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Abstract: The employment of bentonite modified loess (BML) is a common method of constructing the 23 

anti-seepage lining of landfills in the loess region of China, and its long-term secure performance is 24 

threatened by wetting-drying (W-D) cycles. Taking the remolded loess (RL) and BML with 15% in mass 25 

of bentonite as research objects, the W-D cycles test, scanning electron microscope (SEM) test and direct 26 

shear test were carried out to analyze the effects of W-D cycles on the microstructure and shear strength 27 

of samples. The regression equations between strength and micro-pore structure parameters were 28 

established by multivariate linear stepwise regression method. The damage mechanism of BML after 29 

W-D cycles was studied by establishing damage degree models based on porosity and cohesion. Results 30 

indicate that clay minerals such as montmorillonite in BML absorb water and expand to fill the 31 

macropores, resulting in more medium and small pores and more pronounced surface contact of particles. 32 

After W-D cycles, the particle arrangement of samples before and after bentonite modification tends to be 33 

loose. Both the porosity and fractal dimension increase and tend to stabilize after five cycles. The BML 34 

exhibits lower porosity and greater fractal dimension while its cohesion and internal friction angle show 35 

more significant decrease after W-D cycles than those of RL. The damage variables based on porosity and 36 

cohesion well describe the W-D induced damage of loess before and after modification from macro- and 37 

micro-scale perspectives. The damage degree of samples increases with W-D cycles, but the increment 38 

decreases. 39 
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1 Introduction 57 

There are abundant loess resources in the Northwest of China, which refers to silt deposits formed by 58 

wind transport in the Quaternary period. The weak cementation between loess particles results in large 59 

pores and high porosity. Sanitary landfill is the primary disposal method of municipal solid waste (MSW) 60 

in China, and the compacted clay liner is a good choice for the anti-seepage system at the bottom of the 61 

landfill. With the lack of adequate suitable clay resources in Northwest China, the transfer of appropriate 62 

clay resources from the outside areas needs a large amount of financial support, which will increase the 63 

cost of the anti-seepage project of the landfill. So, the local loess resources will undoubtedly become the 64 

best choice of anti-seepage materials for the landfill. However, the loess is an impervious layer at the 65 

bottom of a landfill, which does not meet the permeability and strength requirements. Therefore, how to 66 

modify the loess to suit compacted clay liner requirements has become one of the research hotspots. 67 

Scholars have carried out macroscopic and microscopic tests on the bentonite-modified soils. In 68 

terms of macroscopic tests, Mei et al. (2020) conducted tests on the engineering properties of the sand 69 

improved by bentonite mud, and found that the bentonite mud well improves the permeability, shear 70 

strength, and slump of the water-rich sand soil. Cheng et al. (2020) studied the stabilizing effect of 71 

nano-bentonite on the consolidation of clay. Nano-bentonite can promote the internal cementation of soil 72 

particles and effectively reduce the compressibility of clay. Qasaimeh et al. (2020) investigated the 73 

feasibility of hydrophilic nano-bentonite modified clay for landfill cover. Qie et al. (2017) noticed that 74 

soil compaction and bentonite content had a considerable effect on the cohesion of BML, but insignificant 75 

on the internal friction angle. Rahmani et al. (2020) studied the influence of bentonite and lime on the 76 

physicochemical and rheological properties of loess and found that the hydration, agglomeration and 77 

interparticle flocculation caused by additives promoted the intergranular cementation. In terms of 78 

microscopic tests, Wang et al. (2016) analyzed the adsorption characteristics of loess modified 79 

soil-bentonite (LSB) for lead by SEM and X-ray diffraction (XRD), and the adsorption capacity of LSB 80 

increases linearly with the loess content. Yan et al. (2011) observed a significant decrease in the number 81 

of macropores in fine-grained soil mixed with bentonite based on the mercury intrusion porosimetry 82 

(MIP). Zhang et al. (2011) conducted permeability tests and SEM tests on BML and revealed the 83 

mechanism of the decrease of permeability of modified loess from the microscopic perspective. Yang et 84 

al. (2011) analyzed the pore structure of loess samples with different bentonite contents by SEM tests and 85 

found that with the increase of bentonite content, the number of pores in loess increased sharply, but the 86 

pore area and pore diameter decreased. 87 

The Loess Plateau of China is a typical arid and semi-arid region, where the loess is subject to 88 

frequent W-D cycles due to rainfall and evaporation (Wang et al. 2015). Therefore, it is necessary to 89 

study the influence of W-D cycles on the strength and microstructure of loess. Muñoz-Castelblanco et al. 90 

(2012) studied the correlation between the water retention properties and the microstructure of 91 

unsaturated loess in northern France and noticed that the change of microstructure accompanied the 92 

change of hydraulic state in the process of W-D. Zuo et al. (2020) analyzed the mechanical properties 93 

and microstructure deterioration mechanism of silty loess under long-term seepage conditions through 94 

compression tests and microscopic tests. The formation of cracks in loess is closely related to the matric 95 

suction change and the decrease of loess strength (Mu et al. 2020; Mady and Shein 2020; Ye et al. 96 

2020). Many scholars have studied the hydraulic behavior and microstructure of loess under W-D cycles 97 

through multiscale methods. Zhou et al. (2019) studied W-D cycles and loess layer thickness on the 98 

release and transport of soil colloidal particles (SCPs) of loess columns. Ye et al. (2019) used SEM and 99 
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nuclear magnetic resonance (NMR) technology to study the microscopic characteristics of paleosols, 100 

found that the proportion of micropores decreases after W-D cycles while those of the macropores and 101 

mesopores increase. Xu et al. (2020a, b) studied the failure mechanism of sodium sulfate saline intact 102 

loess under the coupled action of W-D cycles and salt weathering. The modified loess under W-D cycles 103 

has also attracted wide attention. The addition of lime, fly ash are mainly used to improve the strength 104 

and collapsibility of loess (Zhang et al. 2017; Yan et al. 2017). Yan et al. (2017) studied the unconfined 105 

compressive strength and pore size distribution of lime-fly ash loess (LFL) under W-D and freeze-thaw 106 

conditions. Zhang et al. (2017) studied the influence of W-D cycles on the strength of cement stabilized 107 

loess (CSL). However, there are few studies on the relationship between the mechanical properties and 108 

microstructure of BML under W-D cycles. The degradation mechanism of strength and microstructure of 109 

BML under W-D cycles needs to be further studied.  110 

In this study, laboratory tests were carried out on the RL and BML with 15% in mass of bentonite to 111 

investigate the shear strength and microstructure characteristics after W-D cycles and to explore the 112 

macro-and micro-scale damage mechanism under W-D cycles and put forward damage models of BML 113 

after W-D cycles. The results will have a particular reference value for improving local loess resources in 114 

Northwest China and the construction of anti-seepage linings in landfills. 115 

2 Materials and methods 116 

2.1 Soil property 117 

The test loess was taken from the sidewall of a foundation pit in Xi'an, Shaanxi Province, with a 118 

depth of 2-3 m from the surface. It belongs to the late Pleistocene Q3 loess with yellowish-brown color 119 

and obvious vertical joints. The loess samples were pre-treated sufficiently by air-drying, grinding, and 120 

sieving. According to the Standard for Geotechnical Test Methods GB/T50123-2019 (Ministry of 121 

Housing and Urban-Rural Development of the People’s Republic of China 2019), the basic physical 122 

properties of the loess samples were analyzed, as listed in Table 1. The particle size distribution curve of 123 

test loess is shown in Fig. 1. The uniformity coefficient Cu is 8.33, and the curvature coefficient Cc is 124 

1.33. The distribution of grain composition of the loess is: sand (12.88%), silt (80.42%), and clay (6.7%). 125 

The bentonite used in the tests is natural sodium-based bentonite, which is grey-white and powdery. The 126 

basic properties such as expansion index, liquid-plastic limit and specific gravity were determined, and 127 

the mineral components were determined by XRD. The basic properties of bentonite are shown in Table 1. 128 

The particle size distribution curve is shown in Fig. 1. The Cu is 5.65, and Cc is 2.19. 129 

Table 1 Physical properties of the tested soil 130 

Loess 

physical 

index 

Value 

Sodium 

bentonite 

physical index 

Test methods Value 
Main minerals 

of bentonite  

XRD 

results (%) 

Liquid limit, 

wL (%) 
30.2 Specific gravity  2.65 Montmorillonite 70.56 

Plastic limit, 

wP (%) 
17.8 

Liquid limit,  

wL /% 

ASTM 

D 4318-05 
314 Quartz 18.30 

Plasticity 

index, Ip 
12.4 

Plastic limit,  

wP /% 
 40 Plagioclase 5.8 

Initial water 22.32 Swelling index ASTM 39 Kaolin 2.94 
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content, w 

(%) 

mL/2g D 5890-06 

Optimum 

moisture 

content, wop 

(%) 

18 

Anion exchange 

capacity 

（meq / 100g） 

ASTM 

D 7503-10 
91 

Potassium 

feldspar 
2.4 

Maximum 

dry density 

dmax (g/cm
3
) 

1.54    Else 2 

 131 

Fig. 1 Particle-size distribution curve of loess 132 

2.2 Preparation of soil samples 133 

BML samples were prepared according to the percentage of the dry weight of bentonite to that of 134 

loess. The calculated loess and bentonite were poured into a small agitator to mix and homogenize 135 

sufficiently. Through the light compaction test, the optimal water content of BML is 20%, and the 136 

maximum dry density is 1.61 g/cm
3
. The water content and dry density of the improved loess samples are 137 

set accordingly. The direct shear test samples of RL and BML are made of ring knife samples with a 138 

diameter of 61.8 mm and a height of 20 mm. The SEM samples are cut from the ring knife samples with a 139 

size of 10 mm×10 mm×20 mm, and the preparation process of BML is shown in Fig. 2. 140 

 141 

Fig. 2 Preparation process of bentonite modified loess 142 
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2.3 Tests procedures 143 

2.3.1 Wetting-drying cycles 144 

The drying process of samples adopts an electro-thermostatic blast oven. The temperature control 145 

range is +10 – 250 °C, and the temperature fluctuation is ±1 °C. During the test, to increase the drying 146 

rate and reduce the influence of temperature on the structure of soil samples, the drying temperature was 147 

set to 45°C. The time required for the water content of the samples to reach a stable state was verified by 148 

trial tests. The test procedure is shown as follows. Two sets of standard ring knife samples (d =61.8 mm, h 149 

=20 mm) of RL and 15% BML were weighed and placed in a drying oven for drying at 45 °C, taken out 150 

at regular intervals and weighed to calculate the water content. Fig. 3 shows the relationship between 151 

water content and the drying time. The water content of the samples decreases over drying time. The 152 

water content of the samples decreases significantly in the first 6 h and tends to be stable after 24 h. 153 

Besides, the water content of RL decreases over drying time, which is higher than that of the BML. The 154 

water content of RL is more diminutive than BML after reaching a stable state, but the water content is 155 

less than 1%. Therefore, it can be seen from the above verification test that the samples drying at 45 °C 156 

for 24 h can achieve a better drying effect, and the drying time is set to 24 h. 157 

The water film transfer method is used in the sample wetting process. The filter paper is more 158 

prominent than the sample diameter and is placed on the surface of the sample. A certain amount of water 159 

is added to the filter paper through the dropper. The water evenly penetrated the soil through the filter 160 

paper. When the water content reaches the preset value, the samples are fully wrapped with a plastic film 161 

and kept in a close chamber for 24 h. The water is evenly diffused in the soil to complete a W-D cycle. 162 

The number of W-D cycles is 0, 1, 2, 3, 4, 5, and 10. 163 

 164 

Fig. 3 Relationship between water content and drying time 165 

2.3.2 Direct shear test 166 

After different W-D cycles, the samples were mounted on the strain-controlled direct shear test 167 

apparatus. Considering the actual landfill load, the normal pressure is set to 30, 50, 100, 150 kPa, 168 

respectively, which represents the change of normal pressure at the top of the impervious layer during the 169 

whole landfill process. The shear rate of the test is 0.08mm/min. If the shear stress has a peak, continue to 170 
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shear until the shear displacement reaches 4 mm or stop the test when the shear displacement reaches 6 171 

mm. 172 

2.3.3 SEM test 173 

The test process for the SEM tests is shown in Fig. 4. The SEM samples after different W-D cycles 174 

were broken from the middle, and the flat section without obvious cracks was selected as the observation 175 

surface. The sidewall of the selected sample was wrapped tightly with tin foil to expose the observation 176 

section, which was then fixed on the metal base with conductive glue. Then gold plating was performed 177 

to make the surface of the sample conductive after vacuuming, and then used in SEM scanning. The 178 

Quanta 600FEG SEM was used in the SEM tests. Three points are selected on each sample surface to 179 

ensure that representative structural units can be thoroughly selected. The 1000 and 2000 magnification 180 

are selected to scan the sample, respectively. 181 

 182 

Fig. 4 SEM test procedure 183 

3 Results 184 

3.1 Microstructure of loess after W-D cycles 185 

3.1.1 Qualitative analysis of SEM images of samples 186 

Fig. 5 presents the SEM images (×2000) of the RL after different W-D cycles. From the Figure, the 187 

soil particles of the RL without W-D cycles are mainly silt grains and silt-clay aggregates. The contact 188 

area between the particles is small, and the contact mode is mainly point contact. The aerial pores 189 

distribution has an obvious difference with the intergranular large pores, the aerial pores are 190 

inter-connective between soil particles. The skeletal structure of the loess presents a clot mosaic colloidal 191 

structure. With the increase of W-D cycles, the clay films are generated on the surface of silt grains with a 192 

diameter of about 30 m. The partially cemented silt-clay aggregates gradually separate during the water 193 

migration process, the number of intergranular pores increases and some intergranular pores are gradually 194 

connected to form new water migration channels. The cementation between the particles is weakened to 195 
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produce the loosened soil structure, resulting in the reduction of soil strength. After four W-D cycles, the 196 

original pores continue to serve as the main water migration channel, and the weakly cemented particles 197 

lose their linkage, leading to an increase in the number of intergranular pores, and the soil structure is 198 

further reduced. However, after five W-D cycles, the changes in the number of pores and soil particles are 199 

insignificant, and a new relatively stable structure was formed inside the soil, and the soil strength 200 

stabilized with the increase of W-D cycles. 201 

 202 

Fig. 5 SEM images of RL under W-D cycles (×2000)  203 

Fig. 6 shows the SEM images (×2000) of BML with different W-D cycles. From the figure, the 204 

particles of BML without the W-D cycle are mainly composed of cemented clay aggregates, the surface 205 

of the particles is wrapped by clay film, the contact between particles is mainly surface cementation, 206 

and the pores are uniformly distributed and are mainly small and medium-sized intergranular pores. 207 

The skeleton of the modified loess particles presents an inlaid cemented structure, so the structure of 208 

the modified loess is more stable than unmodified loess. After the fourth W-D cycle, the clay minerals 209 

between the soil particles are gradually reduced, the cementation between the soil particles decreases, 210 

and the partially cemented clay aggregates are gradually separated into small particles. The contact 211 

between particles is still dominated by surface cementation, the soil structure becomes looser, and 212 

intergranular pores with larger diameters are generated. After five W-D cycles, part of the clay film on 213 

the surface of aggregates particles is further dissolved into small pieces, which are attached to the 214 

surface of monomer particles or filled in the intergranular pores. The contact mode between particles 215 

gradually transitions from surface cementation to point contact. The small and medium-sized pores 216 

continue to decrease, while the large intergranular pores gradually increase and tend to be connected. 217 

The pore wall develops smoothly as a water migration channel during W-D cycles. After the tenth W-D 218 

cycle, the monomer silt particles with a diameter of about 25m in the skeleton particles increases, the 219 

cemented clay minerals are significantly reduced, the cementation between the particles is weak, and 220 

the contact mode is mainly point contact. The pores are mainly aerial pores, which leads to the 221 

weakening of the soil structure and strength. 222 
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 223 

Fig. 6 SEM images of BML under W-D cycles (×2000) 224 

3.1.2 Quantitative analysis of loess SEM images 225 

Based on the particles (pores) and cracks analysis system (PCAS) (Liu et al. 2011), SEM images 226 

with the magnification of 1000 times were selected for microscopic quantitative analysis. Fig. 7 shows the 227 

identification and analysis process of pores and particles. Binarized images are obtained through 228 

threshold segmentation and denoising steps, and the pores and particles are automatically segmented and 229 

identified. The white and black areas represent the pores and particles, respectively. Various geometric 230 

parameters and statistical parameters of pores and particles are obtained by a built-in algorithm. The 231 

quantitative indicators of microstructure such as surface porosity and fractal dimension were selected to 232 

describe the changes of particles and pores of the samples after the W-D cycles. The pore area ratio n is 233 

the ratio of the pore area to the total area in the statistical area; the fractal dimension of the pore reflects 234 

the development and complexity of the soil. Generally, the larger the fractal dimension, the more complex 235 

the pore structure distribution, the scattered distribution of soil particles and the weak degree of 236 

agglomeration. 237 

 238 

Fig. 7 Pores and particles identification and analysis process by PCAS system 239 

Fig. 8 (a) illustrates the porosity of RL and BML after W-D cycles. It can be seen that the porosity of 240 

RL and BML increases with the number of W-D cycles and tends to be stable after five cycles. After five 241 

W-D cycles, due to the continuous migration of water in the pore channel, some small particles are 242 

washed away from the pore wall, the original small and medium-sized pores are enlarged to form larger 243 

pores, resulting in higher porosity. After more W-D cycles, the pores are gradually dominated by aerial 244 
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pores. The pore channels for the migration of water are redistributed and soil particles are rearranged. The 245 

original structure becomes a relatively uniform loose structure, and the porosity no longer changes. 246 

Furthermore, the porosity of RL is always greater than that of BML after W-D cycles. The pore structure 247 

of RL is mainly composed of large intergranular pores between particles. The addition of bentonite makes 248 

montmorillonite and other mineral components swell and fill into the macropores in the loess skeleton, 249 

strengthening the cementation between particles and reducing its porosity. The porosity of the BML is 250 

lower than that of the RL during the whole W-D cycles process. 251 

The variation of pore fractal dimension of RL and BML with W-D cycles are shown in Fig. 8 (b). 252 

The results show that the pore fractal dimension of RL and BML increases firstly, and the fractal 253 

dimension of RL reaches the peak after three W-D cycles. they all tends to be stable after five W-D cycles. 254 

The fractal dimension of pores of BML is smaller than that of RL before W-D cycles because of the 255 

coexistence of aerial pores and intergranular pores in the pore structure of RL and the uneven distribution 256 

of pores among particles. While the filling of bentonite makes the number of large pores in BML 257 

decreases sharply, the pores are mainly medium and small, and the pore structure of BML is more 258 

complex than that of RL. Therefore, the fractal dimension of RL in the initial state is more significant 259 

than that of the improved loess. After W-D cycles, the main primary water migration channel in RL is the 260 

well-connected pores, while the primary interconnected pore channel is less in BML. Influenced by water 261 

migration, more small and complex pores are formed in the soil. The number and shape of pores in the 262 

soil gradually develop. The pore structure is more complex than that of RL, so the pore fractal dimension 263 

is larger than that of RL. After more W-D cycles, due to the rearrangement of soil particles and pores, the 264 

soil structure of RL and BML changes from the original mosaic cementation structure to a uniform loose 265 

structure, the pore structure is relatively stable, and the fractal dimension of pores tends to be stable after 266 

a decreasing trend. 267 

 268 

Fig. 8 Variation of porosity and fractal dimension of loess under W-D cycles 269 

3.1.3 Analysis of porosity-based damage degree 270 

To further analyze the change of porosity of RL and BML after W-D cycles, a continuous variable D 271 

is introduced as the porosity damage degree, as shown in Eq. (1): 272 

 

1 01

1

01

2 02

2

02

=
1

=
1

n n
D

n

n n
D

n

 
 



 

  (1) 273 
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where D1 and D2 represent the porosity damage of RL and BML after W-D cycles, respectively; n1 and n2 274 

are the porosity of RL and BML samples after W-D cycles, respectively; n01 and n02 are the initial porosity 275 

of RL and BML samples. D=0 corresponds to the initial undamaged state of the sample, and D=1 276 

indicates that the sample is in a fully damaged state, and 0＜D＜1indicates that the sample is in a 277 

damaged state. 278 

According to the change curve of porosity in the micro-quantitative index of RL and BML after the 279 

W-D cycles in Fig. 8 (a), it can be found that the relationship between W-D cycle number N and porosity 280 

n of RL and BML after different W-D cycles as follows: 281 

 

2

1 1 1 01

2

2 2 2 02

( )

( )

n N a N b N n

n N a N b N n

   


  
  (2) 282 

where N is the number of W-D cycles; a1, a2, b1, and b2 are all fitted parameters. Transform the form of 283 

Eq. (2) into the following equation: 284 

 
1 01 1 1

2 02 2 2

( )

( )

n n N a b N

n n N a b N

   


  
  (3) 285 

Substituting Eq. (3) into Eq. (1) can obtain the univariate prediction model for the number of W-D 286 

cycles and porosity damage as follows: 287 

 

1 1

1

01

2 2

2

02

( )

1

( )

1

N a b N
D

n

N a b N
D

n

 
 


  

  (4) 288 

where D1 and D2 respectively represent the porosity damage of RL and BML after W-D cycles; N is the 289 

number of W-D cycles; n01 and n02 are the initial porosity of RL and BML samples, the values are 0.2960 290 

and 0.1657; a1, a2, b1, and b2 are all fitted parameters, with values of 0.0377, 0.0651, -0.0023, and -0.0042 291 

respectively. 292 

In Eq. (4), D1/D2 obtains Eq. (5), and Eq. (5) can reflect the relationship between the porosity 293 

damage of RL and 15% BML during the W-D cycles: 294 

 021 1 1

2 2 2 01

1

1

nD a b N

D a b N n


 

 
  (5) 295 

Fig. 9 (a) presents the variation of the damage degree of porosity of RL and BML with the number of 296 

W-D cycles. The result shows that the porosity damage of RL and BML increases during the previous five 297 

W-D cycles, but it keeps stable of both samples from fifth W-D cycles. 298 

The porosity damage of the BML samples is greater than that of RL during the development of W-D 299 

cycles. Although the porosity of RL is always higher than that of BML during the whole W-D cycles, the 300 

porosity of BML varies within a large range after the impact of W-D cycle. Because the fine bentonite 301 

particles swell and fill in the large pores of the loess grains skeleton before the W-D cycle. During the 302 

reciprocating W-D cycle, the montmorillonite continuously undergoes the processes of water swellable 303 

and shrinkage. After several W-D cycles, the damage of the expanded montmorillonite in the process of 304 

water shrinkage is irreversible, resulting in a more significant change in the pore structure of the BML 305 

than before. Therefore, the porosity damage also shows a larger trend than that of the RL. Fig. 9 (b) 306 

compares the calculated value and the tested value of the univariate damage prediction model based on 307 

porosity. From the figure that most of the data points are distributed on both sides of the straight-line y=x, 308 
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indicating that the predicted value of the damage model is similar to the experimental value, the model 309 

can better predict the RL and BML porosity damage rules under the action of W-D cycles. 310 

 311 

Fig. 9 Comparison of porosity damage degree and model results 312 

3.2 Analysis of shear strength of loess under W-D cycles 313 

3.2.1 The curves between shear stress and shear displacement 314 

Fig. 10 and Fig. 11 show the relationship between shear stress and shear displacement of RL and 315 

BML under different vertical pressures during W-D cycles. The relationship between shear stress and 316 

shear displacement of RL shows strain softening under the action of low vertical pressure (p = 30kPa), the 317 

curves of RL gradually transits to strain hardening with the vertical pressure increase. The shear stress of 318 

samples increases with the growth of shear displacement after different W-D cycles. However, the 319 

relationship between shear stress and shear displacement of BML is strain-softening without the influence 320 

of W-D cycles, while the relationship between shear stress and shear displacement is strain hardening 321 

when it experiences the W-D cycles, and the shear stress increases with the growth of shear displacement. 322 
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 323 

Fig. 10 shear stress vs. shear displacement curves of RL under vertical pressure 324 

 325 

Fig. 11 shear stress vs. shear displacement curves of BML under vertical pressure 326 
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3.2.2 Strength parameters 327 

Fig. 12(a) shows the variation of the cohesion of RL and BML with the number of W-D cycles, the 328 

cohesion of both loess decreased gradually with the increase of the W-D cycles, and tended to be stable 329 

after five W-D cycles. The cohesion of BML was higher than that of RL in initial state, it was consistently 330 

lower than that of RL in the first to fourth W-D cycles, and when it is stable after five cycles, it is higher 331 

than that of RL. Because the cohesion is related to the cementation between soil particles, double-layer 332 

water and the attraction between molecules. Without the effect of the W-D cycle, due to montmorillonite 333 

and other minerals in bentonite, water swelling fills the pores between loess particles, and ion exchange 334 

forms a diffuse double layer, which enhances the bonding force and electrostatic attraction between soil 335 

particles. The interaction force between modified loess particles is more substantial than RL particles, so 336 

the modified loess cohesion is greater than RL. During the W-D cycles, the cement structure and diffusion 337 

electric double layer are destroyed due to water migration, and the cohesion decreases sharply. Finally, 338 

when the cohesion tends to be stable, the existence of some clay aggregates makes the cohesion of 339 

modified still higher than that of RL after multiple W-D cycles. 340 

Fig. 12(b) presents the variation curve of the internal friction angle of RL and BML with the number 341 

of W-D cycles. As shown in the figure, the internal friction angle of RL samples fluctuates with the 342 

increase of the W-D cycles, while the internal friction angle of BML shows a trend of continuous 343 

attenuation with the increase of the W-D cycles and the attenuation amplitude gradually decreases. The 344 

internal friction angle of the sample depends on the friction and occlusion between the particles. The 345 

addition of bentonite in the loess acts as the clay aggregates between the soil particles, and more small 346 

particles adsorb on the particles surface, causing the friction between the soil particles increases. With the 347 

development of W-D cycles, the friction between particles weakens, and the internal friction angle 348 

between particles decreases due to the lubrication of water film. 349 

 350 

Fig. 12 Strength parameters of loess under W-D cycles 351 

3.2.3  Analysis of shear strength 352 

Fig. 13 illustrates the variation of shear strength of RL and BML under different W-D cycles. Under 353 

different vertical pressures, the shear strength of RL and BML first decreases and then tends to be stable 354 

with the increase of the number of W-D cycles, which is consistent with the variation law of cohesion 355 

under W-D cycles. Before the W-D cycles, the clay minerals in the BML fill in the aerial pores and large 356 

intergranular voids, the soil particles are mainly surface cementation, the BML particles structural 357 

stability is higher than that of the RL, so the shear strength of the BML is higher than that of the RL. The 358 
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shear strength of BML is lower than that of RL after the W-D cycles, but the shear strength of BML and 359 

RL tends to be stable after five W-D cycles, and the shear strength of BML is higher than that of RL. In 360 

the previous W-D cycles, as the scouring effect of water migration on soil particles, the clay film on the 361 

surface of modified loess particles is continuously dissolved, the large agglomerated particles are 362 

separated. The cementation between particles is weakened, the contact area is continuously reduced, the 363 

soil structure changes significantly, and the strength change of BML is more extensive than RL. With the 364 

increasing of W-D cycles, the influence of water migration on soil structure is weakened, and the soil 365 

particles and pores are rearranged, the particles are mainly point-to-point contact. However, due to the 366 

clay minerals in bentonite, the bond strength between the modified loess particles is greater than that of 367 

RL, so the shear strength of BML is higher than that of RL. 368 

 369 

Fig. 13 Shear strength curves of loess under W-D cycles 370 

3.2.4 Analysis of cohesion damage degree 371 

The influence of W-D cycles on the internal friction angle of RL and BML is smaller than that on the 372 

cohesion. Therefore, based on the cohesion to further analyze the deterioration rule during the W-D cycles. 373 

A continuous variable λ was introduced, named cohesion damage degree: 374 
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  (6) 375 

where: λ=0 corresponds to the non-damaged state, λ=1 corresponds to the completely damaged state, 0< 376 
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λ<1 corresponds to the different degree of cohesive damage state; c01 and c02 represent the cohesion of RL 377 

and BML samples in the initial state, respectively; c1 and c2 respectively represent the cohesion of RL and 378 

BML after W-D cycles. 379 

According to the curve of cohesion of RL and BML under W-D cycles in Fig. 12(a), it can be found 380 

that there are quadratic polynomial relationships and the exponential relationship between the cohesion c 381 

of RL and BML after experiencing different W-D cycles N: 382 
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Substituting Eq. (7) into Eq. (6), the relationship between the cohesion of RL and BML and the 384 

number of W-D cycles are obtained, respectively: 385 
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  (8) 386 

where λ1 and λ2 are the cohesion damage degree of RL and BML after W-D cycles, respectively; N is the 387 

number of W-D cycles; c01 and c02 are the initial cohesion of RL and BML samples, respectively, with 388 

values of 58.68 and 87.33; a1, a2, b1 and b2 are the fitted parameters, with values of -10.3979, 0.6000, 389 

46.0906 and -0.3422, respectively. 390 

In Eq. (8), λ1 /λ2 can be obtained as Eq. (9), which reflects the quantitative relationship between the 391 

cohesion damage degree of RL and that of BML in the process of W-D cycles: 392 
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  (9) 393 

Fig. 14 (a) presents the curves of cohesion-based damage degree of RL and BML after different W-D 394 

cycles. The cohesion-based damage degree of RL and BML increases with the increase of W-D cycles and 395 

tends to be stable after five cycles. In the process of W-D cycles, the damage degree of BML is greater 396 

than that of RL. The reason is that the water migration in the process of W-D cycles constantly destroys 397 

the surface electric double layer of clay minerals attached to the surface of soil particles, the 398 

intermolecular force decreases continuously, and the cementation between particles continued to decrease, 399 

the cohesion after the W-D cycles decreases more significant than the initial state, so the BML cohesion 400 

damage degree under the W-D cycles is more significant than that of RL. 401 

The cohesion damage degree of RL and BML after W-D cycles was calculated by equation (8), and 402 

compared with the experimental values of cohesion damage degree. The comparison results are shown in 403 

Fig. 14 (b). It can be seen from the figure that the data points are distributed on both sides of the 404 

straight-line y=x, which indicates that the predicted value of the cohesive damage model is similar to the 405 

experimental value and that the model can better predict the damage regularity of the cohesion of RL and 406 

BML under the action of W-D cycles. 407 
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 408 

Fig. 14 Comparison of cohesion damage degree and model results 409 

 410 

3.3 Correlation analysis of shear strength and microstructure of loess 411 

3.3.1 Multivariate linear stepwise regression method 412 

The mechanical properties of loess and modified loess are not only related to their own mineral 413 

composition, but also to the degree of association of pores and particles. The expansion and development 414 

of surface cracks of loess under W-D cycles are closely related to the connection of internal particle pore 415 

structure. Therefore, to investigate the correlation between the strength characteristics of loess and 416 

microscopic particle pores, the regression equation between the shear strength parameters of loess and 417 

microscopic pore structure parameters was established by the multivariate linear stepwise regression 418 

analysis. The stepwise method involves introducing the independent variables into the model individually, 419 

conducting an F-test after each new independent variable is introduced, and performing a t-test on the 420 

selected independent variables singly, and removing the variables with insignificant changes from the 421 

equation individually. The expression of the model is as follows (Wang et al. 2007; He et al. 2009): 422 

 
0 1 1 2 2 i iY X X X          (10) 423 

where : 0 is the regression constant; 1 is the partial regression coefficient of the independent variable X1; 424 

2 is the partial regression coefficient of the independent variable X2; i is the partial regression 425 

coefficient of the independent variable Xi; i is the number of independent variables. The results of partial 426 

regression coefficients and regression constants were obtained by data analysis. 427 

In the multivariate linear stepwise regression analysis, the shear strength parameters were selected as 428 

the cohesion (c) and the internal friction angle (). The parameters of micro-pore structure of loess were 429 

selected as equivalent diameter (De), oblate degree (Od), pore area ratio (λ), average form factor (F), 430 

probability entropy (H), fractal dimension (Dfp) (Cox and Budhu 2008; Liu et al. 2011). The De is the 431 

average diameter of an equivalent circle equal to the pore area of the soil. The Od is the ratio of the short 432 

axis and long axis of the pore, the value is less than 1. The smaller the value, the pore tends to be 433 

elongated, otherwise, the closer to the round shape. The λ indicates the ratio of the pore area to the total 434 

area within the same cross section. The F characterizes the pore boundary roundness, and the value is in 435 

the range of (0,1), the pore shape is closer to round with the increase of F. The H is used to describe the 436 

directionality of the pore arrangement. The value of H varies between (0,1) and the smaller the H, the 437 

more pronounced the directionality of the pores. The Dfp reflects the variation law of pore complexity 438 
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with its area, and the larger the Dfp reflects the more complex pore structure and the more dispersed pore 439 

distribution of the soil. The experimental results and the obtained parameters are shown in Table 2. 440 

 441 

Table 2 Summary of strength and micro-pore structure parameters of loess 442 

Loess 
Wetting-dryin

g cycles 

Strength 

parameters 

Micro-pore structure  

parameters 

c / 

kPa 
 /  

De 

/m 
Od λ F H Dfp 

Remolde

d loess 

0 
58.6

8 

21.4

2 

4.573

4 

0.585

0 

29.60

% 

0.372

8 

0.983

6 

1.197

1 

1 
47.8

6 

22.0

0 

4.310

2 

0.614

2 

29.13

% 

0.333

7 

0.991

7 

1.200

7 

2 
42.0

0 

20.8

6 

4.759

8 

0.607

4 

36.65

% 

0.352

9 

0.989

3 

1.237

7 

3 
37.6

9 

20.9

8 

4.464

9 

0.618

5 

38.07

% 

0.347

9 

0.992

0 

1.242

7 

4 
29.1

7 

24.4

5 

4.593

2 

0.610

2 

40.48

% 

0.341

2 

0.989

2 

1.232

8 

5 
17.0

7 

20.6

6 

4.099

5 

0.616

7 

40.43

% 

0.334

9 

0.994

7 

1.225

6 

10 
16.0

0 

20.7

5 

4.772

2 

0.623

6 

42.53

% 

0.329

8 

0.993

5 

1.219

5 

Bentonite 

modified 

loess 

0 
87.3

3 

31.5

0 

3.782

5 

0.590

9 

16.57

% 

0.384

2 

0.987

6 

1.162

6 

1 
46.8

2 

28.8

0 

4.131

9 
0.584 

20.08

% 

0.391

6 

0.990

7 
1.2211 

2 
36.4

3 

25.9

0 

4.275

1 

0.575

0 

26.28

% 

0.301

9 

0.991

3 

1.244

8 

3 
30.8

3 

20.2

0 

4.375

2 

0.586

5 

30.86

% 

0.298

2 

0.989

5 

1.255

7 

4 
27.3

0 

19.2

3 

4.808

8 

0.587

1 

35.13

% 

0.310

0 

0.983

8 

1.281

3 

5 
25.8

1 

18.0

0 

4.503

6 

0.591

9 

38.07

% 

0.288

0 

0.991

5 

1.272

7 

10 
23.3

3 

17.2

2 

4.937

5 

0.610

5 

38.56

% 

0.374

1 

0.989

4 

1.247

7 

3.3.2 Results of regression analysis 443 

The regression models of shear strength and micro-pore structure parameters were calculated by 444 

multivariate linear stepwise regression analysis through SPSS software and obtained as shown in Table 3. 445 

The cohesion of loess is negatively linearly correlated with the λ, i.e., the cohesion decreases gradually 446 

with the increase of λ. The λ, H, and Dfp can jointly explain 84% of the loess cohesion, indicating that the 447 

λ, H, and Dfp have a strong influence on the loess cohesion. The c is negatively correlated with λ. The 448 
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larger the pore area is, the easier for the particles to slide, and the bonding effect between the soil particles 449 

is weakened, leading to the reduction of the loess cohesion. The c is negatively correlated with H. With 450 

the increase of H, the pore orientation weakened, the pore direction distribution tended to be random, and 451 

the loess cohesion gradually decreased. The c is negatively correlated with Dfp. With the increase of Dfp, 452 

the complexity of pore distribution of different pore sizes and shapes in the plane increases, the more 453 

complex the pore structure of the soil, the more dispersed the pore distribution is, the easier the skeleton 454 

of soil particles will be destroyed, and the loess cohesion will be smaller. 455 

The  is linearly correlated with the λ, and the correlation coefficient of the regression equation is 456 

0.6. The  is negatively correlated with the λ, i.e., the  decreases with the increase of the λ. The larger λ 457 

is, the more pores in the unit area, the bonding between soil particles is weakened, the easier the sliding 458 

between particles, and the internal friction angle decreases. It can be seen that the λ is one of the factors 459 

affecting the  of loess. 460 

Table 3 Regression analysis of strength and micro-pore structure parameters of loess 461 

Regression model R
2
 F P 

c 

Model 1 c = 102.061 - 195.169 λ 0.65 25.238 <0.001 

Model 2 c = 394.346 - 142.838 λ - 251.362 Dfp 0.77 22.257 <0.001 

Model 3 c = 2087.196 - 115.357 λ - 285.656 Dfp - 1676.723 H 0.84 22.976 <0.001 

  = 35.657 - 40.486 λ 0.60 20.368 <0.001 

Figures 15 (a)-(c) show the comparison between the fitted results of the stepwise regression 462 

equations and the measured values of the cohesion of the remold loess and modified loess. From the 463 

figures, as the independent variables in the regression equation increase, the range of error bands 464 

gradually decreases and the correlation coefficients of the regression models increases subsequently. 465 

When the regression model contains λ, H, and Dfp, the fitted correlation coefficient R
2
 is 0.84, and the 466 

fitted value of cohesion has a high linear correlation with the measured value, indicating that the fitted 467 

regression model 3 can be used to predict the cohesion of loess. Figure 15 (d) shows the comparison 468 

between the measured and fitted values of the internal friction angle. The fitted values of the internal 469 

friction angle fit well with the measured, and both have similar decay laws with the increase of 470 

wetting-drying cycles. It is indicated that the regression equation between macro-mechanical parameters 471 

and microstructural parameters established by multivariate linear stepwise regression method can well 472 

reflect the influence law of loess microstructure on macro-mechanical strength. 473 
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 474 

Fig. 15 Comparison of measured and fitted values of shear strength parameters 475 

4 Discussions 476 

4.1 Microstructure evolution of BML under W-D cycles 477 

In the process of W-D cycles, the soil mechanical properties are very complex, which are affected by 478 

many factors, such as soil water retention characteristics, mineral composition, W-D cycle stage, 479 

microstructural characteristics, and cracking intensity (Tang et al. 2020). Ni et al. (2020) considered that 480 

the reasons for the changes of loess particle microstructure under W-D cycles were that the dissolution 481 

and recrystallization of soluble salts at different water contents affected the size and shape of the particle’s 482 

skeleton, and the clay cementation was affected by swelling and suction, and caused the arrangement of 483 

loess particles. The W-D cycle is essentially the process of water migration inside the soil. In this process, 484 

the pores in the soil are used as migration channels. The water continuously washes the primary pores, 485 

causing the dissolution of some fine particles and part of clay minerals on the surface, making the primary 486 

small and medium pores transition to large pores, weakening the soil structure and reducing the soil 487 

strength. The essence of the microstructure change of BML under the action of the W-D cycles is that the 488 

cementation strength and double electron layer destruction of the clay minerals such as montmorillonite 489 

on the surface of the modified loess particles make some cementation aggregates separate into small 490 

particles, the particles are rearranged, and the microstructure of the soil gradually be destroyed and forms 491 

a new stable structure. As the W-D cycles continue, the pore structure almost does not change, and the 492 

soil strength reaches stability. 493 



 21 / 24 

 

4.2 Multiscale comparison of damage regulation of loess under W-D cycles 494 

The deformation of soil can be divided into macroscopic deformation and microscopic deformation, 495 

and the macro characteristics such as strength are the reflections of its microscopic structure of the soil. 496 

The combination of macro strength test and micropore structure observation can better observe and 497 

explain the deformation failure regularity of loess. 498 

Fig. 16 illustrates the curve of damage degree of RL and BML under different W-D cycles. The 499 

variation of damage degree of soil micro porosity and macro cohesion is consistent under the action of 500 

W-D cycles. The damage degree of samples increases with the increase of W-D cycles; after five W-D 501 

cycles, the damage degree of the sample tends to be stable. It is revealed that the W-D cycles have a 502 

decelerating degradation effect on the loess before and after bentonite modification. The damage of soil is 503 

reflected by the cohesion and micro-porosity, which have macro and micro consistency. 504 

 505 

Fig. 16 Comparison of damage degree of loess under W-D cycles 506 

5 Conclusions 507 

This paper took RL and BML as study objects, through SEM tests and direct shear tests to research 508 

the damaged relationship between microstructure and macroscopic strength of samples under different 509 

W-D cycles. The main conclusions are as follows: 510 

(1) The essence of bentonite that could modify loess is that montmorillonite minerals in the bentonite 511 

absorb water and swell to fill the macropores in the framework of loess particles, and the macropores 512 

decrease while the mesopores and micropores increases. The particle contact of RL is mainly pointing 513 

content, while the BML is surface content. The microstructure of BML is more stable than RL under W-D 514 
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cycles. 515 

(2) With the increase of W-D cycles, the cement structure and diffusion electric double layers of the 516 

loess are destroyed, resulting in the loss of the particle arrangement of RL and BML, and the porosity and 517 

pore fractal dimension increase gradually. After 5 W-D cycles, the particles are rearranged until the soils 518 

reach a new stable structure, the porosity and fractal dimension are increasingly stable, but the porosity of 519 

BML is smaller than RL, the microstructure is more complex, and the pore fractal dimension is more 520 

significant. 521 

(3) The cohesion of RL and BML all decr eases under the W-D cycles, but the decay rates of BML 522 

are larger than RL. The internal friction angle of RL has no noticeable change under W-D cycles, but it 523 

decreases with the increase of W-D cycles. 524 

(4) The regression equation between macro-mechanical parameters and microstructural parameters 525 

established by multivariate linear stepwise regression method can well reflect the influence law of loess 526 

microstructure on macro-mechanical strength. 527 

(5) Based on the changes of porosity and cohesion of samples during the W-D cycles, the continuous 528 

damage variables about porosity and cohesion are introduced respectively, establishing damage degree 529 

models of porosity and cohesion, which can better predict the damage regulation of porosity and cohesion 530 

of RL and BML during the W-D cycles. 531 
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