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A new triaxial apparatus for studying stress effects on soil-water characteristics of 
unsaturated soils

Un nouvel appareil pour étudier l’effet de la contrainte sur les caractéristiques sol-eau des sols non 
saturés

C.W.W.Ng & B.Wang -  Department ol Civil Engineering, Hong Kong University ol Science & Technology, Hong Kong, China
B.W.Gong -  Yangtse River Scientilic Research Institute, Wuhan, China

ABSTRACT: Although it has been long recognized theoretically that mechanical stress (state) has influence on hydraulic properties 

such as water retention ability o f  unsaturated soils, relatively little experimental data have been reported in literature. In this paper, a 

newly developed stress and suction controllable triaxial apparatus for studying hydro-mechanical behavior o f  unsaturated soils is in

troduced and described. During a test, both isotropic and anistropic mechanical stresses and matric suction can be applied using the 

axis translation technique and volume changes o f a sample can be measured. The application o f the apparatus is illustrated by measur

ing the soil-water characteristics o f an unsaturated expansive soil, with and without applying mechanical stress.

RESUME: Bien qu’il soit depuis longtemps reconnu au niveau théorique que (l’état de ) la contrainte mécanique a des influences sur 

les propriétés hydrauliques des sols non saturés telle que sa capacité de rétention d’eau, relativement peu de résultats expérimentaux 

peuvent être trouvés dans la littérature. Dans cette communication, est introduit et décrit un appareil triaxial récemment développé à 

contrainte et succion contrôlés, qui permet l’étude du comportement hydro-mécanique des sols non saturés. Durant un essai, on peut 

appliquer, avec suivi du volume de l’échantillon, les contraintes isotropes ou anisotropes, et la succion matricielle en utilisant la tech

nique de la translation d ’axe. L ’utilité de cet appareil est illustrée par la détermination des caractéristiques sol-eau d ’un sol gonflant 

non saturé, avec et sans application des contraintes mécaniques.

1 INTRODUCTION

There is an increasing demand to understand the hydro

mechanical behavior o f unsaturated soils for predicting the be

havior o f unsaturated engineered clay barriers for unclear waste 

disposal (Delage et al. 1998; Romero & Vaunat 2000) and for 

calculating deformation and stability o f unsaturated soil slopes 

(Ng & Pang 2000a) due to seasonal changes o f  groundwater 

conditions and moisture conditions. To improve the understand

ing o f hydro-mechanical behavior o f unsaturated soils, it is vital 

to investigate stress effects on soil-water characteristic curve 

(SWCC), also known as the ‘water retention curve’ o f an unsatu

rated soil.

Many traditional methods for measuring SWCCs were 

originated from soil science (Fredlund & Rahardjo 1993). It is 

understandable that stress effects have not been taken into ac

count and have rarely been studied. Recent work by Vanapalli et 

al. (1999) has found that the stress history and soil fabric have

significant influence on the measured SWCCs o f a compacted 

till. The SWCCs were determined on overconsolidated soil 

specimens under zero net normal stress, simulating the effects o f 

over-consolidation. Constant volume o f soil samples was as

sumed in the interpretation o f  test results. More recently, the ef

fects o f  one-dimensional (ID ) stresses on SWCCs have been in

vestigated and found to have a significant influence on the 

SWCCs o f a sandy silt/clay and hence on transient seepage and 

slope stability (Ng & Pang 2000a).

In this paper, the development o f  a new stress and suction 

controllable triaxial apparatus is introduced and described. The 

application o f the apparatus is illustrated by determining the 

SWCC o f a recompacted unsaturated expansive soil under iso

tropic (ISO) stress conditions. The measured results using the 

new apparatus are compared measurements from a conventional 

testing device in which no stress is applied to the sample. The 

difference in the observed behavior is reported and discussed.
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Figure 1. Schematic diagram of the newly modified triaxial apparatus for measuring SWCCs under various applied stresses
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As far as the authors are aware, no apparatus is available com

mercially for measuring drying and wetting soil-water character

istics o f unsaturated soils under both isotropic and deviatoric 

stress states with volume change measurements. Following on 

the development o f a recently modified ID  stress controllable 

volumetric pressure plate extractor (Ng & Pang 2000a), it was 

decided to build a new triaxial apparatus for measuring drying 

and wetting soil-water characteristics o f  soils under isotropic and 

deviatoric stress conditions.

Figure 1 shows a schematic diagram o f the apparatus. Ma- 

tric suction (ua-uw) is controlled using the axis translation tech

nique (H ilf 1956), where u„ and uw are air and water pressures 

respectively. The sample size is designed to be 70mm in diame

ter and 20mm in height in order to minimize testing time. With a 

5-bar air-entry value ceramic disk mounted inside the lower ped

estal, matric suction up to 500 kPa can be adjusted by varying 

the air pressure via the top cap whereas water pressure is kept 

equal to the atmospheric pressure.

Various isotropic stresses can be applied by controlling the 

confining cell pressure (crj) acting on the soil. De-aerated water 

is used as cell fluid. To maintain a constant net normal stress (a3 

- u„), if  required, cell pressure and air pressure have to be adjust

ing simultaneously. For controlling any deviatoric stress, an ax

ial load can be applied via a stainless steel rod by using a loading 

frame. An internal load cell is used to verify the applied load.

Before and during any test, it is important to remove air- 

bubbles trapped in the system. Beneath the ceramic disk, the sur

face o f the base is engraved with a spiral groove. Any water 

stored in the water compartment can flow out through two small 

apertures connected to the two water outlets. The groove is to 

drive out accumulated air bubbles in the water compartment (see 

Figure 1). Before taking volume measurements, air bubbles 

should be driven out by rolling the plastic tube between the two 

outlets and the air-trap. The volume change o f  the sample is 

measured using a volume gage by recording inflow/outflow of 

water. The deformation o f the cell due to an applied isotropic 

stress is corrected by calibration. The resolution o f the dial gauge 

for the volume gage is 0.01 mm, which is equivalent to 0.041 

cm3 o f volume change. Other attachments such as the burette, 

air-trap and ballast are similar to a commercially available 2-Bar 

volumetric pressure plate extractor (SoilMoisture Equipment 

Corp. Ltd 1994). During the tests, temperature variations are 

controlled within ±1 °C.

2 DEVELOPMENT OF THE APPARATUS

3 LABORATORY TESTS

To illustrate the use o f the new apparatus, an unsaturated expan

sive soil taken from Zao Yang (ZY) was tested. It is a brown-

yellow clay with some black calcium-manganese nodules. The 

sampling depth for the ZY samples used in this study was be

tween 1.5 and 3.0 m below the surface. The natural soil density 

was 1810-1910 kg/m3, with natural water content varying from 

27% to 31%. The soil has clay content o f  49%, silt content o f 

44% and sand content o f  7%. Its liquid limit (LL) and plasticity 

index (PI) are 61.5% and 33% respectively. The optimum water 

content is 22%.

In one-dimensional swelling pressure tests (zero deforma

tion) conducted in a conventional oedometer, ZY recompacted at 

an initial water content o f  30.3 %, had a dry density o f 1370 

kg/m3 and exhibited a swelling pressure o f  22-25 kPa. In X-ray 

diffraction (XRD) tests, a significant fraction (15-55 %) o f smec

tite can be identified, with a subgroup mineral o f montmorillo- 

nite (Liu 1997). The soil can be classified as a medium to high 

degree expansive soil (medium to high swell potential). Other 

details o f the soil are given by Liu (1997).

3.1 Sample preparation procedures

Two almost identical recompacted samples (ZY-R3 and ZY-R7) 

were tested, one in a commercial pressure plate extractor (i.e. no 

stress control and volume measurement) and one in the new ap

paratus. The former was subjected to zero stress whereas the lat

ter was stressed to 100 kPa isotropically over one dry-wet cycle.

The initial water content and dry density o f  the recompacted 

samples were adjusted to be the same as those o f  natural soil in 

the field, i.e. dry density o f  1370 kg/m3 and natural gravimetric 

water content (GWC) o f  30.3 %.

To obtain relatively uniform and homogeneous samples, the 

soil particles were passed through a test sieve with 2 mm open

ings, and the soil was then wetted with de-aerated water. The 

soil-water mixture with the desired water content was left sealed 

in an airtight plastic bag for 48 hours to equalize the moisture o f 

the soil. According to the dry density required, a fixed mass o f 

wet soil was weighed according to its measured water content 

and compacted into a stainless steel ring to make a desired sam

ple with a specific water content and a specific dry density.

A proper saturation process is important for SWCC tests. 

Swelling was completely constrained before each SWCC test. 

Each specimen was sandwiched between two coarse porous 

stones along with two pieces o f  filter paper. The specimen and 

porous stones were fixed below steel plates with two clamping 

rods to prevent the sample from swelling during saturation. Ex

pansive soil swells significantly upon wetting. To maintain a de

sired dry density, swelling during the process o f saturation was 

completely constrained for all soil samples in the study. A  com

parison o f  unconstrained and constrained samples has been pre

sented by Ng et al. (2000). They showed that different saturation 

methods, unconstrained or constrained, caused different initial 

water contents in SWCCs. The unconstrained samples had a

Matric suction (kPa)

Figure 2. Stress effects on GWCs o f recompacted sample

Matric suction (kPa)

Figure 3. Measured volume changes o f soil sample
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higher water content. This was due to a higher void ratio in the 

unconstrained sample after swelling during saturation.

3.2 Testing and measuring procedures

The test procedures in the commercial apparatus are not repeated 

here, since details can be found in the literature (SoilMoisture 

Equipment Corp. Ltd, 1994). Therefore, only the testing proce

dure in the modified triaxial apparatus are described.

After the assembling all the components, the saturated sam

ple first undergoes a consolidation stage. All the valves and all 

the water outlets are closed before the soil is allowed to drain. 

During the consolidation, the regulator controlling cell pressure 

is adjusted carefully to a desired net-normal stress, while the air- 

pressure is controlled to be zero. After the cell pressure valve is 

opened, the sample starts to consolidate under a given isotropic 

stress condition.

After flushing the water compartment to drive out any ac

cumulated air-bubbles, readings on the dial gauge and the burette 

(see Figure 1) are recorded. The air pressure valve together with 

cell pressure is adjusted to a new value and then applied to the 

sample. Water inside the sample flows through the disk to the 

water compartment and then through to the opened water outlet. 

All the valves and water outlets should be closed when adjusting 

the pressures or recording the readings.

Under a given matric suction, when the water level inside 

the ballast changes less than 2 mm in 24 hr, it is considered that 

the equilibrium state is reached for the present suction value. The 

matric suction is then increased repeatedly by adjusting the air 

pressure to a new suction value. The desorption curve o f a test is 

completed first, followed by the sorption curve. After the test o f 

one dry-wet cycle (desorption-sorption curves) is completed, the 

sample is removed from the cell to determine its water content. 

Further details o f the test procedures are reported by Wang 

(2000).

4 EXPERIMENTAL RESULTS

4.1 Desorption characteristics

Figure 2 shows the comparisons o f desorption and sorption char

acteristics for samples under zero (ZY-R3) and 100 kPa isotropic 

stress (ZY-R7). Due to the applied stress, the water content o f 

ZY-R7 is lower than that o f  ZY-R3 initially, Obviously the 

higher the confining effective stress, the lower the water content 

or void ratio is after consolidation.

At low matric suctions (less than 15 kPa), it can be seen that 

a substantial amount o f  water was expelled from the sample 

(ZY-R7) under the high net normal stress. A clear air entry value 

cannot be identified from the sample under isotropic stress. For 

ZY-R3, however, it did not lose water significantly until the ma

tric suction reached 20 kPa. The apparent high desorption rate o f 

ZY-R7 in the low suction range might be attributed to secondary 

consolidation o f the clayey expansive soil or physio-chemical 

clay-water interactions (Yahia-Aissa et al. 2001). Observations 

o f drying characteristics from a recompacted non-expansive 

completely decomposed volcanic soil (sandy silt/clay) clearly 

reveal that the higher the applied one-dimensional net normal 

stress, the lower the rate o f desorption for both recompacted and 

intact samples (Ng & Pang 2000b).

Starting from matric suction o f about 20 kPa, a noticeable 

amount o f  water was expelled from ZY-R3. Compared with that 

o f ZY-R7, the desorption rate o f ZY-R3 is slightly higher. Al

though there are some apparent differences in desoprtion rate be

tween ZY-R3 and ZY-R7 at small matric suctions, the influence 

o f stress on the rate o f  desorption became less significant as ma

tric suction continued to increase to 500 kPa. At the end o f the 

drying paths, the difference o f GWC for each sample is rela

tively small. All the drying curves seem to converge at 500 kPa. 

Perhaps, this implies that the water transfer in the soil might be 

mainly governed by the osmotic rather than the capillary action

at high suctions, leading to the stress independency o f the de

sorption rate.

4.2 Sorption and hysteresis characteristics

As matric suction was reduced gradually from 500 kPa, each 

sample drew water. The sorption rate o f ZY-R3 appears to be 

smaller than that o f ZY-R7. As expected, significant hysteresis 

effects can be clearly seen for ZY-R3 mainly due to the ‘ink bot

tle’ effects o f  relatively large pore spaces in the soil (Topp & 

Miller 1966; Hillel 1998). On the other hand, no significant hys

teresis loop can be clearly observed in ZY-R7. This is probably 

because the soil-water characteristic o f  the sample was domi

nated by the micro-structure and osmotic suction, rather than the 

macro-structure and capillary action, when it was subjected to 

the applied stress. Based on the measurements o f the drying and 

wetting characteristics o f a non-expansive sandy silt/clay, Ng & 

Pang (2000b) also report that an applied net normal stress can 

significantly reduce the size o f  a hysteresis loop in recompacted 

samples. The higher the applied stress, the smaller the hysteresis 

loop. Similarly, Yahia-Aissa et al. (2001) report that the denser 

o f a compacted expansive clay, the smaller the hysteresis loop 

becomes.

At the end o f sorption path, each sample has a lower water 

content compared with its corresponding initial water content at 

lkPa. The final water content at 1 kPa o f  ZY-R3 is higher than 

that o f ZY-R7. This implies that the saturated or close to satu

rated GWC is related to the void ratio, which is governed by the 

magnitude o f  applied stress. It is conceivable that ZY-R7 has the 

smaller void ratio and hence the lower water content due to the 

applied stress.

4.3 Volume changes with matric suctions

It is generally believed that a significant volume change will take 

place in expansive soils within a drying-wetting cycle. Figure 3 

shows the measured volume changes with matric suctions during 

the test. As expected, the volume o f ZY-R7 decreases with an 

increase in matric suction. Along the wetting path, on the other 

hand, the volume o f the sample remains almost unchanged as 

matric suction decreases from 500 to 100 kPa and, after that, the 

volume decreases significantly as the matric suction further de

creases to 20 kPa. The significant reduction in volume for matric 

suction ranging from 100 kPa to 20 kPa implies that the expan

sive soil “collapses” upon wetting instead o f  swelling under the 

applied stress and matric suction conditions. Considering the low 

density o f  the sample prepared for the test (i.e. dry density o f 

1370 kg/m3), it is likely that the reduction in soil volume was 

caused by the “collapse” o f macro-structure in the loose soil fab

ric, verified and discussed by W ang (2000) using the scanning 

electron microscopy and mercury intrusion technique.

5 CONCLUSIONS

A new triaxial apparatus was developed to investigate hydro

mechanical behavior o f unsaturated soils. Soil-water characteris

tics o f unsaturated soils can be determined using the principle o f 

axis translation technique under various applied isotropic and 

anisotropic stresses. With this apparatus, volume changes o f a 

sample due to variations o f  matric suction and applied stress can 

also be accurately measured.

By using the new apparatus, a study o f the variations o f 

gravimetric water content o f  an expansive soil with matric suc

tion revealed that the soil-water characteristics o f the soil were 

altered by the stresses applied. In contrast to the significant hys

teresis observed in a zero-stressed sample, no distinct hysteresis 

within a dry-wet cycle o f an isotropically stressed sample could 

be seen.

By investigating the total volume changes along the wetting 

path o f the soil-water characteristic curve, as expected, the sam-
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pie under zero external stress was found to draw in water and 
swell as matric suction decreased. However, the volume of the 
sample under an isotropic stress of 100 kPa behaved significant 
differently. The expansive soil “collapsed” upon wetting, instead 
of swelling as would normally be expected. These phenomena 
may be explained by their different stress conditions, the inher
ent differences in soil fabric and soil structures.
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