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Abstract
Understanding water migration in soil specimens under triaxial test conditions is of great significance for investigating the
mechanism of distress in railway subgrades. However, the water content distribution along the specimen height is difficult to
determine with current equipment. Motivated by such limitations, we developed an apparatus relying on the van der Pauw
principle, to measure the water content based on the specimen’s electrical properties. Additionally, a series of exploratory tests on
unsaturated soil specimens were conducted to evaluate the performance of this apparatus. To verify the practicability of the
apparatus, a water-supply dynamic triaxial test was also carried out with an unsaturated dynamic triaxial test system (GDS). The
results indicate that this apparatus is stable, as the measurement accuracy is not influenced by the electrode position or the soil
geometry or dimensions. In a narrow triaxial pressure chamber, this apparatus can be used to determine the distribution of water
content in unsaturated specimens nondestructively and consecutively during a triaxial test. The maximum error obtained from the
apparatus when measuring the gravimetric water content was 0.7%. The soil resistivity calculation function was obtained
considering the dry density and gravimetric water content with high correlation and precision. This apparatus has broad appli-
cations for investigating the mechanism of water migration within some geotechnical materials.
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Introduction

Currently, the application of geophysics to solve engineering
and environmental problems has become a research hotspot
with the development of interdisciplinary research (Alabi et al.
2018; Abdellaoui et al. 2019). Analysis of soil resistivity is
also an important branch of this interdisciplinary field (Liu
et al. 2004). Measuring resistivity has significant advantages
in studying soil physical characteristics and intelligent

monitoring (Wychowaniak et al. 2015; Rakorenko and
Korotchen 2016; Han et al. 2006). The research basis is that
there is a certain correlation between the research target pa-
rameter and soil resistivity. Due to the temporal and spatial
complexity of geotechnical materials, their resistivity mea-
surement is affected by a variety of factors (Archie 1942;
Corwin and Lesch 2005), such as the water content, satura-
tion, internal ion species, and concentration. Many scholars
have studied the variation properties of physical parameters by
the resistivity method, such as the crystal structure, water con-
tent, porosity, relative compaction, and liquid-plastic limit of
soil specimens (Lee et al. 2011; Kibria and Hossain 2012;
Abidin et al. 2014; Zhou et al. 2015). In the field of microcos-
mic research (Yu and Liu 2004), because the soil microcosmic
internal structure has a direct correspondence with its macro-
scopic resistivity, some scholars have also used the resistivity
method to study the changes of the soil microcosmic structure
by quantitatively obtaining the soil matrix suction and soil-
water characteristic curve based on the resistivitymethod (Zha
et al. 2008; Zha et al. 2010).

The measurement of soil resistivity was initially carried out
using the two-electrode method (ASTM 2012; Islam et al.
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2012; Son et al. 2009). Copper was generally used as the
electrode material, and its surface was plated with nickel to
prevent polarization. The size of the electrode should be con-
sistent with the size of the specimen’s section, and the current
should be evenly passed through the soil specimen (Liu et al.
2004). Later, due to the strict requirements of the two-
electrode method, the four-electrode method was proposed
accordingly. In the four-electrode method, two electrodes ap-
ply a current, and the other two electrodes are used to measure
the resulting voltage drop to calculate the resistivity of the
specimen. When the distance between the four electrodes is
equal, it is called the Wenner configuration (Zhou and Lee
2010). Otherwise, when the distance is arbitrary, it is called
Schlumberger configuration (Burger and Burger 1992).
Although the above two methods are different in principle,
both require full contact between the electrode and the soil,
which is difficult to ensure in practical engineering operation,
resulting in errors in the measurement. The limitation of cur-
rent research is that the test accuracy is not high. The error is
sometimes more than 5%. With the development of test tech-
nology, the test requirements are becoming increasingly
higher. In many cases, it is required not to destruct the speci-
men while measuring its resistivity, so that other physical and
mechanical properties of the specimen can be measured sub-
sequently. Nondestructive and time testing technology for soil
resistivity has received increasing interest (Zhou et al. 2009).

The van der Pauw method (Muno-zcastelblanco et al.
2013; Preis 2015) is a method to measure the resistivity of
electrolyte solutions and electronic materials. In this method,
the electrodes are arranged around the specimen. The speci-
men can be of any shape with a uniform thickness, which is
the result of theoretical derivation in combination with the van
der Pauw theory and the conformal mapping theory in the
field of electricity (Vander 1958). Many scholars have con-
ducted research on the electrical working mechanism and test-
ing principle of the van der Pauw method (Nahlik et al. 2013;
Banaszczyk et al. 2010), and their results indicate that this
method is very reliable. As long as the resistance of the tested
electrode is small enough relative to the specimen, the influ-
ence of the electrode shape on the test can be ignored (Nahlik
et al. 2011). In the conventional method, the electrodes need to
be inserted into the interior of the soil sample, so it is chal-
lenging to ensure full contact between the test electrode and
the soil sample. In the van der Pauw method, the electrodes
must be placed around the soil sample. Due to the good duc-
tility of the electrodes and good elasticity of the rubber mem-
brane, it is easy to ensure effective contact between the elec-
trodes and the soil samples.

This paper introduces the van der Pauwmethod to the field
of geotechnical testing. A test apparatus was developed, and
the effectiveness of this apparatus was studied. In addition, the
test unit of the device is embedded in the dynamic triaxial
apparatus, and an effective sealing connection is realized

between the test unit inside the confining pressure chamber
and the collecting device outside the chamber. In addition, we
conducted a water-supply dynamic triaxial test combined with
a dynamic triaxial test apparatus (GDS). For the first time, the
continuous measurement of the water content distribution
along the height of the specimen during a triaxial test is real-
ized. This apparatus overcomes the limitation of the current
testing equipment and provides a feasible means for geotech-
nical engineering to perform nondestructive and simultaneous
water-force property testing of soil under dynamic loading.
Moreover, this method is expected to provide a feasible means
for exploring the water migration mechanism of many geo-
technical problems, such as mud-pumping, frost heave and
thawing, and loess collapsibility.

Methodology

The apparatus is based on the van der Pauw principle (Moron
2003; Grysinski andMoron 2011), and themeasurement setup
is illustrated in Fig. 1. Four electrodes are arranged around the
specimen, and the current is input and output from the two
ends. An electric field is generated inside the specimen, and
the corresponding voltage is generated between the other two
ends. The resistance is obtained by dividing the voltage by the
current. The test is carried out in two steps. First, NO are used
as the current terminals, MP are used as the voltage test ter-
minals, and the resistance RNO,MP is calculated. Second, PO
are used as the current terminals, MN are used as the voltage
test terminals, and the resistance RPO,MN is calculated. The
corresponding resistivity ρ of the specimen can be evaluated
by the van der Pauw formula (Grysinski and Moron 2011).

exp
πdRNO;MP

ρ

� �
þ exp −

πdRPO;MN

ρ

� �
¼ 1 ð1Þ

where π is a mathematical constant, 3.14; ρ is the specimen
resistivity; and d is the specimen thickness.WhenRNO, MP and
RPO, MN are equal, we can obtain an analytic solution for ρ. In
most cases, RNO, MP is not equal to RPO, MN, and the bisection
algorithm or Newton iteration method can be adopted to solve
the problem. These two methods are efficient ways to find
approximate solutions to equations with arbitrary accuracy.
Because the Newton iteration method has a better iteration
efficiency, the authors adopted the Newton iteration method
in this experiment.

Test apparatus

The test apparatus mainly includes test electrodes, a constant
current source that can input a constant AC current to the soil
specimen, an electrode controller, a signal acquisition instru-
ment, and a computer.
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After comprehensive material comparison and selection in
the test, titaniumwith its good antipolarization and conductive
properties is selected as the electrode material. The length and
width of each electrode are 10 mm and 5 mm, respectively.
The thickness is 0.02 mm. Due to the material characteristics
of titanium, it is impossible to use solder to metallically bond
the titanium-platinum sheet and the wire. Because of the good
electrical conductivity and ductility of the copper foil, the
copper foil is cut into fine sheets, and the length and width
of each sheet are approximately 0.2 mm and 0.1 mm, respec-
tively. Then, the copper sheet is pressed on the edge of the
titanium-platinum sheet. In addition, the wire is placed be-
tween the copper sheet and the titanium-platinum sheet to
realize the contact between the titanium-platinum sheet and
the wire. The four electrodes are fixed on the rubber mem-
brane with glue according to the designed position of the
different test content. At the same time, a measurement unit
is obtained and placed around the specimen. We intentionally
increased the tightness of the rubber membrane when prepar-
ing the specimen. Even if the specimen deforms during the
dynamic triaxial test, the elasticity of the rubber membrane
can ensure full contact between the test electrode and the soil.
The arrangement of the test electrode on the rubber membrane
is shown in Fig. 2. The contact between the soil and the elec-
trode is shown in Fig. 3.

Although there are many ions in the specimen, the po-
larization phenomenon caused by the directional move-
ment of ions can be effectively prevented by selecting the
AC source as the current input source. The constant current
source used in this apparatus can output a constant ac cur-
rent between 0~1 mA, and the output waveform is a sine
wave with a frequency range of 100~1000 Hz. Switching
of the input current and tested voltage electrode can be
realized by an electrode controller. The equipment for mea-
suring voltage is the Agilent Technologies E8084A which
has 64 channels. The acquisition frequency is 20 MHz, and
the precision is 0.001. This tool has the advantages of high
precision, low distortion, low noise, good channel consis-
tency, and good matching performance. The built-in
VT1436 VXI module has a scanning speed of 51.2 k spec-
imens /sec/channel, as well as the optional voltage, charge,
microphone, or IEPE input signal modes, which can realize
the simultaneous acquisition of data on nodes 64 to 8192.
IEPE refers to an accelerometer with its own power ampli-
fier or voltage amplifier.

The automatic calculation software is programmed inde-
pendently, to automatically calculate and store the specimen
resistivity according to the collected voltage and the set cur-
rent in the test process. The flow chart of the test system is
shown in Fig. 4.

Fig. 2 The electrode layout on the rubber membrane Fig. 3 Verification of the measurement sensitivity over time

(a) NO are the input and output current terminals (b) PO are the input and output current terminals

Fig. 1 Electrode layout of the test
principle
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Experimental design

Physical properties of tested soil specimens

The soil was taken from a typical section of subgrade with
pumping in the Shuo Huang railway, with a specific gravity of
2.65, a liquid limit of 26%, a plastic limit of 16%, an optimal
moisture content of 14.4%, and a maximum dry density of
1.92 g cm−3. According to China railway engineering geo-
technical test code TB10102-2010, the soil specimen was de-
fined as silt. The dry density and gravimetric water content
involved in this paper are all for roadbed filling. The designed
range of dry density was determined by the in situ test on the
roadbed filling. The designed range of gravimetric water con-
tent was below the saturated moisture content of roadbed
filling.

Sensitivity of the test apparatus

(a) Effect of foreign ions
To limit the impact of salt, the method of soil washing

was adopted to desalinate the soil sample.Whenwashing
the soil, the operator’s hands should first be washed with
pure water. The protocol is as follows. First, remove the
impurities from the test soil and place them in the basin.
Then pour the water, infiltrate for 2 h, stir by hand to an
earth-like consistency, and then let it stand. After the soil
particles are fully precipitated, the upper water is poured
out, and finally, the soil sample is dried, crushed, and
prepared. Washing the soil several times requires repeat-
ing the above steps. Pure water was used as the water
sample. For each soil washing step, an appropriate

amount of soil was dried to prepare soil specimens with
a gravimetric water content of 10% and a dry density of
1.79 g cm−3. These specimens were used in the resistivity
measurement. Three parallel tests were performed in
each test in which the soil was washed specified times,
and then the values were averaged. We repeated resistiv-
ity measurement tests with various times of soil washing
and drew relationships between soil resistivity and times
of soil washing. We performed soil washing as much as
possible and eliminated errors from free ions in the orig-
inal soil samples to provide a basis for calibration exper-
iments. Figure 5 demonstrates the soil washing
processes.

(b) Effect of electrode placement
To avoid measurement error caused by differences

in the electrode positions which are arranged manual-
ly, an electrode position verification test was carried
out. Soil specimens with a gravimetric water content
of 10%, a dry density of 1.82 g cm−3, a diameter of
39.1 mm and a height of 10 mm were selected. The
soil sample that has not been washed was selected.
Bottled mineral water was used for preparing the soil
with a specific gravimetric water content. The elec-
trodes were arranged as shown in Fig. 6. The two
electrodes B and E are located on the plane diameter
line of the soil specimen and are symmetrically at-
tached to the side surface of the soil sample. The
two electrodes C and D are adhered to the side surface
of the semicircular soil specimen on one side of the
BE diameter line and are at an angle of 60° with the
angle of the BE line. The A electrode is closely at-
tached at an intermediate position on the side surface
of the semicircular soil specimen on the other side of
the BE diameter line. The selected five electrode po-
sitions can fully cover the differences in the artificial
arrangement of the electrode positions, and the influ-
ence of the verification electrode position on the re-
sistivity test is representative. Since electrodes C and
D are equivalent and the electrodes B and E are equiv-
alent, the electrode connection test was conducted in
three cases (ACDE, BCDE, and ABDE), and five sets
of parallel tests were conducted in each case to ana-
lyze the test results.

Multiple time points were selected to measure the
resistivity of the same specimen to verify the dynamic
response of the test apparatus. To prevent error caused
by the loss of gravimetric water content during the
test, the soil specimen was sealed and covered with
a beaker. Vaseline was daubed around the specimen,
and the soil specimen was maintained in a static and
non-energized state, as shown in Fig. 3.

V 
_

V
+

I
+

I 
_

Fig. 4 Test apparatus
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(c) Influence of the specimen geometry.
The research of this test apparatus mainly involves

the dynamic measurement of the layered gravimetric
water content of the specimen during the triaxial test.
However, the soil specimen will inevitably deform
during the test, and whether the measured resistivity
value of the deformed specimen remains accurate
needs to be verified. Therefore, the standard specimen
with a diameter of 39.1 mm was cut into three differ-
ent shapes as shown in Fig. 7 for resistivity measure-
ment. The three shapes represent the common defor-
mation modes of the specimens under different stress
levels and working conditions during the triaxial test.
They are divided into normal stable specimen Awith a
diameter of 19.5 mm, elliptical irregular deformation
specimen B with a long-axis diameter of 25.23 mm,
and standard triaxial transverse deformation specimen
Cwith a diameter of 25.23 mm. The specimens all had
a dry density of 1.82 g cm−3 and a gravimetric water
content of 9%. The soil sample that has not been
washed was selected. Bottled mineral water was used

for preparing the soil with a specific gravimetric water
content. Five parallel tests were conducted, and the
test results were analyzed.

(d) Effect of the specimen height
To verify whether a change in the height of the

triaxial specimen has an effect on the results, a resis-
tivity measurement test under two height conditions
was carried out. The soil sample that has not been
washed was selected. Bottled mineral water was used
for preparing the soil with a specific gravimetric water
content.

The specimen was arranged with 8 layered elec-
trodes at different heights as shown in Fig. 8. The
gravimetric water content, dry density, diameter, and
height of the specimen are 10%, 1.82 g·cm−3,
39.1 mm, and 80 mm, respectively. After the soil
specimen was arranged with a static seal and not en-
ergized for 24 h, the resistivity was measured.

(a) washing (b) drying (c) crushing

Fig. 5 Selected portions of the
test process of washing the soil

C B A

19.5 mm 25.23 mm25.23 mm 

The thickness of all specimens is 10 mm

Fig. 7 Resistivity measurement with different shapes
Fig. 6 The measurement of the resistivity with different connected
electrodes
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Soil specimens of different heights (10 mm, 20 mm,
30 mm, 40 mm, 60 mm, 80 mm) were prepared. The elec-
trodes were arranged on top of each specimenwith a static seal
and non-energized for 24 h, and then the resistivity was
measured.

(e) Effect of the metal component
In the triaxial test, soil specimens need to be placed on

the lower metal column. To verify whether the metal
column affects the distribution of the electric field inside
the specimen, a resistivity measurement test of the spec-
imen with a metal component on the bottom was con-
ducted, as shown in Fig. 9. The specimen diameter and
height are 39.1 mm and 30 mm, respectively. The soil
sample that has not been washed was selected. Bottled
mineral water was used for preparing the soil with a
specific gravimetric water content. Five specimens were
prepared for the test. Since the purpose was to test the
influence of the metal component on the test results, the
dry density and gravimetric water content were not strict-
ly regulated when preparing the specimens. All samples
were prepared and selected randomly for testing.

(f) Effect of the solute concentration
To increase the effect of the water content on the

resistivity, pure water was replaced with a salt solution
during the preparation of soil samples. Through

comparison and analysis, Na2SO4 was selected as the
test solute. We configured Na2SO4 solutions with a
concentration of 0%, 3%, 5%, 7%, 9%, 12%, and
15% to prepare soil samples with a gravimetric water
content of 10% and a dry density of 1.82 g cm−3. The
soil sample that has been washed 8 times was selected.
We aimed to obtain the precise solution affecting the
test results, improve the accuracy of the test, and pro-
vide a basis for follow-up tests.

Effect of the gravimetric water content and dry density

To meet the experimental requirements of simulating sub-
grade deformation under different dry density in the process
of triaxial testing, the cross test on resistivity measurements
were carried out. These experiments were also conducted after
the verification test on the stability and influence factors of the
apparatus had completed. The relationship between the gravi-
metric water content, dry density, and resistivity was explored
according to the soil specimens with different dry density
levels (1.65 g cm−3, 1.71 g cm−3, 1.75 g cm−3, 1.79 g cm−3)
and different gravimetric water contents (5%, 6%, 8%, 10%,
12%, 14%, 16%, 18%, 20%, 22%, 24%). The soil sample that
has been washed 8 times was selected. The optimal water
content was 14.4%, and the maximum dry density was
1.92 g cm−3. The diameter and height of the soil specimens
were 39.1 mm and 10 mm respectively.

Fig. 8 Calibration in the direction of height

Fig. 9 Resistivity measurement with a metal seat
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Verification test

To verify the accuracy of the test device, a verification test was
designed. The gravimetric water content values, which were
measured by the van der Pauw method and the conventional
drying method were analyzed. The soil specimens with a de-
signed gravimetric water content (12%, 14%, 16%, 18%) and
a dry density of 1.79 g·cm−3 were prepared. The error between
the gravimetric water content by the conventional method and
the gravimetric water content obtained from the apparatus was
calculated to verify the accuracy of the calibration function.

Consecutive measurement on layered gravimetric water
content of the specimens in the water-supply dynamic triaxial
test

To verify the practicability of this apparatus, a water-supply
dynamic triaxial test was carried out with the GDS. Combined
with the independently developed Martens flask device, the
water supply of the specimen was conducted in the process of
cyclic triaxial test through the reserved confining pressure
hole of the cyclic triaxial instrument, simulating the actual
working conditions of subgrade under the combined action
of cyclic load and rainfall. To explore the feasibility of testing
the internal water migration of specimens with this apparatus,
the layered gravimetric water content of the soil specimens
was continuously measured during the test.

Soil specimens with a dry density of 1.71 g·cm−3 and a
gravimetric water content of 10% were prepared to conduct
the water-supply dynamic triaxial test with a confining pres-
sure of 30 kPa and a dynamic stress amplitude of 30 kPa . Soil
specimens with dry density levels of 1.65 g cm−3, 1.71 g cm−3,
1.75 g cm−3, and 1.79 g cm−3 and a gravimetric water content
of 10% were prepared to conduct this test with a confining
pressure of 30 kPa and dynamic stress amplitude of 90 kPa.
All parameters in the water-supply dynamic triaxial test were
designed in combination with the actual field engineering to
simulate the actual working conditions at the site. All speci-
mens’ diameters and heights were 39.1 mm and 80 mm, re-
spectively. The test loading frequency was 1 Hz, and the load-
ing waveform was a sine wave. The number of cyclic loading
steps of the axial load during this test was 3600.

The difficulty in this test is how to ensure that the measure-
ment electrode arranged around the specimens is connected
with the data acquisition device outside of the confining pres-
sure chamber, and how to seal the pressure chamber to prevent
water leakage during the test. To solve this problem, we mod-
ified the reserve hole for confining pressure in the lower part
of the confining pressure chamber of the GDS, as shown in
Fig. 10. In addition, a threaded connector and O-ring for the
reserved hole size were specially developed. Additionally, we
ran the wire through a heat-shrinkable tube and used a syringe
to inject the liquid silica gel with coagulant into the heat-

shrinkable tube. A hot air gun was then used to supply heating
until the silica gel was extruded from the heat-shrinkable tube.
After the liquid silica gel condensed into solid silica gel, we
transferred the heat-shrinkable tube filled with wire and silica
gel to the nut end of the tube and screwed the nut on the screw
to achieve the sealing effect. The sealing effect of this method
was confirmed to be suitable, with no water leakage observed
up to a confining pressure of at least 500 kPa.

Results

Effect of soil washing

The resistivity of soil samples in certain gravimetric water
contents and dry density varies with increasing of soil washing
times. The testing variation curve is shown in Fig. 11.

We can conclude from Fig. 11 that soil resistivity increases
with increasing soil washing times. The rate of increase is high
at the initial stage and subsequently slows down because free
impurity ions are highly soluble in the rinse water, decreasing
the number of free ions. The maximum standard deviation of
each repeated test is 0.97. The value of resistivity is the same
when the soil washing time is 6 and 7, from which we can
conclude that soil with 6 washing times reaches the goal of
eliminating internal impurity ions. To improve accuracy, the
soil was washed 8 times in the calibration test for resistivity,
gravimetric water content, and dry density.

Effect of the electrode position difference

Figure 12 shows the variation trend of resistivity with time in
three cases of different connected electrodes. Combined with
the test results, the stability of the apparatus over time could be
explored.

Because the temperature of the laboratory does not change
much during the relevant tests, the influence of the tempera-
ture change of the laboratory on the resistivity test is small
compared with the influence of the gravimetric water content
on the resistivity test. So we can think that the effect of tem-
perature on resistivity is negligible. The maximum error in
resistivity in the test of three-electrode placement is 6 Ω m.
The maximum change over time is 4 Ω m. From the later-
derived calibration function between the resistivity and gravi-
metric water content, it can be seen that the error in the calcu-
lated gravimetric water content with the different electrode
positions meets the Chinese standard requirements for an al-
lowable error of 1% in the field of civil engineering. The error
is caused by the uneven distribution of gravimetric water con-
tent in the preparation of the soil specimens, which is a sys-
tematic error. The results indicate that the difference in elec-
trode position has little effect on the resistivity measurement
and that the apparatus has good stability and accuracy.
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Effect of the specimen geometry

The measurement results on the resistivity of soil specimens
with different geometric shapes under the same dry density
and gravimetric water content are shown in Table. 1.

Table 1 shows that the maximum resistivity error of the soil
specimens with four different geometric shapes is 1.08%. The
error in the gravimetric water content as obtained by the re-
verse calculation is less than 1%, which meets the require-
ments of the specification. The results show that the specimen

Output
constant
ac

Resistivity and
water content
calculation

Soil specimen

Signal transmission

Computer

Connected
electrode
controller

Actuator

Agilent Signal
acquisition
instrument

Triaxial pressure chamber

Test sensorReserved hole

Confined water

Water supply hole

Sensor wire

Summarized sensor wire
with heat-shrinkable tube

Constant current source

Silica gel

Fig. 10 Schematic diagram of the
water content test apparatus
connected to the dynamic triaxial
instrument

Fig. 11 Resistivity vs washing times Fig. 12 Resistivity vs time with electrode layout differences
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resistivity does not change after the specimen is deformed in
the triaxial test, and the gravimetric water content of soil spec-
imens can still be measured precisely.

Effect of metal parts

The resistivity of five soil specimens was tested with or with-
out metal parts on the bottom of the specimen. The tested
results are shown in Fig. 13.

The maximum resistivity error of the five soil specimens
for no metal member and a metal member in the end portion is
6 Ω m, and the maximum standard deviation of each repeated
test is 0.99, showing that the metal parts have no effect on the
determination of the specimen gravimetric water content dur-
ing the triaxial test.

Effect of the solution concentration of Na2SO4

As a strong electrolyte, a Na2SO4 solution was used to con-
figure soil samples, which is expected to have an obvious
effect and to present a large change trend. The influence rela-
tion curve is shown in Fig. 14.

The maximum standard deviation of each repeated test is
0.96. From Fig. 14, we can see that, in general, the resistivity
decreases with increasing concentration, and the decreasing
trend is significant from 0 to 7% and almost linear.
Subsequently, the resistivity decreases slowly with increasing
concentration in general, but we can see fluctuation of the
curve at a concentration of 9%. For strong electrolytes, such
as Na2SO4 solution, the resistivity decreases clearly with in-
creasing concentration because of the increase in ion

concentration in the unit volume solution when the soil is
not washed to remove them. Moreover, the interaction force
between Na+ and SO4

2− increases with increasing concentra-
tion and thus affects the conductive property. After the con-
centration exceeds a certain value, the influence on the de-
crease in conduction caused by interaction forces is larger than
the effect on the increase in conduction resulting from the
increase in ionic concentration. At this time, the resistivity
decreases with increasing concentration, and then another in-
flection point appears in the calibration curve of the concen-
tration and conductivity.

Effect of the specimen height

Figure 15 a shows the resistivity measurements along the
height of the same specimen. The results of resistivity mea-
surement at the top of soil specimens with different heights
(10 mm, 20 mm, 30 mm, 40 mm, 60 mm, and 80 mm) are
shown in Fig. 15b.

For the same specimen, the maximum error in resistivity
measured at different heights is 6 Ω m. The maximum tested
resistivity error of the specimens with different heights is
7 Ω m. Both are within the error range of the specification
requirements. The layered gravimetric water content of the
specimen at different heights during the triaxial test can be
measured, and the multiple channels do not interfere with each
other. When we conducted the calibration test of the resistivity
and gravimetric water content, the calibration of specimens
with a single height was found to be sufficient. At this time,
the calibration function is also applicable to soil specimens
with other heights.

Relationship between the resistivity and gravimetric
water content, dry density

The tested resistivities of specimens with different dry density
and gravimetric water content are shown in Fig. 16.

As a whole, as the gravimetric water content increases, the
resistivity decreases gradually and the change trend gradually
decreases. As the gravimetric water content increases, the
number of ions in the unit volume of the soil sample increasesFig. 13 Calibration curve of resistivity measurement with a metal seat

Fig. 14 The effect of solution concentration by weight on the resistivity

Table 1 Resistivity of specimens with different geometrical shapes

Geometrical shape Cylindrical Elliptically cylindrical

r = 19.5 mm r = 25.23 mm

Resistivity/(Ω m) 90 91 92
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strongly, so the resistivity decreases strongly. When the gravi-
metric water content is close to the saturated water content, the
pores between the particles are completely penetrated by wa-
ter, and the current is transmitted mainly through the interpar-
ticle water channel. As the gravimetric water content con-
tinues to increase, the path through which the current passes

is unchanged, so the resistivity does not change much. As the
dry density increases, the resistivity decreases successively.
Because the dry density increases, the pores between the par-
ticles decrease, the pores penetrated by water molecules de-
crease under the same gravimetric water content, and the re-
sistivity decreases. As the gravimetric water content increases,
the influence degree of dry density on the resistivity becomes
weaker, and when the gravimetric water content reaches the
saturated water content, the dry density has little effect on the
resistivity. As the gravimetric water content increases, the cur-
rent dominates through the water channel path between the
particles, and the change in resistivity caused by the solid-
liquid channel and the solid-solid channel path caused by the
increase in dry density is relatively small. An exponential or
power function relationship can be fit between the gravimetric
water content of the soil sample and its resistivity (Singh
2004), and an exponential or power function relationship
can also be fitted between the resistivity and the relative com-
paction (Ferre et al. 1998). In this paper, a comprehensive
analysis is carried out for different fitting methods. Finally,
an exponential function is selected to fit the relationship be-
tween the resistivity, dry density, and gravimetric water con-
tent. A formula for calculating the soil resistivity considering
the gravimetric water content and the dry density parameter is
obtained, as shown in Formula (2).

ρ ¼ ae−bρd *e−cw ð2Þ
where ρ is the resistivity, with units of Ω m; ρd is the dry
density; w is the soil gravimetric water content; and a, b, and
c are the fitting parameters related to the soil properties, which
in this test are 2.598 e+07, 0.19079, and 10.99, respectively.

Verification test

Figure 17 shows the results of the gravimetric water content
by the conventional method and the tested gravimetric water

(a) Resistivity measurement at different heights in the same specimen 

(b) Resistivity measurement at the same location of specimens with different heights

Fig. 15 Resistivity vs specimen height

Fig. 17 Gravimetric water content vs specimen number by different
methodsFig. 16 Resistivity vs gravimetric water content with different dry density
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content by the van der Pauwmethod. The latter was estimated
by using the calibration curve in Fig. 16. The accuracy of
gravimetric water content estimation depends on several fac-
tors (the water salinity, dry density, and soil type) being the
same as that when the calibration curve was obtained. The test
soil was the same as in the calibration test, and it was also the
soil sample after washing 8 times. Na2SO4 solution of the
same concentration was used to prepare a certain gravimetric
water content (12%, 14%, 16%, 18%), and the dry density is
1.79 g cm−3, so as to ensure the same water salinity, dry den-
sity, and soil type. Finally, the gravimetric water content was
estimated by using the calibration curve with a dry density of
1.79 g·cm−3 in Fig. 17.

The maximum error between the tested gravimetric water
content by the van der Pauwmethod and the gravimetric water
content by dryingmethod is 0.6%, and the maximum standard
deviation of each repeated test is 0.95, indicating that the
apparatus has a high accuracy. This work provides an effective
means for the dynamic measurement of the distribution of
gravimetric water content inside the specimen during a triaxial
test.

Example results from the water-supply dynamic
triaxial test

The tested results of specimens’ layered gravimetric water
content under different test conditions are shown in Figs. 18,
19, and 20. The soil specimens were evenly divided into 8
layers with a thickness of 10 mm.

From Figs. 18 and 19, it can be seen that in the water-
supply dynamic triaxial test, the gravimetric water content of
the soil specimens in each layer increases linearly with time,
but the growth rate is different. The gravimetric water content
of the second and third layers increases significantly, and that

for layers five to eight increases slowly. As seen in Fig. 20, the
soil at a height of 20–30 mm area has the maximum gravimet-
ric water content. The test results show that internal water
migration occurs over the whole specimen. The gravimetric
water content of the soil at a height of 20–30 mm was the
maximum. The upper dynamic load generates pumping action
inside the subgrade, and the potential energy to drive the in-
ternal water migration of the soil is in the opposite direction,
resulting in the maximum gravimetric water content in this
position under the coupling action. In addition, under the ac-
tion of dynamic load, the pore water pressure rises, the
strength of the soil decreases, and the deformation increases
sharply, which further enhances the impact of the continuous
dynamic load and increases the deformation, thereby leading
to the occurrence of distress. The dynamic stress amplitude
and dry density have an effect on the water migration inside
the subgrade, and as the dynamic stress amplitude and dry
density increase, the amount of water migration inside the
specimen will decrease. It shows that increasing the dynamic
stress amplitude and dry density will inhibit the water migra-
tion inside the sample.

Fig. 18 Gravimetric water content vs time during the triaxial test at
different layers

Fig. 20 Gravimetric water content vs specimen height with different dry
density at the end of the triaxial test

Fig. 19 Gravimetric water content vs specimen height at different time
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Conclusions

In this paper, a water content apparatus was developed based on
the soil specimen’s electrical properties. Additionally, a series
of exploratory tests on unsaturated soil specimens were con-
ducted to evaluate the performance of this apparatus. To verify
the practicability of the apparatus, a water-supply dynamic tri-
axial test was also carried out with an unsaturated dynamic
triaxial test system. This method can be used for determining
the gravimetric water content distribution of unsaturated soil
specimens along the height during a triaxial test nondestructive-
ly and simultaneously in a narrow triaxial pressure chamber.

1. This apparatus is scientifically rigorous and reasonable
and has high accuracy, stability, and repeatability for the
measurement of unsaturated soil specimen resistivity. The
maximum measurement error in the gravimetric water
content is 0.7%.

2. The test range is wide. The influence of the electrode
position, the specimen geometry, the metal parts on the
bottom of the specimen, and the specimen height on the
accuracy and stability of the test system can be ignored.

3. The self-developed apparatus was incorporated into the
water-supply dynamic triaxial test, and the results were
good. This apparatus is able to dynamically measure the
layered gravimetric water content of soil specimens dur-
ing the triaxial test, and it is applicable to the conditions of
different dry density.
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