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Abstract 18 

The performance of compacted soils that are used for construction of railway embankments are 19 

impacted by weather-driven suction and water content fluctuations. Hence, the accurate 20 

measurement of water retention properties of soil during cyclic loading is essential to evaluate 21 

the soil cyclic behaviour under repeated train-induced loads. This paper presents a suction 22 

monitoring setup for soil cyclic triaxial testing and its application to evaluate soil water 23 

retention and volumetric response. The setup uses a high-capacity tensiometer to measure 24 

suction and on-sample displacement transducers to measure volume changes mounted at the 25 

mid-height of the soil sample. Compacted soil samples were subjected to cyclic loads under 26 

different testing conditions: (i) testing a saturated sample under a free to drain condition 27 

showed the accumulation and dissipation of excess pore water pressure during cyclic loading 28 

(ii) testing unsaturated samples under constant water content conditions demonstrated that the29 

accumulated volumetric strain was smaller than the saturated sample and suction decreased 30 

during cyclic loading due to an increase in the degree of saturation (iii) applying successive 31 

packets of cyclic loads and wetting to unsaturated samples showed progressive increase in the 32 

volumetric strain and degree of saturation, leading to loss of suction. The accumulation of the 33 

volumetric strain measured for the tested soil was dependent on the magnitude of the confining 34 

stress, cyclic deviator stress and suction. The soil water retention response during cyclic 35 

loading was dominantly governed by the suction level and the distance between the current soil 36 

water retention state and the main water retention curves. The accurate measurements of the 37 

soil water retention properties allowed the evaluation of the evolution of the stress path during 38 

cyclic loading in terms of Bishopcs stress and the dynamic nature of water retention properties 39 

of the soil. The void ratio of the tested soil measured at the resilient state was found to be 40 

dependent on the applied stress levels and degree of saturation while changes in the void ratio 41 

also affected the water retention behaviour under cyclic loading. 42 
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 44 

Introduction 45 

Unsaturated compacted soils present within railway embankments are subjected to water 46 

content and suction (or pore water pressure) variations during their service life. This is mainly 47 

because of the continuously changing water regime during extreme weather conditions such as 48 

intense rainfall and prolonged drying periods (Jin et al. 1994; Yang et al. 2008; Stirling et al. 49 

2020). The changes in soil suction together with the cyclic traffic loads can greatly affect the 50 

behaviour of formation materials and hence the performance of the railway track (Brown 51 

1996). The design of railway sub-ballast layers to date has mostly relied on various empirical 52 

models, which do not recognise the unsaturated state of compacted soils under cyclic wheel 53 

loads (Drumm et al. 1990; Le and Selig 1996). It is well-known that the desaturation of granular 54 

soils with even a small amount of fines, which are commonly used for construction of sub-55 

ballast layers, generates suction that can hold larger particles together (Toll 1990). Hence, an 56 

accurate evaluation of soil suction and water saturation (water retention properties) is 57 

fundamental for understanding the performance of formation materials subjected to cyclic 58 

wheel loads and weather-driven suction fluctuations (e.g. Oloo and Fredlund 1998; Khalili et 59 

al. 2008; Ng et al. 2013; Sivakumar et al. 2013; Blackmore et al. 2020). From the experimental 60 

point of view, this can be achieved by cyclic testing of unsaturated soil samples with continuous 61 

measurement of suction, water content and volume changes.  62 

The measurement of soil suction during cyclic triaxial testing has usually been achieved by 63 

using the axis translation or psychrometer technique. Several researchers (e.g. Yang et al. 2008; 64 

Craciun and Lo 2010; Ng et al. 2013; Banerjee et al. 2020) used the axis-translation technique 65 

where the air pressure was imposed and the water pressure was measured either at the top or 66 
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the bottom of the sample. This process does not correlate to the actual in-situ condition where 67 

the air pressure is atmospheric and water pressure is negative (Toll et al. 2013). Thom et al. 68 

(2008) developed a simple triaxial system where soil suction was measured indirectly using a 69 

thermocouple psychrometer mounted at top of the sample. The main disadvantage of the above-70 

mentioned techniques is that suction is not measured at the mid-height of the soil sample close 71 

to the shear zone, away from non-uniform stress conditions at the sample ends that can affect 72 

the measurements.  73 

In recent years, the tensiometer technique has brought a potential shift in the measurement of 74 

suction by allowing soil samples to be tested at atmospheric air pressure and negative water 75 

pressure where cavitation can take place (Ridley and Burland 1993; Toll et al. 2013). The 76 

tensiometer technique has been used to measure suction in monotonic triaxial tests where the 77 

probe was often placed at the base pedestal (Lourenço et al. 2011a,b; Mendes and Toll 2016; 78 

Sanlon et al. 2019). The suction measured at the sample ends may not represent the suction 79 

level in the shear zone because there can be a time lag in water homogenisation from the centre 80 

to the ends of the sample. This delay was observed by Sivakumar et al. (2013) where authors 81 

performed cyclic triaxial tests on a compacted clay and measured suction using a probe 82 

installed at the top cap. A few attempts have been made to use the tensiometer for 83 

measurements of suction at the mid-height of soil samples in monotonic triaxial testing where 84 

suction was found to change consistently with shear loading (e.g. Jotisankasa et al. 2007; Li 85 

and Zhang 2015). To the authors’ knowledge, direct measurement of suction using the 86 

tensiometer during cyclic testing, and in turn understanding the evolution of water retention 87 

properties has not explicitly been reported in the literature. 88 

This study provides insights into the application of the tensiometer technique for monitoring 89 

suction during stress-controlled cyclic triaxial testing and interpreting the water retention 90 

response of a compacted clayey sand to cyclic loading. First, the water retention behaviour of 91 
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the soil was studied along drying and wetting paths. Next, cyclic triaxial tests were carried out 92 

where a high capacity tensiometer together with on-sample displacement transducers were 93 

installed at the mid-height of soil samples.  This allowed continuous measurements of suction 94 

changes consistent with volumetric strains close to the shear zone during cyclic triaxial testing. 95 

The influence of water content, confining stress, deviator stress and repeated staged wetting on 96 

the volumetric strains, degree of saturation and suction during cyclic loading is discussed. The 97 

accurate measurement of suction and degree of saturation allows understanding the evolution 98 

of suction and water retention behaviour during cyclic loading with respect to the main water 99 

retention curves of the soil. The measured water retention properties are then used to interpret 100 

the evolution of the applied stress paths and volumetric response of the tested soil during cyclic 101 

loading. 102 

 103 

Material and sample preparation  104 

The soil tested in this study was recovered from the formation material below the sub-ballast 105 

layer of a 650 km heavy-haul South African Coal Line. The soil was sand containing 9 % clay. 106 

A summary of material characterisation is given in Table 1. The same material has been used 107 

in different studies (Gräbe and Clayton 2009, 2014; Otter et al. 2015; Mamou et al. 2017, 2018; 108 

Blackmore et al. 2020). The material was oven-dried for 24 h, then mechanically ground and 109 

the particles passing through the 2 mm sieve were collected for sample preparation. For each 110 

sample, the ground soil was mixed with distilled water equivalent to 10.8% of water content 111 

and sealed in a plastic bag at least for 24 h to allow for water homogenisation. The soil was 112 

then compacted in 4 layers by a drop hammer using the equivalent of the standard Proctor test 113 

(British Standard Light Compaction, BS 1377-4:1990) to form a sample of 200 mm height and 114 

100 mm diameter.  115 
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For cyclic triaxial testing, samples of diameter 70 mm and height 140 mm were recovered by 116 

trimming from the compaction mould. 12 samples were prepared at dry density 𝜌d of 117 

1.825r0.01 Mg/m3 and water content w of 10.7±0.3 % equivalent to 65.2±3.8 % degree of 118 

saturation, i.e. just wet of optimum water content (Blackmore et al. 2020). The optimum water 119 

content w and maximum dry density ρd obtained using the standard Proctor test was 10.2% and 120 

1.871 Mg/m3
 respectively. The samples were compacted slightly on the wet side to ensure their 121 

suction level lies in the measurement range of the tensiometer. This has the additional benefit 122 

that samples compacted on the wet side have a continuous water phase (such that the air phase 123 

exists in the form of occluded air bubbles) and the degree of aggregation is less thereby forming 124 

a relatively uniform soil fabric (Simms and Yanful 2001; Tarantino and Tombolato 2005). 8 125 

samples were subjected to air-drying (10-24 h depending on target water content, at the room 126 

temperature of 20±0.5oC and relative humidity of 34%) to test the soil at different values of 127 

water content (Jin et al. 1994; Guan et al. 1998). Air-drying represents the natural evaporation 128 

occurring within the formation layer in the in-situ condition. One sample was dried to a 129 

minimum water content of 6.2% and degree of saturation of 39.1%. The weight (using a digital 130 

balance) and dimensions (using a digital calliper) of the sample were measured at a regular 131 

interval of 4 h to track the changes in the water content and the volume. Volumetric strains 132 

measured during the drying processes were less than 1%. The samples were wrapped and sealed 133 

in a plastic bag at the end of drying for at least 24 h to allow water homogenisation. The sample 134 

was then mounted on the triaxial base pedestal and suction of the sample was monitored under 135 

the constant water condition where a constant value of suction was observed after 10 – 20 h 136 

that ensured the attainment of the water equilibration (explained in the pore-pressure 137 

measurement section).  138 
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For water retention testing, the samples were compacted at a density of 1.854 Mg/m3, a water 139 

content of 12.1% that corresponds to a degree of saturation of 74%. The cylindrical sample, 140 

having a diameter of 100 mm and a height of 25 mm, was extruded from the compaction mould.  141 

 142 

Testing procedure 143 

Water retention testing 144 

A soil water retention test was performed using a water retention testing system developed at 145 

Durham University (see details in Toll et al. 2015; Liu et al. 2020; Azizi et al. 2020) and a dew 146 

point potentiameter (WP4) (ASTM D6836, 2002). The water retention system allows 147 

continuous measurement of suction using a high capacity tensiometer, water content from mass 148 

readings of a digital balance and volume change from measurements of six Linear Variable 149 

Differential Transformers (LVDTs), four used for measuring the diameter and two for the 150 

height. The tests were carried out following two procedures: (1) continuous measurement with 151 

no pauses during drying (using air-drying at a controlled temperature 20°C (±0.5°C) and a 152 

relative humidity (34%)), and wetting (using water drops at a controlled rate through nozzles 153 

held above the sample), (2) discrete measurement along the drying and wetting paths applied 154 

in stages where the sample was wrapped in a plastic film for at least 24 h before measurement. 155 

The wetting path for discrete measurement was applied from an initially air-dried sample, with 156 

water content increased through use of a humidity chamber where a high relative humidity 157 

(close to 100%) was maintained using “foggers”. The constant value of suction confirmed the 158 

water homogenisation in the sample.  159 

Discrete measurement of suction was also obtained by WP4 during drying and wetting carried 160 

out in stages. In this case, the water content was determined from the weight of the wet and 161 

oven-dried samples and volume change was measured by a digital calliper at each step. 162 
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Although WP4 measures the total suction, i.e. matric suction plus osmotic suction, the data of 163 

WP4 measurements was combined with the data from the tensiometer measurements, i.e. 164 

matric suction. The two sets of data matched well, so it was assumed that the osmotic suction 165 

was not significant (see a similar approach used in Romero et al. 2011; Salager et al. 2013; 166 

Tripathy et al. 2014; Ng et al. 2016). 167 

 168 

Cyclic triaxial testing 169 

Stress-controlled cyclic triaxial testing was carried out using a GDS double cell wall triaxial 170 

apparatus. A confining stress typical of railway track foundation in the field was applied, i.e. 171 

20 kPa and also higher confining stresses ranging from 20 to 100 kPa were applied to 172 

investigate the cyclic response of the samples due to the different levels of confinement (Shahu 173 

et al. 2009). Cyclic deviator stress of 40, 60 and 80 kPa was applied to represent the axial stress 174 

level at the subgrade layer (AASHTO 2017). Cycles of deviator stresses were applied while 10 175 

kPa of resting deviator stress was maintained to allow the loading piston ram to remain in 176 

continuous contact during the cycles and also to consider the weight of track superstructure 177 

acting on the formation material (Gräbe and Clayton 2009; Schulz-Poblete et al. 2019). The 178 

number of loading cycles imposed during each test was 1000 that was sufficient to bring the 179 

samples to a stable resilient state. A frequency of 1 Hz was applied during cyclic testing as 180 

suggested by Liu and Xiao (2010).  Table 2 gives details of the testing program. Three testing 181 

procedures were adopted: 182 

(i) Free to Drain Saturated testing (FDS): Testing in a saturated condition is considered as a 183 

convenient benchmark to start the testing program and also to validate the performance of 184 

the installed tensiometer probe. Prior to applying the confining stress and cyclic loads, the 185 

sample was saturated (B-value �t 0.98). During the cyclic loading stage, water drainage to 186 

the atmosphere was allowed from the top of the sample while pore water pressure was 187 



9 
 

measured at the base of the sample by a conventional transducer and at the sample mid-188 

height by the tensiometer.  189 

(ii) Constant Water content Unsaturated testing (CWU): 9 samples were isotopically 190 

compressed followed by application of the cyclic loading in a constant water content 191 

condition while the drainage lines were closed. The CWU tests with continuous monitoring 192 

of suction and volume (explained in the next section) and under the constant water 193 

condition allowed investigating the cyclic behaviour and changes in the water retention 194 

properties of unsaturated samples due to the application of cyclic loading.  195 

(iii) Staged Wetting Unsaturated testing (SWU): 2 samples were tested using a different 196 

approach to simulate the condition of infiltration of frequent rainfall into an unsaturated 197 

soil layer subjected to the movement of traffic. After isotropic compression, packets of 198 

1000 loading cycles and wetting were repeatedly applied to the samples. The staged 199 

wetting process was achieved by injecting water into the sample through the top drainage 200 

line at a rate of about 1 g/h followed by cyclic loading application at the different levels of 201 

reduced suction. The water injection time was dependent on the amount of water to be 202 

injected during each stage of wetting (ranging from 2.8 to 24 h). Upon the completion of 203 

water injection, a minimum waiting time of 24 h was allowed for suction equilibration. 204 

The last wetting stage was applied while the water was continuously flushed through the 205 

sample and a constant suction value was attained. The water content of the samples at each 206 

stage was obtained from back calculation of the water content of the sample measured at 207 

the end of the test and the amount of water injected at each wetting stage. This testing 208 

approach was more representative of natural mechanism of water infiltration within the 209 

soil embankment compared to suction controlled measurement techniques.  210 

 211 

 212 
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On-sample instrumentation for cyclic triaxial testing  213 

Suction and pore water pressure measurement  214 

The Durham high capacity tensiometer adopted for measuring the pore-water pressure in the 215 

present study is used to directly measure the pore-water pressure in negative and positive 216 

ranges lying between -2000 to 2000 kPa (resolution of ± 0.5 kPa). The device is a miniature 217 

suction probe using a ceramic porous stone having a rated air entry value of 1500 kPa and a 218 

miniature water reservoir of capacity 5.02 mm3. More details about the functioning of the 219 

tensiometer can be found in Lourenço et al. 2008 and Toll et al. 2013. The technique for 220 

installing a pore water pressure measurement at the sample’s mid-height was based on the 221 

technique used by Hight (1982) for saturated soil testing. A circular hole was made in the latex 222 

membrane and the rubber grommet installed through it, so that the tensiometer assembly could 223 

be pushed inside the hole ensuring that the sensing face of the tensiometer makes contact with 224 

the soil surface as shown in Figure 1a. A soil paste made of the fine fraction of the tested soil 225 

was applied on the porous stone of the tensiometer before establishing the contact. This ensured 226 

a good contact between the sensing face of the tensiometer and the soil surface. Silica gel 227 

coating was used to seal the unit and prevent water exchange between the sample and the 228 

triaxial cell. Figure 1b illustrate the schematic representation of the tensiometer assembly.   229 

Figure 2 shows an example of suction readings during the assembly process. It can be observed 230 

that the suction reading equalised around 10 h after the tensiometer was mounted on the sample. 231 

After equalisation, a slight fluctuation in the reading was observed because of the disturbance 232 

caused by applying the coatings on the tensiometer and cell assembly with the previous value 233 

recovered immediately after the cell filling. It is to be noted that the suction equalisation after 234 

the installation of the tensiometer takes longer duration because the suction within the porous 235 

stone of the tensiometer and soil paste used at the interface of tensiometer face and soil sample 236 
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are both zero at time of installation and needs to reach the suction level of the soil sample, in 237 

this case 259 kPa, to attain equilibrium. Once suction equilibration is attained between the 238 

tensiometer porous stone, soil paste and soil samples, then any variation in the suction around 239 

the sample would lead to an immediate response in the tensiometer reading (discussed in the 240 

next section). 241 

 242 

Volume change measurement 243 

The volume changes of soil samples were monitored by employing submergible on-sample 244 

instrumentations. A pair of miniature LVDTs were mounted on two opposite sides of the 245 

sample to measure axial deformation. Another miniature LVDT was used to measure the radial 246 

deformation and was mounted at the centre of the sample in a radial strain belt supplied by 247 

GDS (Figure 1a). The measurement limits of the LVDTs were ± 2.5 mm with a resolution of 248 

0.1 µm.  249 

Figure 3 shows the typical results of measured axial strains εa, radial strains εr and volumetric 250 

strains εv with respect to the number of loading cycles.  The average of the two local axial 251 

strains (positive values are compressive strains) was used for calculating the volumetric strains 252 

(Figure 3a). Figure 3b shows the variation of εr with the number of load cycles where the 253 

measured εr was lower than εa and the negative value indicates expansion in diameter of the 254 

sample during the cyclic loading. Volumetric strains εv (εa + 2εr) were found to be compressive 255 

for all the samples tested in this study (Figure 3c). It has to be pointed out that the measured 256 

axial deformation was significantly greater than the radial deformation as shown for one of the 257 

samples in Figure 3. Hence, the volumetric behaviour of the tested samples was mainly one-258 

dimensional. In this paper, the strains measured are presented in terms of volumetric strains to 259 

evaluate the changes in degree of saturation that allowed an understanding of the changes in 260 
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the water retention properties of the sample during testing. The measured accumulated 261 

permanent axial strains and resilient modulus are reported and discussed in Azizi et al. (2021). 262 

Experimental results 263 

The following sections discuss the results of the water retention and the cyclic triaxial tests 264 

performed on the compacted soil.  265 

Water retention test 266 

Figure 4 shows the water retention behaviour of the sample subjected to drying-wetting cycles 267 

and also fitted curves to simulate a wider range of suction using the van Ganuchten (1980) 268 

model (VG model) in terms of the degree of saturation Sr and suction s. Since the sample was 269 

prepared at a saturation degree (Sr = 74%), the suction values measured at the beginning of the 270 

drying path were low, about 10 kPa. It can be observed that the continuous suction 271 

measurement started within the scanning domain and reached the main drying curve at a 272 

suction of about 200 kPa. Continuous wetting of the sample was started at the suction of          273 

630 kPa. The wetting path also followed a scanning curve and approached the main wetting 274 

curve at the suction of around 10 kPa. The discrete suction values were measured in stages to 275 

a suction of 146.1 MPa then the wetting of the sample was started and measurement was carried 276 

out to the suction range of 20 kPa. The air entry value along the drying path was 32 kPa and 277 

the air occlusion values along the wetting path was 4 kPa indicating hysteretic water retention 278 

behaviour.  279 

The hysteretic nature of the water retention behaviour of the tested soil implies that the suction 280 

tends to decrease markedly when the soil starts to wet up from a suction value close to the main 281 

drying curve, but the rate of the decrease in suction reduces as the water retention state 282 

approaches the main wetting curve. The features of the water retention behaviour of the tested 283 
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soil are further used to investigate the suction variations and water retention paths traced by 284 

the samples during the cyclic triaxial testing.  285 

 286 

Cyclic triaxial tests 287 

In this section, the results of the cyclic tests on saturated and unsaturated samples are compared. 288 

Thereafter, the effects of different testing conditions including water content, confining stress, 289 

deviator stress and repeated loading cycles followed by staged wetting on the water retention 290 

response and volumetric strain accumulation of the tested soil under the unsaturated state are 291 

discussed. It is to be noted that cyclic loading was applied after the isotropic compression stage. 292 

In the case of unsaturated samples, a reduction in the soil suction was observed under the 293 

isotropic compression due to an increase in the degree of saturation of the sample. The cyclic 294 

loads were applied when a constant value of suction was measured at the end of the 295 

compression stage. This paper focuses on the understanding of the water retention 296 

characteristics of samples during cyclic loading, hence, the changes in the soil suction during 297 

the isotropic compression stage are not explicitly covered.  298 

Saturated vs. Unsaturated 299 

Figure 5a shows the volumetric strains εv measured for the free-to-drain saturated (FDS) and 300 

unsaturated (CWU) samples where a confining stress σ3 of 20 kPa and a cyclic deviator stress 301 

qcyc of 40 kPa was applied. The volumetric strain of the unsaturated sample (having a water 302 

content of 7.21% (Sr = 47.1% and si = 413 kPa) was lower and reached a resilient state earlier 303 

than the saturated sample (having a water content =11.4%). This is because suction generated 304 

bonding between soil particles and constrained the deformation of the unsaturated sample 305 

under cyclic loading. The changes in the degree of saturation for unsaturated samples is also 306 

shown in Figure 5a. The contractive volumetric strains expelled water from the saturated 307 
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sample while the sample remained saturated and increased the degree of saturation of the 308 

unsaturated sample under the constant water content condition.  309 

Figure 5b shows the measured excess pore water pressure and suction change for saturated and 310 

unsaturated samples, respectively. The volumetric strain accumulation εv of the saturated 311 

sample increased the pore water pressure during initial cycles which dissipated with the 312 

following loading cycles as the water drained out from the sample. The excess pore water 313 

pressure measured at the base (conventional pressure transducer) and the mid-height 314 

(tensiometer probe) of the saturated sample were the same. This implies that the excess pore 315 

water pressure was instantly homogenised across the sample during cyclic loading due to the 316 

sufficiently high-water permeability of the saturated sample. These results indicated the 317 

reliability of the tensiometer probe and the assembly setup to measure pore-pressure in the 318 

positive and negative ranges and the corresponding volumetric strains during the cyclic triaxial 319 

testing. These results are discussed in the following section.   320 

The negative value of the suction change during cyclic loading for unsaturated samples shows 321 

a progressive reduction in suction s that became stable after about 700 load cycles. The 322 

accumulation of contractive εv and hence the increase in the degree of saturation of the 323 

unsaturated sample reduced the soil suction. However, the time needed for suction equilibration 324 

was greater than the time needed for the volumetric strain accumulation to attain a stable state 325 

because of the low water permeability of the unsaturated soil at high suction levels and the 326 

gradual process of water homogenisation across the sample. Nevertheless, a stable suction 327 

value at the resilient state was achieved during the last load cycles owing to the fact that the 328 

suction was measured at the centre of the sample and close to the shear zone. This stable suction 329 

at equilibrium was unlikely to be observed during cyclic loading if suction was measured at 330 

the ends of soil samples as the water distribution and suction equilibration may be significantly 331 
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delayed from the centre to the ends of the sample (as observed by e.g. Yang et al. 2008; 332 

Sivakumar et al. 2013).  333 

 334 

Effect of water content 335 

Figure 6a shows the plots of volumetric strain εv accumulated with the number of loading cycles 336 

N for the samples (CWU) of water content 10.8% and 7.21% subjected to the same V3  of 20 337 

kPa. It can be observed that εv decreased with a reduction in the water content. The increase in 338 

suction from 21 kPa to 413 kPa due to the decrease in the water content prior to cyclic loading 339 

influences the volumetric strains accumulation where εv reduced from 0.92% to 0.41%. This is 340 

because a sample having a lower water content (higher suction) has more meniscus water 341 

compared to the sample having higher water content (lower suction) (Wheeler et al. 2003). 342 

This directly affects the mechanical behaviour of the sample because higher meniscus water 343 

induces a greater bonding effect, thereby reducing the particle rearrangement and in turn the 344 

volumetric strain accumulation.  345 

The amount of the suction s decrease is greater for the sample with the initial suction si of 413 346 

kPa (Sr = 47.1%) compared to the sample having si of 21 kPa (Sr = 65.4%), as shown in Figure 347 

6b. Also, an initial reduction and quick suction equalisation can be observed for the sample 348 

having higher degree of saturation compared to the delayed equalisation of the suction for 349 

sample having lower degree of saturation. This quick equalisation was mainly because of the 350 

higher permeability of the soil at higher degree of saturation that allowed quicker distribution 351 

of water, thereby providing an earlier equalisation of suction.  352 

It is to be noted that the amount of the suction reduction depends on the water retention state 353 

of the soil. The sample having a water retention state close to the main drying WRC for the 354 

high suction range (si = 413 kPa) showed a higher reduction in suction although the strain 355 
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accumulation was lower. However, the sample having a water retention state close to the main 356 

wetting WRC for the low suction range (si = 21 kPa) showed a negligible reduction in suction 357 

even when the strain accumulation was higher. Figure 6c shows the main drying and wetting 358 

curves (VG models) and also the continuous drying and wetting scanning curves (discussed 359 

earlier in Figure 4) with the water retention properties of the two samples before and after 360 

applying cyclic loads. It can be observed that the path traced by samples is dependent on the 361 

suction level. As shown with empty and solid symbols on Figure 6c, for a sample having the 362 

lower suction, the water retention state has moved upward following the main wetting curve 363 

where the rate of water absorption was more evident than the changes in suction. However, the 364 

sample tested at the higher suction showed a noticeable suction change with even a small 365 

increase in the degree of saturation as the water retention state moved towards the main wetting 366 

curve following a scanning curve similar to the continuous wetting water retention curve shown 367 

in Figure 6c.   368 

 369 

Effect of confining stress 370 

Figure 7a shows the plot of volumetric strains εv accumulation of CWU samples subjected to 371 

the cyclic deviator stress qcyc of 40 kPa and different confining stresses V3. The total volumetric 372 

strains measured at the end of cycles were 0.41%, 0.28%, 0.20% and 0.16% for the samples 373 

being subjected to�V3 of 20, 40, 60 and 100 kPa, respectively. The volumetric strains decreased 374 

with an increase in the confining stress. For these samples, the effect of�V3 was found to be 375 

more dominant than the effect of suction as the sample subjected to�V3 of 20 kPa and having si 376 

of 413 kPa showed the highest εv and the sample subjected to�V3 of 100 kPa and having the si 377 

of 246 kPa showed the lowest εv. However, a sample having si of 430 kPa and subjected to�V3  378 

of 40 kPa showed a lower strain compared to the sample subjected to�V3 of 20 kPa indicating 379 
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the combined effect of confinement and suction that constrained particle rearrangements. The 380 

dominant effect of the confining stress for these samples may be explained by the combined 381 

effect of confining stress, soil density and the initial suction level on the accumulation of 382 

volumetric strains. A higher confining stress resulted in a denser sample at the end of the 383 

compression stage. Hence, the increase in the soil density, in addition to the effect of the 384 

confining stress and the suction level, reduced the accumulation of the volumetric strains 385 

during cyclic loading.  386 

Figure 7b shows the measured suction with the number of cycles for these tests. The reduction 387 

in suction is dependent on the initial suction values and the contractive volumetric strains (that 388 

increased the degree of saturation). The higher εv at the resilient stage in the case of V3 of 20 389 

kPa resulted into a greater decrement in the suction value from 413 kPa to 378 kPa. Whereas, 390 

the lowest εv at the resilient stage in the case of V3 of 100 kPa resulted in a lesser reduction in 391 

the suction value from 246 kPa to 229 kPa, thereby indicating the combined effect of confining 392 

stress and the volumetric strain accumulation. The changes in the suction values is further 393 

explained using the SWRC (Figure 7c). It can also be observed that the equalised suction 394 

reading was achieved earlier for the sample having the suction value of 330 kPa and 246 kPa 395 

compared to the sample having the suction value of 430 kPa and 413 kPa. As discussed in the 396 

previous section, this delay in suction equalisation is mainly because of a lower degree of 397 

saturation (41.8%) and hence a lower permeability of the latter sample.  398 

Figure 7c shows the changes in the water retention path during cyclic loading, as shown with 399 

empty and solid symbols. The water retention states of these samples were close to the main 400 

drying curve. The water retention path moved towards the main wetting curve with an increase 401 

in the degree of saturation due to cyclic loading. The reduction in suction is prominent even 402 

with a gentle increase in the degree of saturation. The amount of the suction decrement is 403 

dependent on the suction level and the distance from the main wetting curve, i.e. the larger 404 
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distance, the larger the decrement in suction as can be observed, e.g. in the case of σ3 = 20 kPa 405 

compared to σ3 = 100 kPa.  406 

Effect of deviator stress 407 

Figure 8a shows the plot of the volumetric strains εv with respect to the number of loading 408 

cycles N for CWU samples subjected to V3 of 20 kPa and qcyc of 40, 60 and 80 kPa. It can be 409 

observed that the magnitude of qcyc has an influence on εv where the initial suction values were 410 

in a range of 20 - 26 kPa, i.e. an increase in the measured εv from 0.92% to 1.24% with an 411 

increase in the applied qcyc from 40 to 80 kPa. The volumetric strains measured for the samples 412 

having si in a range of 360 - 490 kPa were smaller than the other samples.  The effect of qcyc 413 

on the εv was not observed for the tests carried out at the higher suction levels. This can be 414 

explained by the fact that the suction values measured for these samples had the dominant 415 

effect on the accumulation of the strains compared to the effect of qcyc. For example, comparing 416 

the sample of si of 490 kPa showed an εv of 0.32% under qcyc of 80 kPa to the sample of si 360 417 

kPa that showed an εv of 0.55% when subjected to qcyc of 60 kPa. The increase in suction 418 

increased the inter-granular bonding and in turn significantly reduced the volumetric strains εv 419 

accumulation even in the case of qcyc of 80 kPa.   420 

Figure 8b shows the plots of suction changes during the cycles indicating negligible suction 421 

reduction for the tests carried out at the lower suction range. However, a noticeable suction 422 

reduction can be seen for the tests carried out at the higher suction range. As can be seen in 423 

Figure 8c with solid and empty symbols, the water retention state of the samples is close to the 424 

main wetting curve for the low suction range and lies close to the main drying curve for the 425 

high suction range. During cyclic loading, the degree of saturation increased for the samples 426 

having the low suction of 20 - 26 kPa as the water retention state followed the main wetting 427 

curve where the rate of the increase in Sr was more evident even when suction changes were 428 
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negligible. On the other hand, the water retention data of the samples at the high suction range 429 

were away from the main wetting curve. Therefore, the suction of these samples followed 430 

different scanning curves depending on their degree of saturation where an evident decrease in 431 

suction took place even with a small increase in the degree of saturation. This implies that the 432 

suction and degree of saturation changes of the tested soil during cyclic loading was mainly 433 

dictated by the level of suction and degree of saturation rather than the deviator stress applied. 434 

Effect of repeated loading cycles and staged wetting  435 

The results of the SWU tests where two samples were repeatedly subjected to packets of cyclic 436 

loading and wetting are discussed in this section. The samples were dried to water contents of 437 

7.29% and 6.82% before being subjected to σ3 of 20 kPa. After compression, suction values 438 

measured for these samples were 217 kPa and 201 kPa. Thereafter, they were repeatedly 439 

subjected to packets of 1000 cycles of qcyc of 40 and 80 kPa, respectively, followed by wetting 440 

in stages.  441 

Figure 9a shows the measured εv with respect to the number of cycles N and stages where the 442 

εv was higher in the case of qcyc of 80 kPa while their starting suction levels were nearly the 443 

same. The accumulated volumetric strains gradually increased with the loading stages although 444 

the rate of the increase in the case of qcyc of 80 kPa was more evident than the case qcyc of 40 445 

kPa. During the last stage of loading, εv measured for the sample subjected to qcyc of 80 kPa 446 

dramatically increased to 3.09% whereas such an increase in εv was not observed in the sample 447 

subjected to qcyc of 40 kPa. 448 

Figure 9b shows successive increase in the degree of saturation as cyclic loading and wetting 449 

progresses. The successive packets of loading cycles and wetting were started from Sr of 450 

45.9% for the sample subjected to qcyc of 40 kPa and from Sr of 42.2% for the sample subjected 451 

to qcyc of 80 kPa. The saturation degree of the samples increased due to combined effect of 452 
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water injection during the wetting stages and accumulation of strains during the loading stages. 453 

Sr measured at the end of the last load stage was 85% for qcyc of 40 kPa and 88.4% for qcyc of 454 

80 kPa. It is to be noted that a clear jump in Sr is visible when water is injected into the sample 455 

after the end of each cyclic stage, however, a small change in the degree of saturation during 456 

cyclic loading is not visible during the cyclic loading stage. An example of the change in Sr 457 

during the cyclic loading stages is presented for the 1st loading stage of qcyc of 80 kPa where Sr 458 

changed from 42.2% to 43%. 459 

Figure 9c shows the water retention path traced by the SWU samples. For the sample tested 460 

at qcyc of 40 kPa, the transition of the water retention state from the scanning domain towards 461 

the main wetting curve can be observed where the value of suction reduced to 23 kPa at the 462 

end of the 4th loading stage. Thereafter, a rise in the rate of the increase in the degree of 463 

saturation can be observed where the value of suction was 15 kPa that is very close to the main 464 

wetting curve. A similar transition from the scanning domain to the main wetting curve can be 465 

observed for the sample tested at qcyc of 80 kPa. However, the water retention data started 466 

moving upward at a slightly greater suction value for qcyc of 80 kPa compared to the other 467 

sample. As a result, the degree of saturation measured after the 3rd loading and wetting stage 468 

for the sample subjected to qcyc of 80 kPa was found to be greater at a similar suction level. 469 

This small deviation of the water retention behaviour during cyclic loading from the main 470 

wetting curve can be explained by the successive accumulation of εv in the stages and in turn 471 

progressive densification of the soil. The soil water retention curves are known to be density-472 

dependent where the increase in the density of the soil shifts the main water retention curves 473 

to higher values of degree of saturation at the same suction levels (Ng and Pang 2000; Gallipoli 474 

et al. 2003). The main and scanning continuous wetting water retention curve of the tested soil 475 

was obtained from the sample tested at the initial density ρd of 1.854 Mg/m3 whereas the two 476 

SWU samples attained ρd of 1.88 Mg/m3 (qcyc = 40 kPa) and 1.92 Mg/m3 (qcyc = 80 kPa) due to 477 
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the successive accumulation of εv. Therefore, the main wetting water retention curves of these 478 

two samples were likely to shift slightly to higher saturation degrees which was more evident 479 

in the case of qcyc of 80 kPa as the accumulation of strains and hence the increase in the soil 480 

density was greater. A possible main wetting curve at 𝜌d > 1.854 Mg/m3 is assumed and also 481 

plotted in Figure 9c which is more consistent with the water retention behaviour of the two 482 

SWU tests. This is further discussed in the following section. 483 

The results of SWU tests showed that both the dried samples exhibited lower plastic strain 484 

accumulations for the first loading stage as the suction was high. Furthermore, the gradual 485 

accumulation of εv with an increase in N can be seen with the progressive loss of suction due 486 

to the increase in the degree of saturation. The progressive decrease in suction facilitated the 487 

rearrangement of particles within the soil due to the reduced inter-granular bonding. This was 488 

more evident in the samples subjected to qcyc of 80 kPa as the higher magnitude of the repeated 489 

load resulted in a greater deformation. The strain accumulation of this sample during the 6th 490 

loading stage showed a marked increase mainly due to the very low suction (26 kPa) 491 

accompanied with the degree of saturation of 88.4%. Such rapid increase was not observed in 492 

the last loading stage of the sample subjected to qcyc of 40 kPa where the suction was 15 kPa. 493 

This showed that the densification of the soil due to the successive accumulation of strains 494 

prevented large deformations; however, a large deformation was observed when qcyc was 80 495 

kPa rather than 40 kPa. This observation also can be explained by the stress level acting on the 496 

soil skeleton which is discussed in the following section. 497 

Stress path and volumetric deformation 498 

The water retention properties of the tested soil were found to dictate the variation of suction 499 

during cyclic loading which in turn influenced the cyclic response of the soil. The on-sample 500 

instrumentation system used to measure suction and deformations at the mid-height of the 501 
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sample provided the essential information on the water retention properties of the soil that can 502 

be used to interpret the soil cyclic behaviour. This was achieved by employing Bishopcs stress 503 

(Terzaghics effective stress in the case of the saturated sample) incorporating the measured 504 

suction (positive pore water pressure in the case of the saturated sample) and degree of 505 

saturation that varied during cyclic loading. Bishopcs stress is defined as p* = pnet + Srs, where 506 

pnet = (σ1+2σ3)/3 is the mean net stress (it is the difference of total stress and pore air pressure, 507 

where pore-air pressure is atmospheric pressure for the tests conducted) and Srs is the suction 508 

stress. In the following section, the evolution of the stress path during cyclic loading is 509 

discussed under different testing conditions. The measured volumetric deformation and void 510 

ratio were found to correlate well with Bishopcs stress and degree of saturation. 511 

Stress path 512 

The saturated sample experienced an increase in the excess pore water pressure due to cyclic 513 

loading during free to drain conditions (FDS) that caused reduction in the effective stress 514 

leading to an increased irreversible deformation during the initial cycles. The initial increase 515 

in the excess pore water pressure was due to the fast-cyclic loading and drainage distance of 516 

the sample that delayed the dissipation of the excess pore water pressure. The dissipation of 517 

the excess pore water pressure with the increasing cycles eventually led to an establishment of 518 

a stable resilient state. Figure 10a illustrates the stress path for the FDS test during 1st, 100th 519 

and 1000th cycles of loading in terms of mean effective stress pc [pc=(σc1+2σc3)/3] and deviator 520 

stress q. It can be seen that the stress path is dependent on the accumulation and dissipation of 521 

excess pore water pressure. The accumulation and dissipation of the excess pore water pressure 522 

led to a movement of the stress path towards lower effective stresses during the first cycles, 523 

due to the generation of the excess pore water pressure, followed by a gradual shift back 524 
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towards initial effective stresses with the increasing loading cycles, as pore water pressure 525 

dissipated. 526 

The unsaturated samples (CWU) experienced an increase in the degree of saturation due to the 527 

accumulation of strains, leading to reductions in the soil suction during initial cycles. The 528 

unsaturated samples under CWU testing reached a stable resilient stage as the number of cycles 529 

approached 1000. Figure 10b shows the stress path for CWU testing for two samples having 530 

water content of 10.8% and 7.21% during 1st, 100th and 1000th cycles of loading in terms of 531 

Bishopcs stress p* and deviator stress q. Both samples were subjected to V3 of 20 kPa and        532 

qcyc of 40 kPa. The sample having a lower water content had a greater suction value (413 kPa) 533 

and in turn a greater Bishopcs stress (217 kPa). During cyclic loading, a gradual shift to lower 534 

stress level was more evident in the case of the drier sample. This can be explained by the 535 

greater reduction in the soil suction which was from 413 kPa to 378 kPa for the dried sample 536 

compared to a smaller suction reduction in the sample having water content of 10.8% where 537 

suction reduced from 20 kPa to 17 kPa. It has to be pointed out that Bishopcs stress reduced 538 

during cyclic loading due to dominant effect of suction reductions although the increase in the 539 

degree of saturation during cyclic loading slightly increased the stress.  540 

Figure 10c shows the plot of stress path at 1000th cycle for different testing conditions where 541 

V3 and qcyc was applied as 20 kPa and 40 kPa respectively. The critical state line (CSL) reported 542 

by Gräbe and Clayton (2009) for the same material is also plotted. The CWU samples have 543 

higher Bishopcs stress compared to the saturated sample in which the stress path is located very 544 

close to the CSL (at full saturation, Bishopcs stress = Terzaghics effective stress). Therefore, a 545 

higher soil skeleton stress in the case of CWU samples resulted in the reduction in the 546 

accumulation of strains compared to the saturated sample. Under SWU testing, the wetting 547 

process further decreased suction associated with accumulation of strains during cyclic loading. 548 
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This shifted the stress path of the SWU sample towards lower stress levels and nearer to the 549 

CSL in stages. As the stress level decreased in stages, larger strains accumulated with 550 

successive cyclic loading. It can also be observed that the stress level of the SWU test (Sr = 551 

69.4%) was greater than the stress level of the CWU (Sr = 67.6%). This may also justify the 552 

lower strains (εv= 0.65%) measured for the SWU sample compared to CWU sample (εv= 553 

0.92%) as the soil skeleton stress was higher under the imposed loading conditions. 554 

Volumetric deformation 555 

Figure 11 shows the void ratio e measured before and after applying cyclic loads for all samples 556 

in terms of mean Bishopcs stress p* and degree of saturation Sr. The void ratio of all samples 557 

reduced due to compressive volumetric deformations measured during cyclic loading. The 558 

results show that the change in the void ratio decreases with an increase in p* as well as with 559 

a decrease in Sr. This is evident comparing the decrease in the void ratio of the CWU samples 560 

having p* around 200 kPa and Sr around 40% with the change in the void ratio of other CWU 561 

samples having p* < 200 kPa and Sr > 40%. In the case of the unsaturated samples, the increase 562 

in the confining stress or suction stress modifies the stress acting on the soil skeleton, leading 563 

to a different resilient state in terms of e. Moreover, the increase in Sr brings the unsaturated 564 

sample closer to the saturated resilient state that is associated with a lower void ratio at a given 565 

stress. This can also be seen in Figure 11 where the void ratio decreases with the increase in 566 

the degree of saturation in the case of the SWU samples. The SWU test, in the case of qcyc of 567 

40 kPa, showed a gradual decrease in the void ratio towards the saturated state with an increase 568 

in Sr. The void ratio measured at the last stage of cyclic loading approached that of the saturated 569 

sample (FDS) as the degree of saturation of the sample increased in stages and reached towards 570 

full saturation. The rate of the decrease in the void ratio with an increase in the degree of 571 

saturation was more pronounced in the case of qcyc of 80 kPa indicating that the volumetric 572 

deformation of the soil is also dependent on the applied qcyc as discussed earlier in the paper. 573 
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Figure 12 shows the degree of saturation Sr, suction s and void ratio e measured before and 574 

after applying cyclic loads for all the triaxial samples together with the experimental continuous 575 

wetting water retention data obtained from the water retention test (SWRC-continuous 576 

wetting). As discussed earlier, the suction of the samples reduced due to the increase in the 577 

degree of saturation during cyclic loading following a scanning water retention path towards 578 

the main wetting curve similar to the continuous wetting water retention curve obtained from 579 

the water retention test. Such behaviour is also dependent on the void ratio where the scanning 580 

and main water retention curves (also observed by Gallipoli et al. 2003; Salager et al. 2013; 581 

Azizi et al. 2017) shift towards greater saturation levels with the decrease in the void ratio as 582 

shown in Figure 12. The water retention state of the samples before applying the cyclic loads 583 

was different. Therefore, the suction of all these samples changed during cyclic loading 584 

following different paths, forming scanning (or transition) surfaces (Sr– s – e) that approach 585 

the main wetting surface along the wetting paths for example in the case of the continuous 586 

wetting water retention curve (SWRC-Continuous wetting) as shown by a dotted black surface 587 

in Figure 12. Another example of scanning surface (grey transition surface) is shown in Figure 588 

12 to explain the transition of the water retention state of the SWU test (qcyc = 80 kPa) during 589 

cyclic testing where the progressive densification (successive decreases in their void ratio) due 590 

to repetitive loading stages caused its water retention state to deviate from the continuous 591 

wetting water retention data and shift towards a higher degree of saturation as discussed in 592 

Figure 9(c). This shift was more evident in the case of the SWU test having qcyc = 80 kPa as 593 

the decrease in its void ratio was greater compared to that of the SWU test having qcyc = 40 594 

kPa. 595 

 596 

 597 
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Conclusions  598 

This study presented a suction monitoring setup for cyclic triaxial testing and its application to 599 

evaluate soil volumetric and water retention response during cyclic loading. The setup enabled 600 

local measurement of suction using a high capacity tensiometer mounted at the mid-height of 601 

the soil samples where the volume change was also measured using on-sample displacement 602 

transducers. The setup allowed direct measurements of suction near the shear zone, a fast 603 

response to the variation of suction and testing the unsaturated soil at the natural condition, i.e. 604 

under negative pore water pressure, that cannot be achieved with the axis translation approach. 605 

Both saturated (free to drain) and unsaturated (constant water content) samples showed 606 

contractive volumetric strains during cyclic loading while the measured volumetric strains were 607 

smaller in the case of unsaturated samples. The accumulation and dissipation of positive pore 608 

water pressures measured at the mid-height and the base of the saturated sample showed that 609 

the excess pore water pressure was relatively uniform across the sample during cyclic loading. 610 

In the case of the unsaturated samples, the contractive strains and hence the increase in the 611 

degree of saturation reduced the soil suction. At high suction levels (s > 300 kPa), the time 612 

required for suction equilibration was greater than the time needed for the strain accumulation 613 

to reach a stable state because of the low water permeability of the unsaturated soil at lower 614 

saturation levels. 615 

The volumetric strain of unsaturated samples measured during cyclic testing was found to 616 

decrease with suction and confining stress but increase with the cyclic deviator stress. The 617 

suction variation and water retention response of the soil was dominantly dictated by the level 618 

of suction. The hysteretic water retention behaviour of the tested soil showed that the suction 619 

decreases markedly with the increase in degree of saturation during cyclic loading if the suction 620 

value is high and close to the main drying curve for high suction range.  The decrease in suction 621 

during cyclic loading reduces less, but with a noticeable increase in the degree of saturation 622 
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when the suction value is low and close to the main wetting curve for low suction range. This 623 

trend was also evident when the unsaturated samples were repeatedly subjected to packets of 624 

loading cycles followed by wetting in stages. The repeated loads showed an increase in the 625 

volumetric strains due to a progressive loss of suction where the water retention state of the 626 

soil shifted from the main drying to the main wetting curve. 627 

The results indicated that the on-sample measurements provide reliable and accurate 628 

measurements of suction and degree of saturation (through volume change measurements) that 629 

can be used for interpretation of soil cyclic behaviour. The evolution of the stress path during 630 

cyclic loading was explained using Bishopcs stress (that incorporates suction stress into soil 631 

skeleton stress) and the dynamic nature of the water retention state of the soil. The void ratio 632 

measured after applying cyclic loading was also found to be dependent on the applied stress 633 

level and water retention properties of the tested soil. The results show that the change in the 634 

void ratio decreases with an increase in Bishopcs stress and with a decrease in degree of 635 

saturation while the increase in the applied cyclic deviator stress intensify the reduction in the 636 

void ratio. The void ratio was also found to affect the water retention behaviour of the tested 637 

soil while transition wetting surfaces in terms of degree of saturation, suction and void ratio 638 

can be identified that the soil samples having different water retention states follow to approach 639 

the main wetting surface during cyclic loading. 640 
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Table 1. Description of the tested soil 838 

Gradation Atterberg limits Specific 

gravity 

Soil 

classification % Sand % Silt % Clay LL PL PI 

79 12 9 25 16 9 2.66 SC 

 839 

 840 

 841 

 842 

 843 

 844 

 845 

 846 

 847 

 848 

 849 

 850 

 851 

 852 

 853 

 854 



38 
 

Table 2. Details of cyclic triaxial testing  855 

Test 

No. 

After preparation and drying After compression 

qcyc 

(kPa) 

Test 

Type 

Water 

content 

(%) 

Dry 

density 

ρd 

(Mg/m3) 

Suction 

s0 

(kPa) 

Degree of 

saturation 

Sr,0 

(%) 

σ3 

(kPa) 

Suction, 

si 

(kPa) 

Degree of 

saturation 

Sr,i 

(%) 

T1 11.40 1.807 0 100.00 20 0 100 40 FDS 

T2 10.80 1.838 40 64.29 20 21 65.44 40 CWU 

T3 10.80 1.833 39 63.73 20 22 66.07 60 CWU 

T4 10.70 1.813 45 60.94 20 26 61.75 80 CWU 

T5 7.21 1.880 420 46.24 20 413 47.12 40 CWU 

T6 6.91 1.860 390 42.69 20 360 43.27 60 CWU 

T7 6.16 1.874 511 39.09 20 490 39.20 80 CWU 

T8 6.37 1.886 450 41.48 40 430 41.83 40 CWU 

T9 7.15 1.883 361 46.06 60 330 46.84 40 CWU 

T10 7.30 1.859 305 45.08 100 246 46.34 40 CWU 

T11 7.29 1.841 259 43.57 20 217 45.87 40 SWU 

T12 6.82 1.840 220 40.70 20 201 42.18 80 SWU 

 856 
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