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Abstract: The performance evolution of subgrade soil under the coupling effect of drying−wetting cycle and dynamic load is 

essential for the safety and stability of the subgrade. In this study, a series of electrical resistivity tests was carried out on the 

compacted silty clay samples subjected to different drying−wetting cycles and dynamic loads using alternating current (AC) 

two-electrode method. The effect of drying−wetting cycles sequentially coupled with dynamic loads on the electrical resistivity of 

soil samples was investigated. Then, a mathematical relationship was established to quantitatively characterize the dynamic behaviors 

of soil samples based on electrical resistivity. Finally, the effectiveness of the electrical resistivity method in evaluating the state of 

compacted soil was discussed. Test results showed that under the action of drying−wetting cycles coupled with dynamic loads, the 

electrical resistivity of soil samples decreased greatly with the increases in the number and amplitude of drying−wetting cycles, but 

the reduction of the electrical resistivity of soil samples caused by dynamic load decreased gradually. The test results can provide a 

reference for the evaluation of the state of subgrade soil under drying−wetting cycles sequentially coupled with dynamic loads using 

electrical resistivity method. 

Keywords: electrical resistivity; drying−wetting cycle; dynamic load; sequential coupling effect; subgrade soil 

 

1  Introduction 

As an essential component of road and railway 
infrastructure, subgrade directly affects the safety and 
stability of its operation. In the humid and hot areas of 
southern China, the subgrade soils are frequently 
subjected to the combined action of natural climate 
environment (mainly including the changes of humidity 
and temperature) and dynamic load of vehicles. The 
effects of drying−wetting cycles and long-term dynamic 
load will degrade the subgrade performance, resulting 
in various subgrade problems such as excessive settlement, 
uneven deformation and local instability. For this 
reason, numerous studies have been carried out on the 
performance evolution of subgrade soil under the single 
factor effect[1−4] and multi-factor coupling effect[5−9] 
(e.g. wetting−drying and freezing−thawing cycles, 
wetting−drying cycle combined with dynamic load, 
wetting−drying and freezing−thawing cycles combined 
with dynamic load). During the service period, the 
performance state of the subgrade soil can be directly 
obtained by means of field test pit and drilling, but the 
test procedure is complicated and could damage the 
subgrade structure to a certain extent. As an alternative,  
the electrical measurement method can be used to 

indirectly evaluate the performance state of the subgrade 
soil, which offers a nondestructive, fast and continuous 
way for inspecting component[10−11]. The electrical 
resistivity of soil is influenced by many factors, such 
as moisture content, soil structure, the property of pore 
fluid and ambient temperature, which can reflect soil 
structure and engineering characteristics to a certain 
extent[12−14]. Bai et al.[15] employed the direct current 
(DC) two-electrode method to measure the electrical 
resistivity of compacted residual soil, and revealed 
that the electrical resistivity of soil samples increased 
first and then tended to be stable with the increase of 
the number of drying−wetting cycles. Xiong[16] studied 
the resistivity characteristics of expansive soil by 
alternating current (AC) two-electrode method, and 
found that the electrical resistivity of soil samples 
gradually decreased and tended to be stable with the 
increase of the number of drying−wetting cycles. Huang 
et al.[17] used the DC four-electrode method to measure 
the electrical resistivity of unsaturated soil, but their 
results did not present apparent variation trend of 
electrical resistivity with the increase of the number of 
drying−wetting cycles. To sum up, there are few studies 
on the resistivity characteristics of soil under the coupling 
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effect of drying−wetting cycle and dynamic load in the 
literature[18−19]. In most of the existing studies, DC 
power supply was often used. It is easy to produce 
polarization effect, thus affecting the measurement 
accuracy[20]. In addition, there is no systematic and 
in-depth study on the complete evolution process of soil 
resistivity under the coupled action of drying−wetting 
cycle and dynamic load. Therefore, it is necessary to 
carry out further experimental research on soil resistivity 
characteristics under the coupling effect of drying−wetting 
cycles and dynamic load. 

To this end, a series of cyclic drying and wetting 
tests and dynamic triaxial tests was carried out on the 
compacted silty clay under different conditions in this 
paper. The electrical resistivity of soil samples subjected 
to the sequential coupling action of drying−wetting 
cycles and dynamic load under different conditions 
was measured using AC two-electrode method, and 
the electrical resistivity evolution of soil samples was 
obtained. Based on this, the mathematical relationship 
between electrical resistivity and soil properties was 
preliminarily established, and the coupling effect on 
the soil structure and the effectiveness of the electrical 
resistivity method to evaluate soil state were discussed. 
The experimental results provide a reference for 
evaluating the state of subgrade soil under the coupling 
effect of drying−wetting cycles and dynamic load 
using electrical resistivity method. 

2  Testing program 

2.1 Testing materials 
The soil samples used in this study were taken 

from Wuhan, China. The buried depth of the soil is 
2−3 m, and the soil is yellowish-brown in color and in 
a state of hard plastic. The collected soil samples were 
dried naturally first, and the substances such as stones 
and plant roots were removed. Next, the samples were 
crushed by an electric crusher and then passed through 
the 2 mm sieve. The basic physical properties of the 
sieved soil sample are listed in Table 1. 

 
Table 1  Indices of basic physical properties of soil samples 
Liquid 
limit 
/% 

Plastic 
limit 
/% 

Plasticity 
index 

Grain size distribution /% 

>0.075 mm 0.075−0.005 mm <0.005 mm

37 20 17 16.1 54.3 29.6 

 
2.2 Sample preparation 

Remolded soil samples were used in the test in 
order to simulate the actual situation of compacted 
subgrade. In accordance with the requirements of the 
embankment compaction degree (compaction coefficient 
K≥0.92) suggested in the ‘Code for design of heavy 

haul railway’ (TB10625−2017)[21], the compaction 
degree of the soil sample was chosen as 93%, and the 
dry density was 1.83 g/cm3. After air drying and crushing, 
the soil samples were screened with a 0.5 mm sieve, 
and the pure water was added to prepare the soil samples 
with an optimum moisture content (OMC) of 16%. 
Then, soil samples were placed in the desiccator for 24 h. 
After that, the sample was compacted in three layers to 
make a cylindrical sample with a diameter of 38 mm 
and a height of 76 mm, and its actual size and mass 
were measured. The prepared samples were wrapped 
with plastic film and stored in a desiccator for later 
use. 
2.3 Cyclic drying and wetting test 

In practical engineering, subgrade filling is usually 
compacted and filled under OMC. Many studies demon- 
strated that in the natural climate environment, after a 
period of time, the moisture content of subgrade soil 
would increase and fluctuate periodically or non- 
periodically around the equilibrium moisture content 
(EMC)[22]. Based on this, the path of drying−wetting 
cycles as shown in Fig.1 was adopted in the test. 
Firstly, the sample was humidified from OMC to EMC, 
and then the drying- wetting cycle began. In this study, 
“EMC−humidification−desiccation−humidification− 
EMC” is defined as a drying−wetting cycle. The initial 
moisture content was set the same as OMC of 16%, 
and the equilibrium water content was set to 17%. The 
performance of subgrade soil tended to be stable after 
4−6 cycles of drying−wetting[3,15,23], thus the maximum 
number of drying−wetting cycles in the test is six. The 
amplitudes of drying−wetting cycles are EMC±1%, 
EMC±3% and EMC±5%. 
 

 
Fig. 1  Schematic diagram of the path of  

drying−wetting cycles 
 

During the cyclic drying and wetting test, the soil 
sample was humidified using the humidifier and then 
air-dried. The moisture content of the sample was 
indirectly controlled by continuously weighing the sample 
mass. The device used for the cyclic drying and 
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wetting test set-up is shown in Fig.2. The prepared 
samples were put into the humidifier box to increase 
the moisture content of soil samples. After the samples 
were humidified to EMC, they were wrapped with 
plastic film and placed in a desiccator to keep wet for 
24 h, in order to homogenize the internal moisture 
content of the soil samples. When the soil samples 
reached EMC, maximum or minimum moisture content, 
they were placed in the desiccator to preserve moisture 
for 24 h. 

Since all the soil samples were in an unsaturated 
state during the test, matric suction had a significant 
influence on the mechanical properties of the soil. Due 
to the negligible differences in the initial volume and 
compaction degree of soil samples, samples with the 
same moisture content were regarded as having the 
same matrix suction in this study. To ensure that the 
test conditions of the samples were consistent, the 
moisture content of all soil samples after drying− 
wetting cycles was strictly controlled at EMC. 
 

 
Fig. 2  Cyclic drying and wetting test set-up 

 
2.4 Dynamic triaxial test 

The dynamic triaxial tests were carried out using 
GDS triaxial test system for saturated and unsaturated 
soils at the Institute of Rock and Soil Mechanics, Chinese 
Academy of Sciences. The soil samples of 76 mm in 
height and 38 mm in diameter were used in the test. 
The dynamic load test adopted the cyclic loading 
method with stress control, and the loading waveform 
was half-sine wave. The frequency of train dynamic 
load is related to train speed, wheelbase and train length, 
among which the fundamental frequency controlled by 
train length has the greatest influence on the subgrade[24]. 
The length L of the existing heavy-haul railway freight 
carriages in China is 12−15 m[25], and the train speed v 
is generally not higher than 100 km/h (about 28 m/s). 
According to f=v/L[26], the loading frequency caused 
by the train is 1.85−2.31 Hz, thus the dynamic loading 

frequency was set as 2 Hz. The dynamic stress level 
has a significant effect on the dynamic performance of 
soil. According to the measured data reported in the 
literature, the amplitude of dynamic stress in the subgrade 
soil of heavy-haul railway is about 40−120 kPa, and 
the average amplitude of dynamic stress in the subgrade 
soil under 30 t axle load is about 60 kPa[25]. Therefore, 
the amplitudes of dynamic stress in the test were chosen 
as 40, 80 and 120 kPa. Before the dynamic load was 
applied, the samples were consolidated under asymmetrical 
loading with a confining pressure of 40 kPa, and the 
consolidation time was set at 12 h. To minimize the 
change of moisture content of the sample during loading, 
the pipe valve connected with both ends of the sample 
was closed in the whole test process, thus isolating the 
water exchange between the sample and the outside. 
In this study, the dynamic triaxial test was terminated 
when the number of loading cycles reached 10 000. 
The loading process is shown in Fig.3. 
 

 
Fig. 3  Schematic diagram of loading process of  

dynamic triaxial test 
 

At present, there are two methods to consider the 
coupling effect of various factors on the soil, i.e. direct 
coupling and sequential coupling[27]. Direct coupling 
does not consider the iterative action of each factor. 
While sequential coupling is the iterative coupling analysis 
of multiple factors, and the results of the previous 
analysis are applied as the boundary conditions of the 
subsequent analysis to achieve the research purpose of 
coupling problems. For the experimental research, it is 
difficult to achieve the real direct coupling, thus the 
sequential coupling method is often employed[5−9,18]. 
Based on this, the test scheme in this study was 
designed via comprehensively considering the drying− 
wetting cycle and dynamic load, as listed in Table 2. 
The soil samples were first subjected to drying−wetting 
cycles, and then the dynamic load was applied to the 
samples. 
2.5 Electrical resistivity test 

The device used in the electrical resistivity test is 
the TH2817A LCR AC bridge manufactured by Tonghui 

A
xi

al
 lo

ad
 

Time

Dynamic loading phase Consolidation 
phase 

O

Loading 
period 

D
yn

am
ic

 s
tr

es
s 

am
pl

itu
de

 

Humidifier 

Humidifier box 

Desiccator 

3

HU et al.: Electrical resistivity evolution of compacted silty clay under dr

Published by Rock and Soil Mechanics, 2021



HU Zhi et al./ Rock and Soil Mechanics, 2021, 42(10): 27222732                 2725   

Company. The test frequency range provided by this 
instrument is 50 Hz−100 kHz. To avoid the polarization 
effect of DC in the process of testing and ensure the 
integrity of the sample, the AC diode method was used 
to measure the electrical resistance in the test. Based 
on previous studies[28−29], the test frequency was selected 
as 50 kHz and the test voltage was 1 V. 
 
Table 2  Test scheme 

Group 
Number of drying− 

wetting cycles  

Amplitude of 
drying−wetting  

cycle /%

Amplitude of 
dynamic stress

/kPa 

Confining 
pressure

/kPa

1 2 0, ±1, ±3, ±5 80 

40 2 0, 2, 4, 6 ±3 80 

3 2 ±3 40, 80, 120 

 
In the whole process of the drying and wetting 

cycle, in order to facilitate comparison and accurately 
reflect the variation of the electrical resistivity of soil 
samples, 50 g metal block was placed on the surface 
of the pad electrode sheet above the sample during 
each measurement. Its purpose was to exert an external 
contact pressure between the sample and electrode 
sheet. This ensured that they could fit tightly together 
and the effect of contact resistance could be minimized 
(see Fig.4). 

 

 

Fig. 4  Apparatus for electrical resistivity testing 
 

The ambient temperature has a significant influence 
on the results of the electrical resistivity test. Therefore, 
all the tests in this study were carried out in an air- 
conditioned room with a constant temperature of 25±1 .℃  
However, since the time span from cyclic drying and 
wetting test to dynamic triaxial test was relatively long, 
it is found through temperature monitoring that the 
environmental temperature fluctuated throughout the 
test. Hence, the temperature correction for electrical 
resistivity is required. The relationship between the 
electrical resistivity of the soil T  at different temperatures 
and that at 25  is as follows:℃  

 
25

1 25T T







 
                        （1） 

where T  and 25  are the electrical resistivities at 
temperature T and 25 ℃, respectively; T is the envi- 
ronmental temperature at which resistance is tested; 
and   is the temperature correction coefficient measured 
in the test. According to the measured data,   = 
0.018 8 ℃−1. 

3  Test results and discussion 

3.1 Dynamic performance of compacted subgrade 
soil 

Figure 5 shows the curves of cumulative plastic 
strain with the number of vibrations. One of the typical 
samples in Fig.5 underwent two drying−wetting cycles 
with amplitude of ±3% and a dynamic stress amplitude 
of 80 kPa. It can be seen that under different conditions, 
the cumulative plastic strain of subgrade soil samples 
increased with the increase of the number of vibrations. 
However, the cumulative plastic strain of the soil 
sample that have undergone two drying−wetting cycles 
was significantly greater than that of the sample without 
undergoing drying−wetting cycle, increasing by 130% 
at 10 000 vibrations. 
 

 
Fig. 5  Evolution curves of cumulative plastic strain of the 

subgrade soil before and after drying−wetting cycles 

 

Dynamic elastic modulus of soil under dynamic 
cyclic load represents the ability of the soil to resist 
deformation. Different from the elastic modulus in the 
elastic theory, the dynamic elastic modulus is not constant, 
and it changes as the cyclic load proceeds. In this study, 
the dynamic elastic modulus of soil is expressed by 
the slope of the long axis of each load cycle: 

max min
d

max min

E
 
 




                           （2） 

where Ed is the dynamic elastic modulus; in a dynamic 
load cycle, max  is the maximum dynamic stress; 

min  is the minimum dynamic stress; max  is the 
maximum dynamic strain; and min  is the minimum 
dynamic strain. 

Figure 6 shows the curves of dynamic elastic modulus 
with the number of vibrations under dynamic cyclic 
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load. One of the typical samples in Fig.6 underwent 
two drying−wetting cycles with amplitude of ±3% and 
a dynamic stress amplitude of 80 kPa. Before 1000 
vibrations, the dynamic elastic modulus of the samples 
showed an increase trend under both test conditions. 
This suggests that at the initial vibration stage, the 
cyclic load would increase the dynamic elastic modulus 
of the sample to a certain extent and improve the sample 
strength, which might be caused by the compaction of 
the sample due to vibration. After 1000 vibrations, the 
dynamic elastic modulus of the sample without drying− 
wetting cycle increased slowly, while the dynamic 
model of the sample that has undergone drying−wetting 
cycle decreased gradually. 
 

 
Fig. 6  Evolution curves of dynamic elastic modulus of the 

subgrade soil before and after drying−wetting cycles 

 
To further study the effect of different conditions 

of drying−wetting cycle on the dynamic performance 
parameters of subgrade soil, Table 3 shows the amplitude 
and variation of the cumulative plastic strain and dynamic 
elastic modulus of subgrade soil at 10 000 vibrations. 
It can be seen from Table 3 that the effect of the number 
of drying−wetting cycles on the dynamic deformation 
of soil samples was mainly concentrated within 2−4 
cycles, which is basically consistent with the effect of 
the number of drying−wetting cycles on the strength 
of soil[23]. It is also found that when the amplitude of 
drying−wetting cycle reached ±5%, the adverse effect 
on the soil sample became more obvious. When the 
number of drying−wetting cycles was more than 4, the 
number of drying−wetting cycles had little effect on 
the dynamic elastic modulus of the sample. In addition, 
Table 3 also indicates that the increase of the amplitude 
of dynamic stress (120 kPa) significantly affected the 
cumulative plastic strain and dynamic elastic modulus 
of soil samples. 

In conclusion, the drying−wetting cycle has a great 
influence on the dynamic characteristics of soil samples. 
Specifically, with the increase of the amplitude or number 
of wetting drying cycles, the cumulative plastic strain 
increased, but the dynamic elastic modulus decreased. 
In the process of drying−wetting cycle, the soil sample 

experienced volume expansion due to humidification 
and shrinkage due to water loss during air drying, 
resulting in the damage of internal structure. On the 
one hand, the repeated increase and decrease of suction 
in soil may cause the change of soil structure[1,5,30]. On 
the other hand, the cemented particles in the soil will 
dissolve in the water[28−30], producing a large number of 
microcracks within the soil. With the increase of the 
amplitude of drying−wetting cycle, the size of the 
internal cracks within the soil sample also increased, and 
therefore the deformation became more obvious. Besides, 
with the increase in the number of drying−wetting 
cycles, the internal cracks within the sample continued 
to develop. However, when the number of drying−wetting 
cycles reached a certain value, the space for the movement 
of soil particles inside the sample became limited. In 
the subsequent cycles, the internal cracks of soil had 
been developed to the limit. Thus the soil particles 
moved in the existing pores, and the corresponding 
performance tended to be stable. 
 
Table 3  Variation of dynamic performance of subgrade soil 
Number of 

drying− 
wetting 
cycles

Amplitude 
of drying−

wetting 
cycle /%

Amplitude 
of dynamic 

stress  
/kPa

Cumulative 
plastic  
strain 

/% 

Strain 
amplitude 

/% 

Dynamic 
elastic 

modulus 
/MPa

Amplitude of 
modulus 

/% 

0 － 80 0.277 － 86.03 － 

2 ±1 80 0.225 −18.5 87.05 1.2 

2 ±3 80 0.646 133.6 53.44 −37.9 

2 ±5 80 0.794 187.2 40.83 −52.5 

4 ±3 80 0.710 156.8 52.64 −38.8 

6 ±3 80 0.753 172.3 50.04 −41.8 

2 ±3 40 0.162 −41.4 70.28 −18.3 

2 ±3 120 0.851 207.7 41.16 −52.2 

 
3.2 Evolution of electrical resistivity characteristics 
3.2.1 Effect of drying and wetting cycle 

Figure 7 displays the evolution of the electrical 
resistivity of the soil sample that has experienced six 
drying−wetting cycles, in which the amplitude of 
drying−wetting cycles is ±3%. It can be seen that at 
EMC, with the increase of the number of drying− 
wetting cycles, the electrical resistivity of the soil 
sample gradually decreased and tended to be stable. 
After six drying−wetting cycles, the electrical resistivity 
of the sample was reduced by 33% than that without 
drying−wetting cycles. In a drying−wetting cycle, the 
electrical resistivity decreased during humidification 
and increased during air drying. But at the same 
variation range of moisture content, the change in 
electrical resistivity caused by air drying process was 
significantly greater than that caused by humidification 
process. In general, the electrical resistivity of the sample 
at the maximum and minimum moisture contents also 
decreased with the increase of the number of drying− 
wetting cycles. 
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Fig. 7  Evolution of the electrical resistivity of sample  

under drying−wetting cycles 
 

Due to the technique of sample preparation and the 
possible inhomogeneity of the sample, the initial electrical 
resistivity of soil samples under the same test condition 
might vary slightly. To eliminate the influence of the 
initial difference of the soil samples on the test results, 
the electrical resistivity ratio (or normalized electrical 
resistivity) 0/   was used in this study to analyze 
the variation of electrical resistivity[31], in which   is 
the electrical resistivity of the sample (Ω·m) and 0  
is the initial electrical resistivity of the sample (Ω·m). 
Here initial electrical resistivity refers to the electrical 
resistivity measured when the sample reaches EMC 
for the first time after sample preparation. 

Figures 8 and 9 illustrate the effects of different 
amplitudes and numbers of drying−wetting cycles on 
the electrical resistivity ratio of the sample, respectively. 
As seen in Fig.8, the reduction in the electrical resistivity 
ratio resulting from the drying−wetting cycle with 
amplitude of ±1% is almost the same as that with 
amplitude of ±3%. When the amplitude of drying−wetting 
cycle reached ±5%, the electrical resistivity ratio of 
the sample decreased more significantly. This indicates 
that the larger amplitude of drying−wetting cycle has a 
more obvious effect on soil structure. Similar to the 
evolution of the electrical resistivity plotted in Fig.7, 
Fig.9 shows that the electrical resistivity ratio of the 
sample gradually decreased with the increase of the 
number of drying−wetting cycles and tended to be 
stable when the number of cycles was more than 3−4. 
During the drying−wetting cycle, the pore structure 
inside the soil sample would change. For cohesive soil, 
the conductive modes of soil can generally be divided 
into three types: conductivity of soil particle, conductivity 
of pore liquid, and conductivity of the combination of 
soil particle and pore liquid[32]. As the saturation 
degree of the tested sample with 17% moister content 
was about 85%−90%, the conductivity of the sample 
was dominated by the pore fluid, and the conductive 
modes of the soil particle and the combination of soil 
particle and pore fluid can be ignored. The drying− 
wetting cycle will increase the proportion of the 
macropores and microcracks inside the compacted soil, 
which is easier to form a through conductive channel 

for pore liquid. Hence, the electrical resistivity of the 
sample will be reduced[33]. This effect became more 
obvious at a larger amplitude of drying−wetting cycle, 
thus the electrical resistivity decreased more significantly. 
 

 
Fig. 8  Effect of the amplitude of drying−wetting cycle on 

the electrical resistivity of sample 
 

 
Fig. 9  Effect of the number of drying−wetting cycles on the 

electrical resistivity of sample 
 
3.2.2 Effect of drying−wetting cycles sequentially  
coupled with dynamic loads 

To explore the effect of drying−wetting cycles 
sequentially coupled with dynamic loads on electrical 
resistivity, Figs.10−12 show the effects of the dynamic 
stress amplitude, and the amplitude and number of 
drying−wetting cycles on the electrical resistivity ratio 
of the sample under the coupling action, respectively. 
Note that the non-cyclic sample in these figures refers 
to the sample directly subjected to dynamic triaxial 
test without experiencing drying−wetting cycles, and 
the dynamic stress amplitude is 80 kPa.  

It can be seen from Fig.10 that the dynamic load 
also led to a decrease in the electrical resistivity ratio 
of the sample, which decreased by about 25% after 
experiencing dynamic load. As observed in Table 4, 
the coupling effect of drying−wetting cycle and dynamic 
load had little effect on the sample volume, and the 
sample volume increased less than 0.9%, thus the 
change in porosity can be ignored. Since dynamic load 
had a local compaction effect on the sample[5], the 
sample would rebound when the confining pressure 
was unloaded after the dynamic triaxial test. The total 
volume of the sample remained basically unchanged, 
and the soil sample was also locally compacted. Therefore, 
the macropores or microcracks inside the sample might 
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increase compared with those at the end of drying−wetting 
cycles, and then the connectivity of pore fluid was 
improved. Meanwhile, the vibration effect could increase 
the content of dissolved soil particles in pore fluid and 
the concentration of soluble salt in pore fluid, thus 
further improving the conductivity of pore fluid[34]. 

 

 
Fig. 10  Effect of dynamic stress amplitude on the electrical 

resistivity of sample under coupling effect 
 
Table 4  Change in the dimension of samples 
Number of 

drying− 
wetting 
cycles 

Amplitude of 
drying−wetting 

cycle /% 

Diameter 
variation 

/% 

Height 
variation 

/% 

Volume variation /% 

After drying−
wetting cycles

After 
vibration

2 ±1 0.07 0.10 0.24 0.07 

2 ±3 0.05 0.09 0.19 0.17 

2 ±5 0.01 0.88 0.89 0.87 

4 ±3 −0.04 0.27 0.18 −0.20 

6 ±3 −0.17 0.42 0.07 0.12 

Note: the positive values of diameter, height and volume variations in the 
table indicate that the size or volume increases, and negative values indicate 
that the size or volume decreases. 

 

It is also found in Fig.10 that under two drying− 
wetting cycles with amplitude of ±3%, after the coupling 
effect, the electrical resistivity ratio of samples decreased 
with the increase of the dynamic stress amplitude, and 
the decreasing rate showed an increasing tendency. At 
the higher dynamic stress amplitude, the electrical 
resistivity ratio of the sample decreased obviously, 
indicating that there might be more large pores or 
microcracks generated inside the soil sample. 

One can see from Fig.11 that under the condition 
of dynamic stress amplitude of 80 kPa and two drying− 
wetting cycles, the electrical resistivity ratio of the sample 
under the coupling effect decreased with the increase 
of the amplitude of drying−wetting cycles. Compared 
with the cyclic amplitudes of ±1% and ±3%, the 
reduction in electrical resistivity ratio caused by drying− 
wetting cycle with amplitude of ±5% was the largest, 
but the reduction in electrical resistivity ratio caused 
by dynamic load was the smallest. Therefore, it can be 
speculated that the new relatively stable soil structure 
was formed inside the soil sample after the drying− 
wetting cycles with larger amplitude. For this reason, 
the effect of dynamic loads on soil structure was weakened 
with the increase of the amplitude of drying−wetting 
cycles.  

 
Fig. 11  Effect of the amplitude of drying and wetting cycle 
on the electrical resistivity of sample under coupling effect 

 

Figure 12 presents that under the conditions of 
dynamic stress amplitude of 80 kPa and ±3% cyclic 
amplitude, the electrical resistivity ratio of the sample 
under the coupling effect decreased with the increase 
of the number of drying−wetting cycles. Similar to the 
effect of the amplitude of drying−wetting cycles, the 
reduction rate of electrical resistivity ratio caused by 
dynamic loads decreased gradually after more drying− 
wetting cycles. This is mainly because the development 
of internal pores in the soil sample was gradually 
weakened, and the soil structure tended to be relatively 
stable after several drying−wetting cycles. 
 

 
Fig. 12  Effect of the number of drying−wetting cycles on 
the electrical resistivity of sample under coupling effect 

 

3.3 Quantitative characterization of subgrade soil 
properties based on electrical resistivity 
3.3.1 Correlation between electrical resistivity and  
mechanical properties 

As shown in Fig.13, under the coupling action of 
drying−wetting cycle and dynamic load, the dynamic 
elastic modulus and electrical resistivity ratio ( 0/  ) 
of the subgrade soil decreased exponentially with the 
number of drying−wetting cycles, while the cumulative 
plastic strain increased exponentially with the number 
of drying−wetting cycles. It is particularly emphasized 
that the electrical resistivity ratio of the sample was 
obtained after the sample was subjected to 10 000 
times of dynamic loading with amplitude of 80 kPa. 

In Fig.14, the relationships of dynamic elastic modulus 
and cumulative plastic strain with electrical resistivity 
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ratio are linear. Hence, the relationship between the 
mechanical properties and the electrical resistivity ratio 
can be established. After that, the measured electrical 
resistivity ratio can be used to evaluate the mechanical 
properties of soil indirectly. 
 

 
Fig. 13  Variation of dynamic behaviors and electrical 

resistivity ratio with drying−wetting cycles 
 

 
Fig. 14  Relationship between dynamic behaviors and 

electrical resistivity ratio 
 
3.3.2 Mathematical relationship between drying−  
wetting cycle and electrical resistivity 

Based on the above analysis, it is known that the 
amplitude of drying−wetting cycles had a linear relationship 
with the electrical resistivity ratio of the sample (see 
Fig.8), and the relationship between the number of 
drying−wetting cycles and the electrical resistivity 
ratio of the sample was approximately exponential (see 
Fig.9). Following the relationship between electrical 
resistivity and the number of drying−wetting cycles 
proposed by An et al.[35], in this study, it is assumed 
that there is a mathematical relationship of the electrical 
resistivity ratio of the sample 0/   with the number 
of drying−wetting cycles N and the amplitude of 
drying−wetting cycles R:  

0

( )ba N c R d



                          （3） 

where a, b, c and d are the fitting parameters. 
By performing nonlinear surface fitting on the test 

data in Figs.8 and 9 based on Eq.(3), the relationship 

of the electrical resistivity ratio of the sample with the 
amplitude and number of drying−wetting cycles can 
be obtained: 

0.468

0

0.073( 0.131) 1N R



                  （4） 

When N=0 and R=0, we have 0/  =1, which 
accords with the test result. 

This model can describe the evolution of the electrical 
resistivity ratio of soil samples with the drying−wetting 
cycles, as shown in Fig.15. 
 

 
Fig. 15  Evolution of electrical resistivity ratio with  

drying−wetting cycle 
 

It should be noted that in this study, only three 
groups of tests considered the effects of different 
dynamic stress amplitudes, thus the test data obtained 
are not representative enough and not considered in 
the model proposed. 
3.3.3 Evaluation of soil performance based on  
electrical resistivity 

As shown in Figs.11 and 12, after 10 000 times of 
dynamic loading with amplitude of 80 kPa, the electrical 
resistivity ratio 0/   of the sample decreased by 
24% on average compared with that of the sample 
before vibration. The electrical resistivity ratio of the 
sample before vibration can be obtained using Eq.(4) 
and the electrical resistivity ratio of the sample after 
10 000 times of dynamic loading with amplitude of   
80 kPa can be obtained via reducing the results of the 
sample before vibration by 24%. Then, combined with 
the relationship given in Fig.13, the dynamic performance 
of the soil sample can be estimated indirectly. 

Figure 16 compares the electrical resistivity ratio 
and dynamic performance indices of the soil sample 
obtained using the above method with the measured 
values. It can be found that on the whole, the fitting 
curve can well reflect the dynamic elastic modulus and 
cumulative plastic strain of soil samples with the 
amplitude and number of drying−wetting cycles. Therefore, 
it can be preliminarily considered that it is feasible to 
evaluate the dynamic performance of soil indirectly by 
electrical resistivity method. 
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(a) Variation with the number of drying−wetting cycles 

 
(b) Variation with the amplitude of drying−wetting cycle 

Fig. 16  Comparison between estimated and measured 
values of electrical resistivity and dynamic 

performance indices 
 

3.4 Discussion 
As a nondestructive testing method, the electrical 

resistivity method is capable of evaluating soil moisture 
content and mesoscopic structure. However, as the 
electrical resistivity is affected by many factors such 
as environmental temperature, humidity and soil structure, 
most of the evaluations of soil properties using soil 
resistivity are still qualitative, and it is a great challenge 
to achieve accurately quantitative evaluation. Therefore, 
the evaluation method for the properties of subgrade 
soil based on electrical resistivity is still worthy of 
further study. The power supply mode of the electrical 
resistivity test is mainly categorized into two types, i.e. 
AC power supply and DC power supply. Zhou et al.[20] 
discussed the two power supply modes and found that 
the soil sample had a polarization effect under DC 
voltage, and AC power supply is suitable for the electrical 
resistivity measurement of soil samples. Specifically, 
the DC electrical resistivity of soil gradually increased 
with time, which would result in large errors to the test 
results. While AC power supply can avoid the polarization 
effect to the greatest extent and improve the accuracy 
of test results, but the current frequency has a significant 
influence on the electrical resistivity of soil samples. 
In addition, the initial state of soil samples is quite 
different, and the conductivity characteristics of different 
types of soils also vary. All of these factors make the 
application of the electrical resistivity method to soil 

evaluation become uncertain and insufficiently accurate. 
Taking the effect of drying−wetting cycles on the 

electrical resistivity of soil samples as an example, 
Fig.17 summarizes the relevant test results published 
in recent years. The types of soil samples and the 
drying−wetting cycle conditions in each study (the 
amplitude of drying−wetting cycles was controlled by 
mass moisture content) are listed in Table 5. In order 
to facilitate comparison, the research results are all 
converted into electrical resistivity ratios 0/  . In 
these existing studies, Bai et al.[15], Lu et al.[18], and 
Zeng et al.[36] used DC power supply, while Xiong[16], 
Huang et al.[17] and this study used AC power supply. 
It can be seen obviously from Fig.17 that the electrical 
resistivity of the sample with DC power supply increased 
with the number of drying−wetting cycles, while the 
results of the test using AC power supply were the 
opposite. This phenomenon might be related to three 
factors: (1) the type of soil sample; (2) cyclic drying− 
wetting paths; and (3) the method of electrical resistivity 
tests. Firstly, according to the research results, the volume 
of strongly weathered mudstone and residual soil decreased 
under the drying−wetting cycle, which inhibited the 
development of macropores inside the soil sample and 
gradually weakened the connectivity of conductive 
channels. However, the volume of silty clay and expansive 
soil increased under the drying−wetting cycle, and the 
microcracks and macropores inside the soil were easier 
to form. Secondly, the strongly weathered mudstone 
and residual soil experienced the fully saturated state 
during the drying−wetting cycle, and the suction in the 
soil approaching zero might lead to the closure of 
microcracks. In addition, for the unit soil sample, 
when it reaches saturation, the pore fluid inside the soil 
sample will be diluted, and the soluble salt concentration 
of the pore fluid will be reduced. Thus the conductivity 
of the pore fluid is reduced. However, the maximum 
moisture contents of silty clay and expansive soil did 
not reach the saturation degree. The suction in the soil 
kept the microcracks or macropores open and connected, 
and the soluble salt inside the soil would not be lost at 
the same time. Finally, the use of DC may overestimate 
the electrical resistivity of soil samples due to polarization 
effect. Direct current has electromotive phenomenon 
and electrochemical effect, which will change soil moisture 
content, soil structure, and pore water composition. 
Meanwhile, DC will also cause polarization effect of 
electrode and soil, resulting in large errors of electrical 
resistivity measurement results[20, 37]. 

In the present study, the initial electrical resistivity 
was used to normalize the electrical resistivity of the 
soil sample, and then the evolution of electrical resistivity 
was obtained. Therefore, the accuracy of the initial 
electrical resistivity of soil samples is essential in 
evaluating the performance of subgrade soils. As 
mentioned above, soil resistivity is affected by moisture 
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content, compaction degree and pore fluid. When 
determining the initial electrical resistivity of soil, the 
interference of some factors such as moisture content 
should be eliminated as far as possible. Therefore, in 
practical application, the electrical resistivity can be 
corrected in combination with the spatial distribution 
of the moisture content of subgrade soils to obtain a 
more accurate distribution of initial electrical resistivity. 
 

 
Fig. 17  Comparison of effects of drying−wetting cycles on 

soil electrical resistivity 
 
Table 5  State of soil sample and conditions of drying− 
wetting cycle 

Source 
Dry density 
/(g·cm−3) 

Degree of 
compaction 

/% 

Moisture 
content  

/% 

Saturation 
/% 

Amplitude 
of drying−

wetting 
cycle /%

Soil type

Huang  
et al.[17] 1.65 90.7 25 98.0 5.0−25.0 Clay 

Zeng  
et al.[36] 1.67 － 20 86.0 

13.9− 
saturated

Strongly 
weathered 
mudstone

Bai 
et al.[15] 1.58 95 20 74.3 

Air dried–
saturated

Residual 
soil 

Lu  
et al.[18] 1.81 95 17 71.4 15.0−19.0 Silty clay

Xiong 
[16] 1.55 － 23 85.0 0.0−23.0

Expansive 
soil 

This 
work 1.83 93 17 85.0 14.0−20.0 Silty clay

Note: In the table, “saturated” means that the saturation degree reaches 
100%, and “air dried” means that the water in the soil sample evaporates 
naturally to a constant mass at room temperature. 
 

To sum up, the electrical resistivity method can 
effectively reflect the effects of drying−wetting cycles 
and dynamic loads on soil properties to a large extent, 
but this method is established based on the evaluation 
index and approach of actual electrical resistivity. 
Based on the principle of electrical resistivity test, the 
quantitative evaluation model of electrical resistivity 
can be established for different types of soils (such as 
cohesive soil, sandy soil, soil−rock mixture, and gravel 
soil), thus forming an evaluation system of subgrade 
soils based on electrical resistivity method with a 
strong theoretical background and wide adaptability. 
In addition, on the premise of fully understanding the 
evolution of the electrical resistivity of different types 
of soils, the performance attenuation of subgrade soils 
can be semi-quantitatively evaluated by further obtaining 
the spatial distribution of initial electrical resistivity 
and the electrical resistivity in the service period, thus 
providing a reference for the performance evaluation 

and the structural maintenance of subgrade. 

4  Conclusions 

In this study, based on the evaluation of the 
performance attenuation and the state of subgrade soils 
in the service period, the evolution of the electrical 
resistivity of subgrade soils under drying−wetting 
cycles sequentially coupled with dynamic loads is 
studied. The main conclusions are drawn as follows: 

(1) With the increases in the number and amplitude 
of drying−wetting cycles and the dynamic stress amplitude, 
the cumulative plastic strain increased while the dynamic 
elastic modulus decreased. The increases of the amplitudes 
of drying−wetting cycles and dynamic stress had a 
significant effect on the dynamic performance of the 
soil sample. The effect of the number of drying−wetting 
cycles on the dynamic deformation of soil samples 
was mainly concentrated within 2−4 cycles. 

(2) The electrical resistivity of the soil sample 
decreased with the increases of the amplitude and 
number of drying−wetting cycles and became stable 
after 3−4 cycles. The electrical resistivity of compacted 
clay decreased under the dynamic loading. With the 
increase of the dynamic stress amplitude, the decreasing 
rate of electrical resistivity showed an increasing trend. 

(3) Under drying and wetting cycles sequentially 
coupled with dynamic loads, with the increases of the 
number and amplitude of drying−wetting cycles, the 
electrical resistivity of compacted soil samples decreased, 
but the reduction in electrical resistivity caused by 
dynamic loading gradually decreased. 

(4) The relationships of dynamic elastic modulus 
and cumulative plastic strain with electrical resistivity 
ratio are linear. The electrical resistivity test can well 
reflect the effect of drying−wetting cycles on soil 
properties, but it is necessary to establish the corre- 
sponding electrical resistivity evaluation models for 
different types of soils. 
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