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Abstract

It is well-recognised that stress can greatly affect the pore characteristics of unsaturated soil, such as pore size distribution
(PSD) and pore shape (PS). So far, the effects of PSD and PS on the drying and wetting water retention curve at different
stresses have not been well understood. To fill the knowledge gap, eight water retention tests were carried out to evaluate
the effects of PSD and PS on hysteretic water retention behaviour at different stresses. Soil specimens purposely prepared
at two compaction water contents and two initial void ratios were subjected to drying and wetting under two different net
stresses (0 and 50 kPa). Moreover, mercury intrusion porosimetry (MIP) and micro-X-ray computed tomography (u-XCT)
were used to quantify the microstructure of specimens. The results showed an important role of pore structure in the
hysteretic SDSWRCs. Compared to the specimens prepared on the dry side, specimens compacted on the wet side of the
optimum are highly aggregated, possessing a lower water retention ability but a higher degree of hysteresis. The higher
hysteresis observed in the highly aggregated specimens can be explained by the irregular-shaped pore characteristics
observed in p-XCT tests.

Keywords Unsaturated soil - Hysteresis - MIP - Pore size distribution - SDSWRC

1 Introduction

Due to daily and seasonal moisture changes, soil in the
field is subjected to drying and wetting cycles. The stress-
dependent soil water retention curve (SDSWRC) represents
the ability of soil to store and release water when subjected
to changes in soil suction and stress [38]. It is an important
parameter used in the study of many engineering geology
and geotechnical engineering problems, such as the
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modelling of unsaturated soil behaviour and the transient
seepage analysis [8, 9, 13, 20]. Some studies have been
carried out to reveal density effects [7, 17, 24, 62, 65],
stress effects [2, 36, 38, 42, 49], and pore structure effects
[7, 18, 53, 54] on the water retention behaviour of unsat-
urated soil.

The effects of void ratio and pore size distribution on the
water retention behaviour of unsaturated soils have been
well investigated [14-16, 23, 63]. These previous studies
mainly focused on water retention behaviour at zero stress.
Stress effects on void ratio, pore size distribution charac-
teristics, and subsequent hysteretic water retention beha-
viour of silty sand soils have rarely been reported.
Typically, stress effects on SWRCs are mostly related to
void ratio changes, while its effects on pore structure are
relegated to the background. Therefore, the influence of
pore size distribution (PSD) on the hysteretic water reten-
tion behaviour at different stresses is not well understood.
When unsaturated soil is subjected to drying and wetting
cycles under stress, the water retention behaviour is always
hysteretic [39, 47, 55]. This hydraulic hysteresis has also
significantly affected other aspects of unsaturated soil
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behaviour, like stress—strain behaviour. So far, many water
retention models [10, 25] have been developed to consider
hydraulic hysteresis. It has been generally reported that the
extent of hydraulic hysteresis depends on the difference in
contact angle during the wetting and drying processes, ink-
bottle effects associated with PSD and entrapped air during
wetting [34, 44]. Apart from the above-listed factors, pore-
shape characteristics may also affect the degree of
hydraulic hysteresis. Literature on the effects of particle
shape on the hydro-mechanical behaviour of soils [52, 61]
as well as the pore geometry on the drying water retention
behaviour [50, 57], shows precedence to explore the rela-
tionship between pore characteristics and the hydraulic
hysteresis. On the other hand, the previous studies of PSD
effects on hydraulic hysteresis were conducted under zero
stress. If stress effects are considered, the PSD changes
during the application of stress and suction, probably
affecting the hysteretic water retention behaviour. How-
ever, this possible relationship between pore evolution and
hysteresis behaviour during the drying and wetting of
unsaturated soils has not been explored. Therefore, the
effects of PSD and pore-shape characteristics on hydraulic
hysteresis at various stresses need further investigation.

The main objective of this study is to investigate stress
and pore structure effects on the hysteretic SWRC of
unsaturated silty sand soil specimens, with different initial
microstructures induced by different compaction water
contents and void ratios. Microstructural analysis was
carried out using mercury intrusion porosimetry (MIP) and
micro-X-ray computed tomography (i-XCT) techniques to
provide details into the pore structure of the compacted
specimens. As far as the authors are aware, this is the first
study of coupled effects of stress and initial microstructure
on hysteretic SWRC. The experimental evidence will
enable a better understanding of the hysteretic stress-de-
pendent SWRC.

2 Test material and specimen preparation

Completely decomposed granitic (CDG) soil was first
sieved through the 2 mm sieve to remove any particles
larger than 2 mm in diameter. Figure 1 shows the grain
size distribution (GSD) curves for the CDG soil with both
the dry sieving and wet sieving methods [39], obtained
following the procedures outlined in ASTM [4].

In addition, the physical properties of the soil are sum-
marised in Table 1. Based on the Unified Soil Classification
System (USCS) [3], the CDG is classified as a low plastic
silty sand (SM). From Ng and Peprah-Manu [39], this soil
shows aggregated behaviour due to its sesquioxide content,
which is verified by the difference between the dry and wet
sieve GSD curves in Fig. 1.
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Fig. 1 Grain size distribution curve of the CDG soil used in the study

Table 1 Physical and chemical properties of the test CDG

Index properties Value
Standard proctor compaction test

Maximum dry density, (g/cm’) 1.83
Optimum moisture content, (%) 13
Particle size distribution

Clay content (< 2 pum), (%) 10
Silt content (2 pm-63 pm), (%) 20
Sand content (63 pm-2 mm), (%) 70
Diop: mm 0.002
D3p: mm 0.063
Dgo: mm 0.75
Coefficient of uniformity (Dgo/D0) 375
Coefficient of curvature ((Ds30)*/(Dgo+D10)) 2.65
Specific gravity 2.6

Unified Soil Classification System (USCS) [3]

Chemical oxide composition

Silty sand (SM)

Iron II Oxide (Fe,03), (%) 2

Aluminium Oxide (Al,03), (%) 17
Silicon Oxide (Si0,), (%) 72
Sesquioxide (Fe,O3 + Al,O3) content, (%) 19

After Ng and Peprah-Manu [39]

Soil water retention tests were conducted on statically
compacted soils. The sieved CDG soil was first air-dried in
a temperature-controlled room for at least 48 h and mixed
with de-aired water to target gravimetric moisture contents
of 10 and 20%. The mixed soil was placed in plastic bags
for 24 h to ensure moisture equilibration before compact-
ing to the respective target densities equivalent to 80% or
95% relative compaction. Figure 2 shows the standard
Proctor compaction curve for the silty sand soil and the
initial states of the compacted test specimens. The
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Fig. 2 Standard Proctor compaction curve showing the initial states of
test specimens

maximum dry density (MDD) and optimum moisture
content (OMC) determined from the standard Proctor
compaction test are about 1.83 g/cm® and 13%,
respectively.

The figure shows the initial states of all test specimens
at two different void ratios and water contents. The as-
compacted state of C2N-D is close to the zero-air voids
curve, as shown in Fig. 2. This is because the strain control
method was used to compact the specimen. Compaction
was completed for each layer when a given amount of soil—
water mixture was compacted to the required height. The
recorded compaction stress was up to 1500 kPa. Such high
pressure resulted in a remarkably high degree of saturation
(close to 100%). The maximum dry density is determined
from the standard Proctor test, corresponding to the opti-
mum moisture content. The dry and wet sides of the
optimum mean water contents are lower and higher than
the OMC, respectively [1, 28, 29]. These two terms (i.e.
dry and wet sides) were originally used for dynamic
compaction, and they are adopted here to describe the
water content in static compaction. The relative com-
paction is the ratio of as-compacted dry density to the
MDD (MDD = 1.83 g/cm? for the test soil estimated from
Fig. 2).

The soil was statically compacted in three layers for
each specimen with dimensions of 70 mm in diameter and
20 mm in height using the under-compaction method [27].
Even though the specimens are only 20 mm in height, the
under-compaction method with three layers was used to
ensure uniform density distribution [36]. The surface of
each layer was slightly scarified before compacting the
next layer to ensure good continuity between layers and
specimen integrity [36, 39].

A comprehensive test program was designed to inves-
tigate the influence of pore structure (PSD and PS) on the
hysteretic water retention behaviour of the compacted
unsaturated soil. Two series of SDSWRC tests were con-
ducted on eight soil specimens. The first series of tests
consists of four specimens prepared to a target initial void
ratio of 0.79. This void ratio is equivalent to 80% relative
compaction (considered as the relatively looser state). 2
specimens each were compacted at the two compaction
water contents of 10% and 20%, which signify the dry and
wet side of the optimum moisture content, respectively, to
induce different pore structures [11, 24, 55]. Similarly, the
second series of tests consists of four compacted specimens
prepared to a target initial void ratio of 0.50, equivalent to
95% relative compaction (considered as a relatively denser
state), considering similar compaction water contents (10
and 20%). Within each series and at each water content,
one specimen is subjected to a drying and wetting cycle
under zero stress, while the other is subjected to a drying
and wetting cycle under 50 kPa stress. Table 2 summarises
the characteristics of the specimens at different test stages.
The specimen identity shown in the table incorporates the
state of a soil specimen before the SDSWRC test is com-
menced. As an illustration, specimen CINOL stands for
specimen compacted at 10% water content (C1) subjected
to the stress of zero (0) kPa (NO) and prepared to the rel-
atively looser (L) state.

3 Test apparatus and procedures

The SDSWRC at zero stress was measured using a stress-
controlled volumetric pressure plate apparatus [36], while
those at 50 kPa net stress were measured using a double-
cell triaxial apparatus with total volume change monitored
with a differential pressure transducer (DPT) [35]. Both
types of equipment are equipped with a five-bar (500 kPa)
ceramic disc. Drying/wetting in the suction range of
0.1-10 kPa is applied using the hanging column method,
while the axis translation technique [21] is used to control
matric suction above 10 kPa. The apparatus allows for
continuous measurement of the drying and wetting
SDSWRC. The pore air pressure gauge has a measurement
accuracy of 0.1 kPa. The tests were conducted in a tem-
perature and humidity-controlled room; therefore, the
influence of environmental temperature and humidity is
assumed to be insignificant for this study.

After the soil was statically compacted in an oedometer
ring, it was carefully placed in the test apparatus and sat-
urated using the methods of Vanapalli et al. [58] and Ng
et al. [35]. The achieved degree of saturation Sr was greater
than 99.5% for all the specimens evaluated, accompanied
by insignificant collapse. After saturation, a drying path
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Table 2 Summary of the specimen details

Test Specimen  Applied net Compacted state After saturation and After a drying-wetting cycle
number ID stress consolidation
Water  Void Degree of Void Degree of Void Final degree of
content ratio saturation ratio saturation ratio saturation
N (kPa) w (%) eu Sty (%) e Srey (%) e St (%)
1 CINOL 0 1055 0.792 343 0.788 99.7 0.785 88.0
2 C2NOL 0 20.68  0.790 67.5 0.790 99.5 0.785 81.3
3 CIN50L 50 10.10  0.778 33.8 0.645 100.0 0.616 91.2
4 C2N50L 50 2043 0.790 67.4 0.652 100.0 0.606 87.1
5 CINOD 0 1022 0.501 53.0 0.496 99.8 0.483 93.9
6 C2NOD 0 19.88  0.500 100.0 0.500 100.0 0.489 91.3
7 CINSOD 50 10.50  0.500 54.2 0.494 99.9 0.480 97.1
8 C2N50D 50 18.84  0.493 99.4 0.470 99.8 0.466 94.2

was initiated through stepwise increments of suction from
0.1 to 400 kPa, followed by a wetting path through step-
wise reductions in suction from 400 to 0.1 kPa. Suction
was considered to be equalised when the water inflow-
outflow rate to the soil specimen was less than or equal to
100 mm*/day (the estimated accuracy of the measuring
system is in the order of 50 mm?®), and the axial defor-
mation was less than 0.002 mm/day (dial gauge has a
0.001 mm accuracy). More details are summarised in
Table 2.

This study focuses on the hysteretic water retention
behaviour in a low suction range (< 400 kPa) only because
the eight drying-wetting tests are already very time-con-
suming (about three months for each one). The results are
relevant to many engineering problems, such as the
deformation and stability analysis of various earth struc-
tures (e.g. slopes, embankments, earth dams, cuttings,
foundations and retaining walls) subjected to rainfall. The
data at higher suctions (> 400 kPa) could be useful for
revealing some aspects of water retention behaviour,
including the bimodal characteristics and residual condi-
tion. However, it has fewer engineering applications as
compared to the results in the low suction range.

The specimen water volume and total volume changes
were recorded during the tests. After the SDSWRC tests,
the diameter of each specimen was measured and any gaps
between the specimen and the steel oedometer ring were
checked. No gaps were observed in this study, implying
negligible radial strain during the tests. The volumetric
water content and degrees of saturation were calculated
from the measured soil volume change and water content
changes at each suction stage. For the detailed testing
procedures using the two apparatuses, please refer to Ng
et al. [36] and Ng et al. [35].

The specimens used for the MIP and p-XCT tests were
prepared according to previous researchers [11, 40]. For the
MIP tests, specimens with an approximate volume of
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107°m® were carefully trimmed from the compacted
specimens and then submerged into liquid nitrogen. The
frozen specimens were placed into a freeze-drying chamber
for 72 h for drying completion. The freeze-drying tech-
nique was selected because it preserves the original struc-
ture of the specimens. MIP was done using the AutoPore
IV 9500 MIP equipment from Micrometrics Inc to evaluate
the PSD.

It has been widely reported that MIP has several limi-
tations [48], including the inability to identify pores greater
than 200 pm and to reveal the PS characteristics. p-XCT
tests were thus conducted in this study using the Micro
XCT-400 equipment (XRadia Inc. Pleasanton, CA, USA).
For the p-XCT tests, cylindrical compacted specimens with
a diameter of 20 mm and a height of 20 mm were prepared
using similar compaction methods for the SWRC tests.
Based on the scanned sample details of the representative
elementary volume (15 mm in diameter and 15 mm in
height), each voxel represents a physical volume of
158 x 15.8 x 15.8 um3. To characterise soil pores, two-
dimensional (2D) slices were further visualised and anal-
ysed through segmentation processing and three-dimen-
sional (3D) reconstruction of the selected elements. From
the binarised images from segmentation, the PSD charac-
teristics were determined through mathematical morphol-
ogy reported in the literature [6, 22].

4 Interpretations of experimental results

Comparisons are made between specimens based on their
water retention and volumetric behaviour considering dif-
ferent compaction water content, initial void ratio and
applied stress. The hysteretic soil behaviour is also
explored and discussed. The results are later explained
based on microstructural observations and evidence from
the MIP and p-XCT tests.
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Fig. 3 Soil specimen preparation a after mixing with de-aired water
and b after static compaction to the target void ratio (e, = 0.79) (After
Ng and Peprah-Manu [39])

4.1 Influence of compaction water content
on soil structure

Figure 3a, where the data is from Ng and Peprah-Manu
[39], shows the initial state of soil after mixing with de-
aired water. Soil aggregation is more significant in C2NOL,
showing larger clay-silt, silt-sand, or clay-sand aggregated
particles than in CINOL. This is due to the higher water
availability in the C2NOL specimen used by soil particles
to form the aggregates.

Figure 3b shows the compaction specimens after static
compaction to a target initial void ratio of 0.79 after it was
carefully removed from the compaction mould. The fig-
ure illustrates that CINOL have a different structure from
C2NOL, with C2NOL showing large pores that can be seen
visually (macroscopic pores), as compared to CINOL. This
difference in visual macrostructure indicates that the pore
structure of the specimens prepared could be significantly
different, which may subsequently influence their hys-
teretic water retention behaviour. This difference in com-
pacted state pore structure results from the difference in the
sizes and quantity of aggregated soil particles (Fig. 3a).
The specimens prepared at 10% water content show a
higher volume of aggregates with smaller aggregate sizes,
whiles those prepared at 20% water content show a lower
volume of aggregates with larger aggregate sizes.

In the remainder of the text and with consideration from
the sizes of the aggregates formed during specimen
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Fig. 4 Measured water retention curves in terms of a volumetric
water content, b degree of saturation, and ¢ variation of void ratio,
against matric suction at zero stress

preparation, the specimen prepared with 10% water content
(CINOL) will be denoted as the less aggregated soil, whiles
the specimen prepared at 20% water content (C2NOL) will
be denoted as the highly aggregated specimen. Their
influence on the hysteretic SDSWRC is discussed in later
sections.

4.2 Water retention and volumetric behaviour
at zero stress

Figure 4a shows the measured SDSWRC in terms of the
volumetric water content against suction, whiles Fig. 4b
shows the SDSWRC in terms of the degree of saturation
against suction. These two figures show similarities and
differences between the SDSWRC for the two specimens.
The results are compared between specimens prepared to
the looser state (e = 0.79) and denser states (e = 0.50)
subjected to zero stress conditions (Test numbers 1, 2 and
5, 6 on Table 2).

For the loosely compacted specimens (e = 0.79),
CINOL retain more water along the drying path within the
suction ranges of 0.1 kPa to about 25 kPa, compared to

@ Springer



6494

Acta Geotechnica (2023) 18:6489-6504

C2NOL. This contradicts the results reported by other
researchers [43, 59] who reported a higher water retention
behaviour for the specimens compacted on the wet side.
This contradiction may be due to the low initial compacted
density and the difference in compaction-induced pore
structure shown in Fig. 3b due to aggregation as a result of
the initial compaction water content. At a given void ratio,
C2 has more large-sized pores than the CI1 specimen.
Therefore, it has a lower water retention ability within the
low suction range. As shown in Fig. 4b, the measured
drying SDSWRCs of CINOL and C2NOL show little dif-
ferences in the suction range of 25400 kPa. According to
the Young-Laplace equation, the applied suctions in this
range correspond to pore sizes between 11.5 and 0.72 pum
on the assumption of zero contact angle. Indeed, the
CINOL and C2NOL specimens have distinct pore size
distributions within this pore size range. The seeming
discrepancy at the micro and macro scales related to high
and low suctions, respectively, has also been observed for
sandy clay till specimens [59], low plastic silt soil [43], and
clayey silt [17]. The discrepancy is likely attributed to the
fact that the pore structure of unsaturated soil is compli-
cated. The retention ability is affected by not only the pore
size density function but also other factors such as pore
connectivity and pore shapes. However, the differences in
SDSWRC at low suctions may be due to differences in the
aggregation rate (size and the number of inter-aggregate
pores).

The air entry value (AEV) is estimated by extending a
line from the constant slope portion of the drying curve
(transition zone) until it touches the line from the saturated
state along the curve [34, 37]. The suction value at the
intersection of the two tangents is recorded. The AEV for
CINOL is 1.5 kPa which is similar to C2NOL (1 kPa). Even
though there seems to be a slight difference in AEV, such a
difference is small and insignificant. The figure also shows
that C2NOL shows a lower water retention ability during
wetting. Due to the different types, sizes and shapes of
pores within C2NOL, the ink-bottle effect may be more
dominant in C2NOL, resulting in the lower water retention
behaviour observed during wetting, as compared to
CINOL. Tuller et al. [57] showed that when angular pores
are drained, a fraction of the wetting phase remains in the
pore corners. During wetting, such corners may also trap
some air resulting in more trapped air content and higher
hysteresis. Therefore, the pore shapes of C2NOL may be
more irregular or angular than CINOL. This will be further
elaborated on in the microstructure section. It should also
be noted that this difference in wetting water retention
characteristics between the two test specimens considering
different pore structures at similar void ratios and stress
(CINOL and C2NOL) will be more significant for seepage
analysis in natural slopes subjected to rainfall infiltrations.

@ Springer

Future work should be explored where the effects of PSD
and pore shape characteristics on SDSWRC are used in a
seepage and slope stability analysis to assess the signifi-
cance of such differences on the factor of safety of natural
slopes subjected to rainfall infiltrations.

From Fig. 4a, b, when the density is increased (void
ratio = 0.50), the equilibrium water content at 400 kPa
suction for CINOD is 5% more as compared to the speci-
men compacted on the wet side (C2NOD) even though they
were prepared to a similar void ratio. Their AEV, however,
is very similar and estimated to be around 2 kPa. In addi-
tion, the wetting SDSWRC is much lower than the drying
SDSWRC for C2NOD, resulting in a much higher marked
hysteresis, which could be due to the consistent irregular/
angular-shaped pores that were found within this specimen.
Lu and Khorshidi [31] defined a variable Dy, to describe the
degree of hysteresis as follows:

Wdi — Wwj

Dhi = (1)

Wi

where wg; and wy,; are the equilibrium water contents at
suction value i during the drying and wetting processes,
respectively; wy; is the average value. This definition is
used to analyse the measured SWRCs. The degree of
hysteresis for CINOD is lower than the degree of hysteresis
observed for C2NOD, which corresponds to the trend of the
hysteresis results previously reported for the specimens at
higher void ratio (CINOL and C2NOL). The degree of
hysteresis Dy, defined in Eq. (1) is affected by not only the
difference between wg; and wy;, but also their average
value wp;. In the current study, different specimens have
very close wy,; values at a given suction, so the Dy, value is
mainly controlled by wg — wy;. Therefore, Dy, is suit-
able for studying the hysteresis differences among speci-
mens. It should be noted that apart from Dy, different
variables have been proposed to quantify the hydraulic
hysteresis, such as the hysteresis loop size [36] and the
hysteresis index [33]. Similar conclusions can be obtained
if another variable is adopted.

Comparing the specimens prepared at similar water
contents but different densities (Looser state (CINOL and
C2NOL) and denser state (CINOD and C2NOD)), the fol-
lowing is observed; the water retention curve shifts
upwards, suggesting a higher water retention behaviour
with increasing density (reduction in void ratio). This
behaviour is more dominant in Fig. 4b since the degree of
saturation incorporates the coupled changes in pore water
and pore volume characteristics. In addition, the AEV also
increases slightly from 1 to 2 kPa with increasing density
for specimens prepared with 20% moisture content, with no
significant changes in AEV for specimens prepared at 10%
water content. The phenomenon of increasing AEV and
water retention ability with a reduction in the average void
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Table 3 Summary of measured stress-dependent SWRC parameters

Test number Specimen ID AEV Desorption rate (107) Adsorption rate Average degree Trapped air content (%)
(1073 of hysteresis (Avg. Dh)
(kPa)  (logkPa™")
1 CINOL 1.5 107 20 0.092 12.0
2 C2NOL 1.0 104 20 0.176 18.7
3 CIN50L 2.0 17 10 0.099 8.8
4 C2N50L 1.8 18 7 0.150 12.9
5 CINOD 2.0 21 17 0.052 6.1
6 C2NOD 2.1 21 12 0.085 8.7
7 CIN50D 2.5 11 7 0.076 29
8 C2N50D 2.0 12 2 0.091 5.8

Trapped air content is equivalent to the percentage of occluded air bubbles, after a drying and wetting cycle

ratio has been reported in the literature
[23, 35, 37, 43, 51, 59]. When the void ratio is decreased
from 0.79 to 0.50, the equilibrium degree of saturation at a
suction of 400 kPa increases by 22 and 27% for the spec-
imens compacted on the wet and dry sides of optimum,
respectively. The effects of the pore structure on the
SDSWRC are consistent at different densities, with a
generally lower water retention behaviour when compacted
on the wet side as compared to when it is compacted on the
dry side. More details of the measured and calculated
SDSWRC parameters are summarised in Table 3.

Even though the difference in water retention behaviour
may not be very significant in terms of magnitude, the
observation from these results may contradict and chal-
lenge the conventional understanding that soils compacted
on the wet side of the optimum should have higher AEV
than those compacted on the dry side of the optimum. This
contradiction from what is generally reported in other lit-
erature would be further explained from MIP and p-XCT
results in the microstructure section (see Figs. 8, 9, and
10), which verifies that C2NOL has a multi-modal PSD
with a significantly larger macropore volume fraction than
CINOL. The differences in the water retention behaviour
confirm that SDSWRC is not only influenced by the overall
dry density or void ratio but also by the PSD and PS
characteristics.

Figure 4c shows the volumetric behaviour of the spec-
imens during drying and wetting under zero (0 kPa) stress
conditions. The figure shows insignificant changes in the
void ratio for both states (looser or denser) during drying
and wetting, indicating that the compaction-induced dif-
ferences in PSD and PS characteristics may have been
maintained and largely preserved during the SDSWRC test.
The volumetric strain calculated was less than 1% for the
specimens under zero-stress conditions. Similar volumetric
behaviour results were reported for CDG under zero-stress
conditions when subjected to drying and wetting by Tse

[56]. The insignificant changes in void ratio also indicate
that the differences in the SDSWRC results shown in
Fig. 4a, b for each compacted density state could be mostly
attributed to the differences in the initial pore structure of
the compacted specimens. The pore structure can then be
said to control the desorption rate (slope of the drying
SWRC at the inflexion point) and adsorption rate (slope of
wetting SWRC at the inflexion point) characteristics as
well as the degree of hysteresis. For the loose specimens,
the application of 50 kPa net stress at the saturated state
reduces the void ratio from 0.77 to 0.65, as shown in
Fig. 5c. This result suggests that the pre-consolidation
pressure at the saturated condition is below 50 kPa. On the
other hand, when the loose specimens are subjected to
suction increase (drying) at zero net stress, the changes in
the void ratio are consistently below 0.01 (see Fig. 4c). The
negligible volume change suggests that the drying does not
cause yielding when the soil is loose, although the average
skeleton stress has exceeded 50 kPa during drying. This is
mainly because unsaturated soil’s hydraulic and mechani-
cal behaviour are coupled [5, 15, 45]. As suction increases,
the number of water meniscus increases. The pre-consoli-
dation pressure increases from drying (suction increase)
due to the stabilization effects of meniscus water
[19, 36, 41, 60, 64], preventing subsequent yielding of the
soil. For the specimens initially subjected to 50 kPa net
stress at saturated conditions before drying, the suction
increase causes some degree of yielding due to the coupled
effects of the mechanical stress and the suction stress
increase. Some previous studies (i.e. [5, 15, 45] suggest
that the drying and loading-induced volume change is
affected by soil structures. As found in this study, the
specimens compacted at different moisture contents to
similar void ratios exhibit different initial pore structures
and therefore exhibit different observed unsaturated beha-
viour under the coupled effects of stress and suction.
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Fig. 5 Stress-dependent water retention curves in terms of a volu-
metric water content, b degree of saturation, and ¢ variation of void
ratio, against matric suction at e, = 0.79

4.3 Coupled effects of stress and initial void
ratio on the SDSWRC

Figure 5a, b show the measured SDSWRC results reported
for the loosely compacted specimens with a target initial
void ratio of 0.79, whiles Fig. 5c shows the corresponding
volumetric behaviour. From these two figures, the water
retention ability generally increases when the stress is
increased to 50 kPa. The results show that at the end of the
drying path (i.e., 400 kPa suction), the specimen com-
pacted on the dry side and subjected to 50 kPa stress
(CINSOL) shows about a 15% increase in the equilibrium
degree of saturation, as compared to the specimen com-
pacted on the dry side but subjected to zero stress (C1NOL).
On the other hand, the specimen compacted on the wet side
shows only a 10% increase in the equilibrium degree of
saturation (< 15%) after the drying path is complete. Even
though the increase in water retention behaviour with
increasing stress is in agreement with data reported by
other researchers [35, 37, 56, 59, 63], the difference in the
increase (10 and 15%) between the dry and wet side
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compacted soil could be due to the difference in the initial
pore structure (PSD and PS) and its evolution under stress
and hydraulic loading. This hypothesis is also majorly
reinforced by their similar volumetric characteristics dur-
ing drying and wetting (see Fig. 5c¢). The increase in water
retention behaviour due to stress could be due to the
reduction in the global void ratio and macropore volume
reduction. As the void space is reduced, it is evident that
higher suction is needed to drain water from such smaller
voids, as such resulting in a higher water retention ability.
As reported by other researchers, the AEV also increases
with stress, which is consistent with the phenomenon of a
reduction in void ratio and pore size. Furthermore, the
degree of hysteresis also reduces with increasing stress,
which will be further discussed in later sections. Similar
results of reducing hysteresis with stress increase are also
reported for a CDG soil studied by Tse [56] when subjected
to stresses between 0 and 80 kPa.

Figure 6a, b show the measured SDSWRC results for
the specimens compacted to a void ratio of 0.50, whiles
Fig. 6¢c shows the corresponding volumetric behaviour
experienced. The water retention ability within suction
values from 0.1 to 25 kPa tends to increase with the
application of 50 kPa stress for both specimen states
(CINS0D and C2N50D). However, after suction values
greater than 25 kPa, the water retention ability tends to
reduce and is lower than the zero-stress SDSWRC curve.
The contradictory behaviour of an increase in water
retention behaviour at suction values < 25 kPa with a
subsequent decrease in water retention behaviour at suction
values > 25 kPa is more significant for the specimen pre-
pared on the wet side of the optimum moisture content.
When 50 kPa stress is applied, the reduction in the void
ratio is not significant (see Fig. 6¢). As such, the SWRC
behaviour observed may be due to a modification of the
pore structure from deformation and re-arrangement of
aggregates during hydraulic loading, where the deforma-
tion of the aggregates causes a reduction in the macro-pore
sizes equivalent to suctions below 25 kPa and account for
the increase in water retention ability upon stress applica-
tion. A subsequent increase in micropore volume, unifor-
mity and connectivity for pores equivalent to suctions
greater than 25 kPa result in a reduction in the water
retention ability. Similar results of increasing stress
resulting in lower water retention behaviour have also been
reported by Ng et al. [36]. Koliji et al. [26] also reported
that the evolution of PSD is mostly associated with uniform
porosity, especially during wetting. The AEV of the
specimen compacted on the dry side of the optimum
(CINOD and CIN50D) seems to increase slightly with
stress, whiles the AEV of the specimen compacted wet of
the optimum (C2NOD and C2N50D) shows no significant
changes.
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Fig. 6 Stress-dependent water retention curves in terms of a volu-
metric water content, b degree of saturation, and ¢ variation of void
ratio, against matric suction at e, = 0.50

As illustrated in the Introduction section, stress affects
not only the void ratio but also pore size distribution. Stress
and density effects on SWRC are closely related but not
equivalent. This is supported by the new data presented in
Figs. 5a and 6a, which discuss the effects of stress and pore
structure on the volumetric water content changes with
suction. Figure 5a shows the influence of stress on the
relationship between volumetric water content and suction
at an initial void ratio of 0.79. When the stress increases
from O to 50 kPa, there is a significant reduction in the void
ratio (about 0.13) and thus a decrease in the saturated
volumetric water content. At suctions below 25 kPa, the
volumetric water content at 50 kPa stress is consistently
lower than that at zero stress. On the contrary, when the
suction is larger than 25 kPa, the volumetric water content
at 50 kPa stress becomes higher. With an increase in stress,
the desorption rate becomes smaller because of a reduction
in macropores. Figure 6a shows the influence of stress on
the SWRC of denser specimens, which have an initial void
ratio of 0.50. When the stress increases from 0 to 50 kPa,
the reduction in the void ratio is only about 0.03, which

does not change the initial volumetric water content sig-
nificantly. During drying, changes in the void ratio subse-
quently cause the water retention to increase in suction
values less than 25 kPa). With a reduction in the void ratio
due to stress, there is an accompanying increase in the
uniformity (volume) of smaller pores from the collapse of
macropores. This also results in high drainage ability and a
lower water retention behaviour at suctions greater than
25 kPa compared to the specimen under no stress state
condition (see Fig. 6a). As reported by Mesri and Vard-
hanabhuti [32], applying stress could also cause particle
rearrangement and consequently reduce the average pore
size. However, the particle arrangement accompanied by
the pore evolution could thus be the most likely mechanism
controlling the features of the water retention behaviour of
CDG soil used in this study under the stress range con-
sidered, independent of the state or side of the optimum
moisture content at which the specimen is prepared. On the
other hand, the AEV values fall in the range of
1.0-2.5 kPa, which is reasonable for silty sand soil. For a
similar CDG soil used by Tse [56], the soil was prepared at
the OMC, and the unaggregated soil particles and macro-
pores related to the AEV were not deformed or unchanged
under the stress levels considered (0-80 kPa), resulting in
no significant changes in the AEV. This was because the
stress level considered in their study was smaller than the
pre-consolidation stress value estimated for their soil.
However, due to the reduction in the average void ratio,
which resulted from the reduction in intra-aggregate pores
(micropores), there was an increase in water retention
ability with stress. A summary of parameters estimated
from the SDSWRC curves in Figs. 5 and 6 is reported in
Table 3.

4.4 Variation of the degree of hysteresis

Soil experiences hydraulic hysteresis when it undergoes
cycles of hydraulic loading and unloading. The degree of
hysteresis (Dy,) defined in literature by Lu and Khorshidi
[31] given in Eq. (1) was used. The effects of pore struc-
ture on hysteresis at different densities and stress condi-
tions are reported in this section. The difference between
the drying and wetting paths is mainly attributed to
occluded air bubbles due to ink bottle pore effects in soil
specimens after the drying-wetting cycle and the contact
angle.

Figure 7 shows the estimated degree of hysteresis for
looser specimens (Fig. 7a) and denser specimens (Fig. 7b).
There is an increasing trend in hysteretic behaviour up to a
peak value, usually around the AEV, after which the hys-
teresis reduces. Previous literature has also reported this
[36, 40]. Considering the specimens that are compacted to
a looser state (Fig. 7a), the degree of hysteresis is generally
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highest for the specimen compacted on the wet side at zero-
stress conditions (C2NOL). The differences in the degree of
hysteresis between these results (CINOL and C2NOL)
could result from non-uniform irregular-shaped pores and
throats, with the specimen compacted on the wet side of
optimum-C2NOL having more irregular pore shapes. This
will be further elaborated on in the microstructural inves-
tigation section. Specimen C2NOL also shows a significant
dual peak hysteresis with the second peak hysteresis around
the suction value of 200 kPa. This dual peak hysteresis is
suspected to represent a bimodal SDSWRC due to the
bimodal porosity of the specimen, which could have been
explored if the SDSWRC had been evaluated at much
higher suction values greater than 400 kPa. This dual peak
hysteresis is also novel and not reported in previous liter-
ature. The shaded regions on the figure correspond to
equivalent pore sizes that may have caused the second peak
hysteresis, which is later validated in the microstructural
investigation section (See Fig. 8a).

From Fig. 7a, an increase in stress causes a reduction in
the degree of hysteresis, which is consistent for all speci-
mens. The first peak hysteresis value reduces with stress,
and the corresponding suction at peak hysteresis also
increases with stress. With the first peak hysteresis value
corresponding to the AEV, it reinforces the submission
made by Miguel and Vilar [33] that peak hydraulic
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hysteresis behaviour is mostly related to inter-aggregate
pores. Through such submission, the application of stress
reduces the macropore volume and causes the degree of
hysteresis to reduce. The phenomenon of decreasing degree
of hysteresis with stress has also been reported by Tse [56]
for CDG and Ng and Pang [37] for completely decomposed
volcanic (CDV) soil. The figure also shows a significant
reduction of the second peak hysteresis with stress for
specimens compacted on the wet side. When stress is
applied, the reduction in pore sizes and the associated re-
arrangement and uniformity of pores causes the pores to
approach more regular shapes, which results in a lower
degree of hysteresis. The trend of the degree of hysteresis
in Fig. 7a can also be explained by the relative contribution
of the capillary and absorption water phenomenon. In a
capillary fringe regime where suction is below the AEV,
the soil is saturated, and water is under tension by capillary
forces [30]. In a funicular regime between the AEV and
residual suction, the water phase is continuous and negative
water pressure is typically induced by capillary tension
[46], which will be affected by pore sizes and shapes.
Although rearrangement and compression of inter-
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aggregate pores occurred, the relatively rigid soil particle
aggregates caused higher capillarity to be maintained.
Accordingly, higher adsorption is observed since capillary
rise increases with decreasing average pore size. This is the
reason for the similarities in the hysteresis behaviour at
suction values between 25 and 400 kPa independent of the
stress state. However, the peak hysteresis between suction
values of 25-400 kPa for C2NOL seems to result primarily
from the multimodal porosity due to its high aggregation
(much larger aggregate sizes accompanied with more
irregular/angular shaped pores).

Figure 7b shows the degree of hysteresis for the speci-
mens compacted to a denser state (e = 0.50) and subjected
to stresses of 0 kPa and 50 kPa. At zero stress, the degree
of hysteresis for the specimen compacted on the wet side
(C2NOD) is still generally higher as compared to the
specimen on the dry side (CINOD). The suction value at
the peak hysteresis is within the low suction range, as
previously discussed in Fig. 7a and equivalent to the esti-
mated AEV (2-2.3 kPa) from the SDSWRC curves (shown
in Fig. 4). However, when 50 kPa stress is applied, there
seems to be an increase in the hysteretic behaviour com-
pared to the zero-stress state conditions, especially within
the suction ranges < 25 kPa. This behaviour was consis-
tent for both dry and wet sides compacted specimens.
However, at suctions greater than 25 kPa, the changes in
hysteresis with stress are insignificant. The increase in
hysteresis behaviour at low suctions with stress increase
could be due to modification of pore structure during
hydraulic loading. The hydraulic modifications during
drying, accompanied by mechanical modifications from the
stress, resulted in the deformation of the inter-aggregate
pores at a relatively constant volume. The deformation of
the inter-aggregate pores under stress during drying may
have also resulted in pore and particle arrangements, which
could have further resulted in more irregular/angular-
shaped pores than in the zero stress states, causing an
increase in the degree of hysteresis.

It is important to note that the discussed hysteretic
behaviour of the studied soil so far depends on three major
intertwined factors: stress, density and pore structure.
Different initial pore structures may induce either a dual
peak hysteresis or a single peak hysteresis at low density.
At low density, stress causes a reduction in the degree of
hysteresis, while at high density, stress seems to show a
tendency to increase the degree of hysteresis. To quantify
the effects of pore structure on hysteresis due to the
changing void ratio (or stress), the average degree of hys-
teresis (Avg. Dh) defined by Lu and Khorshidi [31] was
calculated and compared. The calculated values obtained
are shown in Table 3. At the end of the SDSWRC tests, the
wetting curves for all test specimens return to positions
lower than the initial saturated conditions before drying.

The relative positions of the wetting and drying curves at
the end of the test constitute the occluded (entrapped) air
bubbles content. The entrapped air content (also known as
the air void %) was taken as the difference between the
degree of saturation at 0.1 kPa suction before drying
(99.5% and above) and the degree of saturation at the end
of the wetting path. The entrapped air content results are
also summarised in Table 3. With smaller pores, the effect
of capillary rise is enhanced, preventing air trapping.
Increasing the density (reducing the void ratio) causes a
reduction in the volume of trapped air.

5 Microstructural investigation
5.1 Mercury intrusion porosimetry (MIP)

Figure 8a shows the incremental pore volume obtained by
differentiating the cumulative intrusion volume curve in
Fig. 8b (i.e. AV /A(log d), where d is the entrance pore
diameter). From the figure, an entrance pore diameter of
4 pm is selected as the delimiting pore size to differentiate
between macropores (pores with diameters > 4 pm) and
micropores (pores with diameters < 4 um). The fig-
ure shows that CINOL is characterised by a typical bimodal
PSD curve, with two major peak modal pore sizes at
0.46 pm (for micropores) and 37.2 um (for macropores).
However, it also shows another peak diameter at 100 pm.
C2NOL is also characterised by a bimodal PSD, with two
modal pore diameters at 0.72 pm (for micropores) and
126.5 pm (for macropores), respectively. Due to the limi-
tations of MIP, pores > 200 um that were visually
observed in the C2NOL specimen (Fig. 3) could not be
identified in the MIP results.

The difference in peak pore diameters for CINOL and
C2NOL, especially in the macropore region, is also a result
of the different compaction moisture content and the rate of
aggregation experienced during the soil mixing, as dis-
cussed previously. At 20% water content, larger aggregates
are formed, resulting in significantly larger inter-aggregate
pores during compaction compared to CINOL. Since larger
aggregates are formed in C2NOL, it is imperative to
hypothesise that there will be more intra-aggregate pores
which may subsequently be the reason for the more uni-
form micropore behaviour observed from the MIP results.
The peak micropore diameter, 0.72 um for C2NOL, is
equivalent to a suction of 400 kPa suction according to the
Young Laplace equation. Therefore, more water should be
drained out of these pores, accounting for a much lower
water retention behaviour at high suctions and the second
peak hysteresis observed in Fig. 7a, as shown by the sim-
ilar shaded regions. The peak volumes of the specimens
corresponding to their modal diameters are significantly
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different for both the micropore and macropore ranges. The
two modal diameters for CINOL correspond to pore vol-
umes of 0.016 and 0.011 cm®/g for the micropore and
macropore ranges, respectively. C2NOL had a higher pore
volume of 0.033 cm®/g (100% higher than CINOL) in the
micropore region and a modal pore volume of 0.003 cm?/g
(70% lower than CINOL) in the macropore region.

To properly compare the volume of pores corresponding
to the macropore volume and the micropore volumes (with
a delimiting pore diameter of 4 um), the cumulative pore
volumes of the specimens were also measured. Figure 8b
shows the cumulative pore volume measured for each test
specimen. The y-axis represents the cumulative pore vol-
ume in cm?/g, while the equivalent entrance pore diameter
was represented by the x-axis. It should also be noted that
in the MIP test, the range of detectable pore sizes was from
0.007 to 200 pm. The pore volumes were summed up from
the larger pore diameters (lower pressure) to the lower pore
diameters (higher pressure). Even though the cumulative
pore volume was very similar for the specimens, the
characteristics of the curves showed many significant dif-
ferences due to different pore volumes previously dis-
cussed in Fig. 8a. The total detected void ratio from MIP
was estimated from the cumulative intrusion pore volume
as a percentage of the global void ratio (0.79). The esti-
mated MIP void ratio was 57% (0.45) and 56% (0.44) of
the global void ratio for CINOL and C2NOL, respectively.
This detected void ratio shows that the undetected pore
volume accounts for 43—44% of the total void ratio. These
undetected pores are hypothesised to include closed pores,
un-intruded pores, pores smaller than 0.007 pm and pore
sizes larger than 200 um that the MIP technique could not
determine. PSD from the MIP results alone may not be
enough to fully describe the SDSWRC of the compacted
silty soil used in the study. A summary of the percentages
of void ratio and undetected porosity obtained from MIP
alone is shown in Table 4 (Columns 2 and 3). With 4 pm as
the delimiting pore volume, the macropore void ratio was
also estimated as 0.222 and 0.078 for CINOL and C2NOL,
respectively. The estimated micropore void ratio was 0.229
and 0.361 for CINOL and C2NOL, respectively.

Table 4 Porosities measured from MIP and p-XCT tests

From the MIP results, it is expected that the water
retention behaviour of the specimens prepared on the dry
side of optimum water content (CINOL) should show a
lower water retention ability at low suction, whiles the
specimen prepared at 20% water content and on the wet
side of optimum (C2NOL) show a lower water retention
ability at high suction. However, the results show the
opposite behaviour, with the specimen prepared on the wet
side consistently showing lower water retention ability.
The MIP results could not explain this due to the high
quantity of undetected porosity, which could be attributed
to much larger pores than the ones obtained by MIP. This
also reinforces the previous notion that the SWRC is not
only affected by the pore sizes and volumes but also by the
connectivity and shapes of the pores. Therefore, to fully
characterise the PSD, micro-X-ray computed tomography
(L-XCT) was used to determine larger pores and show
qualitative insights into pore shape characteristics.

5.2 Micro-X-ray computed tomography (p-XCT)

Figure 9 shows the 2-dimensional (2D) cross-section
scanned images, the 2D binarised image of the pores (in
blue colour) and a 3D representation of the stack of slices
after reconstruction for CINOL and C2NOL. A significant
difference in macropore structure can be qualitatively
observed for the two specimens in this figure, which can be
associated with the influence of compaction water content
on the initial pore structure. Figure 9a—c show the 2D
grayscale image, a 2D binarised image of the pores and a
3D reconstruction for CINOL. The particle and pore
arrangements show that pores in CINOL are a mix of
various sizes of inter-aggregate and intra-aggregate pores.
The typical grain packing of soils compacted on the dry
side of optimum moisture conditions can be seen in the 3D-
rendered volume. The clear sight of the individual sand
grains could be because there was less aggregation (smaller
aggregate sizes). Figure 9d—f show the 2D grayscale
image, a 2D binarised image of the pores and a 3D
reconstruction of the specimen for specimen C2NOL.
C2NOL has pores that are larger than those identified for

Description MIP p-XCT MIP 4 p-XCT
Specimen name (0.007-200 pm) (15-2500 pm)

CINOL C2NOL CINOL C2NOL CINOL C2NOL
Cumulative pore volume (cm’/g) 0.173 0.169 0.056 0.093 0.229 0.262
Void ratio, e4 0.451 0.439 0.145 0.241 0.596 0.680
Percentage of global void ratio 57 56 18 31 76 86
Detected porosity (%), n 31 30 13 19 37 40
Undetected pore volume (%), ey, 43 44 82 69 24 14
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Fig. 9 p-XCT results: 2D cross-section (a, d), binarized image of
pores (blue) and solids (black) (b, e), and 3D representation of the
whole stack of reconstructed slices (c, f) for; (a—¢) CINOL and (d—
f) C2NOL. The reconstructed stacks are composed of 1013 horizontal
slices representing a cylinder of 15 (& 0.1) mm in diameter and 15
(£ 0.2) mm in height (color figure online)

CINOL. The specimen does not easily show the individual
sand grains in the 3D rendered figure (see Fig. 9f). The
initially highly hydrated aggregates do not show the indi-
vidual soil particles. The p-XCT figure shown in Fig. 9f is
quite interesting, and the interpretation related to the ini-
tially hydrated fine particles having a predominant role in
aggregation is compatible with some findings in previous
literature [11].

In Fig. 9e, the pores in C2NOL are much larger than
those in CINOL but also more irregularly shaped. This PS
irregularity might be the reason for the consistently higher
hysteresis reported in previous sections, which will be
further elaborated on in later sections. Based on this p-XCT
image data obtained for the two specimens, the PSD for
most of the visible pores in the matrix larger than 15 pum
was estimated. The cumulative pore volumes estimated
from p-XCT were 0.056 and 0.093 cm3/g, indicative of 18

Pore diameter (um)

Fig. 10 Superimposed cumulative pore volume against pore diameter
for all three specimens (MIP 4 p-XCT)

and 31% porosity for CINOL for C2NOL, respectively. The
low percentage of porosity estimated by the p-XCT tech-
nique alone was because of the limiting 15 pm resolution
due to the features of the equipment and the specimen size
used in the p-XCT scanning technique. It should also be
noted that the breakthrough pore size for the three speci-
mens was between 2300 and 2500 pm recorded from the -
XCT technique. This pore value may also indicate a
property related to the particle size distribution CDG and
may be described as the largest pore diameter for CDG
when prepared to a density equivalent to 80% relative
compaction (0.79). Table 4 summarises the estimated pore
characteristics from p-XCT (columns 4-5).

Figure 10 shows the final cumulative PSD after data
from p-XCT have been merged with the PSD data from
MIP. The pore diameter corresponding to 200 pm was
selected as the delimiting pore diameter for combining the
PSD results from the two techniques—MIP and p-XCT.
The total undetected porosity reduced from approximately
44% to 24% and 14% for CINOL and C2NOL, respectively
(Table 4—Columns 6-7). From Fig. 10, C2NOL has the
highest volume of larger pores, which may be the reason
for the slightly lower AEV experienced (Figs. 4 and 5) and
the lower water retention behaviour at suctions < 25 kPa.
In addition, C2NOL has the Ilargest amount of
detectable micropores, less than 1 pm, which may also
indicate higher micropore uniformity and may further
validate and provide some evidence of the dual peak hys-
teresis shown in the hysteresis behaviour (Fig. 7a). The
higher volume of inter-aggregate pores with a corre-
sponding higher volume of intra-aggregate pores for
C2NOL may also be the reason for its higher average
hydraulic hysteresis behaviour. Even though some authors
have reported unimodal PSD for soils compacted on the
wet side of optimum [12, 58], the results from the com-
bined PSD measurements from MIP and p-XCT shows
otherwise.
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The reason for this observation could be attributed to the
rate of aggregation, as well as the limiting technique used
in exploring the microstructure in previous studies. So far,
all the PSD results discussed are from test specimens
prepared to a target initial void ratio equivalent to 80%
relative compaction, where average compaction stress is
needed to achieve this equivalent void ratio. Therefore, the
aggregates formed during water-mixing might not be cru-
shed or highly deformed after compaction. As such, the
larger the aggregates formed during compaction, the larger
the inter-aggregate pores formed after compaction, as is
reported for C2NOL and also shown in Figs. 3 and 10. The
results so far demonstrate the importance of considering
the PSD and PS characteristics to understand the water
retention behaviour of unsaturated compacted silty soils.
This also reveals that to enhance the understanding of
SDSWRC, parameters related to PSD and PS characteris-
tics are important and should be considered in future
hydro-mechanical modelling. It is evident from this study
that even at a constant void ratio, the PSD and PS char-
acteristics can influence the SDSWRC, the magnitude and
shape of the degree of hysteresis and may subsequently
affect the permeability functions and PWP distributions in
an unsaturated soil slope when subjected to rainfall
infiltrations.

6 Conclusions

Compared to the specimens prepared on the dry side of
optimum, the specimens compacted on the wet side are
more aggregated. Furthermore, the highly aggregated
specimens generally show a lower water retention ability
due to a larger macropore volume measured through
combined microstructural techniques from MIP and p-XCT
tests. They also exhibit a higher degree of hysteresis, which
might be due to their more irregular pore shapes. More-
over, the highly aggregated specimen shows a dual peak
hysteresis when the soil is compacted at a looser state (RC
of 80%). There is only one dominant peak in the hysteresis
behaviour for all other specimens.

Stress effects on the water retention behaviour of the
unsaturated silty sand show two different trends for looser
specimens (initial void ratio = 0.79) and denser specimens
(initial void ratio = 0.50). For looser specimens, an
increase in stress consistently results in a higher water
retention ability in the suction range of 0—400 kPa, due to a
significant reduction in the void ratio and pore size. In
contrast, increasing stress on denser specimens leads to a
higher water retention ability at suctions below 25 kPa, but
a lower water retention ability at suctions from 25 to
400 kPa. For the relatively denser specimens, the increase
in stress reduces the macropore volume, resulting in a
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higher water retention ability at suctions below 25 kPa.
The micropore volume also increases due to the deforma-
tion of aggregates, resulting in a lower water retention
ability at suctions above 25 kPa.

The drying and wetting SWRCs of all specimens show a
marked hysteresis. The highest degree of hysteresis is
consistently observed at suction values close to the AEV
for all specimens, suggesting that significant hysteresis
behaviour is mostly associated with the macropores in soil.

These findings reveal that the compaction water content
and density could greatly affect the pore characteristics and
hence the water retention behaviour of unsaturated soil.
Considering the significant influence of pore structure on
the hysteretic SDSWRCs revealed in this study, the particle
size distribution and void ratio of unsaturated soil are not
enough to be used to predict its SDSWRC behaviour. The
influence of pore structure and its associated evolution
needs to be carefully considered to understand hysteretic
stress-dependent soil water retention behaviour of unsatu-
rated soil.
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