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Abstract: The increasing severity of ground subsidence, ground fissure and other disasters caused by the
excessive exploitation of deep underground resources has highlighted the pressing need for effective
management. A significant contributing factor to the challenges faced is the inadequacy of existing soil
mechanics experimental instruments in providing effective indicators, creating a bottleneck in
comprehensively understanding the mechanisms of land subsidence. It is urgent to develop a multi-field and
multi-functional soil mechanics experimental system to address this issue. Based soil mechanics theories,
the existing manufacturing capabilities of triaxial apparatus and the practical demands of the test system, a
set of multi-field coupled high-pressure triaxial system is developed tailored for testing deep soils (at depths
of approximately 3 000 m) and soft rock. This system incorporates specialized design elements such as high-
pressure chamber and horizontal deformation testing devices. In addition to the conventional triaxial tester
functions, its distinctive feature encompass a horizontal deformation tracking measuring device, a water
release testing device and temperature control device for the sample. This ensemble facilitates testing of
horizontal and vertical deformation water release and other parameters of samples under a specified stress
conditions, at constant or varying temperature ranging from —40°C—90°C. The accuracy of the tested
parameters meets the requirements of relevant current specifications. The test system not only provides
scientifically robust data for revealing the deformation and failure mechanism of soil subjected to extreme
temperature, but also offers critical data support for major engineering projects, deep exploration and
mitigation efforts related to soil deformation-induced disaster.

Keywords: Multi-field coupled triaxial test; High and low temperature; Horizontal deformation;
Compressed water release
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insights into soil structure and mechanical proper-
ties. The range and density of parameters tested by
a triaxial apparatus directly reflect the level of
research objectives. With population growth and
the rapid development of urbanisation, resource
utilization has also been accelerated, the exp-
loitation of deep groundwater and petroleum
resources has led to varying degrees of ground

Introduction

Geotechnical testing constitutes a crucial compo-
nent of engineering geology, soil mechanics, geo-
technics and other relevant fields, offering valuable

"Corresponding author: Xiu-yan Wang, E-mail address: wxiuyan-
9948@163.com

DOL: 10.26599/JGSE.2023.9280025
Wang XY, Sun L, Wang SW, et al. 2023. Development and
application of multi-field coupled high-pressure triaxial apparatus

for soil. Journal of Groundwater Science and Engineering, 11(3):
308-316.

2305-7068/© 2023 Journal of Groundwater Science and Engineering Editorial

Office This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0)

308

subsidence, ground cracks and associated econo-
mic losses (Ha et al. 2021; Gao et al. 2019; Luo et
al. 2019; Bagheri-Gavkosh et al. 2021; Haley et al.
2022; He et al. 2019). However, the mechanics of
soil deformation and failure remain insufficiently
understood, impeding effective geological disaster
prevention and control. A key factor contributing

http://gwse.iheg.org.cn


http://gwse.iheg.org.cn
mailto:wxiuyan&lt;linebreak hyphen=&quot;true&quot;/&gt;9948@163.com
mailto:wxiuyan&lt;linebreak hyphen=&quot;true&quot;/&gt;9948@163.com
mailto:wxiuyan&lt;linebreak hyphen=&quot;true&quot;/&gt;9948@163.com
https://doi.org/10.26599/JGSE.2023.9280025
http://creativecommons.org/licenses/by-nc-nd/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0

Journal of Groundwater Science and Engineering 11(2023) 308—-316

to this gap is the limited scope of effective para-
meters provided by existing testing equipment,
hindering scientific research and practical engin-
eering. The need for a multi-field coupled triaxial
test system has becoming pressing.

Traditional triaxial testers are mainly used to
yield mechanical parameters such as stress, strain
and strength of rock and soil (Burland, 2007), with
arange that is often limited to 0.6 MPa. Major engi-
neering projects have made some improvement in
enhancing the range and multifunctionality, mainly
demonstrated by the following aspects: (1) The
development of high-range triaxial testers is well
established (Chen et al. 2019); for example, GDS
Geotechnical Testing Instruments in the UK offers
a triaxial instrument with a maximum vertical
pressure of 500 KN, primarily for rock testing;
(2) Mao et al. (2015) employed image processing
techniques to study local deformation and damage
evolution in triaxial soil samples (Yang et al.
2019), yielding substantial insights; (3) Sultan et
al. (2002) elevated the temperature capabilities of
GDS triaxial testers to 100°C, and Hu et al (2015)
conducted trial or experimental studies on tempe-
rature-controlled unidirectional triaxial testers
(Xiao et al. 2020; Xiong et al. 2022). Despite
considerable advancements in testing functions and
the pivot role they play in scientific research and
engineering construction, current triaxial testers
still require enhancements to address geotechnical
hazards caused by deep probing, mining and deep
exploration, especially under temperature-related
environmental conditions. Additionally, certain
parameter indicators remain underrepresented, in-
cluding: (1) the amount of water released during
soil sample compression; (2) horizontal deforma-
tion during soil sample compression; and (3) test
parameters under changing temperature field con-
ditions or constant temperature.

Based on the theories of geomechanics, engin-
eering geology, hydrogeology, combined with
previous findings (Yin et al. 2019; Deng and Deng,
2019) and comprehensive technologies such as
motor-driven technology, automatic control tech-
nology, and laser measurement technology, this
study has developed a set of multi-field coupled
high-pressure triaxial testing system. This inno-
vative apparatus not only facilitates traditional
triaxial compression and static lateral pressure
coefficient tests, but also accommodates unreso-
lved parameters like water release and horizontal
deformation of soil triaxial. It also incorporates a
temperature range spanning from —40°C to 90°C.
This test system can provide scientifically robust
parameters essential for addressing geological dis-

http://gwse.iheg.org.cn

asters such as ground settlement and ground cracks
caused by exploration and exploitation of deep un-
derground resources in varying temperature envir-
onments. It will supply reliable parameters for the
execution of major projects from soil to soft rock,
playing an important role in advancing the geo-
sciences disciplines.

1 Main structure of the apparatus

The multi-field coupled high-pressure triaxial test
system combines vertical stress field, vertical and
horizontal strain field, infiltration field and tem-
perature field. The system consists of the following
key components: (1) triaxial testing device: Pri-
marily composed of servo-controlled loading host
and three high-pressure triaxial pressure chambers;
(2) high and low temperature control unit; (3) ho-
rizontal deformation test device; (4) data acquisi-
tion and computer processing unit, including di-
gital multi-channel stress, displacement, peripheral
pressure counterpressure, pore water pressure, pore
water volume and other parameters, which are
detected by sensors and transmitted to the control
system for analysis. The main structure of the
multi-field coupled triaxial test system is depicted
in Fig. 1, while its physical setup is presented in
Fig. 2.

@1 m ®
=2 -1l | = 4 oo ®
I @
-3 [I ff‘““[r H 8
5 JJJ ........ L @,5

Fig. 1 Schematic diagram of main structure with
multi-field coupled high-pressure triaxial system

(-1 Loading frame (D-2 Pressure chamber (D-3 Pore water pressure
testing device (D-4 Liquid inlet (D-5 Seepage device @ Temperature
control device (@ Horizontal deformation testing device @ Data

acquisition and processing device

2 Main features of the apparatus

The multi-field coupled high-pressure triaxial test
system serves not only as a conventional triaxial
tester but also facilitate fully automatic static
triaxial testing, constant rate consolidation testing,
K, testing, and more. Additionally, it can measure
horizontal deformation, pore water pressure, pore
water volume and other parameters. With the
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Fig. 2 Photo of multi-field coupled high-pressure
triaxial test system

(-1 Loading Frame (D-2 Pressure chamber (D-3 Servo host (D-4
Water circuit control device 2 Horizontal deformation testing device
(® High and low temperature control device @ Data acquisition and

processing device

integration of vertical strain field, horizontal strain
field, infiltration field and temperature field within
a single system, its applicability is greatly broa-
dened.

2.1 Multi-functional high-pressure tria-
xial test apparatus

The core component of the test system is the multi-
functional high-pressure triaxial test apparatus, as
shown in Fig. 1. This apparatus has several key
enhancements compared to the conventional tria-
xial testers: Firstly, the vertical pressure and circu-
mferential pressure of the triaxial tester are incr-
eased; secondly, the measurement device for the
pore water volume and pore water pressure
parameter are introduced. Details are as follows:

(1) Servo host
The servo host comprises a servo motor, reducer
and other components. Axial pressure, loading
speed, vertical deformation and other data are
transmitted to the control system through axial
stress sensor and grating displacement meter. The
axial pressure capacity of the pressure frame of the
servo host is < 50 KN, with a lifting speed range of
0.002 mm/min to 4.5mm/min, and an axial stroke
range of 0 to 100 mm. The servo host applies
pressure to the sample, inducing the corresponding
deformation.

(2) Triaxial pressure chamber and pressure-
volume change device
The triaxial pressure chamber can withstand up to
10 MPa of peripheral pressure and is capable of
high and low temperature operations. It accom-
modates sample sizes of ®39.1x80.0 mm and
®61.8%x125.0 mm. The pressurizing medium is an

310

aqueous ethylene glycol solution designed to
withstand simultaneous high and low temperatures.

Pressure-volume change device precisely con-
trols peripheral and counterpressure volume chan-
ges via digital pressure/volume controllers.

(3) Pore water pressure and pore water volume
measurement devices

A pore water pressure device (Fig. 1(D-3) is
introduced to measure pore water pressure para-
meter during triaxial consolidation undrained shear
tests or compression tests. To test the pore water
volume, a seepage device is added within the
sample's pore water overflow (Fig. 1-5). This
device measures pore water volume during triaxial
consolidation, drainage shear tests (CU) or com-
pression tests, providing real-time data during the
sample's triaxial compression process. This para-
meter signifies the amount of pore water released
during soil deformation, which is crucial for acc-
urately estimating resources volumes such as
groundwater or oil.

2.2 Temperature control device

The temperature control device is placed outside
the triaxial pressure chamber, as shown in Fig. 1D-
2, Fig. 23). A glass window is installed on the
front and side of the temperature box. The tempe-
rature box adheres to China's high and low tempera-
ture chamber technical standards, ranging from
—40°C to 90°C. Temperature changes occur at a
rate of 1.0°C/min to 3.0°C/min during testing, with
cooling rates of 0.8°C/min to 2.0°C/min. Rapid
temperature changes of 3.0°C/min to 5.0°C/min
can also be selected.

This temperature control device simulates geoth-
ermal or permafrost conditions, supplying experi-
mental parameters for soil deformation and da-
mage under specific temperature scenarios. It
enhances the system's practical value (Wang et al.
2020; Vu et al. 2019; Xi et al. 2020; Chen et al.
2021; Xiao et al. 2021; Zhao et al. 2022; Deng and
Deng, 2019).

2.3 Horizontal deformation measure-

ment device

Horizontal deformation tracking device mainly
consists of a line laser measurement probe (Japan
KEYENCE LJ-V7200). The probe can be fixed
around the pressure chamber or outside the tem-
perature box window to measure the horizontal
deformation parameter of the sample, as shown in
Fig. 13). The probe operates within the tem-

http://gwse.iheg.org.cn
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perature range of 0°C to +45°C. When measuring
the sample's horizontal deformation under condi-
tions of 0°C—+45°C, the probe is affixed to the
pressure chamber during testing. For other tempera-
ture conditions, the test probe is positioned outside
the temperature box window. The probe's place-
ment falls within its effective testing range.

This device incorporates four test probes that
measure data at the outer edges of four vertical
lines in the horizontal direction. When no pressure
is applied to the sample, the probe firstly measures
the horizontal distance from a linear signal area to
the sample's vertical line, providing an initial value
expressed as various point spacings: X, Xo,"** Xoo-
Upon applying pressure to the sample, changes in
time result in vertical deformation and observable
horizontal deformation within the sample. The
horizontal distance from the signal area to the
sample then changes to X, X X, Xa,
X517 - Xy This change in horizontal distance
corresponds to the samples horizontal deformation -
X, AX, - AXg. The number of test points and
intervals can be adjusted (the effective height of in
the test area is 6.0 cm, the test interval is set as 1.0
mm). The single probe test data is illustrated in
Table 1. By utilizing imaging and simulation
techniques to reconstruct the sample's spatial defor-

Table 1 Test accuracy of the developed system

mation, the horizontal deformation at a specific
moment can be determined. The testing process is
depicted in Fig. 3-1, and the horizontal deforma-
tion data of the sample from a single probe test is
presented in Fig. 3-2.

The main purpose of the horizontal deformation
measurement device is to acquire horizontal defor-
mation parameters of the sample under specific
vertical stress conditions. This information holds
great value for researching and predicting deforma-
tion-related disasters, such as ground cracks and
landslides.

2.4 Data acquisition and processing
device and its accuracy

The data acquisition and processing device consists
of three main components: (1) a multifunctional
high-pressure triaxial test device, encompassing
communication interfaces and lines, axial stress
(o)), peripheral pressure counterpressure (o), di-
gital displacement sensors RS-50A (vertical defor-
mations), vertical pressure sensors, pore water
pressure (u), pore water flow (Q) and other para-
meters; (2) the temperature control device, auto-
matic control unit located on the side of the tempe-

Category Data/mm

Distance from the probe to the sample Xot Xozs Xoso
1" data X, X, Xigo
1" horizontal deformation data AX, AX, AXieo
2™ data X, X, Xogo
2™ horizontal deformation data AXy, AXy, A Xaeo
n" data X, X, X0
Nth horizontal deformation data AX AXi AXio

Note: (AX,=X,—Xq)

® n
AX, - - o AX
AXy vt AXp

AXys s AX

AXs0 T AKX

Fig. 3 The device for testing horizontal deformation of sample

(@ Line laser measuring probe and signal area ) Pressure chamber (3) Sample @ Horizontal deformation test area

@, @), --'n are the horizontal deformation results of the Ist, 2nd, ---nth test sample, respectively.
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rature control box; (3) acquisition and storage
control for sample horizontal radial deformation
(AX) parameters. Through specialized interfaces
and standard timing, the computer connects data
acquisition and processing from these three com-
ponents to execute automatic tests and generate
outputs. The power supply requirement is 220 at
50 HZ.

The multifunctional triaxial test system can
automatically conduct tests on parameters such as
triaxial strength, compression, water release, hori-
zontal deformation of samples under temperature
environment ranging from —40°C to 90°C. It can
also collect, process, and generate curves and
corresponding test reports in accordance with
relevant regulations. The time interval for collec-
ting test parameters are adjustable.

Regarding system accuracy, the multi-field
coupled triaxial system measures test parameters
such as vertical pressure, vertical deformation,
pore water pressure, temperature, etc. The test
range and accuracy of each parameter are presen-
ted in Table 2, and the accuracy of each parameter
is aligned with current national standards.

2.5 Basis for the pressure and tempera-
ture settings of the test system and
application scope

North China, situated within the North China
fracture basin, is one of the most important econ-
omic zones in China, endowed with rich ground-
water (geothermal), oil and other resources. The
fracture basin from the Taihang Mountains to the
east of the Quaternary and Tertiary soil layers,
characterized by greater depth and thickness. The
Upper Tertiary Guantao Formation geothermal
storage in the basement is at depths ranging from
700 m to 2 870 m. The temperature gradient of the
ground ranges from 2°C to 3.7°C per 100 m, and
wellhead water temperatures are between 35°C and
85°C (Rao et al. 2023; Wang et al. 2017). In this
region, due to the scarcity of surface freshwater
and the poor quality of shallow groundwater, deep
groundwater serves as the primary water source for

Table 2 Test accuracy of the developed system

industry and agriculture. Additionally, hot water
resources are being developed and utilised as a
clean energy. However, over-exploitation of deep
groundwater (geothermal) and other resources has
led to the formation of groundwater exploitation
cones in Tianjin, Cangzhou, and Beijing, and has
caused severe disasters such as ground subsidence
and geocracks (Gao et al. 2019; Zhou et al. 2020),
which have yet to be effectively managed. Existing
geomechanical testing equipment fail in providing
effective data.

Under these circumstances, and considering the
limited availability of testing devices for studying
deep soil in temperature environments, as well as
limited parameters, the decision to set sub-zero
temperatures (primarily due to unpredictable fac-
tors in permafrost projects) was made. These tes-
ting conditions might include scenarios involving
construction and maintenance under freezing condi-
tions, where temperatures could be as low as —25°C
to —30°C or even lower. Consequently, the deve-
loped system device parameters are set as follows:
Axial pressure of the main unit < 50 KN, peri-
pheral pressure of 10 MPa, temperature range of
—40°C to 90°C (considering the the underwater
self-weight stress of the soil body, approximately
1.2 MPa/100 m for a sample size of ®39.1 mm).
These settings are designed to accommodate the
soil testing and research needs within a burial
depth of 3 000 meters.

The test system is suitable for conducting tria-
xial compression, shear, water release, lateral
deformation and other parameters of the soil within
a temperature environment ranging from —40°C to
90°C and at burial depths of about 3 000 meters.

3 System verification and discussion

3.1 System verification

The test sample was extracted from clay in Heng-
shui city, Hebei province. The sample's burial
depth is 79.10 m, with a superconsolidation ratio
of 1.04. Its specific gravity (G) is 2.74, density (p)
is 2.05 g/cm’, water content (W) is 27.3%, satu-

Vertical Confining Vertical Horizontal Pore water  Pore water
Index . A Temperature
pressure pressure deformation deformation pressure volume
Unit P/KN 6,/ MPa S/mm X/mm u/MPa Q/mL °C
Range 50 10 30 10 3 100 -40-90
Accuracy  0.01%F.S  0.01%F.S 0.001 +0.044 0.01% F.S 0.01 +0.10
Note Grating Line laser Constant or
displacement scanning changing
gauge temperature
312 http://gwse.iheg.org.cn
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ration (Sr) is 100%, liquid limit (W) is 41.3%,
plastic limit (W,) is 23.4%, plasticity index (I,) is
18.1 and liquidity index (I,) is 0.22. The sample's
dimensions are as follows: Height=8.00 cm, area=
12.00 cm’. Given the sample's burial depth and the
temperature environment, the test conditions were
set as follow: Peripheral pressure(c;) = 100 Kpa,
shear rate = 0.012 mm/min, and constant tempera-
ture of 25°C. Utilizing the developed test system, a
multi-field coupled triaxial consolidation and dr-
ainage test was conducted on the sample. The test
maintained a peripheral pressure of 100 kPa while
incrementally increasing axial stress (c,-0;) to
deform the sample until failure.

During the test, it was observed that as axial
stress (o,-0;) increased, the vertical deformation
(S) of the soil sample increased correspondingly.
Simultaneously, the amount of water released from
the sample (Q) and the horizontal deformation of
the four measurement lines (X) were changing.

B P, P,
|
00 412 100 200 300
I s, (0,—03)/KPa
| s |
4l | \|
Q, TegiSs
| ~ )
N P Ne ey
b
I I N\ Q, [

T Test sample
h Parallel sample

X
= Vertical deformation S/mm

v
16} <= Releasing water Q/ml*100 \

S/mm
Q/mL*100

(1) Sample vertical deformation and water release process

The main steps of the test are illustrated in Fig. 4,
and the relationship between the amount of water
released from the sample (Q) and the vertical
deformation of the sample (S) is presented in Fig.
4(1). The axial stresses (c,-0;) were set at 114
KPa, 203 KPa, and 300 KPa respectively, with
corresponding test parameters for characteristic
points listed in Table 3. Furthermore, a measu-
rement line displaying the most significant change
in horizontal deformation, along with a schematic
representation of the situation are depicted in Fig.
4(2) - Fig. 4(3). The test results show that,

Under the influence of constant temperature
25°C and rapid increase in effective stress, the ver-
tical deformation of the sample demonstrates a posi-
tive correlation with the amount of water release
and horizontal deformation. The test data results
can be categorized into three phases (Fig. 4 (1)):

Phase I: This phase corresponds to a rapid
change in vertical deformation (stress P<40 KPa).

X/mm

6 F

S/mm

(2) Relationship between vertical deformation (S/mm)
and horizontal deformation (X/mm)

[y
I

(3) Horizontal deformation process of sample

Fig. 4 Main process of multi-field coupled triaxial test

http://gwse.iheg.org.cn
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Table 3 Soil parameters measured under the condition of multi field coupling

Effective Vertical The amount of water Maximum horizontal Volume of water released/volume of
stress deformation released deformation deformation

Kpa S /mm V /em’ X /mm %

114 1.864 0.0523 0.982 2.340

203 3.160 0.09138 1.745 2.421

300 5.440 0.1420 3.137 2.175

It primarily arises due to the stress unloading reb-
ound during the sampling process, with minimal
horizontal deformation. This phase also indicates
that the release of water from the soil sample lags
behind its vertical deformation.

Phase II: In this stage, characterized by a smooth
change (40 KPa < P < 300 KPa), the sample's
verticatleformationyatereleasendorizontatleforma-
tion all exhibit smooth, gradual increases.

Stage Il : A rapid change stage (P > 300 KPa),
indicates that when stress levels reach P > 300
KPa, the sample undergoes rapid deformation and
water release, eventually leading to its destruction.
Notably, the deformation volume exhibited by the
clay is primarily attributed to pore compression
and lateral deformation. The volume of water
released during compression is minimal, with the
water release volume/vertical deformation volume
ratio being < 2.421%, indicating that over-exp-
loitation of groundwater serves as a significant
contributor not only to ground subsidence, but also
to ground cracks.

Through a comparison test conducted with par-
allel samples under identical conditions at the
laboratory of Hebei CNNC Geotechnical Engine-
ering Company (using the high-pressure triaxial
instrument produced by Beijing Huakan Techno-
logy Co., Ltd.), the changes in vertical deformation
and pore water volume of soil samples were found
to align with the patterns observed in the deve-
loped system. The verification of the comparative
test results, as depicted in Fig. 4(1), indicated an
error of vertical deformation =5.3% and an error
of water release <6.3%. Such discrepancies in are
attributed to variations in soil sample uniformity
and minor inconsistencies in temperature control.
Overall, the test results confirm the accuracy and
reliability of the developed test system.

3.2 Discussions

(1) The testing of pore water volume and pore
water pressure parameters within the system is
applicable to saturated soil drainage compression
tests and consolidated drainage shear tests (CU)
under specific temperature conditions. During

314

these test, it's important to note that only one
parameter of the sample can be tested at a time:
Either the pore water volume or the pore water
pressure. Researcher can collectively make a deci-
sion on which parameter to prioritize for testing.

(2) Table 3 provides insight into the relationship
between water release volume and deformation
volume of the sample under the constant tempe-
rature of 25°C. The observed range of water rele-
ase volume/deformation volume, spanning from
2.175% to 2.421%, highlights two significant asp-
ects. Firstly, it signifies that the water release capa-
city of the sample is very low. Secondly, it indic-
ates that over 95% of the vertical deformation
volume of the sample is converted to lateral defor-
mation. This may be the fundamental cause for the
frequent occurrence of ground cracks around areas
of ground settlement. Moreover, this observation
highlights the importance of incorporating a "hori-
zontal deformation measurement device" to assess
the horizontal deformation parameters of the
sample in this system.

4 Conclusions

The developed system is a multi-field coupled soil
mechanics testing device, encompassing vertical
stress field, vertical deformation field, horizontal
deformation field, pore water infiltration field and
temperature field. Its technical attributes are as
follows:

(1) This test system is suitable for simulating
triaxial stress conditions on soil at depth reaching
3 000 metres, while accommodateing a tempera-
ture range of —40°C to 90°C. It serves as a robust
resource for gathering scientific data parameters
that facilitate an in-depth exploration of soil defor-
mation and failure mechanism. Furthermore, the
system contributes to the development of deep
resource exploration, engineering construction and
other significant projects.

(2) The integration of testing parameters for soil
pore water release volume and water release pres-
sure within the device offers the means to compre-
hensively analyze and study the relationship bet-
ween deformation volume and pore water during

http://gwse.iheg.org.cn
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the triaxial compression process. This capability
extends to investigating the mechanism of joint
infiltration of soil deformation. Moreover, the
system aids in accurately calculating the quantities
of groundwater, oil and other valuable resources.

(3) The device can directly test the horizontal
deformation parameters of the sample during the
triaxial compression process, which can provide
effective parameters for the forecast and prediction
of ground cracks and ground collapse disasters
caused by underground space development, resou-
rce development and other projects.
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