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Abstract The evolution of the hydraulic properties 
of London Clay when compacted at a range of initial 
conditions (density and water content) was inves-
tigated. The soil–water retention curve (SWRC) is 
observed to change as the soil is subjected to cycles 
of wetting and drying. A new method is presented 
for predicting these changes in the soil–water reten-
tion curves (SWRCs) based on the starting conditions 
for each cycle. The method is based on relationships 
between the degree of saturation before drying  (Sr,i), 
which includes the effect of void ratio and soil fab-
ric, and key parameters that characterize the shape of 
SWRCs (air-entry value and slope of the transition 
zone). The relationship between the  Sr,i and the air-
entry value (or yield point, YP), and the relationship 
between the YP and the slope of the transition zone 
of the SWRC were established for the large experi-
mental data set of two types of London clay of high 
and very high plasticity. The fitting parameters of a 
bi-linear SWRC model were estimated and used to 
constrain the fitting parameters of the van Genuchten 
model. As the SWRC of compacted clay continuously 

changes with progressive moisture cycles, this model 
allows the prediction of this evolution for the mod-
elling of earthworks over the years, when subject to 
changing climatic conditions, without the need for an 
extensive experimental program.

Keywords Unsaturated soils · Soil–water retention 
curve · Compacted soil · High plasticity clay

1 Introduction

The Soil Water Retention Curve (SWRC) represents 
the relationship between water content (or degree of 
saturation) and suction and is a key property in under-
standing unsaturated soil behaviour (Fredlund 2000). 
Azizi et  al. (2020) and Stirling et  al. (2021), among 
others, demonstrated that a key aspect of the deterio-
ration process of soil in infrastructure embankments 
(e.g. for railways and roads) is that cycles of drying 
and wetting produce changes in the soil–water reten-
tion behaviour. Therefore, quantifying the evolution 
of the soil–water retention behaviour of clay soils is 
essential to understand the mechanism of deteriora-
tion (loss of strength with time) of compacted clay 
fill materials subject to seasonal moisture cycles. 
This understanding is exceptionally important for 
managing ageing earthworks supporting the trans-
port infrastructure in the UK under more extreme 
climatic conditions (Clarke and Smethurst 2010; 
Muddle et al. 2015; Ferranti et al. 2018; Walker et al. 
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2022). London Clay, which is present along the trans-
port infrastructure mostly in Southern England (UK), 
has so far been less investigated. Dias et al. (2023a) 
showed that the SWRC and the shrink-swell behav-
iour of compacted London clay presented irrevers-
ible changes for different intensities of suction during 
drying–wetting cycles, in which greater changes were 
observed after extending the drying phase.

Cycles of wetting and drying have been observed 
to produce changes in SWRCs through the progres-
sive decrease of the AEV, reduction of the hysteresis 
and progressively lower suctions for the same water 
content (Lin and Cerato 2013; Seiphoori et al. 2014; 
Stirling et al. 2017; Azizi et al. 2020; Liu et al. 2020; 
Ng and Peprah-Manu 2023), which consequently 
result in lower soil strength. Similarly, studies on 
volumetric deformations caused by moisture cycles 
attribute the progressive evolution of soil shrink-
age curves to rearrangement of soil particles, which 
will in turn affect the SWRC. The accumulation of 
deformations with cycling shows that soil does not 
present a fully elastic behaviour and it is described as 
fatigue (Dif and Bluemel 1991; Tripathy and Subba 
Rao 2009; Estabragh et al. 2015). Nonetheless, some 
of the limitations of previous studies lie in: (i) not 
measuring volume changes (Jayanth et al. 2012; Zeng 
et al. 2019; Wen et al. 2020); (ii) performing limited 
number of cycles (Lin and Cerato 2013; Seiphoori 
et al. 2014; Al Haj and Standing 2016; Stirling et al. 
2017) while other studies demonstrated that a greater 
number of moisture cycles is required to attain a sta-
ble state (Dif and Bluemel 1991; Tripathy and Subba 
Rao 2009; Estabragh et al. 2015); and (iii) no previ-
ous studies that systematically investigate different 
initial compaction conditions (i.e., compaction water 
content and density state).

It has been shown that the shape of the SWRC is 
influenced by the compaction conditions, i.e. the void 
ratio and water content (Romero et  al. 1999, 2011; 
Villar 2007; Birle et  al. 2008). Studies have related 
these key parameters characterizing the SWRC shape 
to different soil properties, such as a relationship 
between the void ratio at compaction and the air-
entry value (AEV), a relationship between the AEV 
and the slope of the SWRC (Karube and Kawai 2001; 
Salager et al. 2010; Kawai et al. 2020), and relation-
ships between soil physical properties and the SWRC 
shape (Romero and Vaunat 2000; Wang et al. 2020). 
However, very few studies have investigated which 

factors play a role in the evolution of the SWRC with 
drying–wetting cycles. So far, it has been observed 
that the SWRCs of loose silt require more moisture 
cycles to reach equilibrium (Ng and Peprah-Manu 
2023), and dense clay presented cumulative swelling, 
while loose clay presented shrinkage behaviour with 
cycling (Nowamooz and Masrouri 2010). Rearrange-
ment of soil particles and changes in the micro-struc-
ture observed in the pore-size distribution have been 
identified as the source of such changes in the SWRC 
(Seiphoori et al. 2014; Sun et al. 2019).

In the present study, an experimental programme 
was carried out to produce a unique and comprehen-
sive data set, by testing two sources of London Clay 
(high and very high plasticity according to the classi-
fication of the BS1377; BSI 1990), each compacted at 
five different water contents and void ratio states, and 
where samples from each starting condition were sub-
jected to up to 16 cycles of drying and wetting; many 
more than has been investigated in previous studies. 
This data allows us to further the understanding of 
how different compaction conditions, varying water 
content and void ratio, influence the evolution of the 
SWRC of London Clay. An empirical model is here 
presented that allows the changes in the SWRC with 
moisture cycles to be predicted. The model is based 
on the evolution of the parameters observed over the 
first six drying–wetting cycles and is then used to pre-
dict the final stages of drying and wetting. The com-
bination of multiple soil types, large range of starting 
conditions and high number of wetting–drying cycles 
tested within this study has enabled a more compre-
hensive analysis of the complex changes to SWRCs 
induced by wetting–drying cycles than has previously 
been possible.

2  Experimental Methods and Materials

2.1  Soil Characterization

London Clay from two different locations were used 
for testing: high plasticity (HP) clay was obtained 
from Clapham; and very high plasticity (VHP) clay 
was collected from Vauxhall, both in London (UK). 
A detailed characterization of the tested clays is pre-
sented in Table  1. The characterization tests, and 
resultant classifications, were conducted in accord-
ance with BS1377 (BSI 1990). The tested clay 
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presented normal activity as it took values above 0.75 
and below 1.25, similarly to typical values reported 
for London Clay of 0.95 (Skempton 1984).

2.2  Sample Preparation

The optimum water content obtained from Proctor 
compaction tests was 0.22 (22%) for both clays. The 
maximum dry density was 1.58 Mg  m−3 (void ratio of 
e = 0.75) for the high plasticity clay and 1.59 Mg  m−3 
(e = 0.75) for the very high plasticity clay (Table 1). 
The samples were compacted at five different condi-
tions, varying the water content (w) or the dry density 
relative to the Proctor optimum as shown in Table 2. 
The representation on the compaction plane with the 
respective compaction curve is presented in Fig.  1. 

Specimens identified as ‘loose’ and ‘dense’ were 
prepared at the same water content as the ‘optimum’ 
state (w = 0.21 to 0.22) but using different levels of 
compaction stress to achieve looser or denser states. 
Specimens identified as ‘wet’ and ‘dry’ were prepared 
at wetter (w = 0.24) and dryer conditions (w = 0.20) 
but compacted to achieve approximately the same 
density as the ‘optimum’ state (e = 0.77 and 0.76). 
Part of the tests here presented have been reported in 
Dias et al. (2023b).

To prepare the soil for testing, the air-dried clay 
was passed through a sieve with an opening of 2 mm. 
The passing fraction was mixed with distilled water 
to obtain the chosen water contents for compaction. 
Static compaction was used to prepare samples with 
a diameter of 15  mm and a height of 5  mm. The 

Table 1  Properties of 
the tested clays (high 
plasticity, HP; and very 
high plasticity, VHP) (Dias 
et al. 2023b)

Plasticity classification BS1377 (BSI 1990) High plasticity (HP) Very high 
plasticity 
(VHP)

Location Clapham Vauxhall
Specific gravity 2.77 2.78
Clay (%) 41 54
Silt (%) 49 42
Sand (%) 10 4
Liquid limit (%) 60 77
Plasticity index (%) 36 53
Clay activity 0.88 0.98
Proctor optimum water content (%) 22 22
Proctor maximum dry density (Mg  m−3) 1.58 1.59

Table 2  Compacted conditions of samples of each clay (high 
plasticity, HP; and very high plasticity, VHP): void ratio (e), 
gravimetric water content (w), degree of saturation  (Sr), and 

total suction (s); and the total number of drying–wetting cycles 
performed (Dias et al. 2023b)

Clay State of compaction Void ratio (e) Gravimetric water 
content (w)

Degree of satura-
tion  (Sr)

Total suction (s 
(MPa))

No. of cycles

HP Loose 0.95 0.22 0.63 1.75 13
HP Optimum 0.77 0.22 0.78 1.58 14
HP Dense 0.64 0.22 0.94 1.78 11
HP Wet 0.77 0.24 0.85 1.53 13
HP Dry 0.75 0.20 0.74 1.22 13
VHP Loose 0.95 0.21 0.62 1.11 13
VHP Optimum 0.76 0.21 0.77 1.50 13
VHP Dense 0.62 0.21 0.94 1.51 16
VHP Wet 0.77 0.24 0.85 1.21 13
VHP Dry 0.79 0.20 0.69 2.28 13
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properties of each sample are shown in Table 2. The 
void ratio at compaction varied between 0.62 and 
0.95, the initial water content varied between 0.20 
and 0.24, and the initial total suction (measured using 
a WP4C dewpoint potentiometer) varied between 
1.11 and 2.28 MPa.

2.3  Measurement of the Soil–Water Retention 
Curves

The soil–water retention curves (SWRCs) were deter-
mined by measuring the degree of saturation (deter-
mined from gravimetric water content and void ratio) 
and total suction. The gravimetric water content was 
determined from weight variations of samples meas-
ured using a balance with a precision of 0.0001  g. 
Total suction was measured by a chilled mirror dew 
point potentiometer (Decagon Devices WP4C).

The volume changes were determined by meas-
uring the height and diameter of the samples using 
a digital caliper (accuracy of 0.01 mm). A similar 
method has been used in previous studies, such as 
Cornelis et al. (2006), Leong and Wijaya (2015), Al 
Haj and Standing (2016), and Mishra et  al. (2020), 
among others. Other methods of measuring volume 
changes are: displacement methods (not appropriate 
for the present study due to its destructive nature); 3D 
scanning (expensive and time consuming); and Digi-
tal Image Correlation (requires the samples to be sta-
tionary) (Leong and Wijaya 2015). Therefore, direct 
measurement using a caliper was identified to be the 
best suited for the present study. There can be errors 
in the measurement if the samples become irregular 
shaped, but it was observed that the geometry of the 
soil samples was maintained throughout the testing. 
The diameter and height of the samples was measured 
three times to estimate the volume based on the aver-
age value, minimizing the error. The changes in sam-
ples included the formation of cracks, hence these are 
considered in the estimated degree of saturation.

Six cycles of drying and wetting were imposed 
onto the samples between 1 and 80 MPa, provid-
ing an insight into the behaviour of compacted Lon-
don Clay in the range of suctions controlled by the 
intra-aggregate water exchanges (Romero and Vau-
nat 2000). This range covers the expected AEV of 
this soil, the region of the SWRC which presents 
the greatest variation of water content with suction, 

and the water content of the shrinkage limit (Croney 
1977; Dias et al. 2023a, b).

During the drying–wetting cycles, total suction, 
the weight, and the dimensions of the samples were 
measured at regular intervals. Each cycle was com-
posed of a drying phase (from 1 to 80 MPa) followed 
by a wetting phase (from 80 to 1  MPa). During the 
drying phase, the samples were exposed to the labo-
ratory environment (temperature of 20 ± 2  °C and 
relative humidity of approximately 50%) for approx-
imately 20  to  30  min and then the samples were 
sealed for between 30 min and 24 h depending on the 

Fig. 1  Representation of the different compaction conditions 
and respective compaction curve of each clay plasticity (HP: 
high plasticity; VHP: very high plasticity)
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sample’s moisture level to allow the water to redis-
tribute before each measurement.

The wetting phase was accomplished in steps in 
which 0.01 to 0.02 g of distilled water were added to 

the samples with a syringe and the water was allowed 
to redistribute in a sealed container for a period of 
30 min to 24 h depending on the sample’s moisture 
level, similarly to the drying phase. However, in the 

Fig. 2  Drying soil–water 
retention curves of high 
plasticity (HP) and very 
high plasticity (VHP) clay 
samples at five different ini-
tial compaction conditions
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Fig. 3  Total suction (s), 
degree of saturation  (Sr) 
and void ratio (e) of high 
plasticity (HP) and very 
high plasticity (VHP) clay 
samples at five different ini-
tial compaction conditions 
at the end of each drying 
and wetting phase
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present work, the analysis of results focuses only on 
the drying phases.

After the monitored six cycles had been per-
formed, the samples were subjected to a further vari-
able number of cycles in which only the start and end 
condition was monitored. The total number of cycles 
varied between 11 and 16 (Table  2). The last cycle 
performed on the samples was again monitored with 
regular measurement of suction, water content and 
void ratio to obtain the last drying SWRC.

3  Soil–Water Retention Curves

3.1  Evolution of Soil–Water Retention Curves

The experimental drying SWRC measurements of the 
first six cycles (cycle 1 to 6) and the last cycle (after 
more than ten cycles) represented in Fig. 2 provides 
an insight into the evolution of hydraulic properties 
of London Clay considering not only compaction 
density, but also the fabric, through the comparison 
of soil samples compacted at different water contents 
(Dias et al. 2023b). The rigour in this data set can be 
observed in the replicability of the results for the two 
plasticity clays. Figure 3 shows the total suction (s), 
degree of saturation  (Sr) and void ratio (e) at the end 
of each wetting and drying phase, i.e., the conditions 
at the extremes of each cycle.

The actual suction cycle was performed between 
1.30 ± 0.27  MPa and 81.04 ± 7.27  MPa for the HP 
clay samples and between 1.40 ± 0.38  MPa and 
83.95 ± 8.20 MPa for the VHP clay samples (Fig. 3a, 
b, g, h). It can be seen that the degree of saturation 
corresponding to the extremes of the cycles decreased 
with increasing cycles or remained constant (Fig. 3c, 
d, i, j). The change in the degree of saturation was 
more evident in the samples with higher degree of 
saturation at compaction.

The void ratio at the extremes of the cycles pre-
sented opposing behaviours depending on the com-
paction conditions (Fig.  3e, f, k, l). Soil compacted 
at a lower void ratio (‘dense’ specimens) present a 
trend of progressive swelling with increasing number 
of cycles, which could be explained by the formation 
of cracks upon drying. The ‘loose’ samples show pro-
gressive densification, mainly in the first six cycles, 
after which greater oscillations in the extreme suction 
values imposed on the samples may have caused an 
inversion of this behaviour. The remaining samples 
present an evolution of the void ratio at the extremes 
of the cycles contained between the response of the 
‘dense’ and ‘loose’ samples. Nowamooz and Masro-
uri (2010) explained that the progressive swelling and 
shrinkage due to moisture cycles observed in dense 
and loose samples, respectively, is caused by the rear-
rangement of the soil structure (fabric).

Fig. 4  Representation of the main loop formed by the ‘main 
drying’ (triangles) and ‘main wetting’ (stars) branches of the 
soil–water retention curve (SWRC), and the ‘scan drying’ (dia-
monds) and ‘scan wetting’ (squares) SWRCs. The air-entry 
value of the ‘main drying’ SWRC and the yielding point of the 
‘scan drying’ curve are identified

Fig. 5  Scanning soil–water retention curves (SWRCs) of the 
sample ‘optimum’ of the very high plasticity clay. Construc-
tions of the bi-linear SWRC model are composed of a horizon-
tal line  (Sr =  Sr,i), which intercepts the fitted line to the linear 
portion of the SWRC (tan) at the yielding point (YP).
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The drying SWRCs in Fig.  2 show that samples 
compacted at lower void ratio present SWRCs that 
start at progressively higher degrees of saturation. For 
example, Fig. 2a shows a loose sample starting from 
around  Sr=0.6, the optimum sample (Fig.  2c) starts 
from  Sr = 0.75 and the dense sample (Fig.  2e) starts 
from  Sr = 0.85. This can be seen in trends observed 
in Fig.  3c–f. It might be thought that this trend in 
the SWRCs of different samples could be repre-
sented in the suction-void ratio-degree of saturation 
space, as proposed by Gallipoli et  al. (2003). How-
ever, the evolution of the SWRCs with drying–wet-
ting cycles would not fit within this surface because 
the scanning SWRCs propagate towards lower suc-
tions (Fig.  2), while the void ratio at the end of the 
drying phase propagates towards lower or higher 
void ratios depending on the compaction conditions 
(Fig. 3k, l). Therefore, in the present study it is found 
that using the initial degree of saturation (that incor-
porates the volumetric state of the specimen) provides 
a better representation of the initial state. This evolu-
tion of the initial degree of saturation may be caused 
by the accumulation of volumetric deformations, a 
change in the fabric due to particle rearrangement, or 
air-entrapment.

The first drying curve initiated at a higher degree 
of saturation and water content than any of the 
remaining phases, even though the initial suction of 
the first drying phase ‘dry 1’ ranged from 1.11 to 2.28 
MPa (Table 2), which was similar to the initial suc-
tion of the remaining phases (1 MPa). These obser-
vations are in agreement with the conceptual model 
of Toll (1995), as the first drying phase corresponds 
to a virgin drying phase and the subsequent cycles 
correspond to scanning curves that are less steep. 
Then, the evolution of the scanning curves towards 
lower suction values and a decrease in the slope, can 
be observed by comparing the first drying phase (red 
triangles) to the last drying phase (black circles) in 
Fig. 4. This observation is consistent with other stud-
ies (Lin and Cerato 2013; Stirling et  al. 2017; Liu 
et al. 2020, 2021; Wen et al. 2020).

3.2  Analysis of Soil–Water Retention Curves

A conceptual picture of water retention behav-
iour can be visualised by considering a full cycle 
of drying and wetting (starting from a zero suc-
tion state and continuing to an oven dry condition). 

This forms a loop defined by the ‘main drying’ and 
‘main wetting’ SWRC, which are different due to 
hysteresis as illustrated in Fig.  4. Cycles of dry-
ing and wetting, in which full drying or complete 
saturation are not attained, occur within this main 
loop and are here referred to as ‘scanning curves’, 
also indicated in Fig.  4. The scanning curves are 
of interest because, in normal conditions, the soil 
in the field is likely to follow scanning curves due 
to the irregular patterns of rainfall and evaporation 
(Smethurst et al. 2012). Rainfall will cause the soil 
to wet after a period of drying, but very often with-
out the soil ever reaching full saturation. Similarly, 
evaporation, after a rainy period, will induce drying 
but it is unlikely for the soil to ever reach zero water 
content in the field.

On a SWRC starting from saturation, the air-entry 
value (AEV) corresponds to the transition between a 
saturated state and the desaturation curve, when air 
enters the soil voids (Fig. 4). On the scanning curves, 
since the soil is already unsaturated, strictly the tran-
sition point should not be referred as the AEV (as air 
has previously entered the soil), thus this transition is 
here referred as a yield point (YP) that corresponds 
to the change of the slope of the scanning curve from 
non-linear to linear. The AEV is the YP correspond-
ent to an initial saturated state.

In this study, the drying–wetting cycles were per-
formed while maintaining the soil samples constantly 
under unsaturated conditions, and the interpretation 
of the SWRCs was adapted to take into account the 
tested suction range (1–80 MPa). Figure 5 shows the 
first drying, first wetting and second drying phases of 
a test to illustrate the soil behaviour and analysis of 
results.

The yield points were identified adopting similar 
constructions to the ones used to identify the AEV as 
presented in the schematic curves in Fig. 4. Two dif-
ferent methods of determining the SWRC yield point 
are here proposed, which are exemplified in Fig. 5 on 
experimental data. The two interpretations of yield-
ing points are the suction corresponding to the inter-
cept of the tangent to the linear portion of the SWRC 
with different degrees of saturation ( S

r
 ): (i) S

r
= 1 ; 

and (ii) S
r
= S

r,i , in which S
r,i is the initial degree 

of saturation of each drying phase. The first method 
was studied because if the soil does not present a bi-
modal pore-size distribution, method (i) should pro-
vide the real AEV. The second method provides a YP 
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that corresponds to the actual change in the curvature 
of the measured SWRCs, which is useful for fittings 
of models, such as the van Genuchten equation (van 
Genuchten 1980). Method (ii) was based on Parker 
and Lenhard (1987), who defined scanning paths by 
scaling the main branches of the SWRC. The pro-
posed methods are equivalent if the sample starts 
from saturated conditions, as S

r
= S

r,i = 1.
In the linear portion of the SWRC (marked as ‘tan’ 

in the figure), previously referred to as the transition 
zone of the SWRC, the suction (represented in loga-
rithmic scale) changes proportionally with the degree 
of saturation ( S

r
 ). The tangent to the linear portion 

of the SWRC was determined by fitting Eq. 1 to the 
experimental data points, where a and b are fitting 
parameters, and s is the total suction in MPa. The 

degree of saturation ( S
r
 ) was normalized by divid-

ing it by the initial degree of saturation ( S
r,i ), so that 

a ⋅ S
r,i is the slope of the tangent, and b ⋅ S

r,i is the 
interception of the line with the y-axis at s = 1 MPa , 
which represents the position of the tangent in a semi-
logarithmic graph (as in Fig. 5). The parameter b can 
be given by Eq.  2, where YP

Sr=1
 is the intercept of 

the yielding point obtained by method (i), for which 
the evolution of YP

Sr=1
 will be discussed instead of 

parameter b . The parameters a and b were fitted using 
the least-square method. 

 

(1)
S
r

S
r,i

= a ⋅ logs + b

Fig. 6  Evolution of the 
slope of the linear portion 
of the soil–water retention 
curve(a *  Sr,i), yield point 
using method (i)  (Sr = 1), 
yield point obtained using 
method (ii)  (Sr =  Sr,i), for 
samples compacted at 
different initial conditions 
of high plasticity (HP) and 
very high plasticity (VHP) 
clay
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The linear portion of the SWRC was observed to 
start at different suction values depending on the dry-
ing phase and on the plasticity of the clay. It can be 
seen in Fig. 4 that the linear portion of the first dry-
ing phase of the HP clay started at 10 MPa and the 
subsequent drying phases at 15 MPa, while the first 
drying phase of the VHP clay started at 15 MPa and 
the subsequent drying phases at 18 MPa. Therefore, 
only the data points corresponding to suctions above 
these thresholds were used for the fitting of param-
eters a and b (Eq. 1).

4  Effect of Compaction Conditions on the Soil–
Water Retention Curve

The three essential parameters identified in the pre-
vious section for the characterization of the shape of 
the studied SWRCs were: the initial degree of satura-
tion at the start of each drying phase ( S

r,i ); the slope 
of the linear portion of the SWRC (represented by 
parameter a , Eq. 1); and the yielding point obtained 
using method (i) S

r
= 1 . With these key parameters, 

(2)b =
1

S
r,i

− a ⋅ logYP
Sr=1

an extra yielding point can be identified using method 
(ii) S

r
= S

r,i . Figure 6 presents the evolution over six 
drying–wetting cycles of the slope of the linear por-
tion of the drying SWRCs ( a ∗ S

r,i , see Eq.  1), and 
the yielding points obtained using method (i) S

r
= 1 

and method (ii) S
r
= S

r,i.

4.1  The Yield Point

The yield point estimated using method (i) S
r
= 1 

decreases with degree of saturation at compaction 
and decreases with progressive cycling (Fig.  6c, d). 
The yield point obtained with method (ii) S

r
= S

r,i 
does not change significantly with increasing number 
of cycles as the decreasing initial degree of saturation 
(as seen in Fig. 5c, d) compensates for the changes in 
the slope of the linear portion of the SWRCs (Fig. 6a, 
b).

The change in the yield point was observed to 
depend on the compaction conditions, and hence rela-
tionships between them were investigated. Initially 
the relationship with void ratio was considered. A 
relationship did exist for the first drying (Fig. 7a, b), 
but no unique relationship between YP and void ratio 
existed for all cycles. In comparison, a unique rela-
tionship was found between the yield point and the 

Fig. 7  Relationships 
between: a, b the void 
ratio at compaction and the 
yield point (YP) obtained 
using method (i)  (Sr = 1); 
and c, d the initial degree 
of saturation and the same 
yield point. Regressions 
and respective coefficient 
of determination  (R2) for 
high plasticity (HP) clay 
on the left and very high 
plasticity (VHP) clay on 
the right. Regression in a, 
b using only phase ‘dry 1’ 
(compaction conditions), 
and regression in c, d using 
all drying phases
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initial degree of saturation, for which a second-degree 
polynomial regression line is presented (Fig.  7c, d). 
The first six cycles were used to produce the relation-
ships, as for these cycles the SWRCs were measured 
in their entirety whereas later cycles were not. This 
unique relationship for each soil can therefore be used 
to predict the shift in YP (method (i) S

r
= 1).

4.2  The Slope

In Fig.  6a, b, the slope of the linear portion of the 
SWRCs ( a ⋅ S

r,i ) is observed to decrease with increas-
ing degree of saturation at compaction and it tends to 
increase with increasing number of cycles, revealing 

fatigue. The first drying phase is the steepest and the 
slope change becomes less evident with increasing 
number of cycles, stabilizing after the third drying 
phase for most samples. However, the slope change 
did not stabilize over the number of cycles per-
formed for the samples ‘dense’. The greatest increase 
between the first and last cycle was observed in the 
dense samples (HP: �

(

a ∗ S
r,i

)

= −0.16 ; VHP: 
�
(

a ∗ S
r,i

)

= −0.13 ) and the remaining samples pre-
sented variations ranging from − 0.03 to − 0.07 for 
the HP clay and − 0.02 to − 0.04 for the VHP clay.

It was found that the slope of the linear portion 
of the SWRC ( a ∗ S

r,i ) is related to the yield point 
(method (i) S

r
= 1 ), as shown in Fig. 8, and a rela-

tionship was defined through a second-degree pol-
ynomial regression for the first six cycles for both 
the HP and VHP clays. The relationship between 
the slope of the linear portion of the SWRC and 
the SWRC yield point shows consistency among 
samples of different compaction conditions. The 
slope decreases with increasing yield point, show-
ing that samples compacted at a higher degree of 
saturation present steeper SWRCs and higher yield 
points, in agreement with the experimental obser-
vations in Fig.  4. The relationship between slope 
and yield point is also presented with progressive 
number of cycles (Fig.  8). The first ‘dry1’ phase 
(filled symbols) and the subsequent cycles (open 
symbols) show the yield point moving along the 
curve defined from all results. The SWRCs tend to 
become less steep with increasing number of cycles 
following the same trend independently of the com-
paction conditions. The decrease in the slope is 
accompanied by a decrease in the yield point. This 
relationship is very similar for both tested clays, as 
observed by the similar fitting parameters of the 
polynomial regression.

5  Models for the Estimation of Soil–Water 
Retention Curves

5.1  Bi-linear Soil–Water Retention Curve Model

The initial degree of saturation, yield point and the 
slope of the SWRC allow the definition of a bi-linear 
SWRC model. The bi-linear SWRC model is composed 
by two sections (dashed lines in Fig.  3): a horizontal 
line defined by S

r
= S

r,i , if s ≤ YP
Sr=Sr,i

 ; and the tangent 

Fig. 8  Relationship between the slope of the linear portion of 
the soil–water retention curve (a *  Sr) and the yield point (YP) 
obtained using method (i)  (Sr = 1). Regression and respective 
coefficient of determination  (R2) for the high plasticity (HP) 
and very high plasticity (VHP) clay
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to the linear portion of the SWRC given by Eq.  1, if 
s > YP

Sr=Sr,i
 (where YP

Sr=Sr,i
 is the yield point obtained 

using method (ii) S
r
= S

r,i).
It has been shown that the yield point YP

Sr=1
 can 

be estimated from the initial conditions of each drying 
phase, based on the initial degree of saturation (Fig. 7c, 
d). The slope of the linear portion of the SWRC, repre-
sented by a ∗ S

r,i , can be estimated from YP
Sr=1

 using 
the relationships presented in Fig. 8. However, to con-
struct the shape of each scanning curve, we need the 
yielding point obtained using method (ii) YP

Sr=Sr,i
 . This 

is given by Eq. 3. 

In this way, a simple SWRC model can be defined 
for the estimation of SWRCs based on the initial con-
ditions of the soil independently of the soil compac-
tion conditions. The future evolution of the SWRC 
with successive cycles can be predicted by knowing 
the initial degree of saturation and using the relations 
presented in Figs. 6c, d and 7 to estimate respectively 
the YP

Sr=1
 and slope (parameter a ) necessary to define 

the bi-linear SWRC model.

5.2  Bi-linear to Sigmoidal Soil–Water Retention 
Curve Model

A more accurate representation of the SWRC can 
be obtained using the van Genuchten SWRC model 
(van Genuchten 1980). In the present work, a modi-
fied version of this model was adopted as presented 
in Eq.  4, where n , m and c are fitting parameters. 
The parameters n and m control the slope of the 
SWRC. In the present work, n and m were not deter-
mined by data fitting but from the already deter-
mined bi-linear model. The parameters n and m 
were determined by solving the system Eq. 1 = Eq. 4 
for two data points: (a) the upper boundary of the 
linear portion of the SWRC; and (b) the last point of 
the drying phase. The SWRC predicted by the sig-
moidal model is forced to be equal to the bi-linear 
SWRC in those two points, that were selected to 
be able to capture the slope of the bi-linear SWRC 
(i.e. two points on the linear portion above the yield 
point). Hence, the first point (a) was the suction cor-
responding to twice the estimated YP

Sr=Sr,i
 (approxi-

mately 15 MPa for the HP clay and 18 MPa for the 
VHP clay) with the respective degree of saturation 

(3)log
(

YP
Sr=Sr,i

)

=
1 − b

a

estimated by the bi-linear model. The second point 
(b) was the maximum suction and respective degree 
of saturation estimated by the bi-linear model. The 
system Eq.  1 = Eq.  4 was solved using the MAT-
LAB function ‘fsolve’ for a non-linear system of 
equations.

The parameter c was adopted to be equal to 10 in 
the present work as it was found to be necessary to fix 
this to help the fitting of the SWRCs. Different values 
of the parameter c were tested to maximize the coef-
ficient of determination ( R2 ) for all samples for the 
first six cycles and a value of 10 was found to give the 
best fit. In this way, the fitting parameters of the van 
Genuchten SWRC model can be estimated from the 
bi-linear model.

6  Prediction of Soil–Water Retention Curves

Figure 9 shows predicted SWRCs using the bi-linear 
SWRC model and the van Genuchten SWRC model 
plotted over the experimental measurements of the 
first, second and last drying SWRC. The models were 
fitted using the data of the first six drying SWRCs as 
described above and were then used to predict the 
drying SWRC of the last cycle, which varied between 
the 11th and the 16th cycle (Table 2).

The bi-linear SWRC model estimations, repre-
sented by red lines in Fig.  9, were able to identify 
properly the position and slope of the linear portion 
of the last drying SWRC (black circles). The tangent 
line (defined by Eq.  1) overlaps the experimental 
measurements over the linear portion of the SWRC. 
The bi-linear SWRC estimation produces an upper 
boundary to the SWRC in the non-linear portion of 
the SWRC.

The bi-linear model is then used to create the 
van Genuchten model, shown by dark blue lines in 
Fig. 9. A good agreement was found between the van 
Genuchten model estimations and the experimental 
data as observed by the obtained coefficient of deter-
mination ( R2 , reported in Fig. 9) that varied between 
0.977 and 0.998. Exceptionally good estimations of 
the SWRCs were obtained for the sample ‘loose’, 

(4)
S
r

S
r,i

=

[

1 +

(

s

c ⋅ YP
Sr=Sr,i

)n]−m
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Fig. 9  Predicted soil–water 
retention curves (SWRCs) 
of the last drying phase 
using the bi-linear and the 
van Genuchten SWRC 
models. Comparison with 
experimental data of the 
phases ‘dry 1’, ‘dry 2’ and 
the last drying of samples 
compacted at different ini-
tial conditions of (left) high 
plasticity and (right) very 
high plasticity clay, HP and 
VHP respectively
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and ‘dense’ of the HP clay (Fig. 9a, e), and the sam-
ples ‘optimum’, and ‘wet’ of the VHP clay (Fig. 9d, 
h) over the entire range of suctions. However, a good 
SWRC estimation with the van Genuchten model 
strongly depends on a good estimation of the tangent 
to the linear portion of the SWRC and the correct 
choice of the parameter c.

The model could not be used in the case of the 
loose sample of VHP clay (Fig. 9b) because the ini-
tial degree of saturation of the last cycle ( S

r,i = 0.42 ) 
was out of the range used for the calibration of the 
relationships in Fig. 7d ( 0.54 ≤ S

r,i ≤ 0.94 ). It is pos-
sible that further to the natural change of SWRC, the 
handling of the sample during testing led to losses 
of material and excessive deformations. This sample 
was more sensitive to accidental deformations and 
breakage than other samples due to its low density.

7  Discussion

The model was validated in the previous section, 
however, these results could be extended for higher 
number of cycles. For further increase in the num-
ber of drying–wetting cycles, the presented model 
indicates that the yielding point of the SWRC will 
continue to decrease, while the slope will tend to 
stabilize. Nonetheless, the change in the SWRC 
with increasing number of cycles will depend on the 
degree of saturation attained upon wetting, i.e., on the 
initial degree of saturation, taking into account pos-
sible changes in void ratio occurring during the wet-
ting process. In this way, if the degree of saturation 
at the end of wetting periods remains unchanged with 
increasing number of cycles, then no changes in the 
subsequent drying SWRCs will be expected.

The presented relationships (Figs. 7, 8) were fitted 
using six drying SWRCs on five samples compacted 
at different water content and density. However, the 
relationships between the degree of saturation and 
the yield point (Fig.  7c, d), and the yield point and 
the slope of the linear portion of the SWRC (Fig. 8) 
could possibly be established using a smaller data set. 
As observed in the previous sections, these relation-
ships are maintained with progressive drying–wetting 
cycling independently of the compaction conditions.

Moisture cycles lead to a continuous deterioration 
of the soil properties, in particular, these cycles lead 
to changes in the SWRC that result in soil strength 

reduction because of suction loss (Stirling et  al. 
2021). The proposed method will allow engineers and 
researchers to predict the evolution of the SWRC of 
a compacted clay without the need for an extensive 
experimental program. Using the proposed method, 
the SWRC of clay compacted at any condition and 
exposed to an unknown number of moisture cycles 
constrained within a limited range of suction values 
could be estimated. Predicting this ever-changing 
property has the potential to equip modellers with 
the ability to simulate earthworks exposed to climatic 
changes, accounting for the soil hydro-mechanical 
properties in the present and future.

8  Conclusions

In the present study, soil water retention curves 
(SWRCs) of compacted samples of high and very 
high plasticity London clay were investigated over 
10–16 cycles of drying and wetting between 1 and 
80 MPa. The experimental data obtained showed that 
SWRCs evolve with increasing number of cycles: 
the yield point (equivalent to the air-entry value) 
decreased and the linear portion of the SWRC became 
less steep. In this way, the suction values became 
lower with increasing number of moisture cycles for a 
given degree of saturation.

The change in the SWRCs depends on the soil con-
ditions at the beginning of each drying phase, repre-
sented by the initial degree of saturation, and on the 
plasticity of the clay. A relationship was established 
between the initial degree of saturation and the yield 
point of the SWRCs. A relationship between the yield 
point and the slope of the linear portion of the SWRC 
was also established. These two relationships can be 
used to predict the evolution of the SWRC because 
they are preserved with increasing number of dry-
ing–wetting cycles. They form the basis of a model 
capable of predicting drying SWRCs from any start-
ing condition. The SWRC model was tested by pro-
ducing estimations of the latest (> 10th ) drying phase 
obtained on the tested samples.

An initial bi-linear model established an upper 
boundary of the SWRC in which the prediction over-
laps the experimental data over the linear portion of 
the SWRC. Once the bi-linear model was defined, a 
van Genuchten model, constrained by the initial bi-
linear model, was used to predict the SWRC.
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Therefore, the presented results show that the dry-
ing SWRCs can be predicted based on the soil state 
(water content and void ratio combined into degree of 
saturation) at the start of each drying cycle, which can 
be useful in the modelling of old embankments for 
which the initial compaction conditions and previous 
number of wetting and drying cycles are not known. 
Furthermore, the present model allows the prediction 
of future changes in the SWRC with changing cli-
matic conditions without the need for further experi-
mental investigation. The findings and method pre-
sented in this work should facilitate the modelling of 
the suction changes in these old embankments, which 
are most vulnerable to failure in the case of extreme 
weather events.
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