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Determining the Soil Water Retention Curve (SWRC) of an active clay constitutes a challenge due to the sig-
nificant, and sometimes irreversible, volume changes that occur during wetting and drying cycles. A novel yet
simple method of experimentally determining the evolution of the SWRCs with moisture cycles is presented
based on the results of a rigorous experimental study. Its purpose is to support the modelling of water flux in
earthworks exposed to weather cycles that cause deterioration. Firstly, three SWRC branches (the primary
drying, a scanning drying, and a scanning wetting branch) are measured and used to fit the proposed generic
SWRC semi-empirical model in terms of water ratio, that, in the adsorptive region, is independent of the
compaction conditions (void ratio and water content at compaction). Soil Shrink-Swell Curves (SSSCs) in terms
of water ratio versus void ratio, that are easy to measure, can be determined for different compaction conditions
over several drying and wetting cycles. Finally, the SSSCs are combined with the generic SWRC model to
determine the evolution of the SWRCs with moisture cycles for the compaction conditions of interest. This
method is demonstrated for two London clays of high and very high plasticity. Samples were compacted in five
different conditions, varying in gravimetric water content and dry density, and were cycled six times between 1
and 80 MPa of total suction. The generic SWRC model was fitted to the experimental data. The model was able to
estimate the SWRC in terms of degree of saturation over the six drying-wetting cycles without propagation of
error. The significance of the research is that SWRC can now be determined over a range of wetting and drying
cycles quickly and simply and enable modelling of deterioration of clays fills due to the action of weather to be
accurate.

Introduction Embankments and cuttings are exposed to the atmosphere and are

subjected to variations in water content due to cycles of rainfall and

Earthworks are an important component of infrastructure, essential
to our society and economy. Disruptions caused by the failure of
earthworks lead to significant negative social and economic impacts
within the UK and internationally. The economic costs can be high;
annual expenditure on routine maintenance for earthworks on the UK
railway network was £154 million in 2016/2017 and £111 million in
2017,/2018 [1,2]. In order to reduce such losses, our understanding of
the unsaturated soil behaviour of engineered fill used in earthworks
must be improved, especially under changing climatic conditions [3-6].
A key soil property in the modelling of unsaturated soil behaviour is the
soil-water retention curve (SWRC), which relates water content or de-
gree of saturation to suction [7].

evaporation. SWRCs, commonly used in the modelling of soil slopes are
represented in terms of degree of saturation or volumetric water content,
which take into account the volume changes occurring during wetting
and drying. Postill et al. [8-10] and Rouainia et al. [11] are some ex-
amples of studies on slope stability for which a volume dependent SWRC
was essential.

A variety of methods have been used for SWRC measurement
accompanied by volumetric deformations. In all methods, the suction is
either applied (e.g., axis translation technique, vapour equilibrium
technique, etc) or measured (e.g., tensiometer, filter paper technique,
etc), while changes in water content are monitored using a balance. The
volumetric deformations can be measured axially in an oedometer ring
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[12-14], or axially and radially accounting for the soil anisotropic
behaviour [15,16]. Alternatively, methods have been developed that
allow the prediction of the SWRC based on limited information on the
soil-shrinkage curve [17,18].

Further challenges in the quantification of SWRCs of active clays
come from the changes occurring over several cycles of wetting and
drying. When soil is subjected to drying-wetting cycles, the SSSCs show
accumulation of deformations, which depend on the compaction con-
ditions and on the intensity of the drying-wetting cycles [19-21].
Therefore, a need for the development of a method that facilitates the
quantification of the evolution of SWRCs over cycles of drying and
wetting for different compaction conditions was identified.

The initial compaction conditions heavily influence the soil macro-
porosity, which in turn controls the SWRC shape. However, when var-
iations of water content occur within the micro-pores (within the ag-
gregations of a compacted soil), different compaction conditions do not
result in different SWRCs expressed in terms of water ratio or gravi-
metric water content, because volumetric deformations are decoupled
from the retention behaviour [13,22-25]. This is the case when SWRCs
are represented in terms of gravimetric water content (ratio between
mass of water and mass of dry soil) or water ratio, ey, (ratio between
volume of water and volume of solid particles).

In this paper, a generic SWRC relationship in terms of water ratio
(SWRC-ey,) in the absorptive region is proposed, which can be calibrated
on a limited amount of experimental data, requiring the measurement of
three branches of the SWRC: primary drying, scanning wetting, and
scanning drying. The generic SWRC-e, can then be combined with soil
shrink-swell curves (SSSCs; the relationship between void ratio and
water ratio) to infer the SWRCs in terms of degree of saturation (SWRC-
S;) and their evolution with cycles of drying and wetting. The SSSCs are
easy to measure, which makes the proposed method accessible and
expeditious.

Moreover, in order to improve our understanding of the effect of
different compaction conditions on the evolution of SSSCs, an extensive
and unique dataset was developed in the present study. London Clay of
different plasticity (high plasticity and very high plasticity) was tested.
Samples were compacted at five different conditions varying the water
content (w = 0.20 to 0.24) and dry density (yq = 1.42 to 1.52 Mg/m®)
relative to the Proctor optimum water content [26] to obtain a variety of
initial states. The soil was subjected to six cycles of drying and wetting,
between 1 and 80 MPa of suction. The total suction, water content and
sample volume change were measured.

Experimental methods and materials
Materials

The present study was conducted on London Clay from two different
locations in London (UK): Clapham (high plasticity) and Vauxhall (very
high plasticity), for which properties are summarized in Table 1 [26]. X-
ray diffraction analysis shows that both clay samples contain similar
fractions of the same clay minerals (Illite, Smectite, and Kaolinite).
However, the clay from Vauxhall presented higher clay content (54 %)
than the clay from Clapham (41 %), which explains its higher plasticity.

Experimental methods

The clays were air-dried in the laboratory at a temperature of 20 +
2 °C and a relative humidity of approximately 50 %, reaching a gravi-
metric water content of approximately 5 %. The fraction that passed
through a 2 mm sieve was mixed with distilled water to obtain the
desired water content (Table 2). The samples were statically compacted
in a brass mould with a smooth finish to a diameter of 15 mm and a
height of 5 mm, which dimensions were selected to fit the laboratory
equipment for the measurement of suction, which limits the height of
the samples to approximately 5 mm. The material was compacted in a

Transportation Geotechnics 43 (2023) 101138

Table 1

Properties of the tested clays: plasticity classification, origin, specific gravity,
particle size distribution, Atterberg limits, mineralogy from X-ray diffraction
analysis, and Proctor compaction maximum density and optimum water content
[26].

Plasticity classification High Very high
plasticity plasticity
Origin (location) Clapham Vauxhall
Specific gravity 2.77 2.78
Particle size Clay (%) 41 54
fractions Silt (%) 49 42
Sand (%) 10 4
Atterberg limits Liquid limit (%) 60 77
Plasticity Index (%) 36 53
Mineralogy of < 2 Illite (%) 56 58
pm clay Kaolinite (%) 17 16
(X-ray diffraction) Chlorite (%) 6 6
Smectite (%) 21 20
Proctor compaction Optimum water content 22 22
(%)
Maximum dry density 1.58 1.59

Mg/m~3(—|-))

single layer along the height of the sample. Due to the fine texture of the
clay, the small sample is still representative of unsaturated hydraulic
behaviour of the clay material in the range of tested suction values. The
samples were extruded from the mould using a piston and placed in
individual sealed capsules.

The samples were compacted at five different conditions relative to
the Standard Proctor optimum and maximum dry density, varying the
water content (0.20-0.24) and the dry density (1.42-1.72 Mg m>) as
detailed in Table 2. The optimum water content and the maximum dry
density, reported in Table 1, were obtained from Standard Proctor
compaction tests [26]. The sample compacted at Proctor optimum water
content and maximum dry density are referred to as ‘optimum’. The
samples compacted at the same density as ‘optimum’ but on the wet- and
dry-side in terms of water content are referred to as ‘wet’ and ‘dry’,
respectively. Samples compacted at the Proctor optimum water content,
but at a higher and lower density than ‘optimum’ are referred to as
‘dense’ and ‘loose’, respectively. In summary, a total of ten samples were
compacted, i.e., five samples per clay type as reported in Table 2 (‘loose’,
‘optimum’, ‘dense’, ‘wet’, and ‘dry’ for high plasticity and very high
plasticity London clay).

The quantification of the soil water retention curves (SWRCs) and of
the shrinkage curves was performed by measuring the suction, water
content and void ratio in the samples over six cycles of drying and
wetting phases. In this way, six drying SWRCs and six wetting SWRCs
were measured per sample. The total suction was measured using a
chilled mirror dew point potentiometer WP4C [27] with an accuracy of
=+ 0.05 MPa from 0 to 5 MPa and 1 % from 5 to 300 MPa. The chilled
mirror dew point potentiometer WP4C was calibrated and used as sug-
gested by Cardoso et al. [28] for optimized performance. The gravi-
metric water content was determined from variations in the sample
weight measured using a balance with a precision of 0.0001 g. The
changes in void ratio were measured by recording variations in the
height and diameter of the sample at two locations using a digital
calliper (accuracy of 0.01 mm). The measurements were made regularly
during drying and wetting phases over a range of 1 to about 80 MPa to
determine the drying and the wetting branches of the SWRC
respectively.

The drying-wetting cycles imposed on the samples to measure the
SWRCs started d with a drying phase. The suction at the end of each
drying and wetting phase is presented in Fig. 1 for each sample. The
drying phase was imposed by exposing the samples to air for approxi-
mately 20-30 min before each measurement. The drying phase ended
when the measured total suction reached 80 MPa. The wetting phase
was conducted by adding distilled water gradually with a syringe on the
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Table 2

Transportation Geotechnics 43 (2023) 101138

Initial properties of the samples for each clay for each compaction condition: void ratio (e), gravimetric water content (w), water ratio (ey), degree of saturation (S,),

and total suction (s).

Clay State of compaction Void ratio, e Gravimetric water content, w Water ratio, e, Degree of saturation, S, Total suction, s (MPa)
High plasticity (HP) loose 0.95 0.22 0.60 0.63 1.75
optimum 0.77 0.22 0.60 0.78 1.58
dense 0.64 0.22 0.60 0.94 1.78
wet 0.77 0.24 0.66 0.85 1.53
dry 0.75 0.20 0.55 0.74 1.22
Very high plasticity (VHP) loose 0.95 0.21 0.59 0.62 1.11
optimum 0.76 0.21 0.59 0.77 1.50
dense 0.62 0.21 0.59 0.94 1.51
wet 0.77 0.24 0.65 0.85 1.21
dry 0.79 0.20 0.55 0.69 2.28
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Fig. 1. Range of the imposed cycles of drying and wetting on the high plasticity (HP) and very high plasticity (VHP) London Clay samples during the measurement of

SWRCs and SSSCs.

surface of the samples (0.01-0.02 g of water per step). The wetting phase
ended when the total suction was approximately 1 MPa (Fig. 1). The
measurements were performed after storing the samples in a sealed
WPA4C capsules for at least 30 min to allow the water to redistribute
within the sample. A period of 30 min was observed to be enough for the
suction measurement to stabilize after water content changes were
imposed.

The storage of the samples during longer periods of time (e.g.,
overnight) may lead to loss of water because the WP4C capsules may not
be perfectly sealed. During the drying phases, this loss of water is not
significant enough to disturb the measurement of the SWRCs so the
WPA4C capsules containing the soil samples were simply placed in an air-
tight container. In the wetting phase, the loss of water can result in an

increase in suction (an inversion in the path direction) that is most
significant when the suction is below 10 MPa. In this case, the WP4C
capsules were stored in an air-tight container with wet tissue to keep a
high humidity surrounding the samples.

Generic soil-water retention curves
Modelling of generic soil-water retention curves

The representation of the SWRC excluding the effect of volume
changes can be made in terms of water ratio (e, = V,,/V;) or gravimetric

water content. In the range of water content in which the water move-
ment is governed by the intra-aggregate clay structure, the SWRC does
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not depend on the density at compaction [13,22,24,29,30]. In this
range, the water is found in the adsorptive regime, whereas at higher
water contents, the water is found in the capillary regime.

Chen and Lu [31] presented an empirical relationship between the
maximum adsorption water ratio, which represents the boundary be-
tween the capillary and adsorption regimes, and the clay size content of
a wide variety of soils. The clay content of the HP and VHP clays are 41
% and 54 %, respectively, which equates to a maximum adsorption
water ratio of 0.36 and 0.52 according to the relationship found by Chen
and Lu [31]. Due to the evolution of the SWRCs with moisture cycling,
the maximum water ratio is the initial one reported in Table 2. This way,
the moisture cycle is expected to occur within the adsorptive regime in
sample ‘dry’ of HP. However, for the remaining HP samples, ‘loose’,
‘optimum’, ‘dense’ and ‘wet’, the starting condition is predicted to be
within the capillary regime. This possibility will be taken into account in
the analysis of the results. The moisture cycle imposed on the VHP clay is
expected to be always in the adsorptive regime.

Another study helped confirming that the water movement was
dominated by the adsorptive regime. Monroy et al. [32] assessed the
effect of wetting on the pore-size distribution through the analysis of
Mercury Intrusion Porosimetry (MIP) tests. They compacted samples of
London Clay at a gravimetric water content of 0.24 and void ratio of
0.95, which is comparable to the ‘loose’ samples of the present study. It
was observed that wetting the compacted clay, from compaction (suc-
tion of 1000 kPa) to full hydration (suction of 0 kPa), leads to a decrease
of the size of the inter-aggregate pore and an increase of the intra-
aggregate pore size. The double-porosity was maintained until suc-
tions were as low as 40 kPa.

Based on the Jurin-Laplace Law, the diameter of the pore corre-
spondent to a suction of 1 MPa is 0.3 pm. It can be observed in the MIP
test results of Monroy et al. [32] that the intra-aggregate pore-size at a
suction of 1 MPa (0.1 pm) is lower than the above mentioned diameter,
and the inter-aggregate pore-size of 11.68 pm is well above 0.3 pm.
Therefore, the suction variations above 1 MPa tested in the present study
are expected to be associated to water movement in the adsorptive
regime.

Based on these arguments, a SWRC-e,, relationships are derived to
describe the soil behaviour of compacted clay in the adsorptive regime.
This is here referred to as the generic SWRC-e,, based on the conceptual
model of Toll [33]. A semi-empirical model is then proposed, using the
soil shrink-swell curves (SSSCs) to create SWRCs in terms of degree of
saturation (SWRC-S,), including the full volumetric effects of wetting
and drying cycles. This semi-empirical model uses curve fitting in parts
but is constrained by physical requirements, such as the end and start of
a cycle having to match and the fact that the water ratio cannot exceed
the void ratio.

The primary drying SWRC describes the soil going through its first
drying phase. When the soil is re-wetted and re-dried, the state of the soil
is described by scanning wetting and scanning drying SWRCs, respec-
tively, that are less steep than the primary drying SWRC. The scanning
wetting and scanning drying SWRCs are different due to hysteresis [34].
The scanning drying SWRC is less steep than the primary drying SWRC,
therefore if upon drying the scanning drying SWRC intersects the pri-
mary drying SWRC, the primary drying SWRC then characterizes the
state of the soil [33].

Fig. 2 presents an illustrative example of a simulated cycle starting
from the compaction conditions: the first drying, first wetting, and
second drying phases. The first drying phase is described by the primary
drying SWRC (‘drying 1" in Fig. 2). When the sample is re-wetted
(‘wetting 1’ in Fig. 2), the scanning wetting SWRC defines the soil
behaviour. The scanning drying SWRC characterizes the second drying
phase of the soil from point C to D (‘drying 2’ in Fig. 2), which is different
from the scan wetting SWRC due to hysteresis. Upon re-drying, when the
scanning drying SWRC intersects the primary drying SWRC (point D in
Fig. 2), then further drying is characterized by the primary drying SWRC
(‘drying 2’ from point D to E in Fig. 2).
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Fig. 2. Example of the estimation of two drying-wetting cycles using the
generic soil-water retention curve model in terms of water ratio (SWRC-ey,)
starting from the compaction conditions (point 1).

A sigmoidal function was adopted to allow the proper fitting to the
slight curvature of the SWRC-e,, of three different curves: a primary
drying (‘drying 1’ in Fig. 2), a scanning wetting (‘wetting 1’ in Fig. 2), and
a scanning drying SWRC (‘drying 2' from point C to D in Fig. 2). The
model forces the starting condition of each phase to be the reversal
point, i.e., the point of the transition from drying to wetting or vice-versa
(points B and C in Fig. 2).

The primary drying phase is described by Eq. (1), where e, is the
water ratio, s is the suction, a;, by and n; are fitting parameters (a;
controls the position of the curve, and b; and n; control the slope and
shape of the curve), and e, is the mean water ratio of all the samples at
compaction to cancel the effects of the different water content at
compaction of the samples and facilitate the fitting. The scanning wet-
ting phases are described by Eq. (2), which depends on the estimated
suction value of the reversal point (s;), and requires the additional fitting
parameters b,, and n,. The scan drying phases, described by Eq. (3),
depend on the reversal point (s;) and on the reversal point of the wetting
phase previous to that (s;_1). For example, to describe the phase ‘wetting
1'in Fig. 2, the s; value is that of point B. To describe the phase ‘drying 2’
from point C to D, which is a scanning drying phase, the valuess; and s; 1
correspond respectively to points C and B, which are the final and initial
suction values of the previous wetting phase (‘wetting 1. It is worth
pointing out that the number of reversal points that is necessary to keep
memory of does not increase with the number of cycles.

by
= €yi 1
e =ei—aty o (€]
b, b, b,
w = Cwi — n T 2
e e al+1+5il T+s TToom (2)
_ b b, by, by by
w — €wi — o n ne n 3
G a]+1+s[,‘l L+s 148" 1+si”+1+s”d 3

Fitting of the generic soil-water retention curve model

The SWRCs were measured over six drying-wetting cycles in each of
the 10 tested samples, i.e., six drying SWRCs and six wetting SWRCs per
sample. The SWRCs-e,, are represented in Fig. 3 grouped into primary
drying ('drying 1"), scan wetting ("wettings 1 to 6') and scan drying
(‘dryings 2 to 6), and respective fitted generic SWRCs. The model was
fitted in three different stages: (i) fitting of the parameters associated
with the primary drying phases (phase ‘drying 17, (ii) fitting of the
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Fig. 3. Soil-water retention curves of high and very high plasticity clay (HP and VHP, respectively): primary drying phase (a, b), scanning wetting phases (c, d), and

scanning drying phases (e, f).

parameters associated with all the scanning wetting phases (phases
‘wetting 1 to 6), and (iii) fitting of the parameters associated with all the
scanning drying phases (phases ‘drying 2 to 6). The fitting was per-
formed using a non-linear least-square fitting merging the data of all the
samples of a given clay. Table 3 presents the fitting parameters for each
clay and the coefficient of determination (R?) of the fitting of each

Table 3
Fitting parameters of the generic SWRC (Eq. (1) to (3).

Clay High plasticity (HP) Very high plasticity (VHP)
27 0.4650 0.4835
a 0.6000 0.7000
by 1.55529 1.7664
ny 0.3453 0.2901
by 0.8766 0.9189
Ny 0.5071 0.4598
by 1.1389 1.1062
ng 0.3000 0.3000
R? : drying 1 (primary) 0.988 0.982
R?: scan wetting 0.977 0.969
R? : scan drying 0.967 0.927

phase.

The data relevant to obtain the fitting parameters associated with the
primary drying phase is presented in Fig. 3a,b. The entire data set rep-
resented in Fig. 3c,d was used to obtain the fitting parameters of the scan
wetting phase (Eq. (2). For simplicity, only the scan wetting curve
assuming s; = 80MPa was represented in Fig. 3c,d. The values of suction
lower than 30 MPa were used to fit the scan drying SWRC (Eq. (3)
because the scanning drying SWRCs were observed to meet the primary
drying at approximately that value, as observed in Fig. 3e,f. The scan-
ning drying SWRC assumes s;_; = 80MPa and s; = 1MPa in Fig. 3e,f
(only one curve is presented for simplicity).

Discussion on generic soil-water retention curves

The experimental SWRCs-e,, presented in Fig. 3 show that all sam-
ples of a given plasticity clay are very similar over the entire range.
Fig. 4a-d presents the evolution of the initial and final water ratio of each
drying phase (e, and e, respectively) to assess in more detail differ-
ences between samples and clay plasticity, and the evolution of the
SWRCs-e, with cycling. The initial and final water ratio of three drying
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Fig. 4. Evolution of the (a, c) initial and (b, d) final water ratio, respectively e, ; and e,, s, of each drying phase of samples of High Plasticity (HP) clay (left) and Very
High Plasticity (VHP) clay (right) compacted at different conditions. Illustration of e ; and ey ¢ for three drying phases of the sample “optimum” of high plasticity

clay (e).

phases (out of the six measured) are exemplified in Fig. 4e for the sample
‘optimum’ of high plasticity clay.

The first drying phase of all samples is very similar as observed in
Fig. 3a,b. In the case of the scanning wetting phases and scanning drying
phases, some differences can be observed among samples (Fig. 3c-f). The
differences observed in Figs. 2 and 3 could indicate that there might be
an effect of the compaction conditions on the shape of the SWRC-e,,. As
SWRC-ey, exclude volume changes, the effect would have to be related to
different fabrics. It has been demonstrated that compacting soil at
different water content but with the same vertical stress leads to
different pore-size distributions [35]. Soil compacted at the same water
content but with different energy has been observed to present different
inter-aggregate porosity while the intra-aggregate porosity remains
unchanged [13,22,23,29,36]. It is possible that this could have an effect
of the shape of the SWRCs-e,,. However, this possible influence of the
compaction conditions is of similar magnitude to the variability within
the experimental results. Therefore, it would not be justified to

introduce another level of complexity to the proposed model.

Regarding the evolution of the SWRC-e,, with drying wetting cycles,
it was observed that the decrease in the initial water ratio was more
accentuated between the first and the second drying phase (decrease of
up to 0.17), therefore, supporting the need to differentiate the primary
drying phase from the scanning drying phases (Fig. 4a,b). The decrease
of the final water ratio was of up to 0.04 and no change was observed in
most cases (Fig. 4c,d). The change of the final water ratio was smaller
than the change in the initial water ratio, showing that a smaller vari-
ation of water ratio is needed to produce the same change in suction
with increasing number of cycles.

It is commonly assumed that the slope of the scanning branches of
the SWRC remain the same independently of the drying and wetting
processes the soil may have undergone. Here, the possibility that the
SWRCs change with drying-wetting cycling was investigated by studying
the fitting parameters b,, and b, for each sample and for each cycle while
the other parameters remained constant and equal to the values reported
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in Table 3. The evolution of parameters b,, and b; of each sample is
reported in Fig. 5. The parameter b, that controls the shape of the
wetting branches of the SWRC, decreases with increasing number of
cycles for both clays. Samples compacted on the wet-side (‘dense’ and
‘wet’) appear to present a higher value of b,, than the samples compacted
on the dry-side (‘dry’ and ‘loose’) for HP clay. The same sequence is not
as clear in the samples of VHP clay. The value of by, that controls the
shape of the drying scan branches of the SWRC, slightly decreases with
increasing number of cycles for the VHP clay, but the value of this
parameter remains constant within a range of variability between 1.1
and 1.3. No effect of the compaction conditions on by is evident in Fig. 5.
Thus, there might be an effect of the compaction conditions on the slope
of the wetting branches of the SWRC, possibly some evidence for a ‘fa-
tigue’ or ‘deterioration’ effect of the cycling on the hydraulic properties
of the soil. However, for the drying curves the slope of the scanning
curves is unaffected by either compaction conditions or cycling.

The proposed method of predicting SWRCs using Equations (1) to (3)
produces closed-loops when suction is varied within a well-defined
range. However, in the performed experiments, some variability was
observed in the bounds of the interval of suction variation. The initial
suction of the drying phase varied between 0.8 and 2.2 MPa, while the
final suction varied between 69.6 and 105.6 MPa. This variability results
in changes in the respective predicted initial and final water ratio of each
drying SWRC-e,, thus capturing the changes observed in Fig. 4a-d caused
by the moisture cycling, even if the fitting parameter b,, is assumed
constant with drying-wetting cycles.

The main difference between the tested clays is the clay content,
which leads to different liquid limits. The VHP clay presents higher clay
fraction and higher liquid limit that results in a higher plasticity index. A
finer soil results in more smaller pores which affect the water retention
properties of the soil. It is generally observed that for soil with higher
fine content and higher plasticity, the SWRCs tend to move towards
higher air-entry values and hence towards higher suctions. This was
observed experimentally in the present study as the SWRCs of the VHP
clay plot at slightly higher suctions than the SWRCs of the HP clay
(Fig. 3).

a) HP
1.1 11
10
@ e
S0 . | 2509
Dy A,
08} 5 0.8
A
0.7 0.7

wetting phase

Transportation Geotechnics 43 (2023) 101138

Soil shrink-swell curves
Modelling soil shrink-swell curves

In order to estimate the soil-water retention curves (SWRCs) ac-
counting for the volume changes, the generic SWRCs mentioned above
have to be combined with the soil shrink-swell curves (SSSCs) described
in the present section. Fig. 6 presents the SSSCs of phases ‘drying 1/,
‘wetting 1’ and ‘drying 2’ of the sample ‘dense’ of VHP clay to illustrate
typical SSSCs and the fitting of the model.

The shrinkage components observed in the SSSCs of this study are
characterized by three different phases (from wet to dry; Fig. 6): (i)
proportional shrinkage, when the variation of pore volume and water
volume is equal; (ii) residual shrinkage, when the decrease in the volume
of pores is smaller than the volume of water loss; and (iii) zero
shrinkage, when there is no further volume change with decreasing
water content [37,38].

The adopted SSSC was defined in terms of void ratio (e) as a function
of water ratio (e,) using Eq. (4), where emi, is the minimum void ratio
(below the apparent shrinkage limit), and c and d are fitting parameters.
The SSSCs were fitted for each individual phase of each tested sample. If
the equation predicted a water ratio such that dd%“ > 1 (an unfeasible
case), the void ratio was imposed to be greater than or equal to the water
ratio (e > e,) and the variation of void ratio was imposed to be equal to
the variation of water ratio estimated using the generic SWRC-e,, (Ae =
Ae, ). These conditions were necessary so that the degree of saturation
could not exceed 1 and so that the estimated degree of saturation could
not increase with increasing suction. This condition is necessary for the
estimation of SWRCs in terms of degree of saturation, i.e., accounting for
volume changes during drying-wetting cycles, by combining the generic
SWRC with the estimated SSSC. This will be explored in the section that
follows.

€= epin+ (en + ) Q)

In Fig. 6, the first drying phase starts from a state close to saturation
and the variation of water ratio is equal to the variation of void ratio
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Fig. 5. Evolution of the fitting parameters b,, and by of Equations (2) and (3) for high plasticity (HP) and very high plasticity (VHP) clay.
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(emin). Fitted SSSC model for the drying phases.

maintaining this level of saturation (Ae = Ae,). When the sample starts
to desaturate, entering the residual shrinkage phase, the SSSCs is given
by Eq. (4) and the void ratio tends to ep,. For the second drying phase,
when the proportional shrinkage phase is parallel to the saturation line,
Ae = Ae,, is also imposed.

Fitting of soil shrink-swell curves and discussion

The model described by Eq. (4) was fitted to each individual phase of
the tested samples. Both fitting parameters (c and d) influence the slope
and the position of the apparent shrinkage limit. Therefore, a sensitivity
analysis was performed to attempt to simplify the model fitting, even
though it was clear that the parameter ¢ influences more significatively
the slope of the proportional shrinkage phase, while changing parameter
d influences mostly the position of the apparent shrinkage limit.

The sensitivity analysis consisted of perturbing each fitting param-
eter by one standard deviation (considering the fitting parameters of all
phases and samples of both clays). The sensitivity analysis showed that
the model is equally sensitive to both fitting parameters, i.e., the dif-
ference between the estimated void ratio and the actual void ratio was
within the same interval. However, disturbing the parameter c led to
deviations in the estimation of the void ratio that showed a trend that
appeared to be exponential with increasing water ratio. As the accurate
estimation of the void ratio for a high water content, or low suction, are
critical for an accurate estimation of SWRCs, the parameter ¢ was
selected as a parameter that could vary with drying-wetting cycles.
Therefore, all the phases of the samples of a given clay present a constant
parameter d that was adopted to be the average of all phases: d = 5.85
for the HP and d = 5.29 for the VHP clay (respective standard deviation
of 2.42 and 1.14).

A second fitting was performed adopting the parameter d values
previously mentioned. The fitting parameter c is presented in Fig. 7,
showing an increase with increasing number of cycles in both drying and
wetting phases. The increase in the parameter c represents a more rapid
transition from proportional shrinkage to residual shrinkage and lower
apparent shrinkage limits (water content below which no volume
changes are observed). The parameter c is lower in the drying phases
than in the wetting phases for the HP clay (Fig. 7e,f), revealing that the
evolution of the SSSCs results from a combined effect of wetting SSSCs
that have a rapid transition from zero-shrinkage to proportional
shrinkage and drying SSSCs with progressively lower apparent
shrinkage limits (as observed in the example of Fig. 6).

The compaction conditions appear to influence the values of
parameter ¢ because its value is usually higher for the ‘loose’ samples
than for the ‘dense’ samples, and the same value is usually higher for
‘dry’ samples than for the ‘wet’ samples. However, differences among
samples were not observed to be consistent throughout all the performed
cycles.

The volume changes exhibited by specimens prepared at different
compaction conditions are shown in terms of water ratio versus void
ratio in Fig. 8. The phases identifiable in the drying phases of the SSSCs
are the proportional shrinkage, the residual shrinkage, and the zero
shrinkage [38]. During the drying phases the samples showed a decrease
in the void ratio (e) down to a certain limit with decreasing water ratio.
Then, the volume change is partially or totally reversed upon wetting.
Samples compacted at different conditions present a different response
to drying and wetting phases which can be quantified by the slope of the
proportional shrinkage phase of the SSSC, the minimum void ratio
reached upon drying, the apparent shrinkage limit (water content
beyond which no further volume change occurs upon drying), and the
evolution of the previous properties with increasing number of cycles.

The initial and final void ratio of each drying phase is presented in
Fig. 9. The initial void ratio tends to decrease or remain constant with
increasing number of cycles, even though the initial water ratio de-
creases (Fig. 4a,b). The decrease in the initial water ratio for a constant
value of initial void ratio with increasing number of cycles translates in
SSSCs becoming progressively further away from the saturation line
(Fig. 8) and lower degrees of saturation at the beginning of each drying
phase. The propagation of the SSSCs towards lower degrees of satura-
tions with increasing number of cycles has been also observed by Tri-
pathy et al. [19] and Estabragh et al. [21]. No explanation for this
phenomenon has been proposed by these authors, but it will relate to
fabric changes in the soil.

The final void ratio evolution with increasing number of cycles de-
pends on the compaction conditions (Fig. 9 ¢,d). The samples compacted
at maximum Proctor density (‘wet’, ‘optimum’ and ‘dry’) do not present
changes with increasing number of cycles. However, ‘dense’ samples
present a progressive increase in the final void ratio upon drying, which
the ‘loose’ samples present a progressive decrease in the final void ratio.
The effect of the compaction density observed is in agreement with
Nowamooz and Masrouri [20] who observed that a denser compacted
sample presented accumulated swelling while a ‘loose’ sample accu-
mulated shrinkage after one cycle. It was observed that the ‘dense’
samples of both clays formed cracks on the surface of the sample, which
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can explain the observed increase in the final void ratio. The ‘loose’
samples presented an increase in the final void ratio with cycling, which
may be due to a rearrangement of the clay particles within the soil ag-
gregates as a result of the increase in suction during drying. The
continuous evolution of the final void ratio shows evidence of fatigue
behaviour, in which the change occurs with repeated cycles with
decreasing intensity [19,21,39].

In the case of the ‘loose’ samples, the decreasing final water ratio is
compensated by a decreasing final void ratio that leads to no change in
the final degree of saturation. In all the remaining samples, the decrease
of the final water ratio with increasing number of cycles leads to a
decrease of the final degree of saturation because the final void ratio
remains constant or decreases. This observation is in agreement with
previous studies where this evolution has been reported as the shift in
the SWRCs towards lower suctions with increasing number of cycles
[6,40], that is, for the same suction, a decrease in the degree of satu-
ration is observed due to moisture cycling. This decrease in degree of
saturation can be caused by an increase of the void ratio or/and a
decrease of the water ratio, as observed in the present study.

The apparent shrinkage limit can be determined by the intercept of

the saturation line (S, = 1) with the horizontal line passing through the
minimum void ratio upon drying, representing the transition from a
saturated to an unsaturated state, beyond which no further volume
changes occur (Fig. 6). However, in the present study, the samples start
from an unsaturated state, and the transition from the proportional to
the zero-shrinkage phase can be referred to as an apparent shrinkage
limit [18]. The method of determining the apparent shrinkage limit used
here is based on the observation reported in Tripathy et al. [19] that
shrinkage curves present proportional shrinkage phases parallel to the
saturation line (S, = 1) when represented in terms of gravimetric water
content versus void ratio. Therefore, a line tangent to the proportional
shrinkage phase (parallel to the saturation line S, = 1, for which Ae =
Ae,) is used to intercept the horizontal line through the minimum void
ratio upon drying (Fig. 6). Therefore, the apparent shrinkage limit in
terms of gravimetric water content (SL") was defined by Eq. (5), where
eps and ey, s are any point in the proportional phase of the shrinkage
curve. It is worth noting that the conversion between gravimetric water
content (w) and water ratio (e,) is based on the relation e, = w e G,
where G; is the soil specific gravity.
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SL = (emin - ew-pS))/Gv 5)

In the present study, the proportional shrinkage phase is not com-
plete, but all cycles reach the proportional shrinkage phase, as identified
in Fig. 6 and observed in all samples in Fig. 8. Therefore, e, and e, can
be assumed equal to e; and e,; (initial state of each drying phase),
respectively.

The apparent shrinkage limit depends on the compaction conditions
as the looser samples present the lowest apparent shrinkage limit
(Fig. 9e,f). Furthermore, the apparent shrinkage limit decreases with
increasing number of cycles in all tested samples. The propagation of the
SSSC further away from the saturation line and/or a decrease of ey,
results in a decrease of the apparent shrinkage limit (Fig. 8). The ‘loose’
samples present no propagation of the proportional shrinkage phase but
the minimum void ratio upon drying decreases (Fig. 8a,b), for which the
apparent shrinkage limit decreases (Fig. 9e,f). The ‘dense’ samples
present a propagation of the proportional shrinkage phase towards
lower degrees of saturation, but the minimum void ratio upon drying
increases (Fig. 8e,f), for which the decrease of the apparent shrinkage
limit with cycling is less evident than in looser samples (Fig. 9e,f).

The apparent shrinkage limit of the VHP clay is slightly higher than

(eps —

11

for the HP clay for samples compacted at the same conditions. This can
result from the fact that the VHP clay samples were compacted at a
lower void ratio than the HP clay samples. The different density results
in SSSCs that are closer to the saturation line, as observed in Fig. 7. No
significant changes in the final void ratio were observed between sam-
ples compacted at the same condition for both clays (Fig, 8c,d).

Soil-water retention curves dependent on soil volume
Modelling of soil-water retention curves

The SWRC-S; considering the volume changes described in terms of
degree of saturation was obtained by combining the generic SWRC-e,
with the SSSCs. The known initial conditions are suction, water ratio and
void ratio. Then, given a known variation of water ratio, Eqs. 1-3 were
solved to estimate suction and Eq. (4) was solved to obtain the void
ratio. The degree of saturation (S;) is then given by Eq. (6).

ey

e

S, (6)

When determining the predicted primary drying SWRC, it is
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observed that the known initial water ratio may plot slightly below or
above the fitted line (Fig. 3a,b), because of a small deviation between
the experimental data and the fitted SWRCs and possible effects that the
compaction still shows on the SWRC for starting at water ratios close to
the boundary between capillary and adsorptive regime. Hence, it is
assumed that the initial state of the soil (suction and water ratio) is on a
scan drying SWRC before it intersects the primary drying SWRC. If the
measured suction at compaction is lower than the predicted value, then
the SWRC is characterized by the slope of the scanning drying SWRC
(Eq. (3), assuming s; ; = 80MPa) until the scanning drying SWRC en-
counters the primary drying SWRC (Eq. (1). If the measured suction is
higher than the predicted value, as in the case of sample ‘wet’ of the HP
clay (as we observed to be in the capillary regime according to the re-
lationships of Chen and Lu [31]), then the change in suction was
imposed to be linear in the semi-logarithm scale between the first and
the second measured suction values so that impossible estimations are
not obtained, such as an increase in the degree of saturation during a
drying process.

Experimental soil-water retention curves in terms of degree of saturation

The measured SWRC-S; cycles are presented in Fig. 10. Lines with
circles show the first drying phase, with subsequent curves shown as
dotted curves and the final dry-wet cycle shown as lines with triangles.
All samples present slightly different shape and different changes with
progressive cycling depending on the compaction conditions. Differ-
ences are also present when comparing samples of different clays com-
pacted at same conditions, as the shift with increasing number of cycles
is greater in the VHP plasticity samples.

Samples compacted at lower void ratio present higher suction for the
same degree of saturation. The cycling results in lower suctions for the
same degree of saturation, but the denser samples still preserve the
higher levels of suction for the same degree of saturation when
compared with other compaction conditions. Nonetheless, the shift in
the SWRC-Sr of the ‘dense’ samples is the greatest among the tested
conditions. Soil compacted at higher water content presented higher
suction values during the first drying phase and after drying-wetting
cycling (for a given degree of saturation).

Therefore, soil compacted on the wet-side and at a denser state holds
higher values of suction even after being subjected to drying-wetting
cycles, which results in a greater contribution of the suction to the soil
shear strength in unsaturated conditions. These compaction conditions
could be the ideal ones in the construction of embankments. However, it
should be taken into account that the dense state is the one that presents
the greatest overall decrease in suction as a consequence of moisture
cycling, so while the suction remains higher than for other cases, it may
show a more significant loss in performance compared to its initial state.

Estimation of soil-water retention curves accounting for volume changes

The SWRC-S; was estimated based on the simulations obtained using
the generic SWRC-e,, and the SSSCs (void ratio vs water ratio) described
in the previous sections. The SWRC-S; is then the representation of the
estimated degree of saturation versus the estimated suction. Fig. 11
presents the estimation of suction, void ratio and degree of saturation of
the samples ‘loose’, ‘optimum’ and ‘dense’ of high plasticity clay as an
example of simulations produced by the presented semi-empirical
model.

The comparison between the measured and the calculated values of
suction, void ratio and degree of saturation are presented in Fig. 12. A
line with a slope of 1 and intercept 0, referred to as 1:1 line, is presented
to support in the assessment of the quality of the calculation method. It is
visible that the estimated values plot close to the 1:1 line for all cases.
The calculated suction is the parameter that presents the greatest devi-
ation from the measured values, especially for low values of suction.
Nonetheless, the estimated deviations are approximately of 1 MPa for
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the lowest measured suction values. A linear regression of the plotted
data points is presented above each of the subplots. The slope of close to
1, varying between 0.973 and 1.068, and the intercept is close to zero,
being always lower than 0.181. This indicates the excellent quality of
the fitting.

The SWRC-e,, does not present significant differences between
different compaction conditions. Moreover, the simulated SWRC-ey,
change with progressive drying-wetting cycles is solely due to variability
in the reversal point because the model produced closed loops and does
not allow fatigue behaviour. The three different curves (primary drying,
scanning wetting and scanning drying) are properly estimated. The
SSSCs presented in Fig. 11 correspond to the fitted model, for which the
R? is not observed to change with increasing number of cycles.

The estimated SWRC-S, presents agreement with the experimental
data (Fig. 11c,f,i). The ‘dense’ and ‘loose’ samples present opposing
behaviour represented by the propagation of the SSSC with increasing
number of cycles, which results in different SWRC-S,. The sample ‘op-
timum’ represents an intermediate behaviour of the evolution of the
SSSCs.

The ‘dense’ sample (Fig. 11i) presents the most evident change of the
SWRC-S; with increasing number of cycles. The SSSC of the ‘dense’
sample propagates away from the saturation line in the proportional
shrinkage phase as the void ratio increases for the same water ratio that
leads to a decrease of the degree of saturation at low suctions visible in
the SWRC- S;. In the zero-shrinkage phase, the e;;; tends to increase with
increasing cycling, combined with no evolution of the SWRC-e,,, that
leads to a decrease of the degree of saturation in the high suction range
as well. In this way, the SWRCs-S; propagates entirely towards lower
degrees of saturation.

In the ‘loose’ sample (Fig. 9¢), a difference can be observed between
the primary drying and the scanning drying phases in terms of degree of
saturation, but the scanning drying phases do not evolve significantly
with progressive cycling. The proportional shrinkage phase does not
change with cycling, but the zero-shrinkage phase propagates towards
lower e, values (Fig. 11b). The model simulates a slight increase in the
degree of saturation in the higher suction range with cycling as a
consequence of the decrease in void ratio in the zero-shrinkage phase.
However, the change in the SWRC-S; is not in agreement with the
experimental data because the primary and scanning drying experi-
mental data overlap in the high suction range. Nonetheless, an actual
decrease of the final water ratio was observed (Fig. 4c¢), which combined
with a decrease of the e,;, could result in no change of the SWRC-S..

The proposed model was therefore capable of estimating the SWRCs
considering the effect of volume changes using a single generic SWRC
model in terms of water ratio. The advantage of the presented strategy
lies in the fact that SSSCs are easier to measure than SWRCs. Measuring
the SWRCs requires performing measurements of suction, which often
constitutes a challenge [41,42]. However, measuring SSSCs only re-
quires the monitoring of volume and weight changes in a soil sample,
which can be done using a calliper and a balance, respectively, as in the
present study.

It has to be recognised that in full scale embankments, the water flux
is controlled by both the hydraulic properties of the soil and by the
presence of fissures and cracks [43]. The cracks observed in the field are
of greater dimensions than the ones observed in the present study and
would influence the influx of water through different mechanisms
[44,45]. The SWRCs obtained in the present study reflect the behaviour
of the soil material itself, not the large-scale fabric.

Discussion on the prediction of soil-water retention curves

As the generic SWRC-e,, was used to represent the hydraulic
behaviour of all the samples independently of the compaction condi-
tions, it would be expected that the primary drying SWRC-e,, could
represent an upper boundary to all possible states of the soil. The SWRCs
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Fig. 11. Simulated SWRCs in terms of water ratio (ey), fitted SSSCs in terms of water ratio versus void ratio (e), and estimated SWRCs in terms of degree of saturation
(Sy), at three different compaction conditions (‘loose’, ‘optimum’ and ‘dense’) of the high plasticity (HP) clay.

and SSSCs were represented in the suction-void ratio-water ratio space
in Fig. 13. The experimental data points of the first drying phases of all
the samples are on the surface defined by the primary drying SWRC-ey,
as well as the portion of the scanning drying curves at suction values
above approximately 30 MPa (see also Fig. 3).

A second upper boundary condition was also represented in Fig. 13
and it establishes that the water ratio has to be always equal or lower
than the void ratio (e,, < e). If the soil is saturated, i.e., S, = 1, thene,, =
e and this boundary can be referred as the saturation surface. The
intercept between both upper boundaries is here referred to as the
saturation line (dark blue line in Fig. 13). The first drying phase of all
samples follow paths parallel to the saturation line as already observed
in Fig. 8. This saturation line represents the fact that the air-entry value
is observed to increase with decreasing void ratio as a consequence of
the decrease of the pores’ sizes.

Both the primary drying condition and the saturation line act inde-
pendently in the estimation of the SWRC-S,, for which first drying is
represented in Fig. 14 alongside the experimental measurements. For
example, the starting point can be over the saturation surface, but at a
lower suction than the saturation line (Fig. 13). In this case, the suction
change might be defined by the slope of the scanning drying SWRC-e,,
until encountering the saturation line, after which the suction change
might be determined by the primary drying surface. Nonetheless, even
after encountering the saturation line, the degree of saturation can
remain constant and the predicted SWRC will not change until air starts
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to enter the soil voids. This change in the slope of the SSSC, which
represents a slowing down of the volumetric deformations upon drying,
coincides with the change in the slope of the SWRC-S; (Fig. 14). The air-
entry value identified in the SWRC-S; is therefore associated with the
apparent shrinkage limit.

Conclusions

Compacted samples of high and very high plasticity London clay
were prepared with different water content and dry density to study the
effect of the volumetric deformations on the Soil-Water Retention
Curves (SWRCs) with moisture cycles. The samples were subjected to six
drying-wetting cycles between 1 and 80 MPa, while water content, total
suction and volume changes were recorded.

It was found that within the adsorptive region a single generic SWRC
in terms of water ratio (SWRC-e,,), that is independent of the compac-
tion conditions, can be identified. This single generic SWRC model,
composed of a primary drying curve, scanning wetting and scanning
drying phases, was fitted to the experimental data. The model was able
to estimate the suction over the six drying-wetting cycles without
propagation of error. Moreover, the primary drying curve was identified
as an upper boundary condition to all possible soil states in terms of
suction and water content independently of the void ratio of the soil.

The Soil Shrink-Swell Curves (SSSCs) were observed to depend on
the compaction conditions. The SSSCs of denser samples, and samples
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compacted at higher degree of saturation, present lower apparent
shrinkage limit values, steeper proportional shrinkage phases and higher
minimum void ratios upon drying. The evolution of the SSSCs with
drying-wetting cycling also depends on the compaction conditions.
Looser samples present a more evident change in the slope of the pro-
portional shrinkage phase and apparent shrinkage limit, even though
these tend to stabilize with increasing number of cycles in all samples.
The minimum void ratio reached upon drying evolves with cycling
depending on the compaction conditions: ‘dense’ samples present an
increase in the void ratio, while the ‘loose’ samples present a decrease in
the void ratio. Samples compacted at Proctor optimum do not present a
change in the minimum void ratio reached upon drying.
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The SWRCs in terms of degree of saturation (SWRC-S;), which
consider the volume changes occurring during the drying-wetting cy-
cles, depend on the compaction conditions. It was observed that soil
compacted at a denser state and on the wet-side holds higher suction
even after being subjected to drying-wetting cycles compared to the
remaining tested conditions, which indicates these could be the ideal
condition for the compaction of embankments in which suction can have
a higher impact on the shear strength of the soil. However, these were
the conditions in which a greater overall decrease in suction was
observed as a consequence of moisture cycling (even though overall
suctions remained higher) which could indicate that Earthworks com-
pacted at those conditions may be more susceptible to greater
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ratio (e), and degree of saturation (S,). The predicted SWRC-Sr of the first drying phase and the saturation line are highlighted.

deterioration relative to the initial state.

The SWRC-S; were predicted from combining a generic SWRC-e,
with the SSSC of the sample of interest. This method does not require
extensive measurements of SWRCs but relies more on simpler SSSCs that
are easier to determine. The method constitutes a tool to determine
SWRCs and their evolution for soil exposed to weather cycles. The
estimated SWRCs can be used in the modelling of the pore-water pres-
sure regime on active clays subjected to cycles of evaporation and
rainfall, such as embankments and cuttings. In this way, the deteriora-
tion of the hydraulic properties of the soil can be better represented in
geotechnical models used to simulate the performance of earthworks.
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