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1. Introduction 
 

In recent years, with the rapid development of nuclear 

science, nuclear technology has not only been applied to the 

field of national defense, but also to agriculture, medicine, 

and people’s production and life (Alzamel et al. 2022). 

However, with the rapid development, a large amount of 

high-level radioactive wastes (HLW) has been produced. 

High-level radioactive wastes have the characteristics of 

high radioactivity, high toxicity, long half-life, and large 

heat release. The migration of radionuclides to the external 

environment will cause serious harm to the biosphere. 

Therefore, the safe disposal of high-level radioactive waste 

is currently the most concerning environmental issue in all 

countries (Darda et al.  2021, Hoyer et al . 2021). 

Considering the disposal cost and disposal technology, deep 

geological disposal is considered to be the most feasible 

disposal scheme (Frankel et al. 2021, Kurgyis et al. 2024). 

Because of its low permeability, high expansibility, and  
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strong nuclide adsorption capacity, bentonite is used as a 

good buffer/backfill material for deep geological disposal 

reservoirs to fill between waste tanks and stable rock 

masses to build a multi-scale barrier system (Kaufhold et al. 

2019, Nazir et al. 2021, Ray et al. 2021, Villar et al. 2021). 

It is used to block the infiltration of groundwater, buffer the 

effect of surrounding rock pressure on waste tanks, and 

block the migration of nuclides to the external environment 

(Jalal et al. 2021, Kale et al. 2021, Shao et al. 2024, Song et 

al. 2024, Yoon et al. 2019). 

Bentonite, as the main component of the buffer backfill 

material of the nuclear waste repository, its various design 

parameters that are still under research stage and there is no 

strict standard. The production of unsaturated bentonite 

blocks is usually pressed to the target dry density by 

professional equipment according to a certain water content 

in the factory. Due to the uncertainty of initial dry density 

and initial water content, there is no specific range of initial 

saturation. Bentonite needs to go through processes such as 

molding, handling, transportation, and operation. During 

this period, the bentonite block will experience drying, 

resulting in shrinkage deformation and even cracks, which 

will greatly damage the sealing integrity, mechanical 

stability, and nuclide blocking ability of the barrier system 

(Al-Mahbashi et al. 2023, Tan et al. 2024). Due to the 

influence of the surrounding environment, the saturation of 

bentonite blocks may range from 0-30% throughout the 

entire process. 
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Abstract.  Bentonite serves as a buffer/backfill material in deep geological repositories for high-level nuclear waste. From 

compaction to on-site installation, bentonite blocks undergo drying-induced shrinkage that can compromise the 

engineering barrier’s mechanical integrity and radionuclide containment. In this paper, initially unsaturated bentonite is 

taken as the research object, and the indoor constant temperature drying test is carried out. The effects of initial dry 

density and initial water content on water evaporation, shrinkage deformation, and fracture evolution of bentonite are 

studied, respectively. The experimental results show that the initial dry density and initial water content have a significant 

effect on the water evaporation, shrinkage deformation, and crack evolution of bentonite. The larger the initial dry density 

or the smaller the initial water content, the less the water loss of bentonite in the evaporation process, the smaller the 

shrinkage deformation, and the fewer the number of cracks on the surface of bentonite. The shrinkage geometric factor 

can quantitatively describe the proportion of axial strain in the total volumetric strain. After drying, the shrinkage 

geometric factors of all compacted bentonite samples are between 1 and 3, which indicates that the axial strain accounts 

for a large proportion of the total volumetric strain, and the shrinkage deformation exhibits anisotropy. The effects of 

initial dry density and initial water content on water evaporation, shrinkage deformation, and fracture evolution of 

bentonite are closely related to their effects on inter-aggregate pores. 
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Previous research on soil shrinkage has identified four 

shrinkage phases: structural, normal, residual, and zero 

shrinkage (Braudeau et al. 1999) and has examined how 

initial dry density and water content influence compacted 

clays (Birle et al. 2008). At present, some research has also 

been carried out on the shrinkage deformation of bentonite. 

Tan et al. (2020) carried out a free drying test on a 

bentonite-sand mixture. It was found that for the compacted 

sample of bentonite-sand mixture, the compaction limited 

the permeability of the soil, resulting in a delay in 

evaporation and shrinkage deformation compared with the 

external soil. Considering the influence of initial water 

content, Zhang et al. (2022) carried out shrinkage and 

expansion tests on Heishan bentonite. The results showed 

that the shrinkage and expansion behavior of Heishan 

bentonite depended on the initial water content. Based on 

the vapor equilibrium method to control the suction, Song et 

al. (2024) carried out drying shrinkage tests on bentonite 

saturated with different concentrations of NaCl solution. 

Through the indoor drying test of the slurry bentonite-sand 

mixture, Zhang et al. (2019) found that only when the sand 

mixing rate is greater than 30%, the sand addition will 

significantly reduce the volume shrinkage of the sample. 

Wang et al. (2024) found that when the sand content in the 

bentonite-sand mixture exceeds 30%, these sands will form 

a sand skeleton, thereby limiting the further shrinkage of the 

bentonite-sand mixture. The above research on the 

shrinkage deformation of bentonite is more concerned with 

drying from saturation, and there are relatively few studies 

on drying from the initial unsaturated state. Secondly, the 

mechanism of the intrinsic relationship between bentonite 

shrinkage deformation, water evaporation, and fracture 

evolution is not clear. 

Bentonite is a layered silicate mineral mainly composed 

of montmorillonite, which is very sensitive to water change. 

Therefore, the shrinkage deformation of bentonite blocks is 

often accompanied by cracks (Taheri and El-Zein 2023, Tan 

et al. 2024, Reijonen et al. 2020). Xu et al. (2022) 

expounded on the experimental research and application of 

fracture mechanics in soil cracking, and pointed out that it 

is necessary to combine soil mechanics and fracture 

mechanics to explain the theoretical model of soil cracking. 

Zhu et al. (2024) carried out a series of dry-wet cycle tests 

on expansive soil and combined with computer tomography 

and three-dimensional reconstruction technology to 

quantitatively study the cracking behavior of expansive soil. 

Tian et al. (2022) studied the effect of compaction state on 

the drying cracking behavior of cohesive soil. The results 

show that the compaction water content and dry density 

have an important influence on the development of cracks. 

At present, although a large number of experiments have 

been carried out on the dry shrinkage cracking of soil, there 

are few studies on the dry shrinkage cracking of bentonite. 

Secondly, the above research only focuses on the evolution 

process of cracks and pays less attention to shrinkage 

deformation. However, the evolution of cracks is closely 

related to the shrinkage deformation of soil. 

In this paper, the compacted initial unsaturated bentonite 

is taken as the research object, and the indoor natural drying 

test is carried out. The effects of initial dry density and 

initial water content on the water evaporation, shrinkage 

characteristics, and fracture evolution of bentonite were 

studied, respectively. The influence mechanism of initial 

dry density and initial water content on the pore structure 

and shrinkage deformation of bentonite and the evolution 

law of fracture were analyzed. The relevant research results 

can provide a scientific basis for the safety design and 

construction of a high-level nuclear waste deep geological 

disposal repository. 

 

 

2. Materials and methods 
 

2.1 Materials and specimen preparation 
 
The soil sample used in this test is Wyoming bentonite 

in the United States, which is sodium bentonite. The color 

of the soil sample is grayish white. The mineral 

composition of bentonite was analyzed by the XRD (X-ray 

Diffraction) technique, in which the content of 

montmorillonite was 77%, the content of quartz was 7%, 

the content of feldspar was 11%, and the content of gypsum 

was 5%. The external specific surface area was measured 

by N2 adsorption. The total specific surface area was 

measured by the methylene blue method. The basic physical 

properties are shown in Table 1. The particle size 

distribution of bentonite was tested by a laser particle size 

analyzer, and the measurement results are shown in Fig. 1. 

Considering that bentonite blocks absorb water and 

expand during service, their dry density will decrease, and 

an initial dry density of 1.2-1.5 g/cm3 was selected for 

study. Moreover, the humidity in the tunnel is very high, 

and the blocks need to have a high initial water content to 

prevent them from absorbing moisture from the high-

humidity environment of the disposal tunnel during 

installation, causing expansion and cracking of the blocks. 

Therefore, the initial water content (20%-35%) was adopted 

in this study. Air-dried bentonite was sieved (0.5 mm) and 

oven-dried at 105°C for 12 h, then cooled and stored in 

sealed bags. The soil sample with the target initial water 

content (20%-35%) was prepared by spraying a certain 
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Fig. 1 Particle size distribution of bentonite 
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Table 1 Physical parameters of bentonite (Zhang et al. 

2024) 

Properties Value 

Exchangeable 

cations 

(meq/100 g) 

Value 

Specific Gravity (%) 2.70 Na+ 49.3 

Liquid limit (%) 310.3 Ga2+ 31.2 

Plastic limit (%) 28.8 Mg2+ 12.9 

Total specific Surface area 

(m2/g) 
682.3 K+ 1.2 

Total cation exchange 

capacity (meq/100 g) 
72.9   

 

Table 2 The molding state variables in tests 

specimen 

number 

Initial dry 

density 

(g/cm3) 

Initial water 

content    

(%) 

Pie-shaped specimen 

Diameter 

(mm) 
Height (mm) 

D1.2 1.2 30 

61.8 20 

D1.3 1.3 30 

D1.4 1.4 30 

D1.5 1.5 30 

W20 1.4 20 

W25 1.4 25 

W30 1.4 30 

W35 1.4 35 

Note: D1.2 represents the sample with an initial dry density of 1.2, W20 

represents the sample with an initial water content of 20%, and so on for 
the others 

 

 

mass of distilled water into dry bentonite by the spray 

method. Put the prepared soil sample into a fresh-keeping 

bag and stand for more than 72 h. Then, a certain mass of 

wet soil is calculated using the initial dry density (1.2-1.5 

g/cm3) of the target and the initial water content of the 

target. The calculated wet soil was placed in a sample 

holder, and a hydraulic jack was used to prepare a ring 

cutter sample with a diameter of 61.8 mm and a height of 

20 mm by static pressure. Compaction until there is no 

relative displacement between the upper and lower parts of 

the pressure sample mold, and keep the compaction state on 

the jack for 20 min. After that, the samples were directly 

removed from the mold and underwent a drying and 

shrinkage test. 

 
2.2 Drying test and measurements 
 

In this paper, eight groups of tests (Table 2) are designed to 

simulate the dry shrinkage deformation of bentonite from 

pressing to field construction. During the test, two parallel 

samples were prepared, respectively for D1.2-D1.5 and W20-

W35, to test the repeatability of the test results. The diameter 

and height of the sample were measured with a vernier caliper 

(Accuracy of 0.01 mm) immediately after the demolding was 

completed. The mass was measured by an electronic balance  
(Accuracy of 0.01 g), and the sample was photographed by a 
camera. Then, the samples were placed in a constant 
temperature drying oven at a temperature of 20°C and a 
relative humidity of 43.2%, and the drying shrinkage test was 
carried out. One week before the test, the diameter, height, and 

mass of the sample were measured every 3 h, and photos of the 
sample were taken at the same time. One week later, the 
diameter, height, and mass of the sample were measured every 
12 h, and photos of the sample were taken at the same time. 
When measuring the height and diameter of the sample, four 
measurement positions are selected and marked on average 
along the circumferential direction of the sample, and then the 
height and diameter of the four positions are measured and 
averaged during the test. When the mass of the sample changes 
by less than 0.01 g within 12 h, it is considered that the 
shrinkage process of the sample is completed. At this point, the 
test can be stopped. This test lasted for a total of 15 days. At 
the end of the test, it was found that the standard deviation of 
the measured data was about 0.031, and the coefficient of 
variation was about 0.152%. Secondly, the average value of 
the axial shrinkage deviation between the test sample and 
the parallel sample is 0.034, and the maximum value is 
0.219. The average value of radial shrinkage deviation is 
0.065, and the maximum value is 0.169. The average 
volume shrinkage deviation is 0.353, and the maximum 
value is 1.458. The error is very small, so this paper only 
analyzes the test samples. 

These data can be used to calculate the water content 

and shrinkage deformation of bentonite during the drying 

process. The water content w, axial shrinkage strain εa , 

radial shrinkage strain εr, and volume shrinkage strain εv can 

be calculated according to formulas (1), (2), (3), and (4). 

100%s

s

m m
w

m

−
=   (1) 

0

0

100%a

h h

h


−
=   (2) 

0

0

100%r

d d

d


−
=   (3) 

0

0

100%v

v v

v


−
=   (4) 

Where m represents the quality of the bentonite sample 

at a certain time. ms represents the mass of the bentonite 

sample after drying. h0, d0, and v0 respectively represent the 

height, diameter, and volume of the bentonite sample in the 

initial state. h, d, and v respectively represent the height, 

diameter, and volume of the bentonite sample at a certain 

time. 
 
 

3. Experimental results 
 

3.1 Moisture evaporation 
 
Fig. 2(a) shows the variation of water content of 

compacted bentonite samples with time under different 

initial dry densities. The water content curves of the four 

groups of samples all presented a two-stage characteristic. 

In the initial stage, the water content decreased rapidly with 

the progress of evaporation, and then gradually tended to 

stabilize. The residual water content of samples D1.2, D1.3, 

D1.4, and D1.5 after evaporation is 8.45%, 8.16%, 7.85% 

and 7.25% respectively; that is, the larger the initial dry 

density, the smaller the residual water content. Furthermore, 

443



 

Chunyuan Zhou, Liang Kong, Geng Niu, Xiao Han, Jiaqi Liu and Xinrui Wang 

 

it can be further found that for every 0.1 g/cm³ increase in 

the initial dry density, the residual water content decreases 

by approximately 0.4%, indicating that increasing the initial 

dry density can weaken the water-holding capacity of the 

soil in the stable stage. Fig. 2(b) further reveals the effect of 

initial water content on the evaporation effect of bentonite 

compaction samples. Although the variation trends of the 

water content curves of the four groups of samples are the 

same as those in Fig. 2(a), there are significant differences 

at the initial stage. The compacted bentonite samples with a 

higher initial water content have a higher water content at 

the same time point. However, the residual water content 

after reaching stability is basically the same. This indicates 

that the initial water content mainly controls the water 

gradient in the early stage of evaporation and has basically 

no influence on the final equilibrium state, which is 

consistent with the experimental results of Birle et al. 

(2008). In addition, W20, W25, W30, and W35 specimens 

evaporated 11.64%, 16.25%, 21.59%, and 26.84% of water 

throughout the drying period, respectively, which illustrates 

the fact that the greater the initial water content, the more 

water is evaporated. 
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(a) Water content of bentonite samples with different 

initial dry density changes with time 
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(b) The change of water content of bentonite samples with 

different initial water content over time 

Fig. 2 The change of water content of compacted 

bentonite samples with time in different initial states 
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(a) The evaporation rate of bentonite samples with 

different initial dry density changes with time 
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(b) The evaporation rate of bentonite samples with different 

initial water content changes with time 

Fig. 3 Variation of evaporation rate of compacted 

bentonite samples with different initial states with time 

 

 

The evaporation rate is defined as the evaporation of 

water per unit time (g/h) (Tan et al. 2020). Fig. 3(a) is the 

relationship between the evaporation rate of bentonite 

samples with different initial dry densities and time. It can 

be seen from the figure that the overall change patterns of 

the evaporation rate curves of bentonite samples with 

different initial dry densities are basically the same. The 

evaporation rate decreases rapidly from 0 to 150 h and is in 

the deceleration stage. After 150 h, the evaporation rate 

gradually tended to stabilize and reached the residual 

stability stage. Although the initial dry density is different, 

the evaporation rate is basically the same in the whole 

evaporation stage, and in the residual stable stage, the 

evaporation rate of the four groups of samples is not more 

than 4%, which is close to zero. This phenomenon may be 

that although the enhanced compaction reduces the final 

water holding capacity of the soil, it also leads to the 

reorganization of the pore structure of the soil, increases the 

capillary resistance, and leads to the dynamic balance 

between the evaporation driving force and the resistance. In 

addition to the initial dry density, initial water content has a 

significant influence on the rate of evaporation. Fig. 3(b)  
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(a) Variation of axial shrinkage strain with water content 
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(b) Variation of radial shrinkage strain with water content 
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(c) The change of volume shrinkage strain with water 

content 

Fig. 4 Shrinkage strain curves of compacted bentonite 

samples with different initial dry densities 

 

 

reveals the effect of initial water content on evaporation 

rate. In the deceleration rate stage (0~150 h), the higher the 

initial water content of the compacted bentonite sample, the 

higher the evaporation rate. The average evaporation rates 

of W20, W25, W30, and W35 samples were 0.059, 0.083, 

0.110, and 0.141 g/h, respectively. However, when entering 

the residual stable stage (after 150 h), the evaporation rate is 

basically the same and tends to zero. 
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(a) Variation of axial shrinkage strain with water content 

5 10 15 20 25 30 35
0

2

4

6

8

10

R
ad

ia
l 

sh
ri

n
k
ag

e 
st

ra
in

 
r（

%
）

Water content w（%）

 W20

 W25

 W30

 W35

 
(b) Variation of radial shrinkage strain with water content 
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(c) The change of volume shrinkage strain with water 

content 

Fig. 5 Shrinkage strain curves of compacted bentonite 

samples with different initial water contents 
 
 
3.2 Shrinkage deformation 
 

Figs. 4(a)-4(c) shows the relationship between shrinkage 

strain and water content of compacted bentonite samples with 

different initial dry densities. It can be seen from the figure that 

the overall variation trends of the shrinkage strain relationship  

curves of bentonite samples with different initial dry densities 

are basically the same. At the initial stage of drying, the axial  
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shrinkage strain, radial shrinkage strain, and volume shrinkage 

strain decreased rapidly with the decrease the axial shrinkage 

strain, radial shrinkage strain, and volume shrinkage strain 

finally tend to a stable value. Further analysis of the 

shrinkage test results in Figs. 4(a)-4(c) reveals that the final 

axial shrinkage strains corresponding to specimens D1.2, 

D1.3, D1.4, and D1.5 are 7.28%, 7.13%, 7.11%, and 6.76%, 

respectively. The corresponding final radial shrinkage 

strains were 6.19%, 5.98%, 5.95% and 5.91%, respectively. 

The corresponding final volume shrinkage strains were 

18.36%, 17.87%, 17.77% and 17.42%, respectively. These 

test results show that the greater the initial dry density, the 

smaller the final axial shrinkage strain, final radial 

shrinkage strain, and final volume shrinkage strain of the 

compacted bentonite sample. In addition, when the initial 

dry density increases from 1.2 to 1.5, the final axial 

shrinkage strain decreases by 0.15%, 0.02% and 0.35%, 

respectively. The final radial shrinkage strain decreases by 

0.21%, 0.03% and 0.04%, respectively. The final volume 

shrinkage strain decreases by 0.49%, 0.1% and 0.35%, . 

The above test results show that the change in initial dry 

density has a relatively small effect on the shrinkage and 

deformation of bentonite. 

Figs. 5(a)-5(c) gives the relationship between the 

shrinkage strain of compacted bentonite samples with 

different initial water content and the change of water 

content. It can be seen from the figure that the final axial 

shrinkage strain, final radial shrinkage strain, and final 

volume shrinkage strain of sample W20 are 3.72%, 2.89% 

and 9.21% respectively. The final axial shrinkage strain, 

final radial shrinkage strain, and final volume shrinkage 

strain of sample W25 were 5.22%, 4.29% and 13.17% 

respectively. The final axial shrinkage strain, final radial 

shrinkage strain, and final volume shrinkage strain of 

specimen W30 are 7.14%, 6.08% and 18.09%, respectively.  

 

 

The final axial shrinkage strain, final radial shrinkage 

strain, and final volume shrinkage strain of specimen W35 

were 9.43%, 8.19% and 23.43%, respectively. By 

comparing these test results, it can be found that with the 

increase of initial water content, the final axial shrinkage 

strain, the final radial shrinkage strain, and the final volume 

shrinkage strain all increase. Further from the diagram, it 

can be found that in the process of increasing the initial 

water content from 20% to 35%, the final axial shrinkage 

strain increases by 1.5%, 1.92% and 2.29%, respectively. 

The final radial shrinkage strain increases by 1.4%, 1.79% 

and 2.11%. The increase of the final volume shrinkage 

strain is 3.96%, 4.92% and 5.34%. The effect of initial 

water content on the shrinkage and deformation of bentonite 

is more pronounced than that of initial dry density. 

The shrinkage limit of soil is the water content of soil 

when it changes from semi-solid to solid. When the water 

content of the soil reaches the shrinkage limit (ws), the 

shrinkage deformation of the soil will no longer change 

with the decrease of the water content. The method of 

determining the shrinkage limit is to extend the straight line 

between the linear change section and the stable stage in the 

curve of axial strain with water content, and the water 

content corresponding to the intersection point is the 

shrinkage limit. From Figs. 4(a) and 5(a), it can be seen that 

the corresponding ws of D1.2, D1.3, D1.4 and D1.5 

bentonite samples are 12.18%, 11.71%, 12.02% and 

12.74%, respectively; the corresponding bentonite samples 

of W20, W25, W30 and W35 were 8.35%, 9.76%, 10.96% 

and 11.97%, respectively. This illustrates the fact that the 

greater the initial dry density or initial water content of the 

bentonite, the greater the shrinkage limit of the soil. 

The volume shrinkage of soil includes two parts, namely 

axial shrinkage and radial shrinkage. However, the axial 

shrinkage deformation and radial shrinkage deformation of 

the soil during the drying process are not equal, that is, the  

 

Fig. 6 Variation of fissures of compacted bentonite sample W35 with time 
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Table 3 Shrinkage geometric factors of bentonite in 

different initial compaction states 

Sample 

No. 
D1.2 D1.3 D1.4 D1.5 W20 W25 W30 W35 

rs 2.68 2.66 2.65 2.74 2.55 2.63 2.69 2.70 

 

 

shrinkage deformation is anisotropic. It can be seen from 

Figs. 4(a), 4(b) and 5(a), 5(b) that the final axial shrinkage 

strains of D1.2, D1.3, D1.4, D1.5 and W20, W25, W30, 

W35 are all greater than the final radial shrinkage strains. 

To quantitatively describe the contribution of axial 

shrinkage and radial shrinkage to the total volume shrinkage 

during the shrinkage deformation of bentonite, the 

shrinkage geometric factor, rs (Chertkov et al. 2004, 

Cornelis et al. 2006, Mishra et al. 2020, Sharanya et al. 

2021) is introduced in this paper, and the correlation 

expression is 

0 0

1 1

sr

v h

v h

    
− = −   

   

 (5) 

Where h0 and v0 represent the height and volume of the 

bentonite sample in the initial state, respectively. ∆h and ∆v 

represent the variation of height and volume of bentonite 

samples from the initial state to a certain time, respectively. 

The range of is rs 1≤rs<∞. When rs=1, the specimen only 

undergoes axial shrinkage deformation. When 1<rs<3, both 

axial shrinkage deformation and radial shrinkage 

deformation occur, but the shrinkage deformation is mainly 

axial shrinkage. When rs=3, the axial shrinkage deformation 

of the sample is equal to the radial shrinkage deformation.  

When rs>3, the shrinkage deformation is mainly radial 

shrinkage. It can be known from Table 3 that the shrinkage 

geometric factors of D1.2, D1.3, D1.4, D1.5, and W20, 

W25, W30, W35 are 1<rs<3, indicating that the bentonite 

has both axial shrinkage deformation and radial shrinkage 

deformation, but the shrinkage deformation is mainly axial 

shrinkage. In conclusion, during the drying process of 

bentonite samples, the axial shrinkage deformation is  

 

 

 

greater than the radial shrinkage deformation, and the 

shrinkage deformation is mainly axial shrinkage. 

 

3.3 Fracture evolution 
 
In this paper, the time corresponding to the significant 

change of the surface morphology of the crack is used as 
the critical point to describe the evolution process of the 
crack with time during the drying process (Fig. 6). It is 
worth noting that the fracture evolution process of all 
samples in this paper, including parallel samples, is similar 
and contains obvious four-stage characteristics, but the 
critical time points corresponding to the change of fracture 
surface are different. In order to describe the complete 
evolution process of the crack during the dehumidification 
process in detail, this paper only describes the W35 sample 
as an example. Between 0 and 22 h, cracks are generated 
from the edge and develop rapidly to the center of the soil. 
At the same time, a crack network is gradually formed on 
the surface of the soil. The cracks in this stage are called the 
main cracks, and this stage can be called the edge-to-center 
crack expansion period. Between 22 and 78 h, the fracture 
gradually closed from the center to the edge, and the 
fracture network gradually disappeared. At this stage, the 
fracture development reached the fracture closure period. 
Between 78 h and 150 h, the main fracture redeveloped, 
which can be called the secondary development period of 
the main fracture. After 150 h, the fracture development 
gradually stabilized, and the fracture development reached a 
stable period of fracture. 

Fig. 7 shows the final state of compacted bentonite 

samples with different initial dry densities after drying. It 

can be seen from Fig. 7 that the larger the initial dry density,  

the fewer the number of cracks generated after the drying of 

the bentonite sample, but the larger the width of the main 

crack. In addition to the initial dry density, the initial water 

content also has a significant influence on the development 

of cracks in bentonite. It can be seen from Fig. 8 that with 

the increase of initial water content, the number of cracks 

increases significantly, and the length and width of cracks 

increase. When the initial water content was less than 20%, 

no visible cracks were found in the bentonite samples to the  

 

Fig. 7 The final state of compacted bentonite samples with different initial dry densities after drying 

 

Fig. 8 The final state of compacted bentonite samples with different initial water content at the end of drying 

D1.2 D1.3 D1.5D1.4

W20 W25 W35W30
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Fig. 9 Bentonite microstructure and microscopic pore 

structure (Modified from (Chen et al. 2021) 

 

 

naked eye. By comparing Figs. 7 and 8, it can be found that 

the influence of the initial water content on the final fracture 

morphology of the bentonite surface is significantly higher 

than that of the initial dry density. 

 

 

4. Discussion 
 

4.1 The influence of pore structure and initial state of 
bentonite on pore structure 

 
At present, it is generally believed that the microscopic 

basic unit of bentonite is divided into a unit crystal layer, 

stacked body (Clay particles), and aggregates (Fig. 9) (Chen 

and Li 2024, Li et al. 2025). These three microstructures 

correspond to three pore types of bentonites, which are 

interlayer pores, interparticle pores, and inter-aggregate 

pores (Large pores). Among them, most scholars refer to the 

interlayer pores and the interparticle pores as the intra-

aggregate pores (Small pores) (Dong et al. 2023). 

Therefore, it is considered that bentonite has a typical dual-

pore structure. The initial state, compaction degree, and 

dehumidification process will affect the inter-aggregate 

pores of bentonite, which in turn affects the water-force 

characteristics of bentonite (Chen et al. 2021, Navarro et al. 

2015, Niu et al. 2020). 

The effect of initial dry density on the pore structure of 

bentonite mainly affects the inter-aggregate pores and has 

little effect on the intra-aggregate pores. A large number of 

experimental results (Fig. 10) show that when the initial dry 

density of bentonite increases, the number and size of small 

pores (intra-aggregate pores) in bentonite remain basically 

unchanged, while the number and size of large pores (inter-

aggregate pores) decrease significantly (Chen et al. 2021, 

Liang 2021). This means that increasing the initial dry 

density will lead to the compression of the inter-aggregate 

pores. The initial water content also has a significant effect 

on the inter-aggregate pores of bentonite. This may be 

related to the water molecular layer adsorbed between the 

crystal layers and the hydration of the cations between the 

crystal layers (Fig. 9). Among them, the unit crystal layer 

will adsorb 1-4 layers of water molecules. Due to the effects 

of dissociation, adsorption, and isomorphous replacement, 

the surface of the crystal layer of the stack is usually 

negatively charged, which will attract the cations in the 

solution to balance. The cation hydrates under the action of 

water molecules, and the surface of the clay particles will  
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Fig. 10 Pore size distribution of bentonite with different 

initial dry density (Liang 2021) 

 

 

combine with a layer of water film. Due to the presence of a 

water film, clay particles are in contact with each other 

through the binding water film. For unsaturated soil, with 

the increase of initial water content, more clay particles will 

be hydrated on the surface, and the thickness of the 

combined water film will also become thicker, resulting in 

an increase in the interparticle pores, which in turn leads to 

an increase in the inter-aggregate pores. Zhang et al. (2018) 

conducted mercury intrusion tests (MIP) on Gaomiaozi 

bentonite with different initial water contents (Fig. 11), and 

found that the larger the initial water content, the larger the 

pore size of the inter-aggregate pores of bentonite. This 

further proves the influence mechanism of initial water 

content on the pore structure of bentonite. 

 

4.2 Evaporation and shrinkage process of bentonite 
 
The pore water in the soil can be divided into capillary 

water and adsorbed water according to its occurrence state 

(Lu et al. 2022). Capillary water mainly exists in the inter-

aggregate pores, while adsorbed water mainly exists in the 

intra-aggregate pores. Under the action of the humidity 

difference (evaporation potential) between the inside and 

outside of the soil, the water molecules in the soil continue 

to escape into the outside atmosphere, while the capillary 

action and adsorption hinder the migration of water 

molecules to the outside world (Zeng et al. 2022). In the 

early stage of evaporation, the capillary water in the inter-

aggregate pores (Large pores) escapes preferentially. Due to 

the weak blocking ability of large pores to water migration, 

the evaporation rate changes rapidly in the early stage of 

evaporation. With the progress of evaporation, the pore 

water between aggregates continuously decreases, and the 
inter-aggregate pores contract, increasing the resistance 

when capillary water escapes from the inter-aggregate 

pores. Meanwhile, as the capillary water decreases, the 

capillary action gradually weakens, while the adsorption 

action gradually strengthens (Chen and Zhang 2024). 

Therefore, during this process, the water-holding capacity 

of the soil gradually increases, and water molecules are less 

likely to escape into the atmosphere. In addition, with the 

Unit crystal layer

Interlayer pores

The stacked body Aggregates

Interparticle pores Inter-aggregate pores

Intra-aggregate pores
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decrease in water, the gas/liquid interface in the pores of the 

soil gradually migrates to the interior of the soil, resulting in 

the extension of the diffusion path of water molecules, so 

the evaporation rate of the soil gradually slows down. This 

stage is the deceleration rate stage. Until the pore water 
inter-aggregate is completely evaporated, the pore water 

intra-aggregate begins to escape. On the one hand, 

compared with large pores, water molecules in small pores 

are more closely connected to the pore walls, making it less 

likely for the water molecules to escape. On the other hand, 

the pore water in small pores is entirely adsorbed water, and 

adsorbed water is very difficult to evaporate. At this time, 

the evaporation rate curve enters the residual stable stage. 

During the drying process of the soil, due to the 

evaporation of pore water, according to the capillary theory, 

the radius of curvature of the liquid surface between the soil 

particles will increase, and the matrix suction of the soil 

will increase, increasing the effective stress of the soil. 

Under the action of effective stress, the soil particles will be 

close to each other, which is manifested as volume 

shrinkage macroscopically. However, during the 

dehumidification process, the inter-aggregate pores will 

shrink, while the intra-aggregate pores are basically 

unchanged (Liu et al. 2023). Therefore, the change of 

bentonite volume is actually only related to the change of 
inter-aggregate pores. The larger the initial dry density is, 

the smaller the inter-aggregate pores are, and the intra-

aggregate pores are basically unchanged, which leads to a 

decrease in soil particle spacing and the space for shrinkage 

deformation of the soil. The larger the initial water content, 

the larger the inter-aggregate pores, which leads to a larger 

spacing between the soil particles, and the larger the space 

for the shrinkage deformation of the soil. In addition, for 

unsaturated soils, due to the larger initial water content, the 

more clay particles hydrate, and the thicker the thickness of 

the combined water film, the resistance to rearrangement of 

soil particles is reduced, which leads to more shrinkage 

deformation. 

 
4.3 The influence mechanism of initial dry density and 

initial water content on the final fracture 
 
In the process of evaporation and water loss of soil, due 

to the decrease in water, the matrix suction will increase, 
and then the tensile stress on the surface of the soil caused 
by suction will increase. When the tensile stress is greater 
than the tensile strength of soil, cracks will occur (Al-
Jeznawi et al. 2021, Zhang et al. 2017).  

The evaporation of water in the soil is an important 

factor for the formation of soil fissures. The dry shrinkage 

cracking of soil is closely related to factors such as the 

thickness of the soil layer, environmental temperature, and 

humidity, and these factors affect the development of soil 

fractures by influencing the evaporation rate of the soil 

(Cordero et al. 2021, Tang et al. 2021, Zeng et al. 2022). 

During the evaporation process of soil, due to the non-

uniformity of the evaporation rate on the surface layer of 

the soil and the fact that the evaporation rate on the surface 

layer is significantly greater than that inside the soil during 

the evaporation process, the forces acting on soil particles in 

all directions are different, resulting in an extremely uneven 

distribution of the stress field in the soil and providing 

sufficient conditions for the formation of fractures. When 

the evaporation rate of the soil is small, on the one hand, the 

force of water molecules on the soil particles is small, on 

the other hand, the water molecules in the soil pores have 

sufficient time to maintain stability, and the difference in 

the local evaporation rate of the soil is small (Zeng et al. 

2022, Zeng et al. 2025). When the evaporation rate is fast, 

due to the violent movement of water molecules, the force 

on soil particles is large, which also increases the mobility 

of soil particles. Secondly, the larger evaporation rate will 

lead to a significant increase in the difference in local 

evaporation rate of soil, and the soil is more likely to 

produce cracks. As the initial dry density increases, the 

inter-aggregate pores decrease, and the evaporation rate of 

the soil decreases, thereby inhibiting the generation of 

cracks. The larger the initial water content is, the larger the 

inter-aggregate pores are, and the higher the evaporation 

rate of the soil is, thus promoting the development of 

cracks. 

 

 

5. Conclusions 
 

Through conducting indoor constant-temperature drying 

tests on compacted bentonite samples with different initial dry 

densities and initial water contents, the influence of the initial 

compaction state on the evaporation characteristics, shrinkage 

deformation, and fracture evolution of bentonite was studied, 

and the following conclusions were obtained: 

(1) The initial dry density and initial water content affect 

the evaporation characteristics of bentonite. The initial dry 

density increases, the residual water content is smaller; the 

greater the initial water content, the faster the evaporation rate, 

which is attributed to the initial dry density and initial water 

content have a significant effect on the inter-aggregate pores. 

Therefore, the storage environment of bentonite should be 

strictly controlled in practical engineering to reduce the loss of 

water inter-aggregate. 

(2) The larger the initial dry density, the smaller the final 

shrinkage strain of bentonite and the larger the shrinkage limit. 

The greater the initial water content, the greater the final 

shrinkage strain and shrinkage limit of bentonite. This is 

because the larger initial dry density and initial water content 

reduce the pore size of bentonite inter-aggregate pores, thereby 

reducing the shrinkage potential. 
(3) During the whole drying process, the evolution of 

bentonite cracks showed obvious four-stage characteristics. 
The greater the initial dry density or the smaller the initial 
water content, the fewer the final number of cracks in 
bentonite. Compared with the initial dry density, the initial 
water content has a more significant effect on the crack. The 
initial dry density and initial water content affect the 
evaporation rate by affecting the pore structure of bentonite, 
which in turn affects the final fracture morphology. Therefore, 
it is suggested that the initial high density of compacted 
bentonite should be higher than 1.5 g/cm3, and the initial water 
content should be lower than 20%. 

At present, there are still some shortcomings in the research 

of this paper. Because the cracks generated under the initial 

unsaturated state of bentonite are small and dense, these cracks 
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cannot be completely extracted by digital image technology 

alone, so they can only be qualitatively analyzed for their 

evolution process. Subsequent work will use computed 

tomography (CT) to quantitatively study the evolution of 

fractures. Secondly, due to the influence of the groundwater 

environment and the frequent occurrence of extreme climate, 

the influence of salt solution and dry-wet cycle on the 

shrinkage deformation of bentonite can be studied in the future. 
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