
 
 

  
GeoConvention 2015: New Horizons 1 

Anisotropic Velocity Imaging of Saturated Sandstone under 
Laboratory True Triaxial Stress State Using Ultrasonic Surveys 

M. GhofraniTabari, S.D. Goodfellow, M.H.B Nasseri, and R. P. Young 

Lassonde Institute, University of Toronto 

Summary 

Investigating the anisotropic models in water saturated sandstone specimens at different stages of loading 
under true triaxial stress regime during the experiment with drained conditions, gives an idea about 
anisotropy models of rock under in situ stress regimes in different depths in mines, or in the oil, gas, and 
geothermal fields for the sake of operation designs such as excavation, hydraulic fracturing or hydrocarbon 
exploration. A polyaxial or true triaxial test (TTT) conducted on cubes of Fontainebleau sandstone in Prof. R 
Paul Young’s Rock Fracture Dynamics Facility (RFDF) laboratory at Lassonde Institute, provided an 
opportunity to test our modelling techniques. The True Triaxial Geophysical Imaging Cell (TTGIC) is armed 
with an ultrasonic and acoustic emission monitoring system which can perform transducer to transducer 
ultrasonic velocity surveys to image anisotropic velocity structure of the sample during the experiment. Due 
to the existence of several loading boundary effects especially edge effects and friction between surfaces 
of the platen and the rock specimen, loaded stress is not uniformly distributed in the specimen. Hence, 
ellipsoidal anisotropy occurs along with distributed heterogeneities as compaction and lower-stressed 
zones are introduced in the rock by closure and opening of the pre-existing cracks. Therefore, a numerical 
simulation using FLAC3D on the non-uniform distribution of stress in the specimen as well as shear wave 
splitting analysis is utilized to estimate the compaction boundary pseudo-surfaces within the rock. 
Anisotropic velocity images of the rock sample with evolving P- and S-wave velocities along the orthogonal 
principal directions under various polyaxial stress states are obtained and discussed. Moreover, isotropic 
elastic media, when triaxially stressed, constitute a special sub-set of orthorhombic media, called ellipsoidal 
media which can be used as a default velocity model for active P-wave tomography of the specimen. Once 
the acoustic emission activity increases after the crack closure and compaction period, distribution of 
stress-aligned fluid-filled microcracks creates extensive-dilatancy anisotropy which alters the elastic 
properties in different directions. Dilatancy is associated with acoustic emission, increase of volumetric 
strain and permeability, and decrease of ultrasonic wave velocities. Hence, a barrier property of the solid 
rock known as dilatancy boundary criterion can be defined transitioning from the compaction boundaries in 
the polyaxial experiment which separates areas with dilatant and nondilatant behaviors. 

Geophysical Imaging Cell and Experiment Setup 

A state of the art True-Triaxial Geophysical Imaging Cell (TTGIC) designed and manufactured by ErgoTech 
Company is used at the Rock Fracture Dynamic Facility (RFDF) laboratory at University of Toronto under 
supervision of Prof. R. Paul Young to study rock fracture physics under three-dimensional polyaxial 
compressive stress regime. A Fontainebleau sandstone cubic sample was prepared using a Wasino CNC 
grinding machine with an accuracy of 5 micron flatness on each face. After being placed in the True Triaxial 
Geophysical Imaging Cell (TTGIC), they went under an evolving loading pattern exerted by the MTS 
machine. The Fontainebleau specimen was tested first at hydrostatic stress of 5 MPa. Then, the loading 
pattern moved on to a true-triaxial loading state with a stress ratio (σ2/σ3=7) where, σ3 and σ2 were kept at a 
constant stress of 5 and 35 MPa respectively during the experiment. In the meanwhile, σ1 gradually 
increased up to the failure of the rock at 490 MPa. In this experiment, σ3 and σ2 were applied under load 
control mode on two paired horizontal actuators (along X=σ3 and Y=σ2 directions) while simultaneously 
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maintaining a constant load on two opposite sides of the cubic 
specimen. However,  σ1 (along Z or vertical direction) was raised 
under a constant displacement control rate of 0.0002 mm/s up to 
failure (Nasseri et al, 2014). Using an integrated pulser/amplifier 
system software, the ultrasonic wave velocity survey measured 
compressional (VP) and two shear wave velocities (VS1 and VS2) along 
all three principal stress directions at various stages of loading in a set 
of directions and polarizations shown above. 

Simulation of Stress Distribution with FLAC3D 

Estimated physical parameters of the sandstone sample are used to simulate the stress distribution in 
FLAC3D shown in figure below. Following the stress evolution pattern that the rock went through during 
the experiment, the loads were numerically applied at the end of each platen in FLAC3D for different 
stages of the test. Also, stereonet representations of apparent P-wave velocities are obtained from 
transducer to transducer velocity surveys at different stages of the experiment. 

      

Figure below shows the main principal stress evolution (blue line), cumulative acoustic emission activity 
(red line) and distance of the AE events distributed between the center of the rock and the surfaces in 
the minimum principal stress direction (green dots). The experiment was dividied by different stages 
based on phase shifts in compaction or dilation of the rock. 

 

The compaction pseudo-boundary (or lower-stressed zone effective thickness) shown with dashed line in 
figure above as well as the one in the intermediate principal stress direction, are used in calculating the P 
and S wave velocities in different domains introduced in the rock under polyaxial stress state. 

Velocity Structure of the Cubic Rock under True Triaxial Stress State 

Figure below shows a schematic view of the rock with its central compacted domain and four lower-
stressed domains near the X and Y facets divided by compaction pseudo-boundaries along with their 
corresponding resolved shear and compressional wave velocity values under polyaxial stress state. 
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Stiffness Tensor Parameters 

In the coordinate system associated with the symmetry planes (i.e., each 
coordinate plane is a plane of symmetry), orthorhombic media have 9 
independent stiffness components within its symmetrical stiffness matrix, 
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within which the diagonal components can be directly obtained by P and S wave 
velocities as shown in the following equations. There are also different methods 
to solve for the off-diagonal stiffness matrix components. Cheadle et al [1991] 
have solved them for Orthorhombic media. However, there are two other 
approaches for calculation of the off-diagonal coefficients based on ellipsoidal 
anisotropy symmetry. The first approach known as Rudzki’s ellipticity conditions 
for ellipsoidal anisotropy (Helbig, 1983 and, Rasolofosaon, 1998) is based upon 
the assumption that the magnitude of the components of the stress deviator is 
small compared to the wave moduli (eg. stiffness coefficient). It derives a 
relationship between the stiffness coefficients and the three principal stresses. The second approach 
derived by Daley et al [2006] constructs eikonal equations using the standard linearized approximation of 
the phase velocity for quasi-compressional (qP) wave propagation in a weakly anisotropic orthorhombic 
medium. Both methods suggest a degenerate (ellipsoidal) case of qP wave propagation in an orthorhombic 
medium with an ellipsoidal slowness surface. They derive equations to obtain the three off-diagonal 
stiffness coefficients from the other 6 independent diagonal stiffness matrix components. All the three 
abovementioned methods were examined and solutions were provided and compared with each other. The 
dimensionless Thomsen parameters (Thomsen, 1986) which characterize the anisotropy of a medium are 
industry standard and is used in many commercial software. We used the relationship of generic Thomsen 
parameters for a medium with ellipsoidal anisotropy provided by Tsvankin [1997] shown in table below to 
calculate anisotropy parameters of our specimen. 

 

Conclusions 

Time-lapse ultrasonic velocity imaging of the rock was provided along with an anisotropic symmetry 
analysis of the rock by calculating the stiffness tensor parameters. The polyaxial experiment procedure 
on Fontainebleau sandstone cubic specimen is described and information about the Geophysical 
Imaging Cell and laboratory setup are provided. The experiment was divided to four different stages 
based on the shift in behavior of physical parameters representing the micro-crack properties of the rock. 
The physical parameters were acquired through different measurements including stress, strain, and P, 
S1, and S2 wave velocities along the three principal axes, and transducer to transducer velocity surveys 
are explained and demonstrated. Then, numerical simulations of time-lapse stress distribution in the 
cubic sample are accomplished by using FLAC3D software. Also, stereonet representations of directional 
velocity evolution were obtained by mapping the P-wave apparent velocities on stereograms. 
Compaction boundary pseudo-surfaces are estimated by stress distribution analysis along the minimum 
and intermediate principal axes to calculate the time-lapse evolution of shear and P-wave velocities in 
the intact and lower-stressed domains of the rock. Different velocity domains of the cubic rock are 
displayed in a schematic view. Thereafter, diagonal and off-diagonal stiffness tensor parameters were 
derived and compared based on different theories for ellipsoidal and orthorhombic medium. Finally, 
Thomsen’s parameters are calculated to give a sense about the anisotropy strength in the rock. 
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