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ABSTRACT: Expansive soils are subject to significant volume change due to changing soil moisture conditions, largely in response 
to changing climatic conditions. These expansive soils swell and shrink as the soil moisture content increases and decreases, 
respectively. This climate-induced ground deformation causes significant damage to structures founded on or in them, such as light 
buildings, pavements, and shallow-depth buried pipes. Therefore, it is important to understand climate-induced ground deformation 
characteristics when designing these structures. A number of analytical and numerical methods has been developed to estimate the 
surface ground movement of expansive soils. However, limited research has been conducted to verify the results of these methods, 
particularly under controlled laboratory conditions. In this study, a purpose-designed and built large soil column (internal diameter of 
0.4 m and soil height of 1.2 m) was prepared using highly expansive “black soil” collected from the Ipswich area in Queensland, 
Australia. The soil column was instrumented to measure matric suction, volumetric water content, temperature, and ground 
deformation profiles with depth. The soil column was subjected to wetting by maintaining a constant water level at the surface for 
about 3 months and was subsequently subjected to drying using a heat lamp. The monitoring results suggested that the instrumented 
soil column is capable of simulating the performance of expansive soil subjected to drying and wetting. 
 
RÉSUMÉ : sols gonflants sont soumis à des changements de volume important en raison de l'évolution des conditions d'humidité du 
sol, en grande partie en réponse à l'évolution des conditions climatiques. Ces sols gonflants gonflent et se rétractent lorsque la teneur 
d'humidité du sol augmente et diminue respectivement. Cette déformation du sol induite par le climat provoque des dommages 
importants aux structures fondées sur ou en eux, tels que les bâtiments légers, des trottoirs et des tuyaux peu profonds enfouis. Par 
conséquent, il est important de comprendre les caractéristiques de déformation sol induites par le climat lors de la conception de ces 
structures. Un certain nombre de méthodes analytiques et numériques ont été développés pour estimer le mouvement du sol de 
surface des sols gonflants. Cependant, peu de recherches ont été menées pour vérifier les résultats de ces méthodes, en particulier 
dans des conditions de laboratoire contrôlées. Dans cette étude, une grande colonne de sol (diamètre intérieur de 0.4 m et la hauteur 
du sol de 1.2 m) a été préparé avec très expansive "terre noire" collectées à partir de la zone d'Ipswich dans le Queensland, en 
Australie. La colonne de sol a été instrumenté pour mesurer l'aspiration, la teneur en eau volumétrique, la température, et les profils 
de déformation du sol avec la profondeur. La colonne de sol a été soumis à un mouillage par le maintien d'un niveau d'eau constant à 
la surface pendant environ 3 mois et a été ensuite soumis à un séchage à l'aide d'une lampe chauffante. 

KEYWORDS: Black Soils, Climatic influence, Expansive Soils, Ground deformation, Matric suction, Soil column, Volumetric water 
content 
 
1  INTRODUCTION 

Expansive soils are widely distributed in arid and semi-arid 
climatic regions in the world, and are found in more than sixty 
countries including Australia, U.S.A, Canada and China. These 
soils are moisture sensitive, relatively highly plastic clays that 
are subject to significant volume change due to moisture 
variations (Shi et al., 2002). Therefore, light-weight structures 
such as shallow foundations, pavements, and shallow-depth 
buried pipes that are founded and buried in expansive soils are 
subjected to significant distress. Severe cracking in pavements, 
brick walls and foundation slabs, and pipe breakages, are the 
most common types of damage caused by expansive soils 
(Adem & Vanapalli, 2014; Chan et al., 2008; Erol et al., 1989; 
Fityus et al., 1998; Fox, 2000). 

In designing light-weight structures founded on and in 
expansive soils, it is important to estimate/predict the 
performance of such soils due to climatic variations. In 
developing analytical and numerical methods that can 
accurately estimate/predict the performance of expansive soil 
(e.g. seasonal ground heave and shrinkage), performance tests 
under controlled laboratory conditions are essential. To study 

the performance of soil under controlled climatic conditions, 
soil columns have been discussed broadly in the literature 
(Oliviera et al., 1996; Sentenac et al., 2001). However, most 
soil column studies available in the literature are on sandy soils 
and the diameter of the columns used is up to a maximum of 
250 mm. 

Instrumented soil column tests are effective laboratory 
models for the investigation of the climatic-induced 
performance of expansive soils. However, no investigations are 
available in the literature involving a column large enough to 
replicate actual ground conditions with limited boundary effects. 
It is also challenging to perform instrumented expansive soil 
column tests subjected to drying and wetting as the soil 
movement may damage the instruments. Further, such model 
tests are labour-intensive and time-consuming as expansive 
clays have extremely low permeability, resulting in very long 
test durations. According to Sentenac et al. (2001) the flow 
velocity around the column wall can be 11 to 45% greater than 
that at the column centre due to low compaction of the soil and 
preferred pathway flow adjacent to the wall, particularly in 
small diameter columns. 

This paper presents a purpose-designed, built, and 
instrumented soil column to overcome the above mentioned 
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 drawbacks. Further, the performance of an expansive soil 
subjected to wetting and drying in the column was observed and 
the monitoring results are presented and discussed. 

2  SOIL COLUMN AND INSTRUMENTS 

The soil column apparatus shown in Figure 1 consists of an 
acrylic tube, a PVC base plate, and a LVDT mounting plate. 
The internal diameter of the 1.2 m long acrylic tube is 390 mm 
and its wall thickness is 5 mm. Both ends of the tube were 
attached to annular rings with an outer diameter of 480 mm. 
Holes 5 to 10 mm in diameter were drilled along the length of 
the tube to take the sensor cables out of the soil column. The 
480 mm diameter PVC base plate was machined to have two 
drainage ports and a 150 mm diameter recess at the centre to 
place a bronze porous disc. An LVDT mounting plate is 
attached to the top annular ring of the soil column. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Soil column test apparatus 

2.1 Instruments used in column 

To measure soil moisture content, five EC-5 moisture sensors 
(Figure 2) were used. Each sensor was calibrated in the test 
material. Since EC-5 moisture measurements are very sensitive 
to temperature, temperature correction factors were developed 
by measuring soil moisture at different temperatures. 

Two types of sensors (a laboratory-designed tensiometer and 
a water potential sensor) were employed to measure matric 
suction in the soil column test. The laboratory-designed 
tensiometers were used to measure matric suctions of up to 
90 kPa. As shown in Figure 2, this tensiometer is designed to 
flush out air bubbles formed in the ceramic cup to enable the 
long-term use of the sensor. The acrylic block to which the 
pressure transducer is connected is mounted on the outside wall 
of the soil column. The ceramic cup, with an air-entry value of 
1 bar (100 kPa) is placed in soil. 

The MPS-6 water potential sensor can measure matric 
suctions of up to 100 MPa. The MPS-6 sensor consists of water 
content sensors surrounded by two porous ceramic discs. When 
the sensor with saturated porous discs is installed in the soil, the 
water in the porous disc equilibrates with the soil moisture, 
achieving the matric suction in the porous disc, which is the 
same as the soil’s matric suction. At this stage, the water 
content in the ceramic disc is measured by the water content 
sensors and it is converted to matric suction by using the soil 
water characteristic curve (SWCC) of the porous disc. The three 
MPS-6 sensors used in this study were factory-calibrated with 

six-point calibration using the dedicated logging system to give 
the soil matric suction in kPa. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Moisture and matric suction sensors 
 

To measure subsoil displacement within the soil column, a 
100 mm diameter and 10 mm thick acrylic plate attached to a 
10 mm diameter acrylic rod was used (Figure 3). The rod was 
run in a sleeve so that the effects of soil friction on the 
movement of the rod is negated. The top of the acrylic rod is 
attached to a linear variable differential transducer (LVDT) to 
measure the soil deformation at the level of acrylic plate. The 
LVDT can measure up to ±110 mm. Five LVDTs were used to 
measure the subsoil deformation at five different depths in the 
soil column. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Subsoil deformation measuring system 
 

In addition to sensors to measure soil moisture content, 
matric suction, and subsoil deformation, six burial type 
thermocouples were used to measure the soil temperature at 
different depths in the soil column. 

3  TEST MATERIAL 

Natural expansive soil called “Black Soil”, collected from the 
Ipswich area in Queensland, Australia, was used in this 
experimental investigation. The characteristics of the test soil 
are summarised Table 1. 
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  Table 1. Characteristics of Black Soil 

Parameter Value 
Liquid Limit, LL (%) 90.2 
Plastic Limit, PL (%) 53.0 
Plastcity Index, IP (%) 36.8 
Linear Shrinkage, LS (%) 20.0 
Specific Gravity, Gs 2.72 
Particles finer than 0.075 mm (%) 94 
Particles finer than 0.002 mm (%) 56 
Unified Soil Classification CH 
Standard Maximum Dry Density (g/cm3) 1.46 
Standard Optimum Moisture Content (%) 25.5 
 

4  SETTING UP OF SOIL COLUMN & TESTING 

Black soil collected from the field was first oven-dried and then 
broken down to small lumps by using a soil mixer. The soil was 
then mixed with water to achieve a gravimetric moisture 
content of 15% (volumetric water content of 18%) and left 
overnight for moisture homogenisation. 

To facilitate the drainage at the bottom of the soil column, a 
geotextile was placed on top of a 25 mm thick compacted sand 
layer at the bottom of the column. The soil was then placed into 
the column in 20 equal thickness layers. For each layer, 8.24 kg 
of moisture-conditioned soil was placed and compacted by a 
tamper to achieve a compacted thickness of 50 mm. The 
compacted 1,000 mm high soil column had a dry density of 
1.2 g/cm3. The compaction moisure content (15%) and intial 
dry density (1.2 g/cm3) are representative of measured field 
values. Sensors and devices to measure soil moisture, matric 
suction, temperature, and subsoil deformation were installed as 
the column was filled with soil. Figure 4 depicts the process of 
preparing the instrumented soil column. 

Figure 4. Preparation process of the instrumented soil column 
 

The soil column was instrumented with five EC-5 water 
content sensors (WC1, WC2, WC3, WC4, WC5), three water 
potential (MPS-6) sensors (S-High1, S-High2, S-High3), three 
laboratory-designed tensiometers (S-Low1, S-Low2, S-Low3), 
six burial thremocouples (TEM1, TEM2, TEM3, TEM4, TEM5, 
TEM6), and five settlelemt plates connected to LVDTs 
(LVDT1, LVTD2, LVDT3, LVDT4, LVDT5). Table 2 shows 

the type and location of these sensors in the soil column. As 
shown schematically in Figure 5, all 22 sensors were connected 
to a data logger to log data every 1 min. 
 
Table 2. Sensor types and their location in soil column 
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5 WC5 TEM5 LVDT4 - S-High3
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30 WC3 TEM3 LVDT2 - S-High1
50 WC2 TEM2 - S-Low2 - 
80 WC1 TEM1 LVDT1 S-Low1 - 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Schematic diagram of instrumented soil column 
 

The soil column was subjected to wetting from the top by 
maintaining 20 mm of ponded water using a marriot bottle 
(Figure 6). It took about 5 months for the water front to reach 
the bottom of the soil column. The marriot bottle was 
disconnected and a heat lamp was set outside of the column 
(Figure 6) to dry the soil column for about 4 months 

5  RESULTS AND DISCUSSION 

As shown in Figure 7, all the water content sensors indicated 

the correct initial volumetric water content (18%) in the soil 

column. The sensors responded to wetting and drying to 

accurately simulate downward water movement on wetting of 

the soil column and drying from the surface. During wetting, a 

uniform water front was observed without preferential flow 

along the column wall. It took about 1 week for the water front 

to reach 150 mm depth and about 2 months to reach a depth of 

800 mm. According to the sensor responses, the saturated 

volumetric moisture content is about 59% and this is very close 

to the theoretical calculation. Once drying was started from the 

surface, it took about 2 months to dry the upper 150 mm depth 

of soil down to the initial water content.  The four-month 

duration of drying was not enough to dry the soil below 
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 500 mm depth. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Wetting and drying of soil column 
 

 
 
Figure 7. Responses of water content sensors during wetting and drying 
 

As shown in Figure 8, the matric suction sensors responded 
to wetting and drying following the trend of the water content 
sensors. The initial matric suction of the soil, corresponding to 
18% volumetric water content, was about 3,000 kPa and it 
dropped to about 10 kPa when the soil approached saturation. 
Some of high matric suction values were obtained by 
interpolating the values measured by the water potential sensors. 

 

 

 
Figure 8. Responses of suction sensors during wetting and drying 
 

According to Figure 9, the soil heaved upon wetting to the 
depth of about 500 . About 55 mm of heave was observed 
towards the surface and it decreased with depth and the 
consequent overburden pressure. The surface of the soil column 
shrunk about 10 mm after drying for about 4 months. No 
significant soil shrink was observed at depths below 300 mm. 

However, significant surface cracks, 10 mm wide and 50 mm 
deep, were observed after 4months of drying. 
 

 
 
Figure 9. Subsoil displacement in response to wetting and drying 

6  CONCLUSION 

Based on the observed sensors responses, it has been 
deonstreated that the newly-developed instrumented soil 
column could be used to investigate the response of expansive 
soil to climatic variations. As the testing can be performed 
under a controlled environment and test conditions, the methods 
used to estimate/predict the ground response to climatic 
variations can be verified and calibrated, enabling predictions of 
field behaviour to be made. 
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