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Abstract

Safety and efficiency of mining operations depend on the quality of design of mining excavations and
sequence. A crucial ingredient in mining design is the adequate information of both the original in situ stress
and the stress disturbance caused by mining. The main method of stress determination — the overcoring —
has a number of drawbacks. 1. It requires an open access to the location of the measurements, which is
especially difficult if the stress is to be measured ahead of deep underground excavation. 2. It presumes the
rock to be isotropic, while in many cases the rock anisotropy is significant. Subsequently, the isotropic stress
reconstruction procedure of the overcoring method can give erroneous stress magnitudes and directions
(e.g. Amadei and Goodman, 1982). The rock memory methods - DRA and the Kaiser effect are free from the
influence of anisotropy. Moreover the DRA technique can, in principle, provide as a by-product a sufficient
number of measurements to reconstruct the full anisotropic tensor of moduli, or compliances sufficient to
characterise rock anisotropy, introduce corrections to the overcoring stress reconstruction procedure and
guantify the effect of rock anisotropy on the stress concentrations induced by the excavation. In this paper,
we present the procedure for the anisotropy characterisation based on DRA and analyse the sensitivity of the
procedure and the effects of the rock anisotropy on stress measurements.

1 Introduction

There have been many attempts to identify the in situ stress from diamond drill core since J. Kaiser (1950,
1953) identified that materials have a stress memory even when tested well below their maximum strength in
the “elastic” range. Kaiser discovered that acoustic emission (AE) could determine the previous maximum
stress that the sample had experienced through the onset of a significant amount of noise/sound. The effect
has become known as the Kaiser Effect (KE). The phenomenon has been confirmed in many laboratory tests
(e.g. Goodman, 1963; Kurita and Fujii, 1979 (see also Lavrov, 2002). The effect has also been shown to
measure the maximum previous stress measured in core recovered from diamond drilling (e.g. Villaescusa et
al., 2003). The ability to obtain a measure of the stress field from core is clearly an incentive given the cost
of alternate in situ techniques, such as Hydraulic fracture (HF), Hollow Inclusion cell (HI cell, CSIRO, NZ),
borehole slotter, etc. This is even more important given that stress rotation/ local issues (lithology changes,
faulting, etc) will impact on any point sample, so the need to get statistical samples. Here the HF technique
and borehole slotter have a superior ability to obtain statistically significant numbers of samples than the HI
technique. However, the assumptions in the former technique limit its usefulness and the latter technique has
not been widely accepted. Yamamoto et al. (1990) published a comprehensive paper outlining the
deformation rate analysis (DRA) technique for measuring KE. The approach examines the inelastic strain
between successive load cycles in a uniaxial test. Simply, this states that the previous stress level in a sample
can be detected by determining the strain difference between two successive cycles, numbered i and j, of
loading (known as the inelastic strain). If the response was elastic the difference would be zero. In
mathematical form it is expressed as:

Ae ; =g(c)—ej(c), j>Ii 1)

Yamamoto used the method to examine the maximum previous stress that the material had been tested to as
per the AE method (Yamamoto et al. 1991, Yamamoto 1995). Since that time there has been some recent
work where DRA had been used to examine the results of laboratory testing (Barr et al., 1999; Seto and
Villaescusa 1999; Meyer et al., 2002). Meyer showed that DRA could provide information on each load step
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and hence the stress history could be understood from the test results. Using Meyer’s concept, Dight (2006)
showed that the current stress acting in the axis of the borehole could be determined from a DRA test, in
addition to each load step and the previous maximum stress that the sample had experienced. This test was
compared to the testing undertaken by WASM (2003 Rio Tinto — personal communication) using the AE
technique. It was apparent from the initial tests undertaken by Dight that the maximum previous stress
experienced by the core, as measured by DRA and KE, could have occurred during sampling. This effect is
seen in HI testing and was also observed by Leeman (1965a, b, ¢) when first developing the Doorstopper
technique. It can also be shown numerically (Dight, 2006; Lim et al., 2006) where a stress bubble appears
ahead of coring. From testing in the laboratory and numerically, the influence can result in a stress change of
between 1.2 and 2.6 times the maximum principal stress, plus it induces a rotation of the stress tensor
associated with the rock fabric and intact properties. There could be other reasons as well, which are not yet
well understood. Both DRA and AE are independent of the rock anisotropy.

Hakala et al. (2007) summarised the current status of in situ stress measurement in anisotropic rocks. This
paper referenced the pioneering work of Amadei (1996) and reinforced the concerns that with an elastic
anisotropy ratio of 1.5, an error of as much of 33% can be introduced into calculating the magnitudes of
principal stress. Amadei (1983 ) showed that ratios of 1.14 to 1.33 will have a definite effect on the
interpreted in situ state of stress, and presumably the orientation of the principal stress if the results are
interpreted using a linear elastic isotropic solution. This was at variance to the views held by Worotnicki
(1993) however it has yet to be properly evaluated.

Amadei (1983) produced the equations for analysing the stress results from a HI cell in an anisotropic
medium, however to date being able to measure the anisotropy for use in the analyses has been difficult,
unless the orientation of the anisotropy is known a priori.

Rock anisotropy can be attributed to fabric (rocks of sedimentary origin, which may have also been
metamorphosed, and volcanic rocks, such as basalts and tuffs) and is made more complicated in particular
near mineralised systems.

A consequence of the DRA technique is that the moduli and Poisson’s ratio can be measured for each test
direction. Not only is this a test of sample preparation compliance, it also provides a rich source of
information on the rock anisotropy.

2 Site characterisation and laboratory testing

The geological setting for the case study described in this paper is characterised by meta sedimentary
turbidite of Ordovician age. The sequence has been metamorphosed to greenschist facies and is extremely
deformed.

Both DRA and HI testing have been undertaken for this site, with DRA testing undertaken on the overcore
from the HI test. The testing was undertaken by two separate groups and the results were presented as a blind
result. Both groups identified that anisotropy was an issue; however, it was not clear how this could be taken
into account and whether the actual stress tensor results would vary in the case of the HI results if the
anisotropy was taken into account. At the time it was not appreciated that the transverse isotropic parameters
could be readily determined from the DRA test.

The tests were conducted at a depth below surface of 250 m. The orientation of the foliation was 72°/096°
and the hole orientation was —5°/047° (5° up). The testing of the subcores for DRA showed moduli ranging
from 15 GPa to 71 GPa with a mean of 48 GPa, and a standard deviation of 16 GPa. Poisson’s ratio varied
from 0.14 to 0.46 with a mean of 0.32 and a standard deviation of 0.11. Similar results were also noted from
testing of representative samples from the HI testing, where the mean modulus result was 45 GPa and the
mean Poisson’s ratio was 0.3. The Young’s modulus varied from 13 GPa to 60 GPa for the circumferential
gauges and Poisson’s ratio varied from 0.3 £ 0.114. Figure 1 is a reconstruction of the moduli obtained from
sub-sampling parallel to the direction of the circumferential strain gauges in the HI cell, which highlights the
apparent variability of the rock modulus around the axis of the cell.

For the DRA results, they refer to moduli in particular directions corresponding to the orientations of the
subcores. In order to understand the degree of anisotropy and analyse its influence, the moduli in the
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reference of a common (laboratory) co-ordinate frame should be determined. This will be done in the
following section.
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Figure 1 Moduli in axial directions of subcores inferred from the results of tests. The subcores were
drilled in the directions of the circumferential gauges looking into the rock

3  The procedure of reconstruction of anisotropic moduli

3.1 Characterisation of data available

For the purpose of moduli reconstruction, the results of the laboratory tests on uniaxial compressive loading
of subcores can be interpreted in the form of average axial and lateral strains measured in response to the
axial load. We relate a subcore n (n =1, ..., N, where N is the total number of subcores tested) to a local

Cartesian co-ordinate set (x(”), y™, z(”)) whose z™ axis is directed along the axis of the subcore and x®™
axis is directed arbitrarily as the subcore orientation with respect to its axis was not marked. Subsequently,
only two local compliances, S, S . can be determined corresponding to:

axial 7 latera
(n) _ g () (n) (n) _c(m (n)
82 - Saxialcz ’ (gx + 8y ) 2 - SIateraIGz (2)

These compliances are inferred from suitable regions of linear dependence on the unloading path of the first
cycle using linear regression.

Given the number of subcores tested, N=6, we only have 12 measurements, which poses a restriction on the
degree of anisotropy that can be recovered. This is exacerbated by the fact that the orientations of subcores
could not be related to the symmetry axes of anisotropy. In this situation, one has to resort to the use of
additional external information and assumptions. In the case under study, the help comes from the fact that
the rock is foliated with the known orientation of the foliation plane. One can therefore assume that the rock
is approximately transverse-isotropic with the isotropy plane coinciding with the foliation plane. We shall
use this assumption later on for the actual determination of the moduli.

In order to determine the set of anisotropic moduli corresponding to a certain, laboratory co-ordinate set, (X,
Yy, Z) one needs to relate them to these two compliances measured in different subcores, and then use linear
regression. This will be done using the six-dimensional matrix notation, as explained in the following
subsections.

Deep Mining 07, Perth, Australia 417



Accounting for the Effect of Rock Mass Anisotropy in Stress Measurements P.M. Dight, A.V. Dyskin

3.2 Matrix expression for anisotropic moduli and co-ordinate rotation

Hereafter we refer to the anisotropic Hookes’ law expressed in the following matrix notation (e.g.
Lekhnitskii, 1977), where stress and strain are represented as 6 dimensional vectors and the tensor of elastic
moduli or compliances as a 6 by 6 symmetrical matrix as follows:

€ Su S Sz Sy S S oy
€2 Sz Su Sp Su Sy Sy |0
a3 | _ Sis S; Si Sy Sy Sy || 05 . or £=Se 3)
€23 Su Su Su Sy Si Sk | Oz
€13 Sis Sis Ss Sis Sss S || Ou
€12 Sie Sz Sz Sis S Ses N\ O

Similar notation is used to express stress versus strain through the matrix of elastic moduli C.

We now discuss how the components of this representation change with co-ordinate rotations. In the usual
3D representation the co-ordinate rotation is specified by a 3x3 rotation matrix R. The first row of the
rotation matrix consists of the projections of a unit vector directed along the x-axis of the rotated co-ordinate
set with respect to the original co-ordinate set; the second and the third rows of the matrix result from the
projections of a unit vector directed along the y- and z-axes, respectively. For our purposes it is convenient to
express the general rotation as a superposition of (generally) 3 rotations with respect to x, y and z axes (see
Figure 2):

SI — QSQT
2 2 2
Rll RlZ Rl3 R12 R13 Rl3 Rll RlZ R11
2 2 2
RZl RZZ R23 R23 R22 R23 RZl RZZ RZl
2 2 2
R3l R32 R33 R33 R32 RZS R31 R32 R3l (4)

2 R31R21 2 R32 R22 2 R33 R23 R33 R22 + R32 R23 R33 R21 + R31 R23 R31 R22 + R32 R21
2 R31 Rll 2 R32 R12 2 R33 R13 R33 R12 + R32 R13 R33 Rll + R31 R13 R31 R12 + R32 Rll
2 R21 Rll 2 R12 R22 2 RlS R23 R13 R22 + RlZ R23 R13 R21 + Rll R23 Rll R22 + R12 R21

The transformation of the 6x6 compliance matrix S with the co-ordinate rotation is expressed as follows (e.g.
Lekhnitskii, 1977):

S! — QSQT
(5)
R112 RlZ ? Rl32 RlZ R13 RlS Rll RlZ Rll
R212 R222 R232 R23 R22 R23 R21 R22 R21
R312 R32 ? R332 R33 R32 RZS R31 R32 R3l

2 R31R21 2 R32 R22 2 R33 R23 R33 R22 + R32 R23 R33 RZl + R31 R23 RSl R22 + R32 R21
2 R31 Rll 2 R32 RlZ 2 R33 RlS R33 RlZ + R32 R13 R33 Rll + R31 Rl3 R31 RlZ + R32 Rll
2 RZl Rll 2 RlZ RZZ 2 RlS R23 R13 R22 + RlZ R23 RlS RZl + R11 R23 Rll R22 + RlZ RZl

where Rj; are the entries of the 3D rotation matrix R and the superscript “T” stands for matrix transposition.
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Figure 2 Three basic rotations: (a) rotation with respect to the z-axis, (b) rotation with respect to
the y-axis, (c) rotation with respect to the x-axis

3.3 Linear regression method of moduli reconstruction

The general statement of the problem of recovering the anisotropic moduli or compliances from the data
obtained from N differently oriented subcores reads as follows: determine 21 independent components of the
symmetric matrix S such that in the co-ordinate sets with the z-axes coinciding with the axis of the subcores,

components S, and (S,; + S,;)/2 are made close to the values of S and S{)_ in the sense of the least
sum of squares:

N 2
S +s \ n Y : ; e (mT
Z [—13 > 2z gl +(S§3)—ngi)a,) — min, where S™ =Q™SQ™" (6)
n=1

Here Q™ is the rotation matrix that transfers the laboratory co-ordinate set to the co-ordinate set related to
the n-th subcore.

Since the components of the compliance matrix represented in the direction of the n-th core linearly depend
upon the unknown original components of the compliance matrix, the minimisation problem (5) can be
reduced to multiple linear regressions. The simplest way of doing this is by introducing the following

21 axillary (basis) matrices B*" specified by:
kk:{l ifi=j=Kk BY :{l ifi=k, j=lori=I, j=k

ij e ! ij i ()
0 otherwise 0 otherwise

We also need to extract the components of matrix S that correspond to (1). In order to accomplish this we
introduce the following matrices:

0
0
. 001000
L=lg} B=lo 2 00 0 (®)
2 2
0
0

such that:
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LSI, = > 9)
? (513 + S23 )/2
The least squares method (6) can now be expressed in the following matrix form:
° T 2 . s
D QB QLS -S| > min, where S =| S# | n=1..,N (10)
k,1=1 Slateral

k<l

where |.| denotes the vector length.

3.4 Reconstruction of transverse-isotropic moduli

As mentioned, we assume that the rock is transverse-isotropic with the isotropy plane coinciding with the
foliation plane. Let Q™ be the rotation matrix that transfers the laboratory co-ordinate set to the co-ordinate
set related to the n-th subcore, and Q™ be the rotation matrix that rotates the laboratory set in such a way that
its z-axis becomes normal to the foliation plane.

With respect to the co-ordinate set associated with the foliation plane the compliance matrix can be
expressed through the transverse-isotropic moduli as follows (e.g. Lekhnitskii, 1977).

I v =¥ 5 o o

E E FE
S S S 0 0 0 - i _\f, 0 0 0
S, S Sy 0 0 0 —Ev' —EV' Ii

S— Siz Sz Sy 0 0 0 _ ? E’ E 0 0 0 (11)

O 0 0 S,/2 O 0 o o o I o 0
0 0 0 0 S,/2 0 26’ .
0O 0 0 0 0 S,-S, o 0 0 0 G 0

0O 0 0 0 Lrv

E

where E, v are the Young’s modulus and Poisson’s ratio, respectively, corresponding to the loads in the
foliation plane; and, E’, v' and G’ are the Young’s modulus, Poisson’s ratio and the shear modulus,
respectively, corresponding to the loads normal to the foliation plane.

For this particular case it is convenient to use the single-index notation for the basis matrices (7). We have:
(12)

2 .
— min

5

E (n) (n)
‘Bk Sk - Sexp

k=1

. o\ S(n)
where B(kn) :LQ(n)Qfol lBk(Q(n)Qfol 1) 13, Sg:?) _ (S(a:]x;al } n=1...,N

lateral

The least squares method (10) can now be expressed as:
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2 .
— min

(13)

5
E (n) (n)
‘Bk Sk - Sexp
k=1
S(ﬂ)

_ a -
where B(kn) — LQ(H)QfOI 1Bk (Q(n)Qfol 1) 13’ ngg _ [S(a;x)lal } n=1...,N

lateral
Here the basic compliancesare S, =S,,, S, =S,,,5;,=S5,,, S, =53, S, =S,,.
The problem (13) can be solved by introducing a matrix X consisting of 2N rows and 5 columns, the k-th
column being formed by concatenation of N vectors Bﬁ”). Then the vector of the basic compliances
S = (Sk ) k =1,...,5 can be obtained as (e.g. Hakala et al., 2007).

s* = (X"X)'X"Y (14)
where the column-vector of measurements Y consists of 2N rows formed by concatenation of N vectors
S(n)

exp

3.5 Results

In the laboratory tests considered, the orientations of the subcores and the values of local compliances are
given in Table 1.

Table 1 Results of 6 laboratory measurements. The compliances are in MPa™
Axial Lateral
Azimuth/Trend  Plunge Compliance Compliance
47° 5° 1.42213E-05 -5.482E-06
227° 85° 1.57651E-05 -3.533E-06
137° 0° 1.54532E-05 -4.295E-06
142° 45° 1.39184E-05 -3.143E-06
47° 50° 1.29886E-05 -2.999E-06
2° 4° 2.48136E-05 -5.766E-06

In order to relate the subcore orientations given in azimuth and plunge to the angles of basic rotations (4), we
direct the y-axis of the laboratory co-ordinate set towards the North and the z-axis upwards. Then Q™ can be
obtained from the rotation matrix R,(-azimuth) R,(plunge-90°) using the representation (4). The foliation is
given by azimuth = 96° and plunge = 72°. This corresponds to the rotation matrix R,(-96°) R4(72°-180°),
which can be converted into Q™ by using (5).

After substituting these matrices into (13), (14) one obtains the following values for transverse-isotropic
compliances (in MPa™):

S, = 2.06*107°, Sy = 2.12*107°, S, = —0.472*10°, S;3 = 0.777*10°°, Sy = 4.43*10° (15)
and moduli:
E =485GPa, E'=47.1GPa, v=0.23, v'=0.37, G'=29.1GPa (16)

It is seen that the Young’s moduli do not differ much. The main indicator of anisotropy is the shear modulus
G’ corresponding to the direction normal to the isotropy plane: in the isotropic case it should be 19.7 GPa,
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which is around 50% smaller than G’. Another indicator of anisotropy is the difference in the Poisson’s ratio
values.

3.6 Sensitivity analysis

The reconstruction of moduli is based on the results of laboratory tests, which are usually accompanied by
random errors coming from different sources that are beyond the control of the lab technicians. These errors
are usually not large, but if the reconstruction procedure is sensitive to errors it might magnify them to a
level obstructing the actual values of the moduli. In order to check this possibility we conducted sensitivity
analyses based on computer simulations of moduli reconstruction from the randomly disturbed results of the
measurements. We assumed the uniform and independent disturbance of the measurements without
systematic errors. The interval of disturbance was +10% , which gives the value of coefficient of variation
(ratio between the standard deviation and the mean value) of 5.8%. Table 2 shows the resulting mean values
and the coefficient of variation obtained after 1000 simulations. It is seen that the mean values correspond
quite well to the moduli reconstructed from the undisturbed data, however the coefficients of variations can
be quite high suggesting a potential for sensitivity of the reconstruction procedure.

Two ways of improving the procedure can be suggested. Firstly, the fact that the mean values give a very
high accuracy suggests that simply increasing the number of measurements will ensure accurate moduli
reconstruction. Secondly, we note that the reconstruction procedure is based on matrix X, which is a function
of the subcore directions. These directions are currently specified by the needs of the DRA analysis.
Apparently, there is room for an optimisation problem: determine the subcore directions that minimise the
sensitivity of the moduli reconstruction procedure. Given that the moduli reconstruction is conducted
alongside the DRA testing, the latter will impose constraints on the minimisation problem, but only insofar
as there is sufficient core for subsampling.

Table 2  Results of computer simulations of moduli reconstruction from randomly disturbed
measurements without systematic error. The coefficient of variation of the disturbance is

5.8%
Moduli recovered from  Mean values of moduli obtained The coefficients of
original measurements from disturbed measurements variation (%)
E 48.5 GPa 48.7 GPa 3.6
E' 47.1 GPa 50.1 GPa 33
v 0.23 0.23 56
V' 0.37 0.36 16.5
G 29.1 GPa 29.1 GPa 6.5

4  DRA stress reconstruction results and comparisons

The stress determination using the isotropic solution for the HI cell and the DRA approach are summarised
in Table 3 and Figure 3. The results can only be considered similar in terms of the absolute magnitudes. In
percentage terms there is considerable discrepancy. Clearly, this requires resolution as at this stage most
credence in stress measurement is given to HI cell tests irrespective of the influence of anisotropy.
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Table3  Test results for two measurement techniques

HI Cell DRA
Bearing Plunge MPa Bearing Plunge MPa
(o)) 206° 12° 134 11° 61° 115
G 116° 1° 9.6 266° 9° 10.3
C3 23° 78° 7.2 171° 28° 35
® sl
"2
® 51 A3
A = Hi-cl1
¢ HI-62
mG2 -
= HI-63
A o3
N

Figure 3  Stereonet of the stress determination — HI Isotropic solution (large symbols) versus
DRA results

5 Conclusion

Comparison between the stresses recovered from the DRA analysis and the HI cell based on the assumption
of isotropy of the rock showed quite a considerable difference, predominantly in identifying the principal
directions. This suggests that the assumption of rock isotropy is oversimplifying. The rock is foliated and the
associated anisotropy could considerably alter the results of HI cell reconstruction. The DRA analysis is
insensitive to the elastic properties of the rock.

A by-product of the DRA testing is the determination of moduli in the directions coinciding with the subcore
axes. We presented a general procedure for the reconstruction of anisotropic moduli from the laboratory tests
of subcores oriented in a number of different directions. Generally, 21 components of the tensor of
compliances should be recovered, which highlights the necessity to have quite a large number of
measurements. Even if the degree of anisotropy is not that high and, as often happens in practice, orthotropy
or even transverse isotropy can be assumed, the problem is complicated by the fact that the orientations of
the symmetry planes or axis (in transverse-isotropic case) with respect to the subcores are not known. It is
therefore paramount to be able to identify the rock symmetry independently using petrophysical and
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geological data. In particular, in the example considered a foliation plane was identifiable, which allowed us
to assume that the rock is transverse isotropic with the isotropy plane coinciding with the foliation plane. In
that case the proposed procedure leads to relatively simple and accurate reconstruction of the elastic moduli.

The procedure presented in this paper is moving to provide a basis for interpreting HI tests in anisotropic
rock. The fabric in the rock is oblique to the cell and hence there is an apparent modulus change, but based
on the transverse isotropic solution this is more likely to be a phenomenon associated with a variation in the
Poisson’s ratio and the shear modulus as noted in this paper. Further work is now required to resolve the
analysis of the HI cell test in a transverse isotropic rock mass.
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