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1 INTRODUCTION 

Compacted swelling bentonite with high powerful 
potential is enough as a possible barrier material for 
radioactive waste disposal system constructed at great 
deep. It is clear in common that initial barrier is un-
saturated condition that has high suction more than 
1000 kPa. The compacted bentonite as one of swell-
ing clays is subjected to thermo-hydro-mechanics ac-
tion at long-term life period of safety life for barrier 
system. Thus, the couple thermo-hydro-mechanical 
properties have been considered on experimental 
works or establishing mathematical modelling perfor-
mances.  

To study thermo-hydro-mechanics simulations is 
so important and are required in practices. Particu-
larly, increment of temperature at bentonite and steel 
surface of canister interfaces is one of interaction 
problems, and as results of simulation modelling or 
large scale in-situ investigation of temperature in-
creased upon to 80 degrees at least. The source of 
heating impact is canister, which cover waste. The 
heating impact transport probably generates uncer-
tainly bentonite characterization, modification of 
safety design value corresponding for long-term peri-
ods.  

For compacted bentonite in unsaturated conditions, 
it was evidenced in previous works that at lower suc-
tion the basic features such as yield pressure or pre-
consolidated pressure and compressibility parameters 
were affected. Heating impact is often considered 
similar to suction effect, produced weak points to 
compacted unsaturated bentonite mechanics. During 
shot-term times, soil moisture molecule distribution 
on the surface of clay particles generated a disturbs. 

Regarding the thermo-mechanical behavior, almost 
of experimental works have been done on saturated 
clay (e.g. Campanella & Mitchell 1968, Tidfors & 
Sallgors 1989, Burghognoli et al. 2000, Cekerevac & 
Laloui 2004). Tang et al. (2008) mentioned the effects 
of temperature on the mechanical properties observed 
was often contradictory, and it was difficult to evalu-
ate quantitively formulation. Cui et al (2000) men-
tioned as concerned points related to increment of 
temperature, they were soil constitute framework ex-
pansion and development of friction forces at soil par-
ticle together. Thermal volume change phenomena 
were affected by external loading and had far effect 
on the soil shear strength.  

On the one hand, thermal expansion induced a de-
creasing of shear resistance, and on the other hand the 
effect of thermal action increase shear strength due to 
contract hardens. Some reports mentioned a swelling 
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ABSTRACT: Radioactive waste disposal systems have been produced from atomic plant and geo-environment 
agencies should establish extremely safe disposal management protocols. Investigating barrier systems con-
structed under deep ground conditions should include various factors such as safety, strength, deformation, 
thermal action, seepage and chemistry resistance. Compacted bentonite is a powerful material for construction 
barrier systems that is of extremely low conductivity. Previous research has demonstrated that low seepage 
contributes to preventing diffusion and leakage of dangerous contaminants. This study conducted unconfined 
compression tests as well as triaxial shear tests with prepared compacted bentonite samples with height of 7.6 
cm and a diameter of 3.8 cm. The compacted bentonite samples were subjected to thermal loads of isothermal 
temperatures and 80 degrees. Temperatures were controlled in the modified triaxial compression apparatus. The 
heating process ensured isotropic conductibility to all specimens under no confining pressure. Also, the defor-
mations were measured under a maintained thermal load of 80 degrees. The unconfined compressive strengths 
were investigated for compacted bentonite with mixtures of sand and mixture with no sand, and the influence 
of heating effort on strength assessed.  



strain in thermo-mechanical properties, FEBEX ben-
tonite, Boom clay and clay silt were favor as swelling 
clay (Villar & Loret 2004, Romero et al. 2003, Saix 
et al. 2000). At higher temperature the swelling strain 
measured to FEBEX bentonite using oedometer test. 
Also, Boom clay showed the same phenomena in oe-
dometer test with controlling suction. Saix et al. 
(2000) performed triaxial compression test at suction 
of 4.9 kPa, and under a range from 30 to 70 degrees 
in temperature. Also, at the present performance 
thermo-mechanical behavior of unsaturated swelling 
clay was studied using a modified temperature-suc-
tion control triaxial apparatus. 

This study conducted out the unconfined compres-
sion test as one of standard shear tests, and prepared 
compacted bentonite. 80 degrees was subjected to the 
compacted bentonite that was controlled in the modi-
fied thermal triaxial compression apparatus. The heat-
ing process ensured isotropic conductibility to all 
specimens. Temperatures was monitored during test. 
Consequently, uncertainly damages such as the 
cracks induced by heating impact leaded to change of 
unconfined compressive strength for heavy com-
pacted bentonite. 

2 MATERIALS AND METHODS 

2.1 Test setup and arrangement of instruments 

Kunigel V1 was used in this testing program which 
was sodium type bentonite. Kunigel V1 was used to 
measure the swelling pressure at previous works. 
With its high content of montmorillonite, its bentonite 
had high fine fraction components more than 95 %. 
Measured density of soil particles was 2.733 g/cm3. 
Also, SiO2 occupied 62 % as chemical components. 
For mixture sand, this testing prepared silica sand, 
which was named Iitoyo No.4. The silica sand had 
highly unique grain size distribution obtained from 
grain seize analysis test. Maximum size was evalu-
ated as 2.0 mm with sieve controlling. 
  Prior to prepare specimen in the laboratory, the 
bentonite was placed at the temperature of 20 degrees 
in room. Two difference water contents were required 
to the specimen that were 8.0 % and 17.0 %, respec-
tively. Each water content had plus and minus 1.0 % 
in error. After the bentonite equilibrium to required 
water content, specimens were compacted statically 
in the stiffness steel mould, and specimens had two 
difference sizes. One was a height of 10 cm and a di-
ameter of 5 cm. Another one was a height of 7.6 cm 
and a diameter of 3.8 cm. A confirmed ratio regard to 
size factors was ratio 2.0 between height and diame-
ter. After statically compaction, all specimens had a 
dry density of 1.600 g/cm3. At least, its physical var-
iable was target value. Tang et al (2008) allowed the 
0.3 Mg/cm3 as maximum errors to measured dry den-
sity. Also, mixing the sand, the mixture ratio was 
seven to three (7:3) in dry mass which dry weight of   

 
Figure 1. Modified thermal triaxial compression apparatus 

 
bentonite was exceeding to that of silica sand. In this 
testing program, temperature controlling was applied 
the specimen, and maintained 80 degrees during test. 

2.2 Triaxial apparatus for heating impact 

The thermal triaxial apparatus was used for measure-
ment of unconfined compressive strength of com-
pacted bentonite subjected to thermal impact. The il-
lustration was indicated as shown in Figure 1 that can 
apply for isotropic thermal phase. The specimen was 
placed on the pedestal in the inner cell produced by 
acrylic material. Both pedestal and cap were installed 
conventional porous stone and ceramic disk with 
AEV of 1.5 MPa. A specimen was conducted under 
undrained condition during test (that is heating pro-
cess and applying deviator compression). The inner 
cell was covered the heating water tube as shown in 
Figure. 1, and the tube had a spiral in sharp. The outer 
chamber was made in stiffness steel material, had 
high resistance to heating impact. 

The measurement of compression stresses was per-
formed using a loading cell installed in the chamber, 
which had a resistance to high temperature, and the 
capacity of maximum temperature was 120 degrees. 
The axial deformation was measured using the dial 
gauge at outside the outer cell. A membrane with 
thickness of 0.25 mm that covered whole specimen 
with o rings at both pedestal and cap. The temperature 
probe in the cell measured the temperature of heating 
water supplied in the cell that the temperature evalu-
ated as the whole specimen temperature. The heating 
water tube was connected to temperature control bath 
placed at outside cell. The bath was prepared the ther-
mostat and circulation pump. The pump produced the 
water circulation flow with steady between triaxial 
cell and the bath. The bath had capacity of maximum 
temperature was 150 degrees, and sensitively was less 
than 1.0 degree. 

Prior to unconfined compression test, all speci-
mens were applied heating impact beneath 80 degrees 
for twenty-four hours, that it was an assumption to 
specimen for steadying of equilibrium. It was not 



clear to determine equilibrium conditions under ther-
mal actions in literature. At least whole specimen re-
mained 80 degrees. Subsequently, deviator compres-
sion stress was applied under constant compression 
speed. The most first compression speed used in this 
test was 1.0 % per minutes. 

3 TEST RESULTS 

This testing program consist of unconfined com-
pression test for bentonite with 20 degrees and that 
for bentonite when temperature was 80 degrees.  
Not only was the thermal effort considered, the influ-
ence of compression speed was also measured. 

3.1 Unconfined compressive strength with 
difference water content at 20 degrees 

This testing program conducted out unconfined com-
pression test under 20 degrees, which prepared at var-
ious compression speed. It had a range from 0.007 % 
per minutes to 1.0 % per minutes.  In common per-
formance, a compression speed of 1.0 % per minutes 
was specified for decision of safety design value. Fig-
ure 2 showed the stress-strain curves for bentonite 
compacted at water content of 8.0 % and dry density 
of 1.600 g/cm3. All specimens had a dimeter of 5.0 
cm and a height of 10.0 cm. All specimens indicated 
rapidly increment of deviator stress at beginning of 
compression, and deviator stress was exceeded 1000 
kPa till axial strain was 1.0 %. Almost of peak devia-
tor stresses approached to 1700 kPa. Subsequently, all 
specimens became to be failure with many fractures, 
and large reductions of resistance were observed re-
gardless of magnitude of compression speed. 

Figure 3 showed that relationship between com-
pression speed and unconfined compressive strength 
for bentonite compacted at water content of 8.0 %.  
An unconfined compressive strength at 1.0 % per mi-
nute was lowest throughout compression speeds. 

When the compression speed was 0.007 % per mi-
nute, slightly high shear resistance was measured. 
Figure 4 showed the stress- strain curves when water 
content at compaction was 17.0 %. The measured de-
viator characterization was similar with that of water 
content of 8.0 %, that peak strengths were described 
around the axial strain of 2.0 %. At peak strengths 
cracks with wide space were observed in vertical di-
rection in all specimens. The unconfined compressive 
strength under controlled compression speeds was oc-
cupied approximately around 1500 kPa, described the 
reduction to water content of 8.0 %. 

 

 
Figure 2. Stress-strain curve at 20 degrees 

 

 
Figure 3. Influence of compression speed on strength at 20 de-
grees. 

 
 

 
Figure 4. Stress-strain curve at water content of 17.0 %. 
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As shown in Figure 5, unconfined compressive 
strength associated to compression speed ensured one 
tendency, that decreasing of compression speed pro-
duced the increasing of shear resistance. Such as re-
sults, when water content was 8.0 % at compaction, 
heavy compacted bentonite described as mechanical 
behaviour that influence of compression speed on 
shear resistance was so clear without confining con-
dition.  Otherwise, although the dry density was 
same, the specimen having water content of 8.0 % in-
duced to be large shear resistance comparison with 
water content of 17.0 %.  To increase soil moisture 
of clay mineral surface is of reduction friction re-
sistance between macro-micro structures.   

Nishimura (2016) conducted out constant vertical 
stress direct shear test in previous work regard to 
shear speed effort, and three difference soils for the 
compacted bentonite-sand mixture sample. One of 
their samples was fully saturated condition, others 
were unsaturated conditions with high suction more 
than 2.8 MPa. Unsaturated, compacted bentonite-
sand mixture samples indicated increment in direct 
shear strength according to increment shear speed. 
Also, at conceptual point of soil suction, it seemed to 
have much different of resistance associated to mag-
nitude of suction in void structures. However, satu-
rated bentonite showed that the influence of shear 
speed effort was very small or no significantly to di-
rect shear strength, and it was possible to be negligi-
ble. Experimental results between direct shear test 
and unconfined compression test had relevant issue 
even if there was difference shear behaviour. 

3.2 Bentonite without mixture at 80 degrees 

This testing programs prepared the bentonite speci-
mens without mixture sand, and water content was 
17.0 % at compaction.  All specimens initially had a 
diameter of 3.8 cm and a height of 7.6 cm and were 
applied 80 degrees as thermal impact. Thermal im-
pact was applied in the thermal triaxial cell though 24 
hours. Figure 6 showed the stress-strain curves ob-
tained from two difference compaction speeds at 20 
degrees. The deviator stress increased rapidly at be-
ginning compression, and each peck strength ob-
served till axial strain was 3.0 %.   

In case of 80 degrees the characterization was 
showed in Figure 7 that sharp of stress-strain curves 
were similar to test results under 20 degrees. Also, the 
different in unconfined compressive strength due to 
compression speed was very small. Figure 8 indicated 
the relationship between temperature applied to spec-
imens and unconfined compressive strength with two 
different compression speeds.  The obtained uncon-
fined compressive strength indicated more than 1200 
kPa regardless of compression speed.  Particularly, 
when temperature was 80 degrees, the shear re-
sistance decrease. 

 
Figure 5. Influence of compression speed on strength at 80 de-
grees. 

 

 
Figure 6. Stress-strain curve using small size sample at 20 de-
grees. 

 
 

 
Figure 7. Stress-strain curve using small size specimen at 80 de-
grees. 
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Figure 8. Influence of compression speed on strength at 80 de-
grees using small size specimen. 

3.3 Bentonite-sand mixture at 80 degrees 

The bentonite-sand mixture samples were conducted 
out unconfined compression test, which method was 
same with case of no mixture samples above men-
tioned. The deviator compression stresses were plot-
ted against to axial strain at 20 degrees shown in Fig-
ure 9 when two different compression speeds were 
performed such as 0.013 % per minute and 1.0 % per 
minute.  At beginning of compression, two samples 
described high stiffness, and the deviator stresses pro-
gress with linearly till strain was 1.6 %. After the de-
viator stresses were exceed over 520 kPa, two sam-
ples reached to peck or produced so many crack 
fractures on the lateral surfaces. It was recognized as 
failure condition.  

Two stress-strain curves indicated similar sharp in 
together. Figure 10 showed the results of specimens 
subjected to 80 degrees that stress-strain curves simi-
lar with 20 degrees characterization. The influence of 
compression speed on strength was small between 
0.013 % per minute and 1.0 % per minute. As sum-
mary, relationship between temperature applied to 
specimen and unconfined compressive strength was 
showed in Figure 11. The evolution of thermal action 
induced by increment of temperature to 80 degrees 
was no significant in shear resistance. 

3.4 Test results though one month for heating 
impact 

The period of heating controlling was considered, 
and as above mentioned, short-term period of 24 
hours was prepared. The obtained test results were 
considered. Therefore, this study made one month as 
long-term heating impact for bentonite without mix-
ture of sand. The controlled temperature was 80 de-
grees that modified steel chamber was used. The 
specimen initially had water content of 17.0 %, and 
the dry density was 1.600 g/cm3.   

 

 
Figure 9. Stress-strain curve using small size specimen at 20 de-
grees. 

 
 

 
Figure 10. Stress-strain curve using small size specimen at 80 
degrees. 

 
 

 
Figure 11. Influence of compression speed on strength at 80 de-
grees using small size specimen. 
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Figure 12. Influence of heating period on stress-strain curve. 

 
Prior to setting a specimen in the cell, all specimens 

were placed in the steel chamber, and were applied 
heating impact. The chamber had a diameter of 10 
cm, a height of 20 cm. Subsequently, the chamber in-
cluded specimens was placed in the big heating cham-
ber, which its temperature was maintained toward to 
80 degrees. Figure 12 showed the stress-strain curve 
with two difference compression speeds (i.e. 1.0 and 
0.013 % per minute). At least the measured uncon-
fined compressive strengths were over 1700 kPa re-
gardless of compression speed.  The specimen ap-
plied heating for 24 hours was indicated in Figure 12 
that was obviously low strength than that of subjected 
one-month heating impact. After compression test, 
water content decreased further comparison with that 
of 24 hours. It was possible to estimate why reason to 
be large increment of shear strength.   

4 CONCLUSIONS 
 
This study focused on strength of compacted benton-
ite mixture no sand and sand subjected to heating im-
pact. The heating was applied in thermal triaxial ap-
paratus that 80 degrees was remained a period of 24 
hours and one month in period. Also, this study con-
sidered the influence of compression speed on uncon-
fined compressive strength. The main conclusions of 
this paper are: 

1. Unconfined compression test was conducted out, 
and various compression speed was prepared in 
range from 0.007 % per minutes to 1.0 % per 
minutes.  Unconfined compressive strength of 
compacted bentonite without sand mixture de-
scribed that the decreasing of compression speed 
induced the increasing shear resistance. 

2. The compacted bentonite without sand mixture 
subjected to 80 degrees evidenced the reduction 
in strength comparison with 20 degrees. Other 
hands, the bentonite mixture sand indicated the 
difference result, there was very small effort of 

heating impact.  The strength was similar be-
tween 20 degrees and 80 degrees. 

3. The term long period for heating under 80 de-
grees produced the increasing of strength on 
compacted bentonite without sand mixture. It 
was caused that soil moisture decreased in the 
chamber by temperature heating. 
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