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Abstract. Safety of great deep repository design has been investigated for high-level radioactive waste 
disposal system in several countries such as Belgium, Canada, China, France, Germany, Japan, Sweden and 
Switzerland. The repository of the disposal is in most cases based on the concept of a multi-barrier system 
using the host rock barrier formation and a man-made barrier formation. The man-made barrier consists of 
high expansive bentonite. Thermal-hydro-mechanical behaviour simulation models were developed, 
including some parameters described by experimental works. The complex phenomena due to the transition 
into saturation and chemical reactions at the bentonite barrier system have been explained. This study 
focused on direct shear strength for compacted bentonite related to some factors induced by uncertainty 
problems such as hydration effect and pore-water pressure. Measured shear strength properties of 
compacted bentonite had been determined at high suction values. Also, it is clear that there is some 
influence of direct shear speed on direct shear strength both under unsaturated-saturated conditions. A 
modified direct shear apparatus was used in this study to observe changes in shear strength with increments 
of pore-water pressures. 

1 Introduction 

Safety of great deep repository design has been 
investigated for high-level radioactive waste disposal 
system in several countries [1, 2] such as Belgium, 
Canada, China, France, Germany, Japan, Sweden and 
Switzerland. The repository of the disposal is in most 
cases based on the aspect of a multi-barrier system such 
as the host rock barrier formation and man-made barrier 
formation. The man-made barrier system consists of high 
expansive bentonite [3]. Hydro-mechanical-thermal 
simulation analysis models [4] were developed, 
including some parameters described by experimental 
works. The complex phenomena associated with the 
transition into saturation and chemical reaction [5, 6] at 
bentonite barrier system have been explained. The 
mathematical models for a multipurpose application 
have been suggested by many researchers, and indicate 
many interesting phenomena of barrier system for long 
periods. The many mathematical models require lots of 
experimental test results to establish correct predictions 
for thermal-hydro-mechanical behaviour. 

It is essential for the interpretation of phenomena in 
the barrier system to estimate the parameters regarding 
dominant factors [7-9] such as thermal, hydration, 
mechanical and chemical. Otherwise, it is difficult that 
the obtained simulation results are accurate. Many 
researches and environmental engineers noticed that 
hydration effects cause uncertainty in the behaviour of 
unsaturated and compacted bentonites.  

This study focused on the shear strength in a direct 
shear apparatus for compacted bentonite related to some 
factors induced by uncertainty problems [10-12] such as 
hydration effect, gas pressure and pore-water pressure. 
Shear strength properties were mentioned in the high 
suction ranges [11]. Also, the influence of shear speed 
on direct shear strength was considered both in 
unsaturated-saturated conditions [12]. A modified direct 
shear apparatus was useful to study the effect of pore-
water pressure in saturated bentonite [11, 12].  

This testing program focused on various pore-water 
pressures in saturated bentonite with different vertical 
stresses. Changes of direct shear strength were measured 
induced by increasing pore-water pressure for saturated 
bentonite. Even if the difference between vertical stress 
and supplied pore-water pressure was constant, 
production of pore-water pressure induced the direct 
shear strength to increase. Obtained relationship between 
pore-water pressures and direct shear strength will be 
obviously useful the estimation of bentonite barrier after 
long-time. 

2 Soil material and testing programs  

2.1 Soil material  

Sodium bentonite �Kunigel V1�taken in Japan was 
used for direct shear test and chemical component SiO2 
of the material occupied 62%. The bentonite has been 
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Fig. 3. Influence of shear rate on shear strength. 
 

Controlled horizontal displacement rate had a range 
from 0.0005 mm per min to 0.5 mm per min till the end 
of the test. Measured net normal stresses were up to 500 
kPa. Added pore-water pressure used to saturated 
specimens were induced by applying air pressure to the 
water surface in the chamber. While the specimen had 
pore-water pressure, the specimen was completely 
soaked in water. The pore-water pressures ranged from 
100 kPa to 400 kPa. The maximum value in difference 
between net normal stress and pore-water pressure 
(including atmospheric) was 500 kPa. 

3 Test results  

3.1 Shear strength of unsaturated bentonite 

The direct shear test under constant vertical stress of 200 
kPa was conducted out for unsaturated bentonite and 
saturated bentonite. All specimens were mixed with 
sand. The bentonite specimens had various suction such 
as 105 MPa, 2.8 MPa and 0 MPa (i.e. saturation). The 
suction of 105 MPa was coincident with initial suction of 
compacted bentonite, and suction of 2.8 MPa was 
controlled due to vapour pressure technique using 
Potassium Sulfate. Potassium Sulfate maintained RH 98 
% and suction of compacted bentonite reduced in void 
structure. After swelling performance of the compacted 
bentonite, the saturated bentonite had net normal stress 
of 200 kPa.  

The required shear speed range was from 0.0005 mm 
per min to 0.5 mm per min that maximum shear 
deformation was 8.0 mm. The stress-strain curves (i.e. 
the relationship between shear stress and horizontal 
displacement) provided different slopes with a smooth 
curve under saturated conditions. Bentonite with high 
suction indicated strong peak at small horizontal 
deformation. It was clearly for each stress-strain curve to 
depend on suction value.  
The measured three shear strengths under the different 
suction values were plotted in Fig. 3, which the 
relationship between shear speed and shear strength with 
a constant net normal stress of 200 kPa. The shear rates 
plotted in Fig. 3 had a wide range which was from 
0.0005 mm per minute to 0.5 mm per minute. Changing 
of shear strength of bentonite with the suction of 105 

MPa is similar to the suction of 2.8 MPa, which shear 
strength slightly decreased with increasing of the shear 
rate. When shear speed was over 0.05 mm per minute, 
the reduction of shear strength was considerable. Thus, it 
was certainly for compacted bentonite in unsaturated 
condition that shear speed influenced the shear strength. 
In fact, there are similar experimental results on 
unconfined compression test for unsaturated bentonite. 
Unconfined compressive strength was measured on 
unsaturated bentonite at a dry density of 1.600 g/cm3 
with water content of 17.2 % [13]. Relationship between 
compression speed and unconfined compressive strength 
was shown in Fig. 4, and there was small variation of 
strength. The specimen was statically compacted without 
sand mixture at 20 degrees. It was observed that 
unconfined compressive strength decreased with 
compression speed within a range from 0.007 % per min 
to 1.0 % per min. Also, bentonite subjected to heating 
was measured the shear strength in direct shear test. The 
relationship between shear speed and strength [14] was 
reported as shown in Fig. 5. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Reduction of unconfined compressive strength with 
compression rate for compacted bentonite [13]. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5. Effect of shear rate on direct shear strength for 
bentonite subjected to heating action [14]. 
 

In a series of comparative direct shear test using both 
unsaturated bentonite and saturated bentonite, it was 
found out appearance different associated with shear 
speed. The effect of shear speed on shear strength was 
quite slight for saturated compacted bentonite. In the 
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saturated compacted bentonite, the influence of shear 
speed on the shear resistance was deleted. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6. Shear strength of saturated bentonite under pore-water 
pressure equal to atmospheric. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Stress-strain curve for saturated bentonite. 

3.2. Shear strength of saturated bentonite 

The saturated bentonite was tested at three net normal 
stresses (i.e. 500 kPa, 200 kPa and 100 kPa) and shear 
strengths were measured with some shear speeds. The 
obtained direct shear strengths were described in Fig. 6 
that saturated bentonites having net normal stress of 500 
kPa and 200 kPa remained more than 50 kPa in shear 
resistance. Also, the influence of net normal stress on 
shear strength was not so important, and the difference 
was slightly. It was not explicitly state that increment of 
shear speed reflected decreasing of shear strength similar 
to unsaturated bentonite shear properties mentioned in 
Fig. 3. This testing program had only two net normal 
stresses (i.e. 500 kPa and 200 kPa). In addition, 100 kPa 
was controlled as external loading. The shear strength 
was 36.1 kPa with a shear speed of 0.0005 mm per min. 
There was sufficiently increment of shear strength 
between 100 kPa and 200 kPa. It was observed that some 
friction effect due to increment net normal stress was 
produced. 

3.3. Shear strength of saturated bentonite 
having pore-water pressure 

Pore-water pressure was applied on the saturated 
bentonite under soaking with air pressure into the 
chamber of direct shear apparatus induced as excess 
pore-water pressure. In the case of two different net 
normal stresses, shear strengths were measured under a 
shear speed of 0.0005 mm per min. All specimens were 
placed into the water during the shear test. Figure 7 
indicated stress-strain curves associated with both pore-
water pressure and zero pore-water pressure for two net 
normal stresses (i.e. 500 kPa and 100 kPa). The 
difference between net normal stress and pore-water 
pressure was equal to 100 kPa. On the saturated 
bentonite maintained at a pore-water pressure of 400 
kPa, the shear stress increased slowly till horizontal 
displacement was 1.2 mm. Subsequently, saturated 
bentonite took the residual condition that the shear stress 
maintained constant value. Then, the evaluated shear 
strength was almost 80 kPa.  

Another saturated bentonite was controlled at net 
normal stress 100 kPa, and pore-water pressure was 
equal to atmospheric. Measured shear stresses were low 
compare to the above mentioned data sets of net normal 
stress of 500 kPa and pore-water pressure of 400 kPa. 
Reduction of shear strength was 49.9 kPa, as shear 
strength was 35 kPa for saturated bentonite with a net 
normal stress of 100 kPa that reduction was more than 
100 %. The shear strength, however, had changed, and 
the influence of pore-water pressure on shear strength 
was recognized certainly. 

In case of net normal stress of 500 kPa and pore-
water pressure of 400 kPa, the influence of shear speed 
on shear strength for saturated bentonite was 
investigated. Shear speeds were 0.0005 mm per minute, 
0.05 mm per minute and 0.5 mm per minute. Measured 
shear strengths were described as shown in Fig. 8. The 
saturated bentonite with pore-water pressure of 400 kPa 
described that shear strength decreased with increment 
of the shear speed. To apply pore-water pressure 
produced the effective on shear strength for saturated 
bentonite. The tendency effectively agrees with the 
verification mentioned in Fig. 3 for unsaturated 
bentonite.  

Direct shear tests were conducted out for saturated 
bentonite with pore-water pressure and the difference 
between net normal stress and pore-water pressure 
maintained 100 kPa. Shearing was maintained under 100 
kPa. Figure 9 showed stress-strain curve measured at a 
shear speed of 0.8 mm per min till horizontal 
displacement of 8.0 mm. Two stress-strain curves were 
almost the same as both shear strength and shear stress 
under residual condition were coincident. The pore-
water pressures were 200 kPa and 100 kPa. Measured 
shear strengths were the same under the same difference 
between net normal stress and pore-water pressure. 
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3.4. Shear strength at 100 kPa difference 
between net normal stress and pore-water 
pressure of saturated bentonite 

Shear strengths were summarized for saturated bentonite 
when the difference between net normal stress and pore-
water pressure was 100 kPa, and data sets were added 
while pore-water pressure was atmospheric, as shown in 
Fig. 10. All shear strengths were measured at a shear 
speed of 0.8 mm per min. The circle symbol was for an 
applied pore-water pressure, and the triangle symbol was 
for atmospheric.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.8. Reduction of shear strength with shear speed for 
saturated bentonite. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.9. Stress-strain curve when net normal stress and pore-
water pressure was 100 kPa. 
 

In the case of atmospheric pore-water pressure, shear 
strengths increased smoothly with net normal stress that 
represents the effect of net normal stress on shear 
resistance. When net normal stress was 500 kPa, shear 
strength approached 67.6 kPa. The saturated bentonite 
indicated shear strength of 62.4 kPa at net normal stress 
of 200 kPa, and some small influence of pore-water 
pressure was observed. Beyond a net normal stress of 
200 kPa the increment of shear strength was small. Thus, 
the shear strength increment rate was only 1.7 % to net 
normal stress, and it was possible to evaluate it as 
negligible. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.10. Shear strength for saturated bentonite at various pore-
water pressures. 

4 Conclusions  

This study was carried out using direct shear tests on a 
modified direct shear apparatus on both unsaturated 
bentonite and saturated bentonite at various shear rates. 
All the bentonite specimens had a sand mixture. The  
different suctions were obviously changing the shear 
strength of the unsaturated bentonite. The application of 
pore-water pressure was observed to be a significant 
factor in the mechanical properties. The summary of the 
obtained results are indicated as follows;  

(1) Direct shear strength for unsaturated bentonite 
decreased with decreasing suction. Also, the 
decrease in shear strength due to saturation was 
significantly large. Regarding the influence of shear 
rate, smooth reduction in shear strength was 
represented that it was similar tendency with 
previous works results for unsaturated compressive 
strength properties for compacted bentonite. Shear 
strength of saturated bentonite associated with 
various shear speeds was compared to unsaturated 
bentonite. It was possible to neglect the influence of 
shear speed on shear strength of saturated bentonite. 

(2) Applying pore-water pressure was further effective 
to shear strength of saturated bentonite. Even if the 
difference between net normal stress and pore-water 
pressure was the same, measured shear strengths of 
saturated bentonite with pore-water pressure equal 
to atmospheric was smaller compared to that with 
pore-water pressure higher than atmospheric. It 
raised inevitably that pore-water pressure was an 
indispensable strength component for saturated 
bentonite. 

(3) It should not be neglected the effect of shear rate in 
both unsaturated and saturated bentonites having 
pore-water pressure more than atmospheric. 
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