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Abstract: In anti-seepage engineering, quality control and engineering applications are based on the
accurate measurement of seepage indices for low-permeability materials. The test used to determine
the seepage indices for low-permeability materials adopts an external source to produce water
pressure, and the seepage flux produced during the process requires manual measurement; thus,
the apparatus used is complex and difficult to operate, thereby lowering the testing efficiency and
restricting its application. In this study, a built-in servo motor was used to produce high water
pressure with a pressure transmitter, and it controlled and measured the seepage pressure. According
to the rotation number of the electric cylinder motor, the volume change of water in the hydraulic
cylinder was calculated and, thus, the seepage flux was deduced. A simple fully automatic seepage
apparatus for low-permeability materials was designed with a human–computer interface. The
results showed the successful calculation of seepage flux as a function of the rotation number of
the servo motor through automatic measurement. Furthermore, the replacement of the external
high-pressure source with the built-in servo motor enhanced the safety performance, and the human–
computer interface enabled an interactive operation and simplified the measurement structure. This
simple testing method can provide technical support for quality inspection and construction control
of anti-seepage engineering.

Keywords: seepage coefficient; low-permeability; seepage pressure; flux; automatic; servo; human–
computer interaction

1. Introduction

With the development of society, anti-seepage projects are increasing, such as cutoff
walls, continuous walls, and cutoff bodies in underground spaces [1,2]. Seepage indices
mainly include the seepage coefficient and seepage gradient, which are important indices
reflecting the permeability of materials. The acquisition of accurate seepage indices is key
to the seepage analysis and engineering application of materials [3]. Generally, engineering
materials with a seepage coefficient less than 10−6 cm/s are defined as low-permeability
materials [3], widely used in the anti-seepage applications for civil engineering [4], water
resources [5], transportation [6], environmental protection [7], petroleum manufacturing [8],
mining [9], and so on. The testing of low-permeability engineering materials requires a
high seepage pressure applied to the specimen (about 2 MPa), as well as an accurate
measurement of small seepage flux; thus, the measurement methods and devices used for
high-permeability engineering materials are no longer applicable. The main challenge in
our research is how to eliminate the potential danger of an external high-pressure source
and how to automate the measurement of seepage flux with a simply structured apparatus.
The purpose of this study was to describe and demonstrate a simple fully automatic testing
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method of seepage indices for low-permeability materials using automatic control and
human–computer interaction technologies.

The testing methods of seepage indices for low-permeability engineering materials
include field and indoor tests. Field testing methods mainly include conventional hydraulic
testing methods (direct testing methods), monitoring analysis methods, and indirect testing
methods. Specifically, the conventional hydraulic testing methods include the packer
method [10–12], piezocone method [13,14], and pumping method [15]. Monitoring anal-
ysis methods can obtain the seepage indices of materials as a function of the relevant
parameters of permeability of the soil and rock bodies tested using sensors [11,16]. Indirect
testing methods reflect the permeability of rock and soil to indirectly measure the seep-
age indices; these include the acoustic emission method [17], nuclear magnetic resonance
method [18,19], and near-infrared method [20]. For field tests, the overwhelming influenc-
ing factors make it difficult to accurately evaluate and determine the results, in addition to
generating a heavy test workload. As a result, indoor tests represent the primary testing
method of seepage indices for low-permeability materials. The indoor seepage testing
methods for low-permeability materials have mainly evolved from the testing methods
for high-permeability materials, including the anti-seepage grade measurement method
of concrete [21,22], improved triaxial methods for seepage testing [23,24], and improved
conventional methods for seepage testing [25–28]. These methods allowed upgrading
the testing ability of seepage indices for low-permeability materials and promoted their
engineering application.

An anti-seepage grade index is widely used in the quality control of concrete engi-
neering. The measurement of anti-seepage grade adopts an anti-seepage apparatus for
concrete [22]. The anti-seepage grade can be used to determine the anti-seepage nature
of concrete, but it is difficult to quantify its relationship with the seepage coefficient. The
seepage coefficient has a clear definition and can be directly used in engineering analysis
and calculation. However, the anti-seepage grade is not a direct parameter in engineering
numerical calculation; thus, it is not engineering design-friendly, thereby leading to limited
application. Regular triaxial devices are usually for the seepage testing of high-permeability
materials, and several improved triaxial devices can also be used for low-permeability mate-
rials. For example, a novel true triaxial device could measure and analyze the permeability
evolution of sandstone under real triaxial stress [23]. A seepage triaxial apparatus with
automatic control of boundary conditions could study the effect of boundary conditions
on the mechanical and hydraulic properties of unsaturated clay materials [24]. The above
triaxial devices have a high automated measurement level; however, the complexity of the
equipment and operation, as well as the high cost, hinders engineering applications. Some
researchers put forward a testing method of seepage indices suitable for low-permeability
materials by improving the regular methods for high-permeability materials. They devel-
oped a set of devices for measuring the seepage coefficient of coarse-grained soil, which
included a testing tube, an automatic pressure system, a pressure-measuring tube, and a
cylinder. The device could semi-automatically measure the seepage coefficient of coarse-
grained soil. However, the seepage flux had to be measured manually with a volume
change tube by operating mechanical buttons [25]. In research on the slenderness influ-
ence of bimsoils on non-Darcy groundwater flow characteristics, a servo-controlled flux
testing system was developed, but the seepage flux was still measured manually using
a cylinder [26]. A pressure difference sensor helped build an experimental system for
the permeability measurement of matrix particles of shale under a pore pressure up to
8 MPa, but the devices and the experimental process were complicated [27]. Derived from
the pulsed-pressure method, the pulse-decay technique allowed measuring the seepage
coefficient of ultra-low-permeability rocks, but the experiment required high seepage pres-
sure from an external source [28]. In the aforementioned improved seepage devices for
low-permeability materials, high seepage pressure was mostly obtained from external pres-
sure sources, which has potential safety risks. Moreover, the seepage flux was manually
measured using a cylinder or a volume change tube, whose operation was dependent on
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several mechanical buttons, thereby complicating the structure of the devices and necessi-
tating a higher level of automation. Thus, in conclusion, the issues facing existing testing
methods of seepage indices for low-permeability materials include the potential danger
incurred by an external high-pressure source, the seepage flux’s dependence on manual
measurement, and the inability of simple devices to realize full automation, which limit
the engineering application of seepage indices for low-permeability materials. Therefore,
the testing methods require an urgent upgrade.

The rapidly advancing human–computer interaction and automation technologies
have laid a technical foundation for the automatic and intelligent development of seepage
devices. Servo control [29–31], the programmable logic controller (PLC) [32,33], human–
computer interaction (HCI) [34,35], and other technologies have been applied in instrument
development. Specifically, in the application of servo control, a control design method was
developed for a high-order servo system with hydraulic actuator dynamics, thus avoiding
the backstopping scheme and only keeping the output control of the system [29]. Axial ulti-
mate strength steel cylindrical panels subjected to compressive axial load were tested using
a servo-hydraulic machine [30]. The permeability and dynamic compressive properties of
a high-performance cementitious composite containing coarse aggregate were determined
using a closed-loop servo-controlled material testing machine [31]. In terms of PLC ap-
plications, an event-driven approach was proposed to improve the design of industrial
control systems by using commercial PLCs, and an industrial automation system based on
PLC was constructed [32]. A system was designed to automatically control and monitor
the process at a wastewater treatment plant, whereby the system controlled the operation
of a PLC, and the PLC controlled the sensors and actuators in the apparatus [33]. In terms
of the technological applications of human–computer interaction, researchers developed a
free Android app, which provided a flexible graphical user interface [34]. A user-friendly,
easily assembled, and automated multistep outflow testing apparatus was designed using
National Instruments hardware and LabVIEW software [35]. In summary, servo drive
technology can be used for pressure control and accurate positioning of the apparatus;
PLC technology can be used to control the sensors and the synchronizing operation of
the apparatus; a human–computer interface can replace the mechanical buttons of the
apparatus, optimize the structure, and streamline the operation process. Therefore, the use
of human–computer interaction and automatic control technologies is an inevitable trend
in optimizing the structure and functions of existing seepage devices, thereby improving
the automation degree and maneuverability, as well as allowing the development of a
seepage index testing technology for low-permeability materials.

Our aim was to use the servo technology to apply high water pressure to a specimen
instead of an external high-pressure source, to calculate seepage flux as a function of
the rotation number of a servo motor, and to build a control platform for the apparatus
using a human–computer interface. According to the seepage principle [36], automatic
measurement technology [37,38], human–computer interaction technology [39], and rel-
evant codes [40,41], we propose a simple and fully automatic testing method of seepage
indices for low-permeability materials. In our method, we used servo control technology
to operate a pressure transmitter to produce high water pressure, as well as control and
measure seepage pressure. According to the rotation number of the servo motor in the
electric cylinder, we calculated the volume change of water in the hydraulic cylinder,
thus deducing the seepage flux. We then built a simple fully automatic seepage appa-
ratus for low-permeability materials using a human–computer interface. This research
demonstrated the feasibility of the proposed method through metrological verification and
comparative tests. Our research findings show that the proposed simple fully automatic
testing method of seepage indices for low-permeability materials met our goals. The
high-precision automatic measurement of seepage flux was realized by calculating the
rotation number of the servo motor. The built-in servo motor in the apparatus box replaced
the external high-pressure source, thus making the apparatus operation safer. Lastly, the
human–computer interface improved the maneuverability and simplicity of the apparatus,
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thereby providing technical support for quality inspection and construction quality control
of anti-seepage engineering.

2. Principles, Apparatus, and Methods
2.1. Purposes of Testing Method of Seepage Indices for Low-Permeability Materials

According to the properties of low-permeability materials and their requirements
in engineering applications [3,21], the main problems facing the current testing methods
of seepage indices for low-permeability materials include the difficulty in applying high
seepage pressure to a specimen with potential safety risks and automating the seepage flux
measurement. To solve these problems, we propose a simple fully automatic testing method
of seepage indices for low-permeability materials using a servo motor and automatic control
technologies; its main purposes are described below.

2.1.1. Fully Automatic Operation

During the testing process, the high seepage pressure can be automatically loaded
and unloaded onto a specimen, the test data can be automatically read, the test results can
be automatically output, and the test devices are researcher-friendly.

2.1.2. High Accuracy

The low seepage coefficient of low-permeability materials results in a small seepage
flux through the specimen during the testing process; thus, the precision requirements
for the seepage flux measurement could be very high. A testing code also put forward
the precision requirement of Grade 0.4 [3]. Furthermore, the rapid development of low-
permeability materials has reduced the seepage coefficient of low-permeability materials
to 10−10 cm/s or even 10−12 cm/s, leading to higher requirements for the measurement
accuracy of seepage pressure and seepage flux.

2.1.3. Simple Structure

The devices currently used in seepage index measurement for low-permeability mate-
rials have high requirements for water pressure and electric current supply. Some devices
are not easy to install due to their large size and huge weight. The technology is rapidly
moving toward the high integration of functional components and miniaturization; such a
trend will lower the cost and make these devices more accessible.

2.1.4. Safety

When testing seepage indices for low-permeability materials, the devices currently
used apply pressure to a specimen through a high-pressure hydraulic pump or an air
compressor, which could be unstable and unsafe. To enhance the safety of the test, it is
necessary to eliminate the potential risks in the devices.

2.2. Structure and Composition of the Apparatus

The simple fully automatic testing apparatus of seepage indices for low-permeability
materials consisted of a human–computer interface, a PLC, a pressurized system, a water
supply system, and a measurement system. The human–computer interface, as the main
control device of the apparatus, controlled the pressurized system, the water supply system,
and the measuring system through a PLC, allowing them work in a synchronized manner
to activate the measurement function. Its schematic structure is shown in Figure 1, the
physical apparatus is shown in Figure 2, the configuration is shown in Table 1, and the
main technical parameters are shown in Table 2. There was a high-pressure flow in the
connecting pipes from the hydraulic cylinder to the specimen in the apparatus, and the
pipes were linked via high-pressure resistible wire-mesh hoses, as shown in Figure 1.
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Table 1. Configuration of the seepage apparatus. PLC, programmable logic controller.

No. Constituent Part Accessory Manufacturer and Type Functions/Parameters

1 Human–
computer interface

Software:
EasyBuilder Pro

WEINVIEW cMT3072, Taiwan
Wilen Technology Co., Ltd.,

Taiwan, China

Thin-film transistor: 7”; dominant
frequency: 600 MHz; resolution:

800 × 480

2 PLC /
Hongge M7002, Taiwan

Hongge Technology Mainland
Corporation, Taiwan, China

4 analog inputs and 4 relay outputs

3 Pressurized system Servo motor ASDA-A2, Cinda Electric Co.,
Ltd., Shanghai, China

Equipped with a 20 bit incremental
encoder to achieve accurate

positioning control under low-speed
operation; built-in powerful motion
control mode; provides the function

of path definition

4 Water supply system
Water tank,

electric cylinder,
hydraulic cylinder

Electric cylinder: DDG-250,
Huizhou Kurt Measurement
and Control Engineering Co.,

Ltd., Huizhou, China;
Hydraulic cylinder: ECT-400,
Wuhan Econt Technology Co.,

Ltd., Wuhan, China

Volume of electric cylinder: 400 mL;
volume of hydraulic cylinder: 400 mL;

volume of water tank: 2.85 L

5 Measurement system Precision pressure
transmitter

MPM4730, Shanxi Mike Sensor
Co., Ltd., Xi’an, China

Scope of measurement: 0–2.5 MPa;
precision: ±0.15% F.S. (full scale)

6 Other accessories Apparatus box, loader Wuhan Econt Technology Co.,
Ltd., Wuhan, China

Volume of the box: 0.4 m3;
loader: 1 specimen for placement of

cylindrical specimen

Table 2. Main technical parameters of the seepage apparatus.

Measurement range of seepage coefficient ≤1.0 × 10−5 cm/s
Output pressure 0–2500 kPa

Control accuracy of output pressure ±2.0% of the measuring range of the
apparatus, or ≤20.0 kPa

Accuracy of seepage flux ±0.01 cm3

Temperature range 0–100 ◦C
Accuracy of temperature measurement ±0.3 ◦C

Accuracy of timing ±1 s

Power supply 220 V AC, ±10%

2.3. Testing Principles and Calculation Methods
2.3.1. Testing Principles

The topology structure and principles of the simple fully automatic testing apparatus of
seepage indices for low-permeability materials, developed using human–computer interac-
tion [34,42], servo motor [29–31], and PLC [32,33] technologies, are shown in Figures 3 and 4.
The human–computer interface can be connected to a computer or operated independently.
The human–computer interface can control the PLC to realize data acquisition and auto-
matic control of the apparatus. Specifically, the human–computer interface can control the
PLC, while the PLC can control the sensors for data acquisition (the sensors of water level
and temperature in the water tank, the sensor of water pressure in the pressure transmit-
ter). According to the data of the sensors, the human–computer interface regulates the
water filling pump in the water tank, the hydraulic cylinder filling pump, the opening and
closing operation of one-way and electromagnetic valves, and the servo motor to drive the
electric cylinder, whereas the electric cylinder drives the piston’s motion in the hydraulic
cylinder, pressurizes the water in the hydraulic cylinder, and maintains the difference in
constant pressure through piston motion in the hydraulic cylinder, which is conveyed to
the specimen. Because the compressibility of water and the metal parts and connecting
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pipes are very small, the influence of high pressure on their deformation is very small and
can be ignored. When the piston area is known, the volume change of the water in the
hydraulic cylinder can be calculated as a function of the rotation number of the servo motor.
Therefore, the difference in constant pressure can be read by the sensor of water pressure
in the pressure transmitter, the seepage flux through the specimen can be determined from
the volume change of the water in the hydraulic cylinder, and the seepage index of the
specimen can be calculated.

Water 2021, 13, x FOR PEER REVIEW 7 of 19 
 

 

are very small, the influence of high pressure on their deformation is very small and can be 

ignored. When the piston area is known, the volume change of the water in the hydraulic 

cylinder can be calculated as a function of the rotation number of the servo motor. Therefore, 

the difference in constant pressure can be read by the sensor of water pressure in the pres-

sure transmitter, the seepage flux through the specimen can be determined from the volume 

change of the water in the hydraulic cylinder, and the seepage index of the specimen can be 

calculated. 

 

Figure 3. Topology diagram of the simple fully automatic testing method of seepage indices for 

low-permeability materials. 

 

Figure 4. Schematic diagram of the testing principle of seepage flux. 

Figure 3. Topology diagram of the simple fully automatic testing method of seepage indices for
low-permeability materials.

Water 2021, 13, x FOR PEER REVIEW 7 of 19 
 

 

are very small, the influence of high pressure on their deformation is very small and can be 

ignored. When the piston area is known, the volume change of the water in the hydraulic 

cylinder can be calculated as a function of the rotation number of the servo motor. Therefore, 

the difference in constant pressure can be read by the sensor of water pressure in the pres-

sure transmitter, the seepage flux through the specimen can be determined from the volume 

change of the water in the hydraulic cylinder, and the seepage index of the specimen can be 

calculated. 

 

Figure 3. Topology diagram of the simple fully automatic testing method of seepage indices for 

low-permeability materials. 

 

Figure 4. Schematic diagram of the testing principle of seepage flux. 

Figure 4. Schematic diagram of the testing principle of seepage flux.



Water 2021, 13, 477 8 of 19

Leveraging the properties of the servo motor, we developed a simple fully automatic
seepage apparatus to test seepage indices for low-permeability materials. A servo motor,
also known as a servo controller or a servo amplifier, is a kind of controller which is
mainly used in a positioning system of high precision [38]. The testing method adopted
the embedded technology of human–computer interaction according to seepage principles.
A servo motor, an electric cylinder, and a hydraulic cylinder are three independent devices,
the linkage among which can be realized by connecting them. The servo motor can push the
motion of the electric cylinder and accurately calculate the displacement of the movement.
The servo motor can drive the piston in the hydraulic cylinder up and down through the
electric cylinder, thus pressing the water of the hydraulic cylinder and conveying the high-
pressure water of the hydraulic cylinder to the specimen through the pressure transmitter.
When the piston area is known, the volume change of water in the hydraulic cylinder
can be calculated as a function of the rotation number of the servo motor. Assuming that
the water volume through the specimen is equal to the volume reduction of water in the
hydraulic cylinder, the seepage flux of the specimen can be calculated from the volume
change of water in the hydraulic cylinder, and the seepage coefficient of the specimen can
be calculated. The measurement principles of seepage flux are shown in Figures 4 and 5.
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Figures 4 and 5 show that the water tank is full of water before the test. Before the
test, the piston is at the bottom of the hydraulic cylinder, while the volume of water in the
hydraulic cylinder is zero. When the motor in the electric cylinder is reset (the piston of
the hydraulic cylinder recovers) at the beginning of the test, the water filling pump in the
hydraulic cylinder opens, the one-way valve opens, and the water enters the hydraulic
cylinder from the water tank. The motor and the water filling pump stop when the motor
in the electric cylinder floats back to the top, and the hydraulic cylinder has been filled with
water. In the process of the test, the electromagnetic valve opens while the electric cylinder
pushes the piston forward in the hydraulic cylinder using the servo motor, squeezing the
water in the hydraulic cylinder to the specimen through the connecting pipes. The electric
cylinder stops moving to maintain the water pressure when the pressure in the hydraulic
cylinder rises to the predesigned level. The lines of water flow in the seepage apparatus
may withstand high water pressure from the hydraulic cylinder, the pressure transmitter,
and the electromagnetic valve to the specimen loader. To reduce the influence of high water
pressure on the pipelines, several metal connection pipes with high strength are used. The
deformation of the connecting pipes with high-strength metal is very small while bearing
a high seepage pressure; thus, the influence of high pressure on the deformation can be
omitted. Because the length of the connecting pipe between the hydraulic cylinder and the
specimen is short, the loss of water pressure along the pipe can be negligible. Therefore,
the seepage pressure of the pressure transmitter is the same as that of the specimen when
the status of the specimen stabilizes, and there is no need to arrange the testing sensors of
seepage pressure at the inlet or outlet of the apparatus.

The seepage flux of the specimen can be measured as a function of the properties of
the servo motor, as shown in Figure 4. Here, the piston is located at Position No. 1 in the
hydraulic cylinder at the beginning of the test. When the test begins, the servo motor’s
rotation pushes the piston to Position No. 2 in the hydraulic cylinder. The pressure-bearing
parts constitute several metal devices with high strength such as a hydraulic cylinder,
pressure transmitter, electromagnetic valve, and specimen fixture. The deformation of
the metal parts is very small when bearing high water pressure; thus, it can generally be
omitted. Therefore, the volume change of the hydraulic cylinder is equal to the volume of
the discharged water, which is equivalent to the seepage flux of the specimen if the volume
change and the loss of water in the testing process are not taken into account.

The motor in the electric cylinder starts up when the pressure in the hydraulic cylinder
drops during the testing process, pushes the piston forward, and raises the pressure to the
predesigned level. The whole process is repeated until the end of the test, and the number
of motor rotations is recorded during the whole pressurization process (Figures 4 and 5).
The water volume in the hydraulic cylinder can be measured as a function of the motor’s
rotation number, which describes the seepage flux through the specimen. The rotation
number of the motor can be calculated from the number of feedback pulses from the motor
encoder. Once the inner diameter of the hydraulic cylinder is confirmed, the total seepage
flux through the specimen can be accurately calculated; therefore, we can get the seepage
pressure and seepage flux of the specimen during a certain time, allowing the seepage
indices of the specimen to be calculated with temperature compensation. Equipped with
an embedded interface, the seepage indices for low-permeability materials can, thus, be
measured automatically (Figure 6).

The human–computer interface (HCI) is the master controller of the apparatus, as
shown in Figure 6. The interface is composed of a touch panel, an embedded central
processing unit (CPU), and software for human–computer interaction. The interface
is mainly for input and modification of the system, as well as the testing parameters,
testing operation, result output, and equipment communication. The apparatus uses
the WEINVIEW cMT3072 human–computer interface [42,43] for data acquisition, control,
and communication. The interface can acquire data from the accessed sensors of the
temperature, pressure, and water level, as well as control the PLC and the servo motor
through the communication port RS485. The human–computer interface communicates



Water 2021, 13, 477 10 of 19

with the PLC, the servo motor, and the remote monitoring center through the interface
RS232, which is easy to handle and access. The human–computer interface that controls the
apparatus is user-friendly and fast. Guaranteed with multiple security measures that ensure
operation safety, users can easily develop the software for the apparatus. The human–
computer interface cMT3072 can meet the technical requirements of data acquisition and
transmission, equipment control, data calculation, convenience, and safety for seepage
index measurement for low-permeability materials. The software EasyBuilder Pro for
WEINVIEW is a new generation of human–computer interface software with excellent
performance [42,43].
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Figure 6. Human–computer interface of the seepage apparatus.

The embedded CPU of the HCI sets/modifies the working parameters of the appa-
ratus, instructs the apparatus to work as required, and reads the measured data of the
corresponding sensors. The data collected can be displayed on a liquid crystal display
(LCD) screen and stored on a Secure Digital (SD) card. The historical data can be used to
calculate the seepage indices, search the history data, and copy the data. The embedded
CPU can be activated by the operation of the touch buttons or commands sent from the
remote server, while the instructions can be sent to devices through the bus RS485. In the
data uploading process, the measurement data are transmitted through the communication
port RS232 from the embedded CPU to a wireless transmission module, which further
transmits the measurement data to the remote upper computer through the transmission
of public communication networks.

2.3.2. Calculation Methods of the Seepage Coefficient and Seepage Gradient

According to the working principles of a servo motor [29] and the seepage test [3,40],
the calculation process of the seepage indices is described below.

We first calculate the rotation number of the motor according to pulse readings from
the encoder and the electronic gear ratio of the motor. Then, we translate the rotation
number into linear displacement of the piston in the hydraulic cylinder through the electric
cylinder, and we figure out the total seepage flux of the specimen. The definition of the
electronic gear ratio of the motor is as follows:

n = N/M, (1)

where n is the electronic gear ratio, N is the resolution of the motor encoder (unit: pulse),
and M is the number of pulses required for the motor to rotate one circle (unit: pulse).

f2 = f1 · n, (2)
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where f 1 is the input pulse number of a command pulse, and f 2 is the output pulse number
of a position pulse, i.e., the number of the rotating pulse of the motor.

The volume change of the piston movement under the action of a unit pulse can be
expressed as follows:

V0 = m · S, (3)

where V0 is the volume change of the piston movement under the action of a unit pulse, m
is the workload of the piston movement under the action of a unit pulse (cm/pulse), and S
is the cross-sectional area of the piston in the hydraulic cylinder (cm2).

The volume change of the hydraulic cylinder under the action of input pulses (f 1) can
be expressed as follows:

Vt = f2 · V0, (4)

Vt = f1 · nm · S, (5)

where t is the time (unit: s), and Vt is the volume change of the hydraulic cylinder piston
movement under the action of f 1 input pulses, which is also the volume change of the
hydraulic cylinder when the time is t.

The volume change and the loss of water in the testing process are not taken into
account; the value of the volume reduction of the hydraulic cylinder is the seepage flux
through a specimen during a certain time. Therefore, the seepage flux of the specimen can
be expressed as

Qt = Vt, (6)

where Qt is the seepage flux of the specimen.
According to Equations (1)–(6), the values of the movement workload of the piston in

the hydraulic cylinder under the action of a unit pulse (m), the cross-sectional area of the
piston in the hydraulic cylinder (S), and the electronic gear ratio (n) can be determined after
the types of the electro-hydraulic cylinder and the servo motor are confirmed. Therefore,
the test only needs the number of the input pulses (f 1) recorded during the process to
calculate the volume change of the piston movement in the hydraulic cylinder under the
action of the pulses, which is the seepage flux of the specimen during a certain time.

The seepage coefficient and the seepage gradient can be calculated using the following
equations according to seepage theory [40]:

kT =
η · Qt · H
A · ∆h · ∆t

, (7)

η =
ηT
η20

, (8)

∆h =
P

ρw(T) · g
, (9)

kT =
η · Qt · H · ρw(T) · g

A · ∆t · P
, (10)

J =
∆h
H

=
P

ρw(T) · g · H
, (11)

where kT is the seepage coefficient (unit: cm/s) of the specimen when the temperature of the
specimen is T ◦C, η is the ratio of the dynamic viscosity coefficient of water, ηT and η20 are
the dynamic viscosity coefficients of water when the temperature of the specimen is T ◦C
and 20 ◦C, respectively, Qt is the seepage flux when the specimen has a temperature of T ◦C
(unit: cm3), ∆t is the seepage time of the specimen during a certain time (unit: s), T is the
temperature (unit: ◦C), H is the height of the specimen (unit: cm), A is the cross-sectional
area of the specimen (unit: cm2). ∆h is the water pressure difference of the specimen
(unit: cm). P is the seepage pressure (unit: kPa). ρw(T) is the density of water when the
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temperature of the specimen is T ◦C (unit: g/cm), g is gravitational acceleration, and J is
the seepage gradient.

2.4. Testing Methods
2.4.1. Specimen Installation

It is necessary to ensure that the water tank contains sufficient water before the test so
that the test can be carried out smoothly. The prepared specimen is placed in the specimen
holder, where the large end constitues the inlet and the small end constitutes the outlet.
Such a design ensures that the specimen becomes more condensed during the testing
process. The gap is filled between the specimen and the specimen holder with the slurry of
the specimen material or a mixture of cement slurry and bentonite soil. The space between
the specimen and the specimen holder should be filled after the slurry is air-dried to the
extent that no water can flow through the space; thus, leakage can effectively be avoided
between the specimen holder and the contact surface of the tested specimen. A top cover
and a base are bolted to the top and the bottom of the specimen holder, respectively. The
inlet is connected with the inlet pipe [3,40].

2.4.2. Measurement Process

After starting the apparatus, we can set up the parameters of the system and operation.
System parameters include the real time, network, data storage interval, screensaver time,
inner diameter of the pressure cylinder, and viscosity coefficient. The operation parameters
include specimen parameters, working parameters of the servo motor, PLC parameters,
control parameters, and sampling parameters.

The water pump supplies water to the specimen to remove air from the pipes, loader,
and specimen before operating the test. There is no manual intervention during the
testing process. Researchers only need to observe whether the surface of the specimen is
permeable. If continuous seepage occurs on the surface of the specimen, the test enters
into the measuring stage of seepage indices. The apparatus can work automatically or
manually. The results are automatically calculated and saved after the test.

2.4.3. Unloading Specimen

Upon completion of the test, the power supply and the magnetic valve of the apparatus
are turned off, while the intake pipe is removed from the inlet, and then the specimen is
removed. Accordingly, the whole testing process ends.

2.5. Error Analysis Methods

To evaluate the rationality of our proposed simple fully automatic testing method of
seepage indices for low-permeability materials, we assessed the testing error/deviation
error of the method by comparing it with the standard method and a similar apparatus.
We adopted the relative error or relative deviation error as the evaluation benchmark.

The seepage pressure index of this method was compared with the testing index of a
related measurement to evaluate whether the seepage pressure index of this testing method
meets the requirements of testing accuracy. The seepage flux index of this method was
compared with the calibrated cylinder to evaluate whether the seepage flux testing index
of this testing method meets the requirements of testing accuracy.

2.6. Experimental Design for Verification and Engineering Application

To assess the performance of the simple fully automatic testing method of seepage
indices for low-permeability materials, we mainly carried out a metrological verification
of seepage pressure and a self-calibration of seepage flux, a comparison test with a semi-
automatic seepage apparatus, and an engineering application. We assess and discuss the
effectiveness of the method below.
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2.6.1. Experimental Design for Metrological Verification and Self-Calibration

To evaluate the accuracy of the simple fully automatic seepage apparatus for low-
permeability materials, we carried out a metrological verification or self-calibration of
the measurement parameters of the apparatus. The pressure transmitter used in seepage
pressure measurement was sent to the Henan Institute of Metrology, a qualified affiliation
for metrological verification and assessment of the testing accuracy of seepage pressure.
The seepage pressure index measured using the simple fully automatic seepage apparatus
of low-permeability materials was benchmarked against the indicators provided by the
qualified affiliation. To assess whether the accuracy of the seepage pressure measurement
method reached the standard level, the comparison results were checked against the
requirements of the relevant code (the precision requirement of seepage pressure is Grade
No. 0.4 [3]). The measuring cylinder was calibrated with a measurement precision of
0.1 cm3. The cylinder was used to simultaneously measure the seepage flux of the specimen.
The measurement results of seepage flux from the fully automatic seepage apparatus
for low-permeability materials were compared with those from a calibrated cylinder, to
evaluate whether the seepage flux testing of this method met the precision requirement.

2.6.2. Experimental Design for Comparison Testing of a Semi-Automatic
Seepage Apparatus

To evaluate the structure and performance of the simple fully automatic seepage
apparatus for low-permeability materials, engineering material tests were simultaneously
carried out with the simple fully automatic and semi-automatic seepage devices. To
evaluate the testing precision of the simple fully automatic seepage apparatus, the cutoff
wall of the Jiaozuo water resources allocation project in China was selected as the specimen
for the comparative test. The material of the cutoff wall was plastic concrete. The thickness
of the cutoff wall was 30 cm, the strength index was C2.5, the concrete mix ratio of each
cubic meter was 350 kg of cement with a strength grade of 42.5, 660 kg of sand, 660 kg of
gravel, 360 kg of water, and 90 kg of bentonite, and the design requirement of the seepage
coefficient was less than 1.0 × 10−6 cm/s. The seepage coefficient of the plastic concrete
was simultaneously tested using the simple fully automatic and semi-automatic devices
for low-permeability materials. As a function of the measured seepage coefficient of the
semi-automatic seepage apparatus, the testing deviation error of the simple fully automatic
apparatus was calculated.

2.6.3. Experimental Design for Engineering Application

To evaluate an engineering application using the simple fully automatic apparatus
of low-permeability materials, we selected some cement–soil mixing piles for the seepage
coefficient test. These cement–soil mixing piles were set in Bid Section No. 04, Bid Section
No. 09, and Bid Section No. 10 of Zhengzhou Metro Line 5 in China. Metro Line 5 in
Zhengzhou City went through the core urban area. The 40.7 km long line was underground
with 32 stations set at an average interval distance of 1.272 km. The line construction
started in 2014 and operation began in 2019. There were two underground stations and two
shield sections in Bid Section No. 04, two underground stations and three shield sections in
Bid Section No. 09, and three underground stations and four shield sections in Bid Section
No. 10. The quantity of cement–soil mixing piles and concrete cutoff walls in the three
bid sections was large. To evaluate the anti-seepage effect of cement–soil mixing piles of
Metro Line 5, we used the simple fully automatic seepage testing apparatus to conduct a
permeability test from November 2017 to March 2018. The testing objectives were mixing
pile No. 45 in wind tunnel No. 1 at the C–B–D station in Bid Section No. 04, and pile No.
78 at the receiving end of a shield machine in the entry and exit sections for a vehicle at
the Z–Z avenue in Bid Section No. 09. A cement–soil mixing pile was used for stratum
reinforcement of a junction passage in the H–J shield section in Bid Section No. 10. The
cement–soil mixing piles were made of composite Portland cement, the strength grade was
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32.5, the cement incorporation ratio was 18%, and the design requirement of the seepage
coefficient was less than 1.0 × 10−6 cm/s.

3. Results
3.1. Results of Metering Verification and Self-Calibration

We assessed the testing precision of seepage pressure and seepage flux of the simple
fully automatic apparatus for low-permeability materials through metrological verification
or self-calibration (Tables 3 and 4). Table 3 shows that the maximal error of the pressure
transmitter used by the simple fully automatic apparatus was less than ±0.2%, and its
accuracy grade was 0.2; thus, it met the requirements of the code (the accuracy class of
the code is 0.4 [3]). Table 4 shows that the average error of the seepage flux measurement
using the simple fully automatic apparatus was 1.28% (tested five times) comparing with
the cylinder. Our findings show that the testing accuracy of seepage pressure and seepage
flux using the simple fully automatic apparatus met the testing requirements.

Table 3. Results of the metrological verification of seepage pressure.

Testing Item Testing Error (%) Accuracy Grade of Testing Code for Accuracy Grade Whether or Not the Code
Requirement Was Met

Seepage pressure 0.2 0.2 0.4 Yes

Table 4. Comparison results between the simple fully automatic apparatus and a cylinder.

Time
(min)

Total Flux of the
Apparatus Testing

(cm3)

Total Flux of the
Cylinder Testing

(cm3)

Periodic Flux of the
Apparatus Testing

(cm3)

Periodic Flux of the
Cylinder Testing

(cm3)
Testing Error (%)

60 2.72 2.84 0.76 0.74 2.70
90 4.21 4.31 0.73 0.73 0

120 5.78 5.92 0.80 0.82 2.44
150 7.35 7.51 0.79 0.80 1.25
180 8.96 9.12 0.80 0.80 0

Average 1.28

3.2. Comparison Results Using a Semi-Automatic Seepage Apparatus

We assessed the testing accuracy of the fully automatic seepage apparatus for low-
permeability materials by comparing the results with those using a semi-automatic seepage
apparatus (Table 5).

Table 5. Results of the seepage coefficient of a plastic concrete cutoff wall.

Type of Apparatus Specimen Mean
Diameter (cm)

Specimen
Height (cm)

Testing Results
(cm/s)

Relative
Deviation-Error

(%)

Measurement
Method of

Seepage Flux
Remark

Semi-automatic
apparatus [25] 3 3 6.28 × 10−7 / Manual, volume

change tube Benchmark

Simple fully
automatic apparatus

[in the paper]
3 3 6.17 × 10−7 1.59% Automatic, servo

technology /

Table 5 shows that the seepage coefficients measured using the simple full-automatic
seepage apparatus and the semi-automatic seepage apparatus were 6.17 × 10−7 cm/s and
6.28 × 10−7 cm/s, respectively, and the testing deviation-error between the simple fully
automatic seepage apparatus and the semi-automatic seepage apparatus was less than
1.60%. Moreover, compared to the fully automatic seepage apparatus, the semi-automatic
seepage apparatus uses manual measurements instead of being fully automated. Our
findings show that the simple fully automatic seepage apparatus for low-permeability
materials can fully automate measurements of the seepage coefficient of plastic concrete
cutoff walls, and it meets the requirements of engineering testing.
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3.3. Results of Engineering Application

We assessed the engineering application using the simple fully automatic apparatus
for low-permeability materials by testing cement–soil mixing piles at Zhengzhou Metro
Line 5 (Table 6).

Table 6. Results of the seepage coefficient of cement–soil mixing piles.

Bid Section No. Specimen No. Testing Value
(cm/s)

Design Requirement
(cm/s)

Whether or Not the Design
Requirement Was Met

04 04-1 2.61 × 10−8 ≤1.0 × 10−6 Yes
04 04-2 4.25 × 10−7 ≤1.0 × 10−6 Yes
04 04-3 5.43 × 10−8 ≤1.0 × 10−6 Yes
09 09-1 3.99 × 10−9 ≤1.0 × 10−7 Yes
09 09-2 4.77 × 10−9 ≤1.0 × 10−7 Yes
09 09-3 4.79 × 10−9 ≤1.0 × 10−7 Yes
10 10-1 2.93 × 10−9 ≤1.0 × 10−7 Yes
10 10-2 3.77 × 10−9 ≤1.0 × 10−7 Yes
10 10-3 2.92 × 10−9 ≤1.0 × 10−7 Yes

Table 6 shows that the seepage coefficients of the cement–soil mixing piles selected
from the three segments reached the design requirements, and the anti-seepage perfor-
mance was stable. The seepage coefficients of the cement–soil mixing piles in Metro Line
5 were obtained quickly, which would facilitate the continuous construction of projects.
The research findings show that the simple fully automatic seepage apparatus for low-
permeability materials can be used in quality inspection and construction control of low-
permeability engineering materials.

4. Discussion

We assessed the simple fully automatic seepage apparatus for low-permeability mate-
rials by comparing it with conventional seepage devices for low-permeability materials
with respect to the testing methods, structure, and performance (Table 7). Table 7 shows
that the simple fully automatic seepage apparatus for low-permeability materials adopts
a built-in servo motor to apply axial compression, and it is fully automatic during the
testing process, simple in structure, convenient in operation with a human–computer inter-
face, and safe from external high-pressure sources. Compared with other seepage devices
for low-permeability materials, our proposed apparatus was superior in terms of testing
method, structure, and/or performance. Our comparative results show that the simple
fully automatic seepage apparatus for low-permeability materials is fully automated in
operation, simple in structure, and safe, thus achieving our development purposes.

In this study, we verified that the simple fully automatic testing method of seepage
indices for low-permeability materials features high accuracy, fully automatic operation,
and a simple structure with greater safety. To clarify the feasibility of the simple fully
automatic apparatus, we conducted metrological verification or self-calibration through
comparative tests of the simple fully automatic and semi-automatic seepage devices, as well
as a comparative analysis of conventional seepage devices. Our research findings show that
the simple fully automatic testing method of seepage indices for low-permeability materials
can effectively solve the problems with applying high seepage pressure to the specimen and
with automating the measuring process of seepage flux through a specimen This apparatus
allows fully automating the testing of seepage indices for low-permeability materials.

As shown in Tables 3 and 4, the testing accuracy of seepage pressure and seepage
flux of the simple fully automatic apparatus meets the testing requirements. As shown in
Tables 5 and 6, the simple fully automatic seepage apparatus for low-permeability materials
meets the requirements of engineering tests; thus, it can be used in quality inspection and
construction control of low-permeability engineering materials. As shown in Table 7, the
simple fully automatic seepage apparatus is fully automatic in operation and simple in
structure with greater safety compared with conventional seepage devices. The proposed
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apparatus is an improved and innovative version of the existing testing methods. Therefore,
it is different from the conventional seepage devices for low-permeability materials used in
petroleum science or civil engineering.

Table 7. Comparison results among the main seepage devices for low-permeability materials.

Name of Seepage
Apparatus

Exerting Method of
Seepage Pressure

Measurement
Method of

Seepage Flux
Structure and
Composition

Operational
Performance

Safety
Performance

Anti-seepage apparatus
for analyzing concrete

impermeability [22]

Built-in pressurized
system and axial

application

Manual
measurement with

filter paper

Simple structure
with ~1.0 m3

volume

Semi-automatic
operation with

mechanical buttons

Built-in
high-pressure
water source

True triaxial geophysical
apparatus [23]

External air-pressurized
system and axial

application

Automatic
measurement Complex structure

Fully automatic
operation without
human–computer

interaction

External
high-pressure

air source

Testing system of flux
using servo control [26]

Built-in
servo-pressurized system

and axial application

Manual
measurement with a

cylinder
Complex structure

Semi-automatic
operation with

mechanical buttons

Built-in
high-pressure
water source

Testing system of pulse
pressure [28]

External pressurized
system and radial

application

Automatic
measurement

Complex structure
with a rock testing

system

Semi-automatic
operation with

mechanical buttons
and manual

calculation of results

External
high-pressure

source

Semi-automatic seepage
apparatus [25]

Built-in
servo-pressurized system

and axial application

Manual
measurement with a
volume change tube

Simple structure
with a volume

change tube

Semi-automatic
operation with

mechanical buttons

External
high-pressure

source

Simple fully automatic
seepage apparatus

[in this paper]

Built-in servo motor and
axial application

Automatic
measurement

Simple structure
with ~0.3 m3

volume

Fully automatic
operation with

human–computer
interaction

Built-in servo
motor without
high-pressure

sources

The above-described conventional seepage devices still adopt air pressure or hydraulic
pressure as the sources of high seepage pressure on a specimen, which incurs potential
safety risks, as well as a volume change tube or a cylinder to measure the seepage flux
and several mechanical buttons to control the operation of the apparatus. Such equipment
makes it difficult to realize fully automatic testing of seepage indices. Our research made
three important improvements. First, we replaced the conventional application method of
air pressure or hydraulic pressure with the servo technology. The servo motor safely applies
high hydraulic pressure to the specimen without a high-pressure source, thus eliminating
potential safety risks. Second, we utilized the servo technology with an accurate positioning
function to indirectly perform the calculation of seepage flux through the specimen as a
function of the volume change of water in the hydraulic cylinder instead of using a manual
direct measurement, which in turn allowed achieving the automatic testing of seepage
indices for low-permeability materials. Lastly, a human–computer interface was used
instead of traditional mechanical buttons to control the apparatus operation, making the
structure simpler and easier to operate.

When bearing the high water pressure of the seepage apparatus during the test process,
the pressure-bearing parts will undergo small deformation in the metal connecting pipes,
hydraulic cylinder, pressure transmitter, valves, specimen fixtures, and so on, which will
also affect the measurement accuracy of seepage flux, thus probably resulting in errors in
the test results.

Three specimens were used in general seepage tests. The seepage coefficient of only
one specimen could be measured at a time using the simple fully automatic apparatus;
hence, the testing efficiency was relatively low. There are several low-permeability materials
in engineering projects, such as plastic concrete, geosynthetics, rock, and so on, while the
absence of a uniformed mold limits the application of the apparatus. The seepage index
used in most current engineering surveys and design codes is the anti-seepage grade, while
the seepage coefficient is less used as a design control index. The design codes and testing
methods of seepage indices for low-permeability materials have been outdated, which
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significantly restricts the development and application of the testing method of seepage
indices for low-permeability materials.

5. Conclusions

In conclusion, we proposed a fully automatic testing method of seepage indices for
low-permeability materials, and we developed a simple fully automatic seepage apparatus
using a human–computer interface, which enabled the testing process to be operated
interactively with easy handling. In addition, we explicitly demonstrated the accuracy,
accessibility, simplicity, and safety of the method.

In our proposed simple fully automatic testing method of seepage indices for low-
permeability materials, we adopted servo control technology to safely apply high pressure
to the specimen, calculated the seepage flux as a function of the volume change of water in
the hydraulic cylinder, and used the human–computer interface to construct the apparatus,
thus improving the testing accuracy and performance of the apparatus. This method can,
therefore, provide facilities and methodological support for quality inspection and con-
struction control of anti-seepage applications in the civil engineering, water conservation,
transportation, agriculture, and environmental protection fields.

It is necessary to further study the influence of seepage pressure on the deformation
of the metal parts, analyze the influence rules of deformation of the metal parts under
high seepage pressure on the measurement accuracy of the seepage flux, and put forward
corresponding compensation methods to improve the testing accuracy of the simple fully
automatic testing method of seepage indices for low-permeability materials.

It is necessary to study how to simultaneously measure the seepage coefficient of
multiple specimens and improve the testing efficiency. The software and hardware should
be adjusted and optimized for apparatus loading, data acquisition, and post-processing.
Standard specimen molds for all kinds of low-permeability materials should be developed
for easy use, which should facilitate the universality and standardization of the testing
process, thus promoting the apparatus to be more widely adopted. We suggest modifying
the relevant codes of engineering design to replace the anti-seepage grade with the seepage
coefficient, taking the latter as the main control index of anti-seepage engineering quality.

Developing automatic testing devices based on fast-advancing technologies is an
inevitable trend in instrument research and development. On one hand, the organic combi-
nation of human–computer interaction technology with PLC, motor, network, computer,
and other technologies will promote a qualitative leap in the field of instrument develop-
ment. On the other hand, upgrading the seepage apparatus with advanced technologies
will further improve the accuracy and efficiency of the test.
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