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Abstract: Civil infrastructure constructed with, buried in, or underlain by expansive clays is affected
by high volumetric changes, especially because large-scale facilities are spatially distributed. This
research focused on determining spatial variability during the shrinkage testing of expansive clays.
An initially saturated sample (600 mm in diameter) of a high-plasticity clay was exposed to desiccation
and thoroughly monitored over five months. The results indicated an expansive clay (30% smectite
and 14% illite) in alkaline-pore water (695 mg/L Na+ and 1150 mg/L SO4

2−) for developing a
dispersive soil fabric. The vertical shrinkage in the intact-soil portion was unchanged (remaining
at 114 × 106 mm3) in the first 10 days, sharply decreased the initial volume by 30% (up to 280 mm
or 80 × 106 mm3) in 68 days, and slowly decreased the initial volume by 40% (up to 240 mm or
68 × 106 mm3) in 145 days. Furthermore, the soil temperature was found to be 10% lower than the
air temperature, whereas the relative humidity within the cell was found to be 30% higher than that
outside the cell. The soil showed an initial prominent central ridge with a few cracks that gradually
evolved into a distinct crack pattern with equal-sized and irregular soil chunks. The average soil
surface showed no volume reduction up to 18 days and a subsequent linear reduction, reaching 25%
of the initial soil volume by the end of the test.
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1. Introduction

Expansive clays are frequently encountered across arid and semi-arid regions of the
world [1] including Australia, Canada, China, India, South Africa, the United Kingdom,
and the United States of America. These soils comprise active clay minerals, such as
smectite, and various forms of hydrous mica, which are derived from the conversion
of feldspars in marine environments containing Na+, K+, Ca2+, Mg2+, CO3

2−, Cl−, and
SO4

2−, low precipitation, and restrained leaching [2–4]. The clay minerals exhibit swelling
during infiltration and shrinkage during evaporation. Alternate deformations in surface
soils cause distress to civil infrastructures, resulting in monetary losses associated with
rehabilitation [5,6]. For example, the annual damages due to expansive clays in China and
the United States of America add up to USD 30 billion [7]. A specific example of damage
to infrastructure is that of Regina (Canada), where the average water-mains breaks are
reported to be 243/year in the 900-km-long water-supply-pipeline network [8,9].

Shrinkage in expansive clays occurs due to the removal of capillary water from pore
spaces in the soil matrix, as well as the adsorbed water on the clay particles [10,11]. Such
deformations are spatially variable, that is, they occur in both vertical and lateral direc-
tions and are found at depths of up to about 3 m [12,13]. Moreover, these volumetric
changes are associated with the development of cracks that are wide and numerous at
the surface and gradually narrow down and diminish with depth [14,15]. The soil discon-
tinuities are generally visible on the ground during periods of no rain and can become
quite conspicuous under intensified and long-term desiccation due, for example, to large
trees [16,17] and heating pipes [18,19]. The resulting subsidence affects the integrity of the
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surface infrastructure (buildings and roads) and underground utilities (pipeline systems
and storage tanks).

Laboratory methods for shrinkage determination can be divided into two groups. The
one-dimensional methods, such as the linear-shrinkage-strain test [20], the consistency-
limit test [21], and the linear-shrinkage-bar test [22], are limited by their reliance on linear
measurement in rigid containers and low soil volumes to represent the field deposits.
Similarly, the three-dimensional methods, using Vernier calipers [23] for vertical and
lateral shrinkage or wax [24] for volumetric shrinkage, include the cracks volume, thereby
underestimating changes in bulk volume. Digital-image-processing methods have been
used to analyze crack patterns (width, depth, spacing) and crack progression in small
samples [25,26] that are affected by the mechanical constraints at the specimen–container
interface [27,28]. The use of large soil samples reduces the boundary effects, thereby
facilitating the accurate capture of progressive changes in crack patterns and bulk volume
during soil desiccation.

The main objective of this paper was to determine the spatial variability during the
shrinkage testing of expansive clays. The soil deposit was surveyed and the materials
were characterized for mineralogical and pore-water composition. The clay sample (which
underwent free swelling in a large cell [29]) was exposed to desiccation and vertical
deformations (along with air temperature, relative humidity, and soil temperature) were
monitored over five months along the circumference. To determine the various components
of the shrinkage, three-dimensional sample models were developed at critical time intervals
using photogrammetry.

2. Research Methodology
2.1. Site Investigation and Sample Selection

The interaction of geologic setting with climatic conditions governs the mineral com-
position and the swelling–shrinkage behavior of soils. Figure 1 presents an overview of
the investigated area in southern Saskatchewan, Canada. The site visit was conducted
on 12 August 2021 after 3 days of 24 mm of rainfall in the area. During the visit, about
450 aerial photographs were taken through an unmanned aerial vehicle (UAV; Mavic 2 Pro
manufactured by DJI, Shenzhen, China). The images were processed using the newly devel-
oped photogrammetry method by Suchan and Azam [30] with photogrammetry software
(Agisoft Metashape Professional version 2.0) to develop the physical model (1.51 cm/pix)
and the digital-elevation model (2.04 cm/pix) by aligning these in a three-dimensional
space using longitude, latitude, and elevation.

Figure 1 shows three different materials in an 18-m vertical stratigraphic succession,
namely: sandstone, mudrock, and pediment. As can be typically found in arid regions, the
geomorphology of the deposit is derived from glacial geology and gradually evolved under
the prevalent climatic conditions to the present-day sediments [31]. At the investigated
site, the sandstone was the uppermost layer (from 592 m to 605 m above sea level (ASL)),
occurring as tall rock pillars with concretionary caps. The mudrock was at the middle
lithology (from 588 m to 592 m ASL) and appeared as alternating layers of fine-grained
material with disintegrable popcorn-like surface features. This expansive clay is considered
to be derived from pre-existing argillaceous rocks in marine environments [3,32]. The
material is characterized by the presence of active clay minerals, including smectite, illite,
and chlorite [31]. The pediment was the lowest sediment (from 587 m and 588 m ASL)
and appeared to be freshly deposited from its smooth surface. During precipitation, the
popcorn-like features swell to seal off the surface, resulting in runoff of most the water [33].
The surface water carries the eroded particles from the upper sandstone and deposits these
at the pediment. The impermeable cover precludes trapping of the fine materials to ensure
that the mudrock remains homogeneous irrespective of climatic conditions. Further details
about the geology and hydrology of the area were provided by Imumorin and Azam [31]
and Azam and Khan [33].
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The selected expansive soil was popcorn-like material that was easily retrieved from
the surface of the mudrock during the site visit. According to Khan and Azam [34], this
clay is classified as highly plastic (CH) because it is fine-grained (97% of material is finer
than 0.075 mm and 72% of material is finer than 0.002 mm) and has high consistency limits
(liquid limit of 180% and plastic limit of 60%). Using the plasticity chart, the shrinkage limit
of the clay was estimated to be 20% [35].
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2.2. Soil and Water Composition

Soil composition was determined using a representative sample obtained from the
mudrock surface comprising a homogenous material. An X-ray diffraction (XRD) analysis
was conducted using a diffractometer (D4 Endeavor manufactured by Bruker, Coventry,
UK) equipped with a monochromatic incident beam (Co K-alpha) at 35 kV and 40 mA.
About 3 g of soil (<0.075 mm) was mixed in Na6[(PO3)6] solution. This mix was centrifuged
at 600 rpm for 5 min to separate coarse particles (>0.002 mm) for random-orientation
test and the remainder at 3000 rpm for 20 min to settle clay particles (<0.002 mm) for
preferential-orientation test. The latter sample was examined under air-dried state as base
case, (CH2OH)2-solvated for expansive clay minerals, and HCl-solvated for soluble clay
minerals. All samples were scanned from 3◦ to 75◦ at a speed of 1◦ 2θ/min. To identify
the minerals, the diffraction patterns were compared with Powder Diffraction File (PDF)-4
Mineral Database from the International Centre for Diffraction Data (ICDD). To quantify
the minerals, the reference intensity ratio (RIR) method was used [36].

Exchangeable Na+, K+, Ca2+, and Mg2+ were measured through inductively coupled
plasma–optical emission spectroscopy (ICP–OES). About 10 g of soil was mixed with 40 mL
of 1 M C2H7NO2, agitated in a reciprocal shaker, and filtered after 24 h via Buchner funnel
using Whatman No. 42 filter paper (manufactured by Whatman International, London,
UK) [37]. A solution extract was injected into ICP–OES (Optima 7300s manufactured by
PerkinElmer, Waltham, MA, USA), heated up to 7000 ◦C and allowed to cool down. The
emitted light wavelengths were used for cation identification, whereas the spectroscopic
intensity was used for cation quantification. The sum of all ions was reported as cation-
exchange capacity (CEC).

Thermo-gravimetric analysis (TGA) was conducted to identify mineral changes and
soil-water loss. About 10 g of powdered soil (finer than 0.0075 mm) was placed in the
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analyzer (TGA 701 manufactured by LECO, ST Joseph, MO, USA) and the temperature
was raised from 28 ◦C (ambient) to 950 ◦C at a rate of 2 ◦C/min. The weight loss during
thermal increase was recorded. To minimize oxidation, the analyzer was initially purged
with nitrogen (N2) and a gas flow of 7 L/min was retained throughout the test.

To assess the shrinkage behavior due to clay–liquid interactions, composition of the
pore water was determined on the water released from the saturated soil in the large
cell, after removing the surplus water. The concentrations of Na+, K+, Mg2+, and Ca2+

were obtained by the standard methods for plasma emission spectroscopy–inductively
coupled plasma (PES-ICP) method (SM 3120 B) using PerkinElmer Optima 7300s. Similarly,
the standard methods for determination of anions by ion chromatography (SM 4110B
developed by National Water Quality Monitoring Council, Syracuse, USA) were used to
determine the concentrations of CO3

2−, HCO3
−, Cl−, NO3

−, and SO4
2− using ICS-1000

Chromatography System (manufactured by Dionex, Sunnyvale, CA, USA).

2.3. Shrinkage Monitoring and Sample Modeling

The shrinkage test was conducted on the clay sample (water content = 205%), which
had undergone free swelling in a large cell for more than 6 years. The sample was ini-
tially prepared by gently tapping with a rubber mallet to attain a homogeneous-field dry
density of 1.1 g/cm3 with a water content of 25%. Details about the sample preparation
method are described in Khan and Azam [38]. Figure 2 shows the instrumented large cell
(cross-sectional area of 283 × 103 mm2) containing the sample. The sample was allowed to
desiccate under ambient laboratory conditions after undergoing swelling for more than
eight years. To measure the soil–cell contact height (CH), four scale rulers (R1, R2, R3, and
R4) were attached along the cell circumference on the outer side of the wall. These heights
represent vertical shrinkage in the intact portion of the saturated soil in the large cell. The
laboratory conditions (air temperature and relative humidity) were monitored at two inter-
nal (S2 and S4) and two external (S1 and S3) points along the circumference of the cell using
the digital-humidity and temperature-monitor sensors (K0721 manufactured by La Crosse
Technology, La Crosse, WI, USA). The soil temperature (ST) was monitored at four locations
(ST1, ST2, ST3, and ST4) using non-contact infrared temperature measurement (Infrared
Thermometer with Mildew Alarm manufactured by MAXIMUM, Shanghai, China). All
readings (contact height, air temperature, relative humidity, and soil temperature) were
simultaneously recorded every day for initial 7 days, every 2 days for next 14 days, and
every 3 days thereafter. These periods of measurements corresponded with significant
volumetric changes and were based on visual observations.
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Three-dimensional soil models were developed when significant shrinkage was ob-
served in the sample, using the newly developed photogrammetry method [30]. About
200 photographs were captured at various points around the sample using a cellphone
camera (Samsung S10 manufactured by Samsung Electonics, Yeongtong-gu, South Korea).
Four calibrated controlled points, situated on the exterior walls of the cell, were manually
identified in each image in the photogrammetry software (Agisoft Metashape Professional).
After image alignment, the depth maps were used to create dense point clouds, which, in
turn, were cleaned to remove unwanted points. The clouds were converted into 3D mesh
models, imported into a drafting computer software (Trimble SketchUp version 5.0.0), and
combined with a simulated version of the large cell interior. The “precise perimeter” of the
soil surface was created using the intersect function. The 3D mesh model was also imported
into a point-cloud software (GPL CloudCompare version 2) and the exposed soil surface
was extracted using the “precise perimeter”. The bulk soil volume and digital-elevation
models (DEMs) were determined by importing the simulated version of the large cell
interior and using the “2.5D Volume Analysis” tool along with the exposed soil surface.

3. Results and Discussion

Figure 3 shows the X-ray diffraction patterns of the investigated expansive clay. The
coarse sample (Figure 3a) showed distinct peaks of quartz at 24.4◦, 31.2◦, 42.9◦, and 59.1◦,
thereby confirming the accuracy of the analyses for other minerals [2]. The quartz originated
from the sandstone due to sheet and fluvial erosion [33]. The various types of feldspar
(K-feldspar at 25.8◦ and plagioclase at 27.7◦ and 32.7◦) are related to the deposition of
volcanic debris in the Cretaceous period and subsequent weathering during the Quaternary.
Low-temperature metamorphism also resulted in the secondary alteration of the volcanic
debris to form zeolite, observable at 11.6◦ [39]. Similarly, clay minerals (Figure 3b) evolved
from the feldspars under restrained leaching, extreme aridity, and an abundance of salt-
forming ions [10,40]. The presence of smectite was validated by the peak shifting from 8.4◦

(air-dried) to 6.1◦ (EG-solvated) and by the absence of the first peak (HCl-solvated) due
to mineral decomposition [40]. By contrast, the presence of kaolinite (14.4◦) and chlorite
(29.3◦) was confirmed from the absence of shifts in the peaks for the EG-solvated and HCl-
solvated samples. The presence of expansive clay minerals (smectite, illite, and chlorite)
confirmed that the soil was an expansive clay. The investigated clay results were close to
the results obtained by Khan [41] for the same soil, thereby confirming the homogeneity
of the soil, as well as precluding the need to repeat the tests. Furthermore, these results
have to be appreciated in light of the limitations of XRD, namely: the identification of
amorphous materials, the appearance of non-crystalline materials as baseline noise, the
degree of material crystallinity, and pertinent grain sizes [42].

Figure 4 gives the results of the TGA for the expansive clay, exhibiting a total weight
loss of 5.7%. The weight-loss-rate curve shows the following distinct peaks: (i) a 3%
reduction between 28 ◦C and 300 ◦C, due to the removal of adsorbed or interlayer water
from the expansive clay minerals [43]; (ii) a 1% reduction between 300 ◦C and 550 ◦C, due
to dehydration of the zeolite [44]; (iii) a 1.3% reduction between 550 ◦C and 680 ◦C, due to
the removal of the hydroxyl ion from the kaolinite [40]; and (iv) a 0.4% reduction between
680 ◦C and 880 ◦C, due to the decomposition of the zeolite [44].

Table 1 gives a summary of the soil and water composition for the investigated
expansive soil. The clay was found to comprise 47% coarse minerals (14% quartz, 20%
zeolite, 7% plagioclase, and 3% feldspars) and 53% clay minerals (30% smectite, 14% illite,
7% chlorite, and 2% kaolinite). Furthermore, the CEC measured 42.5 cmol(+)/kg, with Na+

and Ca2+ accounting for 94% of the total exchangeable cations. These data indicate Na+–
smectite as the predominant exchange complex associated with the high water adsorption
on the clay surfaces. Furthermore, Na+ (695 mg/L) and SO4

2− (1150 mg/L) were found to
be the major ions in the pore water, accounting for 82% of the total dissolved solids. The
corresponding sodium-adsorption ratio (SAR) of 37.3 indicated a dispersive soil [2] that
likely governed the popcorn-like clay structure in the field.
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Table 1. Summary of soil and pore-water compositions.

Property Value

Minerals (%) * Coarse (47)
Quartz (14), Zeolite (20), Plagioclase (7),
K-Feldspar (3), Others (3)
Clay (53)
Smectite (30), Illite (14), Chlorite (7), Kaolinite (2)

Exchangeable cations (cmol(+)/kg) Na+ (22.7), K+ (1.2), Ca2+ (17.2), Mg2+ (1.2)
Cation-exchange capacity (cmol(+)/kg) 42.5

Dissolved ions (mg/L) Na+ (695), K+ (4.3), Ca2+ (21.2), Mg2+ (3.1), HCO3
−(561),

CO3
2−(44), Cl−(50.8), NO3

−(2.2), SO4
2−(1150)

Total dissolved solids (mg/L) 2250
Sodium-absorption ratio † 37.3

* Accuracy ±1%, † SAR = Na+√
Mg2++Ca2+

2

.

Figure 5 presents the transient changes during the shrinkage of the investigated
expansive clay. The soil–cell contact-height data (Figure 5a) were found to vary by ±20 mm
of the best fit (R2 = 0.95 for the initial straight-line portion and R2 = 0.99 for the remaining
logarithmic-curve portion). The best-fit curve showed three stages of volume reduction:
(i) no change (remaining at 400 mm) in the first 10 days because of pore-water expulsion
under saturated conditions; (ii) a sharp decrease from 400 mm to 280 mm up to the 68th
day because of evaporation from the fully exposed soil surface; and (iii) a slow decrease
from 280 mm to 240 mm up to the 145th day because of reduced evaporation due to partial
coverage by the upper soil.

The air-temperature data (Figure 5b), from both the external and the internal sensors,
was found to vary by ±1 ◦C. The logarithmic best-fit curve (R2 = 0.71) showed an initial
decrease from 20.1 ◦C to 18.8 ◦C in the first 60 days and remained constant thereafter. The
higher initial temperature was partly due to the convection oven (located 2 m away from
the large cell), which was turned off during the remainder of the test. Similarly, the gradual
temperature reduction over five months (from August to December) was also affected by
the decreasing air temperature outside the laboratory building. The relative-humidity data
(Figure 5c), showed identical trends for both the external and the internal sensors, with
variations in the ±15% range. As before, the logarithmic best-fit curves (R2 = 0.74 for the
external sensors and R2 = 0.79 for the internal sensors) showed an initial decrease up to
70 days (58% to 20% for external sensors 84% to 44% for internal sensors) and remained
constant thereafter. This was attributed to the high level of evaporation from the initially
saturated soil, which gradually reduced due to the increasing capillary forces, which tend
to retain water under unsaturated conditions [45]. The higher average values inside the
cell compared to the outside are attributable to the presence of water vapor above the soil
in the cell, as well as the fact that the drying of the soil cooled the ambient air around the
sample [46]. The soil-temperature data (Figure 5d) were not collected for the first 10 days to
preclude the measurement errors due to the surface reflection and refraction of the laser by
the water released from the saturated soil [47]. The retrieved data were found to best fit a
linear equation (R2 = 0.76) and varied by ±1 ◦C. The average curve linearly decreased from
18.5 ◦C to 16.5 ◦C over the remainder of the test. This was attributed to the time-dependent
conduction of the absorbed heat from the warm air to the soil surface.



Geotechnics 2023, 3 50

Geotechnics 2023, 3, FOR PEER REVIEW  8 
 

 

day because of evaporation from the fully exposed soil surface; and (iii) a slow decrease 
from 280 mm to 240 mm up to the 145th day because of reduced evaporation due to partial 
coverage by the upper soil. 

 
Figure 5. Transient changes during shrinkage test in large cell: (a) soil–cell contact height; (b) air 
temperature; (c) relative humidity; and (d) soil temperature. 

The air-temperature data (Figure 5b), from both the external and the internal sensors, 
was found to vary by ±1 °C. The logarithmic best-fit curve (R2 = 0.71) showed an initial 
decrease from 20.1 °C to 18.8 °C in the first 60 days and remained constant thereafter. The 

Figure 5. Transient changes during shrinkage test in large cell: (a) soil–cell contact height; (b) air
temperature; (c) relative humidity; and (d) soil temperature.

Figure 6 shows the correlations of the soil temperature and relative humidity with
the air temperature. The soil-temperature data (Figure 6a) were found to best fit a linear
equation (R2 = 0.8) with a range of ±1 ◦C. The soil temperature inside the cell was found
to be 10% less than the air temperature recorded by both the external and the internal
sensors. As mentioned above, the reduction corresponded to the instantaneous values
of air temperature and soil temperature, that is, the latter equilibrated within the soil



Geotechnics 2023, 3 51

mass over time. The relative-humidity data (Figure 6b) were found to best fit a linear
equation (R2 = 0.75 for the external sensors and R2 = 0.72 for the internal sensors). For the
investigated range of air temperatures, the relative humidity inside the cell was found to
be 30% higher than that outside the cell because of the above reasons.
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temperature and (b) with relative humidity.

Figure 7 and Table 2 give the maximum crack depth (dc) calculated using digital-
elevation models of the soil surface. The 10-day (dc of 3 cm) model showed a prominent
and irregular ridge in the middle that covered about one-third of the sample. This feature
developed during the preceding swelling, which was highest in the middle and lowest
along the perimeter because of the soil–cell friction and lateral restraint of the cell [29].
The ridge also showed the initiation of a few cracks similar to the fissuring in an over-
consolidated clay [48,49]. The 18-day (dc of 5 cm) and the 40-day (dc of 6 cm) models
showed a gradual increase in the crack sizes and the development of distinct clusters, while
the lower areas on either side of the ridge remained relatively unchanged. The 68-day
(dc of 7 cm) capture indicated a further increase in the crack dimensions along with the
initiation of newer cracks away from the initial ridge. The 111-day (dc of 11 cm) model
showed lateral growth and intensified cracking throughout the sample and the start of soil
detachment from the cell. The 143-day (dc of 9 cm) model showed a fully developed crack
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pattern along with equal-sized, albeit irregular shaped, soil chunks. At this stage, the ridge
was non-existent and the average soil height was similar across the sample.
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Table 2. Summary of maximum crack depths calculated using digital-elevation models.

Days Elevation of Soil Surface
in the Middle (cm)

Elevation of Cracked Soil
in the Middle (cm) Maximum Crack Depth (cm)

10 (Figure 7a) 46 (red) 43 (yellow) 3
18 (Figure 7b) 46 (red) 41 (light green) 5
40 (Figure 7c) 45 (red) 39 (green) 6
68 (Figure 7d) 42 (red) 35 (dark purple) 7
111 (Figure 7e) 40 (red) 29 (light purple) 11
143 (Figure 7f) 38 (red) 29 (green) 9

Figure 8 compares the volumes based on the soil–cell contact measurements and
photogrammetric models. The best-fit curve of the intact soil followed the curve given
in Figure 5a. Based on the initial soil volume, the volume reductions were found to be
zero after 10 days, 30% after 68 days, and 40% after 145 days. The best-fit curve of the
average soil surface showed no volume reduction up to 18 days followed by a linear
volume reduction, reaching 25% of the initial soil volume at the end of the test. The volume
difference between the initial and transient soil surfaces represents the total shrinkage
comprising both vertical and lateral deformations. Furthermore, the volume difference
between the soil surface and the intact soil corresponded to the cracked region in the soil.
This region was found to gradually increase, reaching 18 × 106 mm3 at the end of the test.
Three-dimensional photogrammetric models are useful in determining bulk soil volume
and crack propagation during shrinkage. This method was found to be simple (since it
requires a cellular-phone camera), quick (since it requires a short time for image capturing),
and economical (since it requires mostly open-source computational software).
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The results of this investigation are similar to those of other published work on
shrinkage testing. Udukumburage et al. [50] used a small circular sample (55 mm in
diameter and 48 mm in height) of Kurita clay and Umezaki and Kawamura [51] used
a large circular sample (400 mm in diameter and 1000 mm in height) of Sherwood clay.
The transient-shrinkage plot showed a sharp decrease down to 25% of the initial volume
in 13 days for the Kurita clay and in 40 days for the Sherwood clay. Thereafter, a slow
decrease was reported for both materials: the Kurita clay reached a 30% volume decrease
over 25 days, whereas the Sherwood clay achieved a 33% volume reduction in 160 days.
The short time required for the drying of the former clay was due to the faster movement
of the drying front through the smaller sample. The discrepancies between this study
and the reported results using large-scale equipment are attributable to the following
variables: (i) the ambient conditions of air temperature, air flow, relative humidity, and
laboratory lighting; (ii) the sample size, height-to-diameter ratio, and container material;
(iii) the use of different testing and analysis methods; and (iv) the sample composition and
cracking patterns.

4. Summary and Conclusions

Knowledge of the spatial variability during shrinkage testing in expansive clays
is critical for the integrity of civil infrastructure exposed to intensified and long-term
desiccation. The main achievements of this research include the development of correlations
between environmental conditions and soil desiccation and the successful implementation
of photogrammetry to quantitatively determine soil shrinkage and qualitatively understand
crack propagation over time. An initially saturated sample of a high-plasticity clay was
exposed to desiccation in a large cell and thoroughly monitored over five months. The
main conclusions of this research are summarized as follows:

• The selected clay comprised expansive minerals, such as smectite (30%) and illite
(14%), and the pore water mainly showed the presence of Na+ (695 mg/L) and SO4

2−

(1150 mg/L). With a cation-exchange capacity of 42.5 cmol(+)/kg, the predominant
exchange complex was found to be Na+-smectite, which is associated with a dispersive
soil fabric.

• The vertical shrinkage in the intact-soil portion was unchanged (remaining at
114 × 106 mm3) in the first 10 days because of pore-water expulsion, followed by
a sharp decrease of up to 280 mm (80 × 106 mm3) over 68 days because of surface



Geotechnics 2023, 3 54

exposure and, subsequently, by a slow decrease down to 240 mm (68 × 106 mm3) over
145 days because of partial coverage by the upper soil.

• The shrinkage behavior of the investigated expansive clay corroborated well with
the ambient environmental parameters during the five-month test duration. The
soil temperature inside the cell was found to be 10% lower than the air temperature,
whereas the relative humidity within the cell was found to be 30% higher than that
outside the cell.

• The soil initially showed a prominent central ridge with a few cracks that gradually
evolved to a distinct crack pattern with equal-sized and irregular soil chunks. The
average soil surface showed no volume reduction up to 18 days and a subsequent
linear volume reduction, reaching 25% of the initial value by the end of the test.
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