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1 INTRODUCTION 

As an important parameter for designing a deep geo-
logical repository, swelling pressure of compacted 
bentonite-based material has been widely investigated 
since the past several decades (Bucher and Müller, 
1989; Delage et al., 1998; Karnland et al., 2005; 
Pusch, 1980b; Villar and Lloret, 2008; Yigzaw et al., 
2016). Swelling pressure tests are generally conduct-
ed under the condition of null volume expansion. 
Hydration of a sample during the test could be car-
ried out by directly flooding the sample with water or 
solutions. In addition, the hydration could be also 
performed by gradually decreasing the applied suc-
tion (Agus et al., 2013; Lloret et al., 2003; Tripathy 
et al., 2014; Yigzaw et al., 2016). In this case, the 
swelling pressure tests are carried out by decreasing 
the applied suction from the initial value to a value 
close to zero. 

During the decrease of the applied suction, the 
compacted bentonite-based material gradually reach-
es saturation. At saturation, the total soil suction is 
expected to be equivalent to the applied suction (the 
total suction of water). However, contradictory ex-
perimental results have been reported by researchers. 
On the one hand, Karnland et al. (2005) and Ariffin 
(2008) found that after the compacted bentonite-
based material reached saturation under constant 
volume condition, measured total suction was not 

equivalent to, but significantly higher than the applied 
suction (the total suction of water). At saturation, the 
measured total suction of a Na bentonite was several 
hundreds of kPa to 37 MPa greater than the applied 
suction (Karnland et al., 2005). Ariffin (2008) re-
ported that the measured total suction of a highly 
compacted bentonite-sand mixture at saturated con-
dition was equal to 3 MPa. Yong (1999) indicated 
that although the air-water interfaces disappeared at 
saturation, the hydration forces did not vanish, giving 
rise to matric suction greater than zero. On the other 
hand, some researchers e.g. Cui et al. (2008); Mokni 
and Barnichon (2016); Villar et al. (2016) found that, 
during isothermal infiltration tests under constant 
volume condition, the relative humidity close to the 
wetting face reached about 100% after long-term of 
supplying water, meaning that the total soil suction 
was equivalent to the applied suction (the total suc-
tion of water). For instance, Cui et al. (2008) per-
formed an infiltration test on a compacted bentonite-
sand mixture (7/3) with a dry density of 2.0 Mg/m3. 
The relative humidity was monitored along the height 
of the soil column during infiltration. The relative 
humidity at 50 mm above the wetting face reached 
about 100% after 104 days of supplying water. The 
compacted bentonite-sand mixture (7/3) with a dry 
density of 2.0 Mg/m3 had a swelling pressure of 
about 1 MPa at saturation based on the experimental 
result reported by Komine and Ogata (2003). Mokni 
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and Barnichon (2016) observed similar experimental 
results in an in-situ infiltration test. After 400 days of 
supplying water, the relative humidity at 220 mm 
from the wetting face reached 100% and the corre-
sponding swelling pressure is about 1.5 MPa, mean-
ing that the total suction under a swelling pressure of 
1.5 MPa is equal to the applied suction, about 0 
MPa. 

In this study, a relationship between swelling 
pressure, applied suction and total soil suction is de-
rived according to well-known thermodynamics of 
soil moisture. Afterwards, a detailed experimental in-
vestigation on swelling pressure, applied suction and 
total soil suction is performed on Calcigel bentonite 
from Germany. Swelling pressure tests are carried 
out by directly flooding samples with bulk fluid solu-
tions (i.e. deionized water and CaCl2 solution). Final-
ly, experimental results in the present study and from 
the literature are used to validate the developed rela-
tionship between swelling pressure, applied suction 
and total soil suction.  

2 THEORETICAL CONSIDERATION 
 

 
 
Figure 1. Schematic diagram of ideal clay-water system at sat-
uration: (a) macro-scale and (b) micro-scale 
 
Fig. 1a shows the sketch of a macroscopic swelling 
pressure test wherein a compacted bentonite under 
constant volume condition is saturated by a solution. 
The vertical force (Ps) recorded at equilibrium is 
called equilibrium swelling pressure. The above 
macroscopie sketch is schematized as being repre-
sented by two infinite parallel clay plates with nega-
tively charged surfaces immersed outside solution 
(Fig. 1b) according to the concept of the saturated 
ideal clay-water system. This concept is from the 
Gouy-Chapman di use doubleff -layer (DDL) theory 
(Bolt, 1956; Van Olphen, 1977) or the Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory (Verwey 
and Overbeek, 1948) that is generally used to quanti-
tatively evaluate swelling pressure of bentonite rich 
materials. In this concept, the clay particles with the 
lattices of 2:1 type approximate infinite sheets of uni-
form thickness in uniformly spaced, a parallel array 

with interacting double layer which renders this sta-
ble configuration.  

In Fig. 1b, the balance of the two clay plates is 
maintained by internal force (Pin due to an external 
force) and interactive forces between the two plates. 
It should be emphasized that the two clay plates may 
mean two particles or two unit layers, depending on 
the distance between the two plates. When the dis-
tance is larger than 10 Å (four layers of water mole-
cules), the two plates denote two clay particles, sug-
gesting osmotic swelling (Van Olphen, 1977). When 
the distance is smaller than 10 Å, they represent two 
unit layers in one particle, meaning crystalline swell-
ing (Norrish, 1954).  

According to thermodynamics of soil moisture, 
total potential of the water in clays is composed of 
seven components that are due to surface tension 
e ect, van der Waals force e ect, solutes e ect, ff ff ff
electric field e ect, temperature e ect, pressures ff ff
e ect, and gravimetrical field e ect, respectively ff ff
(Bolt and Miller, 1958; Edlefsen and Anderson, 
1943; Iwata et al., 1995 ). 

gPTe0fc    (1) 

where µ represents the total potential or chemical 
potential of the water in clays and is relative to the 
one of the bulk water, 0, at the same temperature and 
external pressure (generally atmosphere pres-
sure); c , f , 0 , e , T , P and g denote the com-
ponents of the total potential of water due to surface 
tension effect, van der Waals force effect, solutes ef-
fect, electric field effect, temperature effect, pres-
sures effect, and gravimetrical field effect, respective-
ly.  

As the system in Fig. 1 is saturated, surface tension 
forces do not exist. Taking into account that temper-
ature and the atmosphere pressure experience little 
changes, the total potential due to temperature and 
external atmosphere pressure could be neglected. 
Since the scale of this system is very small, it is rea-
sonable to assume that the gravitational potential is 
neglected. Therefore, the total potential of water at 
point A (in Fig. 1b) on a given plane between 
plates, A , could be simplified into equation 2 where 

w  denotes the partial specific volume of water. 

wine0fA  P  (2) 

The total potential of the water at point B in the out-
side solution, B , is given by equation 3. B  is 
defined as the applied total potential ( a ), corre-
sponding to the applied suction, a . 

B = B
0 = a = − wa  (3) 

According to the thermodynamics of soil moisture, 
total potential of the water in the above system has a 
constant value for each point at equilibrium. It is as-
sumed that Ps is equal to Pin at equilibrium. Thus, 



A = C = B = a  (4) 

After equations 2, 3 and 4 are rearranged, the follow-
ing equation is obtained: 
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Once the system in Fig. 1 attains equilibrium, the 
outside solution is removed. Then, the outside force 
is released and the sample is subsequently removed 
from the test cell (Fig. 1a). Finally, relative humidity 
( un

tRH ) of the sample is immediately measured. The 
measured total potential ( un

t ) of the water in the 
sample without mechanical constraints, is calculated 
by the following equation  
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where R is the molar gas constant and wM is the mo-
lecular mass of water. As long as the outside force is 
released, the internal pressure in Fig. 1b disappears 
accordingly. In addition, it is assumed that 

A
e

A
0

A
f   changes little when the internal pres-

sure vanishes. This assumption is based on two rea-
sons. The first reason is that the outside solution has 
been totally removed before releasing the outside 
force. In other words, the clay sample does not allow 
to absorb water after releasing outside force. The 
second reason is that removing the sample from test 
cell and measuring RH take very short time, which 
does not result in apparent evaporation. Therefore,  
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Combining equation 5 and 7, we obtain 
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where aRH is the relative humidity of the outside so-
lution at equilibrium. It is generally assumed that w  
does not depend on pressure and has a constant value, 
nearly equal to 1. The above equation is rearranged 
as: 
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In addition, Lu and Likos (2004) gave the following 
definition of total soil suction:  
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where t , m and o  represent the total soil, ma-
tric and osmotic suctions, respectively. The matric 
suction is due to capillary effect and short-range ad-
sorption effect, whereas the osmotic suction is due to 
osmotic effect. Because the effect of internal pres-
sure on total suction is neglected, the RH in the 
above equation is measured under unconfined condi-

tion. In other words, RH is equal to un
tRH , mean-

ing that un
tt   . Combining equation 9 and 10, we 

obtain 

sa
un
tat P   (11) 

where un
t represents the total suction measured un-

der unconfined condition, corresponding to un
t . To 

validate equation 11, swelling pressure tests have 
been performed and the total suction and applied 
suction have been measured at the end of the tests. 

3 MATERIALS AND METHODS 
 
Calcigel bentonite from Germany is composed of 60-
70% montmorillonite, 6-9% quartz, 1-4% feldspar, 
1-2% kaolinite, 1-6% mica 1-6% and 5-10% other 
minerals. It has a total specific surface area of 436 
m2/g (EGME method, Cerato and Lutenegger (2002)) 
and a particle specific gravity 2.80. Cation exchange 
capacity of the bentonite is 74 cmol(+)/kg and the 
exchangeable cations are Na+ 

(3 cmol(+)/kg), K+ 
(2 

cmol(+)/kg), Ca2+ 
(50 cmol(+)/kg), and Mg2+ 

(21 
cmol(+)/kg). The liquid limit and plastic limit of the 
bentonite are 116% and 49%, respectively.  

The target water contents (i.e. 9 and 20%) have 
been reached by adding an adequate amount of water 
to the bentonite powder in equilibrium with the am-
bient laboratory condition. The bentonite-water mix-
ture was then kept in a two-layer plastic bag for two 
weeks to allow for water equilibrium. Two weeks 
later, some bentonite-water mixture was collected to 
measure water content and total suction by oven dry-
ing method (105°C) and chilled-mirror hygrometer 
(AquaLab, 3TE), respectively. Afterwards, the re-
maining bentonite-water mixture was compacted into 
the samples with 50 mm in diameter and 15 mm in 
height using uniaxial static compression. The as-
compacted samples had a dry density of 1.4 to 1.8 
Mg/m3. Finally, the as-compacted sample together 
with a sample ring was transported into a constant 
volume cell (details are given in Schanz and Tripathy 
(2009)) to measure swelling pressure. The compact-
ed samples under constant volume condition were 
saturated with deionized water and CaCl2 solution 
(0.5, 1.0 and 2.0 M) from the bottom of the samples.  

After the swelling pressure reached equilibrium 
(changes in swelling pressure less than 5 kPa/day), 
the bulk fluid solution supply was disconnected. Be-
fore opening the cell and dismantling the sample, 
humid air with 100% relative humidity was flushed 
through the porous stones to prevent the sample 
from taking water from porous stones. Afterwards, 
the cell was opened and the sample was removed and 
prepared for total suction and water content meas-
urements. In order to measure total suction and wa-
ter content distribution over sample height, the sam-
ple was cut into a top, middle and bottom part. The 
collected soil blocks were stored in a watertight con-



tainer. It should be emphasized that collecting sample 
was completed in several minutes and thus, decrease 
in relative humidity and in water content due to 
evaporation was small and could be neglected. Final-
ly, the water content and total soil suction were 
measured by oven drying method (105°C) and 
chilled-mirror hygrometer, respectively.  

The applied suction is approximately equal to the 
total suction (relative humidity) of the bulk fluid so-
lution (Bolt and Miller, 1958; Iwata et al., 1995 ). 
The total suction of deionized water can be approxi-
mately determined according to electrical conductivi-
ty (EC) of the deionized water, utilizing the follow-
ing equation (Rao and Shivananda, 2005) 

0489.154.38 EC  (12) 

The electrical conductivity (EC) of the deionized 
water used in this study was about 0.03 mS/cm. Thus, 
the applied suction, a , was approximate 0.001 
MPa. As the supplied solution was a CaCl2 solution, 
the total suction of solutions with 0.5 M, 1 M and 2 
M CaCl2 was 3.03 MPa, 8.42 MPa and 20.55 MPa, 
respectively, as determined by the chilled-mirror hy-
grometer. 

4 RESULTS AND DISCUSSION 

4.1 Equilibrium time 
Evolution of swelling pressure of the samples pro-
vided with dry density from 1.41 to1.83 Mg/m3, and 
saturated with deionized water is shown in Fig. 2a. 
This figure indicated that for time at which swelling 
pressure reached equilibrium (called equilibrium time) 
increased with sample dry density. The equilibrium 
time for the samples with dry density between 1.41 
and 1.66 Mg/m3, was equal to 60 h (CB-1), 90 h 
(CB-2) and 100 h (CB-5). The equilibrium time for 
CB-6 sample with the highest dry density (1.83 
Mg/m3), was equal to 300 h. As can be seen from 
above results, the higher dry density resulted in long-
er times for reaching the equilibrium swelling pres-
sure.  

Fig. 2b shows the evolution of swelling pressure 
for samples CB-7, CB-8 and CB-9 provided with the 
same dry density, 1.59 Mg/m3, but saturated with 0.5 
M, 1.0 M and 2.0 M CaCl2 solution, respectively. 
For these three samples, the equilibrium time was al-
most same (about 90 h), suggesting that the concen-
tration of the bulk fluid solution has almost no influ-
ence on the equilibrium time. 

The increase of the equilibrium time with dry den-
sity results from the dependences of permeability and 
pore characteristic on dry density. The permeability 
of compacted bentonites decreases with the increase 
in dry density (Pusch, 1980a). Studies on the pore 
size distribution (PSD) of the compacted clays indi-
cate the fact that their PSD displays dual-structure 

pore size distribution: intra-aggregate pore and inter-
aggregate pore (Pusch et al., 1990). As the dry densi-
ty increases, the inter-aggregate pore size decreases, 
while the intra-aggregate pore size remains almost 
constant (Lloret et al., 2003; Romero and Simms, 
2008). Since the permeability of the compacted ben-
tonites is mainly governed by the inter-aggregate 
pore size, it will decrease with the inter-aggregate 
pore size. When liquid water is in contact with com-
pacted bentonites, water first goes into the inter-
aggregate pore, then passes through it and finally en-
ters intra-aggregate pore. Afterwards, some water 
molecule diffuses into the interlayer of particles, 
which causes the development of crystalline swelling 
(Norrish, 1954). The other water molecule interacts 
with the surface of particles, resulting in osmotic 
swelling (Van Olphen, 1977). Thus, for samples with 
relatively high dry density, the pore size of inter-
aggregate and the permeability will decrease during 
hydration, which will finally decelerate the develop-
ment of the swelling pressure. 
 

 

 
Figure 2. Elapsed time versus swelling pressure for tests with 
(a) deionized water and (b) CaCl2 solution 

4.2 Measured total suction 
Fig. 3 presents effect of initial dry density and bulk 
fluid concentration on the measured total suction. 
This figure clearly indicated that the measured total 
suction increased with sample dry density. For the 
lowest dry density (1.41 Mg/m3), the measured total 
suction was the smallest one (1.6 MPa). For the in-



termediate dry densities (1.57 and 1.66 Mg/m3), the 
measured total suction was 3.4, and 5.8 MPa, re-
spectively. For the highest one (1.83 Mg/m3), the 
measured total suction had the highest value (12.8 
MPa). Similar results could be observed from the ex-
perimental results (Fig. 3b) reported by Karnland et 
al. (2005). In that study, a Na bentonite was com-
pacted into cylindrical samples (40 cm3) with dry 
density from 0.35 to 2.0 Mg/m3. The samples were 
saturated with pure water and NaCl solutions ranging 
from 0.1 to 3 M. The swelling pressure, relative hu-
midity and pore-water concentration in the montmo-
rillonite samples at different water content were di-
rectly measured. The relative humidity in their study 
was measured by using a Vaisala HMP237 humidity 
sensor. As can be seen from Fig. 3b, for the Na ben-
tonite, the measured total suction increased with 
sample dry density, too.  
 

 

 
 
Figure 3. Effect of initial dry density and bulk fluid 
concentration on measured total suction in terms of (a) 
Calcigel bentonite and (b) MX-80 
 

In addition, it could be clearly seen from Fig. 3 
(the dashed line) that, for a given dry density, the 
measured total suction increased with the concentra-
tion of bulk fluid solution. When the applied bulk flu-
id concentration was 0, 0.5, 1.0 and 2.0 M, the cor-
responding measured total suction was 3.4, 5.4, 10.6 
and 22.7 MPa, respectively. The similar results were 

obtained by Karnland et al. (2005) (the dashed line in 
Fig. 3b). 
4.3 Relationship between swelling pressure, 

measured total suction and applies suction 

 

 
 
Figure 4. Difference between measured total suction and 
applied suction versus swelling pressure in the case of tests 
with (a) deionized water and (b) various salt solutions 
 
The difference between the measured total suction 
and applied suction versus the swelling pressure is 
given in Figure 4a for the test with deionized water 
and in Figure 4b for the test various salt solutions. 
The symbols filled with black represent experimental 
results from this study while the blank symbols stand 
for experimental data collected from the the litera-
ture. The calcium-rich bentonite was saturated with 
CaCl2 solutions (0, 0.5, 1.0 and 2 M) and the sodium 
bentonite was saturated with NaCl solution (0, 0.1, 
0.3, 1 and 3 M). Experimental data in Fig. 4 clearly 
demonstrated that the difference between the meas-
ured total suction and the applied suction matched 
the swelling pressure very well. Fig. 4 also indicated 
that the equivalent relation is unique and independent 
of bentonite type, dry density and bulk fluid concen-
tration (applied suction). This result validates the 
equation 11 derived from thermodynamics of soil 
moisture. 



5 CONCLUSIONS 

Based on thermodynamics of soil moisture, an equa-
tion correlating swelling pressure, total soil and ap-
plied suction has been developed. Experimental re-
sults in the present study and from the literature have 
been used to validate the proposed equation. They 
show that the measured total suction at saturation is 
not equivalent to the applied suction, but is higher 
than it. The magnitude of the measured total suction 
at saturation depends on the dry density and concen-
tration of the external solution. In other words, the 
measured total suction at saturation depends on the 
swelling pressure and the applied suction. The exper-
imental results prove that the derived equation corre-
lating swelling pressure, the measured total suction 
and the applied suction is valid for saturated benton-
ite-based materials. 
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