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ABSTRACT

A new generation of Hoek cells was designed and built to conduct triaxial testing

on rock-like materials. The new design has the advantages of both conventional

Hoek cells (e.g., minimal preparation and setup time) and conventional triaxial

systems (e.g., on specimen radial deformation measurement), and it is capable of

measuring the permeability at a controlled temperature. This quick release triaxial

cell is robust, fast, and cost efficient and can be used for high pressure–high

temperature experiments. In order to assess the robustness of the designed cell, a

number of triaxial tests were carried out on different rock specimens (sandstone

and marble) at different confining pressures (10, 30, and 50 MPa) and controlled

temperatures (30°C and 60°C). In addition, the permeability measurement was

conducted on the sandstone specimen under triaxial loading having 10 MPa

confining pressure and 30°C temperature.
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Introduction

Characterization of the mechanical properties of rock-like materials is an essential part

of geomechanical/technical engineering programs. Such characterization is commonly

conducted by performing a specific series of rock tests. Amongst these tests, the triaxial

experiment is of special importance because the rock behavior can be characterized under

an in-situ stress condition. In this experiment, the specimen undergoes constant confining

(horizontal) pressure where the intermediate (σ2) and minor (σ3) principal stresses are

equal and constant during the experiment, while the major principal stress (σ1) is variable
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at constant rate (Brady and Brown 2006). Typically, a full stress–strain curve is obtained

from which the pre- and post-peak behavior of rock at different confinements can be in-

vestigated. For example, the stress dependency of the elastic modulus of rock is assessed by

the triaxial testing (Bésuelle, Desrues, and Raynaud 2000; Baud, Klein, and Wong 2004;

Sulem and Ouffroukh 2006; Masoumi, Douglas, and Russell 2016; Roshan, Masoumi, and

Regenauer-Lieb 2017). In addition, the estimation of the peak and residual stresses at dif-

ferent confining pressures along with shear and volumetric strains can be obtained from a

complete stress–strain response of the rock. This is mainly important for constitutive mod-

elling, which is essential for the accurate numerical simulation of complex geomechanical/

technical problems (Roshan and Oeser 2012).

Two devices are commonly used to perform triaxial testing: the Hoek cell ([Hoek and

Franklin 1968], or a similar setup [Obert 1963]) and the conventional triaxial cell (Kovari

et al. 1983). Each has its own advantages and disadvantages. The former is very useful for

quick triaxial testing but has no measurement of the radial deformation (the application of

strain gauges will be discussed later). The latter can measure the axial and radial deformation,

but the specimen preparation and setup time is very time consuming. In addition, the re-

sulting radial strains have some reliability limitations because the extensometer does not fully

cover the specimen circumference in many instances (Masoumi, Saydam, and Hagan 2015).

In this study, therefore, the design of the conventional Hoek cell was modified to

build a quick release triaxial cell (QRT cell). The new design combines the robustness

of the conventional Hoek cell with the advancement of the triaxial cell. A special temper-

ature-controlled system with a silicone rubber jacket was designed and set up to conduct

the experiment at controlled temperatures. A number of triaxial tests were carried out on

different rock specimens (sandstone and marble) at different confining pressures (10, 30,

and 50 MPa) and controlled temperatures (30°C and 60°C) with the cell. In addition, per-

meability measurement was conducted on the sandstone specimen under triaxial loading

with 10 MPa confinement at a temperature of 30°C.

Current Triaxial Testing Techniques

HOEK CELL

The design and development of the Hoek cell (Hoek and Franklin 1968) revolutionized the

rock characterization process in rock engineering, e.g., where triaxial behavior is obtained

in addition to the common mechanical properties of rock-like materials such as uniaxial

compressive strength, elastic modulus, and Poisson’s ratio. These include the estimation of

the peak and residual stresses at different confining pressures as well as the characteri-

zation of the pre- and post-peak behaviors.

Because of the specific design of the Hoek cell (see Fig. 1), the triaxial experiment can

be performed quickly, but it is not possible to attach any extensometer to the specimen for

measuring the axial or radial deformation. Generally, the movement of the loading frame

ram is counted for axial strain calculation. For estimation of the radial strain with the Hoek

cell, strain gauges are often used (see Fig. 2)

The strain gauge can be attached to the specimen directly to record the axial and

radial strains in a conventional Hoek cell; however, there are a number of limitations as-

sociated with the utilization of the strain gauges (Masoumi, Saydam, and Hagan 2015):

(a) it only measures a limited area of the specimen surface; (b) it is a very time consuming

process to carefully attach the strain gauge to the specimen; (c) if the specimen is partially
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saturated with any fluid such as water, it is difficult to properly attach the strain gauge;

(d) the strain gauge can be used only once; (e) there is often the risk of damaging the strain

gauge during the experiment because of the cracking process of rock under failure or high

confining pressure; and finally, (f) the membrane seal can be compromised by leads com-

ing out from the attached strain gauges. Permeability measurement on the other hand can

FIG. 2

Axial and lateral (radial) strain

gauges on a sandstone

specimen (Masoumi et al. 2015).

FIG. 1

Cutaway view of the

conventional Hoek cell

(Hoek and Franklin 1968).
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be made with some modifications to the Hoek cell, especially on the platens and fluid

controlling system (Selvadurai and Głowacki 2008; Selvadurai and Głowacki 2017).

CONVENTIONAL TRIAXIAL CELL

The conventional triaxial cell has been used for rock testing and the suggested methods by

the International Society for Rock Mechanics (ISRM) (Kovari et al. 1983; ISRM 2007,

Suggested Methods for Rock Characterization, Testing and Monitoring) as well as by

ASTM D7012, Standard Test Methods for Compressive Strength and Elastic Moduli of

Intact Rock Core Specimens under Varying States of Stress and Temperatures have been

employed for performing the triaxial experiment on rock-like materials. Fig. 3 illustrates

a triaxial cell with its internal components.

FIG. 3

(a) Geotechnical Consulting &

Test Systems (GCTS) triaxial

cell and (b) components of the

triaxial cell fromMasoumi (2013).
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The main advantage of the triaxial cell over the Hoek cell is the possibility of meas-

uring the axial and radial deformations on the specimen during the experiment without

having the previously mentioned limitations of the Hoek cell. The specimen is placed in-

side the cell and then is covered by heat shrink membrane to secure it from the confining

fluid, e.g., the effect of thin heat shrink on the extensometer reading is insignificant. Hence,

the axial and circumferential extensometers are attached to the specimen (see Fig. 4). Such

a technique has overcome the limitation related to the measurement of radial deformation

by the Hoek cell through implementing a circumferential extensometer. The circumfer-

ential extensometer is mounted around the specimen and can be used multiple times with

the capability of recoding the post-peak deformation during the experiment.

The complete stress–strain behavior of the rock from initial loading up to residual stress

can be obtained by conducting a triaxial experiment using the triaxial cell. However, there are

two main limitations associated with this type of system. First, it is a very time-consuming

process to both prepare the specimen for testing and set up the specimen. Secondly, the cir-

cumferential extensometer needs to fully touch the specimen circumference in order to have

an accurate measurement, which is not the case in many instances. As a result, the measured

radial deformation needs some corrections (Masoumi, Saydam, and Hagan 2015). It is note-

worthy that some of the triaxial cells (see Fig. 5) have used the diametral form of the exten-

someter (Linear Variable Differential Transducer) for the direct measurement of radial

deformation, which eliminates the limitation related to the use of the circumferential exten-

someter for radial deformation measurement.

In view of the limitations related to both Hoek and conventional triaxial cells, it is

essential to develop a new cell to integrate the advantages of both Hoek and conventional

triaxial cells.

Experimental Design of Quick Release
Triaxial Cell

CELL BODY DESIGN

In order to measure the radial deformation, four arms were added to a cell designed in a very

similar manner to the conventional Hoek cell for a cylindrical specimen with a diameter of

1

2

1

FIG. 4

Testing setup of a rock

specimen inside a triaxial cell

(Masoumi 2013): 1. two axial

LVDTs were held by top and

lower rings; 2. circumferential

LVDT attached to the specimen

using a spring chain.
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30 mm or smaller (with a maximum length to diameter ratio of 2.5). The arms were attached

to the body of the cell, and the metal-to-metal seal assisted with post o-ring sealing between

the arm head and internal body of the cell was targeted (see Fig. 6). Two ports were also

placed within the cell body for (a) hydraulic oil pressurization and (b) a safety release valve.

The platens used in the setup were equipped with connection holes and a diffusion pattern to

enable the permeability measurement during the experiment.

HIGH PRESSURE-HIGH TEMPERATURE (HP-HT) MINIATURE LVDTS,

CONNECTORS, AND VITON RUBBER SLEEVE

Recently designed submersible miniature linear variable differential transducers (LVDTs) from

MacroSensor (Macro Sensors, A Division of Howard A. Schaevitz Technologies, Pennsauken,

NJ) were used in the new setup along with low voltage conditioners. These LVDTs are func-

tional at pressures up to 20,000 psi (138MPa) and temperatures up to 200°C when submerged

in nonconductive fluids. Each LVDT was placed within the arm connected to the body of the

cell and was fitted with a spacer. The spacer also acts as storage for LVDT wires and positions

the multiple pin connectors. It should be noted that these LVDTs measure the radial defor-

mation and the movement of the servo-controlled loading ram is recorded as the axial

deformation, i.e. external LVDT can also be used for axial measurement.

Ceramic multiple pin connectors were used to divide high- and low-pressure sides.

The connectors’ sealing is functional up to 25,000 psi (172 MPa) and 260°C.

Hoek cell rubber sleeves are often made of polyvinyl chloride (PVC) materials with

wall thicknesses larger than 3 mm. This restricts the radial deformation measurement

because of the rigidity of the rubber sleeve, especially at relatively lower confinement.

On the other hand, PVC rubber sleeve is only functional up to 60°C. Therefore, a new

0.9-mm-thick rubber sleeve was molded from flexible M-grade Viton material to use

in the QRT cell to precisely measure the radial deformation especially at low confinement

and also to conduct a high temperature experiment.

FIG. 5

Instrumentation of a specimen

inside the triaxial cell with

diametral extensometers

for measurement of radial

deformation (Sulem and Ouffroukh

2006).
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FIG. 6

Components of the designed

cell along with the dimensions.
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TEMPERATURE CONTROLLED SYSTEM

A heat jacket was designed to control the temperature of the QRT cell. The heat jacket is

made of a flexible silicone rubber heater equipped with a wire wound element as well as an

internal thermocouple with ±1°C accuracy to monitor and control the temperature. The

system was connected to a temperature control unit that was subsequently linked to de-

veloped code in LabVIEW (National Instruments, Austin, TX) (see Fig. 7). The temper-

ature of the internal membrane was measured before running the test to ensure thermal

equilibrium. During the test, the thermocouple inside the heat jacket controls the heat flow

to ensure that the initial thermal equilibrium is maintained.

FIG. 7 Overview of the designed triaxial cell with its system components.
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DATA ACQUISITION SYSTEM

A software program was developed to log both LVDTs’ displacement as well as the system

temperature. Independent calibration was successfully conducted on both displacement

and temperature sensors using digital micrometer and high-precision Fluke temperature

logger (Fluke Corporation, Everett, WA). Each LVDT was calibrated manually with a

micrometer. As the micrometer moved, the LVDT response was recorded, followed by

the parametric fitting in the developed code to correct the displacement drift. In addition,

the independent Fluke temperature logger was placed into the heat jacket when it was

on the cell and the temperature was monitored on the thermocouple of the jacket as well

as the Fluke logger. The obtained drift was later incorporated into the software to read the

accurate temperature. An overview of the complete setup is shown in Fig. 7.

Experimental Methodology

All specimens with a 30-mm diameter and a length to diameter ratio of 2 (ASTM D7012)

were oven dried under a vacuum for 24 hours at 105°C to ensure that no moisture remained

inside the specimens (ASTM D2216-10, Standard Test Method for Laboratory Determination

of Water (Moisture) Content of Soil and Rock by Mass; Roshan et al. 2016a). This was per-

formed to only target the effect of temperature on the mechanical behavior of rock under the

triaxial condition without complicating the results by having moisture content.

Sandstone and marble were used for the triaxial experiments. Gosford sandstone

specimens were obtained from Gosford Quarry, Somersby, New South Wales,

Australia (Roshan et al. 2016b; Roshan et al. 2017). Marble specimens were sourced from

Wombeyan, New South Wales, Australia (Masoumi 2013; Masoumi et al. 2017). A total

number of twelve triaxial experiments were conducted for triaxial measurements of marble

and sandstone specimens.

The oven temperature was then set to the target temperature for another 24 hours

and, meanwhile, the heating jacket was installed on the cell (QRT cell) and set to the target

temperature. An independent thermocouple (Fluke logger) was placed inside the cell

touching the rubber sleeve from inside. The steady-state heat flow condition was reached

when the Fluke thermocouple showed constant temperature within ±1°C fluctuation. The

Fluke thermocouple was then removed from the cell, and the specimen was moved from

the oven into the rubber sleeve inside the cell and stayed in the cell for another 30 mins

before the commencement of experiment.

A servo-controlled loading frame system with a maximum loading capacity of 100 tons

was used to perform the triaxial experiments. A manual hydraulic pump with a maximum

pressure capacity of 70MPa and a controlled accuracy of ±0.001MPa was utilized to provide

the confining pressure. To make the end surfaces flat and square, the cylindrical specimens

were ground carefully to about a 0.003-mm tolerance according to ISRM (2007). The axial

displacement rate of 0.003 mm/s was set for each test, and the confining pressures ranged

between 10 and 50 MPa. All tests were conducted at temperatures of 30°C and 60°C.

In order to measure the permeability variation of the sandstone specimen during the

triaxial loading, a pressure regulator was placed on the upstream side of the cell with an

inlet air pressure of approximately 0.69 MPa and a maximum outlet pressure of 0.35 MPa.

The downstream side was connected to a bubble gas flowmeter at an atmospheric pressure

to measure the gas flow rate precisely. The permeability measurement and correction pro-

cedure are explained in the Appendix. The average gas flow (at a constant differential
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pressure of 49 KPa) was measured from the zero deviatoric stress up to the residual stress

at approximately every 30 seconds considering the steady state condition (Tanikawa and

Shimamoto 2009).

Experimental Results and Discussion

A number of triaxial experiments were performed on sandstone and marble specimens

to assess the accuracy and robustness of the new setup. The triaxial tests were carried

out at three sets of confinements (10, 30, and 50 MPa) and two sets of temperatures

(30°C and 60°C).

The stress–strain results obtained from different confinements and two temperatures

for sandstone and marble specimens are presented in Fig. 8. As was expected and is

FIG. 8 Stress–strain data of Gosford sandstone (a) and (b) andmarble (c) and (d) specimens obtained from triaxial tests conducted at

30°C and 60°C temperatures.
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evident from these figures, an increase in temperature led to a decrease in the peak stresses,

which is consistent with the literature data (Hamidi, Tourchi, and Khazaei 2015).

Interestingly, the temperature dependency of the mechanical response of marble is more

pronounced than sandstone specimens.

The permeability measurement was also conducted on a sandstone specimen at a

temperature of 30°C and 10 MPa confinement with compressed air at a steady state con-

dition to assess the permeability measurement capability. The ratios of permeability to

initial permeability ( k
kini

) versus axial strain along with volumetric strain versus axial strain

are presented in Fig. 9b (kini= 3.52 × 10−17 m2), i.e., the experimental setup has addition-

ally been shown in Fig. 9a. The gas permeability has been converted to liquid permeability

using Klinkerberg correction, which is explained in the Appendix. As can be seen from

FIG. 9

Permeability measurement

setup (a) and Klinkerberg

corrected permeability ratio

versus axial strain along with

volumetric strain versus axial

strain (b) of a specimen at

10 MPa confinement and a

temperature of 30°C.
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Fig. 9b, permeability decreases slightly at the beginning of deviatoric loading as a result of

a specimen volumetric compaction up to 0.01 axial strain but then starts increasing after-

ward, i.e., when the specimen experiences the initial yield, hence dilation, the permeability

increases. Apparent initial yield occurs around 0.01 axial strain as seen from similar stress–

strain curves for sandstone with 10 MPa confinement (see Fig. 8). However, such incre-

ment significantly excels when passing the peak stress toward residual stress. At peak

stress, the shear band is formed (although not yet macroscopically moving to cause larger

fracture dilation) increasing the permeability. As soon as the shear band is macroscopically

mobilized, fracture dilation gives a higher flow path to gas toward residual stress. The

permeability increment slows down when reaching the initial residual stress. This is mostly

consistent with the previous measurements of permeability under the triaxial loading con-

dition (Xu and Yang 2016; Chen et al. 2017).

Conclusions

The conventional Hoek cell was modified to measure the radial deformation on the speci-

men while controlling the specimen temperature using a simple yet efficient temperature-

controlled system. In order to show the robustness, accuracy, and speed of the new QRT cell,

a set of HP-HT triaxial and permeability tests were conducted on sandstone and marble

specimens. The results of the temperature-controlled triaxial experiments showed that

an increase in temperature leads to a decrease in the peak stress for both sandstone and

marble specimens; however, the mechanical behavior of marble is more sensitive to temper-

ature changes than sandstone specimen. Moreover, the result of the permeability test showed

that the sandstone permeability decreases initially as a result of specimen volumetric com-

paction but increases slightly afterward. The permeability increment considerably increases

after peak stress toward residual stress and later slows down as expected for brittle materials.

Appendix

In order to calculate the gas permeability of the specimen, the steady state method was

used. The apparent gas permeability was measured with various differential pressures at

zero deviatoric stress in order to conduct the Klinkerberg correction. The apparent gas

permeability was calculated using the following equation (Scheidegger 1974):

kg =
2QμLpdown

Aðp2up − p2downÞ
(A1)

where kg is the apparent gas permeability, Q is the gas flow rate, L and A are the length and

cross section area of the specimen, μ is gas viscosity, and pup and pdown are the upstream

and downstream pressure. In order to carry out the Klinkerberg correction, the calculated

apparent gas permeability was plotted versus 1/p (p is the average pressure) in Fig. A1

leading to the extraction of KL (equivalent liquid permeability) and b parameters from

the following equation (Klinkenberg 1941):

kg = kL

�
1 +

b
p

�
(A2)
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Subsequently, b was extracted as 11.3 KPa from Fig. A1. Having parameter b , one can

calculate the liquid permeability during the triaxial loading using Eq A2. In addition,

no significant temperature alteration occurred during the experiment and therefore no

temperature correction on the gas permeability measurement is considered.
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