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Abstract: Expansive soils in the field are typically exposed to cyclic wetting and drying due to climatic
fluctuations and subjected to a variety of stress conditions in nature or when used as compacted
layers for the construction of hydraulic barriers or waste disposal facilities. The hysteric behavior
of the soil-water characteristic curve (SWCC) is a key parameter for understanding, modeling, and
interpreting the unsaturated behavior of these soils under such conditions. This study investigates
the effect of stress states on the hysteresis behavior of soil-water characteristic curves (SWCCs) for
compacted highly expansive clay over a range of matric suction between 0 and 1500 kPa. Two test
series were performed, the first test series investigated the effect of stress states on the hysteresis of
SWCCs during a single drying-wetting (DW) cycle. The second test series studied the combined
effect of stress applied and multiple drying-wetting cycles on the SWCC hysteresis. For the sake
of comparison, the overall SWCC hysteresis due to drying-wetting cycles was quantified using the
average degree of hysteresis in terms of volumetric water content (ADHg). Furthermore, contributors
to the observed hysteresis were defined using two newly proposed measures; namely, average degree
hysteresis in terms of gravimetric water content (ADHw) and in terms of volume change (ADHe*).
The outcomes of this study indicate that consideration of stress states on the hysteresis of SWCC
for expansive clay is of great importance. The results show a dual trend for the variation of ADHg
with applied vertical stress. Furthermore, multiple DW cycles induced a significant reduction in the
hysteresis (ADHg) under low- and high-stress states up to a certain level of DW cycles, then, no
further changes in the hysteresis trend were detected. It was also found that hysteresis loops under a
low-stress state were concentric in shape while hysteresis loops for specimens under a high-stress
state were non-concentric, with a downward shift in hysteresis loops with the increase in DW cycles.
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1. Introduction

Expansive soil is used as compacted layers or liners as construction material for several
geotechnical and geoenvironmental projects, such as backfills, subgrades, clay barriers,
and buffers for radioactive waste disposal (i.e., [1-6]). These layers typically exist in an
unsaturated state where the water and air inside soil pores interact with each other. The soil-
water characteristic curve (SWCC) is a measure of the amount of water stored inside soil
pores at any given soil suction. Several studies have shown the correlation between SWCC
and unsaturated soil hydro-mechanical properties such as shear strength, permeability,
infiltration, and volume change [7-9]. Hence, a full understanding of the factors that affect
the SWCC is needed. From the technical literature, several factors affecting the SWCC have
been identified including soil types, soil structure, particle-size distribution (PSD), fine
percent, initial water content, initial dry density, drying-wetting cycles, stress history, and
stress states [10-14].
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In the field, soils are typically subjected to cyclic wetting and drying due to soil-
atmosphere interaction producing SWCCs with different trends for the wetting and the
drying paths. Early research observed that soil holds more water during drying than during
wetting. This phenomenon is known as hysteresis [7,15]. The hysteresis loops (defined as
the area between each pair of drying and wetting) produced in SWCCs were studied by
several researchers and their observance was attributed to one or more of the following
factors: (i) plastic deformation of the soil during desorption/absorption, (ii) air entrapped
during the drying process decreases water storage in the wetting path, (iii) the geometric
non-uniformity of the individual pores, which induce the “inkbottle effect”, (v) the contact
angle effect, which affects the radius of curvature of the meniscus and in turn affects the
value of suction [7,15,16]. These phenomena are mainly dominant in the low suction range
where the capillary effect is dominant. In the case of expansive soil, elastic and plastic
deformations (volume changes) associated with drying and wetting add more complexity
to the hysteretic behavior of these soils by changing the volume of soil pores [17,18].

Several studies investigated the hydraulic hysteresis between drying and wetting
SWCC for non-expansive soils [17,19-23]. Soils with appreciable clay content were observed
to have a more visible hysteretic behavior than clayey silt soils. In addition, the SWCC
hysteresis (the difference between drying and wetting branch) was high under low suction
value and vice versa [24]. On the other hand, studies investigating the SWCC hysteresis
of expansive soils are limited [13,18,25]. These studies reported that, besides hydraulic
hysteresis, volume changes also affect the hysteresis observed between drying and wetting
paths for expansive soils. Jayanth et al. [26] reported that expansive soil with active clay
minerals exhibits higher hysteresis than other soils.

The drying-wetting hysteresis and possible effects on strength, and hydraulic con-
ductivity have been studied for residual soil; the results have been interpreted in light of
microstructure changes and reveal development of small pores to cracks up to certain levels
of drying-wetting cycles [27-29].

Recently, several researchers investigated the effect of applied stress on SWCC hys-
teresis of non-expansive soils [12,30-32]. Ng and Leung [19] studied the effect of stress on
the hysteresis of SWCC of compacted decomposed silty clay using stress-controlled soil
columns under normal vertical stresses of 0, 40, and 80 kPa. Test results revealed that the
hysteresis loops area decreased with the increase of applied stress. This reduction in the
hysteresis loops was attributed to the reduction in the void ratio. Similar behavior was
reported by Tse [30] for decomposed granite under different stresses (0, 20, 53, and 80 kPa)
and by Li and Liu [12] for loess and volcanic soils (vertical stress 0, 40, and 80 kPa) within
matric suction range (from zero to 400 kPa). Conversely, Goh et al. [32] reported different
SWCC hysteresis phenomena for sand-kaolinite mixtures subjected to drying and wetting
over a range of suction between 0 and 500 kPa and under 0 and 50 kPa confining isotropic
pressure. Test results indicate that the hysteresis loops area under 50 kPa confining pressure
was higher than hysteresis under zero confining pressure. Furthermore, Ng and Pang [33]
reported that the hysteresis behavior of SWCC for undisturbed volcanic soil from Hong
Kong appears to be independent of the applied stress within the considered range of matric
suction. In the same context, Ng et al. [34] investigated the hysteresis of SWCC under
different stress levels for colluvium and decomposed soils using the instantaneous profile
method. The results indicate that hydraulic hysteretic loops were observed within depths
less than 1.85 m, after which the hysteresis diminished and no significant hysteretic loops
were detected up to 3.0 m. Hence, there is a non-consensus regarding the SWCC hysteresis
behavior under different stresses. The role of pore size distribution and pore structure on
the hysteresis of drying-wetting has been studied under low stresses between 0-50 kPa by
Ng et al., (2023) [35], and irregularity of pore shape enhanced the hysteresis phenomena.

For expansive soils, studies regarding the hysteresis of stress-dependent SWCC are
scarce. The only study identified was that conducted by Zhang et al. [18] where the hys-
teresis of SWCCs for expansive soil (obtained from ZaoYang, Hubei Province in Central
China) was evaluated under applied stresses of zero and 50 kPa. Hysteresis of SWCC
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was measured for a range of matric suction between 0 and 200 kPa using the modified
one-dimensional stress-controlled volumetric pressure plate extractor developed by Ng
and Pang [33]. The results revealed that the increase in vertical stresses resulted in hys-
teresis being less significant. Zhang et al. [18] attributed the observed behavior to applied
stress restraining expansive soil’s volumetric change (expansion-shrinkage); therefore,
the reduction in inter-aggregate and intra-aggregate pores, in turn, led to reduction in
hysteresis loops.

Further categorization of the technical literature revealed that most studies related to
the hysteresis of SWCC were carried out under a single drying-wetting cycle [20-23,36,37].
There are a limited number of studies that were carried out under several drying-wetting
cycles for non-expansive soils [12,32,35,38]. Experimental procedures involved imposing
two to three cycles of drying and wetting within a range of suction between 0 to 800 kPa.
These studies revealed that the hysteresis loops area decreased with the increase in drying-
wetting cycles. Combining multiple drying and wetting cycles with applied confining
pressure of 0 and 50 kPa, Goh et al. [32] reported a decrease in hysteresis loops with
increased drying-wetting cycles.

For expansive soils, investigation of the SWCC hysteresis under multiple drying-
wetting cycles is scarce. Lin and Cerato [17] conducted drying-wetting SWCC on two
expansive soils under no stress and the results inferred a difference in hysteresis of SWCC
between primary (first) and secondary drying-wetting cycles. Therefore, it is worth noting
that there is a need to investigate the SWCC hysteresis of expansive soil under the combined
effect of multiple drying and wetting cycles and applied stress.

To this end, this study investigates the effect of stress states on the SWCC hysteresis
behavior of compacted natural expansive clay subjected to single or multiple drying-
wetting (DW) cycles. SWCC was determined for specimens that were laterally confined
(one-dimensional condition) and subjected to vertical stresses ranging between 7 and
300 kPa. The relative contribution of applied vertical stress and DW cycles on the drying
and wetting branches of SWCC and its hysteresis was highlighted. Furthermore, changes
in volume and gravimetric water content during DW cycles were measured and sources of
SWCC hysteresis behavior were discussed.

2. Experimental Study

The following sections provide details of the clay material used, specimen preparation
procedure, equipment used, test plan, and test procedure.

2.1. Soil Used and Geotechnical Characterization

The material used in this study was collected from the eastern province of Saudi
Arabia, specifically from Al-Qatif City (latitude 26°56' N and longitude 50°01’ E). A test
pit was excavated to a depth of 1.5-3.0 m below the ground surface. The natural clay was
transported to the laboratory, pulverized, and sieved using a 425 um opening sieve to obtain
clay powder. Standard Proctor compaction test performed on studied clay in accordance
with ASTM D698 [39] revealed that the maximum dry unit weight and optimum moisture
content were 11.78 kN/m?> and 38%, respectively, as shown in Figure 1a. A summary of the
geotechnical properties of this clay is shown in Table 1. Figure 1b presented the gradation
curve for this clay, the clay portion estimated to be around 57%. Based on characterization
results, Al-Qatif clay is classified as clay with high plasticity (CH) and has high to very
high swell potential. Mineralogical characterization of this clay using the X-Ray diffraction
technique conducted by Al-Mahbashi [40] and Al-Mahbashi et al. [41] revealed that the
dominant clay minerals are montmorillonite and palygorskite (attapulgite). Rafi [42]
reported that the percentages of montmorillonite and palygorskite in this clay reach up to
23% and 33%, respectively; considerable content of such minerals interpret the high swell
potential of this clay. This clay spreads in wide areas and compacted layers have wide
applications in liner projects or disposal facilities as a sealing material. It may be exposed
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to different drying-wetting cycles, and besides variations in its moisture content, this clay
may have sustained different levels of field stresses.
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Figure 1. (a) Standard compaction curve and (b) gradation curve of Al-Qatif expansive clay.
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Table 1. Geotechnical characteristics of Al-Qatif clay.

Value Test
2.73 Specific Gravity, Gs, ASTM D854 [43]
170 Liquid Limit, wy, (%)
60 Plastic Limit, wp (%)
14 Shrinkage Limit (%), ASTM D943 [44]
110 Plasticity Index (%), ASTM D 4318 [45]
(CH) Unified Soil Classification, ASTM D2487 [46]
(38% and 11.87 kN /m?) OMC and MDD, ASTM D698 [39]
17-26% Swelling Potential, ASTM D4546 [47]
280-450 Swelling Pressure (kPa), ASTM D 2435 [48]
95 Passing #200 (%), ASTM D 422 [49]
72 Clay Percentage (%)

2.2. Specimen Preparation and Pre-Conditioning

The specimens were prepared by mixing sieved soil with a pre-determined amount
of distilled water equivalent to optimum moisture content as per the compaction curve
(Figure 1a). The mixture was stored in a humid environment for 24 h to moisture homoge-
nize. Subsequently, soil specimens were statically compacted to maximum dry unit weight
in a test ring with dimensions of 50 mm diameter and 20 mm high.

The starting point for the determination of the SWCCs of expansive clay subjected to
DW cycles is full saturation condition. Therefore, initially compacted specimens were pre-
conditioned by saturation followed by loading to target vertical stress (Figure 2). Saturation
was achieved by fully inundating the ring-confined specimens in an odometer cell under
initial vertical stress of 7 kPa and maintained till full swell was attained (not less than 24 h).
After attaining full swell, the vertical stress on specimens were incrementally increased to
target vertical stress (in the case of 100 and 300 kPa; see Figure 2) and was maintained to
equilibrate. After pre-conditioning, specimens were expeditiously transferred to the SWCC
testing device for DW cycle application as detailed below.
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Figure 2. Saturation process of used samples.

2.3. SWCC Testing Device

In this study, SWCC determination under DW paths was carried out using a GCTS
Fredlund SWC-150 device. This device works on the principles of axis-translation technique
(as per ASTM D 6836 [50]) and has the capability of simultaneously applying suction
and vertical stress on ring-confined specimens. The main components of this device are
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the pressure cell, control panel, and load frame. The schematic diagram of Fredlund
SWC-150 device is shown in Figure 3. The pressure cell is provided with a high air entry
value (HAEV) ceramic disk to separate water and air phases during suction application
and allow only water to pass through it from or to (drying or wetting) soil specimens.
Vertical stress was applied on test specimens using a pneumatic loader controlled with a
pressure regulator and dial gauge, and was attached to a loading frame (Figure 3). The
loading ram transferred the load from the pneumatic loader to the loading plate (connected
to the top plate of device cell) which in turn transferred this load to the specimens inside
cell pressure. More details regarding the operation of the device are provided by Pham
etal. [51], Al-Mahbashi et al. [52], and Elkady et al. [53].

Pneumatic loader
Load frame
Load plate —
Dial gage §_
E Air pressure
Top plate i3
Burette
Load cap with
pores stone
Cell wall

Soil 1
oil sample High air-entry value
Grooves ——— disk

Base plate

Figure 3. Schematic diagram of SWC-150 device.

2.4. Drying-Wetting Cycles and Test Plan

A schematic diagram showing the drying and wetting cycles applied on test specimens
is shown in Figure 4. As illustrated in Figure 4, the starting point for specimens subjected to
DW cycles is at full saturation (details regarding specimen saturation and pre-conditioning
were provided in Section 2.2). After specimen pre-conditioning, drying progressed by
applying matric suction in increments between 10 kPa and 1500 kPa. At the end of the
drying suction range (i.e., 1500 kPa), the wetting branch of the SWCC was evaluated by
reducing matric suction in decrements of matric suction all the way back to zero. For
multiple DW cycles, the aforementioned procedure was repeated to obtain successive
DW cycles. In this study, the experimental program involved two test series described
as follows:

H1 Series: specimens were subjected to a single drying-wetting cycle under a range of
vertical stress of 7, 100, and 300 kPa (with 300 kPa approximately equivalent to the swelling
pressure of the expansive clay considered in this study). For the convenience of reference,
these specimens were labeled as S7, 5100, and S300, respectively. This series focused mainly
on assessing the effect of vertical stress on SWCC hysteresis.
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Figure 4. Schematic of drying-wetting cyclic.

H2 Series: This test series explored the combined effect of vertical stress and DW cycles
on the hysteresis of SWCC. Specimens were exposed to multiple DW cycles under two
levels of vertical stresses of 7 kPa and 300 kPa simulating low- and high-stress conditions,
respectively. For convenience of reference, these specimens were labeled M7 and M300,
respectively. DW cycles were continued until hysteresis reached an equilibrium state (i.e.,
no appreciable changes in SWCC hysteresis as a result of DW cycles were observed).

2.5. SWCC Testing Procedures

The pre-conditioned saturated specimens (Section 2.2) were transferred to the pressure
cell and placed in close contact with the HAEV ceramic disk and selected vertical stress
was applied. Matric suction was applied on the specimens in increments or decrements to
obtain drying-wetting curves of SWCC (following the test plan in Section 2.4), respectively.
During each matric suction increment or decrement, water outflow (during drying) or
inflow (during wetting) was monitored using graduated burettes (Figure 3) and equilibrium
was considered when no change in water level reading for 24 h was observed. At the end
of each increment/decrement, the cell was dismantled and the weight of the specimen
was recorded expeditiously to obtain specimen weight for gravimetric water content
calculations. Vertical deformations due to vertical stress and suction application were
monitored using a dial gauge connected to the loading arm, as shown in Figure 3. To obtain
a full picture of specimen volume change, radial strains developed due to lateral shrinkage
of specimens were recorded after each suction increment or decrement. During low matric
suction levels (<100 kPa), radial strains were observed to be small and unevenly distributed;
therefore, radial strains were recorded using an image processing technique [40,54]. As
applied matric suction increased, radial shrinkage becomes appreciable to the extent that
the specimens are separated from the confining ring. For this case, radial strains were
measured using a caliper.

3. Results and Discussion

Experimental results obtained from this study on the hysteresis of SWCC during
DW cycles and under different stress states for highly expansive clay are presented in the
following sections.
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3.1. Effect of Vertical Stress on the Hysteresis of SWCC

This section discusses the results of test series H1, which focused on the effect of
vertical stress on the hysteretic behavior of SWCCs of expansive clay under a single drying
and wetting cycle. The SWCCs were plotted as a relationship between volumetric water
content and matric suction as shown in Figure 5. It was observed that the applied vertical
stress had a significant effect on the features of the drying and wetting branches of the
SWCCs. For the drying SWCC, the increase in vertical stress resulted in an increase in air
entry value (AEV4) and a decrease in saturated volumetric water content at the beginning
of drying (85q). The increase in AEVy signifies a delay in the initiation of desaturation.
Quantitatively, the AEV4 under low stress (i.e., 7 kPa) was observed to be 10 kPa and
increased to about 50 and 200 kPa under applied stress of 100 and 300, respectively. Similar
behavior of increase in AEV4 with an increase in vertical stress was reported by Vanapalli
etal. [55], Rassam and Williams [56], and Lee et al. [57]. The increase in AEV4 was attributed
to the reduction in specimen pore volume due to applied vertical stress and, consequently,
more suction was needed to desaturate. For the wetting SWCC, it was observed that vertical
stress has a notable effect on the air expulsion value (AEVy,) and the difference between
saturated volumetric water content for the drying and wetting curves (i.e., at zero suction).
The AEV,, is defined as the suction value marking the transition from an unsaturated state
to a saturated state during wetting [36]. Figure 6 provides a summary of the variation in
saturated volumetric water content (6,4 for the drying curve and 05, for wetting curve) and
AEV (AEVj for the drying curve and AEV,, for the wetting curve) with applied vertical
stresses. From Figure 6, saturated volumetric water contents for the drying and wetting
curves are observed to decrease in linear trend with an increase in stress. Furthermore,
the 65, was consistently less than 0,4. One exception is for S7 where there is no notable
difference between saturated water content for drying and wetting path. Similar behavior
was observed in Zhang et al. [18]. With respect to AEV, AEV4 was greater in value than
AEV,, with values showing a linear increase with the increase in vertical stress (Figure 6).

70
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Figure 5. Effect of vertical stress on the hysteresis of SWCC during drying-wetting.



Buildings 2023, 13, 1619 9 of 20
500 T 70
450 £ R?=0.0286 1 65

L S = B e E e
400 1 e T mmsememees ----8 + 60
« 350 + RE=0437 TTTee- u + 553
%300 £ R 50 3
©250 ¢ R=00602 .o 452
%"ZUD -E ”",,-" E_ 40 -
2150 + T . T35 g
3 E e JEPSET e AFEVw
<100 T -‘"":Q I oaeva 1 30
50 £ _,.--""' IS o 2 N gsw 1 25
o ..ol - R?=0.998 O6sd
D e 1 1 1 1 i 1 1 1 I i 1 1 I I i 1 [l 20
0 100 200 300

Figure 6. Variation in main characters of SWCC during drying-wetting with applied stresses.

Another characteristic of the drying and wetting SWCC is the observance of hysteresis.
In this study, the hysteretic behavior of drying-wetting SWCC was quantitatively expressed
using the average degree of hysteresis (ADHjy) defined as follows [13]:

=09 _ .
ADHQZ—Z’Z”(G;”: ) 1)

where; 0;; is the volumetric water content on the drying curve; 8;;, is the volumetric water
content on the wetting curve for the same value of matric suction; and 7 is the number of
data points at which SWCC hysteresis is evaluated. Values of ADHj for drying and wetting
SWCC under different applied vertical stress are summarized in Table 2. The results show
a dual-trend for the variation of ADHy with applied vertical stress. ADHy decreased by
about 40% with an increase in applied stress from 7 to 100 kPa. On the other hand, an
increase in applied stress from 100 kPa to 300 kPa resulted in a 52% increase in ADHy.

Table 2. Hysteresis criterion in drying-wetting SWCC under different stress states.

Stress (kPa)
Character

ADHy 4.033 2417 3.653

7 100 300

To interpret the observed dual-trend of hysteresis behavior, sources of SWCC hysteresis
are identified and quantified. Based on technical literature, sources of SWCC hysteresis can
be categorized into two main types: (i) those related to the amount of water expelled from or
taken into the specimen (due to entrapped air and inkbottle effect) and (ii) those related to
irrecoverable volume changes during drying and wetting (due to swelling and shrinkage).
To visualize these sources, test results are represented as plots for normalized gravimetric
water content (w/ws,;) versus suction and normalized void ratio (e/e;;;x) versus suction as
shown in Figure 7a,b. The terms w and e represent the gravimetric water content and the
void ratio at any value of suction along the drying or wetting path of SWCC, while ws,;
and eyqy is the saturated gravimetric water content and maximum void ratio for specimen
at the start of drying curve, respectively. Broadly speaking, Figure 7a shows a hysteresis
in gravimetric water content due to drying and wetting. In other words, the amount of
water intake during wetting is less than the amount of water expelled during drying at
different suction levels. Similarly, hysteresis behavior was observed from the normalized
void ratio-suction plot (Figure 7b) indicating irrecoverable volume changes during drying
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and wetting. Considering the effect of applied vertical stress, Figure 7a,b show that applied
vertical stress resulted in different magnitudes of hysteresis for normalized gravimetric
water content and void ratio (volume). From Figure 7b, it is observed that, at the end of the
drying, S7 experienced less volumetric shrinkage than 5100. As wetting progresses back to
zero suction, S7 recovered the majority of its volume (void ratio) under low stress while
5100 showed irrecoverable volume change due to the partial restraint to swelling under
the applied vertical stress. This restraint induced notable volume change hysteresis. For
5300, the test specimen underwent less volumetric shrinkage strains during drying than
5100 (Figure 7b) and when wetting back to zero suction, applied stress restrained specimen
swelling, which in turn induced slightly lower hysteresis in volume change for S300 as
compared to S100.
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Figure 7. Normalized SWCC hysteresis under considered stresses in terms of (a) gravimetric water
content and (b) void ratio.

To quantify the aforementioned sources of SWCC hysteresis for the expansive clay
considered in this study, two additional measures were identified. First, is the average
degree of hysteresis in terms of gravimetric water content (ADH,,), which is a measure
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of the difference between the drying and wetting curves plotted as gravimetric water
content. Second, is the average degree of hysteresis in terms of void ratio (ADH.), which is
a measure of the magnitude of irrecoverable volume change that takes place as a result of
drying and wetting. The mathematical formulae for these terms are as follows:

Y0 (wig — wi)

ADH,, = - 2)
i=0/, _ 5.
ADH, = —len@'g ¢iu) @3)

where:

wjq = gravimetric water content in the drying path
Wiy, = gravimetric water content in the wetting path
ejq = void ratio in the drying path

ey = void ratio in the wetting path

n = number of points at which hysteresis is computed

For the sake of mathematical compatibility between ADH;, and ADH,, ADH,» was
proposed and defined as follows:
ADH, _ Y= (eid — €iw)

ADH,« = = ==n 4
¢ GsYw nGsYw @)

Gs = specific gravity of soil
Yw = unit weight of water

To demonstrate the benefits of adopting ADH,, and ADH,+ in interpreting the sources
of SWCC hysteresis and its connection to ADHj, two hypothetical cases are illustrated in
Figure 8a,b. The first hypothetical case considers that a specimen undergoes elastic defor-
mation due to drying and wetting as shown in Figure 8(al), while gravimetric water content
hysteresis exists (Figure 8(a2)). For this case, ADH,» will be computed to be zero, while
ADHjy, has a value. This indicates that SWCC hysteresis (quantified by ADHy) as shown
in Figure 8(a3) is only attributed to the gravimetric water content hysteresis. In addition,
any increase in ADH,, value (i.e., an increase in gravimetric water content hysteresis) will
result in a higher value in ADHjy. The second hypothetical case (Figure 8b) assumes volume
change hysteresis (ADH,+ # 0) as shown in Figure 8(b1) with no gravimetric water content
hysteresis (ADHy, = 0) as shown in Figure 8(b2). For this case, SWCC hysteresis in ADHjy
(Figure 8(b3)) is mainly attributed to volume change hysteresis, and any increase in ADH,+
is accompanied by a reduction in ADHjy. This inversely proportional relationship between
ADH,+ and ADHy is due to the mathematical nature of the ADHy. From Equation (1),
volumetric water content (6) is defined as volume of water (Vy)/total volume of soil (Vr);
hence, for constant water content, any increase in total volume will result in a reduction in
volumetric water content and consequently reduction in ADHy.

Now referring to the case in this study, Figure 9 shows the variation of ADHy, ADH,,
and ADH,- with applied vertical stress. The expansive clay considered was observed to
experience significant hysteresis in volume changes in addition to gravimetric water content
(Figure 7b). For 57, the specimen shows a higher ADH,, value than ADH,+ indicating that
gravimetric water content hysteresis is the dominant component in the SWCC hysteresis
(ADHpy) at this level of stress. Under applied vertical stress of 100 kPa, a significant increase
in volume change hysteresis ADH,+ (about 92%) and a slight increase in ADH,, (5%) were
observed in comparison to S7. This shift in ADH values indicates a shift in the role of
volume change hysteresis and gravimetric water content hysteresis on SWCC hysteresis. In
other words, the increase in ADH,, with an increase in stress from 7 to 100 kPa is relatively
small and could induce a marginal increase in ADHy; however, the significant increase in
ADH,x resulted in a significant reduction in ADHy (Figure 9). Therefore, ADH, seems to
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control the SWCC hysteresis (ADHy) at this stress level. For the S300 specimen, ADH,, and
ADH,+ are comparable. The increase in stress from 100 to 300 kPa induced a slight increase
in ADHy, (i.e., 8%) and a notable decrease (i.e., 5.5%) in ADH,+ resulted in an observable
increase in ADHy as shown in Figure 9.
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Figure 8. Sketch of hysteresis taken place during DW SWCC (a) assumption 1 and (b) assumption 2.
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Figure 9. Summary of normalized ADH under considered stresses.
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3.2. Effect of Multiple Drying-Wetting Cycles on Hysteresis of SWCC under Low-Stress State

This section provides detailed analyses of experimental results derived from test series
H2. Specifically, this section discusses the effect of multiple DW cycles on the hysteresis
of SWCC evaluated under low vertical stress of 7 kPa (i.e., M7). As shown in Figure 10,
DW applications were terminated after four cycles as no appreciable difference in SWCC
hysteresis was observed beyond the third DW cycle (Section 2).

—sDW 1
- - DW 2
—+—DW3 |
—+—DW 4

50

45

Volumetric water content, %

40 1 1 11 111l 1 1 11 1111 1 1 11 111 1 1 I 1 1 I
0.1 1 10 100 1000 10000
Matric Suction kPa

Figure 10. Effect of multi-drying-wetting cycles in the hysteresis of SWCC under low stress, 7 kPa.

Visual examination of Figure 10 indicates that DW cycles have a considerable effect
on the drying curves of SWCCs. Variation of air entry value during drying (AEV4) with
DW cycles presented in Table 3 indicate that AEV4 decreased with an increase in DW
cycles with negligible difference in AEV4 values observed beyond the third cycle. For
the wetting branches of SWCC, it is observed that wetting curves fall along a single path;
hence, indicating that DW cycles have a marginal effect on the wetting branches of SWCC.
Consequently, air expulsion values (AEV,,) for wetting branches of the SWCC showed no
significant change in value due to DW cycles (Table 3). In conclusion, the effect of multiple
DW cycles is more pronounced on the drying SWCC curves than wetting curves. After the
second DW cycle, drying curves tend to coincide with each other indicating a diminishing
effect of DW cycles on hysteresis. Similar behavior was reported by Goh et al. [32].

Table 3. Hysteresis criterion in SWCC during multiple drying-wetting under low stress, 7 kPa.

Cycle No. 1 2 3 4
AEV, 40 27 20 18
AEVy 14 12 14 13
ADHy 4.230 3.652 2.005 1.837

The effect of multiple DW cycles on the hysteresis of SWCCs presented in Figure 10
was quantified using the parameter ADHy (Equation (1)). Values of ADHy as DW cycles
progress are presented in Table 3. These values imply a notable reduction in ADHy with an
increase in DW cycles up to the third cycle, after which, only a slight reduction in ADHy was
observed. In other words, the SWCC hysteresis behavior under an applied vertical stress
of 7 kPa tends to reach an equilibrium state after three DW cycles. To identify the main
sources of observed hysteresis, plots for the variation of gravimetric water content and
volume with suction during multiple DW cycles are shown in Figure 11a,b. These figures
reveal that both hystereses in gravimetric water content and specimen volume contribute to
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the overall SWCC hysteresis. Using ADHy, and ADH,+ parameters (Equations (2) and (4)),
the relative contribution of gravimetric water content and volume change hysteresis on
SWCC hysteresis can be further visualized. The variation of ADH;, and ADH,+ as a function
of DW cycles is illustrated in Figure 12. The trendlines for ADH,, and ADH,+ signify a
reduction in gravimetric water hysteresis with an increase in DW cycles up to the third DW
cycle, while volume change hysteresis undergoes insignificant change. Beyond the third
DW cycle, negligible changes in ADH,, and ADH,+ were observed. These trends denote
that ADHy, (i.e., gravimetric water content hysteresis) is the dominant contributor to SWCC
hysteresis. Consequently, due to the directly proportional relationship, ADHj follows a
similar trendline as ADH,,. Moreover, it is worth noting that the difference between ADH,,
and ADH,~ trendlines (hatched area in Figure 12) represent the accumulation of entrapped
air inside specimen pores. This accumulation in entrapped air was observed to fade away
by the third cycle indicating that DW cycles have led to air bubbles being expelled from
specimen pores and ADHy, comes to be close to ADH,.
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Figure 11. Hysteresis in SWCC during multi-drying-wetting cycles under low stress, 7 kPa in terms
of (a) volumetric strains and (b) gravimetric water content.
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Figure 12. Variation ADH during drying-wetting cycles under low stress 7 kPa.

3.3. Effect of Multi-Drying-Wetting Cycles on the Hysteresis of Stress-Dependent SWCC
(High-Stress State, 300 kPa)

This section provides a detailed analysis of the effect of multiple drying-wetting cycles
on drying and wetting paths and the hysteresis of SWCC under high stress of 300 kPa (i.e.,
M300). The plot of volumetric water content versus matric suction for all DW cycles was
presented in Figure 13.

65

60

55

50

& ir

45

40

Volumetric water content, %

35

30 R
0.1 1 10 100 1000 10000
Matric suction, kPa

Figure 13. Effect of multi-drying-wetting cycles in the hysteresis of SWCC under high stress, 300 kPa.

In comparison with the M7 (Figure 10), it is evident that applying a high vertical stress
of 300 kPa resulted in a significant shift in the cyclic SWCC hysteresis trends. In particular,
Figure 10 shows that M7 hysteresis loops are concentric with the first cycle enveloping the
subsequent cycles. Under high applied stress of 300 kPa (Figure 13), the M300 hysteresis
loops show a downward shift in its position with an increase in DW cycles indicating the
change in the range of volumetric water content. As DW cycles continue, M300 SWCC
hysteresis was observed to diminish after three DW cycles.

Looking at the individual drying and wetting branches of SWCCs, the shape of
drying branches converges towards a single form with an increase in DW cycle. Similar
observations were noted for wetting branches. The values of air entry value AEV4 and
air expulsion value AEV,, along with DW cycles were presented in Table 4. AEV4 show a
slight increase with an increase in DW cycles, while AEV,, was approximately constant.
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Table 4. Hysteresis criterion in SWCC during multiple drying-wetting under high stress, 300 kPa.

Cycles No. 1 2 3
AEV, 300 340 310
AEVy 150 150 150
ADHj 3.779 1.702 0.665

With respect to M300 SWCC hysteresis, computed ADHj values (Table 4) were ob-
served to decrease with an increase in DW cycles reaching a minimum value of 0.067. This
decreasing ADHy trend implies a reduction in SWCC hysteresis with DW cycles. Fur-
thermore, the minimum value of 0.067 implies that the SWCC hysteresis behavior almost
diminishes by the end of the third DW cycle. This is diminishing trend is consistent with
that noted earlier in Figure 13. Comparing ADHj values for M300 with that for M7, it is
evident that high stress accelerates the diminishing of the SWCC hysteresis with multiple
DW cycles.

This behavior could be interpreted by looking into the sources of hysteresis in SWCC
(water content and volume changes) as discussed earlier (Sections 3.2 and 3.3). For this
purpose, the SWCC in Figure 13 were re-plotted in terms of gravimetric water content and
volumetric strains as shown in Figure 14a,b. Figure 14a,b showed significant hysteresis
in terms of gravimetric water content and volume changes with DW cycles. Measures of
gravimetric water content and volumetric hysteresis (i.e., ADH;, and ADH,+) were plotted
in comparison with ADHy in Figure 15. From Figure 15, it is clear that, after the first DW
cycle, the hysteresis in terms of ADH,, and ADH,+ values are numerically equal. This
implies that the amount of change in specimen volume is equivalent to the amount of
change in gravimetric water content. In other words, the specimen is considered to be fully
saturated after the first cycle with virtually no entrapped air in the specimen. Comparing
ADH,, with ADH,+ for M300 after the first DW cycle, it can be construed that the applied
vertical stress plays a significant role in reducing the entrapped air. After the second DW
cycle, ADHy trendline showed an appreciable reduction in value. Referring to hypothetical
cases presented in Figure 8, this reduction in ADHj can be attributed to either a decrease
in ADH,, or an increase in ADH,+. Because both ADH;, and ADH,» decrease at the end
of the second DW cycle, it is inferred that ADH,, had a more dominant effect on overall
SWCC hysteresis (ADHp). Furthermore, it is observed that ADHj, is slightly higher than
ADH, indicating that air is entrapped in the specimen at the end of the second DW cycle
(hatched area in Figure 15). As DW cycle proceeds, Figure 15 indicates that, after the third
DW cycle, volume change hysteresis reached equilibrium denoted by a constant ADH,»
value between the second and third DW cycle. Simultaneously, ADHy, slightly decreased
by the application of the third DW cycle causing a further decrease in ADHy. For the
aforementioned discussion, it can be deduced that gravimetric water content hysteresis
(ADHy) plays a more significant role in SWCC hysteresis under high applied stress.
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Figure 14. Hysteresis in SWCC during multi-DW cycles under high stress, 300 kPa in term of (a)

gravimetric water content and (b) volumetric strains.
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Figure 15. Variation ADH during drying-wetting cycles under high stress 300 kPa.

4. Summary and Conclusions

This study was conducted to investigate the hysteretic behavior of SWCCs for highly
expansive clay during DW cycles under different stress states. The study was carried
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out on compacted-saturated specimens through two test series; in the first series (H1),
the hysteresis of SWCCs during a single DW cycle was studied under three stress states
(i.e., 7,100, and 300 kPa). The second test series (H2) highlighted the effect of multi DW
cycles on the hysteresis of SWCC under a low-stress state (i.e., 7 kPa) and a high-stress
state (i.e., 300 kPa), and test specimens for this series were exposed to four and three DW
cycles, respectively. In light of the experimental achievements of this study, the following
conclusions can be drawn:

1. Stress states had significant effects on SWCC hysteresis of expansive clay subjected to
a single DW cycle. Air entry value AEVd and air expulsion value AEVw showed a
significant increase of ten and fifteen times, respectively, with the increase in applied
stress up to 300 kPa.

2. The hysteresis phenomena were interpreted in light of observed gravimetric water
content and volume change hysteresis that the specimen underwent during DW. Two
measures were defined, namely, average degree of hysteresis in terms of gravimetric
water content (ADHw) and in terms of void ratio (ADHe*). These have proven to
clearly quantify the relative contribution of each hysteresis component to the overall
SWCC hysteresis.

3. Multiple DW cycles had a pronounced effect on the SWCCs hysteresis. Combined
with vertical stress, different trends for hysteresis loops were observed. Specifically,
hysteresis loops for M7 specimens were concentric in shape, while hysteresis loops
for M300 were non-concentric with a downward shift in hysteresis loops with the
increase in DW cycles.

4. The values of air entry value AEV4 were slightly increased with the increase in DW
cycles, while air expulsion value AEV,, was approximately constant and appeared to
be independent of the number of DW cycles.

5. Interms of ADHy, the hysteresis was observed to decrease with an increase in DW
cycles with the effect of DW diminishing after the third DW cycle.
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