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Seepage in the underground rock and soil is one of the main causes of geological
disasters. Precursor information for geological disasters is provided by accurately
measuring the seepage flow in rock and soil, so as to provide disaster warnings in
time. This article analyzes the principle of seepage measurement in rock and soil based on
heat transfer, deduces the relationship between the flow rate and temperature of the fluid
with a seepage sensor, designs and manufactures an entire seepage measurement
sensor, and designs a seepage measurement circuit. Finally, a set of portable
geotechnical seepage measuring instruments is designed. An experimental platform is
designed to realize seepage flow and temperature change experiments with the seepage
sensor, it is proved that the sensor can effectively measure the seepage flow for different
experimental samples, the measurement range is 0.06–0.160 ml/s. Based on the
measured characteristic temperature of the seepage sensor, the calculated seepage
flow is obtained, the relative error between the calculated value and the measured value is
within 3%.
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INTRODUCTION

China has a large land area and a complex geological environment. As changes in natural conditions
and the intensity of human engineering activities increase, the number of geological disasters caused
by seepage deformation and ground subsidence caused by seepage in rock and soil is increasing year
by year. Seepage in rock and soil refers to the flow of water in the porous media of underground soil
and rock. Seepage in rock and soil can cause the seepage deformation of rock and soil and causes
ground settlement (Wang et al., 2018), which can cause geological disasters such as leakages of gates
and dams, the collapse of dams, instability of foundation pit slopes, landslides, soil movement,
underground equipment damage, and building collapse (Ghafoori et al., 2020). The areas prone to
geological disasters in China account for about 65% of China’s total land area. As of 2018, according
to statistics, the country has nearly 230,000 hidden danger points of geological disasters, among
which 25,000 are prone to super-large and large-scale geological disasters, which would seriously
threaten the personal and economic safety of human beings.

Precursor information for the occurrence of geological disasters such as landslides and mudslides
can be provided by measuring the seepage flow in rock and soil, so as to provide timely disaster
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warnings and to protect people’s lives. The current research on
seepage measurement in rock and soil mainly focuses on the rule
of water movement in rock and soil and the distribution of the
seepage field, so that the degree of seepage can be calculated
through the thickness of the permeable foundation, the
permeability coefficient, etc. (He et al., 2021). Then, the
potential of geological damage occurring is determined, and
reasonable anti-seepage measures are given to effectively
control the impact of seepage in rock and soil on the
surrounding environment. At present, the relatively mature
way to achieve accurate measurements of seepage in rock and
soil is to use pore water pressure gauges and piezometers to
measure water pressure in order to characterize seepage in rock
and soil. Commonly used methods include sonar detection
(Leifer et al., 2011), optical fiber monitoring (Su et al., 2017;
Chen et al., 2019; Fang et al., 2019), the resistivity method
(Panthulu, 2001; Bolève et al., 2011; Dusabemariya et al.,
2021), the ground penetrating radar method (Galagedara et al.,
2003), the electromagnetic method (Rosenberry and Morin,
2004), etc. Seepage flow in rock and soil has the characteristics
of a low velocity, small flow, and complex composition. In
traditional seepage monitoring methods, a pipe for measuring
the pressure and an osmometer use the pressure of pore water to
obtain the seepage flow in rock and soil indirectly. Because rock
and soil materials in nature are often mixtures, their
compositions are also complex and uneven, and the accuracy
of the measuring instruments used is often not high enough,
which results in unsatisfactory measurement results; further,
there is no sufficient basis for qualitative and quantitative
analysis, so it is difficult to accurately obtain the true amount
of seepage in rock and soil (Rosenberry et al., 2020). The ground
penetrating radar method is susceptible to interference from
external magnetic fields, and requires large, expensive
instruments, and researchers with instrument operation
experience and image analysis capabilities. The resistivity
method is realized by arranging a large number of electrodes,
which is characterized by low accuracy and construction
difficulties. The deeper the rock and soil depths, the lower the
accuracy. The sonar detection method is expensive and is
currently only used in the measurement of seepage flows in
deep foundation pits. The distributed optical fiber temperature
measurement method can realize distributed measurement, but it
also requires large and expensive instruments (Selker and Selker,

2014). Skinner and Lambert (Skinner and Lambert, 2009)
proposed a novel seepage meter composed of single self-
referencing thermistor with a constant heat power to measure
groundwater flow velocities. The device was particularly sensitive
to very slow fluid flows in the range 0.03–3 mm/s, groundwater
flow velocities as low as 0.01 μm/s (0.9 mm/day) could be
measured using this sensor under certain conditions. In the
(Ballard, 1996), In Situ Permeable Flow Sensor used a thermal
perturbation technique proposed to directly measure the
direction and magnitude of the full three-dimensional ground-
water flow velocity vector in unconsolidated, saturated, porous
media. The technology is able to measure flow velocities in the
range of 5×10–6 to 1×10–3 cm/s.

In this paper, theoretical analysis and experiments are closely
combined, and a method for measuring seepage in rock and soil
for heat transfer is proposed. Based on the self-designed thermal
seepage sensor, the design of a portable rock and soil seepage
measuring instrument was completed. The experiment proved
the feasibility of using heat transfer to measure seepage in rock
and soil, and the temperature characteristic values with regards to
the relationship between temperature differences and seepage
flow rates were obtained. The temperature difference method can
directly measure seepage flows in rock and soil, and can
determine the seepage direction; the sensor can be buried in
underground rock and soil for long-term measurement.

PRINCIPLE OF SEEPAGE MEASUREMENT
BASED ON HEAT TRANSFER

The designed thermal seepage sensor is based on the principle of
convection heat transfer in order to measure the temperature
difference between the two ends of the sensor, so as to obtain the
seepage flow in rock and soil. Among them, the seepage flow
value in rock and soil is obtained by determining the heat
exchange between the built-in heating source of the sensor
and the fluid in the thin tube of the sensor (Rakesh et al., 2020).

The seepage sensor in rock and soil developed in this paper is
shown in Figure 1. In this structure, a PT100 platinum resistance
temperature measuring probe with metal sleeve protection is
placed at both ends of the thin tube, and a ceramic heating rod is
placed in the middle of the thin tube. One of the PT100 platinum
resistance temperature measurement probes measures the initial

FIGURE 1 | Sensing structure of thermal seepage sensor.
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temperature of the inflow end of the seepage liquid, and the other
probe measures the temperature of the fluid flowing through the
other end of the thin tube after it is heated. There is a temperature
difference between the two probes due to the action of the heating
rod. When the fluid flows through the heating rod, the heat taken
away is directly related to the flow rate of the fluid. When the
heating power of the heating rod is constant, the larger the flow in
the thin round tube of the sensor, the smaller the temperature
difference measured by the two platinum resistance probes, and
vice versa (Shen et al., 2015; Solder et al., 2016).

According to the heat transfer principle, the relationship
between the heat Q taken away by the fluid per unit time, the
temperature difference ΔT between the heating rod and the fluid,
and the flow velocity v of the fluid can be expressed by the
following formula:

Q

ΔT � k1 + k2(ρ])k3 (1)

In the formula, ρ represents the density of the fluid; k1, k2, and
k3 are constants in the same fluid.

If the cross section of the thin round tube structure of the
sensor is A, its mass flow rate is qm = ρvA. When measuring the
seepage in rock and soil, the ceramic heating rod with the
resistance of Rj is heated by the current of Ij to heat the fluid
in the thin tube. After a period of time, it will reach an

equilibrium state. At this time, the heat generated by the
heating rod per unit time is the same as the heat carried
away by the surrounding fluid by the heating rod, that is,
Q=Ij

2Rj
2, so there is a functional relationship between the

mass flow qm and Q/△T, which can be expressed by the
following formula (Munaf et al., 1993):

qm � f[I2jR2
j

ΔT ] (2)

From equation (Ghafoori et al., 2020), it can be concluded that
the seepage flow can be obtained by measuring temperature
difference ΔT of the fluid at both ends of the thin round tube
through the sensor when the current Ij flowing through the
heating rod is constant.

Temperature changes can affect the physical and chemical
parameters of water and soil, thereby affecting the distribution of
seepage fields in the soil. The parameters closely related to
seepage field and temperature field in rock and soil include
porosity, specific heat capacity, heat conduction, thermal
conductivity, and other parameters. With the increase of
temperature, the viscosity of water decreases and the
permeability coefficient increases. Due to the small power of
the heating rod in this paper, the effect of temperature change on
the seepage was ignored in the experiments and measurements
(Huang et al., 2021).

FIGURE 2 | Seepage sensor (A) the structure of the sensor; (B) Seepagemeter protective shell and packaging cover; (C) Physical image of seepage meter sensor.
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SENSOR DESIGN

Structural Design of Thermal Seepage
Sensor
The sensor structure shown in Figure 1mainly includes a water
filtration structure made of permeable stone, a heating rod, and
a PT100 temperature measurement instrument (Aranzabal
et al., 2019). A funnel-shaped water collection device was
designed at both ends of the sensor to increase the flow in
the thin tube. When the seepage in rock and soil flows into the
sensor from left to right or from right to left, it first passes
through the upstream PT100 platinum resistance temperature
sensor to collect the initial water temperature flowing into the
thin tube, and then the seepage flows through the heating rod
to be heated. The fluid then flows through the downstream
PT100 platinum resistance temperature sensor. The

temperature measured downstream is the water temperature
after it is heated by the heating rod. At this time, if the heating
power of the heating rod is kept constant, the greater the
seepage flow rate in the thin round tube, the smaller the
temperature difference measured by the upstream and
downstream platinum resistance PT100 sensors, and
vice versa.

At present, distributed optical fiber temperature
measurement technology is commonly used in seepage flow
measurement in rock and soil. The temperature sensitivity of
Brillouin method based on distributed optical fiber
temperature measurement technology in practical projects is
about ±4°C, and which in the laboratory is generally less than
±2°C, Raman method can reach ±0.5°C. However, the
temperature measurement accuracy of the platinum
resistance PT100 sensors can reach ±0.1°C. The system

FIGURE 3 | Block diagram of the temperature measurement principle.

FIGURE 4 | The platinum resistance temperature measurement circuit.
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experimental tests are all measured at room temperature, the
influence of the ambient temperature on its measurement can
be ignored since the temperature difference between the two
PT100 is measured.

Because seepage flows in rock and soil are very small, the
smaller the diameter of the thin tube, the better the effect. An
alumina ceramic heating rod with many advantages was used in

the design, the power of the heating rod is 5 W under the power
supply voltage of 5 V. It has been proved by experiments that the
liquid in the thin tube will not produce air bubbles under this
power value, so that it has little influence on the measurement
results.

Principle of Water Level Detection
In Figure 1, two thin probes were designed and inserted
perpendicular to the inner wall of the thin tube of the fluid
meter. If the thin tube is filled with water, the water resistance
between the two probes is a fixed value; if the thin tube is not filled
with water, the resistance between the two probes becomes larger.
During the actual experimental measurements, when the thin
tube was filled with water, the resistance between the two probes
was about 70 kΩ. A 70 kΩ matching resistance was selected in
series with the two ends of the water level detection probe, and
power was applied to both ends to measure the voltage on the
matching resistance. The water level in the capillary could be
easily determined.

Selection of Permeable Materials
The rock—soil seepage measurement sensor based on
heat transfer designed in this paper needs to be placed in
the rock and soil for actual applied measurements. Because the
fine particles present in seepage in rock and soil can easily
block the sensor, the sensor needs permeable materials to
filter the seepage. At present, the commonly used water-
permeable materials include fibrous materials, activated
carbon, diatomaceous earth, porous ceramics, etc. The
sensor needs to be placed in the rock and soil when used,
so the water-permeable material needs to have good
mechanical properties and stable chemical properties.
Compared with other water-permeable materials such as
fibrous materials, activated carbon, etc., porous ceramic
materials have many advantages; for example, they can be
used in high temperature, high pressure, acid, alkali, and
organic environments; their pore structures and porosity
can be controlled; their service life is long. The product has

FIGURE 5 | System program flow chart.

FIGURE 6 | The overall structure of the portable seepage meter.
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good regeneration performance, so porous ceramic
materials were used as the water-permeable material in this
design.

Structural Design of Seepage Meter
Because the sensor, heating rod, and porous ceramics are
placed on the seepage sensor, high mechanical strength, and
strict waterproofing are required. After repeated experiments,
the structure shown in Figure 2A and 3D printing were used to
form one piece to achieve a precise size and good waterproof
performance. 3D printing uses transparent resin raw materials,
which were convenient for observing the position and seepage
of the temperature probe and heating rod in the thin tube
during the experiment. The diameters of the funnel on both
sides are 40 cm, and the diameter of the thin tube in the middle
is 6 cm. There are tubular protrusions on the thin tube. In
order to place the sensor in them easily and to waterproof
them, the cylindrical housing and back cover of the sensor were
designed at the same time, and the measuring structure was
also placed in it by 3D printing. Its appearance is shown in
Figure 2B. A physical map of the seepage sensor is shown in
Figure 2C.

The platinum resistance temperature probe, heating rod, and
water level measurement probe were installed and wrapped with a
heat-shrinkable tube. At the same time, they were filled with silica
gel for waterproofing. In order to facilitate the observation of
seepage, the structure of the sensor shell and the thin round tube
funnel were made from translucent materials.

THERMAL SEEPAGE SENSOR SIGNAL
ACQUISITION AND PROCESSING SYSTEM
Thermal Seepage Sensor Temperature
Measurement Circuit Design
The principle of the temperature measurement is shown in
Figure 3. The 1 mA constant current source generating circuit
provides a constant current for the platinum resistance
temperature measurement circuit. The temperature
measurement circuit converts the resistance change in the
platinum resistance into a voltage value change, which is then
amplified by a precision amplifier circuit. The signal acquisition
unit converts the collected temperature voltage value into a digital
quantity and sends it to the microprocessor by A/D converter,

and finally, the calculated temperature value is sent by the
microprocessor through the serial port to the upper computer.
The platinum resistance temperature measurement circuit is
shown in Figure 4.

The REF192ES in Figure 4 is a voltage reference chip used to
generate a 2.5 V reference voltage. The 1 mA constant current
source generation circuit uses the Howland operational amplifier
current source structure. The constant current source circuit uses
a low-noise and high-precision OP07CP operational amplifier,
which uses a dual power supply. In this design, R1=R2=5 kΩ,
R3=R5=5kΩ, R4=10kΩ; in order to ensure the accuracy of the
constant current source, the resistance selects a BWL-EE type
resistor with an accuracy of 0.1% and a temperature drift of
5 ppm. The Howland operational amplifier current source
structure can be obtained:

iL � 2
R1

Vin (3)

Signal Acquisition Unit Design
The signal acquisition unit of the thermal seepage sensor is
responsible for the acquisition of measurement process
information and the transmission of data. Taking into
account the needs of the measurement system, cost, power
consumption, and other factors, it adopts STMicroelectronics’
STM32F103 series 32-bit MCU STM32F103ZET6 chip and its
internal with an ARM Cortex-M3 core, which can use registers
and library files for programming and which is very simple and
easy to transplant. The signal acquisition program mainly
completes the functions of water level detection, voltage
value detection at both ends of the platinum resistor,
temperature calculation, heating rod on–off control, flow
calculation, results display and data transmission. The
system program flow chart is shown in Figure 5.

TABLE 1 | Reference values of permeability coefficients of different diameter
particles.

Formation lithology Particle diameter (mm) Permeability
coefficient (m/d)

Clay 0.001–0.002 <0.005
Clay 0.002–0.005 0.1–0.5
Powder 0.005–0.075 0.5–1.0
Fine sand 0.075–0.25 1.0–5.0
Moderate sand 0.25–0.5 5.0–20
Coarse sand 0.5–2 20–50
Fine Gravel 2–3 50–100

FIGURE 7 | The relationship between different flow rates and
corresponding temperature differences.
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Portable Geotechnical Seepage Measuring
Instrument
For the portable application of the instrument, the designed
and implemented thermal seepage measuring instrument is
shown in Figure 6. It uses a 10.2-inch portable instrument
waterproof box. The power supply, measurement circuit
and control circuit are all placed inside the box. The panel
is designed with various function buttons, a touch screen and a
sensor card slot. The realized portable thermal seepage
measuring instrument is powerful, the VGUS graphical
design interface is easy to use, the VGUS built-in
virtual serial screen can be used to easily design
the display interface, display controls, touch functions,
etc., and it also has a curve control to display the data as
a curve.

In order to obtain the real situation of seepage in rock and
soil, and to simulate the conditions and environment of
seepage in rock and soil more realistically, the experimental
platform built shown in Figure 6 was designed. It was
connected by a transparent tube with a length of 110 cm
and a diameter of 40 cm, an elbow with a DN40 caliber, and
a transparent tube with a horizontal length of 50 cm and the
diameter of the thin tube in the middle is 6 cm. The bottom
plate adopted thick acrylic for counterweight. The schematic
diagram of the experimental device in the circle is shown on
the left in Figure 6. The horizontally placed transparent tube
was the thin tube funnel part of the thermal percolation meter.
Because the seepage direction was determined, the
experimental device in the figure only used unidirectional
water-permeable ceramics. The joints of the whole device
were sealed and waterproofed with waterproof glue (Ma
et al., 2014).

EXPERIMENTAL MEASUREMENT

Experiment on the Relationship Between
Flow Rate and Temperature Change
Soil structures in different regions are different, and compositions
of rock and soil are complex. Most rock and soil materials are
composed of coarse sand or loose deposits with large particle
diameters. According to Engineering Classification Standard of
Soil (GB/T50145-2007), the particle groups of soil are divided
according to diameter. The particle size and permeability
coefficient reference values of various soils are shown in
Table 1. The experiments were carried out using clay, powder,
fine sand, moderate sand and coarse sand. The diameter of the clay
was about 0.003 mm, and the permeability coefficient was 0.3 m/d,
the diameter of powder was about 0.006 mm, and the permeability
coefficient was 0.8 m/d, the water flow velocity in the experiment
was about 4–5 drops/s; the diameter of fine sand particles was
about 0.1 mm, and the permeability coefficient was 3 m/d, the flow

TABLE 2 | Measured temperature characteristics of seepage sensor under different seepage flows.

Seepage flow (mL/s) Experiment start temperature
(/°C)

Tt (/°C) Heating time (min)

0.025 21.8 52.0 22
0.050 21.8 32.0 20
0.100 21.8 13.0 18
0.150 21.8 2.0 15

FIGURE 8 | Corresponding temperature difference curves of different
diameter particles.

TABLE 3 | Temperature characteristics and seepage flow under different geotechnical conditions.

Geotechnical type Particle samples
diameter (mm)

Experiment start
temperature (/°C)

Tt (°C) Measured seepage
flow (ml/s)

Calculated seepage
flow (ml/s)

Relative error
(%)

Clay 0.003 21.80 22.5 0.070 0.072 2.79
Powder 0.006 21.80 9.8 0.112 0.113 1.39
Fine sand 0.100 21.80 2.6 0.143 0.147 2.98
Coarse sand 1.000 21.80 0.6 0.158 0.159 0.61
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rate is about 17–18 drops/s. In the above process, that each drop of
water was about 0.05 ml based on calibration and repeated
experiments (Abdullah et al., 2020).

The restrictor valve was used to adjust the flow rate of water
to simulate the seepage flows of different rock and soil
materials in the experiment. Therefore, a restrictor valve
was installed at the water outlet end of the thin tube of the
test device. By adjusting the restrictor valve, the flow rate of
water droplets can be controlled per second: 1 drop, 2 drops, 4
drops per second, etc. After repeated experiments under the
same conditions, the volume of each drop of water could be
considered constant, so the volume of 100 drops of water
flowing out of the infusion device measured by a graduated
cylinder was about 5 ml, and the volume of each drop of water
under the same experimental conditions was about 0.05 ml.
Figure 7 shows the temperature difference curves measured at
different flow rates.

It can be seen from the Figure 7 that under different flow rate
conditions, the temperature differences changed the most from
about 0–4 min, the temperature differences for the PT100 at
both ends of the seepage meter continued to increase, and the
temperature differences changed slowly after 4 min. When the
seepage flow rate was 0.025 ml/s, the temperature difference
tended to remain unchanged at about 52°C after 20 min. When
the seepage flow rate was 0.05 ml/s, the temperature difference
tended to remain unchanged at about 30°C after 20 min. When
the seepage flow rate was 0.10 ml/s, the temperature difference
stabilized after 20 min at 12°C. When the seepage flow rate was
0.15 ml/s, the temperature difference stabilized after 4 min
at 2°C.

In the experiments, if the temperature difference change
rate within 5 min was less than 0.1°C/min, the temperature
could be called the characteristic value Tt of the sample.
Table 2 shows the data of the temperature characteristics
and heating times under different flow rates for the silty
sand, it can be determined that as the flow rate increased,
Tt was decreased linearly, and the heating time became shorter.
Tt and the seepage flow rate can be polynomially fitted to
obtain the relational expression, where the ordinate y
represents the temperature of the temperature difference of
the value in degrees Celsius (°C), and the abscissa x represents
the percolation flow rate in milliliters per second (ml/s), the
goodness of fit of the curve is 0.988.

y � −27.81 ln(x) − 50.67 (4)

Seepage Measurement Experiment
To carry out the seepage measurement experiment conducted in
this study, put equal volumes of clay, powder, fine sand, and
coarse sand into a round pipe with a permeable ceramic backing,
and measure its actual penetration according to the constant head
permeability test. Add an equal volume of water, measure the
temperature difference determined by the platinum resistance at
the upstream and downstream ends of the thin round tube, and
obtain the output characteristic curves of the clay, powder, fine
sand and coarse sand shown in Figure 8.

It can be concluded from Figure 8 that for the different rock
soils used in the experiments, the temperature differences rose
significantly in the first 4 min, and then increased slowly
until they stabilized. After the system was powered on,
the heating rod began to heat, and the temperature
differences measured by the upstream and downstream
PT100 platinum resistors increased rapidly, and after a
period of time, the temperature differences increased slowly
until they stabilized.

The characteristic temperature measured by the experiment
is brought into the formula (Leifer et al., 2011), and the
flow rate can be obtained, Table 3 shows the data of
temperature characteristics, the measured seepage flow and
the calculated seepage flow under different geotechnical
condition, the relative error is defined as the absolute value
of the calculated seepage flow minus the measured
value divided by the measured value, and which are all
within 3%.

CONCLUSION

Based on the basic principles of heat transfer in seepage
measurement, a thermal seepage sensor was proposed, and
the fabrication has been completed. The following
conclusions were drawn based on the theoretical analysis and
experimental results.

(1) The structure of the sensor is composed of a thin tube in
the middle and two funnels connected at both ends of the
thin tube. The small end of the funnel is fixed to the end of
the thin tube and communicates with the thin tube. The
heating rod is controlled inside the thin tube, the two ends
of the thin tube are equipped with temperature sensors,
and the probe needle is arranged in the middle of the
thin tube.

(2) An experimental platform for thermal seepage
measurement was built, and experiments on flow velocity
and temperature changes, seepage meter calibration
experiments, and rock and soil seepage measurement
experiments were carried out. The temperature
characteristic values of the silty sand with seepage flow of
0.025 ml/s, 0.050 ml/s, 0.100 ml/s and 0.150 ml/s are
obtained by experiments, and measured temperature
characteristic values are 52.0, 30.0, 12.0 and 2.0°C,
respectively. Formulas for the characteristic values of
seepage flow and temperature are presented.

(3) Based on the same experimental method, the temperature
characteristic values and seepage flow of clay, powder, fine
sand, and coarse sand were measured. The seepage flow
rate under different sample conditions were calculated
based on the relationship formula between seepage
flow rate and temperature characteristic, the errors
between the experimental value and the calculated value
are within 3%.
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Our future work will focus on the study of the influence on the
seepage flow rate under different heating power conditions is
extreme for the same sample. Secondly, we will expand the types
of experimental samples to obtain more abundant
experimental data.
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