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1. Introduction 
 

Unsaturated soil mechanics is an essential part of soil 
science and geotechnical research. Scientists and 
geotechnical engineers are interested in understanding the 
behavior of unsaturated soils under mechanical loadings 
Sivakumar et al. (2013) to model various structures such as 
shallow foundations Garakani et al. (2020), road pavements 
Goual et al. (2011), soil slopes Nguyen and Likitlersuang 
(2019), subway tunnels Fan et al. (2020), retaining walls 
Chehade et al. (2020), tailing dams Bella (2021), landfills 
(Zhou et al. 2014) and railway embankments Kumar et al. 
(2022). From a fundamental point of view, experimental 
investigations and theoretical analyses are needed to take 
into account the simultaneous presence of three phases in 
the soils: liquid, gas and solid (Lin et al. 2018). Soil suction 
is generated by the co-existence of the liquid and gas phases 
within the soil matrix and significantly influences the 
mechanical behavior of unsaturated soils. Specific testing 
methods and techniques were therefore proposed to control 
and measure suction during tests in the laboratory (Delage 
et al. 2008, Fleureau et al. 1993). Volume change 
monitoring is an additional issue to consider during the 
tests. 
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The shrinkage phenomenon of clays on the drying path 

causes the development of suction in the material (Garakani 
et al. 2020). This behavior, placed in the unsaturated soil 
behavior framework, may experimentally be defined 
through the Soil-Water Characteristic Curves (SWCC), 
which express the relationship between the volumetric 
water content and soil suction. Fleureau et al. (1993) 
reported that the SWCC curve can be obtained with 
different techniques depending on the suction level. They 
showed for instance that the axis translation or pressure 
plate technique, which will be detailed below, is more 
reliable when the suction values are between 10 kPa and 
1500 kPa; on the other hand, the filter paper technique, 
based on a calibration curve between the water content of 
the filter paper and suction, may be appropriate to measure 
suctions ranging from 1500 kPa to 300 MPa. For higher 
suctions they showed that the saturated salt solutions 
method, based on the vapor equilibrium technique, allowed 
to reach the range of suctions from 5 MPa to 500 MPa by 
controlling the relative humidity of a closed system, as 
confirmed for instance by Wei et al. (2021). 

For unsaturated soils under mechanical loading, the 
control and the measurement of unsaturated parameters 
obviously need to be carried out with great care. Focusing 
on triaxial loading, two parameters, i.e., the suction 
evolution and the volumetric strain variation, are especially 
difficult to manage during loading. The review paper of 
Delage (2002) may here be mentioned, where the 
development of unsaturated testing techniques was 
described in details, including the techniques of direct 
suction measurements based on high capacity tensiometers 
and high suction measurements based on high range 
psychrometers. 
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Abstract.  Standard triaxial cells are commonly used to measure the mechanical behavior of saturated soils. However, this type 

of standard system is difficult to use for unsaturated soil specimens since it cannot measure the changes in the pore-air volume 

and pressure. This paper proposes to extend the measurement possibilities of the standard triaxial testing device in a simple way 

and to adapt it to partially saturated soils. The system is supplied by two hygrometers installed at each end of the cylindrical 

unsaturated specimen to measure local relative humidity, which allows the derivation of suction. The volumetric strain of the 

specimen is calculated by analyzing digital photos captured from the outside of the transparent cell wall. Specimens made of 

kaolin clay, having different hydraulic properties, were tested to verify the reliability of the measurements, and thus, the 

relevance of the proposed techniques to study the mechanical behavior of unsaturated soils. 
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To measure suction in soils, two types of methods are 

generally used, i.e., direct methods and indirect methods 

(Pan et al. 2010, Sreedeep and singh 2011). The direct 

methods are based on matric suction measurement using a 

porous ceramiccup. The estimation of matric suction 

requires a full separation between the air phase and the 

water phase with a ceramic disk. The direct measurement 

devices include tensiometers and suction probes. However, 

the measurement range with this method is limited to 

around 1.5 MPa due to cavitation. The indirect method is 

usually based on the determination of a physical parameter 

such as relative humidity, electrical or thermal conductivity. 

Accordingly, the sensors include electrical conductivity 

sensors, thermal conductivity sensors, psychrometers and 

chilled mirror hygrometers. Advantages and drawbacks of 

these methods were discussed and complementarities 

between them should be considered. Fondjo et al. (2020) 

focused on various methods for soil suction measurements. 

They carried out a comparative study on direct and indirect 

suction estimations, detailed measurement ranges, 

processing time and limitations. They stated that the 

chilled-mirror hygrometer and the filter-paper technique are 

cost-effective techniques with a wide range of suction 

measurements; however, the chilled-mirror hygrometer 

technique is more precise and does not require as much care 

as the filter paper technique for which need a large 

proceeding time of several days is necessary. The long 

proceeding time needed with the filter paper technique 

limits its application in triaxial testing. Cardoso et al. 

(2017) presented a small sol-gel humidity sensor 

incorporated inside soil specimens for measuring suction 

between 1 MPa and 10 MPa; however, further 

improvements are needed in terms of calibration protocol. 

The suction-controlled triaxial apparatus developed by 

Bishop and Donald (1961) is a variant from the classical 

triaxial testing machine. It is an axis translation technique-

based device that allows to perform unsaturated triaxial 

tests on various soils, which is of particular scientific 

interest. With this type of test, in addition to the mechanical 

data (radial and axial stresses applied to the specimen, and 

axial strain), special attention should be given to: i) suction 

control and measurement; ii) the measurement of specimen 

volume change, which is a delicate problem. In a 

geotechnical testing system, three methods are often used to 

control suction inside a specimen. One of the methods is the 

axis translation technique, which shifts the pore-water 

pressure to a positive value and measures or controls the 

matric suction by increasing the reference pore air pressure 

inside the specimen. This method was used commonly in 

the determination of SWCC and adapted to oedometer and 

triaxial devices (Aversa and Nicotera 2002, Ng et al. 2007, 

Jiang et al. 2021). However, this method cannot 

appropriately reflect the real in-situ conditions since it 

raises the pore air pressure. The second method is the 

osmotic technique (Delage and Cui 2008, Derfouf et al. 

2020). In this method, the specimen is placed on a semi-

permeable membrane. Then a solution containing 

polyethylene glycol is circulated in the specimen, and only 

water is able to go through the membrane. Depending on 

the concentration of the solution, different levels of osmotic 

suction are applied to the specimen. This method was 

applied to the oedometer and triaxial testing devices, but 

special attention should be paid to the life duration of the 

membrane when using this kind of method. Another method 

is the vapor equilibrium technique, which controls the 

relative humidity in a sealed volume through a salt solution 

(Baltz and Graham 2000, Blatz et al. 2008, Ferrari et al. 

2018). Water molecules migrate from the soil pores to the 

vapor phase before the equilibrium state is reached. 

Three types of methods can be mentioned to measure 

the volume changes of saturated soils: (i) the measurement 

of the fluid volume change inside the specimen via a high-

precision volume change gauge; (ii) the measurement of the 

volume change of the triaxial cell water (the accuracy is 

affected by the compression of air in the triaxial cell and the 

deformation of the cell); and (iii) the direct measurement of 

specimen deformation via the laser technique, local axial 

and radial strain sensors, and digital photography (Rifa’i et 

al. 2002, Laloui et al. 2006). However, the measurement of 

volume changes of unsaturated soil specimens during the 

mechanical loading is more complex because the volume 

depends on the exchange and compression of air and water, 

which are both compressible. In this case, one of the 

feasible methods is to use the HKUST inner cell volume 

measurement device Ng et al. (2002), which is based on the 

variations in the differential pressure because of the changes 

in the water level in an inner cell. The recorded values are 

used to obtain the total volume change in an unsaturated 

soil specimen. Another method is the double cell or double 

wall volume measurement Estabragh and Javadi (2012), 

which avoids the error caused by the cell wall deformation 

in classical triaxial cells. The volume change of a specimen 

is determined by the volume change in the inner cell. The 

third method is to use local sensors fixed directly on the test 

specimen (Laloui et al. 2006). Local sensors allow to 

separately measure the axial strain and the radial strain, and 

thus the volumetric strain can be calculated. The fourth 

method is the digital photographic method (Fan et al. 2020).  

Concerning the image analysis method, the drawbacks are 

due to light refraction problems. Hence, this method need to 

be calibrated before being applied to measure the 

volumetric strain of the specimen deformation. Despite 

these limitations, this method is most promising because it 

relies only on a CCD camera (no intricate devices are 

required) and has no interference with the specimen. 

(Chehade et al. 2020). 

Most of the above techniques are very complex and 

difficult to apply in practice. This paper aims to provide 

simplified tests for unsaturated triaxial loading. Several 

techniques (presented in the introduction section) exist, 

requiring specific and complex experimental setup. The two 

key points specific to the unsaturated tests are: i- the suction 

control and measurement; ii- the volume strain monitoring. 

Most of the suction measurement methods of the literature 

have a limited range, or need long of time to acquire 

measurement. This paper proposes an original method 

based on new self-sufficient and tiny hygro-button sensor.  

The latter consists in controlling the initial suction of 

specimens using the traditional salt solutions method, 

supported by a tiny hygro-button sensor to measure suction  
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Fig. 1 Particle size distribution of kaolin clay 

 

 

Fig. 2 SEM image of kaolin clay 

 

 

variations during triaxial tests. Image analysis was chosen 

for the volume strain monitoring. 

 

 

2. Materials and preparation of partially saturated 
specimens 

 

The studied material is a pure kaolin clay (kaolin K13) 

supplied by the Sibelco company. The specific gravity of 

the solid matrix is 2.63. The plastic limit and liquid limit are 

wP = 20% and wL = 42%, respectively. The specific surface 

area of the material, as determined by the methylene blue 

method, is approximately 27 m2/g.  

Fig. 1 presents the "particle size distribution" of the 

original material obtained by the laser grain size analysis. 

The "particle size" here may represent the "aggregate size" 

in reality. It is noted that about 60% of the soil aggregates 

are smaller than 9 μm, which is in agreement with the 

information obtained from scanning electron microscopy 

(SEM) observations (Fig. 2). The geotechnical parameters 

of this clay are reported in previous studies such as (Gao et 

al. 2020, Zhao et al. 2019). 

The triaxial test specimens were prepared from a clay 

slurry, following the procedures used for instance by Zhao 

et al. (2019). The clay slurry had an initial water content of 

1.5 wL (wL is the liquid limit) and was preconsolidated in a 

consolidometer under a vertical effective stress of 120 kPa. 

Afterward, cylindrical specimens (height = 75 mm and  

 
(a) Na2SO4 solution (s0e = 10 MPa) 

 
(b) NaCl solution (s0e = 38 MPa) 

Fig. 3 Water content evolution of remolded kaolin clay 

specimens in desiccators 

 

 

 

diameter = 50 mm) were extracted from the preconsolidated 

clay core. As several authors recommended (Bishop and 

Green 1965, Biarez 1962, Hattab and Hicher 2004) weak 

height to diameter ratio (about 1.5 to 1) were used 

combined with anti-friction system. The latter set up allows 

to significantly reduce the strain and stress heterogeneities 

while reducing the friction effects at the ends of the sample. 

The vapor equilibrium method was then employed to 

impose suction on unsaturated clay specimens. This was 

realized by placing the clay specimens in the atmosphere of 

saturated salt solutions in desiccators. Since too high 

suctions may cause cracks in the specimens and too small 

suctions may cause notable measurement errors, as will be 

discussed later, moderate suction levels between 3 MPa and 

38MPa were chosen. The saturated salt solutions used in the 

current research are listed in Table 1. The relative humidity 

(RH) and temperature in the testing room were kept 

approximately constant (i.e., RH = 50±2% and Temperature 

= 20±1℃). 

Table 1 Saturated salt solutions for suction control 

Salt solution 
Temperature 

T (℃) 

Relative humidity 

RH (%) 

Total suction 

s0e (MPa) 

NaCl 20 76 38 

Na2SO4 20 93 10 

CaSO4 20 98 3 
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Fig. 4 Open cracks on the surface of cylindrical 

specimens of kaolin clay (s0e = 38 MPa) 

 

 

Fig. 3 shows the change in the gravimetric water 

contents of the specimens in the desiccator. It is observed 

that the water content first decreases linearly, then decreases 

in a nonlinear way, and finally reaches a stabilized value 

during the whole drying period.  

The time for the water content of each specimen to 

reach equilibrium was generally over 150 days (i.e., 5 

months). Moreover, a higher total suction often led to a 

faster reduction of the water content in the linear phase, and 

thus a shorter time was needed to reach water content 

equilibrium. For example, the time to reach equilibrium was 

about 190 days when the total suction was 10 MPa, and it 

was shortened to about 150 days when the total suction was 

38 MPa. Nevertheless, the reduction of the time to reach 

equilibrium was not very significant as both levels of total 

suction (10 MPa and 38 MPa) are very high. 

Great caution was taken for specimen preparation during 

desiccation, especially in the case of the highest total 

suction of 38 MPa. One sometimes observes open cracks 

that initiate on the upper surface of the specimens in the 

linear phase of water content variations. These cracks are 

associated with the non-uniform shrinkage of the specimen 

when the drying rate (i.e., the rate of water content 

reduction) is high. As shown in Fig. 3, the drying rate in the 

linear phase at a total suction of 38 MPa is considerably 

larger than the value at a total suction of 10 MPa. Local 

cracks in Fig. 4 indicate that desiccation cracks might have 

formed inside the cylindrical kaolin specimens under the 

highest total suction (38 MPa), which obviously is an issue 

in the results interpretation and the mechanical behavior 

analyses. If local and internal cracks develop inside the 

specimens, they are more difficult to observe and represent 

a risk of affecting the results. In this study, the specimens 

containing cracks were systematically excluded with the aid 

of X-ray radiography to eliminate the above risk. 

 

 

3. Triaxial testing device for unsaturated soils 
 

Triaxial tests were carried out on cylindrical specimens 

under unconsolidated undrained (UU) triaxial compression 

and a given initial suction conditions, using GDS triaxial 

testing system. The unsaturated triaxial testing setup allow 

to control and to measure the axial stress, the axial strain,  

 
(a) Hygro-buttons in PMMA disks 

 
(b) Triaxial testing setup 

Fig. 5 Triaxial testing setup with suction measurement 

 

 

and the confining pressure. The main difficulty of this type 

of setup consists in the measurement of volume change 

(hence the volumetric strain) and suction of the unsaturated 

specimen. In this paper, we propose to use hygro-buttons to 

measure suction evolution, and digital photography to 

capture the volume variation during the test.  

These two devices as well as the measurement 

techniques are explained in detail in section 4. Fig. 5 

presents the specimen set up in the triaxial cell. All 

necessary elements such as the anti-friction devices, the 

filter papers, the rubber membrane, the porous disks, the 

two hygro-buttons and the polymethyl methacrylate 

(PMMA) disks used for the total suction measurements 

inside the triaxial cell, were placed in the same desiccator as 

the specimen. In this way, the elements were able to reach 

equilibrium with the specimen. Thus, the installation of 

these elements would not affect the measurement precision 

of suction in the specimen during the test. The two hygro-

buttons were fixed in the pre-drilled holes of the two 

PMMA disks, and then they were installed on the bottom 

and top ends of the soil specimen as shown in Fig. 5. 

Hence, the evolution of total suction in the vicinity of the 

specimen ends could be measured indirectly. 

The procedure of triaxial tests was divided into two 

steps. First, the chosen isotropic stress p was applied to the  
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Fig. 6 Stress paths used for unsaturated triaxial testing 

 

 

specimen in several steps under undrained conditions (both 

water and air were not discharged). Secondly, triaxial 

shearing was conducted until the failure of the specimen, as 

illustrated in Fig. 6. Constant confining pressure was widely 

used during the shearing step in the literature. However, in 

order to focus on the effect of deviator stress on the 

progressive damage of the unsaturated specimen, purely 

deviatoric stress path, as shown in Hattab and Hicher 

(2004), was employed in this work. 
Unsaturated soils need the equilibrium of negative pore 

water pressures (or suctions) which requires sufficient time, 

because of the discontinuity of the liquid phase of the pore 

water. A low loading rate is necessary in this case to ensure 

this balance. 
In this work, a very small loading rate of 0.007 %/min 

was employed as recommended by several authors (Mendes 

and Toll 2016, Hossain and Yin 2010). Under these 

conditions, the hygro-button can be used to measure the 

relative humidity. 

Table 2 summarizes the soil specimens used in the 

triaxial tests. Consolidated drained triaxial tests were 

performed on saturated specimens following the same stress 

path. During Saturated drained triaxial test null suction  

 

 

condition is maintained representing reference for the 

different unsaturated tests. On the other hand, for 

unsaturated undrained tests constant water content was 

maintained, however suction may vary during the shearing 

step. Thus, putting together (UU) conditions and saturated 

CD test allows to study the effect of suction variation on 

clay behavior. Different initial consolidation was tested in 

order to study the effect of the mean stress on the suction. 

 
 
4. Calibration of measurement systems  

 
4.1 Hygro-buttons for suction measurement 
 

The hygro-buttons (Fig. 7) used for suction 

measurement during triaxial tests are rugged tiny humidity 

and temperature sensors integrated in a self-sufficient 

system. Based on a built-in capacitive polymer humidity 

sensor, a hygro-button is formed of an internal battery, 

electronic micro-controller, and memory. The recording rate 

is programmable via computer from 1 s up to 273 h. All the 

sensor components are assembled in a cylinder of 

approximately 17 mm in diameter and 6 mm in height. 

There is a tiny measurement hole on the top of the cylinder, 

which allows water vapor to pass but repels liquid water. 

Thanks to its stainless-steel package, it is very durable and 

highly resistant to environmental hazards (e.g., dust and 

moisture). At the end of tests, the hygro-buttons are 

connected to a computer via a special USB reader to import 

recorded temperature and/or relative humidity. The 

theoretical measurement range of temperature is from -20℃ 

to +85℃ and that of relative humidity is from 0 to 100%. 

The minimum resolutions are equal to 0.04 % for relative 

humidity and 0.1℃ for temperature. The response time and 

accuracy of the relative humidity are equal to 30 s and ±5%, 

respectively. However, capacitive humidity sensors can 

change their readings when they spend a long time at low 

(RH< 20%) or high (RH> 80%) relative humidity. This 

saturation drift effect could be compensated through 

software using an equation based on laboratory calibration 

tests. The total suction is expressed as a function of the 

relative humidity Fredlund and Rahardjo (1993) 

Table 2 Specification of triaxial tests on kaolin clay 

Test type Number Specimen Salt solution s0e (MPa) s0 (MPa) p (kPa) p' (kPa) s0i (MPa) 

Saturated 

triaxial test 

1 S0_P200 / 0.0 / 200 200 / 

2 S0_P600 / 0.0 / 600 600 / 

3 S0_P1000 / 0.0 / 1000 1000 / 

Unsaturated 

triaxial test 

1 S10_P200 Na2SO4 10.0 13.6 200 / 8.3 

2 S10_P600 Na2SO4 10.0 10.4 600 / 9.3 

3 S10_P1000 Na2SO4 10.0 11.0 1000 / 7.5 

4 S38_P200 NaCl 38.0 40.0 200 / 36.2 

5 S38_P600 NaCl 38.0 37.2 600 / 35.8 

6 S38_P1000 NaCl 38.0 36.9 1000 / 33.1 

Note: S0e is the target suction; s0 is the average measured initial suction; s0i is the average measured suction after isotropic compression; p is the 

isotropic stress; p' is the effective isotropic stress 
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Fig. 7 Hygro-button photo and dimensions 

 

 
(a) Relative humidity 

 
(b) Global suction 

Fig. 8 Calibration of hygro-buttons using CaSO4 solution 

(s0e = 3 MPa) 

 
 

 
*

w0 v

ln
R T

s RH
v 

   (1) 

where s is the total suction; R* is the universal gas constant; 

T is the absolute temperature; RH is the relative humidity; 

vw0 is the specific volume of water; ωv is the molecular mass 

of water vapor. Following these technical characteristics 

and using Eq. (1), the range of suction measurement is 7-

400 MPa. 

Before the installation, the hygro-buttons were 

calibrated via the vapor equilibrium method based on 

different salts (i.e., CaSO4, Na2SO4, and NaCl). Relative 

humidity and temperature in the laboratory were kept 

constant at 50% and 20°C, respectively. 

 
(a) Relative humidity 

 
(b) Global suction 

Fig. 9 Calibration of hygro-buttons using Na2SO4 

solution (s0e = 10 MPa) 

 

 

The calibration results in Figs. 8-10 show the variation 

of relative humidity (or total suction) measured by hygro-

buttons after they were placed inside desiccators containing 

the saturated salt solutions. It is noted that the measured 

relative humidity quickly changes from the laboratory value 

(50%) to the expected value corresponding to each salt 

solution. Accordingly, the total suction tends to the expected 

suction. After 15 h, the measurement error of total suction is 

less than 5% in the environment of Na2SO4 and NaCl. 

However, the relative error between the expected 

suction obtained with saturated CaSO4 solution and the 

calculated suction from the measured relative humidity can 

be larger than 10% (Fig. 8(b)). As the expected relative 

humidity value was verified with a precise hygro-meter, this 

means that hygro-buttons are not adapted for relative 

humidity larger than 95% and, for that reason, this salt was 

not used in the tests. 
Figs. 11 and 12 present the measured relative humidity 

and total suction of clay specimens during the transition 

from the desiccator to the triaxial cell. In phase I, the hygro-

buttons were transferred from the outside into the desiccator 

to check if the relative humidity and total suction of the 

specimen reached the expected values. In phase II, the 

hygro-buttons, together with the specimen, were transferred 

from the desiccator into the triaxial cell. Phase III represents 

the phase after the specimen installation in the triaxial cell. 

It is noted that the initial relative humidity and total suction 

approximately meet their target values in the desiccator.  
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During the specimen installation process, the relative 

humidity shows an obvious drop due to the disturbance of 

the laboratory environment; meanwhile, the total suction 

exhibits a marked rise accordingly. 

However, the values of both relative humidity and total 

suction come back to their initial values a few hours after 

the sealing of the specimen by the rubber membrane in the 

triaxial cell. Therefore, it is concluded that the target total 

suction is successfully reached in the cylindrical specimens. 

These observations validate the proposed configuration of 

hygro-buttons and the setup inside the triaxial cell. 

 
4.2 Calibration of strains measurements 
 

During triaxial tests, photos of the specimen were 

recorded regularly, and the post-analysis of the obtained 

photos allowed to calculate the volume change as 

recommended for instance by (Rifa’i et al. 2002, Laloui et 

al. 2006). The method consists in capturing photos of the 

specimen through the transparent triaxial cell with a digital 

camera during the test. Lamps were placed on two sides of 

the triaxial cell to provide uniform lighting. The camera was 

installed in front of the triaxial cell, and its lens was at the 

 

 

 

same height as the center of the specimen. After triaxial 

testing, the image analysis method was used to analyze the 

axial and radial strains of the specimen. 

The image processing (Fig. 13) starts with image 

contrast enhancement, followed by a threshold adjustment 

to obtain binary image of the specimen. After cleaning and 

filling back holes, discrete profile curves in pixels are 

obtained by counting the number of white pixels on both 

sides of the axis of symmetry of the specimen (Gachet et al. 

2007). Six measurements along the specimen height and 

width are used to calculate the axial and the radial strains by 

the following formulas 

6
0

r

1 0

( ) / 6i i

i i

b b

b


    (2) 

6
0

1

1 0

( ) / 6
j j

j j

h h

h


    (3) 

where bi0 and bi are the initial and the current length of the 

ith horizontal line, respectively; hj0 and hj are the initial 

length and the current length of the jth vertical line, 

respectively. 

 
 

(a) Relative humidity (b) Global suction 

Fig. 10 Calibration of hygro-buttons using NaCl solution (s0e = 38 MPa) 

  

(a) Relative humidity (b) Global suction 

Fig. 11 Measured data before triaxial tests (Na2SO4, s0e = 10 MPa) 
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Eventually, the volumetric strain was derived from the 

radial and axial strains measured by digital photography. It 

is important to mention that this method allows to measure 

the specimen volume change, though potential errors may 

come from the distortion effects due to the lens curvature, 

the specimen shape and the light refraction in the triaxial 

cell wall and the water (Gachet et al. 2207, Bhandari et al. 

2012, Shao et al. 2020). In addition, the direction of 

photography may affect the results as the specimen 

becomes non-axisymmetric when a shear plane occurs. 

To validate the obtained results, an additional triaxial 

test was conducted on a saturated clay specimen. The 

measured results of the volumetric strains based on image 

processing were compared with the usual volumetric strains 

measured by the pressure-volume controller of the GDS 

system. 

The volumetric strain is calculated by εv = ε1 + 2εr on 

one hand, and derived from the pore water volume change 

measured by the pressure-volume controller on the other 

hand. Fig. 14 compares the results from the two methods. It 

shows that the curves derived from both methods feature a 

very similar tendency, especially in the first stage of 

loading. The error on the calculated volumetric strain based 

on image processing accumulates as the loading goes on 

due to the distortion effects. However, the maximum error  

 

 

is only about 13% even if the volumetric strain reaches as 

much as 14%, which indicates that the measurement 

method using the photos analyses to determine volumetric 

strains is promising. 

To further verify the applicability of the above method 

to unsaturated triaxial tests, the axial strains of an 

unsaturated clay specimen (S10_P600) derived from photo 

analysis during triaxial shearing were compared in Fig. 15 

to the axial strain measured by the sensor integrated in the 

triaxial testing system. It is observed that both calculated 

and measured axial strains monotonically increase as 

triaxial shearing begins, showing the same tendency. 

Moreover, the difference between the calculated and 

measured axial strain is generally between 0.5% and 1%, 

which is quite acceptable. This suggests that the indirect 

method for axial strain determination based on image 

processing is reliable. Thus, this method to determine the 

volumetric strain of unsaturated specimens appears to be 

feasible. 
 

 
5. Results of unsaturated behavior of kaolin clay 

 
5.1 Suction evolution during triaxial tests 
 
Figs. 16-18 illustrate the evolution of total suctions near  

  

(a) Relative humidity (b) Global suction 

Fig. 12 Measured data before triaxial tests (NaCl, s0e = 38 MPa) 

 

Fig. 13 Image processing steps: (a) original image, (b) greyscale image, (c) image enhancement, (d) thresholding and (e) 

radial measurements 

116



 

A novel triaxial testing device for unsaturated soils with measurement of suction and volumetric strains 

 

 
(b) Global suction 

Fig. 14 Calibration of volumetric strain measurement 

during isotropic consolidation of a saturated specimen 

 

 
(b) Global suction 

Fig. 15 Calibration of strain measurements with specimen 

S10_P600 as example 

 

 

the specimen ends measured by the two hygro-buttons. One 

can note that the suction values of the specimens approach 

the targets (i.e., 10 MPa and 38 MPa) at the beginning of 

triaxial testing except for specimen S10_P200, whose initial 

total suction is slightly higher than the target suction s0e = 

10 MPa. During the triaxial tests, the measured total 

suctions continuously decrease during both compression 

and shearing stages. It is reasonable because the voids are 

gradually compressed while water drainage is not allowed, 

which leads to a rise in the degree of saturation of the soil. 

 

5.2 Evolution of the deviator stress and volumetric 
strain 

 

Fig. 19 presents the influence of the initial total suction 

on the stress-strain relationship of the specimen. When the 

specimen is saturated (i.e., s0e = 0 MPa), in agreement with 

normally consolidated clay behavior, the deviator stress 

continuously increases up to a plateau (exhibiting the 

critical state) with increasing axial strain. By contrast, in the 

unsaturated state (under the initial suction of s0e = 10 MPa 

or 38 MPa), the deviator stress first quickly goes up until 

reaching the peak, then reduces to the residual value as the 

axial strain increases, characterizing a quasi-brittle failure. 

It is also noted that the peak deviator stress of the 

unsaturated specimen is greatly higher than that of the 

saturated specimen. However, both the peak and residual 

deviator stresses of the specimen under the global suction of 

38 MPa (e.g., S38_P200) are lower than those of the 

specimen under the lowest global suction of 10 MPa (e.g., 

S10_P200). The decrease in deviator stress seems to be due 

to the presence of initial local cracks in the specimen caused 

by the high suction imposed in the desiccators (Fig. 4).  

It should be noted that the gap between the maximum 

deviator stress of saturated soil and the residual deviator 

stress of unsaturated soil decreases as the mean stress 

increases. For instance, when the mean stress is 200 kPa, 

the maximum deviator stress of the saturated specimen 

S0_P200 is 171 kPa, and the residual deviator stress of the 

unsaturated specimen S38_P200 is 267 kPa. However, as 

the mean stress increases up to 1000 kPa, the maximum 

deviator stress of the saturated specimen S0_P1000 is 866 

kPa, and the residual deviator stress of the unsaturated 

specimen S38_P1000 is 931 kPa. 

Meanwhile, the gap between the maximum deviator 

stresses of the unsaturated soil at different initial total 

suctions presents a reducing trend as the mean stress 

increases. For example, the gap between the maximum 

deviator stresses of unsaturated specimens S10_P200 and 

S38_P200 is 57.7% when the mean stress is 200 kPa, 

whereas the gap between the unsaturated specimens 

S10_P1000 and S38_P1000 is reduced to 5.0% when the 

mean stress is 1000 kPa. These findings indicate that the 

effect of total suction on the unsaturated shear strength of 

clay is reduced when the mean stress increases. 

Additionally, the ratio of deviator stress drops after the 

peak (i.e., the ratio of the difference between the peak and 

residual deviator stresses to the peak deviator stress) 

decreases with an increase in the mean stress. When the 

initial total suction is 10 MPa, the ratio of deviator stress 

drop is 37.8% at a mean stress of 200 kPa; by contrast, the 

ratio decreases to 24.9% at a mean stress of 1000 kPa. The 

above results suggest that the unsaturated remolded clay 

becomes less brittle at a higher mean stress. Unsaturated 

soil is subject to suction which generates internal capillary 

stresses that tend to over-consolidate the material. In this 

case, an unsaturated soil subjected to a low mean stress 

shows an overconsolidated behavior, and thus fragile (or 

brittle). When the mean stress increases, it tends to erase the 

overconsolidation due to the suction, and the behavior of 

the unsaturated soil approaches that of a normally 

consolidated soil, and thus more ductile (Fleureau et al. 

1993). 

Fig. 20 shows the effect of the initial total suction on the 

variation of volumetric strains of remolded clay specimens 

during triaxial shearing. Note that, for unsaturated clays 

under high suctions, the volumetric strains result from air 

compression, crack development and shear band formation. 

The volumetric strains of saturated clay specimens 

during triaxial tests performed under drained conditions are 

always positive, showing contractive behavior (contraction 

strains are plotted as positive). Nevertheless, the volumetric 

strains of the unsaturated specimens are first positive  
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showing contractive behavior and then negative, i.e., 

corresponding to dilative behavior, as the axial strains 

increase. 

 

 

 

 

This first stage seems to be associated with the 

compression of pore air and the subsequent dilation is 

dependent on the formation of cracks and shear bands that  

  

(a) Specimen S10_P200 (b) Specimen S38_P200 

Fig. 16 Suction evolution in kaolin clay at a mean stress p of 200 kPa during triaxial tests 

  

(a) Specimen S10_P600 (b) Specimen S38_P600 

Fig. 17 Suction evolution in kaolin clay at a mean stress p of 600 kPa during triaxial tests 

  
(a) Specimen S10_P1000 (b) Specimen S38_P1000 

Fig. 18 Suction evolution in kaolin clay at a mean stress p of 1000 kPa during triaxial tests 
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appear with very slight magnitude in some cases of high 

suction, or may be attributed to overconsolidation induced 

by the imposed suction. However, differences are also 

observed between the different unsaturated clay specimens. 

For instance, the specimens (e.g., S38_P200 and S38_P600) 

with a higher initial total suction tend to compress less at 

the beginning and dilate more at the end. In the case of the 

specimen S10_P1000 at an initial total suction of 10 MPa, 

dilation begins at the beginning of the test. The unexpected 

volumetric strain of this specimen is likely due to the 

inaccuracy of the 2D photographic technique, as discussed 

in Section 4.2. Finally, the results indicate that the 

volumetric behavior of remolded clay is obviously affected 

by the global suction during triaxial loading. 

 

5.3 Unsaturated behavior described in the (q - v - s) 
plane 

 

Fig. 21 plots the evolution of total suction in clay 

specimens during triaxial shearing, for the specimens 

isotopically consolidated at p = 600 kPa, taken as examples. 

It must be noted that the total suctions in the first stages of 

loading are more or less constant. Then, suction tends to 

decrease slightly before the maximum deviator stress 

reaches a peak, associated with a strain-softening 

phenomenon exhibited in Fig. 21(b). 

Fig. 22 shows a 3D representation of how the three 

parameters (suction, volumetric strains and deviator  

 

 

stresses) vary along purely deviatoric stress paths. The three 

consolidation stresses (p = 200 kPa, 600 kPa and 1000 kPa) 

are plotted in Fig. 22 for the different initial suctions. 

The suctions measured after isotropic loading are 

indicated by s0i in Table 2. Before shearing, all the curves 

start from the curve derived from van Genuchten law (Fig. 

23) that represents the SWCC curve of the kaolin K13 clay 

(Cheng et al. 2021). The results show that the volumetric 

strains of the saturated specimens with s0e = 0 MPa increase 

monotonically, exhibiting contractive behavior well 

consistent with the normally consolidated behavior of clays. 

However, the unsaturated specimens, initially submitted to 

suctions (initially s0i, Table 2) show slight contraction (even 

no contraction in some cases) in the first stages of the 

loading followed by a marked dilative behavior. This 

phenomenon shows the effect of the capillary cohesion 

induced by the initial suction, the process being 

accompanied by a decrease of both deviator stress and 

suction. 

 

 

6. Conclusions 
 

This study proposed a novel unsaturated triaxial testing 

system that extends the traditional triaxial cells to measure 

the mechanical behavior of unsaturated soils. There are two 

major difficulties regarding this system: (i) traditional 

triaxial cells cannot control and measure soil suction; (ii)  

  
(a)  p = 200 kPa (b)  p = 600 kPa 

 
(c) p = 1000 kPa 

Fig. 19 Stress-strain relationship of kaolin clay at the initial suctions of 0 MPa, 10 MPa and 38 MPa 
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they cannot measure the volumetric strain of unsaturated 

soils due to the presence of pore air. Our solution is to 

incorporate the hygrometer and photographic techniques 

into the traditional triaxial cell. 

The vapor equilibrium method was used to impose and 

control the initial soil suction during specimen preparation.  

 

 

 

Then, two precise hygrometers were used to measure the 

total suction at the two ends of the specimen during triaxial 

testing. The volumetric strains were derived from the axial 

strain measured via the displacement transducer of 

traditional triaxial cells and the radial strain measured via 

the photographic technique. The test results show that  

  
(a)  p = 200 kPa (b)  p = 600 kPa 

 
(c) p = 1000 kPa 

Fig. 20 Volumetric deformation of kaolin clay at the initial suctions of 0 MPa, 10 MPa and 38 MPa 

  
(a) q-s plane (b) q-εv plane 

Fig. 21 Behavior of unsaturated kaolin clay specimens tested at p = 600 kPa 
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Fig. 22 (s-εv-q) plane for all tested soil specimens 

 

 

Fig. 23 SWCC of kaolin K13 clay 

 

 

incorporating the above techniques into a traditional triaxial 

cell allows for studying the mechanical behavior of 

unsaturated soils. This improvement is simple and 

convenient. Most importantly, it does not alter the primary 

function of the traditional triaxial cell. However, this system 

also has some limitations related to the precision and range 

of the used sensors. Moreover, the method used to 

determine the radial strain and to calculate the volumetric 

strain need special calibration to obtain precise deformation 

in unsaturated soil. 

Several triaxial test results on specimens with different 

levels of initial total suction have been presented and 

discussed. At the beginning of triaxial tests, the measured 

total suction continuously decreases during both the 

compression and shearing stages. Also, the peak and 

residual deviator stresses decrease when the initial total 

suction increases. In addition, the difference between the 

maximum deviator stresses at different initial total suctions 

shows a reducing tendency as the mean stress increases. 

This result suggests that the effect of suction on the 

unsaturated shear strength of clay is weakened with 

increasing mean stress. The total suction has a significant 

influence on the volumetric behavior of remolded clay 

under triaxial loading. A marked dilative behavior is 

observed, which indicates the effect of the capillary 

cohesion induced by the initial suction. 
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