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1 INTRODUCTION 

Safe disposal of high-level radioactive waste (HLW) 
becomes an increasingly important issue. Deep geo-
logical disposal is a widely accepted solution for the 
issue (Pusch 2008). In the conceptual multi-barrier 
HLW repository, compacted bentonite is generally 
used as the buffer barrier between the waste canister 
and the host rock. Proper swelling capability of ben-
tonite is significant for the safety of HLW repository 
(Pusch 2008). Due to the heat emitted by the waste, 
the bentonite is subjected to high temperatures. 
Therefore, it is necessary to understand the tempera-
ture influence on the swelling behaviour of benton-
ite.  

The temperature influence on swelling capability 
has been studied on several bentonites. Depending 
on the type of bentonite, swelling pressure may in-
crease with the increasing temperature (Pusch et al. 
1990, Börgesson et al. 1995, Cho et al. 2000), or de-
crease with the increasing temperature (Lloret et al. 
2004, Romero et al. 2005, Arifin 2008, Ye et al. 
2013). The swelling deformation was generally ob-
served to decrease with the elevation of temperature 
(Baldi et al. 1988, Burghignoli et al. 2000, Villar & 
Lloret 2004, Romero et al. 2005, Lloret & Villar 
2007, Jiang & Sun 2016).  

Upon swelling, the microstructure of compacted 
bentonite will undergo significant changes (Agus 
2005, Pusch 2008, Romero 2013, Cui 2017). The 

microstructure study can provide powerful help to 
characterize the complex behaviour of unsaturated 
clay soil (Delage et al. 2008, Alonso et al. 2013, 
Mašín 2013, Nowamooz 2014). However, the re-
search on swelling behaviour with symmetric micro-
structure investigation is very limited (Yuan et al. 
2016), especially for the case with consideration of 
the temperature influence. 

In the present study, swelling deformation tests 
were performed using a new automated T-H-M oe-
dometer to investigate the temperature influence on 
swelling capability of compacted GMZ bentonite. 
MIP tests were conducted to investigate microstruc-
ture changes upon swelling. The temperature influ-
ences on swelling behaviour were analysed at both 
macroscale and microscale. 

2 MATERIALS AND METHODS 

The used soil for this study was GMZ bentonite from 
Gaomiaozi deposit in Inner Mongolia, China. The 
montmorillonite content is of about 64 %. It also 
contains quartz (21 %), feldspar (11 %) and some 
other minor clay minerals. The bentonite has a liquid 
limit wL = 228 %, plastic limit wp = 42 %, and spe-
cific gravity Gs = 2.63. The cation exchange capacity 
(CEC) is 71 mmol/100 g, with 35 mmol/100 g for 
Na, 11 mmol/100 g for Ca, 9 mmol/100 g for Mg 
and 0.4 mmol/100 g for K. 
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ABSTRACT: This paper presents an experimental research on the swelling deformation behaviour of com-
pacted GMZ bentonite at elevating temperature. Swelling deformation tests were performed using a new au-
tomated T-H-M oedometer, and complementary MIP tests were conducted to investigate microstructure 
changes. Increasing temperature resulted in a smaller final swelling strain and a shorter equilibrium time of 
swelling strain. With the increase of temperature, the shape of time evolution curve of swelling strain changed 
from the ordinary S shape to the special double-S shape. The double-S shapes were characterised by the ap-
pearance of intermediate stage with relatively low swelling rate. The PSD curves in the as-compacted and 
swollen state were both bi-modal type. The macro-porosity change upon swelling decreased with increasing 
temperature, while the micro-porosity change upon swelling was almost unaffected by the temperature. The 
influences of vertical pressure on swelling deformation and microstructure changes were similar at different 
temperatures. 



Load cell

L

V

D

T

Air 

compressor

PC

GDS Pressure/

Volume Controller

Water 

vessel
Sample

Data logger

Temperature 

chamber

Hydraulic 

cylinder

Pressure 

regulator

Pump

 
 
Figure 1. Layout of the used automated T-H-M oedometer. 
 

The swelling deformation tests were performed on 
a new automated T-H-M oedometer. The layout of 
the oedometer is shown in Figure 1. The sample is 
45 mm in diameter and 12 mm in height. Vertical 
pressure is applied by means of a combination of a 
GDS Pressure/Volume Controller and a hydraulic 
cylinder. A closed-loop feedback process is used to 
control the vertical pressure based on the real-time 
reading of load cell. Soaking liquid can be pressur-
ized, and can be circulated along the sample ends by 
a peristaltic pump. In order to impose a uniform 
temperature field to the sample, main part of the oe-
dometer is introduced into a temperature chamber. A 
linear variable differential transformer is utilized to 
measure the sample deformation. Details of the oe-
dometer can be referred to Qin (2014). 

The samples were statically compacted to a target 
dry density of 1.7 g/cm3 at a compaction rate of 0.5 
mm/min. The initial water content of the samples 
was about 12%. Distilled water was used to soak the 
samples under six vertical pressures, including 150 
kPa, 300 kPa, 500 kPa, 1000 kPa, 2000 kPa and 
3000 kPa. The water injection pressure was 100 kPa. 
Swelling deformation tests under the above condi-
tions were performed at 20 oC, 40 oC, 60 oC and 80 
oC. A total of 24 swelling deformation tests were 
conducted.  

After the end of the swelling deformation tests at 
20 oC and 80 oC, the samples were carefully cut into 
small pieces to conduct the mercury intrusion po-
rosimetry (MIP) tests. A MIP test was also per-
formed on the as-compacted sample with a dry den-
sity of 1.7 g/cm3. Soil water needs to be removed be-
fore conducting MIP test. To minimize microstruc-
ture disturbance caused by dehydrating the samples, 
the freeze-drying technique was adopted (Delage & 
Lefebvre 1984). A Quantachrome Poremaster 33 
Mercury Porosometry was employed to conduct the 
MIP tests. 

3 RESULTS AND DISCUSSION 

3.1 Final swelling strain 

Figure 2 shows the variation of final swelling strain 
with vertical pressure at different temperatures. At a 
same temperature level, the finial swelling strain de-
creased with the increasing vertical pressure, and the 
relationship between final swelling and vertical pres-
sure followed the law of logarithmic function, which 
can be expressed as follows: 

sf vlnA B    (1) 

where sf  is the final swelling strain, v  is the 
vertical pressure, A and B are fitting parameters.  

With the elevation of temperature, the final swell-
ing strain decreased. Fitting results using Equation 1 
showed that the fitting parameter B at different tem-
peratures had similar values. As shown in Figure 2, 
fitting curves between final swelling and vertical 
pressure at different temperature levels were approx-
imately parallel to each other in the semi-log coordi-
nate. It meant that the temperature influence on the 
final swelling strain was almost independent of the 
applied vertical pressure. 
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Figure 2. Variation of final swelling strain with vertical pres-
sure at different temperatures. 
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Figure 3. Variation of Parameter A with temperature. 



The decrease of finial swelling strain with temper-
ature can be quantified by analysing the relationship 
between fitting parameter A and temperature, which 
is shown in Figure 3. A linear relationship between 
fitting parameter A and temperature was observed, 
which meant that the final swelling decreased linear-
ly with the temperature. The slope of the linear fit-
ting curve shown in Figure 3 was 0.06 %/oC, i.e. an 
absolute decrease value of final swelling strain of 
0.06 % per degree.  

3.2 Evolution of swelling strain with time 

Influence of the vertical pressure on the evolution of 
swelling strain with time is shown in Figure 4. Only 
the result at 80 oC is given due to space restriction, 
and results at other temperatures showed similar 
trends. Swelling strain raised more quickly at lower 
vertical pressure. However, the equilibrium time of 
swelling strain was almost unaffected by the vertical 
pressure. 

Typical results about the temperature influence on 
the evolution curve of swelling strain are given in 
Figure 5 and 6. With the increase of temperature, the 
swelling strain reach the equilibrium more rapidly, 
mostly because of the increasing of water permeabil-
ity with temperature.  

As shown in Figure 4, 5 and 6, the shape of the 
time evolution curve of swelling strain varied with 
the vertical pressure and the temperature. The shapes 
of the time evolution curves can be grouped into two 
types. Figure 7 gives the first type, which can be 
called as “S” shape and similar to the typical shape 
of time evolution curve of swelling strain of many 
expansive soils (e.g. Tripathy et al. 2002, Sridharan 
& Gurtug 2004, Yuan et al. 2016). There were two 
main inflexion on the curves. Three swelling stage 
can be classified, including the initial swelling stage, 
the primary swelling stage and the secondary swell-
ing stage. The time evolution curves under low ver-
tical pressures belonged to this type as in Figure 7. 

The second type is given in Figure 8, which can 
be called as double “S” shape. Two more inflexions 
appeared on the time evolution curve. There was a 
intermediate stage with relatively low swelling rate 
and even null swelling rate. A first primary swelling 
stage and a second primary swelling stage can be 
distinguished. This type was predominant under high 
vertical pressures as in Figure 8. In addition, time 
evolution curves with the similar double “S” shape 
were often observed in swelling pressure tests of 
bentonite (e.g. Komine & Ogata 1994, Pusch 2002, 
Qin et al. 2009). 

Under high vertical pressures, a change of the 
time evolution curves from the “S” shape to the 
double “S” shape was clearly observed with the tem-
perature increase (Figure 6). The increasing of verti-
cal pressure and temperature both can result in a re-
duction of final swelling strain. Therefore, it may be 

concluded that the time evolution curve of swelling 
strain change from the “S” shape to the double “S” 
shape with the decrease of final swelling strain. 
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Figure 4. Evolution curves of swelling strain at 80 oC. 
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Figure 5. Temperature influence on evolution curve of swelling 
strain under 300 kPa. 
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Figure 6. Temperature influence on evolution curve of swelling 
strain under 3000 kPa. 
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Figure 7. “S”shape evolution curve of swelling strain. 
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Figure 8. Double “S” shape evolution curve of swelling strain. 

3.3 Pore size distribution 

Figure 9 and 10 gives the pore size distribution 
(PSD) curves obtained from the MIP tests for sam-
ples after swelling at 20 oC and 80 oC, respectively. 
The PSD curve at the as-compacted state is also giv-
en in Figure 9 and 10.  

As shown in Figure 9 and 10, the PSD curves in 
the as-compacted and swollen state were both bi-
modal type. Macropore and micropore can be distin-
guished for the bi-modal pattern. Macropore is gen-
erally considered to correspond to the pore between 
the aggregates, while micropore to the pore in the 
aggregates (Romero & Simms 2008). Distinct differ-
ences between the PSD curve in the as-compacted 
state and in the swollen state were observed, indicat-
ing that significant changes in microstructure oc-
curred upon swelling. After swelling, there were a 
vanishment of some pores with the entrance pore di-
ameter ranging from 0.03 μm to 0.1 μm and an in-
crease of the pores with the entrance pore diameter 
larger than 0.2 μm. 

At a same temperature level, the applied vertical 
pressure had a noticeable impact on the swollen PSD 
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Figure 9. PSD curves of samples after swelling at 20 oC. 
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Figure 10. PSD curves of samples after swelling at 80 oC.. 

 

curves. The impact of vertical pressure was different 
in the macropores and the micropores as shown in 
Figure 9 and 10. The micropores were almost unaf-
fected by vertical pressure, while significant influ-
ences of vertical pressure were observed for the 
macropores. With the increasing vertical pressure, 
the peak position of macropores moved left towards 
smaller pore diameter, and the peak pore size density 
decreased. 

Figure 11 and 12 compare the PSD curves of 
samples after swelling at different temperatures. The 
temperature effects on the PSD curves were mainly 
in the macropores, and the increase of temperature 
lead to a reduction in the macropores. Little differ-
ences in the micropores were observed for the sam-
ples at different temperatures. 

3.4 Void ratio changes of macro- and micro-pores 

MIP data can be analysed quantitatively to deter-
mine void ratio of macropores and micropores. Sev-
eral different methods have been proposed for this 
purpose (Romero et al. 2011). In the present study, a 
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Figure 11. Temperature influence on PSD curve of sample after 
swelling under 300 kPa. 
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Figure 12. Temperature influence on PSD curve of sample after 
swelling under 2000 kPa. 

 

delimiting pore size of 0.05 μm separating the 
macropores from the micropores was used, which is 
the lower bound value for macropores recommended 
by the International Union of Pure and Applied 
Chemistry (IUPAC).  

The variation of void ratio changes of the 
macropores and the micropores upon swelling is 
shown in Figure 13. After swelling, the void ratio 
changes of the macropores and the micropores both 
had positive values, indicating that swelling occurred 
both in the macropores and in the micropores.  

The void ratio changes in the macropores were 
largely affected by the vertical pressure, which de-
creased with the increasing vertical pressure. The re-
lationship between the void ratio change in the 
macropores and the vertical pressure followed the 
law of logarithmic function. On the other side, the 
swelling in the micropores was almost unaffected by 
the vertical pressure. 

As shown in Figure 13, the temperature influ-
ences on swelling were still in the macropores. The 
void ratio changes in the macropores decreased with  
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Figure 13. Void ratio changes of macropore and micropore up-
on swelling. 

 

the increasing temperature. The temperature impact 
on the void ratio changes in the micropores was al-
most neglectable.  

4 CONCLUSIONS 

Temperature influences on the swelling capability of 
compacted GMZ bentonite were investigated by 
swelling deformation tests and complementary MIP 
tests. With the elevation of temperature, the swelling 
strain reached the equilibrium more quickly, and the 
final equilibrium swelling strain decreased. The 
temperature effect on the final swelling strain was 
almost independent of the applied vertical pressure. 
The increase of temperature changed the shape of 
time evolution curve of swelling strain from the or-
dinary “S” shape to the special double “S” shape. 
The double-S shapes were characterised by the ap-
pearance of intermediate stage with relatively low 
swelling rate and even null swelling rate. The PSD 
curves in the as-compacted and swollen state were 
both bi-modal type. The swelling in macropores de-
creased with the increasing temperature, while the 
swelling in micropores was almost unaffected by the 
temperature. The influences of vertical pressure on 
swelling deformation and microstructure changes 
were similar at different temperatures. 
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