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Expansive clays are found worldwide in arid and semiarid regions. Such soils are considered a natural hazard for civil engineering
infrastructures especially when they are lightly loaded. Expansive soils are often unsaturated due to the high absorption capacity of
moisture. The damaging effect of expansive soils is intimately related to the distinctive soil-water characteristic in the surficial soil
layers subjected to wetting-drying cycles. The soil-water characteristic curve (SWCC) also known as the water-retention curve
shows the fluctuation of suction with the moisture content. It is one of the key parameters that have been developed and used by
soil engineers for studying the properties of partially saturated soils. Currently, the SWCCs produced by most of the researchers
are grounded on lab testing which is quite different from the field-obtained curves. In the current study, the SWCCs for Karak
expansive soil have been obtained from in situ testing (field). For this purpose, three sites were selected at Amberi Village (Karak)
for instrumentation. An open trench of six-foot depth was excavated in each site and instrumented. Electrical resistivity sensors
(G-blocks) and tensiometers were used for matric suction measurements. The gravimetric moisture content was measured with
the help of moisture sensors calibrated with a speedy moisture meter. To check the fluctuation of moisture and suction, these
instruments were installed at three different depths, that is, 0-2, 2-4, and 4-6 feet. Based on results, the maximum suction of
705.79 kPa was observed in the site “A” in 0-2-foot depth (near the ground surface) with a moisture content of 15 percent. The
variations in suction and moisture content follow the almost same trend at low suction; however, the trend was slightly different at
the moderate suction range. The measured suction showed a strong correlation with the free swell index (FSI) and moisture
content. It was found that the upper layers of expansive soil have high suction than lower layers due to more exposure to the
environmental agencies and low density.

1. Introduction

Expansive soil is clayey soil in nature which undergoes large
volume changes upon changing in the moisture content.
Such soils may be found in arid and semiarid areas causing
distresses in the lightly loaded structures. These soils tend to
expand and contract due to sessional variation of moisture,
resulting in the uneven movement in the shallow depths.
These soils are highly plastic due to the presence of clayey
minerals like montmorillonite which absorb a large amount
of water. Swelling and shrinkage are associated with the
presence of varieties of minerals such as montmorillonite,
kaolinite, and illite groups of minerals in these soils [1]. The
presence of swelling clay can be identified well in the field

from the surface desiccation cracks as shown in Figure 1.
Problematic soils often exist near the ground surface (shallow
depth); owing to high negative pore-water pressure, it tends to
produce serious problems in geotechnical engineering. The
most common types of such soils are expansive soils, col-
lapsible soils, and residual soils [2]. Expansive soils are dis-
tributed worldwide and provoke distresses in the light
structures, that is, buildings, pavements, and slopes, and have
been conceived in numerous countries around the world. The
financial loss occasioned by expansive soil is comparatively
larger than the combined loss of flood, tornadoes, earth-
quakes, and hurricanes. The problems associated with ex-
pansive soil mainly happen due to the changes in moisture
content in the upper few meters and lacking in deep layers [3].
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FIGURE 1: Damages due to the presence of expansive soil and desiccation cracks.

The water content in these upper layers is significantly
influenced by climatic and environmental factors and is
generally termed the zone of seasonal fluctuations or active
zone. The damaging effect of expansive soils is intimately
related to the distinctive soil-water characteristic in the
surficial soil layers subjected to wetting-drying cycles. In the
dry period, evapotranspiration provokes a loss of moisture
in surficial layers, and expansive soil contracts and cracks,
while in the wet period, rainwater percolates in soil, in-
creasing the moisture content and reducing the suction in
the upper layers, resulting in a decrease in the shear strength
and bulging of soil or growing of swelling pressure in captive
circumstances. Field studies indicate that the soil-water
relationship caused by sessional wetting-drying rounds is
very complicated and comprises the joint effects between the
fluctuation in moisture content, suction, stress, distortion,
and shear strength parameters [4, 5]. Surficial soils are
frequently identified as challenging soils, but most of the
severe issues are impeded for soil engineers due to the
presence of suction in these soils.

Soil-water characteristic curve (SWCC) is an important
relationship that correlates the soil suction with moisture
content present in the soils. This curve can be obtained from
either laboratory testing or in situ instrumentation. The
SWCC is also used for obtaining model parameters in the
framework of unsaturated soil mechanics. These parameters
may be used for obtaining some fundamental properties
(mechanical and hydraulic) of soils.

As some of the reigns of Pakistan fall in the semiarid
zone, swelling clays of low and high plasticity exist abun-
dantly in these areas. The presence of swelling clay has been
reported in locations like Kohat, Karak, Nowshera Bunnu,
Charassada, and Dera Ismail Khan of Khyber Pakhtunkhwa
Province (KPK), Pakistan. These soils have caused some
damages to the boundary walls of various buildings and
flexible pavements in the KPK Province, Pakistan, as shown
in Figure 1. In the current study, SWCCs for local expansive
soil were established from the field instrumentation. For this
purpose, tensiometers, gypsum blocks, and moisture sensors
were installed in open trenches in Karak’s expansive soil.
Swelling behavior is studied using free swell index tests on
collected samples from the open trenches. The major reason
for studying the swelling and suction behavior of expansive
soil rests on the fact that both these features are greatly
dependent on the physical, mineralogical, and environ-
mental characteristics of the soil. The appurtenance of both

of these features with the change in moisture content due to
the change in weather is well depicted in the past [6, 7].

The SWCCs obtained from actual field-testing are quite
different from those obtained in the laboratory testing. Field-
obtained curves mostly lie between the wetting and drying
curves of the laboratory tests [8]. Applied stresses can change
the shapes of SWCCs considerably. Similarly, confinement
condition is also an important factor responsible for the
change of shape of SWCCs. The field measured curve for
30 cm depth is nearly equal to the wetting curve measured in
the laboratory when no vertical load is applied [8, 9]. Most of
the research work related to suction and swelling behavior of
expansive soils in the past is based on laboratory testing only,
which lacks the true representation of the field environment.
Furthermore, the field suction measurement involved a very
expansive instrumentation technique like a time-domain
reflectometer (TDR) method, thermal conductivity sensor
(TCS), and so on. The main objective of the current study is
to check the behavior of local expansive soil in the frame-
work of unsaturated soil mechanics and develop some
correlation equation for subsequent use. For this purpose,
field instrumentation was carried out using a low-cost
technique for measuring indirect matric potential (suction)
and gravimetric moisture content in the field at shallow
depths. Statistical analysis was carried out using the Sta-
tistical Package for Social Sciences (SPSS). Based on the
collected data, some regression equations have been de-
veloped for predicting soil suction from the measured
moisture contents and free swell index values.

2. Literature Review and Background

The matric suction of soil is one of the most useful properties
in the study of unsaturated soil mechanics. It closely relates
to the volumetric or gravimetric water content. The matric
potential is very useful in studying the hydrological pro-
cesses in the soil, such as evapotranspiration, availability of
water for plants, and modeling the gas and water flow in
unsaturated soil [10]. Furthermore, it is also applied in the
strength and deformation characteristic of unsaturated soil
and determining the physical response of various soil at
different moisture contents [11]. The consolidation type
pressure plate is widely used for measuring the soil matric
suction in the labs. The pressure plate apparatus is not only
expansive but also time-consuming. Moreover, it is not
suitable for measuring the suction of the field [12].
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Tensiometers are the instrument generally used for mea-
suring the soil suction. This is a low-cost technique but
unsuitable for very dry soil [13]. Similarly, commercially
available sensors like thermal and electrical resistance type
are also used for measuring matric potential in the field.
Gypsum, blocks sensors among the porous blocks, have the
advantage that they tend to buffer the soil salinity, thereby
decreasing the effect of salts on matric suction. This process
is done due to the soluble nature of gypsum and it reduces
the useful life of blocks. Therefore, gypsum blocks can be
useful for short-term measurement. In the case of alkaline or
neutral soil, these blocks have a life of 5 years, but it should
be replaced after 2-3 years in the case of acidic soil. Gypsum
probes and eight other types of sensors have been used for
experimental testing in the research site, Agriculture and
Agri-Food Canada [14]. Mercury manometer tensiometers
and granular matrix sensors have also been used for the
hydrologic monitoring in the erosion plots at Avelar Ex-
perimental Campus, Brazil. Both tensiometers and matrix
sensors can be used for reliable measurements of matric
potential. However, below —70 kPa, soil suction curves differ
due to the low range of tensiometers. The suction measured
with both instruments was similar [15]. Interestingly, if
gypsum block sensors are separately calibrated, the obtained
suction results will be close to that measured with the filter
paper method [16].

3. Samples Collection and Testing Procedure

In this research work, representative disturbed samples were
collected from three sites of Karak expansive soils. During
sampling, an open trench of six-foot depth (shallow depth),
four-foot length, and two-foot width was excavated in each
site as shown in Figure 2(a). The excavated soil from the top,
middle, and bottom of the trench was packed in polythene
bags, labeled, and shifted to the soil mechanics laboratory for
basic testing. The moisture content was assessed according
to ASTM 2216 guidelines. For grinding the hard and dry
chunks, the ball-grinding method is used. This method
involved collision and impact action of steel balls, which can
mix and grind the materials. Consequently, better dispersion
may be achieved by the wear action between the rapidly
rotating bodies and inner sides of the drum [17, 18].

3.1. Gradation, Specific Gravity, and Consistency Limits.
The grain size distribution curve (GSD) obtained from sieve
and hydrometer analysis under the ASTM D422-63 (2002)
test methodology is shown in Figure 3. The gradation curve
shows that the sample contained mostly fine grain and
limited coarse fraction.

Details of the basic engineering properties of the ex-
pansive soils used in this study are mentioned along with
sample designation in Table 1. For finding specific gravity
(G,) of the soil, a simple pycnometer method ASTM D 5550-
06 (2000) was used. The representative value of G, was ob-
tained from the average value of three tests as given as follows.
Atterberg’s limits such as liquid limit (wy;), plastic limit (wp),
plasticity index (1), and shrinkage limit (w;) for the collected
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FIGURE 2: (a) Actual instrumentation in the field. (b) Electrical
resistivity sensor used.
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FIGURE 3: Grain size distribution curve of Karak expansive clay.

samples were determined according to the tests methodology
ASTM D 4318-00 and ASTM D 427-04, respectively. For
classification purposes, the unified soil classification system
(USCS) was used. The designated group, based on the passing
fraction percentage, (w;), and (I,), is listed in the table. All
the collected samples from site A and site B having a plasticity
index in the range of 23-45 belongs to the expansive soil of
high expansion according to Gibbs and Holtz criteria [19].
Similarly, the samples from site C have a plasticity index in the
range of 12-23 and hence are placed in medium expansive
soils. The respective positions (average) of investigated soils
were also plotted on the plasticity charts as shown in Figure 4.
All the collected samples lie above the A-line showing the
inorganic nature of these soils.

3.2. Free Swell Index (FSI). This simple test consists of taking
10 grams of oven-dried soil passing over sieve no. 40 (425
microns) in a 100 ml graduated glass cylinder. In early time,
Holtz and Gibbs proposed this method, and later on, it was
standardized under the guidelines provided by IS (Indian
Standard): 2911 Part III (1980). This test consists of ob-
serving the difference in volumes of an expansive soil wetted
in two different liquids: Kerosene (nonpolar liquid) and a
dipolar liquid (water). Oven-dried soil is poured into this
liquid, followed by stirring the suspension, and placed on a
horizontal platform allowing the soil to expand freely. After
24 hours of nondisturbed and stationary conditions, the
increase in the height of soil is recorded. The volume of soil
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TaBLE 1: Physical and swelling properties of the investigated soil.

Physical properties

Atterberg’s limits (%)

Sample designation Depths (ft) s USCS
Pamax KN/m OMC % age G, FSI (%) w; w,, lp w,
0-2 16.2 18.2 2.61 32.5 55 21 34 6
Site A 2-4 17.6 17.5 2.62 33.3 52 18 34 8 CH
4-6 18.0 19.0 2.60 34.0 60 22 38 10
0-2 17.0 16.0 2.64 32.4 58 19 39 10
Site B 2-4 18.2 18.0 2.62 33.0 61 23 38 13 CH
4-6 19.0 15.8 2.62 32.8 59 22 38 12
0-2 16.0 17.8 2.59 29.0 47 25 22 8
Site C 2-4 17.5 19.0 2.58 28.5 45 22 23 8.5 CL
4-6 18.3 16.4 2.63 29.5 44 22 22 9
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FIGURE 4: Place of Karak expansive soil on the plasticity chart
(average values).

in water, “V,,,” and kerosene “V',” is obtained by multiplying
the height of soil with a cross-sectional area of the glass
cylinders [20, 21]. The arrangement made for the free swell
test is mentioned in Figure 5(a). The free swell index, FSI
(percentage), was obtained with the help of the following,
and the results are listed in Table 1:

V,-V
FSI = —2 "k x 100, (1)
Vi

where V, and V. are the volumes of soil in water and
kerosene oil, respectively.

3.3. XRD Analysis. Expansive clay minerals and particles are
extremely small. There are thousands of different minerals
present in a few grams of finally divide power form of clayey
soil. Estimating the relative proportions of all clay minerals
present in a representative sample using X-ray diffraction
(XRD) is extremely difficult. However, the minerals that are
present abundantly can be identified. The quantity and
quality of each mineral impart certain physical and chemical
behavior to the soil. Expansive clay owes some special
characteristics due to the presence of clay minerals that
belong to the smectite group. The most common type of
smectite characterized by its expansion properties is
montmorillonite. The term clay mineral is referred to as is
referred to hydrous aluminum phyllosilicates minerals that
are fine-grained (<0.002 mm) with sheet-like structure and

ssssssssssss EQUIPMENT CoRP

FIGURE 5: (a) Free swell index arrangement. (b) Moisture meter
used for soil suction.

very high specific surface area [22]. The X-ray diffraction
method is generally used for assessing the mineralogy,
crystalline structures, and the atomic spacing of minerals. A
cathode-ray tube is used for generating, concentrating, and
directing the monochromatic radiation towards the samples
[23]. In this method, the two components of radiation were
ko and kf while the wavelength of radiations was 1.54 A",

The powder form of Karak’s expansive soil was tested in
the Central Research Lab (CRL) at the University of
Peshawar. The raw data was then analyzed in MATCH 3.8
software and the complete diffraction pattern obtained is
shown in Figure 6.

While performing qualitative analysis for the selected
minerals, the sample showed various percentages of kao-
linite and illite minerals showing the clayey nature of the soil.
Some nonclayey like quartz and calcite minerals were also
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FIGURE 6: X-ray diffractogram of Karak expansive soil produced in MATCH.

found. The quantity of identified minerals as shown in
Figure 5 is based on the selected minerals with a specific
chemical formula and did not show the overall percentage of
a mineral with different chemistry. The percentages of
quartz, illite, calcite, palygorskite, kaolinite, nontronite, and
montmorillonite were 47.10%, 17.0%, 16.10%, 6.40% 2.70%,
and 1.10%, respectively, for the respective (mentioned)
chemical compositions.

In this analysis, five types of montmorillonite with
different chemical composition and percentages were found.
The overall percentage of these montmorillonites was 8.9
percent as shown. Similarly, the percentage of nontronite, as
calculated, is 6.4% with a triclinic structure. The individual
diffractogram of some common minerals identified in XRD
analysis is shown in Figure 7. The crystal system of both
quartz and calcite was the same (trigonal and hexagonal
axes). The quartz and calcite content revealed by XRD ac-
counts for silt size fraction observed in the grain size dis-
tribution. Karak soil contains an enormous amount (20%) of
palygorskite (attapulgite) that is nondispersive. Palygorskite
is a synonymous term for the same hydrated Mg-Al silicate
material. Unlike smectite, the palygorskite has special
property of gel formation. The individual diffractogram
indicated the presence of the montmorillonite and non-
tronite crystal system belonging to the smectite group in this
soil. The minerals montmorillonite and nontronite are the
two important smectites responsible for large cation ex-
change capacity (CEC) in the soil. Most of the shrinkage and
swelling that occur in expansive soil are due to the presence
of expandable smectite minerals. Smectite absorbs a large

amount of water, which reduces the strength of the soil and
triggers landslides and soil creep. On the other hand, these
minerals have adhesive properties, which reduce soil ero-
sion. The peak intensity belonging to the selected phase was
64.54% while the unidentified peak intensity was 35.46% as
given by MATCH report.

3.4. SEM Characterization. A scanning electron micro-
scope (SEM) technique was used to evaluate the surface
images (morphology) of the specimen. SEM images at
different magnification levels are shown above. Soil
particle showed large flat layers of clay. These layers have
the tendency of expansion upon the saturation. Due to
simple disturbance, proper booklet and fiber-like struc-
ture are not seen in the images. The morphology of Karak
expansive soil shows irregular agglomerates constituted
by relatively flat sheets overlapped over each other as
highlighted in Figure 8(a). Similarly, SEM images also
showed abundantly the presence of fiber-like palygorskite
minerals that were present in this expansive soil as evi-
denced in Figure 8(b), as these minerals are nondispersive
and contribute to swelling and shrinkage of Karak’s ex-
pansive soil.

4. Field Instrumentation

4.1. Electrical Conductivity Sensors. The electrical conduc-
tivity sensor consists of a porous block and two concentric
electrodes embedded inside the block. The porous block
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Figure 7: Diffractogram showing the intensity of selected minerals.

serves the same purpose as the porous block in the thermal
conductivity sensor. However, instead of thermal conduc-
tivity, the electrical conductivity sensor measures the elec-
trical conductivity of the porous block. Electrical
conductivity sensors are commercially available manufac-
tured by different companies (e.g., Soil moisture Inc.,
Measurement Engineering Australia, Delmhorst Instrument
Company, Irrometer Company Inc., and Environmental
Sensors Inc.) [24].

Electrical conductivity sensors in the form of blocks
(gypsum) have been used in field instrumentation for cal-
culating the in situ suction. Soil suction is measured in terms
of the water potential of the porous blocks, which are related
to the electrical response of the sensors embedded in these
blocks. The water content of these blocks is correlated with
suction curves usually provided by the manufacturer. Due to
the low cost, easy availability, and advancement in this
technology of the porous block, they are getting popularity
in the field of unsaturated soil mechanics for high suction
range (up to 100000 kPa).

Gypsum blocks (G-blocks) are the most cost-effective
method for measuring matric potential by electronic
means. These blocks have been designed to provide a large
range of matric suction. The sensitivity of the electrode
ensures responding to the moisture condition below 2 kPa
of matric suction with an overall range of 1000 kPa. In the
current research, 5201 F SERIES gypsum block (Figure 8(b))
for soil suction along with 5910-A moisture meter
(Figure 5(b)) manufactured by soil moisture equipment

corporation (USA) was used. The Model 5201F Gypsum
Blocks feature a slim (2.20cm) diameter and have a life
span of 2-4 years. Among the all-porous blocks used for
matric suction measurements, the gypsum block sensor is
very suitable owing to the shortest time of saturation and
quick response to soil suction [25]. Gypsum blocks have the
characteristic of buffering the soil salinity, thereby reducing
the effect of dissolved salts on the matric potential of soil
[24].

The schematic installation of sensors for field monitoring
is shown in Figure 2(a). Three G-blocks sensors were in-
stalled at different depths along with a moisture sensor for
measuring high suction (up to 1000kPa) and gravimetric
moisture content. Moisture sensors were first installed in the
excavated trench for finding the natural moisture content
and then placed with the G-blocks sensors for the induced
moisture content. Similarly, three tensiometers were also
installed parallel to the sensors at the same depth for
measuring low suction (100kPa). The tensiometer used in
this study was provided by the Water Resources Research
Center (WRRC), Peshawar. These tensiometers have the
capacity of measuring the suction up to 100 kPa (1 bar).

The variation of low and high suction was taken from the
tensiometers and readout unit of the gypsum block sensors,
respectively. After taking the reading at an interval rate of
maximum of 30 minutes for seven consecutive days in each
site, the suction curves were then plotted concerning time
and gravimetric moisture content. To determine the suction
from meter reading, the following governing equation was
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used as given by Soilmoisture Equipment Corporation for
G-blocks sensors with moisture meter readings (x):

(a+cx +ex? + gx*)
(1 +bx +dx* + fx3)

soil suction (kPa) = x100.  (2)

Values needed for Formula functions are a = 13.138406,
b =-0.0060118606, c = —2.0634819, d = 0.12530109, e =
0.36983843, f = 0.0046851706 andg = —0.0035353683,

4.2. Moisture Sensors. The low-cost moisture sensors were
calibrated with speedy moisture equipment for 100% (sat-
uration) and 0% (dried) moisture content of the expansive

soil collected from the tranches for the subsequent use of in
situ moisture content. The accuracy of these sensors was
+2% as given by the manufacturer. These sensors were
connected with a data logger (Arduino-based module) for
sensing moisture content for the specified time interval and
storing the data in the field. The module used here was
programmed in the IDE (Integrated Development Envi-
ronment) as shown in Figure 9.

4.3. Soil-Water Characteristic Curve (SWCC). The soil-water
characteristic curve (SWCC) refers to the amount of water
present inside the soil pores for a given suction level. As the
amount of water present in the soil can be expressed in the



FIGURE 9: Moisture sensors and data logger for gravimetric
moisture content measurement.

form of gravimetric water content, volumetric water con-
tent, and degree of saturation, so the SWCCs may be
established using either form of the moisture. The main
difference between these three forms of the SWCC is the
consideration of the soil volume change during changes in
soil suction. If the volume changes are not considered, then
the fitting parameters for all the three forms of SWCC will be
the same [26]. These fitting parameters are required for
deriving and studying many fundamental properties of
unsaturated soils, that is, hydraulic conductivity [27, 28],
shear strength [29, 30], and coefficient of diffusion and
adsorption [31].

The soil-water characteristic curve (SWCC) defines the
constitutive relationship between the soil-water potential
and moisture content of unsaturated soils, which may be
utilized to bridge the gap between the saturated and un-
saturated soil [32]. The density or porosity of soil can change
considerably, depending on the stress and suction states as
well as the stress and suction history of the soil. On the other
hand, the SWCCs are characterized for a given soil only at a
specific density and specific stress level. Change of soil
density can lead to a significant change of the SWCC, and
such a change in soil density is a common feature of natural
soils [33].

SWCC is an important tool to be determined while
using unsaturated soil mechanics in engineering practice.
The technologies regarding the SWCC were originally
developed in soil physics and agriculture-related disci-
plines. These technologies have gradually been embraced,
with some modifications, in the application of unsaturated
soil mechanics [33]. Like the laboratory techniques
mentioned previously, several techniques have been uti-
lized for assessing the soil matric suction (y) and volu-
metric moisture content (6v) of soil in the field (in situ),
and these parameters can be used to determine SWCC and
k-functions. The time-domain reflectometry technique
has been used for calculating volumetric water contents.
Similarly, the TDR sensors were also presented in various
literature [34]. Tensiometers can be used for accurate
measurements of matric potential because of the direct
measurement of soil suction [35]. Field supervision for
SWCCs chiefly involves the measurement of the soil
suction and moisture content (in situ). In measuring these
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two variables in the field, it is possible to confirm that the
in situ SWCCs are in reasonable correspondence with the
design curves parameters [36].

5. Results and Discussion

Test results for the adopted methodology of matric suction
are presented here. The time and suction relation for all the
sites showed that, with an increase in the time, the suction
for a given expansive soil increased due to the absorption of
moisture by lower layers. Hence, the actual matric suction is
the time-dependent property of the soil. Comparatively
more time is required by expansive soil for complete drying.
At the start, the increase in soil suction was quite low due to
the high concentration of water around the gypsum blocks
and moisture sensors. After 40-, 45-, and 20-hour elapse of
time for site A, site B, and site C, respectively, the drying
process of moisture occurred as clear from Figures 10-12.
The drying process of sites A and B was quicker than site C
due to the low plasticity (CL) nature of site C. The suctions
measured with tensiometers were close enough up to a
certain extent with the sensors installed in the upper layers
for all the sites.

Tensiometers were also installed parallel to the moisture
and suction sensors for the purpose to find the fluctuation of
low matric suction at the same depth as that of the sensors.
The suction values obtained from all three tensiometers for
all the depths were the same for each site and their average
values are shown in the upcoming figures. The response of all
the tensiometers up to suction of 30 kPa was about 8 hours
after the installation. Beyond that suction, the measured
suctions were close to the suctions measured by electrical
resistivity sensors in the top layer (0-2 feet). Higher suction
could not be compared due to the limitation of tensiometers.

Due to the drying of moisture around the sensors, a rapid
increase in the soil suction was absorbed, as expansive soil
contains montmorillonite, having a high absorption capacity
of water molecules between its sheets. This property is re-
sponsible for keeping expansive soil in an unsaturated
condition and their voids were partly filled with water and
air before the water uptake. During the water absorption,
montmorillonite layers expand and fill the available voids in
the soil. After filling these voids, the movement of water due
to gravity in the lower layers is reduced due to blockage of
the flow path. Due to this unique behavior of expansive soil,
the time for the full development of suction was very
prolonged, that is, 146.5 hours. It may be more prolonged for
the suction up to the complete dry conditions.

The typical SWCCs for site A, site B, and site C are shown
in Figures 13-15, as suction and moisture content were
measured at different depths in the field. Due to the dif-
ference in the overburden pressure at each point, the field-
obtained SWCCs vary at various depths. Similarly, the
variations of in situ density and void ratio along the depths
were also responsible for the different SWCCs. The maxi-
mum suction was 705kPa at the depth (0-2 feet) near the
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FiGure 10: Typical curves showing the variation of suction with
time for site A.
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FiGure 11: Typical curves showing the variation of suction with
time for site B.

surface with a moisture content of 15%. The initial moisture
content in all the sites was in the range of 60-64%. Over
time, the moisture content reduced, increasing the matric
suction. The maximum and minimum value of suction in
lower depths were close to the top layer suctions although
their rate was quite slow compared to the top depth at a
constant interval of time. Moreover, it is observed that high
moisture content values were maintained by lower depth
(0-6 feet) for the same suction as that of upper layers.
After wetting depth, the increase in the matric suction
was quite pronounced. The rate of change of soil suction
with gravimetric moisture content was different for all the
three sites but the peak values achieved were approximately
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Soli suction (kPa)
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—a— 0-2ft
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—a— 4-6ft
—e— Tensiometer

FIGURE 12: Matric suction relation concerning time for site C.
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FIGURE 13: Typical soil-water characteristic curves for site A.

the same for all the depths. It was noted that the matric
suctions in the top layers were higher than the middle and
lower layers at the same time interval in all the sites as clear
from figures. Conversely, higher moisture content was
maintained by lower layers than the upper layers at the same
values of matric suctions.

As expansive soil is residual in nature and their com-
position and mineralogy remain constant specifically in
shallow depth that is the main reason behind the close vales
of peak suctions, conversely, the fluctuation of suction
concerning time and moisture is due to their different ex-
posure to environmental effects. Environmental agencies
like humidity in the air, ambient temperature, and the di-
rection and velocity of the wind in the sites have an in-
fluential effect on the matric suction (not considered here).
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F1GURE 14: Soil-water characteristic curves (SWCC) for site B.
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FiGure 15: Soil-water characteristic curves (SWCC) for site C.

Similarly, the suction measured at the site can be changed for
a given expansive soil due to changes in the stress condition,
consolidation, permeability, and voids ratio at different
depths.

6. Correlation Development in Statistical
Package (SPSS)

For managing the obtained data and developing correla-
tions, statistical package SPSS (Statistical Package for Social
Sciences) version 22 was used. The input parameters for
regression analysis in SPSS were moisture content (w),
matric suction (¥), and free swell index (FSI). For corre-
lation, development among these variables the following
three methods of analysis was carried out.

Advances in Civil Engineering

TaBLE 2: Coeflicient generated by IBM SPSS.

Unstandardized Standardized

coeflicients i
Model o coefficients " Sig.

B td. Beta

error

Constant 1058.776 130.01 8.144 0.00
W —-14.853 0.481 -0.924 -30.879 0.00
ESI -9.744 6.065 —0.048 -1.607 0.11

TaBLE 3: Model summary and parameter estimates for linear
regression.

. Model summary Par.ameter
Equation estimates
R? F dfl df2 Sig. Constant bl
Linear 0.882 3655426 1 490 0  800.035 -14.508

6.1. Correlation between Moisture Content, Suction, and FSI.
The total input data points were 765 (85readingsx
3depth x 3sites) for moisture and suction obtained from
sensors, while 24 free swell tests were performed on the
disturbed samples in the laboratory. For developing a cor-
relation between moisture content, suction, and free swell
index, the bivariate analysis method was used. The generated
report by SPSS is shown in Table 2. Based on the estimated
coefficient, the correlation equation has been developed in
equation (3). This equation shows that moisture content (w)
is highly significant while the free swell index has the least
significance with the soil suction:

¥ = 1058.776 — 14.853w — 9.744 FSL (3)

6.2. Linear Regression Analysis. Analysis based on linear
regression was performed on the same data as that for
equation (3). This analysis was based on the soil suction
(dependent variable) and moisture content (independent
variable). This analysis gives a regression equation with
R*=0.882, which is more accurate and required only one
parameter for estimating the soil suction (Table 3). The
details for this analysis are shown in Table 4. The significance
level is 0.000 (high), showing a strong contribution of
moisture content with soil suction:

Sc = 800.035 — 14.508w. (4)

V¥ = 1313.662 — 47.383w — 0.440w?. (5)

6.3. Quadratic Regression. The quadratic regression analysis
was also carried out based on two variables, that is, soil
suction, a dependent variable, and moisture content, an
independent variable. The prediction equation for quadratic
analysis is shown in equation (5). The R* value was 0.957,
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TABLE 4: Model summary and parameter estimates for quadratic regression.
. Model summary Parameter estimates
Equation N .
R F dfl a2 Sig. Constant b1 b2
Quadratic 0.957 5446.51 2 489 0 1313.662 —47.383 0.44
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FIGURE 16: Line graphs produced in SPSS for linear and quadratic analysis.

showing a high significance level for this correlation. Table 4
shows the details of the estimated equation, degree of
freedom, and regression values.

Figure 16 shows the line graphs for linear and quadratic
analysis. The quadratic equation is more precise and ap-
propriate for predicting the soil suction from the measured
water content.

7. Conclusions and Recommendations

A study has been undertaken to assess the in situ SWCCs for
the local expansive soil deposits in Pakistan. For this pur-
pose, three sites of expansive soil were instrumented with
moisture and suction measuring devices. The following
conclusions can be drawn from this study.

(i) The Karak expansive soil consists of minerals
belonging to the smectite group of clay. The major
reason for the expansion and contraction of these
soils is the presence of montmorillonite, non-
tronite, and palygorskite minerals. Most of the soils
in the selected site belong to high expansive soil
except site C.

(ii) Different SWCCs were obtained from all sites as
well as from different depths because of the hys-
teretic nature of SWCCSs and different physical
conditions. If the same soil is assessed in the

laboratory for their wetting and drying curves than
the field, data will possibly be placed within the
hysteretic loop of SWCCs.

(iii) The difference in the field and laboratory SWCCs is

mainly due to the confinement conditions. In the
laboratory, the soil samples are completely confined
in a rigid container, while in the field, the soil is
confined by shallow layers of soil. Under complete
confinement, laboratory SWCCs show compara-
tively low suction for the same moisture content than
the field SWCCs as evident from the previous study.

(iv) The obtained SWCCs were based on the data

collected during the dry session for a short period.
Some fluctuation could be seen in field SWCCs if
the data is collected in other sessions.

(v) Soil suction measured with tensiometers was close

enough at low suction range with the G-blocks
sensors. Due to the limitation of tensiometers, high
suction values cannot be compared with the suc-
tion measured with G-blocks sensors.

(vi) The prediction equation developed here can be used

by practicing engineers for determining the ap-
proximate values of the suction in the field. The
consideration of these suction characteristics in
pavement design assists in selecting favorable
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engineering properties, such as resilient modulus,
shear strength, compressibility, and hydraulic
conductivity.

(vii) The prediction equation presented here can be
used for calculating the approximate values of
suction in the field by knowing the moisture
content and free swell index.

(viii) The prediction correlation is based on the actual
field data obtained from field instrumentation. Out
of the above three equations, the quadratic equa-
tion is more precise and appropriate than the linear
regression equation due to R*=0.957 very close to
the one.

(ix) However, due to the difference in the soil density,
voids ratio, stress history, and permeability in the
field, the predicted equations have limited appli-
cations while using for soils other than expansive
soils.

(x) It is recommended here that more experimental
work is required in this area for further refinement
and also environmental effect must be countered
for precise and accurate measurement of matric
suction.
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