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1. Introduction 
 

Expansive soil, which has characteristics of water 

swelling and drying shrinkage, is widely distributed around 

the world (Ali et al. 2020, Bowels 1988, Jones and 

Jefferson 2012). The swelling and drying behavior of 

expansive soil causes huge damage to the geotechnical 

structures, including road subgrade and slope (Chompoorat 

et al. 2021, Nalbantoğlu 2004, Punthutaecha et al. 2006) . 

Therefore, controlling the swelling and shrinkage 

deformation of expansive soil is vital to the safety and 

stability of engineering structures (Cheng et al. 2018, 

Puppala et al. 2005). 

To eliminate or inhibit the swell-shrink behavior of 

expansive soil (ES), many researchers have applied the 

cohesive non-swelling soil (CNS) covering technology for 

its reliability and efficiency (Chen et al. 2006, Katti 1979, 

Murty and Praveen 2008, S9451 1994, Watanabe et al. 

2021). However, the interaction between CNS layer and ES 

layer has not been fully understood. It is generally accepted 

that the CNS layer can protect the ES layer from the 

variation of water and heat induced by the natural 

environment, and the deadweight of CNS layer can also  
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inhibit the swelling deformation of ES layer. Katti et al. 

(2002) found that the expansion of the black cotton soil can 

be eliminated with 1.2 m CNS covered even when subjected 

to infiltration saturation. Although the deadweight of the 

CNS layer can contribute to the inhibition of soil expansion, 

the deadweight is much lower than the swelling pressure 

(224 kPa). Therefore, there should exist other interactions 

between the CNS layer and the ES layer except for the 

deadweight. Yao et al. (2020) performed laboratory tests to 

study the effects of CNS layers. They found that ions in the 

CNS layer would migrate and concentrate in the ES layer 

during a unidirectional saturation, and the inhibition effects 

of migrated ions are more significant than the effects of 

CNS deadweight. However, their conclusion is limited by 

the model size that is much smaller than the actual size. 

Compared to filed and laboratory tests, the outdoor model 

test is more suitable for controlling the boundary condition 

of tests and simulating the actual situation as real as 

possible. 

During the infiltration saturation test, the soil expansion 

happens in a water-ion-soil system, where the increase of 

water content, migration of ions, and soil deformation 

simultaneously occur. It is actually an electrochemistry 

process. In the conventional tests, only mechanical indexes, 

including swelling deformation and soil pressure, are tested. 

The electrical resistivity is sensitive to the composition and 

structural characteristics of soil (Lei et al. 2021, Oh et al. 
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2015). Since Archie (1942) first proposed the formula for 

saturated sand resistivity, researchers have performed many 

tests to study the influence of parameters, including water 

content, temperature (AbuHassanein et al. 1996), and other 

geotechnical factors (Kibria and Hossain 2012) on the 

electrical resistivity of clays. Cai et al. (2015) performed 

systematic experiments to study the correlation between the 

electrical resistivity, and mechanical properties of MgO 

stabilized silty soil. Chu et al. (2018) found that it is 

practical to predict the free swelling rate of expansive soil 

using the electrical response. From the listed literature, we 

can infer that the electrical resistivity can be applied to 

study the mechanism of inhibition effects of CNS layer on 

ES layer. 

In this paper, we performed four outdoor model tests to 

study the inhibition effect of CNS layer with different 

thicknesses on ES layer under unidirectional saturation. 

During the saturation process, the electrical resistivity, 

swelling deformation, soil pressure were continually 

monitored to analyze the inhibition effect of CNS layer on 

ES layer. 

 

 

2. Model description 
 

2.1 Physical parameters of test soil samples 
 

The expansive soil adopted in this test was obtained 

from Nanning, Guangxi province, China. The CNS was 

obtained from Wuhan, Hubei province, China. The physical 

parameters of the soils are shown in Table 1. Katti et al. 

(2002) proposed tentative specifications for CNS soils, as 

shown in Table 2. Indeed, the soil as shown in Table 1 does 

not satisfy the recommended requirements in Table 2. 

However, this soil has been used as CNS material for a 

series of small model tests (Yao et al. 2020), and they found 

that this soil can significantly restrain the swelling 

characteristics of expansive soil. Therefore, the soil as 

shown in Table 1 can be applied as CNS material and be 

used to study the effects of cohesive non-swelling soil layer 

on expansive soil. 

 

2.2 Model design 
 
As shown in Fig. 1, the dimensions of the test box are 

2.4 m ×1.8 m × 2.8 m (height). Most parts of the box were 

buried, and 0.5 m of the box extended out of the ground to 

prevent water in surrounding soils from entering. The one-

time-forming test box was made of steel-reinforced 

concrete to ensure enough rigidity, and it was partitioned 

into six cells with a size of 40 cm × 40 cm by the inner wall. 

Different kinds of models were filled in the cells, as shown 

in Fig. 1(b). The walls in each cell were paved with an 

asphalt waterproofing membrane to prevent water 

penetration and reduce friction between soil and wall. 

Silicone oil was also put on the membrane surface to reduce 

friction. One side of each model was blocked by the organic 

glass plates with a thickness of 10 mm for observation, as 

shown in Fig. 1(a). The plates were fixed to the sidewall by 

corner connectors, bolts, and rivets. We applied several  

Table 1 Physical properties of soils 

Index CNS Expensive soil 

Sand (%) 1.40 3.90 

Silt (%) 64.20 31.70 

Clay (%) 34.40 64.40 

Specific gravity  2.73 2.70 

Liquid limit (%) 37.23 63.00 

Plastic limit (%) 20.10 24.94 

Unified soil classification CL CH 

Optimum moisture content (%) 13.80 16.20 

Maximum dry density (g/cm3) 1.92 1.80 

Free swelling ratio (%) 24.50 65.50 

Swelling force (kPa) -- 182.72 

Swelling percentage (%) -- 19 

Permeability (cm/s) 2.87×10-7 4.86×10-8 

 

Table 2 Physical properties of CNS soil (Katti et al. 2002) 

Clay (less than 2 μm) 15–20% 

Slit (0.06 mm–0.002 mm) 30–40% 

Sand (2 mm–0.06 mm) 30–40% 

Gravel (Greater than 2 mm) 0–10% 

Liquid limit 30%- 50% 

Plasticity index 15%- 30% 

 

 
waterproof measures to prevent water leaking from the gap 
between the organic glass plate and the wall. Besides, the 
outside of glass plates was supported by steel transverse 
braces at certain intervals to limit lateral deformation of 
models during the test. According to the real working 
condition, a certain thickness of expansive soil was first 
filled, followed by another layer of CNS. In addition, the 
infiltration of water was simplified to the unidirectional 
seepage condition, where the distilled water was injected on 
the top surface of models, as shown in Fig. 1(b). 

 

2.3 Experimental plan 
 
To study the inhibition effect of CNS on expansive soil, 

we designed 4 kinds of models with the same thickness of 
ES (60 cm) and different upper layers, as shown in Table 3. 
The effects of CNS thickness were studied by setting three 
kinds of thickness, including 0, 40, and 80 cm. In addition, 
a control experiment (test 4), which contained a layer of 
gravel with the same weight of 40 cm CNS layer, was also 
performed to discuss the effects of upper layer deadweight 
separately. It needs to be pointed out that the gravel had 
been washed many times to ensure that the deadweight of 
gravel is the only influence factor on the swelling 
deformation of the expansive soil layer. Several indexes, 
including swelling deformation, electrical resistivity, and 
soil pressure, were monitored during water infiltration. 

 

2.4 Monitoring method 
 

To monitor the variation of indexes, as shown in Table 

3, several devices and sensors are needed to be buried 

during the filling of models. 
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2.4.1 Swelling deformation 
As shown in Fig. 2, organic glass strips with a size of 10 

cm × 5 cm were placed beside the organic glass plate for 

every 10 cm thickness of expansive soil during model 

filling. When the expansive soil swells in the saturation 

process, the strips will move with the soil, the moving 

distance of which can be observed according to the scales 

on the plate, as shown in Fig. 2. Therefore, by constantly 

recording the movement of strips at different depths, the 

swelling deformation of different expansive soil layers can 

be obtained. 

 

2.4.2 Electrical resistivity 
To test the electrical resistivity of the expansive soil 

layer during the saturation process, we installed copper 

 

 

  
electrodes in the bottom, middle, and top of the expansive 
soil layer, as shown in Fig. 2. The diameter and thickness of 
the round copper electrode is respectively 5 cm and 1 mm. 
Through the 2 mm hole in the center of the electrode, a wire 
was tied to the electrode and extended out of the box for 
testing convenience. Because the electrical resistivity is 
associated with temperature (AbuHassanein et al. 1996), we 
measured the electrical resistivity of models at a fixed time 
in the evening to deduce the influence of temperature. 

The electrical resistivity of the bottom and the upper 

half of the expansive soil layer were tested by the Pentium 

WDJD-4 digital DC electronic activator with a DC power 

supply, as shown in Fig. 3. The electrical resistivity of the 

tested layer can be obtained by the following expression 

 

 

(a) Plan of the model test tank (mm) (b) Diagram of a test cell 

Fig. 1 Design of the model test 

 

Fig. 2 Placement of organic glass strip and copper electrode 

Table 3 Outdoor model test plan 

Number  Model type  
ES thickness 

/cm 

Cover layer 

thickness /cm 

Type of cover 

layer 

Soil compactness 

/% 

Monitor 

parameters 

1 ES 60+CNS 0 60 0 —— 85 Swelling 

deformation, 

electrical 

resistivity,  

soil pressure 

2 ES 60+CNS 40 60 40 CNS 85 

3 ES 60+CNS 80 60 80 CNS 85 

4 ES 60+Gravel 40 60 —— Gravel 85 
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( )spU U S

IL


 
  (1) 

where ΔU and ΔUsp are respectively the measured and 

original potential difference of the tested soil layer; I is the 

current size; L is the thickness of the soil layer; S is the area 

of the round copper electrode. 

 

2.4.3 Soil pressure 
For tests 1-3, the vertical and transverse soil pressure 

was recorded using soil pressure sensors. The thickness of 

the soil pressure sensor is 2 cm and the diameter of it is 10 

cm. Before the filling of ES layer, one soil pressure sensor 

was set horizontally at the center of the box bottom, and 

another soil pressure sensor was set vertically next to the 

concrete wall. When the height of ES layer respectively 

reaches 30 and 60 cm, two soil pressure sensors were also 

installed at the bottom of the box. Therefore, the vertical 

and transverse soil pressure in the bottom, medium, and top 

of the expansive soil layer can be recorded during the 

saturation process. 

The data of the soil pressure sensor with 2 cm thickness 

and 10 cm diameter were collected by the UT7110Y static 

strain gauge, the accuracy of which is 0.01 kPa. 

 

2.5 Model filling 
 
The bulk soil was first subjected to air-drying, crushing, 

and processing through a 2.00 mm sieve. Then, an amount 

of water was sprayed on the soil powder to reach the 

optimum water content, and the soil sample was ready to be 

filled after storage in an airtight container for 4 days. 

Considering the amount of soil needed for this experiment 

is large, we prepared the soil for each model individually, 

and the water content is tested before the filling of models.  

The initial water content of each model is listed in Table 

4. As shown in Table 4, the water content of the soil is 

controlled well in the range of ±0.5% around the optimum 

water content. To accelerate the infiltration process, we set 

the degree of soil compaction to 85%. Referring to the scale 

on the organic glass plate, we compacted the soil at layers 

every 5 cm. As described in the above sections, the devices 

and sensors were buried in a specific depth during the 

filling process. After the filling of the model, one layer of 

filter paper and geotextile was placed on the top surface of 

the soil, and then 3 kg gravel was uniformly distributed on 

the geotextile to reduce the disturbance to the surface soil 

when adding water. Finally, distilled water was added to the 

model after recording the initial values of electrical 

resistivity and soil pressure. In addition, the thickness of  

 

 

 

Fig. 3 Measurement of electrical resistivity 

Table 4 Initial water content of soil for each model 

Soil type 

Water content (%) 

ES 

60+CNS 0 

ES 60+CNS 

40 

ES 60+CNS 

80 

ES 60+Gravel 

40 

CNS - 13.56 14.31 - 

Expensive 

Soil 
16.10 15.83 16.44 16.34 

 

 

water was kept around 5 cm during the whole saturation 

process. 

 

 
3. Results analysis 
 

3.1 Swelling deformation 
 

The developments of swelling deformation for the 60 

cm expansive soil layer in different tests are shown in Fig. 4. 

As can be found, the swelling deformation of the model 

without the CNS layer continued to grow with time and 

finally reached 41.5 mm. When the ES layer was covered 

with a 40 cm thick CNS layer, the stable swelling 

deformation was reduced to 13 mm, and the inhibition ratio 

reaches 68.67%. The inhibition effect increased with the 

increase of CNS thickness, and the swelling deformation of 

ES layer was only 4.5 mm as the thickness of CNS 

increased to 80 mm. However, when the 40 cm thick CNS 

layer was replaced by an equal weight of gravel, the 

inhibition ratio was only 48.2%, which is much lower than 

the effect of 40 cm thick CNS layer. This indicates that 

there must exist other effects of the CNS layer on the 

swelling behavior of ES layer besides the effect of CNS 

deadweight. 

Fig. 5 respectively shows the swelling deformation of 

six layers with the same original thickness in the ES. It can 

be found that the swelling deformation mainly formed in 

the upper part of the ES layer (30-60 cm) for the models 

without a CNS layer. Without a covering layer (ES 60+CNS 

0), the swelling deformation for the upper layer of ES was 

29.5 mm, which accounted for 71% of the whole swelling 

deformation. When covered with a gravel layer, the 

swelling deformation for all layers shows a certain decrease.  

 

 

 
Fig. 4 Development of swelling deformation for the 

whole expansive soil layer 
 

94



 

Model tests for the inhibition effects of cohesive non-swelling soil layer on expansive soil 

 
Fig. 5 Stable swelling deformation of the expansive soil 

in the different height range 

 

 

Further, the swelling deformation of the ES upper part 

decreased significantly with the covering of CNS layer, 

while the variation of swelling deformation in the lower 

part was not obvious. This means that the inhibition effect 

(exclude the effect of CNS deadweight) of the CNS layer on 

the ES layer is mainly concentrated on the upper part of ES 

layer. 

 

3.2 Electrical resistivity 
 

As described in 2.4.2, copper electrodes were installed 

in the bottom, middle, and top of the ES layer. With the 

buried electrodes, the electrical resistivity of the lower part 

(0-30 cm) and the upper part (30-60 cm) of the ES layer 

were monitored constantly during the saturation process, as 

shown in Figs. 6(a) and 6(b). It needs to be pointed out that 

we monitored the electrical resistivity of a specific soil 

layer at 4 corners, corresponding to 4 copper electrodes in 

Fig. 2, and the consistency of test results for the 4 groups is 

high. Therefore, to ensure the clarity of figures, we only 

present the mean values of the 4 groups of data. As shown 

in Fig. 6(a), the initial electrical resistivity of the lower part 

is different for different models. This phenomenon can be 

attributed to the different water contents of each model 

before the saturation process (see Table 4). The pore water 

of CNS layer can seep into the ES layer, which leads to the 

decrease of initial electrical resistivity of the upper layer 

(Fig. 6(b)). This is the reason why the initial electrical 

resistivity of the upper part is much lower than that of the 

lower part for ES 60 + CNS 40 and ES 60 + CNS 80. When 

the distilled water was added to the top of the models, the 

water gradually seeped into the soils, leading to a 

significant decrease in electrical resistivity. The decrease of 

electrical resistivity happened immediately for the upper 

part of the ES layer, and then gradually reached an 

equilibrium state. As for the electrical resistivity of the ES 

lower part, it was stable at the beginning because it cost 

days for the water to seep into the lower part.  

The final stable values of all the four tests are 

summarized and shown in Fig. 7. It can be found that the 

electrical resistivity of the upper part was a little lower than 

that of the lower part for the models without a cover layer.  

 
(a) Lower part 

 
(b) Upper part 

Fig. 6 The variation of electrical resistivity for different 

parts of the expansive soil 

 

 
Fig. 7 Comparison of stable electrical resistivity for 

different parts of the expansive soil layer 

 

 

This is because the swelling deformation of ES upper part 

was larger than the lower part, as shown in Fig. 5, leading 

to a larger pore ratio and lower electrical resistivity. When 

the ES layer was covered by a layer of gravel, the swelling 

deformation was decreased, and the electrical resistivity of 

both layers increased, as shown in Fig. 7. However, 

although the swelling deformation decreased when the ES 

layer was covered by a CNS layer, the electrical resistivity 

of both ES layers showed a significant decrease. This can 

be attributed to the ion migration from the CNS layer to the  
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ES layer during the saturation process, which has been 

proved in the laboratory test in Yao et al. (2020). It needs to 

be pointed out that the electrical resistivity of the lower part 

for ES 60+CNS 40 was slightly lower than that for ES 

60+CNS 0, but the electrical resistivity of the upper part 

decreased around 50% when a 40 cm CNS layer covered 

the ES layer. This implies that the ions migrated from the 

upper layer mainly concentrated on the upper part of the ES 

layer. 

 

3.3 Soil pressure 
 

Fig. 8 presents the stable soil pressure at the bottom, 

middle and top of the ES layer in both the vertical and 

lateral directions. From Fig. 8(a), it can be found that the 

vertical soil pressure was the largest at the bottom of ES 

layer for ES 60+CNS 0, and the vertical soil pressure 

decreased significantly at higher places. This is because the 

swelling deformation was larger as height increases, and the 

swelling pressure was released during the swelling 

deformation. However, the vertical pressure at all the three 

layers was almost equal for the other two models, and even 

the swelling deformation was much lower. This 

phenomenon means that the expansibility of ES soils was 

inhibited because of the CNS layer. Yao et al. (2020) tested 

the expansibilities of ES soil after a similar saturation 

process in the laboratory model test. And they found that 

the swelling percentage and swelling force of expansive soil 

decreased significantly after tests because of the ion 

migration from the CNS layer during the saturation process. 

As shown in Fig. 8(b), the lateral soil pressure for the three 

layers were almost the same because the lateral deformation 

was limited. When the ES layer was covered with a 40 cm 

CNS layer, the lateral soil pressure slightly decreased 

because of the inhibition effect of migrated ions. However, 

the lateral soil pressure significantly increased when 

covered with an 80 cm CNS layer and was close to the 

vertical soil pressure because the 80 cm CNS layer 

significantly limited the deformation of ES layer. 

 

3.4 Soil properties 
 
After the tests, soil samples were obtained in the ES 

layer for every 20 cm. The moisture content and 

compactness of soils along the height were tested through 

the samples and shown in Fig. 9. The ES soils were all 

saturated after tests, and the variations of moisture content 

and compactness were corresponding to the different 

swelling deformation (Fig. 5). As shown in Fig. 9(a), the 

soil moisture content was the largest at the top and 

gradually decreased at deeper places, which was similar to 

the variation of vertical deformation. Contrary to the 

variation of vertical deformation, the soil compactness 

increased in a deeper place (Fig. 9(b)). The variations of 

soil compactness of ES 60+CNS 0 and ES 60+Gravel 40 

along the soil height were high. However, the soil 

compactness became stable along with the height when 

covered with the CNS layer, and the distribution of soil 

compactness gradually get closer to the original state with a 

thicker CNS layer. 

 
(a) Vertical 

 
(b) Lateral 

Fig. 8 Stable soil pressure for different parts of the ES 

layer in different directions 

 

 
(a) Moisture content 

 
(b) Compactness 

Fig. 9 Variation of soil properties along with the height of 

expansive soil after the experiment 
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4. Conclusions 
 

To study the inhibition effect of the CNS layer on the ES 

layer, we monitored the swelling deformation, electrical 

resistivity, soil pressure of different layers inside the ES 

layers of four different models during the unidirectional 

saturation. The following conclusions can be obtained: 
● The CNS layer can significantly inhibit the swelling 

deformation of ES layer, and the inhibition effect increases 

with the increase of CNS thickness. 
● During the saturation process, ions of the CNS layer 

migrate into the ES layer, leading to a significant decrease 

in electrical resistivity of the ES layer, especially the upper 

part. The migrated ions can decrease the swelling 

deformation and soil pressure of the ES layer. 
● The gravel layer can only physically inhibit the swelling 

deformation of ES layer by its deadweight without 

electrochemical effects. 
● The CNS layer can inhibit the swelling deformation of ES 

layer both by deadweight and ion migration during the 

saturation process. 
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