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Abstract

It isimportant to understand rock stress state in civil, mining, petroleum, earthquake engineering
and energy development, as well as in geophysics and geology. In general, however, estimating
the stress spatial distribution in rock is very difficult. The differences between the estimated and
the measured stresses can be first attributed to tectonic stresses, as well as other factors such as
topography and inhomogeneity of the rock mass. In this research, a study combining strategy and
tactics for the determination of in situ rock stress was undertaken to resolve difficulties and
improve accuracy of stress estimation. Numerical and experimental tests of a new borehole jack
fracturing probe by loading a steel pipe were carried out. On the other hand, an improved
computer program was developed available for inhomogeneous modeling and its applicability
was examined by comparing the numerical results with the corresponding strict solution. A non-
linear numerical inverse method is presented for evaluating the in situ state of stress in a rock
mass. The whole study is decomposed into the following chapters:

In chapter 1, at the first, the background of this study is introduced, including both in-situ and
numerical methods for rock stress estimation. At the second, the objectives and scope of the
study are explained, and finally the organization of the thesisis listed.

In chapter 2, a prototype probe for in-situ stress determination by borehole jack fracturing is
introduced and the following results are achieved:

(2) A new borehole jack single-fracture probe for deep stress measurements is developed. The



new probe includes unique borehole jack loading system and new special tangential strain
sensors to detect the opening of fractures directly.

(2) Loading tests of the new probe in a stedl pipe is carried out to study stress distribution on
borehole surface induced by loading with the probe. The measurement data are compared with
the numerical results and they agree fairly well. Through the test and numerical results, it was
found that the probe generates high tensile stress concentration at the opening section where a
fracture is expected to be formed, and the stress concentration factor, k is 0.92. In the
longitudinal direction, the probe generates a relatively constant distribution of the tangentia
stress within the scope of influence of the probe.

(3) The new developed borehole jack single-fracture probe presents the following advantages
over the previous hydraulic or sleeve fracturing techniques. Firstly, afracture can be generated at
the intended direction based on the unique loading mechanism of the probe. Secondly,
inaccuracies aroused by dealing with fluid pressure distribution in the fracture are not expected
since no fluid is applied to the borehole wall. Thirdly, the opening of the fracture is measured
directly by the tangentia strain sensor; therefore the re-opening pressure of the fracture can be
detected accurately.

In chapter 3, to consider the influence of tectonic stresses, topography and rock mass
inhomogeneity, the author has developed an improved procedure available for inhomogeneous
modeling and confirmed its validity by comparing the numerica results given by the procedure
with the corresponding strict solution. After that, the new procedure was applied to a stability
evauation analysis of man-made rock slope, and it was confirmed that rock surface
displacements at the seven measuring points to date is due to elastic deformation based on
removal of overburden pressure by excavation progress because of the agreement between the
displacements of the seven points which were calculated from the models of an inhomogeneous
elastic body and the displacements at the corresponding points, which were actually measured.

In chapter 4, using the inhomogeneous 3D BEM developed in the chapter 3, a new proposal
for the determination of the far field stresses based on stress measurement results is developed.
The 3D BEM applications with an introduction of 3D FDM have shown that the estimated
stresses agree well with the tendency of the in situ measurement data. It is likely that the tectonic
stresses have to be considered for a better estimation of underground stress distribution in

tectonically active region, such as in Japanese islands.



Chapter 5 summarizes the strategy and tactics for the determination of in situ rock stress and

lists the conclusions. Recommendations for future work are also detailed.

Chapter One: General Introduction

Recently, with the planning of underground research repository of high-level radioactive wastes,
stress determination for a large volume of rock mass with width of several kilometres and depth
of more than one kilometre is necessary . Many endeavors have been made to arrive at a
reliable means of measuring rock stress in situ and various techniques have been developed and
improved. The state of in situ stresses around boreholes can be measured by borehole
pressurization methods, which consist of the hydraulic fracturing method, the double fracturing
method (Sleeve fracturing method), the single fracturing method, and plate fracturing method,
etc. Hydraulic fracturing method has been widely used for stress measurement deep underground
in various rock conditions®. However, there are uncertainties associated with the interpretation
of the resulting data and the fracture cannot be generated arbitrarily at intended direction. In
particular, confidence in the calculated maximum principal stress is less than in the minimum
principal stress, athough the former is often of great importance. Furthermore, the equation
established to cal culate the maximum principal stress is unclear ?. Double fracturing method has
problems such that the second fracture sometimes cannot be generated notably, that the second
fracture is not guaranteed to be perpendicular to the first fracture if the tensile strength of the
borehole wall is large enough, and that accurate measurement of the reopening pressure of the
fracture is theoretically impossible since the curve of pressure and variation of diameter is
smooth. For dry single fracturing method, the reopening pressured observed is normally larger
than the real reopening pressure of the fracture, and the compression resistance of the oil system
for fracturing has to be high enough for practical deep underground application.

On the other hand, for certain geometries, the effect of topography on determination of state of
stress can be analyzed by accurate analytical solutions and factors affecting the magnitudes and
orientations of in situ stress can be studied. In practice, however, such accurate analytical
solutions are not available for the elastic medium with an irregular surface. This problem may be
solved by using numerical models, such asfinite difference methods or finite element methods.

Crouch and Starfield # supplied the computer programs for numerical calculation of rock
behavior induced by excavation by boundary element method using line elements or rectangular



leaf elements. They include Fictitious Stress Method (FSM) and Displacement Discontinuity
Method (DDM) by Indirect Method, and Direct Boundary Integra Method. The Indirect
Methods were extended to three-dimensional procedures using triangular leaf elements by
Kuriyama & Mizuta® and Kuriyama et al ®. However, there was some restriction in procedure
of boundary division in e ements because one cannot place the center of gravity of any element
on the elongation of any side of any other triangular element. After that, however, such problem

has been resolved mathematically ”, but it has been still for homogeneous modeling.

Chapter Two: Experiment and Numerical Smulation on a New System for

Sress M easurement by Jack Fracturing

Probefor the boreholejack single-fracture method

The borehole jack single-fracture probe mainly consists of eight loading jacks, upper and lower
load platens, two pairs of friction shells, and two tangential strain sensors. The eight borehole
jack cylinders are grouped into upper section and lower section corresponding to the respective
loading platens and friction shells, and thus each section consists of four borehole jack cylinders.
Fig.1 shows the photo of the borehole jack probe used for the borehole whose diameter is 98 mm.

The probe is 676 mm in length and 96.6 mm in diameter.
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Fig.1 Outward appearance of the borehole jack probe (676 mm in length and 96.6 mm in
diameter) used for @98 borehole

The cross section view of the probe is shown in Fig.2. Semi-cylindrical load platens of the
probe are covered by two pairs of half-pipe shaped friction shells. Before loading as shown in
Fig. 2(a), the interna radius of the friction shellsis 45.6 mm and it is smaller than the externa



radius of the load platens, 47.0 mm. The center of the curvature of the friction shellsis 3.5 mm
apart from the center of the borehole, and the center of the curvature of the load platens is 9.4
mm apart from the center of the borehole whose diameter is 98.0 mm. Such configuration makes
clearance between the external surface of the friction shells and the borehole wall at the
condition before loading. After loading, as Fig. 2 (b) shows, the friction shells are bended with
the increase of the distance between the two load platens, and the internal radius of the friction
shells becomes larger and finally equal to the externa radius of the load platens. At the same
time, the outside curvature of the friction shells turns equal to the curvature of the borehole wall.
Fig.3 illustrates the borehole jack single-fracture probe and the fracture plane produced by the
probe. During the loading process, the load platens transfer the pressure to the friction shells.
Since the shape of the external surface of friction shells are saw-toothed, by bending of the
friction shells, both normal stresses and frictional stresses apply on the borehole wall. A fracture
is then generated along the direction of the opening section between the two semi-cylindrical
load platens. The design of the probe is more effective than that of the conventiona jack
fracturing probe in the generation of tangential stress concentration at the opening sections of the

borehole wall where afracture is expected to be produced.
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Fig.2 Cross section view of the probe: (a) before loading (b) after loading
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Fig.3 lllustration for stress measurement by the borehole jack single-fracture probe

The upper section and lower section of the borehole jack cylinders are grouped in such away
as to leave a smal 30 mm wide gap in the centre of the probe. The gap shown in Fig. 1
accommodates a pair of new specific tangential strain sensors that are applied on opposite sides
of the opening sections of the borehole. As shown in Fig.4, the movement of the two tangential
strain sensors is controlled by air pressure from a super-compact cylinder. The pins of the strain
sensors will not press against the borehole wall until loading by the probe. The opening
displacement of the fractures is detected as the displacement between the pins and it is measured
by strain gauges on the bending beam.
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Fig.4 Cross section view of the probe after loading with TSS (Tangential Strain Sensor)
pressed against the borehole wall
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Fig.5 Designation of parameters and the coordinate system

Principle of the bor ehole jack single-fracture method

The principal idea of the borehole jack single-fracture method is to detect reopening pressure of
a fracture formed at an intended direction. When the stresses at the borehole wall exceed the
tensile strength of the rock mass, a fracture is supposed to be formed. Repeated loading and
recording of the jack pressure versus tangentia strain alows determination of the fracture re-
opening pressure. The borehole jack single-fracture method presents a three-dimensiona
problem. However, since the length-to-diameter ratio of the probe is about 7 and measurements

of the fracture are carried out at the middle of the probe, a plane strain condition could be



assumed. To determine rock stresses by the new borehole jack single-fracture method, it is
assumed that J4 is compressive and there is no residual opening of the fracture. Here O4
means the tangential normal stress induced by rock stresses. The borehole wall fracture is

assumed to be reopened when the tangential normal stress 0,4,  borehole wall on the fracture

plane induced by loading by the probe reaches the tangential normal stress 04 induced by rock

stresses, i.e.,
O, =0,+0,-2(0,—-0,)cos2(6, —-¢) = Og = kP, (1)

where g, and o, arefar field principal stresses (og,>0,) asshownin Fig. 5, 8, isthe angle
of the fracture plane reckoned from x axis, ¢ isthedirection of g, from x axis, and k is the ratio
of g, tojack pressure P, on the borehole wall a the fracture plane induced by the loading with

the prabe. P, is the jack pressure when the fracture is re-opened. If three different values of the

re-opening pressure P, are obtained for three fractures at different directions, we can determine

the three unknowns, i.e., g, o,, and ¢

Loading testsin a stedl pipe and itsnumerical ssimulation
To study the stress distribution on the borehole surface caused by the new borehole jack probe,
loading tests in a steel pipe were carried out. A three-dimensiona finite difference method
(FLAC3D: Fast Lagrangian Analysis of Continua in 3-Dimensions) ® was adopted to study the
stress distribution at the internal surface of the steel pipe. The numerical results were compared
with the measurement data around the external surface of the steel pipe for verification of the
numerical simulation.
The pipe used in the experiment measures 98 mm and 160 mm in the internal and external
diameter, and 760 mm in length. Fig. 6 shows the probe being ready to be inserted into the steel
pipe. Strain gauges with length of 6mm are glued around the external surface of the steel pipe,
and then the measured strains were converted to the stresses using the elastic constant of the steel
pipe. The configuration of the instrumentsis shownin Fig.7.

In order to understand stress distribution on the internal surface of the steel pipe and obtain
further information of the probe s loading mechanism, a numerical study of the new borehole



jack probe is necessary. Figure 8 shows the model of the steel pipe with the borehole jack single-
fracture probe inserted inside. The model is 760 mm long, 80 mm for the externa radius which
stands for the externa surface of the steel pipe, and comprises about 280000 zones. Only one
guarter of the probe is modeled since the geometry and loading are symmetrical with respect to x
and z directions. The opening section is represented by the plane with z= 0. A unit jack pressure

is applied for loading of al 8 borehole jacks, and the locations of them are shown as black
semicirclesin Fig. 8.

Fig. 6 Loading tests in a stedl pipe
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Fig.7 Configuration of the instrumentsin steel pipe tests
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Fig. 8 Mesh of FLAC3D model (They axisis coincide with the borehole axis)

The contour of normal stress in z direction is plotted in Fig.9. The compressive stress

distribution in the extents where unit load is applied by eight borehole jacks can clearly be seen.



The stresses reach the maximum tensile stress at the opening section with a uniform distribution
along the axis.

Fig. 9 Contour of normal stressin Z direction under unit jack pressure

To verify the accuracy of the numerical simulation, the simulation results of tangential stresses
along the external surface of the steel pipe are compared with the measured data. In Figure 10,
we can see that the two results agree fairly well. For the numerical results, more samplings are
taken close to the opening section, i.e., from O degree to 8 degree, to provide a more accurate
representation of high stress gradient at the external surface of the steel pipe.
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Fig. 10 Comparison between the measured and the numerical stress distributions at the
external surface of the stedl pipe; jack pressure P; is compression (negative)






