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ABSTRACT: In mountainous Western China, a large number of granular materials are used as 30 

construction materials in high-fill embankments. These granular fill materials in the 31 

embankments are typically unsaturated owing to the arid and semi-arid climates in this area. 32 

However, previous studies on unsaturated soils primarily focus on fine-grained soils. In this 33 

study, a series of triaxial tests were performed to determine the critical state parameters of a 34 

granular fill material in q– p , v–ln p , and vw–ln p  planes. An upgraded double-cell triaxial 35 

system (DCTS) was used in net confining pressures ranging from 0 to 450 kPa and matric 36 

suctions ranging from 0 to 160 kPa. This study demonstrates the good performance of the 37 

upgraded DCTS in unsaturated soil testing. Experimental results show that the critical state lines 38 

are almost parallel to those of saturated soil in the q– p  plane, suggesting that the friction angle 39 

is independent of suction. The total cohesion and hence the shear strength increase with suction. 40 

In the v–ln p  plane, both the intercept and slope of the critical state line increase with suction. 41 

Finally, it is observed that the intercept and slope decrease with increasing suction in the vw–ln p  42 

plane. 43 

KEYWORDS: high-fill embankment; unsaturated soil; suction; water retention curve; 44 

stress–strain; critical state 45 
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1 INTRODUCTION 46 

Infrastructure constructions typically involve high-fill embankments, especially in mountainous 47 

Western China. The maximum height of high-fill embankments in Jiuzhai Huanglong Airport 48 

exceeds 104 m [24]. These projects in the mountainous area require a large number of fill 49 

materials to be excavated from nearby areas and compacted in valleys. The fill materials from 50 

natural terrains are typically granular and heterogeneous soils [36, 55]. These soils typically 51 

comprise a mixture of coarse (gravels) and fine particles (clays and silts). Extensive studies have 52 

been performed to investigate the behaviour of granular soils, including microporosity [22, 60], 53 

hydraulic conductivity [32, 35], particle breakage [10, 28, 57], and saturated shear strength [12, 54 

33, 53, 61]. However, the behaviours of these granular and heterogeneous soils are still unclear 55 

owing to their variability and complexity [31, 34, 55]. 56 

 57 

Most of the mountainous regions of Western China are arid and semi-arid areas, which yield the 58 

unsaturated feature of fill materials. The use of these fill materials in high-fill embankments 59 

necessitates the investigation of the unsaturated feature. This investigation requires a rational 60 

framework of the unsaturated soils to be established. Critical state frameworks for unsaturated 61 

soils have been proposed and developed in the last three decades [1, 21, 42, 52, 54, 64, 65]. The 62 

critical state frameworks for unsaturated soils comprise several important concepts, such as shear 63 

strength, yielding, and critical state. These concepts are based on reliable experimental results on 64 

unsaturated soils. Extensive studies have been performed on unsaturated soil experiments since 65 

the last decades, where time-dependent compression [9], cyclic [46, 47, 66], and various-coarse-66 

content behaviours [48, 62], among others, have been investigated. However, most current 67 

studies on unsaturated soils focus on fine-grained soils, owing to the relative homogenisation and 68 
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economic efficiency of small-sized specimens [1, 52, 59]. Few researchers have investigated the 69 

behaviour of coarse granular soils in unsaturated conditions. For the establishment of the 70 

framework of unsaturated coarse granular soils, experimental data are still scarce owing to the 71 

complex, expensive, and time-consuming tests involved [44]. Zhao and Zhang [62] studied the 72 

effect of coarse contents on the behaviour of unsaturated coarse granular soils under low net 73 

confining pressures (5 to 25 kPa). Nevertheless, in high-fill embankments in mountainous areas, 74 

a deep soil layer still exists in an unsaturated condition. Therefore, coarse granular soils under 75 

relatively higher confining pressures (450 kPa) must be studied. The shearing behaviour, 76 

volumetric behaviour, and critical state characteristics of coarse granular soils in unsaturated 77 

conditions are still not well understood [15]. 78 

 79 

This paper presents the experimental results of triaxial tests on an unsaturated fill material 80 

sampled from the new expansion of Chongqing Jiangbei International Airport. This study 81 

highlights the successful applicability of a new upgraded double-cell triaxial system (DCTS) for 82 

unsaturated soil testing. The stress–strain behaviour and critical state parameters of the 83 

unsaturated granular fill are emphasised. Two widely used frameworks were used to interpret the 84 

experimental results. One of them is the framework proposed by Wheeler and Sivakumar [52], 85 

which is dependent on suction. The other framework, proposed by Toll [42] and Toll and Ong 86 

[43], is based on degree of saturation. 87 

 88 

2 SOIL PROPERTIES AND SPECIMEN PREPARATION 89 

2.1 Soil properties 90 

The soil utilised in this study was retrieved from the fill material of an embankment in the new 91 

Chongqing airport. This soil was originally weathered from Jurassic sandy mudstone and 92 
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sandstone. Wet sieving and hydrometer tests based the procedures in BS1377 [6] were performed 93 

to determine the particle size distribution of the soil. Fig. 1 presents the particle size distribution 94 

(PSD) curves of the soil. Particles larger than 20 mm were removed to obtain a scaled-down 95 

curve [6], and the coefficient of curvature and coefficient of uniformity were calculated as 0.138 96 

and 35.47, respectively [9, 23]. The result of the standard Proctor compaction test on the fill 97 

indicated a maximum dry density (MDD) of 2.12 Mg/m3 and optimum moisture content (OMC) 98 

of 5.7%. The studied soil can be classified as poorly graded gravel with sand (Unified Soil 99 

Classification System, USCS, ASTM D 2487) [4]. The basic soil properties are summarised in 100 

Table 1. 101 

 102 

The filter paper method (FPM) was used to measure the matric suction, which is the pressure 103 

difference between pore-air pressure, ua, and pore-water pressure, uw (ASTM D 5298) [3]. The 104 

preliminary experimental results and discussions regarding the FPM can be referred to Liu et al. 105 

[23]. In addition, a pressure plate test was conducted to obtain the water retention curve (WRC) 106 

of the granular fill on a novel multipurpose testing apparatus developed in the soil mechanics 107 

laboratory of Hong Kong Polytechnic University (ASTM D 6836) [2]. The WRC of the granular 108 

fill obtained from different methods is shown in Fig. 2. The matric suction values obtained by 109 

different methods are generally consistent. The matric suction values below 100 kPa obtained 110 

from the FPM were not included in the plot owing to the difficulty in obtaining accurate 111 

measurements of total and matric suction using the FPM [39]. The van Genuchten model [45] 112 

expressed as equation (3) in the appendix was used to fit the experimental data (see Fig. 2). 113 

Table 2 presents the best-fit model parameter values and R2 value for the granular fill. 114 

 115 
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2.2 Soil specimen preparation 116 

The soil specimens were prepared as follows. First, oven-dried natural soil was sieved into eight 117 

portions based on particle size: < 0.063, 0.063–0.15, 0.15–0.212, 0.212–0.3, 0.3–2, 2–5, 5–10, 118 

and 10–20 mm (see Fig. 3). The granular-fill samples were inhomogeneous. The soil specimens 119 

were not uniform if the particles were not separated in different particle size portions. Next, the 120 

mass of soil for each particle portion was calculated according to the scaled-down PSD curve 121 

(see Fig. 1). Then, the eight portions with calculated mass were mixed uniformly. Next, the mass 122 

of water was calculated based on the targeted soil dry density and optimum moisture content. 123 

Subsequently, the mixed soil sample was mixed evenly with water with calculated mass. Next, 124 

the wet soil mixture was sealed in a plastic bag and placed in a chamber, where the soil mixture 125 

was maintained at constant temperature and humidity for at least 24 h. Finally, the soil was 126 

compacted using a rotary hammer and a steel mould in five 40-mm layers to produce a specimen 127 

of diameter 100 mm and height 200 mm. The surface of each layer was scratched to obtain an 128 

appropriate bonding with the subsequent soil layer. Each layer reached the same dry density of 129 

1.87 Mg/m3 (88% of MDD) and moisture content of 5.75%. Upon the completion of compaction, 130 

the mass of the specimen was recorded. 131 

 132 

3 TEST APPARATUS, TEST PROGRAMME, AND TEST PROCEDURE 133 

3.1 Upgraded double-cell 134 

An upgraded suction-controlled DCTS, as shown in Figs. 4 and 5(b), was first used in a series of 135 

systematically designed unsaturated triaxial tests to measure the volume changes of soil 136 

specimens [8, 14, 23, 56]. The upgraded double-cell in the system could overcome two main 137 

limitations of conventional triaxial systems: the large deformation of the cell and possible water 138 

leakage in the inner cell. The long period of an unsaturated triaxial test can result in large errors 139 
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of system deformation. In the conventional triaxial systems, a single cell is usually used. The 140 

pressure of de-aired water in the single cell is different from the atmospheric pressure outside of 141 

the single cell. The deformation of the cell increases with the increasing cell pressure. As shown 142 

in the double-cell triaxial system in Fig. 4, the inner cell is totally enclosed within the outer cell. 143 

De-aired water is filled in both the inner cell and the outer cell. The same magnitude of water 144 

pressure was applied in both outside and inside the inner cell. Therefore, both the wall and top 145 

cap of the inner cell have negligible deformation [56]. Errors caused by the deformation of inner 146 

cell can be avoided accordingly. In the long-period triaxial tests on unsaturated soil, especially in 147 

a cell-fluid-measurement cell, the leakage can cause large errors in volume change 148 

measurements. These possible errors can be avoided by the upgraded double-cell because of a 149 

zero hydraulic gradient along the piston on the inner cell cap. Moreover, bladder air/water 150 

cylinders were used to deliver pressurised de-aired water to the double cells. The space between 151 

the inner cell and specimen was sufficient for the installation of on-sample strain transducers. 152 

 153 

3.2 Test apparatuses 154 

As shown in Fig. 5(a), a stress-path triaxial system (SPTS) (manufactured by VJ Tech Limited, 155 

UK) was set up in the soil mechanics laboratory of the Hong Kong Polytechnic University to 156 

perform saturated consolidated drained and consolidated undrained triaxial tests. Suction-157 

controlled consolidated drained tests were performed using a modified DCTS to study the 158 

volumetric and shear strength behaviours of an unsaturated compacted granular fill. As shown in 159 

Fig. 5(b), a modified DCTS was manufactured and set up in the soil mechanics laboratory of the 160 

Hong Kong Polytechnic University. 161 

 162 
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The control of matric suction and the independent measurement of water content as well as 163 

volume changes are two main requirements for apparatuses used for unsaturated soil testing. 164 

Matric suction was controlled by the axis translation technique introduced by Hilf [17]. The axis 165 

translation technique requires the maintenance of matric suction using a high air entry value disk 166 

(HAEVD) screwed on the cell pedestal [23]. The HAEVD allowed both ua and uw to be 167 

controlled; therefore, the matric suction of the specimen was controlled. Two types of HAEVDs 168 

(3 and 5 bar) were used to control the matric suction. As shown in Fig. 4, a coarse porous stone 169 

was placed on the top of a soil specimen that was placed on a custom-built pedestal with a 170 

HAEVD. The air pressure and water pressure can be applied to the top of the specimen through 171 

the coarse porous stone and water chamber beneath the HAEVD, respectively. One end of the 172 

water chamber was connected to an automatic volume change (AVC) device (model type: 28-173 

WF4410, Wykeham Farrance Engineering, Slough, Berkshire, U.K.) and the other end to a 174 

diffused air indicator (DAI) (model type: DAF 200M, Geotechnical Consulting & Testing 175 

System, LLC). The AVC device and DAI were used to continuously monitor the water content 176 

change of specimen and the volume of diffused air accumulated in the water chamber. An 177 

upgraded double-cell, as presented in Fig. 4, was used for the measurement of volume changes of 178 

soil specimens. One internal and one external load cell were used to determine the deviatoric 179 

stress of the specimen. Four pressure transducers were installed to measure the inner cell, outer 180 

cell, air, and water chamber pressures, respectively. A linear variable differential transformer 181 

(LVDT) was used to monitor the vertical displacement. Two types of dataloggers (model types: 182 

MPX 3000 and MINISCANNER, VJ Tech Limited, UK) were used to log the data from the well 183 

calibrated measuring components, including the AVCs, DAI, LVDTs, pressure transducers, and 184 

load cells. 185 
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 186 

3.3 Test programme 187 

A series of suction-controlled consolidated drained triaxial tests were performed to study the 188 

volumetric and shear strength behaviour of an unsaturated compacted granular fill. Additionally, 189 

a series of consolidated drained and consolidated undrained triaxial tests in saturated conditions 190 

were conducted to study the soil behaviour of specimens in a null-suction condition. The stress 191 

paths of the tests are shown in Fig. 6. The applied matric suctions ranged from 0 to 160 kPa, and 192 

the applied net confining pressures ranged from 0 to 450 kPa based on the laboratory conditions 193 

and previous studies [27, 52, 58, 63]. The net confining pressure, σ3c’’, is defined as the pressure 194 

difference between confining pressure, σ3c, and pore-air pressure, ua. The initial state for the 195 

unsaturated soil specimens was at point 8. The initial suction for the specimens was in the range 196 

of 20 to 40 kPa. The initial net stress for specimens was zero. As shown in Table 3, in specimen 197 

ID, the first two letters CD means consolidated drained triaxial test, and the first number directly 198 

after the letters represents the applied matric suction, while the second number after the dash 199 

represents the applied effective confining pressure, σ3c’ or net confining pressure, σ3c’’. The 200 

effective confining pressure, σ3c’, is defined as the pressure difference between confining 201 

pressure, σ3c, and pore-water pressure, uw. For example, specimen ID CD40-150 means that the 202 

matric suction and net confining pressure of a specimen before shearing are 40 and 150 kPa, 203 

respectively. 204 

 205 

3.4 Test procedures 206 

The test procedures of the consolidated drained and consolidated undrained triaxial tests in 207 

saturated conditions can be referred to BS 1377 [6] and Head [16]. 208 

 209 



8 

The suction-controlled consolidated triaxial tests comprises three stages, i.e. suction equalisation, 210 

isotropic compression, and constant-suction shearing. Prior to each test, several preparation 211 

procedures were performed, including the saturation of the HAEVD, leakage verification of the 212 

HAEVD, and air expulsion in the drainage lines of the inner cell and water chamber. 213 

 214 

In the suction equalisation stage, to obtain the desired matric suction, the air pressure and water 215 

back pressure were applied to the specimen (see terminated points 10, 17, and 24 in Fig. 6). 216 

During the entire equilibration process, the total volume change and water volume change of the 217 

specimen were recorded. A net confining pressure of 20 kPa and a water back pressure of 50 kPa 218 

were maintained in the equilibration stage for each test. Several criteria in the equalisation stage 219 

have been used in the unsaturated triaxial tests. A water content change of 0.04%/day was 220 

adopted by Sivakumar [37] in unsaturated triaxial tests on compacted kaolin. Zhan [58] selected 221 

0.02%/day of water change as a terminated criterion in a study of unsaturated expansive clay. 222 

The degree of saturation per day of less than 1% was adopted by Hossain and Yin [19] in tests on 223 

unsaturated compacted decomposed granite. Water-content decrease rates of 0.2%/day and 224 

0.04%/day were employed in unsaturated tests conducted by different research groups to 225 

measure and control suction [40]. A conservative termination criterion of the equilibration stage 226 

was set to 0.02% of water content change per day with regard to the soil property and previous 227 

studies. 228 

 229 

After the equalisation of the desired matric suction, the constant-suction isotropic compression 230 

stages proceeded, which were sufficiently enough to enable a fully stable matric suction and 231 

drained condition to be obtained. As shown in equation (4), the calculation of the loading rate of 232 
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consolidation was referred to a method introduced by Thomas [41]. Although the equation was 233 

used for saturated soils, the loading rate may be conservative because a lower excessive pore-234 

water pressure was generated in unsaturated soil rather than in saturated soil under the same 235 

consolidation pressure [11, 37, 58]. The results of an oedometer test performed by Chen et al. [9] 236 

were reanalysed to obtain the coefficient of consolidation of the soil. The calculated loading rate 237 

of ramped consolidation for the granular fill was approximately 60 kPa/h. Upon the application 238 

of each net confining pressure, the specimen was left for at least 24 h to attain the full dissipation 239 

of excessive pore-water pressure in the specimen [52, 58]. 240 

 241 

After the isotropic compression stage, the specimen was sheared in a drained condition. The net 242 

confining pressure and matric suction were applied to the specimens, and axial loads at a 243 

constant strain rate were applied to compress the specimens. Satija and Gulhati [29] used 1.3 × 244 

10−4%/s in consolidated drained triaxial tests on unsaturated Dhanauri clay. A strain rate of 1.7 × 245 

10−5%/s was employed by Ho and Fredlund [18] in the study of undisturbed decomposed granite 246 

and rhyolite. The constant strain rate in the consolidated drained triaxial tests ranged from 1.7 × 247 

10−5%/s to 1.3 × 10−4%/s. The studied soil was gravel with sand which had a high value of 248 

permeability. Therefore, a conservative constant strain rate of 3.33 × 10−5%/s or 0.004 mm/min 249 

was adopted in this study to maintain a constant suction condition in shearing. 250 

 251 

The correction of the experimental data primarily included the specimen area, membrane 252 

strength, piston volume change, and cell volume change. The cell volume change included the 253 

‘immediate’ volume change owing to a pressure increase and the ‘creep’ phenomenon under a 254 

constant pressure. Detailed descriptions can be referred to Head [16] and Chen et al. [8]. 255 
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 256 

4 EXPERIMENTAL RESULTS AND DISCUSSIONS 257 

4.1 Fully saturated triaxial tests  258 

The critical state is defined as the state of soil under continuous distortion when no change in 259 

stress or volume occurs. The critical state framework suggests a unique relationship between the 260 

void ratio (e) or specific volume (ν, ν = 1+e) and the mean effective stress (p’) [5, 30], as shown 261 

in equations (5) to (9) in the appendix. Fig. 7(a) presents the state paths during shearing for the 262 

granular fill under saturated conditions. The specific volume of the specimen under low stresses 263 

is approximately 1.46. An approximate value of yield stress of 44 kPa can be obtained in 264 

accordance with the Casagrande method. The start points of the shear paths tend to define the 265 

normal compression line (NCL) of the soil in the v–ln p’ plane. Despite some scatter, the critical 266 

state points at the end of tests tend to define a critical state line (CSL) of the soil in the v–ln p’ 267 

plane. The triaxial results show a possible curvature of CSLs in the v–ln p’ plane. However, the 268 

linear relationship shown in equation (6) in the appendix was assumed owing to the simplicity 269 

and lack of conclusive evidence for a curving CSL. Therefore, it is likely that the CSL is parallel 270 

to the NCL. Fig. 7(b) shows the stress paths in the q–p’ plane for the six fully saturated triaxial 271 

tests. The critical state points at the end of each test probably define the CSL of the soil in the q–272 

p’ plane. This unique CSL can be defined by a stress ratio, Ms of 1.44. 273 

 274 

Table 3 shows the stress path and values of parameters for saturated specimens at critical state. 275 

The final water contents for saturated specimens under undrained condition were calculated 276 

based on the measured water volume changes in specimens. The critical state parameters defined 277 

for soil in saturated conditions were used as a reference for soil in unsaturated conditions. The 278 

modified Cam–Clay parameters listed in Table 4 can be used to describe the behaviour of 279 
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granular materials in a null-suction condition. The modified Cam–Clay parameters associated 280 

with the NCL can be described by Ns = 1.58, λs = 0.033, and κs = 0.0043, while those associated 281 

with the CSL can be described by Γs = 1.54, Ms = 1.44, and φ′ = 35.5°. 282 

 283 

4.2 Stress–strain relationships 284 

Figs. 8(a) and 8(b) present the effect of effective confining pressure on specimens in a null-285 

suction condition (s = 0 kPa). With an increase in the effective confining pressure, the maximum 286 

deviatoric stress and initial modulus increase. The saturated soil specimens achieved the 287 

maximum deviatoric stresses at axial strains of approximately 12%. A slight strain softening 288 

behaviour can be observed in most soil specimens. The axial strains of yielding points for the 289 

soil specimens ranged from 6% to 7%. The volumetric curves indicated an increasing trend of 290 

compressive behaviour with increasing mean effective stress. Additionally, a progressive 291 

evolution behaviour from dilation to contraction was observed with the increase in the effective 292 

confining pressure. A clear constant-volume condition could not be identified in all the 293 

specimens. Therefore, the soil specimen at an axial strain of 20% might not reach the real critical 294 

state. This phenomenon could result in a slight scatter in the CSL definition in Fig. 7(a). 295 

 296 

The typically used stress variables shown in equations (1) and (2) were used to interpret the 297 

experimental results. The stress–strain and volume change curves for specimens at various net 298 

confining pressures (σ3c’’ = 150, 300, and 450 kPa) and constant suction (s = 160 kPa) are shown 299 

in Figs. 9(a) and 9(b), respectively. As described previously, with increasing net confining 300 

pressure, the maximum deviatoric stress and initial modulus increased. The specimens of 301 

CD160-150 and CD160-450 reached the maximum deviatoric stresses at axial strains of 302 

approximately 10%, while that of CD160-300 reached the maximum deviatoric stress at the axial 303 
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strain of approximately 14%. Additionally, they demonstrated a slight strain softening behaviour 304 

similar to those in the saturated specimens. The volumetric curves exhibited a general increasing 305 

trend of compressive behaviour with increasing net confining pressure. A possible approach 306 

between the NCL and CSL in the v–ln p’ plane for unsaturated specimens under large net 307 

confining pressures may result in similar compressive behaviours for specimens under net 308 

confining pressures of 300 and 450 kPa. A progressive evolution behaviour from dilation to 309 

contraction was observed with the increase in the net confining pressure. None of the specimens 310 

demonstrated a clear constant-volume condition. 311 

 312 

The stress–strain and volume change curves for specimens under the same net confining pressure 313 

(σ3c’’ = 150 kPa) and various suctions (s = 40, 80, and 160 kPa) are shown in Figs. 10(a) and 314 

10(b). As shown in Fig. 10(a), the maximum deviatoric stress and initial modulus increased with 315 

the matric suction. The soil specimens achieved the maximum deviatoric stresses at axial strains 316 

of approximately 9%. With the increasing suction, the strain softening behaviour was more 317 

evident. At strains larger than 9%, constant values of deviatoric stress were attained except 318 

specimen CD160-150, which possessed an apparent residual strength. The reduction of shear 319 

strength with increasing suction was also observed by some other researchers [38, 50]. This was 320 

mainly because there were less water meniscuses between aggregates at a higher suction, 321 

resulting in less water meniscus between aggregates. Hence, the contribution of suction to the 322 

inter-aggregate stress became smaller, leading in a smaller apparent cohesion. As illustrated in 323 

Fig. 10(b), all the soil specimens indicated a contraction behaviour followed by a dilation 324 

behaviour during compression. Approximate trends can be observed as well, indicating that the 325 

specimens with lower suction values tend to compress more, and a greater dilatancy occurs in the 326 
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higher-suction tests. These trends proved that increasing suction can facilitate dilatancy [13, 21]. 327 

Generally, all the curves formed a trend regularly with the change in the matric suction. A clear 328 

constant-volume condition cannot be identified in all the specimens. 329 

 330 

4.3 CSLs 331 

4.3.1 CSLs in the q– p  plane 
332 

The stress–strain relationships (shown in Figs. 8, 9, and 10) show that the true critical states may 333 

not have been achieved owing to the continuous changes in the deviatoric stress and volumetric 334 

strain even at large strains. In triaxial shear tests on coarse granular soils, the constant volume 335 

condition cannot be always achieved even for an axial strain of 25% [62].This is evident in many 336 

experimental studies of on various unsaturated soils, including silt [13], gravel [42], sandy clay 337 

[43, 62], silty soil [49], and sand [62]. It is therefore difficult to obtain the true critical state for 338 

the granular materials. However, the changing rates of the deviatoric stress and volumetric strain 339 

are generally very small when the axial strain reaches 20%. Therefore, the soil state at an axial 340 

strain of 20% was assumed as the pseudo-critical state for each test. 341 

 342 

As shown in Fig. 11(a), despite some scatter in the data, the overall features are unambiguous. 343 

Based on equation (10) in the appendix, linear regression was performed to evaluate the critical 344 

state parameters. The slope of the CSL, M(s), in the q– p  plane, appears to be independent of the 345 

matric suction and can be determined by the position of the CSL for saturated soil in the q– p  346 

plane. These results agree well with the generally accepted view that M(s) is constant with 347 

suction [1, 26, 49]. Because of the decrease in deviatoric stress of specimen CD160-150 348 

described in section 4.2, this specimen was not included in the linear regression. The result for 349 
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specimen CD40-150 was not included in the linear regression owing to an unknown relatively 350 

low shear stress. As shown in Fig. 12(a), μ(s) increased linearly with suction. This trend is 351 

consistent with that in a previous study, where an increase in μ(s) with suction was reported [1, 352 

25, 52]. However, the almost linear trend of μ(s) for the granular fill is not consistent with the 353 

nonlinear trend reported by Wheeler and Sivakumar [52]. To summarise, the friction angle is 354 

independent of suction and the total cohesion; hence, the shear strength increases with suction. 355 

 356 

4.3.2 CSLs in the v –ln p  plane 
357 

The state variables of the specimens at the end of tests can be plotted as shown in Fig. 11(b). In 358 

the plot, the linear relationship of equation (11) in the appendix was assumed for the state 359 

variables of specimens under each suction. These linear relationships can be intuitively identified 360 

as CSLs; however, the results still indicated some inconsistencies in the positions of the CSLs. 361 

As shown in Figs. 9 and 10, the dilative behaviour of specimen CD160-150 is evident; therefore, 362 

the specimen may not reach the real critical state. Moreover, the result of specimen CD160-450 363 

was not included owing to the measurement interruption of the total volume change. Fig. 12(b) 364 

shows that both the intercept, Γ(s) and slope, ψ(s) of the CSL increase with suction. These results 365 

agree well with those of previous studies, in that the slope of the CSL is dependent on suction 366 

[25, 52]. Nevertheless, these findings differ from those of Wang et al. [49], who argued that the 367 

slope of a CSL is equal to that of a saturated CSL and is independent of suction. In addition, 368 

Wheeler and Sivakumar [51] and Maatouk et al. [25] observed a convergent behaviour in 369 

unsaturated compacted kaolin and silty soil, respectively. However, it is difficult to identify a 370 

clear convergent point in the v–ln p  plane in this study. Despite some scatter, a possible 371 
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convergent range can be identified, corresponding to a net mean stress ranging from 650 to 1000 372 

kPa. 373 

 374 

4.3.3 CSLs in the vw–ln p  plane 
375 

In the vw–ln p  plane, the linear relationship shown in equation (12) in the appendix was 376 

assumed. Variations in the CSL and corresponding critical state parameters are shown in Figs. 377 

11(c) and 12(b), respectively. Despite some scatter, the data support the possible existence of 378 

CSLs. The slope, B(s) in the vw–ln p  plane based on equation (12) is equivalent to ψ(s) in the v–379 

ln p  plane in the null-suction condition. Both the slope, B(s) and intercept, A(s) decrease with 380 

increasing suction (see Figs. 11(c) and 12(b)). It appears that the drainage from the specimen 381 

decreased with the increasing suction. This finding is consistent with that by Sivakumar et al. 382 

[38] for unsaturated kaolin. Meanwhile, it is noteworthy that the vw of each specimen was still 383 

changing at the critical state. However, as presented in Fig. 11(c), the lines can be generally 384 

defined based on the experimental results under each suction. This finding broadly supports the 385 

study of Wheeler and Sivakumar [52], which showed that a pseudo-critical state relationship for 386 

vw could provide an approximate prediction of the change in vw, even if vw was not strictly a state 387 

variable. 388 

 389 

4.4 Interpretation based on Sr - dependent framework for unsaturated soils 390 

4.4.1 Critical state stress ratios 391 

Table 3 lists the values of parameters for specimens at the critical state. Unavailable 392 

experimental results are represented with dashed marks in the table. The values of degree of 393 

saturation at the end of the unsaturated triaxial tests range from 40% to 60%. As shown in Fig. 394 
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13(a), these two stress ratio parameters are analogous to the stress ratio of saturated soil, Ms, 395 

which is defined in the q–p’ space (see Fig. 7(b)). The two stress ratio parameters, Ma and Mb, 396 

shown in equation (13) in the appendix, can be derived based on the stress and state variables at 397 

the end of the tests. Similar procedures suggested by Toll and Ong [43] were used to derive the 398 

two stress ratios. First, the Ma was initially assumed to be independent of Sr and equal to Ms. 399 

Therefore, Mb could be determined based on equation (13). The derived Ma and Mb might be 400 

inconsistent with the degree-of-saturation dependent functions. Therefore, a similar trial-and-401 

error method suggested by Toll and Ong [43] was adopted to adjust and determine the Ma and 402 

Mb. The Sr tended to result in the non-uniqueness of two stress ratios. 403 

 404 

Fig. 13(a) shows the assessment results of Ma and Mb. The general trend is clear, despite some 405 

scatter in the figure. The values of Ma and Mb range from 0.01 to 1.57. Ma and Mb tend to 406 

approach the value of Ms = 1.44 at a high degree of saturation. With the decrease in Sr, Ma 407 

increased gently. Contrarily, Mb decreased considerably with decreasing Sr, and reached a value 408 

of 0.01 at a degree of saturation of approximately 40%. The results were consistent with those of 409 

Toll [42] and Toll and Ong [43] for lateritic gravel and residual sandy clay, respectively. Curves 410 

associated with the functions listed in equations (14) and (15) in the appendix were drawn using 411 

values of Sr1 = 100%, Sr2 = 39%, max( ) = 1.05
a

s

M

M
, ka = 1 for Ma, and kb = 2 for Mb. The results 412 

seem to support the assumption concluded by Jotisankasa et al. [20], in that it is difficult to 413 

propose relationships for specimens with degrees of saturation greater than 60%. It is necessary 414 

to conduct more experimental studies to establish relationships in this range. 415 

 416 

4.4.2 Critical state compressibilities 417 
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As suggested by Toll [42] and Toll and Ong [43], Γab is related to Γs and Sr. Similar to the case 418 

of stress ratios, λa and λb do not have unique values and are correlated with Sr. Based on 419 

equations (16) and (17) in the appendix, by the assessment of parameter values for specimens at 420 

the critical state shown in Table 3, λa and λb can be determined. Similar calculation procedures 421 

for Ma and Mb were used to determine λa and λb, respectively. In the calculation, equations (18) 422 

and (19) in the appendix show the functions of λa and λb, respectively, which are similar to those 423 

of Ma and Mb shown in equations (14) and (15), respectively. Fig. 13(b) shows the assessment 424 

results of λa and λb. The main trends can be identified, although some scatter is observed for the 425 

function of λa with experimental data. Furthermore, λa and λb tend to approach λs = 0.033 at a 426 

high degree of saturation. With the decrease in Sr, λa increased significantly. Conversely, λb 427 

decreased gently with the decrease in Sr and reached a value of 0.0001 at a degree of saturation 428 

of approximately 40%. The same values used for functions of stress ratios can be adopted in the 429 

functions of compressibility: Sr1 = 100%, Sr2 = 39%, max( ) = 4.1
a

s

λ

λ
, ka = 1 for λa, and kb = 2 for 430 

λb. Fig. 13(b) shows that the functions can provide a reasonable fit to the experimental data. 431 

These results agree well with the data reported by Toll [42] and Toll and Ong [43]. Hence, this 432 

work seems to support the findings of Toll [42] and Toll and Ong [43], who assumed that the 433 

form of the proposed functions might be applicable to a wide range of soil types. 434 

 435 

5 CONCLUSIONS 436 

Herein, the experimental results and interpretations of triaxial tests on an unsaturated compacted 437 

granular fill using an upgraded suction-controlled DCTS were presented. The stress–strain 438 

behaviour and critical state parameters of the unsaturated granular fill were emphasised. The 439 

experimental results of specimens in unsaturated conditions were interpreted based on two well-440 
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known frameworks: a suction-based framework developed by Wheeler and Sivakumar [52] and a 441 

degree-of-saturation-based framework proposed by Toll [42] and Toll and Ong [43]. Based on 442 

the test results and their interpretation and discussion, the following findings and conclusions 443 

were obtained: 444 

(1). The tests conducted demonstrated a successful application of an upgraded suction-controlled 445 

DCTS. It was discovered that the upgraded double-cell in the system overcame two major 446 

limitations of conventional triaxial systems: large deformation of the cell and possible water 447 

leakage in the inner cell. 448 

(2). It was discovered from saturated triaxial tests that the modified Cam–Clay parameters 449 

associated with NCL could be described by Ns = 1.58, λs = 0.033, and κs = 0.0043. The 450 

critical state ratio Ms was 1.44, which corresponded to an effective friction angle of 35.5°. 451 

(3). It was observed from the measured stress–strain behaviour from the unsaturated triaxial tests 452 

that the maximum deviatoric stress and initial modulus increased with matric suction. With 453 

the increasing suction, the strain softening behaviour was more evident. Specimens with 454 

lower suction values tended to compress more, and a greater dilation occurred in the higher-455 

suction tests.  456 

(4). Based on the suction-dependent framework, the slope of the CSLs, M(s) appeared to be 457 

independent of matric suction, and the intercept, μ(s) increased linearly with suction, 458 

suggesting that the friction angle was independent of suction. The total cohesion and hence 459 

the shear strength increased with suction. In the v–ln p  plane, both the intercept, Γ(s) and 460 

slope, ψ(s) of the CSL in the v–ln p  plane increased with suction. Both the slope, B(s) and 461 

intercept, A(s) in the vw–ln p  plane decreased with increasing suction. 462 
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(5). The critical states were interpreted using a degree-of-saturation dependent framework 463 

proposed by Toll [42] and Toll and Ong [43]. Two degree-of-saturation-dependent stress 464 

ratio parameters, Ma and Mb, tended to approach Ms = 1.44 at a high Sr. With the decrease in 465 

Sr, Ma increased gently. Contrarily, Mb decreased considerably with the decrease in Sr and 466 

reached a value of 0.01 at a degree of saturation of approximately 40%. Similarly, λa and λb 467 

did not have unique values and were correlated with Sr. The λa and λb tended to approach the 468 

value of λs = 0.033 at high Sr. With the decrease in Sr, λa increased significantly. Conversely, 469 

λb decreased gently with the decrease in Sr. 470 
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 480 

APPENDIX: MATHEMATICAL FORMULATIONS USED IN THIS STUDY 481 

Stress variables 482 

Two stress variables adopted are expressed as follows, including net mean stress ( p ) and matric 483 

suction (s): 484 

== – –
3

1 2 3

a a

σ +σ +σ
upp u                                     (1) 485 
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= a ws u u                                                                 (2) 486 

where 1σ , 2σ , and 3σ  are principal stresses, ua and uw are pore-air pressure and pore-water 487 

pressure, respectively. 488 

 489 

WRC model 490 

A smooth and closed-form model proposed by van Genuchten [45] was used to fit the 491 

experimental data: 492 

1

[1+ (
=

/ ) ]n mrS
ψ a

                                                     (3) 493 

where Sr denotes the degree of saturation, ψ denotes soil suction, and a, n and m denote three 494 

curve-fitting parameters. 495 

 496 

Isotropic compression stage 497 

An equation was proposed by Thomas [41] to describe the excess pore water pressure produced 498 

by the ramped consolidation with increasing total stress in a saturated soil specimen. The 499 

equation was used to derive the loading rate in isotropic compression stage as follows: 500 

2

2
=

ex v

L

u c
R

h
                                                             (4) 501 

where RL denotes the loading rate, h denotes drainage path length, cv denotes coefficient of 502 

consolidation, and uex denotes excess pore water pressure which was assumed as 2 kPa. 503 

 504 

Critical state framework for saturated soils 505 

The unique relationship is defined for the CSL in critical state framework. The equations for 506 

CSL proposed by Schofield and Wroth [30] are listed as follows: 507 
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= sq M p'                                                                     (5) 508 

– ln= s sν Γ λ p'                                                              (6) 509 

6sin

3 sin
=s

φ'
M

φ'
                                                            (7) 510 

where q denotes deviatoric stress, p’ denotes mean effective stress, Ms denotes slope of CSL in 511 

the q–p’ plane, Гs denotes intercept of CSL at 1 kPa in the v–ln p’ plane, λs denotes slope of CSL 512 

in the v–ln p’ plane, and φ’ denotes angle of effective friction angle. 513 

 514 

Additionally, equations (8) and (9) are used to describe the compression and swelling behaviour 515 

of soil [30]: 516 

– ln= s sν N λ p'                                                              (8) 517 

– ln= k sν ν κ p'                                                               (9) 518 

where Ns denotes intercept of normal compression line (NCL) at 1 kPa in the v–ln p’ plane, λs 519 

denotes slope of NCL in the v–ln p’ plane, νκ denotes intercept of unloading/reloading curve at 1 520 

kPa in the v–ln p’ plane, and κs denotes slope of unloading/reloading curve in the v–ln p’ plane. 521 

 522 

Suction-based framework for unsaturated soils 523 

An easy-to-understand linear equations for critical states proposed by Wheeler and Sivakumar 524 

[52] are listed as follows: 525 

)= ( ) + (q M s p μ s                                                       (10) 526 

( ) ( )ln( )=
at

p
ν Γ s ψ s

p
                                              (11) 527 

( ) ( )ln( )=w

at

p
ν A s B s

p
                                             (12) 528 
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where the parameters, M(s) and μ(s), are the slopes and the intercepts of critical state lines in the 529 

q– p  plane, respectively. Γ(s) and A(s) are the intercepts of critical state lines at p  = 1 kPa in the 530 

v–ln p and vw–ln p  planes, respectively. ψ(s) and B(s) are slopes of critical state lines in the v–531 

ln p  and vw–ln p  planes, respectively. νw is specific water volume (νw = 1 + Sre), and pat is the 532 

atmospheric pressure, taken as 100 kPa [52]. 533 

 534 

Sr-based framework for unsaturated soils 535 

A degree-of-saturation dependent framework proposed by Toll [42] and Toll and Ong [43] are 536 

listed as follows to model the critical state stress ratios for unsaturated soils: 537 

( ) + ( )= a a b a wq M p u M u u                                           (13) 538 

max max( ) +[( ) 1= ]( ) aa a a r r2 k

s s s r1 r2

M M M S S

M M M S S
                       (14) 539 

(= ) bb r r2 k

s r1 r2

M S S

M S S
                                                              (15) 540 

where Ma and Mb are the stress ratios, which can define the shear strength arising from net mean 541 

stress and matric suction, respectively. Sr1 is the degree of saturation at full saturation (first 542 

reference state), Sr2 is the degree of saturation at residual suction (second reference state) [44], 543 

and parameters, ka and kb, are defined to provide a degree of curvature for the function between 544 

the two reference states. 545 

 546 

The equations of critical state compressibilities for unsaturated soils are shown as follows: 547 

1
= 1+

s

ab

r

Γ
Γ

S
                                                                  (16) 548 
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ln( ) ln= ( )ab a a b a wν Γ λ p u λ u u                                 (17) 549 

max max( ) +[( ) 1= ]( ) aa a a r r2 k

s s s r1 r2

λ λ λ S S

λ λ λ S S
                             (18) 550 

(= ) bb r r2 k

s r1 r2

λ S S

λ S S
                                                                (19) 551 

where Γab is a parameter related to Γs and Sr, λa and λb are functions of the degree of saturation 552 

and soil fabric, and Sr1, Sr2, ka, and kb are the parameters similar to those used for stress ratios. 553 

 554 
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Fig. 1 Particle size distributions of the granular fill material 26 
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Fig. 2 WRC of the granular fill material 28 
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Fig. 3 Photo of particles with different sizes preparing for soil specimens 30 
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Fig. 4 The schematic diagram of a double-cell used in triaxial tests on unsaturated soil 32 
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Fig. 5 Photos of triaxial systems: a SPTS for triaxial tests on saturated soil specimens and b 38 

DCTS for triaxial tests on unsaturated soil specimens 39 
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 40 

Fig. 6 Stress paths of a series of triaxial tests  41 
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(a) 43 

 44 

(b) 45 

Fig. 7 Results of triaxial tests on saturated specimens: a v - ln p’ plane and b q - p’ plane 46 
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(a) 48 

 49 

(b) 50 

Fig. 8 Stress-strain and volume change curves at s = 0 kPa and various effective confining 51 

pressures ( 3cσ '  = 150, 300, and 450 kPa): a q - εa plane and b εv - εa plane 52 
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(a) 54 

 55 

(b) 56 

Fig. 9 Stress-strain and volume change curves at s = 160 kPa and various net confining 57 

pressures ( 3cσ ''  = 150, 300, and 450 kPa): a q - εa plane and b εv - εa plane 58 
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(a) 60 

 61 

(b) 62 

Fig. 10 Stress-strain and volume change curves at the same net confining pressure ( 3cσ ''  = 63 

150 kPa) and various suctions (s = 40, 80, and 160 kPa): a q - εa plane and b εv - εa plane 64 
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(a) 66 

 67 

(b) 68 
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 69 

(c) 70 

Fig. 11 Critical state conditions in different planes for the granular fill under four different 71 

suctions (s = 0, 40, 80, and 160 kPa): a q - p  plane, b v - ln p  plane, and c vw - ln p  plane  72 
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73 

(a) 74 

 75 

(b) 76 

Fig. 12 a Relations of intercepts and slopes of CSLs in the q - p  plane with suction and b 77 

relations of intercepts and slopes of CSLs in the v - ln p  plane and in the vw - ln p  plane with 78 

suction 79 
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(a) 81 

 82 

(b) 83 

Fig. 13 Variation of critical-state parameters with degree of saturation: a stress ratio and b 84 

compressibility 85 
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1 

 

Table 1 Basic soil properties of the soil 1 

Soil property Value 

Specific gravity, Gs 2.73 

Maximum dry density, ρd(max) (Mg/m3) 2.12 

Optimum moisture content, wopt (%) 5.7 

Coefficient of curvature, Cc 0.138 

Coefficient of uniformity, Cu 35.47 

 2 

Table 2 Summary of values of parameters in the van Genuchten model [44] by the 3 

best-fitting test data 4 

a n m R2
  

4.1 6.308 0.02 0.96 

5 



2 

 

Table 3 Test stress paths and values of parameters for specimens at critical state 6 

Specimen ID Stress path (see Fig. 6) q (kPa) p  (kPa) w (%) Sr (%) 

CD0-150 1-2-3 437.1 295.7 14.1 100 

CD0-300 1-4-5 851.7 583.9 12.7 100 

CD0-450 1-6-7 1228.4 859.5 11.9 100 

CU0-50 - 26.9 12.2 16.3 100 

CU0-100 - 55.9 32.9 15.3 100 

CU0-200 - 108.2 70.9 14.5 100 

CD40-150 8-9-10-11-12 389.4 279.8 7.4 50 

CD40-300 8-9-10-13-14 888.7 596.2 6.3 48 

CD40-450 8-9-10-15-16 1273.4 874.5 7.3 57 

CD80-150 8-9-17-18-19 498.7 316.2 6.9 45 

CD80-300 8-9-17-20-21 927.4 609.1 7.3 58 

CD80-450 8-9-17-22-23 1328.6 892.9 6.5 59 

CD160-150 8-9-24-25-26 473.4 307.8 6.6 44 

CD160-300 8-9-24-27-28 980.5 626.8 5.2 40 

CD160-450 8-9-24-29-30 1342.3 897.4 7.4 - 

 7 

Table 4 Values of parameters in the Modified Cam-Clay model for the soil under 8 

saturated condition 9 

Ns λs κs Γs Ms 

1.58 0.033 0.0043 1.54 1.44 

 10 




