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Abstract 49 

The field monitoring of the climatic-induced behaviour of the expansive soil has always been 50 

difficult, expensive and time-consuming. The uncontrollability of the field boundary conditions 51 

and difficulty in accurately measuring them have worsened the problem. As an alternative, the 52 

instrumented model setups are ideal for long-term monitoring of expansive soils since the 53 

laboratory compacted expansive soils become environmentally stabilized after few wet-dry 54 

cycles. There had been a very limited laboratory-based column setups for the observation of 55 

expansive soils under unsaturated conditions with an appropriate set of sensors embedded at 56 

known depths. The major difficulties associated with model tests are considerable boundary 57 

effect and sensor to soil area ratio due to the insufficient physical model dimensions. In this 58 

study, the research need for a laboratory model setup with minimized boundary effects has 59 

been addressed by a large instrumented soil column which could more closely represent 60 

environmentally stabilized soil. The current results depict the expected pattern for the 61 

variations of soil suction, volumetric water content and soil displacement under wetting and 62 

drying phenomenon which accentuates the applicability of instrumented soil column for the 63 

investigation of climatic-induced expansive soil behaviour. 64 

Keywords 65 

Expansive soils; Model test; Monitoring; Suction; Ground movement; Wet-dry cycle; 66 

Geotechnical engineering; Partial saturation67 
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1. Introduction 68 

Natural expansive soils undergo cyclic drying-wetting phenomenon resulting in significant 69 

volume changes in the soil which leads to unfavourable conditions for light-weight structures 70 

founded on and in these soils. Therefore, investigation of the climatic-induced ground response 71 

has been an important geotechnical aspect to evade unfavourable results on light-weight 72 

structures (Adem & Vanapalli, 2013; Chan et al., 2009; Chan et al., 2015; Chan et al., 2016; 73 

Fityus & Smith, 1998; Fityus et al., 2004; McKeen, 1992; Overton et al., 2006; Rajeev et al., 74 

2012; Vu & Fredlund, 2006). Designing of the foundations on expansive soils need special 75 

consideration on the swell-shrink effect due to climate changes. Generally, these foundations 76 

are designed to withstand the maximum deflection exert on the foundation due to the climatic-77 

induced soil responses.  78 

Even though most of these foundation issues associated with expansive soils can be overcome 79 

by over-designing the structures according to the saturated soil mechanics, which causes 80 

overestimation of design costs. Therefore, the need for a better solution has been investigated 81 

during the past few decades using the geotechnical improvements in unsaturated soil mechanics 82 

(Kuriqi et al., 2016; Muceku et al., 2016). In this regard, numerous field and laboratory-based 83 

research are presented in the literature (Chan et al., 2010; Fityus et al., 2004; Gallage et al., 84 

2009; Gallage et al., 2012; Hu et al., 2008; Karunarathne et al., 2014; Kodikara et al., 2014; 85 

Miller & Stoker, 2008; Ng et al., 2003; Ng et al., 2008; Ng & Zhan, 2007). The major problem 86 

encountered in the field monitoring is uncontrollability of the boundary conditions and 87 

difficulty in accurately measuring them (Tang et al., 2009; Udukumburage et al., 2019). To 88 

alleviate the complexities in field studies, the laboratory-based model setups have been used 89 

by many researches due to the controlled conditions which conducive to parametric studies 90 

(Cui et al., 2008; Cui et al., 2013; Gallage et al., 2017; Schanz et al., 2013; Tang et al., 2009).  91 
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The hydro-mechanical behaviour of compacted expansive clays can be investigated through a 92 

properly designed instrumented model tests. Soil model tests on sand material are less 93 

complicated compared to expansive clay soils (Cui et al., 2013; Dadgar et al., 2018; Gallage et 94 

al., 2017; Gallage et al., 2008; Gallage & Uchimura, 2010; Pan et al., 2010; Puppala et al., 95 

2011a; Udukumburage, 2019). When performing soil column model test on expansive soils, it 96 

is important to consider a larger diameter to minimise boundary effects and to monitor sub-soil 97 

deformation, suction, moisture content, and temperature along with the depth of the column 98 

accurately to understand its response to cyclic drying and wetting conditions. Displacement 99 

mechanism should be implemented such that sensor to soil area ratio is minimal and the 100 

settlement plate contact area is sufficient to capture the vertical soil displacement. 101 

The available research utilized physical model sizes that may not accurately represent the field 102 

soil strata (Lewis & Sjöstrom, 2010; Liu et al., 2002; Prueger et al., 1997; Sahoo et al., 2009). 103 

Essentially, the boundary effect of the soil models has always been the major concern for the 104 

small-scaled soil columns, hence the measured soil heave is an underestimation of the actual 105 

vertical expansion. Laboratory based apparatus cannot avoid friction at the soil-wall interface; 106 

however, this friction has a minimal effect on the central part of the soil, provided the sample 107 

size (cross-section) is large. According to Sentenac et al., (2001) flow velocity around the wall 108 

can be 11% - 45% greater than that of the column centre due to increased permeability. 109 

Nevertheless, sidewall roughening or glueing sand on the internal column surface has been 110 

proven to minimize this effect (Smajstrla, 1985). According to Bergström (2000), the diameter 111 

to length ratio should be 1:4 in order to minimize the sidewall flow of a laboratory soil column. 112 

Therefore, large soil columns could represent the actual ground as proper soil compaction 113 

within the packed columns avoiding erratic soil behaviour (Tang et al., 2009). Past studies state 114 

that remoulded expansive clays tend to environmentally stabilized after several wet-dry cycles; 115 
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hence, could be used to simulate an actual ground (Chikhaoui et al., 2017; Gould et al., 2011; 116 

Kodikara et al., 2018; Wang & Wei, 2014; Zhao et al., 2017). 117 

However, due to the issues mentioned, limited research has been carried out for long term 118 

monitoring of expansive clays using methodically calibrated set of sensors (Feng, et al., 2002; 119 

Manju et al., 2008; Puppala et al., 2011b; Tarantino et al., 2008; Wu et al., 2018). The 120 

knowledge gathered from the field investigations of climate-ground interaction in expansive 121 

soils suggest that the long-term monitoring of the top 1 m would provide a clear understanding 122 

about the hydro-mechanical responses of expansive soils (Fityus et al., 2004; Karunarathne et 123 

al., 2014; Miller & Stoker, 2008). Therefore, an instrumented expansive soil model which is at 124 

least 1 m high can be considered as a large physical model that may represent an actual ground. 125 

However, a limited number of large expansive soil monitoring setups can be found in the 126 

literature. Apart from that, current studies focus on either wetting or drying phenomenon of 127 

expansive soils (Cui et al., 2013; Tang et al., 2009); however, limited studies emphasized the 128 

effect of a single wet-dry cycle (Gallage et al., 2017). More importantly, extremely limited 129 

model studies have investigated the effect of climatic-induced ground response in expansive 130 

soils for multiple wet-dry cycles (Amenuvor et al., 2018). 131 

It is important to understand that the compacted expansive soils may represent actual ground 132 

(in-situ) conditions after they have environmentally stabilized (Zhao et al., 2017). To achieve 133 

this, expansive soil specimen is required to subject into several wet-dry cycles according to 134 

Kodikara et al. (2018). Therefore, it is important to develop such geotechnical instruments 135 

which can be used to monitor climatic-induced ground movement under controlled conditions. 136 

The main features of long-term operability, a representative size of the actual ground and, the 137 

capability to determine the active zone depth and resultant surface movements, differentiate 138 

these geotechnical instruments from the simple element scale tests. Hence, the main objective 139 

of this study is to develop a long-term operable instrumented soil column which has the 140 
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dimensions of 1 m in height and 0.4 m in diameter to investigate climatic induced ground 141 

response. The imperative soil parameters for the investigation are sub-soil displacement, soil 142 

moisture content and soil suction. This study will highlight the laboratory monitoring of 143 

moisture, suction and displacement profiles of expansive soil and evaluate the pertinence of a 144 

large instrumented soil column to investigate climatic induced ground responses. The 145 

responses are measured at different soil depths to understand the effect of wetting and drying 146 

on hydro-mechanical responses of the system. This overall system (i.e. geotechnical 147 

instrument) is capable of determining the active zone depth and resultant surface movement of 148 

expansive clay for given climatic conditions, unlike element scale tests (i.e. Oedometer based 149 

swell-shrink tests). 150 

 151 

2. Materials and method 152 

2.1 Testing Material 153 

Natural expansive grey clay collected from Sherwood, Queensland in Australia was used in 154 

this study. These grey Vertosol soils are widespread in southeast Queensland region and 155 

representative of subsoil conditions in Brisbane. Table 1 shows the basic properties of the soil 156 

and it is classified as CH (Clay of High Plasticity) according to the Unified Soil Classification 157 

System (USCS). Figure 1 depicts the Soil-Water characteristic curve (SWCC) of the soil 158 

obtained for the wetting path from different suction measuring methods: tensiometer (0 – 90 159 

kPa), water potential sensors – MPS6 (100 kPa – 4000 kPa) and WP4C Dewpoint 160 

Potentiometer – Psychrometer (4 MPa – 30 MPa). 161 

[Table 1] 162 

 163 

[Figure 1] 164 
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 165 

2.2 Soil column and measuring devices 166 

The soil column apparatus shown in figure 2 consists of an acrylic tube, a PVC base plate, and 167 

an LVDT mounting plate. The internal diameter of the 1.2 m long acrylic tube is 390 mm and 168 

its wall thickness is 5 mm. Both ends of the tube were attached to annular rings with an outer 169 

diameter of 480 mm. Holes 5 to 10 mm in diameter were drilled along the length of the tube to 170 

take the sensor cables out of the soil column. The 480 mm diameter PVC base plate was 171 

machined to have two drainage ports and a 150 mm diameter recess at the centre to place a 172 

bronze porous disc. An LVDT mounting plate is attached to the top annular ring of the soil 173 

column. 174 

 175 

[Figure 2] 176 

 177 

In this study, the deformation of the sub-soil was captured at five specified levels. The soil 178 

moisture variations were captured using two types of moisture sensors (i.e. MP406 and EC5) 179 

at five different soil levels. High and low suction changes were carefully measured by 180 

methodically embedded water potential sensors and tensiometers, respectively. Calibrated 181 

thermistors were placed at six different locations to obtain the subsoil temperature profile. The 182 

environmental parameters such as relative humidity (RH) and ambient temperature (T) were 183 

monitored throughout using a weather station setup. An evaporation pan (diameter = 390 mm) 184 

of having the same diameter as the column setup was used to monitor the potential evaporation 185 

(PE) of water. The sensor calibration process and column setup are comprehensively discussed 186 

below. 187 

 188 

2.2.1 Soil moisture sensors 189 
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To measure volumetric water content (vwc) of the soil, five dielectric moisture sensors (EC-5) 190 

and four ‘Time Domain Reflectometers’ (TDR – MP406) were used. Two types of sensors for 191 

moisture measurements were used to investigate the consistency of the sensors in long-term 192 

monitoring of expansive Vertosol soils. MP406 sensors were used as the primary source of 193 

volumetric water content due to the stability and reliability of sensor responses (not affected 194 

by temperature or soil salinity). EC5 sensors were embedded as backup monitoring source for 195 

long-term operation of the soil column. Each sensor was calibrated in the test material.  196 

Since EC-5 moisture measurements are very sensitive to temperature, temperature 197 

correction factors were developed by measuring soil moisture at different temperatures. The 198 

soil samples with five different known gravimetric moisture contents (i.e. 15%, 20%, 25%, 199 

30% & 35%) were static compacted to achieve dry density of 1.2 g/cm3 (field density). A 200 

calibrated temperature sensor (Therm-EP) was embedded to acquire the temperature variation 201 

throughout the measuring duration. Soil moisture was maintained constant during the 202 

experimentation by applying a thick grease layer on the topsoil surface. The final gravimetric 203 

moisture content of the soil was measured by oven drying the test sample to make sure the 204 

moisture is successfully maintained.  205 

[Figure 3] 206 

 207 

The results indicated a significant variation of dielectric responses of EC-5 moisture 208 

sensors when the temperature varies from 15 °C to 33 °C during heating and cooling cycles 209 

(Figure 3a).  210 

 211 

T = 20 – εT (m, ΔT)        212 
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T = (1.383 x AEC-5 -1.0868) – εT (m, ΔT) 213 

T = (1.383 x AEC-5 -1.0868) – [m x (T-20)]       (1)214 

   215 

Where; 216 

T = Volumetric water content at T °C  217 

20 = Volumetric water content at 20 °C  218 

AEC-5 = Voltage response of EC-5 sensor (V) 219 

εT = Temperature error factor 220 

m = Change in vwc for unit change in temperature corresponds to vwc of sample at 20 °C 221 

 222 

The temperature calibration was conducted with respect to T = 20 °C and ‘m’ value for 223 

equation (1) can be determined from figure 3b provided that volumetric water content of the 224 

soil at 20 °C is known. Equation (2) shows the statistical relationship obtained between the 225 

‘volumetric water content of the soil at 20 °C’ and ‘change in vwc for a unit change in 226 

temperature’ that can be used to derive equation (3); temperature calibrated volumetric water 227 

content of EC5. 228 

m = 0.0074 x T + 0.0002         (2) 229 

T = (1.383 x AEC-5 -1.0868) – [{0.0074 x T + 0.0002} x (T-20)] 230 

T = (1.383 x AEC-5 -1.0868) – [{0.0074 x (1.383 x AEC-5 -1.0868) + 0.0002} x (T-20)] (3) 231 

 232 

The same methodology was used to calibrate MP406 sensors for the range of gravimetric water 233 

contents (15% - 35%) and field density (dry density = 1.2 g/cm3); however, no temperature 234 
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calibration was performed due to the temperature independency of the MP406 sensor 235 

responses. 236 

 237 

2.2.2 Soil suction sensors 238 

Two types of sensors (a laboratory-designed tensiometer and a water potential sensor) were 239 

employed to measure matric suction in the soil column test (figure 4). The laboratory-designed 240 

tensiometers were used to measure matric suctions of up to 90 kPa. As shown in figure 5a, this 241 

tensiometer was designed to flush out air bubbles formed in the ceramic cup to enable the long-242 

term use of the sensor. The Aluminium block to which the pressure transducer was connected, 243 

was mounted on the outer wall of the soil column. The ceramic cup, with an air-entry value of 244 

1 bar (100 kPa) was placed in soil. 245 

 246 

[Figure 4] 247 

 248 

The MPS6 sensor consists of water content sensors surrounded by two porous ceramic 249 

discs. When the sensor with saturated porous discs is installed in the soil, the water in the 250 

porous disc equilibrates with the soil moisture, achieving the matric suction in the porous disc, 251 

which is the same as the soil’s matric suction. At this stage, the water content in the ceramic 252 

disc is measured by the water content sensors and it is converted to matric suction by using the 253 

water retention curve of the porous disc (figure 4b). This water retention curve of the sensor 254 

was provided by the manufacturer based on mercury intrusion porosimetry data; hence, MPS6 255 

sensors were factory calibrated for EM50 dedicated data logging system (Tripathy et al., 2016). 256 

Irrespective of hysteresis in drying and wetting paths present, the manufacturer has 257 
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experimentally found that the magnitude of hysteresis error is less than 10% when measured 258 

suction is less than 100 kPa. Therefore, hysteresis was not taken into account in the specified 259 

SWCC for MPS6 sensor. Thermistor embedded on MPS6 sensor provides the corresponding 260 

temperature for each suction measurement. EM50 responses for MPS6 sensors are factory 261 

calibrated for temperature (Tripathy et al., 2016). Four MPS6 sensors used in this study were 262 

factory-calibrated with six-point calibration using the dedicated logging system to give the soil 263 

matric suction in kPa. According to the manufacturer specification, the measurable range of 264 

the sensor is from 9 to 100,000 kPa. However, Tripathy et al. (2016) experimentally showed 265 

MPS6 sensors can measure very high suctions up to 10,000 kPa and very low suctions down 266 

to 9 kPa in expansive clays. The response time mentioned in manufacturer specification is 150 267 

milliseconds. 268 

 269 

2.2.3 Sub-Soil Displacement 270 

Five settlement plates embedded at selected depths were used to measure the sub-soil 271 

deformation. As shown in figure 5a, each settlement plate (100 mm diameter, 10 mm thick 272 

Aluminium plate) was attached with a shaft that runs through a PVC sleeve to above the soil 273 

surface (settlement plate area to soil area ratio = 6.5%). PVC guiding sleeve is not rigidly 274 

connected to the settlement plate and rod attachment to minimize the interference to vertical 275 

soil displacement. The smooth outer surface of PVC sleeve which in contact with the soil 276 

provides minimal resistance to vertical soil displacement. At the top, the shaft movement is 277 

guided by a guiding block and an LVDT sitting on the top of the shaft measure the vertical 278 

movement of the shaft. The vertical movement of the shaft directly represents the soil 279 

movement at the depth where the plate is embedded. All five LVDTs (measuring range of 0 - 280 

100 mm) were pre-calibrated attached to the data logging system.  281 
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 282 

[Figure 5] 283 

 284 

As a secondary method of tracking the sub soil displacement, the level indicators (figure 285 

5b) were embedded at known locations (50 mm soil lifts) at an angle of 90° apart, which enables 286 

further investigation of the peripheral soil movement as well. The markers were coated with 287 

oil-based white paint in order to increase the durability and visibility for long term monitoring 288 

purpose. Vertical soil displacements at the soil-acrylic boundary (peripheral) and the mid part 289 

of the soil were monitored at different depths using level indicators and LVDT-settlement plate 290 

attachments respectively. Effect of friction between the chamber wall and soil can be 291 

determined by comparing the displacement values at the chamber boundary and mid soil. Heat 292 

exchange between the ambient air and the soil strata was assumed negligible in this study (Tang 293 

et al., 2009; Cui et al., 2013). 294 

 295 

2.2.4 Sub-soil and Atmospheric Temperature 296 

In this study, five temperature sensors (Therm-EP) were embedded at different sub-soil levels 297 

in order to monitor the soil temperature profile. The temperature sensors were calibrated within 298 

the experimental room temperature range (20 °C to 40 °C) and extrapolated to obtain any other 299 

temperature using a highly correlated (R2 = 0.99) regression equation. In this study, temperature 300 

measurements were only used to get the calibrated EC-5 moisture values. 301 

 302 

2.2.5 Climate Conditions 303 
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The climate conditions around the soil column were monitored by evaporation pan (Potential 304 

Evaporation), VP4 (Relative Humidity) and Therm-EP (Air Temperature) sensors. Evaporation 305 

pan (figure 6a) has the same diameter (Inner diameter = 390 mm) as the soil column and 306 

calibrated level sensor is installed to monitor the change in water height of the pan. Potential 307 

evaporation (mm/day) of the water from the soil column is equivalent to the evaporated water 308 

height that can be determined from the evaporation pan unit. The calibration chart for the level 309 

sensor is shown in figure 6b. Environmental monitoring unit placed closer to the soil column 310 

provides the relative humidity (RH) and air temperature of the surrounding area as shown in 311 

figure 8. 312 

 313 

[Figure 6] 314 

 315 

3. Setting up of the soil column & wet-dry simulation 316 

Initially, a fine sand layer was compacted at the base of the soil column up to 30 mm layer 317 

thickness (figure 7a) to provide sufficient bottom drainage. A geo-fabric layer (figure 7b) was 318 

placed on top of it, in order to separate the sand and clay layers. Subsequently, 8.242 kg of wet 319 

soil (G.W.C = 15%) was poured into the acrylic column and compacted to a 50 mm of layer 320 

thickness to achieve the target dry density of 1.2 g/cm3 (figure 7c). The dry density of 1.2 g/cm3 321 

has used this investigation as it was the average in-situ density value measured in the area 322 

where the test material was procured. This density controlled wet-compaction was repeated to 323 

achieve 1000 mm soil height in the column.  Table 2 shows the type of sensors and the depths 324 

at which they were installed during the preparation of the soil column.   325 

 326 

[Figure 7] 327 
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 328 

[Table 2] 329 

 330 

The inner side of the acrylic column was kept slightly rough to avoid preferential water 331 

flow at soil-acrylic contact boundary once the water is supplied (Smajstrla, 1985). This process 332 

will induce some amount of interface friction at the boundary. However, authors used two 333 

different mechanisms to monitor the soil displacement at the boundary and at the mid part of 334 

the soil layer to investigate the friction effect at the boundary. Tang et al. (2009) used the same 335 

approach to investigate edge friction at the surface. LVDT-settlement plate attachments were 336 

placed at different depths (table 2); however, closer to the centre of the soil column to capture 337 

the soil displacement around the centre. Level indicators were placed at every 50 mm soil lift 338 

(figure 5b) to observe peripheral soil displacements and thereby investigate the correlation 339 

between the mid and boundary soil movements. 340 

The instrumented soil column (figure 8b) was subjected to a complete wetting cycle 341 

(until no further significant heave; heave < 0.5 mm per month) by maintaining a constant 342 

ponding water level of 50 mm at the top of the soil column using a Mariotte’s bottle. This 343 

induced slow wetting process is helpful to monitor the hydro-mechanical responses in soil. The 344 

Mariotte’s bottle can maintain the water level in the column at the same level where the tip of 345 

the inner tube is located. The water in the Mariotte’s bottle above the tip of the inner tube is 346 

the storage to provide water to the column to compensate for infiltrating water along the soil 347 

column. 348 

The moisture, suction and temperature profiles of the soil accompanied with the subsoil 349 

movement were monitored through the sensor responses from each predefined sensor 350 

embedded levels (figure 8a). All the sensor responses were recorded via a dedicated data logger 351 
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and the real-time sensor responses were observed. The data acquisition interval (data 352 

resolution) was set to 1 minute to observe the slightest variation in sensor responses. Vertical 353 

movements of the level indicators were constantly monitored and compared with the LVDT 354 

sensor responses. 355 

 356 

[Figure 8] 357 

 358 

Subsequent to 160 days of the constant head wetting period, two 100 kW heat lamps were 359 

attached at a location which is equidistant to both soil column and evaporation pan. The main 360 

reason to use the heat lamp setup is to accelerate the drying process under controlled conditions. 361 

The distance between the centre of the topsoil surface and the heat lamps was 0.5 m; therefore, 362 

induced heat increased the air/soil temperature to a realistic value in Brisbane (without 363 

exceeding 36 °C in summer). Potential evaporation (PE) of expansive soil was captured using 364 

the evaporation pan (figure 9). The drying cycle was imposed on the soil column for 165 days 365 

until the soil reaches steady-state condition. The constant head water table was maintained at 366 

the bottom of the soil column using a water container attached to a Mariotte’s bottle as shown 367 

in figure 9. Moisture, suction, temperature and subsoil movements were captured using the 368 

embedded set of sensors during the imposed drying period. 369 

 370 

 [Figure 9] 371 

 372 

4. Results and discussion 373 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



17 

 

4.1 Volumetric moisture profile during wet-dry cycle 374 

The moisture sensor responses of the instrumented soil column depicted predictable results 375 

during the first wet cycle as shown in figure 10. Temporal variations of moisture sensor 376 

responses reached a plateau and positive pore water pressure indicated by the tensiometer at 377 

800 mm depth implied hydraulic steady-state condition of the soil. Temporal variation of EC5 378 

vwc responses is shown in figure 10b to display the instability of these sensors. The mechanical 379 

behaviour of expansive soil was also a critical factor to select the wetting period as soil 380 

expansion is a time-dependent phenomenon (Nelson, 2015). 381 

 382 

[Figure 10] 383 

 384 

The initial MP406 responses at the depths of 50 mm, 150 mm, 300 mm and 800 mm 385 

(from the surface) were 17.1%, 19.6%, 18.6% and 17.1%, respectively. The vwc of the top 300 386 

mm reached to an equilibrium in t=4 days, whereas the moisture sensor at 800 mm (from the 387 

surface) equilibrated after t=160 days. Saturated vwc of the soil profile, ranged from 46% - 388 

50% due to the entrapped air during the wetting process (Siemens et al., 2014). Volumetric 389 

water content profiles from EC5 and MP406 represented a close match up to 25 days at 30 mm, 390 

50 mm and 800 mm depths. After the EC5 sensor failures at 150 mm and 500 mm levels, EC5 391 

responses were not consistent with MP406 responses. 392 

After wetting, the soil column was subjected to a drying period of 165 days and initial 393 

vwc profile of the soil column was shifted towards the left side as shown in figure 11a. The 394 

decrease in vwc was prominent from the topsoil surface and up to 300 mm depth of the column. 395 

VWC of the soil at 50 mm depth from the surface depicted a drastic decrease from 49.2% to 396 

17.4% where it reached the steady-state condition. Variation in vwc at 150 mm level was 397 
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observed from 48.8% to 43.6% until the steady-state condition was reached and insignificant 398 

change in vwc (< 0.5%) at 800 mm level depicts the effect of the drying front diminishing with 399 

soil depth. Figure 11b shows the temporal distribution of EC5 vwc at embedded depths in 400 

drying process which demonstrated good consistency with MP406 responses compared to the 401 

wetting process. 402 

 403 

[Figure 11] 404 

 405 

4.2 Soil suction profile during wet-dry cycle 406 

Variation in MPS6 soil suction profile during the wetting process is shown in figure 12a. Initial 407 

suction profile demonstrated a slight variation with soil depth and suction at top 300 mm 408 

decreased to 11 kPa when the wetting fronts reached down to 300 mm from the surface after 3 409 

hours. Subsequently, all the suction sensors displayed value of 9 kPa to 10 kPa at t = 4 days, 410 

which eventually equilibrated at 7 kPa after t = 160 days. Figure 12b shows the temporal 411 

variation of the tensiometer responses during the wetting process. Responses at 300 mm and 412 

800 mm levels are displayed as other two tensiometers encountered technical failure at the 413 

beginning. However, soil suction of 7 kPa after t = 160 days seems to be an overestimation of 414 

7 kPa when compared to low suction tensiometer unit responses. Tripathy et al. (2016) 415 

experimentally showed minimum suction in clay that can be measured using MPS6 sensor is 9 416 

kPa and reflects the saturated condition. Full saturation of soil was verified by the positive 417 

tensiometer response monitored at 800 mm soil depth. 418 

 419 

[Figure 12] 420 

 421 
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Variations in MPS6 suction profile during the drying process is shown in figure 13a. Most 422 

critical variation in suction (7 kPa to 1800 kPa) was observed at 50 mm level during the drying 423 

period. Desiccation at 150 mm level resulted in a considerable increase of suction 8 kPa to 43 424 

kPa. At the soil depth of 300 mm, the observed suction variation was increased from 9 kPa to 425 

18 kPa during the drying period. According to tensiometer responses in Fig 13b, it can be 426 

deduced that tensiometer at 300 mm depth verifies MPS6 response after 165 days of the 427 

operational period. Significant inconsistency was observed in tensiometer responses at 300 mm 428 

depth until flushing out air at t = 130 days. Overall, the active zone depth of the soil (AS2870, 429 

2011) can be deemed as 500 mm from the topsoil surface as illustrated in figure 13a.  430 

 431 

[Figure 13] 432 

 433 

Figure 14 compares the laboratory determined SWCC with the matric suction and 434 

corresponding volumetric water content values directly obtained from the MPS6 and MP406 435 

sensors in the soil column during wetting and drying processes. The laboratory determined 436 

SWCC depicts a reasonably good agreement with direct measured soil suction-vwc data during 437 

wet-dry processes of the column and similar observation was made by Gallage et al. (2017). 438 

This verifies that the proposed soil column setup can be used to simulate soil-climatic 439 

interactions following the laboratory determined properties (e.g. SWCC). Water content 440 

sensors have less response time compared to suction sensors. Therefore, an error can be 441 

included when considering a suction value corresponding to a particular water content in a 442 

rapidly changing environment (e.g. at the approach of the wetting front). 443 

 444 

[Figure 14] 445 

 446 
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4.3 Sub-soil displacement during wet-dry cycle 447 

Subsoil movements monitored during the wetting process is shown in figure 15a. At the outset 448 

of the wetting cycle, the LVDT responses depicted a heaving (positive deformation) from the 449 

surface up to 300 mm column depth and a slight settlement at 500 mm (negative deformation) 450 

level. This negative deformation at 500 mm level is only present in LVDT readings; however, 451 

cannot be identified from the peripheral movements captured by level indicators. The main 452 

reason for such behaviour could be the increased overburden due to wetting, but this is not 453 

reflected at 800 mm depth. Further, wetting of the shallow soil layer induces swelling pressure 454 

to deeper layers due to the friction between the shallow layer and the column wall. This 455 

phenomenon was not reflected in the displacement responses at 800 mm soil depth as it is too 456 

far from the top. 457 

 458 

[Figure 15] 459 

 460 

The peripheral soil movements captured by the embedded level indicators inferred a 461 

reasonable agreement with the LVDT measured inner subsoil movements (as depicted in figure 462 

15). The surface movements captured by the markers provided a greater value compared to the 463 

LVDT based measurements since self-weight of the aluminium settlement plates hinders the 464 

free swell at the soil surface. However, the subsoil displacements observed by the markers 465 

(peripheral) provided a slightly lower displacement in comparison with the LVDT readings 466 

due to friction between the soil and column at the boundary. The effect of the soil-wall friction 467 

on the displacement measurements is minimised in this study by considering a large cross-468 

sectional area and placement of the primary displacement monitoring units at the centre.  469 

Overall, the observed heaving at the centre provided a greater displacement compared to the 470 
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peripheral soil movements. Vertical soil displacement at the boundary is almost half as the 471 

central displacements below surface levels; implying the diminishing effect of soil-wall friction 472 

on the vertical displacement in a large soil column. Therefore, the centrally located primary 473 

displacement monitoring units have served their purpose by minimising the friction effect. 474 

Findings of the current study align with the boundary and central displacement findings of 475 

Tang et al (2009). 476 

 477 

During the drying process, evaporation of water associated with expansive soil resulted 478 

in significant vertical shrinkage at the topsoil surface (11.8 mm after 165 days) as shown in 479 

figure 15b. More than two-thirds of the vertical shrinkage occurred during the initial 25 days 480 

of the drying period. At 150 mm depth, the observed vertical shrinkage amounts to 2.5 mm 481 

after soil reached the steady-state condition. From 300 mm level and below, positive, but 482 

minimal soil displacements (< 1 mm) were observed due to the release of surcharge from the 483 

soil above during the desaturation process. The level indicator movements for the analysis of 484 

peripheral displacements for the top 150 mm due to the disturbance caused by lateral shrinkage 485 

of soil. Therefore, the results presented here are purely based on the LVDT responses. 486 

However, the level indicators reflected 0 mm movement from 300 mm level onwards. 487 

Therefore, collective observations of level indicators and LVDT responses deduce that release 488 

of surcharge during the drying process mainly affects the inner soil compared to the soil at the 489 

boundary. 490 

 491 

4.4 Applicability of the setup 492 

 The long-term operable soil column presented in this study has many advantages over 493 

other apparatus. Most soil model test apparatus presented in literature tested for sand; however, 494 
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limited studies can be found for expansive soils (Cui et al., 2013; Cui et al., 2016; Gallage et 495 

al., 2017; Tang et al., 2009). From field and laboratory studies, 1m high soil specimen have 496 

been found to be sufficient to investigate the climatic-induced ground response of expansive 497 

soils (Amenuvor et al., 2018; Cui et al., 2013; Laporte et al., 2018; Ng et al., 2016; Tang et al., 498 

2009) and more accurately replicates the field conditions. Subsoil displacement is an important 499 

parameter to investigate the behaviour of expansive soils; however, is not considered in the 500 

previous studies. The proposed setup is novel in long-term operability, optimised dimensions 501 

and monitoring techniques of subsoil responses. This setup has the capability of monitoring the 502 

long-term variations in subsoil displacements at the boundary and the central part of the 503 

expansive soil. This is useful to investigate the effect of soil-wall friction on subsoil 504 

displacement. Further, monitoring of subsoil allows identifying the active zone depth of the 505 

soil profile that contributes to the surface displacement. The long-term operability of the soil 506 

column is ensured by the availability of backup displacement and moisture monitoring 507 

mechanisms.  508 

The main drawback of this apparatus is the lateral shrinkage monitoring mechanism. 509 

From the subsoil displacement responses at the boundary and the centre, it was deduced that 510 

soil-wall friction at 150 mm depth was considerable. The same behaviour was observed (at the 511 

surface) by Tang et al. (2009); where the central heave was determined as double the 512 

displacement observed at the boundary. Less reliable and inconsistent performance of 513 

secondary moisture monitoring mechanism (EC5) was observed. Low capacity and 514 

inconsistencies were observed in the low suction tensiometer units due to the long water 515 

reservoir in tensiometer tubes which underestimated the water tension due to soil suction. 516 

Further, long equilibrium time of the tensiometers may produce inconsistencies under 517 

infiltration conditions as mentioned by Tang et al. (2009). 518 
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The instrumented soil column is not insulated and hence, the temperature fluctuations 519 

at the surrounding affect the soil profile. The temperature gradient between the surrounding 520 

and the soil is negligible when compared to the effect of the heat-lamp induced heat on the 521 

topsoil (as expected). This temperature difference between the inner and outer sides of the 522 

acrylic (10 mm thick) has negligible heat transfer characteristics due to the very low thermal 523 

conductivity of acrylic (0.2 W/m.K). Therefore, heat exchange between the soil and the 524 

atmosphere from the sides of the soil column is not considered. 525 

 526 

5. Conclusion 527 

The instrumented soil column was successfully operated for a total period of 325 days 528 

which consist of 160 days of wetting and 165 days of drying. Soil suction variations were 529 

successfully captured by MPS6 sensors and tensiometer units were utilized to verify the 530 

hydraulic steady-state condition. Subsoil displacements of the expansive soil during wetting 531 

depicted greater peripheral movement when compared to the inner soil at the topsoil surface 532 

due to free swelling and inner soil movement is slightly hindered by the self-weight of 533 

settlement plate connected to LVDT attachment. At all the other depths, boundary 534 

displacement is slightly lower than that of inner soil due to the soil-acrylic interface friction. 535 

Further investigation on the soil-acrylic interface friction requires a series of direct shear tests 536 

for selected water content and surcharge conditions.  537 

Surface movements were the prominent variation during both wetting (inner 538 

displacement = 38.1 mm, peripheral movement = 45 mm) and drying periods (inner 539 

displacement =11.8 mm). Level indicators were successful in measuring the peripheral soil 540 

movement during the wetting period; however, were not helpful to measure boundary 541 

movements during drying cycle due to disturbance caused by lateral shrinkage. The active zone 542 

depth of the soil column can be considered as 300 mm from the topsoil surface after the wet-543 
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dry period of 325 days. The ‘top 50% of the active zone depth’ (i.e. 150 mm) has contributed 544 

to 60% and 80% of the total vertical displacement in wetting and drying processes respectively. 545 

This study accentuates the applicability of the large instrumented soil column to investigate the 546 

reactive zone depth and climatic-induced ground movement of grey Vertosol soil. The 547 

methodology can be modified to investigate the climate-ground interaction of other expansive 548 

soils under controlled laboratory conditions. 549 
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Classification Test Results Standard 

Grain size distribution % finer than 75ϻm > 77% 

Fraction of clay = 39 % 

AS 1289.3. 6.3 (2003) 

AS 1289.3.5.1 (2006) 

Atterberg limits LL = 67.0 %    

PI = 37.2 % 

AS 1289.3.4.1 (2008) 

AS 1289.3.1.1 (2009a) 

Linear shrinkage LS = 13.4 % AS 1289.3.2.1 (2009b) 

X-ray diffraction (XRD) Smectite Group  

Specific gravity Gs = 2.67 AS 1289.3. 6.1 (2009c) 

Saturated hydraulic conductivity 

(compacted soil) 
510-10 m/s  

Activity Value 0.95  
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Depth from 

Surface (mm) 

Types of Sensors & Embedded Depth 

EC-5 MP406 Tensio Therm-EP MPS-6 LVDT 

0    √  √ 

30 √      

50 √ √  √ √  

150 √ √ √ √ √ √ 

300  √ √ √ √ √ 

500 √  √ √ √ √ 

800 √ √ √ √  √ 

√ - Embedded Level for each Sensor 
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