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Abstract 12 

This paper presents an evaluation of the effective stress concept in unsaturated, compacted 13 

silt at low degrees of saturation. A set of isothermal, consolidated-drained triaxial tests was 14 

performed on silt specimens under different combinations of total suction and net normal stress. 15 

The total suction was controlled using an automated humidity system, and variables monitored 16 

during equilibration and shearing include isotropic volume change, axial displacement, 17 

temperature, relative humidity at the top and bottom of the specimen, and the gas pressure 18 

difference across the specimen. The results from the triaxial tests were analyzed to examine the 19 

applicability of predicting the suction-stress characteristic curve (SSCC) using parameters from 20 

soil-water retention curve (SWRC) models fitted to experimental data obtained at low suction 21 

magnitudes. The SSCC predicted from the SWRC at low suctions was found to over-predict the 22 

suction stress values at high suctions obtained from back-extrapolation of the failure envelope to 23 

define the tensile strength. However, small adjustments in the fitting of the SWRC were found to 24 

provide a better fit between the SSCC and experimental suction stress data. The suction stress 25 

defined using the adjusted SWRC was found to provide a good interpretation of the critical state 26 

line in terms of mean effective stress over both high and low suction ranges.  27 

Keywords: SWRC; suction stress; unsaturated soils; effective stress 28 

29 
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Introduction 30 

Many of the previous studies on the principle of effective stress in unsaturated soils used the 31 

axis translation technique to characterize the shear strength or volume change of soil specimens 32 

having relatively high degrees of saturation (Khalili et al. 2004; Lu and Likos 2006; Khalili and 33 

Zargarbashi 2010; Alonso and Romero 2011). At these relatively high degrees of saturation, 34 

typically greater than 0.5, the water phase is likely connected through the specimen. Khalili and 35 

Khabbaz (1998), Lu and Likos (2006), Kayadelen et al. (2007), and Lu et al. (2010) have shown 36 

experimentally and analytically that the soil-water retention curve (SWRC) and the effective 37 

stress are functionally related, and these relationships are assumed to hold over the whole range 38 

of saturation. Lu et al. (2010) proved that the van Genuchten (1980) SWRC model can be used to 39 

define the effective stress in both unsaturated sands and clays, and found analytically that the 40 

effective stress for clays should monotonically increase with increasing suction for the case of 41 

constant net normal stress.  42 

Despite the strong evidence supporting a relationship between the SWRC and effective 43 

stress, this relationship has not been fully verified at high suction magnitudes (or low degrees of 44 

saturation) where the water phase is not continuous. This is a critical gap in the literature because 45 

it is common practice to extrapolate the shape of the SWRC fitted to data at high degrees of 46 

saturation to the entire range of degree of saturation. Even when SWRC data is defined at high 47 

suctions using separate tests, the uncertainty in the data may be particularly high due to specimen 48 

variability, changes in volume, large changes in suction with relatively small changes in relative 49 

humidity of the pore air, and issues with defining thermodynamic equilibrium (Blatz et al. 2008; 50 

Delage et al. 2008). 51 
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The objective of this study is to evaluate the effective stress principle for compacted silt 52 

specimens at low degrees of saturation and assess the implications of using a single SWRC curve 53 

fitted to data obtained at low suction magnitudes to predict the effective stress state over the full 54 

range of saturation. These topics are relevant as it is possible to encounter fundamental changes 55 

in the inter-particle stresses in the transitions between the three saturation ranges of the primary 56 

drying-path SWRC (Lu and Likos 2004). The first range is the saturated range within which the 57 

soil can be considered fully saturated, which extends from zero suction up to the air entry 58 

suction. In this range, the negative water pressure can be incorporated directly into Terzaghi’s 59 

definition of effective stress (σ′ = σ – uw). The second range is the funicular range where air 60 

enters the pores of the soil displacing pore water, leading to a significant decrease in the degree 61 

of saturation decreases with increasing suction. In the funicular region, the shear strength (Blatz 62 

and Graham 2000; Rahardjo et al. 2003; Ajdari et al. 2010) and elastic moduli (Ng et al. 2009; 63 

Khosravi and McCartney 2012) of fine-grained soils increase significantly. The third range is the 64 

pendular or residual saturation range where the pore water resides as isolated pendular menisci. 65 

In this range, van der Waals attraction forces play an important role in the inter-particle stresses 66 

in fine grained soils (Lu and Likos 2006), and several studies have found that the shear strength 67 

of soils can be significantly greater than that in the funicular range (Blatz et al. 2002; Nishimura 68 

and Fredlund 2000). The transition from the funicular to pendular ranges occurs at different 69 

degrees of saturation for different soils, and it is typically necessary to use vapor equilibrium 70 

techniques to change the water content of the soil beyond this point. The residual saturation Sres 71 

can be defined as the irreducible saturation at which water is bonded to the soil particles 72 

hydroscopically and can only be removed using oven drying (Brooks and Corey 1964).  73 
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To accomplish the objective of this study, a new triaxial cell was developed that has the 74 

capability of measuring the shear strength of unsaturated soils under high suction magnitudes 75 

ranging from 15 to 325 MPa. Specifically, the vapor flow technique developed by Likos and Lu 76 

(2003) was employed in the triaxial cell to control the relative humidity within a silt specimen to 77 

reach degrees of saturation in the pendular range (i.e., less than 0.11). Consolidated drained (CD) 78 

triaxial compression tests were performed to measure the drained shear strength failure envelope 79 

of unsaturated silt specimens under high suction magnitudes, with the goal of evaluating the 80 

suitability of defining the effective stress using the suction stress characteristic curve (SSCC) 81 

approach of Lu and Likos (2006). Further, another goal of this study is to predict the SSCC from 82 

the SWRC defined using data from the axis translation technique at low suction magnitudes is 83 

also used to provide a predictive assessment of the SSCC and effective stress using relationships 84 

defined by Lu et al. (2010). A comparison of the predicted SSCCs using the two different testing 85 

techniques permits evaluation of the linkage between the SWRC and SSCC at low degrees of 86 

saturation. Ajdari et al. (2010) also investigated the shear strength of compacted bentonite 87 

specimens using direct shear tests, and measured the suction using the filter paper method at the 88 

end of shearing. Although they observed a clear relationship between the shear strength and 89 

effective stress for suctions up to 287 MPa, they did not control suction in their tests and may 90 

have only approached the beginning of the residual saturation range for the compacted bentonite 91 

in their tests.  92 

Background 93 

Bishop (1959) formulated a relationship for the effective stress in unsaturated soils that 94 

incorporated a soil-specific effective stress parameter χ to account for the impact of the amount 95 

of pore water, as follows: 96 
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( ) ( )waa uuu −+−=′ χσσ                                                                                       (1) 97 

where the difference between the total normal stress σ and the pore air pressure ua is referred to 98 

as the net normal stress σn, and the difference between the pore air pressure ua and the pore water 99 

pressure uw is referred to as the suction ψ, and χ is referred to as the effective stress parameter. 100 

Skempton (1961) defined a general equation for the effective stress in unsaturated soils building 101 

upon the relationship of Bishop (1959) that considers the relative compressibility values of the 102 

soil skeleton and soil particles and the effects of saturation: 103 

w
s uS
c

c
χσσ 








−−=′ 1                                                                              (2) 104 

where σ′ is the effective stress, cs is the compressibility of the grains, c is the compressibility of 105 

the granular skeleton, uw is the pore water pressure, and Sχ is a scaling parameter for saturation 106 

defined using the χ value used in Bishop’s (1959) definition of effective stress. Skempton (1961) 107 

used this equation to evaluate the need for considering the role of pore water pressure in stiffer 108 

materials like rock and concrete. This equation indicates that the definition of a single-value 109 

effective stress for both saturated and unsaturated soils requires knowledge of the material 110 

properties of the soil.  111 

Difficulties were encountered in selecting an appropriate definition of the effective stress 112 

parameter due to issues such as hysteresis and volume change (Blight 1967). In attempting to 113 

overcome these issues, while also eliminating the necessity to define the effective stress 114 

parameter, Lu and Likos (2006) referred to the second term in Equation 2 as the suction stress σs, 115 

a material relationship that is a function of suction or the degree of saturation, Sr. Lu and Likos 116 

(2006) defined the suction stress σs as a macroscopic stress that collectively incorporates the 117 

effects of capillarity, soil- and pore fluid-specific forces such as van der Waals forces, electrical 118 
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double-layer repulsion forces, and the net attraction forces arising from chemical cementation at 119 

the grain contacts. The functional relationship between suction stress and suction for a given soil 120 

under a certain stress state was referred to as the suction stress characteristic curve (SSCC).  121 

Lu and Likos (2006) proposed an empirical approach to determine the SSCC using shear 122 

strength failure envelopes defined from drained shear strength tests performed on saturated and 123 

unsaturated soil specimens under controlled values of matric suction as shown in Figure 1. 124 

Although the failure envelopes are plotted as a function of net normal stress in this figure, they 125 

still represent effective failure envelopes as they should be defined from drained tests. Lu and 126 

Likos (2006) assumed that the suction stress σs at a given suction ψ is equal to the apparent 127 

tensile strength, which could be calculated from the intercept of the failure envelopes with the 128 

normal stress axis as follows: 129 

)tan(φ
σ

′
=

c
s                                                                                               (3) 130 

where c is the apparent cohesion of the soil due to the effects of suction and ϕ′ is the effective 131 

friction angle. To define the SSCC shown in the schematic in Figure 1, the apparent cohesion for 132 

saturated soils tested under drained conditions is assumed negligible, which is the case for 133 

uncemented soils, and the friction angle is assumed to be constant with confining stress. Further, 134 

it is assumed that the friction angle does not change when different suction values are applied to 135 

the soil (Escario 1980; Nishimura and Fredlund 2000). This assumption may only be valid for 136 

the case of rigid soils that do not change in volume during changes in matric suction (e.g., sands, 137 

silts, and clays of low plasticity). Changes in σs and the effective stress parameter χ with suction 138 

have been evaluated for different soils using the approach similar to that shown in Figure 1 139 

(Khalili and Khabbaz 1998; Lu and Likos 2006; Khosravi et al. 2012).  140 
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It is a common assumption that the effective stress parameter was related to the degree of 141 

saturation in representing the shear strength of soils (Bishop and Donald 1961; Oberg and 142 

Sallfors 1997) and in elasto-plastic constitutive relationships (Hassanizadeh and Gray 1990; 143 

Houlsby 1997; Gray and Schrefler 2001; Gallipoli et al. 2003; Wheeler et al. 2003; Tamagnini 144 

2004; Nuth and Laloui 2008; Alonso and Romero 2011). This assumption may not work well for 145 

some soils, and relatively large discrepancies have been observed in some early studies (Bishop 146 

and Blight 1963). Other studies have used the effective saturation [Se = (S-Sres)/(1-Sres)] as the 147 

effective stress parameter successfully to evaluate the shear strength and elastic modulus of 148 

unsaturated soil (Vanapalli et al. 1996; Lu et al. 2010; Khosravi et al. 2011; Khosravi and 149 

McCartney 2012). More complicated functions of degree of saturation have also been proposed 150 

(Toll and Ong 2003; Sheng et al. 2008), while some studies have shown the utility of empirical 151 

relationships. Khalili and Khabbaz (1998) defined the effective stress parameter as a power-law 152 

relationship involving the ratio of the suction and the air entry suction, which has been applied in 153 

constitutive models (Lloret and Khalili 2002) and in re-examining data from the literature 154 

(Khalili et al. 2004). Khalili and Zargarbashi (2010) performed staged triaxial tests on 155 

unsaturated soil specimens during wetting, and observed that the effective stress parameter is 156 

sensitive to hydraulic hysteresis. Further, they found that the use of an effective stress parameter 157 

equal to the degree of saturation may not be suitable for all soils during hydraulic hysteresis. 158 

Nonetheless, Khosravi and McCartney (2012) found that the effective stress parameter defined 159 

as the effective saturation also permits reasonable assessment of changes in shear modulus 160 

during hydraulic hysteresis. It is also possible that application of net stresses may also affect the 161 

effective stress parameter, as volume changes may affect the shape of the SWRC especially at 162 

low suction magnitudes (Ng and Pang 2000). 163 
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A closed-form equation for the suction stress was proposed by Lu et al. (2010) by employing 164 

the effective saturation as the effective stress parameter χ. This permits integration of the van 165 

Genuchten (1980) SWRC into the definition of the suction stress. The van Genuchten (1980) 166 

SWRC model in terms of the degree of saturation S is given as: 167 

( )

( )[ ]( ) vG
vG NN

wavG

resres

uu

SS
S

1
1

1

1

−
−+

−+
=

α
                                                          (4)  168 

where Sres is the residual degree of saturation, and NvG and αvG are empirical parameters used to 169 

fit the SWRC to experimental SWRC data. The parameter αvG is typically considered to be the 170 

inverse of air entry suction and the parameter NvG is related to the pore size distribution and 171 

describes the slope of the SWRC for suctions between the air entry suction and the residual 172 

degree of saturation. The suction stress can be predicted by combining Equation (4) with 173 

Equation (1), as follows (Lu et al. 2010): 174 
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=
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σ                   ua - uw ≥ 0                           (5)    175 

        176 

where NvG and αvG are the parameters fitted to experimental SWRC data points. Further, by 177 

substituting Equation (5) into Equation (1), the effective stress can be defined for unsaturated 178 

soils as follows (Lu et al. 2010): 179 

( ) ( )
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1

1
−
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−
+−=′

α
σσ              ua - uw ≥ 0                                (6) 180 

Lu et al. (2010) validated Equation (6) for both sands and clays using suction stress values 181 

obtained from shear strength tests using Equation (3), albeit primarily for low suction 182 

magnitudes (up to 1500 kPa) and relatively high degrees of saturation (in the range of 1.00 to 183 

0.35). They found that the predicted SSCC for clay increased monotonically with suction, while 184 
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the predicted SSCC for sand increased to a maximum value, then decreased back to zero. Lu et 185 

al. (2010) also proved that fine-grained soils like silt and clay should experience a monotonic 186 

increase in inter-particle stresses when the van Genuchten (1980) model parameter NvG is greater 187 

than 2. Khosravi et al. (2012) and Lu et al. (2013) also observed an increasing trend in suction 188 

stress with suction for a sand-silt mixture and a clay, respectively, verifying this prediction for 189 

low suctions. However, the suitability of extrapolating the analytical expression for effective 190 

stress in Equation (6) to high suction magnitudes has not been evaluated.  191 

Evaluation of the SSCC equation of Lu et al. (2010) indicates that the suction stress at high 192 

suction magnitudes is very sensitive to the value of NvG. A parametric analysis of the impact of 193 

NvG on the shapes of the SWRC and SSCC for a constant value of αvG = 0.60 kPa
-1 

is shown in 194 

Figures 2(a) and 2(b) in terms of the SSCC and SWRC, respectively. The results in these figures 195 

indicate that relatively small changes in NvG can have a significant impact on the amount of 196 

water stored in the soil as well as the magnitude of suction stress at high suctions. Specifically, 197 

larger values of NvG lead to a decrease in the volume of water stored in the soil as well as a lower 198 

suction stress. The results in Figure 2(a) indicate that soils with higher NvG values will 199 

experience a significantly greater increase in suction stress with suction compared with soils 200 

having only slightly smaller values of NvG.  201 

Testing Apparatus  202 

Triaxial cell 203 

A triaxial cell is designed to accommodate the application of high suction magnitudes using 204 

an automated humidity system with continuous gas flow as well as elevated temperatures. A 205 

drawing of the modified triaxial cell with its different components is shown in Figure 3. Duran 206 
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Borosilicate glass tubing having an outer diameter of 180 mm, a wall thickness of 9 mm and a 207 

length of 381 mm is used as the pressure vessel for the triaxial cell.  208 

Suction control system 209 

Inside the triaxial cell, the upper and lower parts of the platen are designed to allow the 210 

application of high suction using the automated humidity system with continuous gas flow, 211 

which allows testing soils under conditions where the flow of air is dominant. The gas flow 212 

system consists of a computer-automated humidity-control system developed previously by 213 

Likos and Lu (2001) which permits automated control of the relative humidity of the pore air 214 

(and consequently control of the total suction applied to the soil specimen) while making sure 215 

that the temperature of the gas stream is the same as that within the specimen. The relative 216 

humidity in this system is controlled using computer-controlled proportional valves to partition 217 

the mixture of vapor-saturated, or ‘wet’, N2 gas and desiccated, or ‘dry’, N2 gas.  218 

A schematic of the automated humidity-control system is shown in Figure 3. Nitrogen is 219 

passed from a pressure regulated bottle through 6.3 mm-diameter perfluoroalkoxy (PFA) tubing, 220 

which is split into two separate gas streams through a pair of computer-controlled mass-flow 221 

valves (MKS Instruments, Type 1179A). These valves can regulate the flow of each gas stream 222 

between zero and 3.3×10
-6 

m
3
/s based on a signal from a controlling National Instruments 223 

LabView data acquisition program. The first gas stream is vapor-saturated by bubbling it through 224 

a bottle filled with distilled water and placed on a thermo scientific heating machine to 225 

implement the same target temperature being applied to the soil specimen. The second gas 226 

stream is routed through a Hammond cylinder filled with color-indicating drierite desiccant 227 

media (calcium sulfate, >98% CaS04, >2% CaCl2). The two gas streams (wet and dry) are 228 

reintroduced later into a mixing chamber at a combined flow rate of 3.3×10
-6 

m
3
/s. The combined 229 
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gas stream, having a relative humidity that is a direct function of the ‘wet’ to ‘dry’ gas flow ratio 230 

(w/d), is forced through the bottom and vented from the top of the soil specimen. After reaching 231 

steady-state gas flow through the specimen, the relative humidity of the gas can be adjusted 232 

using a feedback-control system that monitors the relative humidity and temperature at the 233 

bottom of the specimen with a probe (Model HMT330 from Vaisala, Inc.). This probe is 234 

connected to the bottom of the soil specimen through the platen allowing for continuous 235 

measurement and monitoring during testing. This probe can be pressurized up to 407 kPa. It 236 

works properly for all values of relative humidity exposed to temperatures ranging from -70 to 237 

+180°C while also maintaining a high resistance to corrosion. A rigid porous disk separates the 238 

bottom of the specimen from being in touch with the head of the probe to avoid the issue of any 239 

possible influence of the sensor itself on the mechanical performance of the specimen. The probe 240 

is connected to a transmitter that transfers the recorded data to the computer program. Signals 241 

from the humidity probe work as a feedback loop with the controlling computer program for 242 

automated regulation of the ‘wet’ to ‘dry’ gas flow ratio (w/d) using the two mass-flow 243 

controllers. The top of the specimen is connected to an insulated bottle containing a second 244 

relative humidity sensor to monitor the relative humidity of the gas passing from the top of the 245 

specimen. This bottle is vented to the atmosphere (i.e., zero air pressure at the top of the 246 

specimen). Nitrogen gas at a constant pressure of 262 kPa is pressurized from the Nitrogen bottle 247 

through the mass flow control valves to adjust the value of gas pressure applied to the bottom of 248 

the soil specimen up to 40 kPa and vented from the top. When the relative humidity values of the 249 

inlet and outlet gases are the same, then the specimen is assumed to be in equilibrium with a total 250 

suction. This assumption is based on the idea that constant relative humidity is applied to the 251 

bottom of soil specimen and the flow of gas one-dimensional from the bottom to the top of 252 

Page 12 of 61

5585 Guilford Rd., Madison WI 53711

Vadose Zone Journal



For  Review
 O

nly

13 

 

specimen. This means that the decrease in relative humidity progresses upward through the 253 

specimen until equilibration occurs. The total suction is predicted using Kelvin’s law, as follows: 254 









=

100
ln h

w

w R

M

RTρ
ψ              (7) 255 

where ψ is the total suction (kPa), R is the universal (molar) gas constant, equal to 8.31432 256 

J/molK, T is the absolute temperature in Kelvin, MW is the molecular mass of water vapor equal 257 

to 18.016 g/mol, ρw is the density of water (kg/m
3
), and Rh is the relative humidity of the pore air 258 

in percent. In addition, a differential pressure transducer (DPT) connected to the top and bottom 259 

of soil specimen is used to monitor the differential pressure across the specimen. As the pressure 260 

at the base was 40 kPa while the pressure was 0 kPa at the top, the average air pressure in the 261 

specimen 262 

Mechanical loading system 263 

A Brainard-Kilman Model S-600 triaxial load frame is adapted in this study to apply loads to 264 

the triaxial cell in either load-control or displacement-control conditions. In normal operation, 265 

this load frame can be used to apply constant displacement rates to shear a soil specimen in 266 

displacement-controlled conditions. In addition, a pneumatic piston is incorporated into the top 267 

beam of the triaxial cell to apply load-controlled conditions to the specimen. Utilizing a load-268 

controlled procedure allows the soil specimen to deform freely in the axial direction during 269 

changes in suction or temperature while maintaining a constant axial load. In either 270 

configuration, a load cell is used to record axial loads applied to the specimen during shearing. 271 

The axial displacement during all stages of suction application, heating and shearing is also 272 

measured using a linearly variable differential transformer (LVDT) connected to the top piston. 273 

In this test setup, volume change of the soil specimen due to changes in suction, temperature, or 274 

shearing is monitored by recording the change of water level in a graduated burette connected to 275 
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the water supply line of the cell pressure using a differential pressure transducer. Calibration 276 

tests were performed to quantify the impact of cell pressure and temperature on the volume 277 

measurement system (Alsherif and McCartney 2013).  278 

Materials 279 

ML silt obtained from the Bonny Dam on the Colorado-Kansas border was used in this 280 

experimental study. A summary of the index properties of Bonny silt is shown in Table 1. The 281 

drying-path soil water retention curve (SWRC) for Bonny silt compacted to a void ratio of 0.68 282 

is shown in Figure 4. The flexible-wall permeameter setup developed by McCartney and 283 

Znidarcic (2010) was used to measure the points on the SWRC at low suction magnitudes. Their 284 

approach combines the axis translation technique for suction control with a flow pump to track 285 

changes in degree of saturation of the specimen as water is drawn from the specimen in stages. 286 

The change in suction during operation of the pump was monitored using a differential pressure 287 

transducer connected to the top of the specimen to measure air pressure and the bottom of the 288 

specimen to measure water pressure. An interesting feature of the data points on the SWRC 289 

obtained using the flexible-wall permeameter setup is that amount of water extracted from the 290 

specimen started to decrease significantly after drying the specimen to a degree of saturation of 291 

approximately 0.65. This is not due to double porosity effects, but occurred because the water 292 

phase in the silt started to become discontinuous, making it impossible to withdraw further 293 

amounts of water from the specimen with the pump. This behavior was also observed by 294 

Khosravi and McCartney (2012) for the same soil but under different initial void ratios.  295 

The van Genuchten (1980) SWRC relationship in Equation (4) was fitted to the experimental 296 

data between degrees of saturation of 1.0 and 0.67 using least squares minimization, as shown in 297 

Figure 4. The parameters αvG and NvG shown in Figure 4 are representative of the SWRC 298 
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obtained from data at low suction magnitudes extrapolated to high suction magnitudes. In 299 

addition to the low suction data, two data points from high suction magnitudes obtained using the 300 

vapor flow technique and corresponding to the conditions investigated in this study are shown in 301 

Figure 4. Although the van Genuchten (1980) SWRC was fitted to the low suction data, it 302 

appears to provide a good fit to the high suction data as well.  303 

Specimen Setup and Test Procedures 304 

The specimens evaluated in this study were prepared using static compaction. Prior to 305 

compaction, the soil was oven-dried at a temperature of 110 °C for 24 h, ground using a rubber 306 

hammer, and screened through a No. 40 sieve. It was then carefully wetted with a spray gun to 307 

an initial water content of 10.5% and placed in a sealed plastic bag to cure for 24 hours so that 308 

the water content could homogenize. A compaction water content of 10.5% corresponds to a 309 

water content that is 8% dry of optimum. The reason for selecting such a low compaction water 310 

content was to prepare specimens with a low enough initial degree of saturation such that their 311 

air permeability would be high enough to permit rapid gas flow through the specimen in the 312 

vapor flow technique, leading to faster suction equilibration. The soil, having a specific gravity 313 

of 2.65, was compacted using a mechanical press in three lifts having thicknesses of 24 mm in a 314 

35 mm-diameter mold to a dry unit weight of 15.7 kN/m
3
 and initial degree of saturation of 0.41. 315 

This corresponds to an initial void ratio of 0.68. To avoid the presence of weak zones within the 316 

samples, the interfaces between lifts were scarified with a blade. The sample was then weighed 317 

and the dimensions were measured using a Vernier caliper.  318 

After preparing a soil specimen, a coarse porous stone and a filter paper having the same 319 

diameter as the specimen were placed atop the lower platen of the triaxial cell. The specimen 320 

was placed atop this assembly. Another filter paper, coarse porous stone and the top platen were 321 
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placed atop the specimen. A 0.635 mm-thick latex membrane was placed around the soil 322 

specimen. Two “O”-rings were placed around the latex membranes on the top and bottom 323 

platens to provide a reliable seal at low confining stresses. Next, the relative humidity probe and 324 

thermocouple were connected to the bottom and top of the cell, respectively. After the glass cell 325 

was placed between the top and bottom caps of the triaxial cell, the cell was filled with de-aired 326 

water at room temperature and placed on the load frame. An LVDT was mounted to the piston to 327 

monitor axial displacements. 328 

The differential pressure transducer used to monitor the air pressure gradient across the 329 

specimen was attached to the top and bottom ports to the specimen. The ports for the automated 330 

humidity system were connected to the cell. At this stage the water circulation pump was started 331 

and the desired confining stress was applied to the triaxial cell. The pump operation was not 332 

affected by the increase in pressure within the cell, and the pump did not affect the cell volume 333 

change measurements. A constant axial load was applied to the top of the soil specimen using the 334 

Bellofram piston at the same time as the cell pressure was applied by opening the air pressure 335 

valve connected to the piston at the same time as applying the cell pressure. The change in cell 336 

volume and the change in height were monitored during this process using the cell volume 337 

burette on the pressure panel and the LVDT attached to the triaxial cell piston, respectively 338 

Following assembly of the triaxial cell, the automated humidity control system was utilized 339 

to apply a specified value of total suction to the specimen by applying a target relative humidity 340 

to the bottom of the specimen. Time was permitted for suction equilibration, defined as the time 341 

required for the relative humidity at the top and bottom to reach the same value. The relative 342 

humidity and temperature at the bottom and top of the specimen during suction equilibrium is 343 

shown in Figure 5(a). Two hours were needed for the relative humidity at the bottom to reach the 344 
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target value, while an average of two weeks were needed for the relative humidity at the top to 345 

reach the same target value. After the target relative humidity at the top of the specimen was 346 

attained, at least six additional hours were allowed for uniformity of total suction throughout the 347 

soil specimen. This period of time is matched with Likos and Lu (2003) test results where they 348 

indicated that 2 to 5 hours were the time needed to reach constant water content and they allowed 349 

time from 9-12 hours to allow water content uniformity. 350 

 After this, the soil specimen was assumed to be in equilibrium under the externally applied 351 

stresses and internally applied suction when the axial deformations, recorded using the mounted 352 

LVDT, remained constant for at least 24 hours, as shown in Figure 5(b). After the soil specimen 353 

reaches equilibrium, the load frame was switched from load-control conditions to displacement 354 

control conditions. A constant displacement rate of 1.27×10
-4

 m/min was applied to shear the soil 355 

specimen. This rate was found to allow drained conditions during shearing (i.e., no change in 356 

relative humidity at the boundaries was noted). The unsaturated specimens evaluated in this 357 

study have degrees of saturation of less than 0.11, which is very close to the residual degree of 358 

saturation. It is not expected that there is sufficient water in the pores to become pressurized 359 

during the shearing process. Further, the relative humidity control system was operated during 360 

shearing to ensure that the suction remained constant during shearing. After shearing, the final 361 

water content of the soil specimen was measured and recorded. A summary of the results from 362 

the testing program are presented in Table 2. 363 

Test Results 364 

Consolidated undrained triaxial tests were performed on saturated specimens of Bonny silt at 365 

three different effective confining stresses in order to define the effective failure envelope. This 366 

failure envelope provides a baseline case to evaluate the results from high suction conditions, 367 
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and can also be used to define the critical state line. In addition, two sets of consolidated drained 368 

triaxial tests were performed on unsaturated specimens at suction values of 162 and 291 MPa 369 

(corresponding to degrees of saturation of 0.11 and 0.06, respectively) under net confining 370 

stresses of 100, 200, and 300 kPa. The void ratios of the specimens before shearing (i.e., after 371 

equilibration under the net confining stress and after application of high suction magnitudes for 372 

the unsaturated specimens, and after consolidation under the effective confining stress for the 373 

saturated specimens) are shown in Figure 6. The confining stress was applied to the unsaturated 374 

specimens before application of the target suction value. The results shown in Figure 6 indicate 375 

that the void ratio decreases with increasing suction and net confining stress, and a greater 376 

reduction in void ratio was observed when applying high suctions to specimens under an initially 377 

high net confining stress. It is possible that a difference in the equilibrium void ratio may have 378 

been different if high suction magnitudes were applied to the specimens before application of the 379 

net confining stress as the stiffness of the soil is expected to change significantly after 380 

application of high suction magnitudes.  381 

The stress-strain curves for the saturated and unsaturated specimens are shown in 382 

Figures 7(a), 7(b), and 7(c) for the three different net confining stress values. The results in 383 

Figure 7 clearly indicate that the maximum principal stress difference and axial strain at failure 384 

increase as the suction value and the net confining stress increase. Further, a brittle failure mode 385 

was observed in the stress-strain curves for the specimens under high suction magnitudes, which 386 

differed significantly from the relatively smooth stress-strain curves of the saturated specimens. 387 

In Figure 7(c), the stress-strain curve corresponding to 162 MPa suction showed hardening at the 388 

beginning of the test due to the brief accidental application of a fast shearing rate to the specimen 389 

when checking the contact of the loading piston and specimen before the actual start of shearing 390 
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at the conventional rate. Although the stiffness from this test is not reliable, the results from this 391 

test still showed reasonable peak shear strength behavior. Due to the brittle failure mechanism 392 

noted in the unsaturated specimens, it was not possible to reach critical state conditions. 393 

Accordingly, only the peak shear strength values from the consolidated drained tests on the 394 

unsaturated specimens were used in the analysis.   395 

The response of the pore-water pressure with respect to the axial strain during shearing of the 396 

saturated specimens is shown in Figure 8(a). The results in this figure indicate that the excess 397 

pore water pressures increase during shearing, and continue to increase after reaching the 398 

maximum principal stress difference. This means that the effective stresses is also continued 399 

decreasing during shearing and the compacted silt would tend to contract under drained 400 

conditions. The volumetric strain results for the unsaturated specimens sheared under drained 401 

conditions at a total suction of 291 MPa are shown in Figure 8(b), which show a clear dilation 402 

during shear. This difference in behavior between the saturated and unsaturated specimens is 403 

likely due to the reduction in void ratio during application of the high suction values, and also 404 

likely due to an increase in apparent preconsolidation stress with increasing suction. It can also 405 

be observed from Figure 8(b) that the amount of dilation decreases with confining stresses for 406 

the range of confining stresses evaluated in this study. 407 

The drained failure envelopes for the saturated and unsaturated specimens sheared under 408 

room temperature are shown in Figure 9(a) in terms of net confining stress. The results show an 409 

increase in the shear strength of the soil with increasing suction and net confining stress. The fact 410 

that the unsaturated specimens still have an increase in shear strength with increasing confining 411 

stress indicates that they still behave as frictional materials (i.e., that application of high suction 412 

magnitudes did not cause them to behave like cemented materials). Because it is assumed that 413 
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unsaturated specimens have negligible excess pore water pressure generation during shearing, 414 

the failure envelopes from the CD triaxial tests represent drained failure envelopes even when 415 

plotted as a function of net normal stress. This trend is similar to the total suction failure 416 

envelopes reported by Nishimura and Fredlund (2000) for high suction magnitudes. The peak 417 

friction angle for the silt specimens at high suction magnitudes sheared under drained conditions 418 

(φ = 49°) is larger than the effective friction angle defined from tests on saturated silt specimens 419 

(φ′=29°) corresponding to critical state conditions. The larger peak friction angle for the 420 

unsaturated specimens at high suction magnitudes may be due to an increase in preconsolidation 421 

stress and the shape of the steady-state boundary surface due to suction application, and to the 422 

large decrease in initial void ratio before shearing induced by application of the high suction 423 

magnitude. The void ratio at failure as a function of the maximum principal stress difference for 424 

both the saturated and unsaturated specimens at different suction values are shown in 425 

Figure 9(b). The results in this figure indicate that the shear strength increases with decreasing 426 

void ratio at failure, and that the results from saturated and unsaturated specimens follow the 427 

same nonlinear trend. The rate of increase in maximum principal stress difference decreases 428 

more substantially at very high suction values.  429 

Analysis and Discussion 430 

Evaluation of Linkages between the SSCC and SWRC 431 

In order to evaluate the effective stress principle in unsaturated, compacted silt under low 432 

degrees of saturation, the SSCC calculated from the failure envelopes of the soil was compared 433 

with the SSCC obtained from the predictive approach involving the SWRC proposed by Lu et al. 434 

(2010). First, the slopes of the drained failure envelopes for the unsaturated specimens shown in 435 

Figure 8(a) were used to back-calculate two values of suction stress σs using Equation (5). A 436 
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third point on the SSCC was defined at the origin by virtue of the fact that the effective failure 437 

envelope for the saturated soil passes through the origin of the Mohr-Coulomb diagram.  438 

The experimental SSCC is shown in Figure 10(a), along with the predicted SSCC obtained 439 

from Equation (5) with the fitting parameters αvG and NvG defined from the fitting of the van 440 

Genuchten (1980) SWRC model to the experimental SWRC in Figure 4(a). Although there are 441 

only two SSCC data points, the experimental SSCC indicates a nonlinear increase in suction 442 

stress with increasing suction. The predicted SSCC was found to over-predict the suction stress 443 

measured in the experiments by a significant amount. This behavior was attributed to the 444 

sensitivity of the suction stress to the value of NvG observed in Figure 2(a). Specifically, small 445 

variations in the van Genuchten (1980) fitting parameters due to the experimental issues with the 446 

SWRC data shown in Figure 4(a) may have significant effects on the predicted SSCC. 447 

Accordingly, a second fitting of the van Genuchten (1980) SWRC model to the experimental 448 

SWRC data was performed in order to account for the error induced in the axis translation 449 

technique near the point where the water phase becomes discontinuous. The results of this fitting 450 

are shown in Figure 10(b) (dashed line), along with the original fitted SWRC (solid line). The 451 

new fitted SWRC still provides a reasonable fit to the experimental SWRC data, but in this case 452 

provides a much better prediction of the experimental SSCC data in Figure 10(a) (dashed line). 453 

This fitting exercise emphasizes the importance of careful and informed characterization of the 454 

SWRC when predicting the SSCC at high suction magnitudes from SWRC data obtained at 455 

lower suction ranges.  456 

One of the possible reasons for the over-prediction of suction stress using the SWRC curve 457 

fitted to the data at low suctions might be the assumption that stresses arising from capillarity 458 

may still have major contribution to the suction stress in the pendular range of saturation. Also, it 459 
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is important to notice that application of high suctions using the vapor equilibrium technique has 460 

a major impact on the void ratio of the silt specimens evaluated in this study. The results in 461 

Figure 6 clearly show a large decrease in void ratio as the suction increase, which means that a 462 

SWRC defined using data from high and low suction values will not be for a constant void ratio. 463 

This means that predicting the SSCC from a SWRC with points having different void ratios can 464 

lead to inaccurate predictions in effective stress. 465 

Evaluation of the Critical State Line for High Suction Magnitudes 466 

The effective stress paths for the CU tests on saturated specimens and CD tests on 467 

unsaturated specimens are shown in Figure 11(a). The effective stress paths for the saturated 468 

specimens presented in this figure show behavior similar to normally consolidated soils where 469 

the effective stresses continue to decrease during shearing due to the increase in the pore-water 470 

pressure and specimens experienced a contraction for the specified range of normal stresses. The 471 

effective stress paths for the unsaturated specimens were calculated by plotting the measured 472 

values of principal stress difference versus the mean effective stress calculated using 473 

Equation (6) using  the experimentally-fitted SSCC parameters from Figure 10(a) and the suction 474 

values back-calculated from the relative humidity measured at the bottom of the soil specimen 475 

during the shearing process. The effective stress paths for the unsaturated specimens shown in 476 

Figure 11(a) have a slope of 1:3, which is the same as the theoretical slope of the expected 477 

effective stress path in a drained triaxial test. This indicates that negligible excess pore water 478 

pressures were generated during shearing of the unsaturated specimens at low degrees of 479 

saturation. To better interpret the values of effective stress, the van Genuchten (1980) SWRC 480 

parameters fitted to the experimental suction stress data in Figure 10(a) were used to calculate 481 

the effective stress according to Equation (6). An evaluation of the critical state line (CSL) in 482 
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terms of mean effective stress is shown in Figure 11(b). Different from the Mohr-Coulomb 483 

failure envelopes shown in Figure 8(a), all of the shear strength values converge on a single peak 484 

shear strength failure envelope when the data is interpreted in terms of effective stress with slight 485 

shift to the left. It is clear that the peak shear strength failure envelope for the unsaturated 486 

specimens has a greater slope (Mpeak) than that of the CSL defined from the shear strength tests 487 

on the saturated specimens (MCSL). This is expected, as the application of high suctions to the 488 

specimens is expected to cause the specimens to behave like heavily overconsolidated soils, 489 

which by definition have a peak shear strength that is greater than the shear strength at critical 490 

state. Because the stress-strain curves for the specimens exhibited a brittle shape, it was not 491 

possible to characterize the critical state shear strength of the unsaturated specimens. 492 

Nonetheless, the fact that the shear strength of the unsaturated specimens tested at different net 493 

normal stresses and high suction magnitudes have peak shear strength values that converge on a 494 

single failure envelope reflects the validity of the effective stress principle at high suction 495 

magnitudes.  496 

Another interesting observation from the results in Figure 11(b) is the fact that the specimens 497 

exhibit a clear linear relationship between peak shear strength and mean effective stress. This 498 

indicates that the effective stress definition of Skempton (1961) in Equation (2) is not necessary 499 

to describe the effective stress state in unsaturated silt under low degrees of saturation. In other 500 

words, the compressibility of the soil skeleton, which increased significantly during application 501 

of the high suction magnitudes, is likely still much greater than that of the soil particles. This 502 

conclusion may have been different if suction was applied to the specimens before application of 503 

the net normal stress value, which is a topic that deserves further study in the future.   504 
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Conclusion 505 

The vapor flow technique developed by Likos and Lu (2003) for high suction application 506 

accompanied with the modified mechanical loading system into triaxial testing was successfully 507 

validated for the purpose of investigating the shear strength of compacted silts under low degrees 508 

of saturation. A substantial increase in peak shear strength was observed with total suction for 509 

the unsaturated soils under high suction magnitudes (a 40% increase over a change in suction of 510 

129 MPa). The shear stress-strain curves show a more brittle failure mechanism than that 511 

measured for the same soil under saturated conditions, which prevents evaluation of critical state 512 

conditions for this specimens.  513 

In addition, drained triaxial tests performed on unsaturated Bonny silt specimens under 514 

different combinations of total suction and net normal stress were used to evaluate the effective 515 

stress concept under low degrees of saturation. The SWRC model parameters obtained by fitting 516 

the SWRC to data from axis translation tests at low suctions were found to overestimate the 517 

suction stress by a significant amount. This was proposed to be due to the large change in void 518 

ratio observed during application of high suction magnitudes. An alternative fitting of the SWRC 519 

model was found to provide a better prediction of the SSCC while still providing a reasonable fit 520 

to the SWRC data at low suctions, reflecting the importance of careful characterization of the 521 

SWRC when predicting the SSCC at high suctions.  522 

The use of the SSCC to define the effective stress for compacted silt under high suction 523 

magnitudes was found to reflect a consistent peak failure envelope in terms of mean effective 524 

stress plot shifted to a higher value of M at peak conditions (Mpeak = 1.98). Although a clear peak 525 

failure envelope in terms of effective mean stress was observed, the brittle stress strain curves 526 

did not permit evaluation of effective stresses at critical state for unsaturated specimens under 527 
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high suction magnitudes. However, the value of Mpeak was greater than the M value for critical 528 

state conditions (Msat-CSL = 1.23) defined using the consolidated undrained triaxial tests on 529 

saturated specimens. This behavior is consistent with that of heavily overconsolidated soils, 530 

which have a higher peak shear strength than the shear strength at critical state. This indicates 531 

that application of high suction magnitudes leads to a significant increase in preconsolidation 532 

stress in addition to the reduction in initial void ratio. 533 
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Table 1. Geotechnical index properties of Bonny silt 672 

Parameter Value 

Liquid limit, LL 25 

Plastic limit,  PL 21 

Specific gravity,  Gs 2.65 

Standard Proctor optimum gravimetric water content,  wopt 13.6% 

Standard Proctor optimum gravimetric dry density,  γd,max 16.3 kN/m
3
 

 673 

 674 

Table 2. Summary of results from consolidated-drained triaxial tests on unsaturated specimens 675 

 676 

 677 

 678 

 679 

 680 

 681 

682 

Suction 

Net 

normal 

stress 

Relative 

humidity at 

equilibrium 

Final water 

content 

Initial 

void 

ratio 

Void ratio at 

suction 

equilibration  

Principal 

stress 

difference 

at failure 

Mean 

effective 

stress at 

failure 

ψψψψ  

(kPa) 

pnet 

(kPa) 

Rh            

(%) 

wf ei es (σ1-σ3)f      

(kPa) 
(σ′1-2σ′3)f/3 

(kPa) 

162000 100 30.5 2.1 0.682 0.57 1887 1053 

162000 200 30.6 2.2 0.680 0.50 2477 1383 

162000 300 29.8 2.3 0.682 0.51 3101 1724 

291000 100 12.0 0.8 0.689 0.48 2306 1278 

291000 200 11.8 1.6 0.663 0.49 2986 1638 

291000 300 12.0 0.4 0.684 0.39 3273 1867 
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 683 
Fig. 1. Schematic showing the definition of the suction stress vs. matric suction relationship 684 

using drained failure envelopes (after Lu and Likos 2006) 685 

 686 

 687 
Fig. 2. Impact of NvG on the shapes of the SWRC and SSCC (constant value of αvG = 0.60 kPa

-1
): 688 

(a) SSCC; (b) SWRC 689 
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 690 
Fig. 3. Schematic of thermo-hydro-mechanical triaxial setup for testing soils under high suction 691 

magnitudes (the temperature control capability is used in this test program to maintain 692 

constant room temperature) 693 
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 694 
Fig. 4.  SWRC for compacted Bonny silt obtained by fitting data to the results from the axis 695 

translation technique  696 

 697 

 698 
Fig. 5. Equilibration processes for tests performed at a net confining stress of 100 kPa: (a) 699 

Relative humidity recorded at the top and bottom of a soil specimen along with the 700 

specimen and room temperatures; (b) Relative humidity at the top of the specimen and 701 

axial strain for specimens at different suction values 702 
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 703 
Fig. 6. Initial void ratios of the silt specimens before shearing under different net confining stress 704 

values (i.e., after consolidation and/or equilibrium under the applied suction)  705 
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 706 
Fig. 7. Stress-strain curves for saturated and unsaturated Bonny silt specimens under at net 707 

confining stresses of: (a) 100 kPa; (b) 200 kPa; (c) 300 kPa 708 
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 709 
Fig. 8. Results from triaxial tests on saturated and unsaturated silt specimens at various net 710 

confining stresses: (a) Excess pore water pressure generation as a function of strain for 711 

the saturated specimens; (b) Volume change as a function of axial strain for the 712 

unsaturated specimens at a suction of 162 MPa; (c) Volume change as a function of axial 713 

strain for the unsaturated specimens at a suction of 291 MPa  714 
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 715 
Fig. 9. Results from triaxial tests on saturated and unsaturated silt specimens at a constant 716 

temperature of 23 °C: (a) Effective and total stress failure envelopes for saturated 717 

specimens and effective stress failure envelopes for unsaturated specimens (not to scale); 718 

(b) Void ratio at failure versus principal stress difference for different suction magnitudes  719 
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 720 
Fig. 10. SWRCs and SSCCs fitted to the experimental data (different values of αvG and NvG): 721 

(a) SSCCs; (b) SWRCs 722 
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 723 
Fig. 11. Critical state analysis for Bonny silt at different suction values obtained using the 724 

experimental SSCC parameters: (a) Effective stress paths obtained using suction stress 725 

values calculated from the suction applied to bottom of the specimen; (b) Mean effective 726 

stress plot with mean effective stress obtained using the experimental SSCC  727 

 728 

 729 
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