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ABSTRACT

The study of fractured rock masses in the laboratory remains challenging because of the large

specimen sizes and bulky loading systems that are required. This article presents the design,

structural analysis, and operation of a compact and self-reacting true triaxial device for

fractured rock. The frame subjects a 50 cm by 50 cm by 50 cm fractured rock specimen

to a maximum stress of 3 MPa along three independent axes. Concurrent measurements

include long-wavelength P-wave propagation, passive acoustic emission monitoring,

deformations, and thermal measurements. The device can accommodate diverse research,

from rock mass properties and geophysical fractured rock characterizations, to coupled

hydro-chemo-thermo-mechanical processes, drilling, and grouting. Preliminary wave

propagation data gathered under isotropic and anisotropic stress conditions for an assembly

of 4,000 rock blocks demonstrate the system’s versatility and provide unprecedented

information related to long-wavelength propagation in fractured rock under various stress

anisotropies.
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Introduction

The engineering properties of fractured rock masses determine the analysis and engineering design of

geosystems such as infrastructure, transportation tunnels, mining, groundwater management, waste stor-

age, and resource recovery (National Academy of Sciences 2015).

True triaxial devices allow for the study of geomaterials under anisotropic stress conditions, including

the effect of the intermediate stress. Table 1 lists large-scale true triaxial devices for rock testing reported in

the literature over the past 50 years. Most devices are for small specimens. In fact, there is an overall

inverse relationship between the specimen size and the maximum stress. Furthermore, our analyses show
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that the cost of large-scale triaxial devices increases nonlinearly

with the specimen size and operating stress range.

The study and characterization of fractured rock masses in

the laboratory under a three-dimensional state of stress necessi-

tates the use of large-scale loading devices to attain effective media

conditions. This is particularly the case for geophysical characteri-

zation: long-wavelength propagation studies require that the

wavelength λ is much larger than the fracture spacing b (λ> 10b,

Brillouin 1946). Previous laboratory studies have focused on wave

propagation across multiple fractures in the short-wavelength re-

gime (Sjøgren, Øfsthus, and Sandberg 1979; El-Naqa 1996;

Kahraman 2001; Kurtuluş et al. 2012) or ballistic propagation

across a single, isolated fracture (Pyrak-Nolte, Myer, and Cook

1990; Pyrak-Nolte, Xu, and Haley 1992; Zhao and Cai 2001).

Studies that satisfied long-wavelength propagation conditions

only explored a one-dimensional geometric configuration

(Fratta and Santamarina 2002; Cha, Cho, and Santamarina 2009;

Mohd-Nordin et al. 2014).

This article presents the design and operation of a large-scale

true triaxial rock testing device developed at King Abdullah

University of Science and Technology (KAUST) for the charac-

terization of fractured rock specimens and the study of coupled

processes in fractured rocks under isotropic and deviatoric stress-

controlled conditions. Then, long-wavelength P-wave measure-

ments across a specimen made of precut limestone blocks are

used to demonstrate the versatility of the true triaxial frame.

KAUST True Triaxial Device for
Fractured Rock

The design objectives of the true triaxial frame are as follows:

(1) subject a prefractured rock specimen to boundary stresses

up to σ 0 = 3 MPa; (2) independently control the three principal

stresses imposed at the boundaries; (3) mitigate the side friction

and corner effects on the stress field; and (4) allow for extensive

instrumentation and monitoring under preselected stress paths.

Note that the system was not designed for stress–strain studies

of fractured rocks.

The specimen dimensions are 50 cm by 50 cm by 50 cm. This

size readily accommodates various fracture topologies and allows

for effective media studies when blocks several centimeters in size

form the fractured rock.

Thin hydraulic flat jacks 50 cm by 50 cm by 0.4 cm mounted

on the six faces of the cubical specimen control the principal

stresses (Fig. 1a). A 3-mm-thick rubber layer sits between the flat

jacks and the rock mass; this layer reduces the accumulation of

friction along transverse boundaries and favors a more homo-

geneous normal stress distribution against the fractured rock mass.

We use aluminum plates 50 cm by 50 cm as spacers between the

flat jacks and the rubber layer to fill the gap between the jacks and

the specimen for different fabric configurations. Finally, the flat

jacks rest against the thick reaction plates mounted on the frame.

The selected 2.5 cm by 2.5 cm by 5 cm rock blocks rest at

the corners between the normal flat jacks. Then, a 1-cm corner

gap between neighboring flat jacks prevents corner effects. This

small gap is possible because of the low compressibility of rock

masses (Fig. 1b).

FRAME DESIGN

Fig. 2 presents the exploded view of the essential components of

the true triaxial frame (details in Table 2). Measured from the out-

side edges, the total size of the device is 112 cm by 112 cm by

112 cm. The internal dimensions account for the cubic specimen,

the added thickness of the hydraulic flat jacks, and the stiff reac-

tion plates. A single-piece square frame rests horizontally to resist

horizontal forces in the x- and y-directions. The top and bottom

H-shaped structures are bolted onto the horizontal frame to com-

plete the cube. We use a hand-operated gantry crane to remove

the top structure and gain access to the specimen.

TABLE 1 Large-scale true triaxial devices for rock testing reported in the literature (1973–2016).

Size, cm Stress Level, MPa Pore Fluid Control Boundary Control Reference

60 by 60 by 130 σ1= 13.8, σ2= σ3= 12 No Rubber membranes Reik and Zacas (1978)

62 by 62 by 120 σ1= 15, σ2= 6, σ3= 2 No Prismatic rubber coating Natau et al. (1995)

50 by 50 by 50 σ1= 40, σ2= σ3= 20 Yes, up to 10 MPa Silicone grease covered Teflon sheets Suzuki (2012)

50 by 50 by 50 σ1= σ2= σ3= 70 Yes – Sibai, Henry, and Gros (1997)

25 by 25 by 25 σ1= σ2= σ3= 1.5 Yes Rubber diaphragm Ismail, Sharma, and Fahey (2005)

15 by 15 by 15 σ1= 44, σ2= σ3= 15 No Vacuum grease covered polytetrafluoroethylene

(PTFE) sheets

Rao and Tiwari (2008)

10 by 10 by 10 σ1= 130, σ2= 60, σ3= 60 PTFE sheets Gau, Cheng, and Zhuo (1983)

10 by 10 by 10 σ1= σ2= σ3= 65 No Flexible polyurethane membranes Atkinson and Ko (1973)

15 by 6 by 3 σ1= 50, σ2= 60, σ3= 30 No – He, Miao, and Feng (2010)

10 by 5 by 5 σ1= σ2= 1,000, σ3= 100 Yes Copper foil and TFE-fluorocarbon or

PTFE sheets with grease

Shi et al. (2017)

10 by 5 by 5 σ1= 1,000, σ2= 200, σ3= 200 No Two greased copper sheets Michelis (1985)
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FIG. 1 (a) Boundary assembly and (b) corner gap details. Components: (1) fractured rock specimen, (2) thin piezoelectric element and other flat sensors,
(3) rubber sheet, (4) aluminum plate spacers (as needed), (5) flat jack, (6) steel reaction plate and (7) steel I-beam frame.

FIG. 2 Reaction frame: finite element simulation results. von Mises stress distribution when the frame imposes a 3 MPa loading on an internal specimen.
Component numbers: refer to Table 2 for details.
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STRUCTURAL ANALYSIS OF THE CUBICAL FRAME

The target maximum operational load is σ 0 = 3 MPa in each direc-

tion. The critical design constraints are the bending and shear of

the central I-beams on all six sides, pull-out failure of the welded

tube caps, and shear/tensile failure of the bolts. Fig. 2 presents

the von Mises stress field for the main frame components under

a homogeneous 3 MPa distributed load on all six load plates

(SolidWorks 2015, Young’s Modulus E= 2× 1011 N/m2, Poisson’s

ratio ν= 0.26, mass density ρ= 7,850 kg/m3, tensile strength

σt= 400 MPa, and yield strength σy= 250 MPa). The analysis

shows that no frame components yield. The webs of the I-beams

experience the highest stresses; the stiffeners welded on all the

I-beams contribute shear strength at the beam connections.

Fig. 3 shows the measured and calculated load-deformation

frame response in the vertical and horizontal directions for iso-

tropic loading. The as-built flexural rigidity E·I used in the finite

element method simulation is 30 % greater than the nominal

value reported by the manufacturers of the I-beams. Measured

and predicted load-deformation trends are linear for the

1 MPa stress imposed in this test. Nonlinearity becomes apparent

in numerical simulations when σ0≥ 3.5 MPa. The displacement at

σ0= 1 MPa reaches δz= 0.45 mm in the vertical direction but is

only δx= δy= 0.12 mm in the horizontal x- and y-directions be-

cause of the stiffer single-piece horizontal frame (refer to Fig. 2).

The frame’s deformation does not affect the imposed stress field:

the flexible flat jacks exert a near-uniform stress distribution on

the specimen faces.

LOADING SYSTEM

The steel flat jacks mounted on all six sides can withstand 10 MPa

of internal pressure. They are very compliant: the measured un-

supported stiffness is ∼3 kPa/mm. Each flat jack pair in the x-,

y- and z-directions is connected to an independent syringe pump

as shown in Fig. 4a (Isco 1000D filled with hydraulic oil [Teledyne

Isco Inc., Lincoln, NE]). The syringe pumps can operate in either

flow-rate or pressure-control modes. A LabVIEW-based software

TABLE 2 Steel frame design geometric details (refer to Fig. 2).

Element Part Name Description Quantity Item # in Fig. 2a

Midsquare frame Tube Caps 230 by 230 by 25 mm 8 1.1

Tube Columns 230 by 230 by 14 by 619 mm 4 1.2

Middle I-Beams 210 by 210 by 14 by 664 mm 4 1.3

Top and bottom H-sections Tube Beam 230 by 230 by 1,120 mm 4 2.1

Middle I-Beam 210 by 210 by 14 by 664 mm 2 2.2

Shear Stiffener 660 by 180 by 13 mm 12 2.3

Load plates Small Load Plate 510 by 510 by 50 mm 5 3.1

Large Load Plate 630 by 630 by 50 mm 1 3.2

Peripherals Bolts M27 56 4.1

Note: aItems 1.1 through 3.2 are ASTM A36, Standard Specification for Carbon Structural Steel, steel, while item 4.1 is ASTM A325, Standard Specification for Structural Bolts, Steel, Heat
Treated, 120/105 ksi Minimum Tensile Strength (withdrawn 2016), steel.

FIG. 3

Measured (dots) and finite element computed (lines)
stress-deformation trends for the frame during
isotropic loading.
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(National Instruments, Austin, TX) commands the pumps and

logs pump data at preselected time intervals.

There is an additional syringe pump connected to a fluid

transfer cylinder to inject high-viscosity fluids into the specimen.

This pump allow us to investigate hydro-chemo-mechanical

coupled processes in fractured rocks such as the nature of hy-

draulic fracturing in prefractured media (Fig. 4c).

INSTRUMENTATION

Linear variable differential transducers monitor the external vertical

and horizontal deformations of the frame (Fig. 4b). We combine

frame deformation and jack inflation monitored with the syringe

pumps to obtain a first-order estimate of the specimen deformation.

Long-wavelength propagation studies rely on thin piezoelec-

tric pads (with a diameter of 2.5 cm and a thickness of 1 mm)

placed at the center of each face. These P-wave sources and receiv-

ers connect to the function generator, filter-amplifier, and a dig-

ital oscilloscope that is used for visualization and storage (Fig. 5).

The piezoelectric pads on all six sides of the specimen and

eight accelerometers (with frequencies of 2–10 kHz) buried

within rock blocks distributed throughout the specimen detect

acoustic emissions such as those generated during hydraulic frac-

turing studies (Fig. 6a and b).

The large specimen size and controlled boundary conditions

readily allow for other monitoring systems such as electrical re-

sistivity tomography and thermocouples and point-heaters for

thermal diffusion/conduction studies.

Test Protocol—Demonstration

Specimen preparation is critical to the study of fractured rocks

in the laboratory, particularly when effective media behavior is

sought (e.g., long-wavelength propagation studies), because a

large number of blocks are required under true triaxial conditions.

Specimen preparation, boundary details, and selected data gath-

ered as part of this study follow.

SPECIMEN PREPARATION—TEST PROCEDURES

We use precut limestone blocks to build the fractured rock mass.

The dimensions of each block 2.5 cm by 2.5 cm by 5 cm are selected

to allow for long wavelength propagation studies in a wide range of

configurations and fabric anisotropies (λ> 10b, where b is the

block size). X-ray diffraction analyses show that the limestone is

made of calcite and dolomite. The P-wave velocity through intact

blocks is Vp= 6,300± 200 m/s and the density is 2,670 ± 20 kg/m3.

This manuscript presents data gathered with two fabric con-

figurations: (1) 20 layers with blocks laid horizontally in random

FIG. 4 Control and monitoring: (a) pressure-volume control,
(b) sensor data acquisition (LVDT= linear variable differential
transducers), and (c) additional fluid injection system.

FIG. 5

Seismic signal delivery and acquisition system.
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patterns, and (2) 10 layers arranged in vertical columns. Sketches

of both fabric arrangements are shown in Fig. 7. We brush car-

bonate gouge on every layer to fill openings (passing sieve #40 and

retained on sieve #200). The boundary assembly shown in Fig. 1 is

used in all tests.

TYPICAL DATA—LONG-WAVELENGTH PROPAGATION

Fig. 7 presents two cascades of P-wave signatures gathered in the

x-direction during isotropic loading to σ 0 = 1 MPa for two differ-

ent block configurations. Arrival times vary inversely propor-

tional with the applied stress σ 0
x. There is a noticeable shift to

higher frequencies as stresses increase because of the following:

(1) the stress-dependent piezoelectric response when pads are in-

stalled against the specimen and (2) Brillouin low pass filtering in

the discrete rock fabrics (Santamarina and Aloufi 1999). These

signature cascades have a similar stress response to that reported

for soils under true triaxial stress conditions (Stokoe, Lee, and

Knox 1985; Ismail, Sharma, and Fahey 2005).

The true triaxial device allows for the independent control

of the three principal stresses. Fig. 8 shows the evolution of

long-wavelength P-wave velocities in the three principal stress

directions. We initially confine the specimen to an isotropic load-

ing of 100 kPa. This is followed by deviatoric loading in the

x-direction to a maximum load of σ 0
x= 1,000 kPa while keeping

σ 0
y= σ 0

z= 100 kPa. The wave velocity in the fractured rock is

much lower than that of the intact rock (Vp= 6,300 m/s) in all

cases. The P-wave velocity increases during loading in the direc-

tion of the applied stress, which is similar to the response in silica

sand under the same loading conditions (Stokoe, Lee, and Knox

1985); however, unlike the sand, the velocities’ responses in the

transverse directions are dependent on the deviatoric load (for

comparison, see Ismail, Sharma, and Fahey 2005).

The wave propagation velocity in the fractured rock mass is

much more sensitive to stress than the intact rock (see also Sayers,

Van Munster, and King 1990). All Vp-σ 0 trends during loading

are Hertzian-type power functions Vp= α(σ 0/kPa)β where the

α-factor is the nominal P-wave velocity when σ 0 = 1 kPa and

the β-exponent reflects the stress sensitivity. The α-factor and

β-exponent for fractured rocks tested in this study plot above

the α-β trends for all soils reported worldwide are in agreement

FIG. 6 Passive acoustic emissions. (a) Instrumented blocks with buried accelerometer (PCB 352B10 [PCB Piezotronics, Depew, NY]). (b) Location of
installed blocks within the rock mass. (c) Typical acoustic emission event captured during hydraulic fracturing using the eight buried
accelerometers. Arrows mark first arrivals.

(a)

(b)
(c)
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FIG. 7

Typical x-direction P-wave cascade dataset for
two fracture fabrics.
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with previously reported one-dimensional data gathered for frac-

tured rock specimens made of stacked blocks (Fratta and

Santamarina 2002; Cha, Cho, and Santamarina 2009). This result

highlights inherent differences in the stress-dependent stiffness

between fractured rocks and soils.

Fig. 6c depicts a typical acoustic-emission dataset gathered

during hydraulic fracturing using all eight accelerometers buried

within blocks inside the specimen. Arrival times, amplitudes, and

signatures allow us to locate the emission source and to infer the

source mechanism (Nelson and Glaser 1992; Lockner 1993).

Discussion: Advantages and
Shortcomings

The KAUST true triaxial frame for the study of fracture rock

masses can accommodate a large number of rock blocks to

determine the effective-media, long-wavelength parameters.

Regular rock blocks can be arranged in different configurations

to explore the role of fabric on physical processes. Alternatively,

three-dimensional-printed blocks can be assembled to repro-

duce any given fractured rock mass of interest.

The loading system enables the independent control of the

three principal stresses and allows for repetitive loading and

time-dependent studies such as creep. The compliant flat jacks

stress the specimen faces with a near-uniform stress distribution.

The cost effective, versatile, and compact frame is based on

a self-reactive design. It has readily accessible boundaries that

facilitate the installation of instrumentation for active and passive

geophysical measurements and for the monitoring of coupled

hydro-chemo-thermo-mechanical processes. The frame is easily

assembled to facilitate specimen preparation and permits fluid

injection into the fractured rock specimen.

The device is designed for relatively low stresses of 3 MPa.

Therefore, it is not meant for the study of failure conditions;

the data are particularly relevant to near-surface geotechnical en-

gineering applications. Bladder inflation is a proxy measurement of

deformation and requires careful correction for frame deformation.

Conclusions

The study of fractured rock under a three-dimensional state-of-

stress necessitates the development of large-scale reaction frames.

This article described the design and operation of a compact, self-

reacting frame that can impose a 3 MPa stress onto a 50 cm by

50 cm by 50 cm fractured rock specimen. Multiple auxiliary sys-

tems measure boundary stresses and deformations in all three

principal directions, long-wavelength P-wave velocities, acoustic

emissions, and thermal phenomena.

Potential engineering applications and implications comprise

research into rock mass properties for various fracture topologies

and fabrics (alternating stiff/soft layers, three-dimensional

printed rock blocks, gouge material), the geophysical characteri-

zation of fractured rock (long-wavelength propagation) and heat

transfer (geothermal energy and thermally-active foundations),

coupled hydro-chemo-thermo-mechanical processes (including

hydraulic fracture studies in prefractured rocks under true triaxial

stress conditions), repetitive loading, drilling, grouting, and ce-

mentation efficiency in fractured rock masses subjected to aniso-

tropic stress fields.

Unprecedented P-wave velocity data gathered under iso-

tropic and anisotropic stress conditions for two different fabrics

confirm the pronounced stress-dependency in long-wavelength

velocity in fractured rock, show softening in directions normal

to loading, and anticipate distinct constitutive model parameters

as compared to other granular materials.

FIG. 8

Evolution of P-wave velocities during deviatoric
loading in the x-direction while keeping
σ 0y= σ 0z= 100 kPa.
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