67.5 88.1

Suction at in-situ state, s (MPa) a 5–8 2–4

Liquid limit, wL (%) 109 92

Plasticity index, IP (%) 82 55

Clay fraction by mass (<2 μm, %) 54 64

Classification (BS 5930:1999) CE CE

Activity (Skempton 1953) 1.52 0.86

Potential expansiveness class (Van der Merwe 1975) Very high Very high

aAt the end of the dry season.

Fig. 8. Particle size distributions of the two clays determined
according to BS 1377-2:1990.
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in Table 3. Care was taken to control consistent initial condi-
tions as far as practically possible to limit the experimental
variability.

Note that fixed-ring oedometer housings were utilised for
all tests in this study. A series of tests on a conventional oe-
dometer apparatus was conducted, utilising various soaking
stresses. The samples were placed in the oedometer frame
in an unsaturated state, loaded to the desired soaking stress,
and the cell was flooded, causing volumetric changes as the
sample was brought to a state of zero suction. After equilib-
rium was achieved, the sample was incrementally loaded, as
with a conventional consolidation test, to high stresses (up
to 4 MPa). Thereafter, unloading was conducted incremen-
tally. This loading path allows for evaluations of the swell
pressure and swell potential to be conducted using both the
loading after wetting method (at low soaking stresses) and a
soaking-under-load curve from a series of wetting after load-
ing tests. In addition to these swell-under-load tests, constant

volume tests were conducted. An automatic oedometer was
utilised and the platen position was automatically adjusted
to keep the height of the sample constant – as monitored by
a linear variable differential transformer (LVDT) fixed to the
loading ram – negating any effects of system compressibil-
ity. Finally, unsaturated compression tests at constant water
content were conducted in a conventional oedometer appa-
ratus. To limit moisture loss from the specimen, single layers
of Teflon were provided at the top and bottom of the sam-
ple, and single layers of clingfilm were fixed to the top and
bottom of the sample ring using elastic bands, taking care to
avoid any folds that would impose bedding errors. The spec-
imen was placed in the standard oedometer housing, which
was carefully sealed using clingfilm and not flooded with wa-
ter.

For each increment in each of the tests, deformation read-
ings throughout compression/swelling were logged using an
LVDT and the given increment was only ended at the end
of primary compression or swell (characterised by an abrupt
change in slope on the semi-logarithmic plot of volume
change versus time). The exception was the unsaturated con-
stant water content test, where the benefit of limiting mois-
ture loss over time was deemed to exceed that of allowing
the completion of primary compression. For this reason, in-
crements were limited to 24 h. This was deemed sufficient as
the majority of deformation took place within the first hour
of loading.

Reconstituted samples were prepared by thoroughly re-
moulding the air-dried and crushed clay at a water content
between 1.0 and 1.5 times the liquid limit, as suggested by
Burland (1990). Table 4 lists the initial conditions for each of
the tests conducted on the Olive Clay.

A similar series of swell-under-load tests was reported by
Gaspar et al. (2022) for the Black Clay. The soaking phases
of two of these tests, as well as the entire reconstituted
test, were used in this study. These tests were supplemented
with an additional six swell-under-load tests, which were
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Fig. 9. Scanning electron microscope (SEM) photographs showing the microstructural arrangements of (a) Black Clay and (b)
Olive Clay.
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Table 4. Initial conditions for tests on compacted Olive Clay.

Soaking stress (or test name) Initial void ratio, e0 Initial water content, w0 (%) Initial degree of saturation, S0 (%)

1.1 kPa 0.864 21.4 66.7

12.5 kPa 0.849 21.9 69.5

50 kPa 0.831 21.4 69.5

100 kPa 0.850 21.7 68.7

300 kPa 0.843 22.7 72.5

400 kPa 0.855 20.0 63.0

600 kPa 0.875 21.9 67.4

1200 kPa 0.856 20.0 62.9

Unsaturated (constant w) 0.847 21.9 69.7

Constant volume soaking 0.830 20.3 65.9

Reconstituteda 3.924 147.0 ≈ 1.3wL 100

aNot compacted.
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consolidated to high stresses, as well as a constant volume
soaking test and an unsaturated constant water content test
(all on grated and compacted material). Table 5 lists the initial
conditions for each of the Black Clay tests.

6. Results

6.1. Intrinsic properties
Burland (1990) proposed that clay samples reconstituted at

water contents of between 1.0 and 1.5 times the liquid limit
may be used to determine the intrinsic compression proper-
ties of the clay (i.e., properties that are independent of soil
state and structure). The NCL that is measured for such a
sample is thus referred to as the intrinsic compression line
(ICL). The ICL can be defined in terms of the intrinsic void
ratios e∗

100 and e∗
1000, which correspond to void ratios mea-

sured at effective stresses of 100 and 1000 kPa, respectively,
as well as the intrinsic compression index, C∗

c = e∗
100 − e∗

1000.
In this study, the intrinsic expansion index (C∗

e ) has also been
defined by taking the slope of a logarithmic best-fit line
through the full unloading range. The modified free swell
index proposed by Sivapullaiah et al. (1987) was used as an
indicator of the intrinsic expansiveness of the clay due to in-
undation with water. This involves passing oven-dried and
crushed clay through a 0.425 mm sieve and slowly adding
10 g of the material to distilled water in a graduated cylin-
der. The modified free swell index is given by (V − Vs)/Vs,
where V is the equilibrium volume of clay after settling and
swelling, and Vs is the volume of solids (determined from
the specific gravity and mass of solids). Intrinsic properties
for both clays are reported in Table 6. The Black Clay ex-
hibited a greater intrinsic expansiveness due to absorption
of water, whereas the Olive Clay exhibited greater intrinsic
compressibility and expansiveness due to changes in effective
stress.

6.2. Swell and collapse phases
Figure 10 shows the volumetric strain over time for the

compacted samples during soaking phases under constant
vertical stress, where expansion is taken to be negative. The
Olive Clay was shown to be more expansive than the Black
Clay over the full range of soaking stresses.

Figure 11 illustrates the degree of swell, which is the
current volumetric strain (εv) normalised by the maximum
swelling strain (εv,min, due to geotechnical sign convention
where expansion is negative), as a function of time for the two
sets of samples. These results indicate that for the Olive Clay
samples, the time required to achieve a particular degree of
swell reduced with an increase in soaking stress. Conversely,
for the Black Clay samples, the time required to achieve a par-
ticular degree of swell increased with an increase in soaking
stress. The reasons for these conflicting trends may be hy-
pothesised by considering the different macrofabrics of the
two clays due to sample preparation. When an expansive
clay is inundated with water, there are two potential mech-
anisms which influence ingress. For a continuously fissured
sample, initial ingress occurs relatively quickly along the fis-
sures, allowing for a rapid initial swell process and closure of

fissures. Thereafter, further infiltration into the macrostruc-
ture and microstructure becomes a diffusive process which
is governed by the square of the drainage path length. By ex-
amining the swell behaviour with time of the two clays, the
influences of these two mechanisms can be seen.

Due to the preparation method, the Black Clay had an ini-
tial macrofabric that incorporated continuous “fissuring”. As
a result, initial swell was facilitated relatively quickly. This
can clearly be seen by comparing samples of both clay types
soaked at a vertical stress of 1.1 kPa. The time taken to
achieve a degree of swell of 0.2, for example, for the Black
Clay was approximately 2 orders of magnitude less than that
of the Olive Clay. As soaking stresses were increased however,
some closure of the fissures would have occurred in the Black
Clay prior to inundation, thereby reducing the influence of
this initial infiltration phase. In such cases, the swell process
would have been more dependent on diffusion from the start
of inundation. Additionally, the rate of infiltration into the
intact masses from the fissures is reduced under greater con-
fining stress. Therefore, for the series of Black Clay tests as a
whole, the degree of swell over time as a function of soaking
stress was governed by the suppression of infiltration with
increasing stress, rather than the increasing drainage path
length with decreasing stress.

For the Olive Clay, which was crushed rather than grated
prior to compaction, no such continuous fissures were
present. The swell process would thus have been domi-
nated by diffusion from the start of inundation for all tests.
Given that diffusion is governed by the drainage path length
squared, the time to equilibrium swell was largest for the
samples that were subjected to the largest swelling strains
(i.e., those soaked under low soaking stresses). Equilibration
time reduced as swell magnitude reduced with an increase
in soaking stress. Significantly larger swelling strains were
experienced by the Olive Clay, which further supports the
observation of equilibration times that were orders of magni-
tude greater at low stresses. In contrast to the Black Clay, the
degree of swell over time as a function of soaking stress for
the Olive Clay was governed by the increasing drainage path
length with decreasing stress rather than the suppression of
infiltration with increasing stress.

Another key difference in the behaviour of the two sam-
ples was evident in the initial volumetric changes experi-
enced during inundation. For all samples of the Black Clay
soaked under stresses less than the swell pressure, only ex-
pansion occurred with the introduction of water. Conversely,
for the Olive Clay tests (with the exception of the sample
soaked under 1.1 kPa), all samples inundated at stresses less
than the swell pressure exhibited initial collapse, followed by
swell. This difference in behaviour can be attributed to dif-
ferences in microfabric. Gens and Alonso (1992) highlighted
that the aggregated microfabric of the Olive Clay is a fabric
type which has the potential to both collapse and swell upon
wetting. A closer inspection of the initial collapse strains ex-
hibited in the Olive Clay tests is presented in Fig. 12. This
figure shows that initial reduction in volume occurred sig-
nificantly quicker than the subsequent swelling strains, indi-
cating the occurrence of two separate mechanisms. Initially,
a reduction in suction between clay aggregations causes
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Table 5. Initial conditions for tests on compacted Black Clay.

Soaking stress (or test name) Initial void ratio, e0 Initial water content, w0 (%) Initial degree of saturation, S0 (%)

1.1 kPa 1.034 33.7 86.4

12.5 kPa 0.999 34.8 92.2

50 kPa 1.006 34.8 91.6

100 kPa 0.995 33.0 87.9

200 kPa∗ 0.973 34.7 94.4

300 kPa 0.992 34.3 91.7

400 kPa∗ 1.027 34.7 89.4

800 kPa 0.996 33.8 89.8

Unsaturated (constant w) 0.996 32.6 86.7

Constant volume soaking 0.996 33.8 89.8

Reconstituted∗ ,a 2.481 98.5 ≈ 1.1wL 105b

∗Test reported by Gaspar et al. (2022).
aNot compacted.
bCan be attributed to slight error in initial void ratio, which can be problematic for a slurry.

Table 6. Intrinsic properties of the Olive Clay and Black
Clay.

Property Olive Clay Black Clay

Void ratio at the liquid limit, eL 2.942 2.438

Intrinsic void ratio at 100 kPa, e∗
100 2.141 1.388

Intrinsic void ratio at 1 MPa, e∗
1000 0.807 0.849

Intrinsic compression index, C∗
c 1.334 0.539

Intrinsic expansion index, C∗
e 0.237 0.110

Modified free swell index
(Sivapullaiah et al. 1987)

5.37 6.16

Fig. 10. Volume change over time under various soaking
stresses for both clays.
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Fig. 11. Degree of swell over time at soaking stresses under
which expansion occurred.
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the observed macrostructural collapse. Thereafter, the slower
process of clay hydration ensues, resulting in microscopic
and eventually macroscopic swell.

6.3. Soaking-under-load curves
The difference in swell properties of each clay is illustrated

through the soaking-under-load curves presented as func-
tions of volumetric strain and void ratio in Figs. 13a and 13b,
respectively. For both clays, the soaking-under-load curve can
be represented as a logarithmic relationship (a straight line in
semi-log space) with coefficients of determination exceeding
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Fig. 12. Initial collapse of the Olive Clay samples for which
expansion occurred.
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Fig. 13. Soaking-under-load curves for the Olive and Black
Clays: (a) volumetric strain versus net vertical stress at equi-
librium after soaking; (b) void ratio versus net vertical stress
at equilibrium after soaking.
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98% in terms of volumetric strain and exceeding 99% in terms
of void ratio. Note that the stress state variable used when in-
terpreting the swell tests (and any phases where the clay was
in an unsaturated state) is net vertical stress (σ̄v = σv − ua),
where σv is the applied total vertical stress and the pore air
pressure (ua) is assumed to be zero. Vertical swell pressures
(σ̄SP,v) of 382 and 344 kPa were recorded using the soaking-
under-load curve method for the Olive and Black Clays, re-
spectively.

Previous authors have reported differently shaped rela-
tionships for the soaking-under-load curves of various high
plasticity expansive clays, all predominantly consisting of
montmorillonite. Brackley (1973) also reported a logarith-
mic relationship for a black weathered residual norite clay
(wL = 89%, IP = 57%) from Onderstepoort, South Africa. The
best-fit soaking-under-load curve for London Clay from re-
sults by Monroy et al. (2015) (wL = 83%, IP = 54%) had the same
shape. Al Haj and Standing (2015) reported a power func-
tion for the soaking-under-load curve of a basaltic alluvial
black clay from Khartoum, Sudan (wL = 60%, IP = 30%). Fourie
(1991) illustrated that the relationship was approximately
linear for a sedimentary black clay from Queensland, Aus-
tralia (wL = 89%, IP = 63%). Justo et al. (1984) reported a rela-
tionship where swell potential was a third-order polynomial
function of the logarithm of applied stress for a sedimentary
expansive clay sampled at El Arahal, Andalucía (wL = 75%,
IP = 44%).

Whilst recognising these previously reported trends, it
should be noted that the stress range over which the soaking-
under-load curve is established will affect this relationship.
While more complex functions may be necessary to define
the relationship over a wide stress range or at specific stress
levels (as may be desirable in specialised cases), simpler re-
lationships may be adequate over typical engineering stress
ranges. Despite significant differences in the respective ge-
ologic origins, it holds true for each of the aforementioned
studies that a logarithmic soaking-under-load curve fitted
through data from the entire range of soaking stresses would
yield a coefficient of determination exceeding 95%. Excluding
the study by Al Haj and Standing (2015), this can be increased
to 98% if only tests soaked under a stress within two log-scales
of the swell pressure are considered. Recognising this feature,
practitioners may be able to conduct fewer tests during field
characterisations.

6.4. Loading after wetting
The compression paths after soaking are given in Fig. 14.

It is evident that significant variations in swell pressure were
recorded for both clays depending on the seating stress un-
der which the sample was soaked. For the Olive Clay, swell
pressures ranging between 423 and 578 kPa were recorded us-
ing this method. Swell pressures recorded for samples soaked
at low stresses (1.1, 12.5, 50 kPa) were similar. As the soak-
ing stress increased, the recorded swell pressure reduced and
approached the magnitude determined from the soaking-
under-load curve.

For the Black Clay, a similar trend may have been evident,
but was masked by the non-uniqueness of the NCL. The max-
imum swell pressure was that of the sample soaked under
100 kPa. Swell pressures recorded using this method ranged
between 364 and 437 kPa. However, it is worth noting that
the initial void ratio of the 1.1 kPa test was marginally greater
than the target in-situ void ratio. As a result, the swell pres-
sure recorded at the actual initial void ratio (∼1.03) was a
reduced value of 364 kPa, whereas the swell pressure that
would have been recorded if the target initial void ratio was
achieved would likely have been greater. As an example, the
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Fig. 14. Loading after wetting paths.
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stress corresponding with the in-situ void ratio (0.99) upon
the stress path for this test was 463 kPa.

The non-uniqueness of the NCL for compacted Black Clay
was attributed to destructuring invoked during swelling and
the release of strain energy, which is discussed in the subse-
quent section.

6.5. Normal consolidation lines
Figure 15 shows the compression and unloading paths for

each of the tests in terms of void ratio and effective stress,
so that the NCLs for the compacted samples could be estab-
lished. These results are plotted in terms of traditional verti-
cal effective stress (σ ′

v = σv − uw), where the pore water pres-
sure (uw) is approximately zero at the end of consolidation, so
that they may be interpreted within a saturated soil mechan-
ics framework. As a result, the soaking phases have not been
included in Fig. 15, since effective stress is not applicable at
the initial state.

For the Olive Clay, loading paths converged onto a unique
NCL at stresses greater than approximately 800 kPa as illus-
trated in Fig. 15a, and the compression index values (taken
as the slope of a best-fit line over the entire post-yielding
range) ranged between 0.37 and 0.40. For the compacted
Black Clay, there were seemingly two sets of NCLs. The sam-
ples soaked at 1.1, 12.5, and 50 kPa exhibited similar com-
pression indices (0.37–0.39), and the samples soaked under
100, 300, and 800 kPa also exhibited similar Cc values (0.29–
0.33). Leroueil and Vaughan (1990) proposed that strain en-
ergy stored within the structure of soils and rocks is released
during the destruction of structural bonds, which may occur

Fig. 15. One-dimensional consolidation test results.

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

1 10 100 1000 10000

 ,oitar dio
V

e

Vertical effective stress, σ'v (kPa)

1.1 kPa 12.5 kPa
50 kPa 100 kPa
300 kPa 400 kPa
600 kPa 1200 kPa

Soaking stress: 

0.6

0.8

1.0

1.2

1.4

1.6

1 10 100 1000 10000

 ,oitar dio
V

e

Vertical effective stress, σ'v (kPa)

1.1 kPa 12.5 kPa
50 kPa 100 kPa
300 kPa 800 kPa

Soaking stress: 

a) Olive Clay

b) Black Clay

during swell. When subjected to large swelling strains, the
structure in the Black Clay was unable to retain some of the
stored energy. The suggested reason for two sets of NCLs is
thus the release of the stored strain energy due to destructur-
ing imposed during the swelling process under low soaking
stresses. Maximum swelling strains of approximately 7% and
greater were imposed during soaking for these samples, and
destructuring caused the compression indices to increase and
tend toward the intrinsic compression index (C∗

c ). However,
at greater soaking stresses, where swelling strains were sup-
pressed to a greater degree, structure was likely preserved.
This allowed higher void ratios to be attained at the same ef-
fective stress for these samples in comparison to those that
had been destructured.

The dependency of the Black Clay compression index on
the strain imposed during soaking is illustrated in Fig. 16b,
where two groupings of Cc values can be observed (at absolute
soaking strains less than and greater than 5%). Interestingly
for the Olive Clay, the compression index is shown to be in-
dependent of the strain imposed during soaking in Fig. 16a,
despite significantly greater strains being achieved during
swelling at low stresses (swelling strains in excess of 43% and
23% were observed in the 1.1 and 12.5 kPa tests, respectively).
In addition, the compression indices for the compacted sam-
ples were substantially lower than the intrinsic compression
index from the reconstituted test (by factors of between 3.3
and 3.8), indicating the presence of some structure in each of
the tests.

It seems that significantly greater swelling strains would
be required to destructure the crushed and compacted Olive
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Fig. 16. Compression and expansion indices as functions of
soaking strain.
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Clay with the aggregated microfabric (type b) than for the
grated and compacted Black Clay containing a continuous
matrix of elementary clay units in its microstructural ar-
rangement (type a). This suggests that the structure within
the Olive Clay was more robust, with an ability to re-
tain stored strain energy despite being subjected to larger
swelling strains.

Neither of the sets of tests showed any influence of soaking
stress upon the expansion indices (Ce), which remained fairly
constant. For the Olive Clay, the expansion indices for com-
pacted samples were 1.3–1.6 times lower (i.e., stiffer) than the
intrinsic expansion index (C∗

e ), which once more illustrates
the influence of stored strain energy due to the preservation
of soil structure, even after being subjected to compressive
stresses of up to 4 MPa. For the Black Clay, compacted ex-
pansion indices were similar in magnitude to the intrinsic
expansion index (1.0–1.3 times greater, i.e., softer).

6.6. Yield stresses
Graphical constructions using the methodology recom-

mended by Casagrande (1936) were used to determine ver-
tical yield stresses (σ̄v,y) for each of the tests that were soaked
at low enough stresses such that the sample was overconsol-
idated after soaking. Trends of increasing yield stress with

Fig. 17. Relationship between soaking stress, yield stress, and
swell: (a) swell governed by proximity to LC yield curve in
BExM (after Gens and Alonso 1992); (b and c) swell magnitude
versus proximity to LC yield curve for the Olive and Black
Clays.
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increasing soaking stress were evident for both clays. The
decrease in yield stress at lower soaking stresses can be at-
tributed to (a) the higher void ratio attained after swell, and
(b) the greater amount of swell-induced softening at lower
soaking stresses, as a result of the greater microstructural vol-
ume change.

Figures 17b and 17c show the macrostructural volume in-
crease (−εvM) versus the ratio of the soaking stress to the
yield stress (i.e., induced swell as a function of the proxim-
ity of the wetting path to a yield surface). Logarithmic best-
fit relationships with coefficients of determination exceeding
99% were determined for both clays. The shape of the func-
tion aligns with the conceptual relationship that highlights
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Fig. 18. Developed swell pressure versus time during con-
stant volume soaking for both clays.
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how macrostructural swell is governed by proximity of the
wetting path to the LC yield curve in the BExM framework
(Gens and Alonso 1992), which is shown in Fig. 17a. Gaspar et
al. (2022) highlighted that this relationship typically consid-
ers microscopic volume change, which is difficult to measure
and requires sophisticated equipment. However, the study
showed that a similar relationship could be obtained when
considering only macrostructural deformation. This implied
that useful constitutive criteria governing hardening plas-
ticity can potentially be deduced using conventional equip-
ment. The results reported in the current study provide fur-
ther experimental evidence of these trends for clays with
both types of microstructural arrangement.

6.7. Constant volume soaking
The development of vertical swell pressure over time under

constant volume inundation is given for both clays in Fig. 18.
Both samples exhibited a peak swell pressure, followed by
a slight reduction over time until equilibrium conditions
were achieved. As discussed previously, the hypothesised
mechanism for the observed trends regarding equilibration
time during constant stress swelling (Fig. 11) was related to
the relative contributions of diffusive processes and seepage
through macrofissures in governing the swell of the two
clays. In the constant volume tests, the sample height (and
thus the drainage path length) remained constant. For this
reason, the contribution of the diffusive swelling process to
time to equilibrium was suppressed for the Olive Clay (since
the large swelling strains that had increased the drainage
path length in the soaking-under-load tests were no longer
generated). The slower development of constant volume
swell pressure in the Black Clay can be attributed to the
grated macrofabric. Initial swell needed to occur internally
to close the fissures, before swell pressures were externally
recorded on a macroscopic scale. Due to the lesser degree of
macrostructural fissuring in the Olive Clay samples, the ten-
dency to swell was more rapidly transferred into developed
swell pressure. The peak vertical swell pressures measured
under constant volume soaking were less than those measured
using the loading after wetting and wetting after loading methods
for both clays.

Fig. 19. Constant volume soaking followed by unloading
paths, relative to one-dimensional consolidation and unload-
ing paths.
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After soaking, the samples were unloaded incrementally
with each increment continuing until the completion of pri-
mary swell, allowing for the estimation of swell potential as
per the method described by Sullivan and McClelland (1969).
The stress paths followed during soaking and unloading are
illustrated along with all other oedometer test results in
Fig. 19. The NCLs were not engaged during constant volume
soaking for either clay. Additionally, slopes of the unloading
lines (i.e., expansion indices, Ce) were lower than those mea-
sured in all other oedometer tests for both clays.

6.8. Constant water content tests
Constant water content tests were conducted by sealing

the sample and oedometer housing such that minimal loss of
moisture would occur throughout loading. The entire sealed
housings, as well as the samples, were weighed before and af-
ter testing to determine whether moisture loss had occurred.
Using the change in mass of the sealed housing, water con-
tent reductions of approximately 1% for both the Black and
Olive Clay were recorded (and deemed acceptable). However,
the sample masses decreased such that a water content reduc-
tion of approximately 3% and 5% were recorded for the Olive
and Black Clays, respectively. Some condensation was noted
on the inside of the housings. It is likely that the loss of mois-
ture of the samples was enforced by squeeze-out of water as
the samples approached full saturation due to reduction in
volume after yielding.
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Although suction control was not imposed, it is likely that
the suction would have remained approximately constant
prior to yielding. Monroy et al. (2015) found that expansive
clay samples that were loaded or unloaded under constant
suction conditions exhibited negligible changes in gravimet-
ric water content, despite the volume changes invoked due
to changes in net stress. The authors thus proposed that the
relationship between water content and suction was unique
(i.e., not dependent on changes in void ratio), due to the fact
that suction is dominated by adsorption effects beyond a cer-
tain threshold (Baker and Frydman 2009). This value was sug-
gested to be 400 kPa by Baker and Frydman (2009) for the
London Clay tested by Monroy (2005), and between 100 and
400 kPa for various other soils. Monroy et al. (2015) found
that the unique suction–water content relationship held true
for suctions beyond 115 kPa. As shown in Table 3, the suc-
tion values for the initial states of the Olive and Black Clays
would be an order of magnitude greater than this threshold.
Further evidence of the unique suction–water content rela-
tionship was presented in soil–water retention curves for the
Olive Clay tested in this study by Murison et al. (2023). Sam-
ples were prepared over a range of initial void ratios, and
full primary drying and wetting curves were measured. De-
spite observable differences in the suction–degree of satura-
tion and suction–void ratio relationships due to density, there
were insignificant differences due to density in the suction–
water content relationships for both drying and wetting.

The results are given along with parallel tests where the
cell was inundated with water, as suggested for the double
oedometer test (Jennings and Knight 1957), in Fig. 20. For
the constant water content test, where suction (s) greater
than zero was present, the slope for the unloading path was
termed Ce(s). For the test where the sample was allowed to
achieve a state of zero suction prior to loading, the slope of
the unloading path was termed Ce(0). The slopes of the elas-
tic regions (non-virgin states) for loading and unloading were
significantly flatter for the constant water content test than
for the test soaked prior to loading (i.e., Ce(0) > Ce(s)), for both
clays. This highlights an acknowledged limitation in the sim-
plifying assumption in the original Barcelona Basic Model
(Alonso et al. 1990) that the slope of loading paths in non-
virgin states (κ) is not a function of suction (i.e., κ(s) = κ(0)).

The unsaturated samples for both clays exhibited sharp
yielding, followed by a loading path approximately parallel
to the “saturated” NCL. The slopes of the post-yielding load-
ing paths (virgin states) for the natural water content and in-
undated tests have been termed Cc(s) and Cc(0), respectively.
The yield point was at approximately 1600 kPa for the Olive
Clay and 800 kPa for the Black Clay. If it is assumed that no
change in water content occurred prior to yielding, the Olive
Clay and Black Clay samples yielded at degrees of saturation
of 82.3% and 92.5%, respectively. If it is then assumed that all
loss of moisture had occurred by the end of the final load-
ing increment, degrees of saturation of approximately 100%
had been achieved for both tests. This large increase in de-
gree of saturation may have caused a significant post-yielding
reduction in suction, which is the proposed reason for simi-
lar magnitudes between Cc(0) and Cc(s) for both clays. If con-
stant suction conditions had been enforced post-yielding, a

Fig. 20. Double oedometer test results.
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greater reduction in magnitude of Cc due to suction would be
expected as suggested by Alonso et al. (1990) (where the value
of λ(s) reduces with increasing suction).

Jennings and Kerrich (1962) noted that the theory of coin-
cidence of the saturated and unsaturated curves, as discussed
earlier and illustrated in Fig. 1, is only applicable when the
traditional principle of effective stress holds for partially sat-
urated soils. Jennings and Burland (1962) had shown experi-
mentally that the principle is only valid over a limited range
of partial saturation. The degree of saturation (S) value below
which the traditional principle of effective stress would no
longer hold for a particular soil was referred to as the crit-
ical degree of saturation (Scrit). It was suggested that for de-
gree of saturation values lower than Scrit, the soil no longer
obeys the principle that a reduction in “effective stress” re-
sults in volume expansion. Burland (1962) suggested that this
can be seen experimentally through a “cross-over” for the
natural water content and soaked compression paths in the
double oedometer test, due to the inequivalence of changes
in suction and confining stress. Therefore, for samples pre-
pared at an initial degree of saturation (S0) less than the crit-
ical saturation, any correction of the natural water content
curve to facilitate coincidence of the curves would result in
a gross overprediction of swell potential. Jennings and Ker-
rich (1962) noted that degrees of saturation less than Scrit are
common for very dry soils and at depths near the ground sur-
face. The cross-over is evident in the double oedometer test
results for both clays in Fig. 20. It should also not be surpris-
ing that the traditional law of effective stress does not ap-
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Table 7. Swell pressure determined from different methods.

Vertical swell pressure, σ̄SP,v (kPa)

Test method Olive Clay Black Clay

Soaking-under-load curve (from a series of wetting after loading tests) 382 344

Constant volume soaking 336 252

Loading after wetting tests

Soaking stress:

1.1 kPa 554 364 (463∗)

12.5 kPa 567 417

50 kPa 578 375

100 kPa 467 437

300 kPa 458 414

400 kPa 423 –

∗If the target void ratio instead of initial void ratio is used.

ply within the tested range of initial conditions. If the classi-
cal law of effective stress for saturated soils (i.e., σ ′ = σ − uw:
Terzaghi 1936) applies, soil behaviour in response to changes
in porewater pressure and changes in external (total) stress
are equivalent. If these changes were equivalent, the samples
would have pre-consolidation pressures (i.e., yield stresses) of
at least equal magnitude to the initial suction. The result of
these assumptions is that if a sample was wetted to a state of
zero suction and loaded until it was compressed back to its
initial void ratio, the imposed total stress (which is the swell
pressure) would be equal to the initial suction. As indicated
in Table 3, the initial suctions were in the order of 5–8 MPa
for the Olive Clay samples and 2–4 MPa for the Black Clay
samples, but the swell pressures measured for the samples
were in the order of 0.34–0.58 MPa and 0.25–0.44 MPa for the
respective clays. The fact that the swell pressure is at least
an order of magnitude lower than the initial suction is sub-
stantial evidence that a traditional effective stress law can-
not apply to either of the clays, given their in-situ state, and
highlights the value in considering net stress and suction as
separate stress state variables.

6.9. Summary of results

6.9.1. Similarities between the two clays

The swell pressure determined for each of the methods for
both clays is given in Table 7. For both clays, the greatest swell
potential and swell pressure were determined using a loading
after wetting test. The soaking-under-load curves constructed
from series of wetting after loading tests gave lower values for
swell pressure and swell potential. Finally, the constant vol-
ume soaking followed by unloading tests yielded the lowest swell
pressures and swell potential functions over the entire stress
range for both clays.

For both clays, the hierarchy of swell pressure and swell
potential magnitudes determined from the different meth-
ods were in agreement with the BExM framework (Gens and
Alonso 1992) discussed in Section 3. Within the framework,
one unique swell pressure value for the loading after wetting
method (p̄SP,2) is assumed due to the unique NCL. This was
not observed for either of the clays reported in this study. In

the case of the Olive Clay, the reason for a non-unique load-
ing after wetting swell pressure is that compression paths
only converged onto the unique NCL at stresses greater than
any recorded swell pressure. For the Black Clay, an additional
variation of these swell pressures was observed since the NCL
was non-unique due to differing effects of soil structure be-
tween tests.

An interesting feature in Fig. 5 is the coincidence of
the constant suction loading curve, the soaking-under-load
curve, and the saturated NCL at a common point, indicated
by Point “O”. This common point is intuitive if one consid-
ers a sample loaded at constant suction until the state of the
soil (void ratio and net stress) coincides with the saturated
NCL. When this sample is wetted to zero suction under a con-
stant net stress on the NCL, no volume change should occur.
If the slope of the constant suction loading path was zero
(i.e., no volume change occurs when the sample is loaded
under the constant given suction), then the swell pressures
p̄SP,1 and p̄SP,2 would be equal. It thus follows that the flat-
ter the slope of the loading path at constant suction prior
to yielding, the closer the swell pressures determined from
the wetting after loading and loading after wetting methods
should be. This is evident given the results for the two clays.
As illustrated in Fig. 20, the Black Clay exhibited a greater pre-
yielding stiffness at constant water content for its in-situ state
than that of the Olive Clay (indicated by a slope of 0.029 ver-
sus 0.042). The maximum variation between the vertical swell
pressures using a loading after wetting test and the soaking-
under-load curve for the Black Clay was 27%, which is signif-
icantly less than the variation of 51% recorded for the Olive
Clay. Of course, another situation in which swell pressures
p̄SP,1 and p̄SP,2 would be nearly equal, regardless of the slope
of the natural water content loading path, is when the NCL
and soaking-under-load curve coincide over the entire stress
range (as reported in the study by Blight 1965). This case is
not applicable to the results of the current study.

Figure 21 summarises the results for each of the methods
for both clays by depicting the stress paths in the void ratio
versus net stress plane, in a similar fashion to that derived
from the BExM framework in Figs. 5 and 6. Figure 21a illus-
trates the intersection of the constant water content loading
path, the NCL, and soaking-under-load curve at a single com-
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Fig. 21. Test results for swell properties of the two clays using
all three methods, agreeing with the BExM framework.
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mon point for the Olive Clay, as predicted using the BExM
framework. Due to the presence of two sets of NCLs for the
Black Clay (as depicted in Fig. 15b), this common point may
not be as clear in Fig. 21b. The curves approximately intersect
at a common point when considering the NCL for the 100 kPa
test, where destructuring due to the release of strain energy
during swelling had likely not occurred.

These experimental results thus suggest that the relation-
ships between the swell pressure and swell potential mea-
sured using the various methods can be understood with
reference to the BExM framework, for expansive clays with
both microfabric type a and b as defined by Gens and Alonso
(1992). It also suggests that regardless of the fabric type, the
swell pressure and swell potential recorded using a loading
after wetting test soaked under a nominal seating stress are
both likely to be greater than the values determined from a
soaking-under-load curve from a series of tests at different
soaking stresses.

6.9.2. Differences between the two clays and the
role of intrinsic properties, initial state, and
structure

Any differences in behaviour between the two clays can
be attributed to the effects of the intrinsic properties, ini-
tial state, soil structure (the combination of bonding and fab-

ric), or some combination of these factors. When considering
the characteristics of expansive clays, several studies com-
paring compacted and intact samples have shown that both
the swell potential and swell pressure are independent of soil
structure, so long as samples are prepared to the same initial
state (Brackley 1983; Armstrong and Zornberg 2017; Gaspar
et al. 2022).

To help conceptualise the roles of intrinsic properties and
initial state, the authors find it useful to liken an expansive
clay to a spring. In this analogy, the stiffness of the spring rep-
resents the intrinsic properties of the clay, while the stored
potential energy (i.e., the degree to which the spring is com-
pressed) reflects the soil’s state.

As indicated previously, intrinsic properties of a soil are
those that are independent of state and structure, and de-
pending on the properties of interest, can be determined in
various ways. Included in Table 6 and Fig. 16 are key intrinsic
parameters as determined for saturated reconstituted spec-
imens subjected to 1D compression and unloading. These
results show that the Olive Clay exhibits larger intrinsic
compression and expansion indices, indicating a greater
susceptibility to volume change under saturated conditions
in response to effective stress variations. Meanwhile, the
Black Clay’s higher smectite content (Table 2) and greater
modified free swell index (Table 6) point to a higher potential
(intrinsic) expansiveness when exposed to changes in water
content under unsaturated conditions.

Despite the greater intrinsic expansiveness of the Black
Clay, oedometer tests on compacted samples revealed that
the Olive clay displayed a significantly greater swell potential
and a higher swell pressure. This seemingly contradictory re-
sult can however be explained by revisiting the initial state
of the respective samples. Since compacted samples were pre-
pared to reflect the in-situ conditions of the two sites, the ini-
tial state (soil suction and void ratio) of the two clays differed.
The average initial void ratio for the Olive Clay was lower
than that of the Black Clay, both relative to their respective
intrinsic void ratios (e0,avg/e∗

100 = 0.398 vs e0,avg/e∗
100 = 0.722),

and in numeric value (e0,avg = 0.853 vs e0,avg = 1.003). Addition-
ally, the initial suction of the Olive Clay was approximately
twice as high (5–8 MPa vs 2–4 MPa).

Returning to the spring analogy, the swell tests for the
Olive Clay were therefore conducted under a higher initial
state of stored potential energy (i.e., a more compressed
spring) due to the higher initial suction values and lower ini-
tial void ratios. These findings are consistent with those of
Brackley (1983), who highlighted that swell pressure is pri-
marily a function of initial void ratio, while swell potential
(in void ratio–stress space) is primarily influenced by initial
suction. This is also in agreement with the BExM framework
(Gens and Alonso 1992), which describes how greater reduc-
tions in suction would lead to greater volume increase.

The effects of the different structural arrangements were
most notably evident through the two sets of NCLs for the
compacted Black Clay, due to the destructuring imposed by
large swelling strains, as opposed to the unique NCL for the
compacted Olive Clay. The significance of microfabric was
also evidenced by collapse upon inundation prior to the onset
of swell due to the loss of suction between clay aggregations,
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which was only observed for the Olive Clay. Finally, struc-
tural effects on a larger scale dictated the time to equilibrium.
The continuous network of fissures in Black Clay samples al-
lowed for rapid infiltration of water at lower stresses, allow-
ing for diffusion to take place through a reduced drainage
path length and reducing equilibration time. No such contin-
uous fissures were present for the Olive Clay, meaning that
the increasing drainage path length for the entire sample
due to greater swelling strains at lower stresses caused an
increase in equilibration time.

These differences in swelling behaviour highlight the im-
portant roles played by state and structure in addition to
the intrinsic properties of clays. However, it is noteworthy
that despite these differences, the same key trends regard-
ing swell properties obtained using different methods were
observed for the two clays with different microstructural ar-
rangements and initial states, and conformance to the BExM
framework was evident for both clays as well. This suggests
that the same test programme can be followed for the deter-
mination of swell properties of a given clay, regardless of the
state and structure of the clay being considered.

7. Recommended testing programme
Given the experimental evidence and the interpretation

within a critical state soil mechanics-based constitutive
model for unsaturated expansive clays, a recommendation on
a robust minimum oedometer testing programme for both
accurate and conservative estimations of the vertical swell
pressure and swell potential can be made. To the authors’
knowledge, definitive guidelines on the minimum required
tests for these purposes using conventional equipment are
not currently available in codes or standards, nor in the litera-
ture. The benefit of the implementation of such a programme
is that the practitioner can confidently avoid any underesti-
mation of the swell parameters (which may lead to infras-
tructural damage), whilst avoiding an overly extensive testing
programme with too many tests (which would incur unnec-
essary monetary and lag-time costs).

Brackley (1975) suggested that using only two wetting af-
ter loading tests (soaked under 10 and 100 kPa) and plot-
ting a straight line through the points on a semi-log plot
was sufficient to estimate swell potential for practical stress
ranges. A criticism of this method is that it does not account
for soaking-under-load curves with different shapes, such as
those reported by Justo et al. (1984) and Al Haj and Standing
(2015). Shapes of these curves were previously discussed and
although straight lines in semi-log space may generally be
valid, more tests would be required to confidently estimate
the swell potential even if the relationship is a straight line.
Additionally, a test should be conducted where a sample is
soaked under a stress high enough to cause compression, so
that the swell pressure can be determined using the soaking-
under-load curve.

The first facet of the recommended testing programme
should be establishing what is required for conservative es-
timates. Given the previously discussed BExM framework,
both the swell pressure and swell potential determined us-
ing a loading after wetting test under a small seating stress

are greater than or equal to that determined for either of the
other two methods (if the NCL for the given sample prepara-
tion method is unique). The matter may be more complicated
where a unique NCL is not clear, as was observed in this study
for the Black Clay.

A soaking-under-load curve should be determined for a
more realistic and accurate estimation of swell potential over
a range of stresses. This can be done to a sufficient level
with significantly fewer tests than conducted in this study.
The sample soaked at a low stress will provide the first point
on the soaking-under-load curve, and a first estimate of the
swell pressure will also be determined from this test. The
second test should be conducted at a stress corresponding
with the in-situ stress of greatest interest (e.g., overburden
stress plus foundation pressure), such that a direct measure
of the swell potential for the stress of interest is attained.
These first two tests can be conducted simultaneously, since
no information from either test is required for the other. The
third test should be conducted by soaking a sample under a
vertical stress significantly greater than the estimated swell
pressure from the first tests (e.g., 1.5–2 times greater, if at-
tainable). This test is guaranteed to result in compression
upon soaking, which will provide a point on the soaking-
under-load curve that is below the initial void ratio. This pro-
vides an estimation of the swell pressure where a curve fitted
through the first three points passes through the initial void
ratio.

A fourth test is recommended, but not required, and
should be conducted at a stress near the swell pressure es-
timated from the soaking-under-load curve constructed thus
far. This would complete the curve and ensure that a reliable
estimation of swell pressure is obtained from the soaking-
under-load curve. Depending on the coefficient of determi-
nation of the best-fit soaking-under-load curve, it may be de-
cided to conduct further tests to complete the curve. The
soaking stresses for these tests would depend on the shape
of the soaking-under-load curve and where wide gaps exist.
It should be emphasised that the high coefficients of deter-
mination in the current study and the consistent behaviour
between samples was largely due to meticulous experimental
procedures and consistent initial conditions, to limit test vari-
ability. For a programme such as the one being proposed to be
successful, care must be taken to control experimental con-
ditions as far as practically possible. A greater degree of vari-
ability between samples would lead to more recommended
tests being required.

Each of these wetting after loading tests should also be con-
solidated to at least the initial void ratio, but preferably to
higher stresses such that the uniqueness of the NCL for the
given state of structure can be evaluated. This will also give
greater confidence that the most conservative swell pressure
estimate has been obtained.

Based on the evidence presented in this paper, the first
three aforementioned tests and soaking stresses should be
sufficient for thorough determination of the swell pressure
and swell potential in the majority of cases. The tests listed
in this programme also cover both plausible construction se-
quences, i.e., wetting of the profile before and after place-
ment of the load. It is suggested that a constant volume
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Table 8. Proposed testing programme for robust determination of swell properties using a conventional oedometer.

Test No. Test type Soaking stress Required/optional Comments

1 Wetting after loading,
followed by consolidation
to high stresses∗

“Nominal” e.g., 1, 6,
12.5 kPa

Required Likely to give the most conservative estimates of
both swell pressure and swell potential. This will
be the longest test and should commence first

2 Wetting after loading,
followed by consolidation
to high stresses∗

Approximate in-situ stress Required Gives a direct measure of swell potential at the
in-situ stress. Can be commenced simultaneously
with Test 1 or directly afterwards

3 Wetting after loading,
followed by consolidation
to high stresses∗

Twice the swell pressure
estimated from Tests 1
and/or 2, or greater

Required Guarantees compression during inundation, so
that swell pressure can be determined from
soaking-under-load curve. Test may only
commence after one of Tests 1 or 2 (preferably
both) has been compressed back to initial volume

4 Wetting after loading,
followed by consolidation
to high stresses∗

Near the swell pressure
from Tests 1, 2, and 3

Recommended Increases the accuracy of the swell pressure from
the soaking-under-load curve and the level of
detail in the estimated swell potential function.
Must commence after the swell phase of Test 3

5 Reconstituted – Recommended Determination of intrinsic properties allows for
comparison between soils, or databases such as
Burland (1990)

6 Constant water content
(unsaturated)

– Recommended Allows for the evaluation of volume changes
brought about by changes in net stress alone (i.e.,
loading without changes in water content). Aids
interpretation of results within a BExM-based
framework (Gens and Alonso 1992) such as in
Figs. 5, 6, and 21, or similar

7+ Wetting after loading,
followed by consolidation
to high stresses∗

Dependent on results of
Tests 1–4

If necessary,
depending on
previous tests

Further points on the soaking-under-load curve
may be required if the shape is unclear, or if
there is significant scatter, non-unique NCLs etc.

∗To at least double the stress required to compress the sample back to its initial volume. High enough stresses for convergence onto NCL are preferable.

soaking test is not necessary, since the test significantly un-
derestimates swell potential and does not report a swell pres-
sure of any greater value than those of the previously recom-
mended tests. The test also does not emulate a stress path for
any realistic construction sequence, and either requires spe-
cialised equipment to conduct or is severely labour-intensive
if conventional manual oedometers are used.

If modelling of deformations of the clay due to changes
in loading without changes in water content is of interest,
then value can be gained from a constant water content test,
which is relatively easy to conduct with standard equipment.
Such a test would also allow for better understanding of the
mechanical responses to wetting and loading through inter-
pretations such as those presented in Figs. 5, 6, and 21. The
test is not necessary, however, for the determination of swell
properties alone. Another test that is recommended not for
swell properties, but as good practice and due to relative ease
of testing, is a reconstituted test at an initial water content
of 1.0–1.5 times the liquid limit for determination of intrin-
sic properties as suggested by Burland (1990). This allows
for some direct comparisons to be drawn with other clays
through their intrinsic properties, independent of structure
and stress level. The proposed testing programme is sum-
marised in Table 8.

Figure 22 shows a comparison between the observed swell
potential and the predicted swell potential resulting from
best-fit logarithmic soaking-under-load curves constructed
using: (i) all swell tests, (ii) only “required” tests from Table 8
(Tests 1–3), and (iii) required tests plus the “recommended”

swell test from Table 8 (Tests 1–4). Maximum variations in
predicted strain (|Error|max), and the vertical swell pressures
(σ̄SP,v) read off from each soaking-under-load curve, are re-
ported. The two clays tested in this study, as well as results
from two comprehensive testing programmes on compacted
expansive clays from the literature – the London Clay re-
ported by Monroy et al. (2015) and the El Arahal Clay reported
by Justo et al. (1984) – have been plotted. It is evident that the
use of only the three “required” tests from Table 8 gives sat-
isfactory results for the prediction of swell properties for all
these datasets, with no significant reduction in accuracy. No
volumetric strain varies more than 2.3% from the observed
result, and the maximum variation in swell pressure for any
case is 14%. Adding Test 4 from the “recommended” category
does not seem to significantly influence the predicted swell
potential, but improves the accuracy of the swell pressure in
the majority of cases. The satisfactory accuracy achieved us-
ing the recommended testing programme for clays with dif-
ferent microfabrics in this study, as well as two from the lit-
erature, gives evidence to support its suitability for any soil
fabric.

8. Conclusions
Two highly expansive clays from South Africa, with differ-

ent geological origins, were characterised in terms of their
swell properties using statically compacted oedometer sam-
ples. Scanning electron microscope imaging showed that the
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Fig. 22. Observed swell potential compared to predictions from soaking-under-load curves determined using all tests or only
tests from the testing programme in Table 8: (a and b) this study; (c and d) from literature.
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Black Clay was constituted of microfabric type a as per Gens
and Alonso (1992), with a continuous matrix of elementary
clay particles, whereas the Olive Clay contained a microstruc-
tural arrangement of aggregations of elementary particles
(i.e., type b). The influence of the microfabric type was evi-
dent through two phenomena. The first was the initial col-
lapse experienced by specimens of the Olive Clay prior to
the onset of swell, which was not evident for the Black
Clay. This indicated that two separate mechanisms took place
upon wetting for the expansive clay with microfabric type b,
namely (i) macrostructural collapse, followed by (ii) micro-
and macrostructural swell. The second phenomenon was the
contrasting trends regarding the strain energy release and
destructuring imposed during swelling. Destructuring was
evident through two sets of NCLs for the Black Clay, where
samples subjected to strains of approximately 7% and greater
during soaking exhibited a softer response during normal
consolidation. In contrast, no evidence of this destructuring
due to swell was observed for the Olive Clay, where even
samples strained in excess of 40% during soaking converged
onto the unique NCL for the given state of structure. This re-

sult appears to suggest a more robust structure for the Olive
Clay.

Three methods utilising conventional oedometer testing to
determine swell pressure and swell potential were compared
for each of the clays. For each of the soils, the most conser-
vative estimates of both swell pressure and swell potential
were determined from a test following the loading after wet-
ting method. Logarithmic soaking-under-load curves (i.e., lin-
ear relationships between void ratio and the logarithm of ap-
plied stress) were measured for both clays through a series
of wetting after loading tests. The Barcelona Extended (BExM)
framework (Gens and Alonso 1992) was used to conceptually
illustrate the stress path-dependency of the swell pressure
and swell potential, as well as reasons for variations between
the measured properties between the three test methods that
were carried out. The experimentally determined swell prop-
erties aligned with what was predicted within this frame-
work, regarding the magnitudes recorded using the different
test methods relative to one another.

Unloading after constant volume soaking gave the mini-
mum swell potential estimation for both clays. The method
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was criticised since it only captures elastic swell, meaning
that it is inherently unconservative and not capable of ac-
curately capturing the swell behaviour of a highly expan-
sive clay. Additionally, the constant volume soaking phase
is not representative of any typical construction sequence,
and reasons are given within the theoretical framework that
the swell pressure measured during such a test cannot be the
most conservative. This test was thus considered unnecessary
for most practical engineering applications.

Given the experimental results and interpretation through
a conceptual BExM framework, a testing programme recom-
mended for geotechnical engineering practitioners was pro-
posed for robust determination of the swell pressure and
swell potential of a highly expansive clay. The programme
consists of a minimum of three swell-under-load tests to
utilise both the loading after wetting and wetting after load-
ing methods, with additional optional tests recommended
as needed. Using only the required tests yielded satisfactory
swell pressure and swell potential predictions for the two
clays in this study, as well as London Clay (Monroy et al. 2015)
and El Arahal Clay (Justo et al. 1984).

List of symbols
Cc Compression index
C∗

c Intrinsic compression index
Cc(0) “Saturated” compression index
Cc(s) Compression index as a function of suction
Ce Expansion index
C∗

e Intrinsic expansion index
Ce(0) “Saturated” expansion index
Ce(s) Expansion index as a function of suction
e Void ratio
e0 Initial void ratio
e0,avg Average initial void ratio
eL Void ratio at the liquid limit
e∗

100 Intrinsic void ratio at 100 kPa
e∗

1000 Intrinsic void ratio at 1000 kPa
|Error|max Maximum error in swell potential prediction
IP Plasticity index
p̄ Net mean stress
p̄0 Initial net mean stress
p̄in·situ In-situ net mean stress
p̄SP Swell pressure
p̄y Yield stress
R2 Coefficient of determination
s Suction
s0 Initial suction
S Degree of saturation
S0 Initial degree of saturation
Scrit Critical degree of saturation
ua Pore air pressure
uw Pore water pressure
V Volume
Vs Volume of solids
w Gravimetric water content
w0 Initial water content
wL Liquid limit
εv Volumetric strain

εvm Microstructural volumetric strain
εvM Macrostructural volumetric strain
εP

vM Plastic macrostructural volumetric strain
εv,min Maximum swelling strain
εv/εv,min Degree of swell
κ Slope of non-virgin (elastic) load–unload path
κ(0) “Saturated” slope of elastic loading path
κ(s) Elastic loading path slope as function of suction
λ Slope of virgin (elastoplastic) loading path
λ(0) “Saturated” slope of virgin loading path (NCL)
λ(s) Virgin loading path slope as function of suction
ρd Dry density
σ Total normal stress
σ ′ Effective stress
σ̄ Net stress
σ̄SP,v Vertical swell pressure
σv Vertical total stress
σ ′

v Vertical effective stress
σ̄v Net vertical stress
σ̄v,y Vertical yield stress
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