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1. Introduction

Triaxial tests are considered to be the most effective way to study 

the mechanical properties of rocks and soils (Yang et al., 2018). 

According to the stress state during the test, triaxial tests can be 

divided into conventional triaxial tests (stress state:  σ1 > σ2 = σ3

> 0) and true triaxial tests (stress state: σ1 > σ2 > σ3 > 0) (Liu and 

Tang, 2008). Conventional triaxial tests are relatively simple 

both in instruments and operation and is more commonly used in 

practical engineering. While true triaxial tests are relatively 

complicated, which is generally used for laboratory research or 

special projects that are rather complex.

Conventional triaxial apparatus is mainly composed of three 

parts: axial loading equipment, lateral loading equipment and 

pressure chamber. During the test, sample wrapped with rubber 

membrane is placed in the pressure chamber and the predetermined 

confining pressure σ3 is first applied and kept unchanged. Then 

the axial load is increased at a certain rate until the sample is 

damaged. By changing the confining pressure and other parameters, 

various geomechanical indexes such as triaxial compression 

strength, strength envelope and shear strength parameters (c, ϕ) 

under different confining pressures can be obtained, thereby 

providing guidance for geotechnical engineering. However, there 

are two principal stresses that are always equal in conventional 

triaxial tests, while natural rocks and soils are usually in a 

complex three-dimensional stress state where the three principal 

stresses are unequal to each other. Therefore, the results obtained 

by conventional triaxial tests cannot completely reflect the real 

conditions.

Compared with conventional triaxial tests, true triaxial tests 

can realize independent control of three-dimensional stress and 

the test results are much closer to the real conditions. True 

triaxial apparatus was first developed by Kjellman (1936) in 

1936. In the following century, people have developed varieties 

of true triaxial apparatuses. Currently, true triaxial apparatuses 

can be classified into three main categories based on different 

boundaries (Yin et al., 2010; Wang, 2018):

1. True triaxial apparatus with rigid boundaries (Hambly, 

1969; Wood, 1974; Ibsen and Praastrup, 2002; Ismail et al., 

2005; Sun et al., 2008). The three principal stresses are 

applied by six rigid plates in three orthogonal directions.

2. True triaxial apparatus with flexible boundaries (Bell, 1965; 

Choi et al., 2008; Voznesensky et al., 2013). The three principal

stresses are applied by six flexible bladders (usually flexible 
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membranes with liquid pressure inside) in three orthogonal 

directions.

3. True triaxial apparatus with mixed rigid and flexible 

boundaries (Green, 1969; Hoyos and Macari, 2001; Yin et 

al., 2010; Yin et al., 2011; Hoyos et al., 2012; Shao et al., 2017; 

Zheng et al., 2020; Zheng et al., 2021). The three principal 

stresses are applied by a mixture of rigid plates and flexible 

membrane faces in three orthogonal directions.

True triaxial apparatus can effectively simulate the complex 

stress state of rocks and soils. But in general, current tests carried 

out on true triaxial apparatus are still relatively simple.

With the development of geotechnical engineering, many new 

problems encountered in practical engineering need to be solved 

urgently. These problems can be classified into two categories: 

one is the mechanical properties of special soils (rocks), and the 

other is the mechanical properties of the soils (rocks) under special 

conditions like geologic hazards and multi-field coupling. Therefore, 

it is necessary to improve the triaxial apparatuses and introduce 

more advanced test techniques to meet the test conditions 

required by the study of those problems. In this paper, several 

new triaxial test instruments and related test techniques are 

introduced, and prospects are made for further study of triaxial 

tests based on the characteristics of the current study on triaxial 

test instruments and test techniques, which is expected to provide 

reference for the optimization of triaxial tests.

2. Triaxial Test Apparatus

2.1 Triaxial Apparatus for Special Soils

2.1.1 Triaxial Test System for Hydrate Sediments
Natural gas hydrate, commonly known as “combustible ice”, is a 

solid crystal formed by methane molecules trapped in a cage of 

water molecules under low temperature and high-pressure 

conditions. As a new energy source with high calorific value and 

low environmental pollution, natural gas hydrate has attracted 

much attention in recent years. Like other mineral resources, the 

mining of natural gas hydrates also requires the support of 

geomechanical tests. However, because of engineering challenges, 

coring and in-situ testing are still difficult to achieve (Yoneda et 

al., 2019). Meanwhile, since the deformation behavior and change

in shear strength of hydrate sediments haven’t been clearly 

understood, its mechanical modeling is still challenging (Li et al., 

2019b). Different models may adopt different parameters or 

conditions, thus leading to different conclusions. Therefore, the 

indoor triaxial test is believed to be an accessible and effective 

method at present. Researchers (Miyazaki et al., 2011; Hyodo et 

al., 2013; Choi et al., 2018; Zhang et al., 2018; Li et al., 2019a; 

Dong et al., 2020; Nakashima et al., 2021; Wang et al., 2021a) 

have made various improvements on triaxial test instruments to 

make them suitable for triaxial shear tests of hydrate sediments 

under different conditions, and the influence of factors like soil 

types, confining pressure, pore pressure and hydrate saturation 

on the strength and deformation properties of hydrate sediments 

have been investigated. However, the problems of effective confining

pressure control, strain measurement and the decomposition of 

hydrate sediments in triaxial tests have not been well resolved.

Actually, the effective confining pressure control during the 

formation of hydrate, the measurement of sample strain during 

loading and the control of decomposition process are three main 

problems arise in triaxial tests for hydrate sediments. The formation 

of hydrate usually starts by injecting a certain amount of gas into 

the sediment specimen placed in pressure chamber. As the 

hydration reaction going on, the air pressure in the sample will 

gradually decrease due to the consumption of gas. If the confining 

pressure maintains unchanged during the process, the effective 

confining pressure will increase, causing the sample to be in a 

loaded state before triaxial loading and eventually affect the final 

test results. Therefore, it is necessary to achieve real-time adjustment 

of confining pressure for triaxial apparatus to keep the effective 

confining pressure constant. In addition, since the decomposition 

of the hydrate can significantly affect the mechanical properties 

of hydrate sediments and the deformation properties of the 

sample under different loads are essential for the establishment 

of the constitutive model, it is also necessary for triaxial apparatus to 

obtain the strain of the sample (including the axial strain and the 

radial strain/volumetric strain) and have the ability to control the 

hydrate decomposition. In this regard, Zhou et al. (2020a) 

developed a multi-functional triaxial test system for hydrate 

sediments that can realize the functions of tracking confining 

pressure changes, measuring volumetric strain and controlling 

hydrate decomposition. As shown in Fig. 1, the testing system is 

composed of a supply-exhaust module, a stress loading module, 

a temperature control module, a data acquisition module and an 

auxiliary module.

In the supply-exhaust module, the high-pressure gas cylinder 

G1 provides the gas source, and the buffer container G2 stores 

the gas. The gas can enter the pressure chamber through the pipe 

and interact with the water in sample G3 to form hydrate. The 

return-pump G4 controls the upper limit of the air pressure. 

When the pressure of the return-pump is greater than the air 

Fig. 1. Schematic Diagram of Triaxial Test System for Hydrate Bearing 
Sediment (after Zhou et al., 2020a)
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pressure, the gas cannot pass through, otherwise it can be discharged 

through the return-pump. The vacuum pump G5 can pump out 

the impurities in the buffer container, sample and pipeline. In the 

stress loading module, the confining pressure pump L1 provides 

confining pressure through liquid, the pressure chamber L2 

provides space for hydrate synthesis and triaxial shear, the axial 

pressure pump L3 applies axial pressure through the liquid, and 

the axial compression rod L4 transmits axial pressure to the 

sample. In addition, the system can also control the temperature 

of the buffer container through the thermostatic bath B1 and that 

of the pressure chamber and the sample through the thermostatic 

bath B2.

2.1.2 Triaxial Apparatus for Unsaturated Soils
Compared with saturated soils, unsaturated soils mainly have 

two features. First, unsaturated soils have multiple phases in 

composition. In addition to the well-known three phases of solid, 

liquid and gas, the boundary between liquid and gas (namely a 

free surface) is not to be regarded as a simple geometrical plane, 

but rather as a membrane of a certain thickness, which is believed to 

behave as if in a tensile stress state (Davies and Rideal, 1963). 

The second is that, in unsaturated soils, the material variables 

generally vary with the state variables (Lu and Likos, 2004). 

Therefore, unsaturated soils are quite different from saturated 

soils in mechanical properties, and unsaturated soil mechanics 

has been the focus of geotechnical engineering in recent years. 

Usually, modern triaxial tests for unsaturated soils should 

accommodate the independent measurement and control of pore 

air pressure, pore water pressure and volume changes (Wulfsohn 

et al., 1998). Besides, the control of three-dimensional stress, 

temperature and humidity as well as the permeability measurement 

are also considered in unsaturated soil triaxial tests.

2.1.2.1 Measurement of Volume Changes
Volume changes of unsaturated soils in triaxial tests can usually 

be measured through the volume changes of the water in triaxial 

cell, the volume changes of the fluid in the sample, and the strain 

of the sample.

Ng et al. (2002) proposed a new total volume measuring triaxial 

apparatus for unsaturated soils, as shown in Fig. 2. The overall 

volume change of the specimen is obtained by recording the 

differential pressures between the water inside the inner chamber 

and the water inside a reference tube through a high-accuracy 

differential pressure transducer (DPT). Essentially, the volume 

changes of the specimen in this apparatus are measured by the 

volume changes of the water in inner chamber, and it is the volume 

changes of the water in inner chamber that leads to differential water 

pressures. There are some advantages of the apparatus.

1. The inner chamber is designed to be open-ended and 

bottle-shaped, which has a neck with the inner diameter 

slightly larger than that of the loading ram. This means that 

even a small volume change in the specimen can lead to an 

obvious change in the water level of the inner chamber, 

thus endow the apparatus with much higher accuracy and 

sensitivity. Besides, the adoption of the high-accuracy DPT 

also guaranteed the accuracy of the measurement.

2. The open-ended design at the top of the inner chamber 

ensures the same pressure both inside and outside the inner 

chamber, thus eliminating the deformation of the inner 

chamber caused by pressure differences.

3. As for the materials, the wall of the inner chamber is made 

of aluminum, which is generally believed to have relatively 

negligible creep and hysteretic effects and lower water 

absorption. Besides, bronze is adopted for connecting tubes 

to minimize the potential expansion or compression.

The second method to measure the volume changes of the 

sample is based on the volume changes of pore water and pore 

air. Wulfsohn et al. (1998) introduced a triaxial system composed 

of a cabinet mounted triaxial chamber, a digital pressure-volume 

controller, plumbing arrangements, data acquisition system and 

host computer. The triaxial chamber is specially modified so that 

it can be applied to unsaturated soil tests, control the pore air 

pressure and measure the pore water pressure as well as the 

volume changes of pore water and pore air respectively.

As is shown in Fig. 3, the measurement for volume changes 

of pore water is conducted through port a, pore-water pressure is 

measured by a pressure transducer through port b, pore air 

pressure control and volume change measurements are conducted 

through port c by a digital pressure-volume controller, and a 

constant chamber pressure is supplied by a compressor through 

port d. During the tests, the axial force and axial displacement 

are applied from the base of the chamber through a screw-driven 

actuator, and can be respectively measured through a submersible 

load cell located at the top of the chamber and an axial actuator 

encoder with a resolution of 0.2 µm. Since a balanced ram has 

been applied to the system, which can keep the chamber pressure 

constant under high-speed movement, the system is also capable 

Fig. 2. Total Volume Measuring Triaxial Apparatus for Unsaturated 
Soils (after Ng et al., 2002)



3328 J. Bai et al.
of dynamic cyclic tests.

The volume changes can also be obtained from the strain of 

the sample. Usually, axial and lateral strains are measured in 

triaxial tests, and then the volume changes of the sample can be 

calculated. Desrues et al. (1996) reported a study of strain 

localization in triaxial tests on sand through X-ray computed 

tomography (X-ray CT). Garga and Zhang (1997) developed a 

Hall effect radial displacement transducer (HRDT). With the aid 

of the HRDT and the linear variable differential transformer 

(LVDT), the volume change of the sample during triaxial tests 

can be easily obtained. Rampino et al. (1999) introduced a new 

stress-path chamber for unsaturated soils, in which the volume 

changes of the sample are obtained by measuring axial strains 

and radial strains separately.

In recent years, some new techniques have been adopted in 

volume change measurement. Zhang et al. (2014b) introduced a 

novel laser sensor volume measurement system, which can 

achieve continuous volume measurements up to large strain 

levels during triaxial tests for unsaturated soils, including the 

post-peak region of the brittle, artificially cemented specimens 

that cannot be reliably measured by local measurement techniques 

like LVDTs and Hall effect sensors. Li et al. (2016) addressed in-

depth discussions on the photogrammetry-based method used for 

total and localized volume change measurements on unsaturated 

soils during triaxial tests, including system setup, the measurement 

procedure, accuracy self-check and data post-processing. Uzun 

and Korsunsky (2019) introduced the height digital image correlation 

(hDIC) technique for the identification of triaxial deformations. 

Those new techniques provide researchers with more choices in 

measuring the volume change conveniently.

2.1.2.2 Measurement and Control of Pore Pressure
Pore water pressure and pore air pressure are important in 

unsaturated soil mechanics. In triaxial tests for unsaturated soils, 

negative pore water pressure can be directly measured by 

tensiometers (in the lab and the field) and the axis-translation 

apparatus (only in the lab) (Fredlund and Rahardjo, 1993), while 

pore air pressure can be controlled or measured by digital 

pressure controller (Wulfsohn et al., 1998) or pressure transducer 

(Ishikawa et al., 2014). Besides, osmotic technique can also be 

used to control pore water pressure.

Cui and Delage (1996) designed an osmotic triaxial apparatus 

as shown in Fig. 4, and the pore water pressure is controlled by 

osmotic technique. The apparatus is mainly composed of an 

inner chamber, an outer chamber and a solution circulation system, 

and the inner chamber and the outer chamber is connected. In the 

solution circulation system, the solution of polyethylene glycol 

with the molecular weight of 15,000 − 20,000 (PEG 20000) is 

pumped from the reservoir to the top cap of the inner chamber, 

then go through the base of the inner chamber and finally back to 

the reservoir. The sample is put in the inner chamber in contact 

on both bottom and top surfaces with the semi-permeable 

membranes, through which an osmotic suction is applied to the 

sample by the circulated solution of PEG 20000 and thus resulting 

in negative pore water pressure within the sample. At the bottom 

of the inner chamber, an air vent is machined to ensure a constant 

pore air pressure equal to atmospheric pressure in the sample. 

The inner chamber is filled with slightly colored water around 

the sample with a thin layer of silicon oil on it, and a cathetometer is 

adopted to monitor the volume changes based on the changes of 

the oil-air interface level.

Fig. 3. Triaxial Chamber for Unsaturated Soil Testing (after Wulfsohn 
et al., 1998): (a) Triaxial Chamber, (b) Modified Base Pedestal

Fig. 4. Osmotically Controlled Suction Triaxial Apparatus (after Cui 
and Delage, 1996)
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2.1.2.3 Control of Three-Dimensional Stress
Like saturated soils, triaxial tests for unsaturated soils can also be 

conducted under different conditions, including three-dimensional

stress, thermo-mechanical coupling, permeability and multiple 

cycles of drying and wetting.

Three-dimensional stress conditions are usually achieved by 

true triaxial apparatus. Matsuoka et al. (2002) developed a rigid 

loading true triaxial apparatus that can realize suction control for 

unsaturated soils. Hoyos et al. (2012) introduced a hybrid loading 

true triaxial apparatus with flexible boundaries, which can also 

realize suction control and has a wide range of stress paths. 

Zheng et al. (2020) introduced a new suction-controlled true 

triaxial apparatus with mixed rigid-flexible boundaries, shown as 

Fig. 5. During the tests, forces are imposed on specimens in three 

orthogonal directions via three independent servo-driven hydraulic 

systems and are measured by hydraulic transducers. The vertical 

forces are provided by the piston at the axial bottom of the 

pressure chamber (rigid) and the lateral ones by hydraulic rubber 

bags (flexible). The pore air pressure is provided and regulated 

by the water/air control system, and is separated from the pore 

water pressure that is measured by the pore water pressure 

transducer. As for displacement measurement, it is realized 

through displacement transducers set in three directions.

2.1.2.4 Temperature Control
To study the properties of unsaturated soils under different 

temperatures, Cai et al. (2014) presented a triaxial apparatus with 

a temperature and a suction control system. The temperature-

controlled pressure chamber, which is the key part of the apparatus, 

as shown in Fig. 6. Heating of the sample is achieved indirectly 

by heating the water in the chamber so that the sample can be 

heated evenly. Once the target temperature has been set during 

the test, the temperature controller will order the heater to be 

working until the feedback from the temperature sensor indicates 

the target temperature has been reached. When the temperature 

falls as a consequence of heat loss, the heater will start to work 

again to maintain the temperature at the desired value. To reduce 

the heat loss of the chamber, the cavity-style structure and the 

insulating asbestos are adopted.

2.1.2.5 Permeability Measurement and Humidity 

Control
In terms of the permeability as well as the effects of multiple 

cycles of drying and wetting on unsaturated soil mechanics, Goh 

et al. (2015) introduced a triaxial apparatus for direct measurement 

of permeability cooperated with shear strength tests on unsaturated

soils under multiple cycles of drying and wetting. As shown in 

Fig. 7, the triaxial apparatus is mainly composed of a triaxial 

chamber, a loading system, pressure and flushing lines as well as 

measurement devices for load, pore pressure and volume change. 

During the drying and wetting processes as well as the shearing 

stage, valves A and F are used to control and measure the pore 

water pressure and the volume in the specimen. And during the 

unsaturated permeability test, valves A and F are used to control 

the different water pressures at the top and bottom of the specimen 

and measure the water flow through. Valve D is used to control the 

confining pressure during the whole testing process.

2.2 Triaxial Apparatus for Special Conditions

2.2.1 Triaxial Simulation on Rockburst
When the high-stress rocks are excavated, rockbursts may occur 

Fig. 5. Suction-Controlled True Triaxial Apparatus with Rigid-Flexible 
Boundaries (after Zheng et al., 2020)

Fig. 6. Temperature-Controlled Pressure Chamber in Triaxial Apparatus 
for Unsaturated Soils (after Cai et al., 2014)
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due to the rapid release of strain energy. Rockburst can do great 

harm to the safety of underground engineering, including injuries, 

equipment damage and the delay of construction. Even worse, it 

can cause geological hazards such as instability and dynamic 

ejection of surrounding rocks. Therefore, rockburst has caused 

widespread concern in the field of geotechnical engineering 

(Meng et al., 2020; Gao et al., 2020; Sun et al., 2021).

Currently, most studies on rockburst focus on the energy of 

rocks and there are few studies on the impact of external disturbances 

(Wang and Park, 2001; Chen et al., 2019; Zhu et al., 2021). 

Actually, though the accumulation of strain energy in rocks is 

necessary for rockburst, it is external disturbance that plays a 

decisive role (He et al., 2014). Therefore, in order to have a 

deeper understanding of the impact of external disturbance on 

rockburst, it is necessary to simulate the stress state of surrounding

rocks in laboratory, for which triaxial test is an effective method.

Actually, scholars have conducted a lot of research to effectively 

simulate the real stress state of surrounding rocks in practical 

engineering (Zhu et al., 2010; Yin et al., 2012; He et al., 2014; 

Yin et al., 2014b; Feng et al., 2018; Xu and Dai, 2018; Du et al., 

2020; Wang et al., 2020; Li et al., 2020a; Zhang et al., 2021), but 

true triaxial tests that combine dynamic and static loads with one 

face free as well as the impact of external disturbances on rockburst

are less studied. In response, Su et al. (2016) developed a true 

triaxial test system that can simultaneously simulate static loads 

and low-frequency cyclic loads, and the threshold value of the 

axial static stress, the third principal stress and the disturbance 

amplitude required for the occurrence of rockburst as well as the 

relationship between the kinetic energy of rockburst ejection and 

the frequency of external disturbances were studied. The main 

body of the system is a rigid press, which can carry out servo 

loading independently in three orthogonal directions including 

six-sided compression, five-sided compression with one free 

face and six-sided compression with sudden unloading on one 

side. The system can not only perform static rockburst tests, but 

can also transmit loading commands of dynamic waves to the 

cylinders by servo control system to develop low-frequency 

dynamic loads. To record and measure the rockburst process, the 

system is also equipped with devices like high-speed cameras. 

The working process of high-speed camera system is shown in 

Fig. 8, through which the ejection velocity of rockburst can be 

obtained and the kinetic energy can be calculated accordingly to 

reflect the intensity and scale of the rockburst.

2.2.2 Temperature-Humidity Control Triaxial Test 
System

The temperature-humidity control triaxial test system is mainly 

used to study the mechanical properties of coarse-grained materials.

Coarse-grained materials are widely used in geotechnical 

structures such as subgrade engineering, rockfill dams and 

embankment due to a good compaction property and high shear 

strength (Liu et al., 2013; Zhou et al., 2020b). Since the 

mechanical properties of coarse-grained materials are not only 

related to the load, but also closely related to the environmental 

conditions such as the temperature and humidity (Zhang and 

Buscarnera, 2018; Zhou et al., 2020b), it is necessary to 

conduct triaxial tests under the conditions of accurate control of 

the temperature and humidity of coarse-grained materials in 

order to study their mechanical behavior under complex 

environmental conditions.

For the influence of environmental conditions on the mechanical 

properties of coarse-grained materials, scholars have conducted 

lots of research. Nie et al. (2021) studied the variation of resilient 

modulus of the coarse-grained soil under different moisture 

contents through a large-scale dynamic triaxial tests. Alonso et 

al. (2016) studied the yielding of coarse-grained materials through a 

relative humidity-controlled triaxial apparatus, in which the 

Fig. 7. Triaxial Apparatus for Permeability Measurement in Conjunction 
with Shear Strength Tests on Unsaturated Soils (after Goh et al., 
2015)

Fig. 8. The Layout of High-Speed Camera System (after Su et al., 
2016)
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relative humidity was maintained by a flow of moist air. Oldecop 

and Alonso (2001, 2003, 2007) controlled the relative humidity 

within the specimen by means of saturated saline solutions 

(namely vapour equilibrium technique) to make it possible to 

gradually change the specimen water content and suction during 

the test, and studied the straining process and the effect of water 

on the compressibility and collapse phenomena of rockfill, based 

on which models accounting for the features shown by rockfill in 

tests were proposed and extended. However, all these studies 

only achieve the humidity control and cannot study the coupling 

effect of temperature and humidity on coarse-grained materials. 

Zhang et al. (2014a, 2015) developed a weathering test apparatus 

that can test the deformation and shear strength behavior of 

coarse-grained materials under coupling actions of drying/

wetting cycles, cooling/heating cycles and vertical loads, through 

which the deformation and shear strength of rockfill materials 

composed of soft siltstones under stress, cyclical drying/wetting 

and temperature variations were studied. However, the wetting 

of the specimen in the apparatus is achieved by saturating the 

specimen with the water from a tank, and the relative humidity 

cannot be controlled and varied. In addition, the maximum size 

of the specimen suitable for the apparatus is only 150 mm in 

diameter and 150 mm in height, which seems to be not enough 

for simulating the stress state of coarse-grained materials in 

practical engineering more authentically. To this end, Mao et al. 

(2021) developed a largescale triaxial apparatus for coarse-grained 

materials that can simultaneously control both temperature and 

humidity. The apparatus is mainly composed of three parts: 

loading and measuring system, temperature control system and 

humidity control system, as shown in Fig. 9.

Among them, the loading and measuring system is composed 

of reaction frame, pressure chamber, pressure actuator, pressure 

cylinder, displacement and pressure sensors and loading controller. 

The axial pressure is applied by the axial pressure actuator 

combined with the hydraulic pump, and the confining pressure is 

applied by the confining pressure actuator. The volume change 

of the specimen can be calculated by the change in the amount of 

water in pressure chamber. In order to control the relative 

humidity, a saturated aqueous salt solution is adopted in the 

system, which has been widely used for humidity control in 

laboratory (Arai et al., 1976). As for temperature control, the 

system adopts the idea of controlling the water temperature in 

pressure chamber, so that the temperature of the specimen can be 

controlled through heat conduction. It is worth noting that the 

apparatus can load the specimen with the maximum size of 300 

mm in diameter and 600 mm in height, and the maximum axial 

displacement can reach 250 mm.

2.2.3 Thermo-Mechanical Coupling Triaxial Test System
Triaxial study on thermal-mechanical coupling effect of rocks 

and soils is of great significance to geotechnical engineering 

projects like thermal energy storage and underground heat pipeline

burying. The key to the thermo-mechanical coupling triaxial test 

is the control of the temperature, which commonly consists of 

three main methods as follows (Li et al., 2018; Xiong et al., 

2018).

1. External temperature control (Wiebe et al., 1998; Sultan et 

al., 2002; Abuel-Naga et al., 2007), that is, the temperature 

of the sample is controlled by heating elements such as 

heating coils, heating plates or heater bands installed on the 

outer wall of the triaxial cell. Besides, temperature control 

achieved by placing the equipment in a high temperature 

environment (usually an incubator) is also regarded as an 

external temperature control method in this paper. The 

external temperature control has the longest time required 

for the sample to reach the target temperature. As for those 

achieved by placing the triaxial cell in an incubator, the 

costs for establishing a temperature-controlled laboratory 

are also higher. However, external temperature control does 

not need to change the internal structure of the triaxial cell, 

and the sample can be heated more evenly.

2. Internal temperature control (Demars, 1982; Kuntiwattanakul

et al., 1995; Bruyn and Thimus, 1996; Sohm et al., 2012; 

Ng and Zhou, 2014; Ye et al., 2015; Cabalar and Clayton, 

2016). The temperature of the sample is controlled by 

heating elements such as copper circulating coils or power 

heaters installed inside the triaxial cell. As for internal 

temperature control, the time required for the sample to 

reach the target temperature is short, but it is not easy to 

heat the fluid in triaxial cell evenly, thereby resulting in the 

uneven temperature distribution in the sample. Meanwhile, 

the structure of the triaxial cell should be modified so that 

the heating elements can be installed inside.

3. Combined temperature control (Xiong et al., 2018). The 

sample is heated both inside and outside the triaxial cell. 

For example, Xiong et al. (2018) adopted two curved heating 

plates close to the pressure chamber tube, and simultaneously

heated the upper and lower ends of the sample and the fluid 

in pressure chamber by heating the upload pole and the 

piston rod. Combined temperature control is supposed to 

have the best effect in temperature control, but the required 

mechanism is usually more complicated and is not that 

easy to operate.

The advantages and disadvantages of the three temperature 

Fig. 9. Schematic Diagram of Temperature-Humidity Controlled Large 
Triaxial Apparatus for Coarse-gRained Materials (after Mao et 
al., 2021)



3332 J. Bai et al.
control methods are compared in Table 1.

Based on the advantages and disadvantages of the above-

mentioned methods, Li et al. (2018) improved the temperature 

control system, as shown in Fig. 10. The inner pressure chamber 

made of acrylic has copper circulating coils wound both on the 

inner wall and the outside, and two tee ferrule joints are arranged 

on the top. The two ends of the copper circulating coil on the 

inner wall of the pressure chamber (inner circulating coil) pass 

through the top of the pressure chamber and are respectively 

connected to the two tee ferrule joints. The connection of the 

copper circulating coil outside the pressure chamber (external 

circulating coil) is the same as that of the inner circulating coil. 

The remaining ports of the two tee ferrule joints are each connected 

to a cold-hot circulating nylon tube, and the two circulating 

nylon tubes are respectively connected to the inlet and outlet of 

the thermostatic bath. In addition, the improved inner pressure 

chamber is also equipped with a temperature sensor submerged 

in the degassed water in inner pressure chamber, which can 

monitor the temperature in real time.

In the improved temperature control system, the sample is 

completely surrounded by the inner circulating coil and can be 

heated evenly. Since the inner pressure chamber is installed in 

the outer pressure chamber filled with degassed water, the 

external circulating coil can simultaneously heat the degassed 

water outside the inner pressure chamber, which reduces not 

only the deformation of the inner pressure chamber caused by 

the temperature differences between inside and outside, but also 

the heat loss of the inner pressure chamber. Although the system 

is a combined temperature control system, it is simpler and easier 

to operate than conventional ones.

2.2.4 Stress-Seepage Coupling Triaxial Test System
Under natural conditions, rock masses usually coexist with 

groundwater. As an active and unfavorable factor, groundwater 

can not only produce seepage force, but also produce special 

mechanical effects through the coupling of water, rock and 

stress. This effect is achieved by changing the permeability of the 

rock mass, and thereby reducing its mechanical properties. 

Meanwhile, the change of the permeability will in return affect 

the stress distribution in rock mass, thus affecting its strength and 

deformation properties (Liu and Tang, 2008). Actually, the main 

cause for the failure of the Malpasset arch dam in France is just 

supposed to be the effect of stress-seepage coupling (Duffaut, 

2013).

Using indoor triaxial tests to study the seepage laws of fractured 

rock masses under three-dimensional stress can more authentically

reflect the actual states of natural rock masses. Chen et al. (2000) 

studied the hydraulic behavior of natural fractures and joints in 

granitic rock through triaxial tests, including the relationships 

among fracture offset as well as the mechanical aperture and 

hydraulic aperture under different stress conditions. Indraratna et 

al. (2001, 2003) studied the characterization of two-phase flow in 

a fractured rock mass through a two-phase (high-pressure) triaxial

cell. Li et al. (2008) evaluated the influence of morphological 

properties of rock fractures on their hydro-mechanical behavior 

through shear-flow coupling tests. Koyama et al. (2008) conducted a 

series of coupled shear-flow tests for fracture replicas under 

normal stresses with visualization of fluid flow using a coupled 

shear-flow-tracer testing equipment, and the tests were simulated 

and compared by finite element method (FEM), through which 

the complex behavior of fluid flow in fracture samples were 

captured. Liu et al. (2019) performed a triaxial compression test 

of sandstone under high stress and high hydraulic pressure to 

analyze the special mechanical properties of deep rocks under 

high hydraulic pressure. Du et al. (2020) explored the behaviors 

in strength, deformation, permeability and failure mode of sandstone 

samples with two preexisting fissures through hydromechanical 

coupling triaxial tests. However, most of the existing studies 

focus on the seepage laws of fractured small-sized specimens 

under lower seepage forces, and the conclusions cannot completely 

reflect the real properties of largescale projects under high 

seepage forces. To solve the problem, Yin et al. (2014a) developed a 

true triaxial test system suitable for the study of large specimens 

under stress-seepage coupling effect with high seepage force, as 

shown in Fig. 11. The maximum size of the specimen that can be 

loaded is 400 mm × 200 mm × 200 mm. The system can achieve 

independent servo loading in three directions and the maximum 

water pressure is 5 MPa. Acoustic emission technique is also 

applied to monitor the evolution of the cracks in the specimen 

under the coupling effect of three-dimensional stress and water 

pressure in real time. The stress-seepage coupling true triaxial 

test system is composed of six subsystems, including axial loading

subsystem, lateral loading subsystem, high-pressure water seepage

subsystem, acoustic emission subsystem, data acquisition and 

control subsystem and triaxial box subsystem.

Table 1. Comparison of the Three Temperature Control Methods

Methods
Control 

Effectiveness

Device 

Complexity

Experimental 

Operability

External + + + + +

Internal + + + + + +

Combined + + + + + + +

Note: +++ high; ++ medium; + low

Fig. 10. Perpendicular Sections of Inner Pressure Chamber (after Li et 
al., 2018)



KSCE Journal of Civil Engineering 3333
The triaxial box, high-pressure water seepage system and 

acoustic emission monitoring are worth noting. As for the triaxial 

box, it is a true triaxial system that can realize independent loading

and deformation measurement in three orthogonal directions, as 

is shown in Fig. 12. During the test, the specimen is placed in the 

box and then servo loaded. The triaxial box is composed of a box 

body, heel blocks and gaskets, and the rigid-flexible structure is 

adopted in all directions. The top plate, rear plate and right plate 

of the box are made of high-rigidity steel and fixed on the frame 

through bolt connections, and can be easily disassembled and 

changed. The test box is sealed with new materials, which has a 

certain strength and can withstand a certain deformation as well, 

so that the high-pressure water can be well isolated. The greatest 

advantage of the triaxial box is that it can deform synchronously 

with the specimen in three orthogonal directions, which avoids 

the disturbances from different directions when the specimen is 

loaded. Besides, the triaxial box can be replaced to accommodate 

specimens of different sizes, especially those larger ones.

In terms of high water-pressure seepage, the innovation of the 

system is that it realizes effective sealing under high water 

pressure, which can guarantee a water pressure up to 5 MPa. 

Before the test, researchers put the specimen in a capsule and 

adequately sealed, and then water is injected from the bottom up. 

As for the acoustic emission system, its advantage lies in the 

realization of real-time, non-destructive monitoring of the fracture 

process. The principle and operation of acoustic emission will be 

introduced in detail in Section 3.1.

In recent years, many new techniques have been adopted in 

the field of stress-seepage coupling tests, most of which are the 

improvements of measurement or monitoring methods. For 

example, Rezaee et al. (2012) estimated the permeability of tight 

gas sands from mercury injection capillary pressure and nuclear 

magnetic resonance (NMR) data. Lv et al. (2020) studied the 

seepage characteristics of fractured coal and sandstone based on 

real-time micro-CT, and the rock samples under different stress 

states were scanned in real-time during the seepage testing. Zhao 

et al. (2022) investigated the pore and fracture development in 

coal under stress conditions based on NMR and fractal theory. In 

fact, just like the thermal-mechanical coupling test, the stress-

seepage coupling test is essentially a multi-field coupling test. 

Therefore, these new techniques can also be applied to other 

multi-field coupling tests, which will serve as more effective 

methods for researchers to explore the mechanical behavior of 

rocks and soils under the action of multi-field coupling.

3. Triaxial Test Techniques

3.1 Acoustic Emission-Triaxial Joint Test Technique
Elastic waves emitted by microfracturing in materials are called 

acoustic emission (AE) (Ohtsu et al., 1991). The method that 

adopts AE to detect the fracture process of materials or components 

is AE technique. AE technique is a real-time monitoring method 

and a non-destructive testing technique (Li et al., 2015), and the 

acquired AE signals can be used to analyze the evolution of 

micro-cracks in brittle (or quasi-brittle) materials during loading 

process (Han et al., 2019).

The AE analysis includes parameter and waveform analysis 

Fig. 11. Sketch Diagram of the True Triaxial Rock Test System for Coupled 
Stress-Seepage (after Yin et al., 2014a)

Fig. 12. Triaxial Box (after Yin et al., 2014a): (a) Perspective View, 
(b) Sectional View
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(Zhu et al., 2019), through which plenty of information on specimen

fracture can be obtained. For example, the cracks of the specimen 

can be classified into tensile cracks and shear cracks according to 

the average frequency (AF) and the RA value (the ratio of the 

rise time to amplitude) (Ohtsu et al., 2007). Based on the b value 

(Colombo et al., 2003) or Ib value (Shiotani et al., 2001), the 

evolution of the cracks in the specimen can be analyzed. AE 

waveforms carry the information of both the sources and the 

medium (Burud and Kishen, 2020), and can provide insight into 

the sources and behavior of cracks that occur in materials 

(Farnam et al., 2015). Cluster analysis can be adopted to AE data 

to determine the failure stages of the specimen (Han et al., 2019). 

Besides, AE data can also be used to locate the micro-cracks 

(namely the AE sources) in the specimen (Xu et al., 2018; Li et 

al., 2019c; Xu et al., 2021).

Actually, AE technique has also been applied to triaxial tests. 

Lee and Rathnaweera (2016) found AE detection a powerful 

method for determining the phenomena of stable and unstable crack 

propagation of rocks under uniaxial and triaxial loading conditions. 

Yue et al. (2019) studied the mechanism of hydrofracturing process 

through a self-developed true triaxial hydraulic fracturing system 

combined with AE technique. Zhou et al. (2019) presented an 

innovative acousto-optic-sensing-based triaxial testing system 

for rocks, in which the acoustic emission sensors are used for 

measuring the internal damage of rock specimens during a load 

test. Pei et al. (2020) evaluated the rockburst proneness through 

AE characteristics of rocks under loading. Dong et al. (2022) 

studied the mechanical properties, failure modes, and damage 

evolution characteristics of the sandstone samples under uniaxial 

compression at different temperatures through AE technique. Lin 

et al. (2020) performed drained triaxial compression tests with 

the aid of AE technique, and the modified triaxial apparatus 

combined with AE devices is shown in Fig. 13. During tests, 

elastic waves emitted by micro-cracks in the specimen are 

detected by AE sensors attached on the surface of the specimen, 

and then the AE signals are amplified by the amplifier and 

collected by the data logger. Analyze the AE data stored in data 

logger, and the information on specimen fracture can be obtained.

3.2 Visualization Technology for Triaxial Tests
In traditional triaxial tests, due to the opacity of the medium, the 

fracture and deformation process as well as the migration of 

multi-phase matter in the specimen cannot be intuitively observed. 

To solve the problem, researchers have developed a variety of 

methods to realize visualization in recent years.

Otani et al. (2002) realized the visualization of the progressive 

failure of the sample in triaxial compression through the images 

obtained by an X-ray CT scanner. Seol et al. (2019) presented a 

testing assembly that combines pore-scale visualization and triaxial 

test capability of methane hydrate-bearing sediments. Li et al. 

(2020c) realized three-dimensional (3D) visualization of coal 

fracture dynamic evolution under uniaxial and triaxial compression 

based on X-ray micro-Computed Tomography (X-ray µCT). Li et 

al. (2021a) introduced a new technique for the visualization of a 

deforming specimen during triaxial tests based on a full-field 

deformation measurement system with the aid of a self-developed 

software package GeoTri3D. Jiang et al. (2021) realized 3D 

visualization of coal and shale through computed tomography (CT) 

scanning and real-time AE signal monitoring, and studied the 

evolution of pores and fractures in reservoir rocks under triaxial 

stress conditions. Of course, the NMR is also a visualization 

technology that can be applied to triaxial tests. In addition, the field 

of geotechnical tests has been trying to use transparent geotechnical 

materials to visualize the testing process in recent decades.

Transparent geotechnical material is a kind of artificial transparent

material that is similar to natural soils in terms of strength and 

deformation properties. There are mainly three families of 

transparent materials developed for modeling sand and clays, 

which are made of amorphous silica powder, transparent silica 

gels and Aquabeads to represent natural clays, sand as well as 

very weak sediments and the flow in soils respectively (Iskander, 

2010). In addition, pore fluids like mineral oil and the mixture of 

calcium bromide and water are also adopted to establish transparent

models (Iskander, 2010). Since the simulated soils are transparent, 

researchers can easily obtain the deformation and failure information 

in the sample by optical means. In recent decades, transparent 

soils have been widely used in studying the infiltration (Siemens 

et al., 2013) and the dynamic properties (Kong et al., 2016) of 

soils, as well as the interaction between tunnel excavation (Sun 

and Liu, 2014; Li et al., 2020b), anchor keying (Song et al., 2009), 

geogrid (Ezzein and Bathurst, 2014; Derksen et al., 2021; Chen 

et al., 2021a), piles (Ni et al., 2010; Hird et al., 2011; Stanier et 

al., 2012; Liu et al., 2020) and soils. Compared with other 

visualization methods such as NMR and CT, transparent materials

can achieve favorable effects at a lower cost, thus attracting 

much attention in geotechnical tests. Actually, new techniques 

like 3D-printing (Li et al., 2021b) have also been introduced to 

make transparent soils in recent years so that researchers can 

consider the effects of factors like the shapes of soil particles on 
Fig. 13. Triaxial Apparatus Combined with AE Devices (after Lin et al., 

2020)
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the macromechanical soil properties.

4. Prospects

From the above-mentioned new triaxial test instruments and test 

techniques, it can be found that the current triaxial tests have the 

following developing trends.

4.1 Diversification in Functions
The functions of triaxial test instruments tend to be diversified. 

The current triaxial test instruments are no longer limited to 

obtaining the strength index of the rocks and soils through loading,

but have begun to pay attention to the mechanical properties of 

special soils (rocks) and soils (rocks) under special conditions 

like geologic hazards and multi-field coupling.

As for special soils, in addition to the triaxial study on hydrate 

sediments (Priest et al., 2015; Zhou et al., 2020a) and unsaturated 

soils (Cui and Delage, 1996; Wulfsohn et al., 1998; Ng et al., 

2002; Cai et al., 2014; Goh et al., 2015; Zheng et al., 2020), special 

soils like frozen soils are also studied through triaxial tests (Yao 

et al., 2013). In terms of special conditions of geologic hazards, 

besides rockburst (Su et al., 2016), other phenomena like water 

inrush have been investigated. Li et al. (2019d) studied the 

mechanism of water inrush through a large-scale true triaxial 

geomechanical model test. Yang et al. (2019) developed a true 

triaxial geomechanical model test apparatus, which can be used to 

study the precursory information of water inrush from impermeable 

rock mass failure as well as the solid-fluid interaction of the 

surrounding rock mass and water. As for special conditions of 

multi-field coupling, there are triaxial apparatus for thermo-

humidity coupling (Mao et al., 2021), thermo-mechanical coupling 

(Li et al., 2018; Li et al., 2021c) and stress-seepage coupling (Yin 

et al., 2014a; Frash et al., 2016). Feng et al. (2021) also introduced a 

true triaxial test system for microwave-induced fracturing of 

hard rocks, through which the coupling of true triaxial stress and 

microwave can be achieved. Besides, conditions in some special 

engineering activities, such as deep geological CO2 sequestration, 

have also been considered. For example, Ranjith and Perera 

(2011) presented a new high-pressure triaxial apparatus that can 

provide the high confining and fluid injection pressures and elevated 

temperatures expected for deep geological CO2 sequestration, 

which can be used to conduct mechanical and permeability testing 

on intact or fractured natural rock samples or synthetic rock 

samples subjected to high-pressure injection of up to three fluid 

phases (gas and/or liquid) at high pressures and temperatures 

corresponding to field conditions.

4.2 Improvements in Specimen Performance
The testing performance of the specimen is improved.

First, larger specimens are adopted in triaxial loading, so that 

the test results are closer to real conditions. For example, the 

temperature-humidity controlled large triaxial apparatus developed 

by Mao et al. (2021) can load the specimen with the maximum 

size of 300 mm in diameter and 600 mm in height. The maximum

size of the specimen that can be loaded by the true triaxial rock 

test system for coupled stress-seepage developed by Yin et al. 

(2014a) is 400 mm × 200 mm × 200 mm. Chen et al. (2021b) 

developed a large-scale true triaxial seepage apparatus that can 

load the specimen with a maximal size of 1,050 mm × 550 mm × 

550 mm. Yang et al. (2019) developed a true triaxial geomechanical 

model test apparatus, and the size of the specimen can reach 

1,500 mm × 1,000 mm × 1,000 mm.

Besides, specimens are also improved to be more convenient 

for observation and monitoring. Typically, the adoption of 

transparent geotechnical materials (Song et al., 2009; Ni et al., 

2010; Hird et al., 2011; Stanier et al., 2012; Siemens et al., 2013; 

Ezzein and Bathurst, 2014; Sun and Liu, 2014; Kong et al., 2016; 

Liu et al., 2020; Li et al., 2020b; Derksen et al., 2021; Chen et al., 

2021a) instead of conventional samples allows researchers to 

more intuitively grasp the mechanical behavior of rocks and 

soils.

4.3 Visualization and Real-Time Monitoring
Monitoring methods tend to be visible and real-time, and can 

obtain more internal and microscopic information of the specimen.

As described in Section 3, visualization can be achieved by 

techniques like CT (Otani et al., 2002; Li et al., 2020c; Jiang et 

al., 2021). Besides, due to the localization function, AE technique

can also be considered a method for visualization. In terms of 

real-time monitoring, besides the AE technique, which can 

realize real-time monitoring of the micro-cracks both inside and 

on the surface of a specimen, other techniques including digital 

image correlation (DIC) and X-ray CT are also adopted. 

Rechenmacher (2006) obtained nearly continuous (both spatially 

and temporally) record of displacement evolution through the 

non-destructive displacement measurement technique of DIC. 

Watanabe et al. (2012) developed a method of tracking soil 

particles through CT images so that the displacements in sand in 

three dimensions under triaxial compression can be obtained. 

Wang et al. (2021b) applied the X-ray CT detections to the uniaxial 

and triaxial compression of coal samples and the dynamic evolution

of the fractures during the deformation can be revealed. Actually, 

several different real-time monitoring techniques can be combined 

to form a real-time monitoring system, so that more information 

can be collected. For example, Feng et al. (2021) developed a 

dynamic monitoring system for true triaxial tests, which includes 

the infrared thermometry technique for monitoring rock surface 

temperature, the distributed optic fiber sensing technique for 

monitoring temperature in borehole in rock, and the AE technique

and two-dimensional digital speckle correlation technique for 

monitoring the evolution of thermal damage and the rock fracturing 

process.

4.4 Error Elimination and High Accuracy
The origin and influence of the errors are studied, so that they 

can be eliminated to guarantee the precision of triaxial tests.

There are mainly two error sources in triaxial tests, one is the 

manual operation, called manmade factors, and the other is the 
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apparatus itself, called systemic factors. Errors caused by 

manmade factors can be eliminated by improving the automation 

of test operations and minimizing manual operations. Actually, 

researchers have been trying to improve the automation in 

aspects like measurement and data logging. For example, Lewin 

(1971) transformed the volume change into the linear movement 

of a piston, which can then either be measured on a dial gauge or 

be used to operate an electronic displacement transducer for 

direct data logging.

In addition to those caused by manmade factors, errors caused 

by systemic factors also have an impact on test results. At 

present, the influence of some systemic factors has been clarified 

in research. Many scholars have studied the effects of rubber 

membrane in triaxial tests such as the effects on measured deviatoric 

stress and volume change, and Raghunandan et al. (2015) have 

made a comprehensive review on it. Leroueil et al. (1988) evaluated 

the influence of the drainage capacity of filter papers on the 

consolidation and shear processes in triaxial tests. Lefebvre and 

LeBoeuf (1987) studied the influence of the strain rate and load 

cycles on the undrained shear strength of different clays in 

monotonic and cyclic triaxial tests. Li and Zhang (2019) 

systematically evaluated the factors concerning the accuracy 

of the photogrammetry-based deformation measurement method, 

including mesh density and pattern, interpolation technique and 

system parameters like the refractive index of the confining 

medium as well as the refractive index and thickness of the 

triaxial chamber wall. Based on the studies, some methods that 

can eliminate the systemic errors have been proposed. Zhu and 

Anderson (1998) briefly described the methods for the correction 

of the errors caused by membrane compliance, membrane resistance 

and variations in cross-sectional area and developed an overall 

correction procedure based on the soil behavior observed during 

triaxial tests. Dihoru et al. (2005) proposed a neural network 

(NN) approach to predict the errors in true triaxial apparatus with 

flexible boundaries (TTAF) that may affect the displacements of 

the sample, which can effectively overcome the difficulty associated 

with a complex set of factors of influence like the effects of the 

sample membrane and the pressurizing cushion, the non-uniform 

spatial stiffness of the frame of the apparatus, and the electronic 

errors. Fang (2013) proposed a method to exclude data with 

gross errors so that the only strength line as well as cohesion and 

friction angle can be determined accurately. Therefore, it is possible

to improve the triaxial tests and data processing accordingly to 

eliminate the systemic errors. Of course, strategies for both 

manmade errors and systemic errors can be adopted together, so 

that both the manmade and systemic errors can be eliminated.

5. Conclusions

The paper introduced several new types of triaxial test instruments 

suitable for the study on the mechanical properties of special 

soils and soils (rocks) under special conditions. The application 

of AE and visualization techniques in triaxial tests has also been 

introduced. Furthermore, the developing trends were discussed. 

The conclusions are summarized as follows:

1. Compared with conventional triaxial apparatuses, newly 

developed apparatuses in recent decades can be classified 

into two categories: the apparatuses for testing special soils 

(rocks) and those for soils (rocks) under special conditions. 

Representative special soils (rocks) include hydrate sediments 

and unsaturated soils. While special conditions can be 

classified into geologic hazards like rockburst and multi-

field coupling like thermo-humidity coupling, thermo-

mechanical coupling and stress-seepage coupling.

2. Techniques adopted in triaxial tests usually aim at achieving 

real-time monitoring and the visualization of the specimen 

behavior. AE technique is a real-time and non-destructive 

monitoring technique that can be used to analyze the 

evolution of micro-cracks in the specimen during triaxial 

tests. Commonly used methods for visualization include 

CT, geotechnical testing models established with transparent 

materials, etc., and transparent materials can achieve favorable 

effects at a lower cost.

3. The functions of triaxial test instruments tend to be diversified, 

and the testing performance of the specimen is improved. 

The monitoring methods adopted in triaxial tests tend to be 

visible and real-time, and can obtain more internal and 

microscopic information of the specimen. In addition, the 

triaxial tests tend to be more accurate as the origin and 

influence of the errors are deeply studied and effectively 

eliminated.

The review is expected to provide references for further study 

of triaxial tests in both instruments and techniques.
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