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NOTE

In this report a theoretical cylinder was used for the elastic approxi-
mation of a spherical inclusion in an elastic epoxy host, The actual
theoretical spherical approximation for a rigid sphere in a semi-infinite
mass of low-modulus material produces a stress concentration factor of
about 1.9 instead of the 1.5 factor for a rigid cylinder (Goodier, 1933,
p. 40; Edwards, 1951, p. 26-27), The apparent cause of this higher stress
concentration factor is the lack of as much adjacent rigid material to
distribute the available stress,

It must be understood that no complete theoretical three-dimensional
elastic analysis exists for the exact case of the probe in rock, because
(1) the probe is surrounded by only one diameter of low-modulus material
across the borehole and 6% diameters along the borehole and (2) no rock
mass rigorously meets the requirements of isotropy and homogeneity
required for the application of theoretical elasticity.

An approximate theoretical elastic solution is possible by combining
the results of two plane strain analyses, one across the borehole and one
along the borehole. This can be done, using the finite element technique.



CONTRIBUTIONS TO ENGINEERING GEOLOGY

A SOLID-INCLUSION BOREHOLE PROBE TO DETERMINE
THREE-DIMENSIONAL STRESS CHANGES AT A POINT
IN A ROCK MASS

By TuaoMas C. N1cHOLS, Jr., JouN F. ABEL, Jr., and Frrzinven T. Lk

ABSTRACT

In order to relate changing stress conditions within rock masses to geologic
factors, a welded high-modulus solid-inclusion borehole probe to determine three-
dimensional stress changes at a point in a rock mass was developed and tested.

The probe consists of a 1-inch-diameter chrome alloy steel ball, mounted with
three strain-gage rosettes, and is encapsulated in a filled waterproof epoxy.
The reliability of the probe is established by conducting a series of tests in which
the probe was subjected to changing hydrostatic and triaxial stress fields. In all
these tests the probe responded as predicted by elastic theory.

Because reduction of field measurements is difficult and time consuming by
use of a desk calculator, computation of the three-dimensional stress tensor has
been programed for computer analysis.

The prope, when adequately field tested, will be capable of resolving data that
will aid in the understanding of anisotropic rock behavior associated with
tunneling and other underground or near-surface engineering operations.

INTRODUCTION

The U.S. Geological Survey started research in July 1965 on the
behavior of rock masses under changing stress conditions caused by
the excavation of underground openings.

The natural stress field that exists at a point within a rock mass,
prior to any excavation, is dependent on the depth below the surface
and the physical characteristics of the medium. The physical charac-
teristics of a rock mass are affected by all the geologic processes to
which it has been subjected. Geologic processes may produce folding,
fracturing, faulting, jointing, chemical alteration, recrystallization,
foliation, lineation, and other rock anisotropies. Changes in the pre-
existing stress field at any point in a rock mass, which result from
excavation, are controlled by the physical characteristics of the rock
mass, the proximity of the point of measurement to the excavation, and
the geometry of the excavation.

€1
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Theoretical methods have been developed for estimating the stress
distribution near different types of excavations within an idealized
elastic body (Obert and others, 1960, p. 8-29). However, field in-
vestigations and measurements of rock strains have demonstrated that
divergencies from elastic theory occur in even the most elastic rock
masses (Obert, 1962, p. 8; Merrill and others, 1964, p. 32-37; Dare,
1962, p. 16; Utter, 1962, p. 17-19; Hast, 1958, p. 74-79; Panek and
Stock, 1964, p. 50-52; Wisecarver and others, 1964, p. 12-20; Morgan
and others, 1965, p. 45—47; and Ryder and Officer, 1965, p. 182-188).
This suggests that most rock masses are less competent, less homo-
geneous, and behave less elastically than the idealized models used in
theoretical investigations, many of which are based on laboratory phys-
ical property measurements of small samples (Leeman, 1964, p. 82—
114). It is reasonable to assume that the greater the deviation of a
rock mass from a perfectly elastic material, the greater will be the
deviation of its behavior from that predicted by elastic theory. The
stress conditions that exist adjacent to an excavation within a frac-
tured rock mass cannot be estimated with confidence by any existing
technique. Consequently, most past measurements have been made
under the most favorable geologic conditions in relatively homogene-
ous media such as massive granite, gneiss, rock salt, trona, magnetite,
anhydrite, and thick-bedded sandstone.

The problem of measuring the actual stress changes that are in-
duced in the rock surrounding an underground opening has intrigued
and challenged many investigators. Efforts to make measurements of
these stress changes in natural materials and on full-size underground
structures have been largely unsuccessful until the last decade because
of the lack of suitable instrumentation.

The availability of new instrumentation (Hast, 1958) has permitted
the approximate determination of the rock stresses acting in the
plane perpendicular to the axis of an instrumented borehole. Analysis
of these stresses required the assumptions of (1) isotropy, (2) per-
fect elasticity, and (8) either plane stress or plane strain. Subsequent
developments have made it possible to measure the degree of anisot-
ropy and the variations of the elastic moduli of the rock at the
point where the instrumentation has been applied (Fitzpatrick, 1962).
Although the necessity for assuming plane stress or plane strain has
not been eliminated.in any previous methods of instrumentation and
interpretation, the theoretical works of Sechler (1952) and Panek
(1966) have shown that these assumptions are not required; thus
these assumptions will undoubtedly be eliminated in the future.

The mathematical analysis of stress changes induced around open-
ings in theoretically elastic bodies has been accomplished (Goodier,
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1958) assuming either plane stress or plane strain. The planar analysis
assumes that the opening can be represented by a slice (plane) of
effectively infinite extent in two directions and of finite (negligible)
extent in the direction of the long axis of the opening. The plane
stress approximation assumes that the slice is subjected to no restraint
in the direction of the opening axis when stresses are applied in the
plane. The plane strain approximation assumes that all strain in the
direction of the opening is prevented as stresses are applied in the
plane. These analyses have provided the basic background for pre-
dicting stress levels which can be anticipated in rock surrounding
underground structures.

Two possible methods of instrumentation to eliminate the neces-
sity of assuming plane stress or plane strain in interpreting meas-
urement data have been proposed (Panek, 1966; Leeman, 1964) : (1)
Measure the extension of the borehole as well as the diametrical change
resulting from three-dimensional stress changes, and (2) measure
the diametrical borehole change at the point under investigation in
two or more boreholes with different bearings and inclinations. The
first method was used in the present investigation because of the dif-
ficulty of accomplishing the second. Prior to construction of the
probe described in this paper, instrumentation for the first method was
not available. For this instrumentation two types of probes may be con-
structed—one of low-elastic-modulus material and the other of high-
elastic-modulus material. Both types of probes may be used success-
fully to determine plane strain ; however, because of the probability of
the instrument being disturbed by shock waves, the low-modulus
type is not practical for investigating stress changes around an active
underground opening being excavated by explosives. Consequently,
a high-modulus instrument grouted in a drill hole was developed for
use in the present investigation. High-modulus instrumentation also
eliminates the need for accurately determining the anisotropic varia-
tion of rock strength and modulus provided that the instrument
modulus is approximately five times greater than the rock modulus
(Leeman, 1964, p. 61); such a high-modulus instrument effectively
acts as a rigid inclusion in the medium.

Stresses in an ordinary jointed or faulted rock mass are universally
compressive within the earth. Tensile stresses cannot be transmitted
across breaks in a rock mass, but relative tensile strains can be pro-
duced and measured. These strains result either from decreases in com-
pression as the opening is approached or from Poisson strain in a
plane normal to the direction of an increased compressive stress.

The main objective of the investigation was to use the high-modulus
three-dimensional borehole probe to monitor the stress changes around
an active underground opening during excavation. It was believed
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that by use of these measurements, together with geophysical and con-
ventional rock mechanics measurements, relationships could be es-
tablished that would provide a basis for making accurate predic-
tions of the behavior of a rock mass during tunnel construction. With
such predictions, more efficient and economical tunnel support (tem-
porary and permanent) could be installed as a tunnel was being
driven.

Although the following discussion is concerned primarily with a
solid-inclusion probe for use in rock, a similar probe for installation
in soil and intensely altered rock masses (for example a fault gouge)
is currently being developed in the laboratory. It is anticipated that
such a probe will be valuable for determining the three-dimensional
stress field changes associated with landslides, building foundation
materials, earthfill dams, and many engineering-construction projects.

SCOPE OF INVESTIGATION

The long-range objectives of this investigation are (1) to determine
the three-dimensional changes in the stress field that occur in a rock
mass when a part of that rock mass is excavated and (2) to determine
how geologic conditions alter or influence these stress changes. The
initial laboratory phases of probe development, calibration, and model
studies have been completed and are reported here. Preliminary meas-
urements of the three-dimensional stress changes are presently being
made in a rock mass close to an active underground excavation. These
measurements permit the determination of stress changes around the
excavation. The magnitude, direction, and location of stress concen-
trations resulting from the excavation are being obtained. This infor-
mation by comparison makes it possible to determine how the theoreti-
cal elastic stress pattern adjacent to the excavation has been altered by
the geologic conditions at the test location.

The probe described here can be employed over a wide range of
geologic conditions, grossly unsuited to existing low-modulus stress
determination instrumentation, because it is designed so that measure-
ments can be made in the presence of joints, foliation or bedding, and
lithology—anisotropies that weaken a rock mass. The probe is de-
signed to average out the variations in rock mass characteristics, com-
petency, and anisotropy.

INSTRUMENTATION

PROBE DEVELOPMENT

The first step in developing the high-modulus three-dimensional
borehole probe was to review the results of related studies made by
previous investigators.
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A search of the literature revealed that a probe having the desired
capabilities had not been constructed previously. According to Leeman
(1964, p. 54-55), a probe capable of monitoring strain for determina-
tion of stress changes within a material would have the following
characteristics. It would consist of an effectively rigid, ideally elastic
material. The probe would have strain-sensing devices oriented so as to
obtain complete information on the magnitudes and directions of the
principal stresses acting on it. The probe would be welded as an inclu-
sion into the host material so that any changes of stress in the host
material would be accompanied by proportional stress changes acting
in the same direction in the probe. The strain changes induced in the
probe should be large enough to be measured accurately. If the modulus
of the probe material is approximately five times that of the host mate-
rial, stress changes in the probe can be expected to be as much as 2 times
those in the host material.

The geometry of the probe and the boundary conditions that affect
the stress distributions were important factors that had to be consid-
ered in the development of the borehole probe.

Two geometric forms, the cube and sphere, were thought to be the
best possible choices for the strain-sensing elements. The cube was
considered because orthogonal planes necessary for determining a
three-dimensional stress field (Leeman, 1964, p. 49) are defined by the
sides of the cube and because strain instrumentation of these sides is
very easily achieved. However, anomalous stress distributions located
at the edges and corners of the cube, as well as possible distortion of
transmitted stresses across the edge boundaries, discouraged its use.
The sphere does not have orthogonal planes on which to mount strain-
sensing devices, but it has the advantage that stress distribution is
relatively uniform and free of directional distortion. The stress level
in the spherical probe would be greater than that in the hest medium
because of the difference in stiffness (modulus) between the two mate-
rials. As previously stated, small changes in the modulus of the host
medium are of little consequence provided the probe modulus remains
at least five times greater than the modulus of the rock mass.

For a high-modulus inclusion, welded to the host material, the strain
in a given direction at the center of the sphere is equal to the strain
measured in the same direction at a point on the surface of the sphere
(Edwards, 1951, p. 26). Therefore, strain-measuring devices (strain-
gage rosettes) can be placed on a sphere in such a manner that the
strain components in orthogonal planes can be determined.

An error is introduced because the strain gages occupy a finite area
on the surface of the sphere, instead of a point as postulated by the
theory. However, the magnitude of this error is less than 1 percent for

306-521 0—68——2



Cé6 CONTRIBUTIONS TO ENGINEERING GEOLOGY

the 1-inch ball and 14-inch strain gages. This small error is eliminated
in the hydrostatic calibration step.

In order to resolve the magnitude and direction of the stress changes
in the three-dimensional stress field at a point within a material, it is
necessary to know six components of the stress tensor (Leeman, 1964,
p. 48). Of these components, three are the normal stresses acting per-
pendicular to mutually orthogonal planes and the other three are the
shear stresses acting on the same orthogonal planes. Thus strain-sens-
ing devices must be placed on the probe so that these six components of
stress can be calculated from strain measurements. The strain of the
sphere can then be used to calculate the stress in the adjacent rock.

As a result of the previous consideration it was decided to design
and construct a spherical probe with three strain-gage rosettes
mounted orthogonally on the surface of the sphere. The three strain-
gage rosette sensors represent planes tangent to the probe and are nor-
mal to a set of three orthogonal axes. These normals have been given
the designation of x, ¥, and 2, and are called the reference axes. The z
axis is coincident with the borehole axis and is normal to the plane tan-
gent to rosette 3, the @ axis is parallel to the normal of the plane tan-
gent to rosette 2, and the y axis is parallel to the normal of the plane
tangent to rosette 1 (fig. 1). Because of this particular orientation
of the rosettes, two strain gages on each rosette are parallel to two of
the reference axes.

One rosette could have been eliminated if strain measurements had
been made by two nonorthogonal rosettes placed on the probe. The
theoretical basis for this simplified technique is presented in detail by
Panek (1966). Difficulties encountered in the field application of this
technique (Wentworth, 1966) and the lack of redundancy of strain
measurements used to check the normally directed strains induced the
present authors to employ the three-rosette system.

The detailed mathematical analysis begins on page C19.

For the core of the probe, a 1-inch-diameter chrome alloy steel ball
bearing (sphere) was used. These balls have a roundness tolerance
of less than 0.0005 inch and an elastic modulus of 30.5 X 10° psi (pounds
per square inch). The balls were first etched in a dilute solution of
nitric acid to prepare the surface for epoxy bonding agents and also
to check the surface for structural homogeneity. Then, the balls were
cleaned with acetone to remove grease and foreign substances which
could hinder bonding action of epoxies. Strain-gage rosettes consisting
of three strain gages, 45° apart, were applied to the balls with an epoxy
adhesive. Three rosettes were applied to each ball with the centers
of the rosettes 90° apart as shown in figure 1. Electrical connections
to the gages were made with 10-inch lengths of enamel-insulated cop-
per wires. A ocast acrylic rod approximately 8 inches long, used as a
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FIGURE 6.—Stresses determined from elastic model test 1, under a 200,000-pound
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itself with the applied load. The lateral stresses obtained from probe
measurements were influenced by the physical properries of the acrylic
block and the filled epoxy grout. Because the grout had a greater stiff-
ness than the acrylic, one of the remaining principal stresses was alined
parallel to the drill hole and the other was alined normal to the drill
hole. Based on the directional variations of stiffness, theoretical stress
calculations were made to check the validity of the lateral stresses
obtained from probe measurements (p. C24). The agreement of the
theoretically computed stresses and the probe stresses was within 7
percent.

Muskhelishvilis’ mathematical plane stress or plane strain analysis
of the influence of a circular welded elastic inclusion within an elastic
body provides a theoretical means of demonstrating the absence of any
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stress or strain concentration influences resulting from the borehole
in which the probe is placed (Leeman, 1964, p. 54-56). This analogy
holds for any such inclusion provided the inclusion is elastic and
welded, regardless of the relative stiffness of the inclusion and the host
material. (See note facing page C1.)

The field borehole probe has been designed so that in a 3-inch-
diameter borehole the stress-carrying member extends on each end at
least 7 inches (7 ball diameters) from the center of the probe. When
the probe is grouted into a borehole, the stresses contained within the
host material are transmitted uniformly through it except at the very
ends where stress decay is expected. If the 60° approximation of the
Boussinesq stress-influenced zone is used to define the zone surround-
ing the probe, then a uniform nondecayed stress field would be expected
to exist around and beyond the sensing ball. Thus this part of the
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probe should act as a solid welded inclusion, nearly perfectly con-
fined, and there should be no effect on the transmitted stresses induced
by the geometry of the borehole.

The discrepancies between stresses obtained from measurements in
the acrylic block and those calculated from theoretical considerations
can be explained by the fact that neither of the theoretical boundary
conditions (complete restraint or complete nonrestraint) was effective.
The acrylic model block was considerably too narrow to act as a semi-
infinite restraining mass to the probe, but was not too narrow (infi-
nitesimal) to offer a certain amount of restraint to the probe. The
effectiveness of this restraint in confining the central parts of the
model can be seen in figures 7 and 8.

The fact that the stress obtained from probe measurements was
double the applied stress in that direction led to the emplacement of
the strain-gage rosettes on one surface of the model as described previ-
ously. The principal stress trajectories were constructed from the ro-
sette results, and the maximum compressive stress present on that sur-
face of the model was contoured (fig. 8). From these results it can be
seen that the size and geometry of the elastic model resulted in in-
creased restraint. This was indicated by high values of compression at
the center of the model. Consequently, the load-carrying capacity in-
creased toward the center of the model. The geometry of the model em-
ployed in these tests apparently resulted in a stress concentration at
the probe location of twice the applied stress. This stress concentration
results from the triaxial confinement of the probe by the surrounding
acrylic and grout.

MATHEMATICAL ANALYSIS OF PROBE
MEASUREMENTS

The strain gages that are attached to the probe measure the induced
strains in three directions at each of three positions on the surface of
the spherical probe. The three principal stress changes in the rock mass
are transmitted to the probe, and each strain gage measures the result-
ant strain induced in the direction of the gage orientation. Therefore,
each strain rosette permits the calculation of the strain ellipse that was
produced by all three principal stress changes in the plane of meas-
urement. In addition, the normal stresses on the surface of the sphere
in the direction of the strain gages and the shear stresses normal to the
direction of the strain gages may be calculated if Young’s modulus and
Poisson’s ratio for the probe are known.

The stresses and strains in the probe are not the same as those in the
host material because the relative stiffness of the two materials is very
different. Because the probe is virtually rigid, the stress in it will ap-
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proach the limit of about 1.5 times the stress in the host material (Lee-
man, 1964, p. 55). (See note facing page C1.)

The calculation of the plane stress or plane strain ellipse from 45°
rosette data is a standard stress analysis technique (Hetényi, 1958, p.
412), based on the fact that strain measurements in any three non-
.parallel directions precisely determine one strain ellipse. Once the stress
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ellipse has been calculated, normal and shear stresses can be computed
for any direction in the plane of the ellipse. In this study the directions
of interest are those parallel to the arbitrary «, ¥, and z axes of the
probe.

After the shear and normal stresses have been calculated (Hetényi,
1958, p. 412) for each of the strain-gage directions on each of the three
orthogonal stress ellipses that are parallel to the reference axes, the
components of the stress tensor for either the probe or the host material
can be calculated. The rosettes produce two stress determinations for
each of the three orthogonal normal stresses and one determination of
the shearing stress acting in the direction of each of the arbitrary axes,
2, v, and z. The duplicate normal stresses are checked for compatibility
and are averaged as part of the calculation. The six shearing stresses in
the stress tensor are actually only three different shearing stresses,
because:

Tay™= Tyz,

Tzz™ Taxy
and

Tyz=Tzy-

(Note: 7., is the shear stress on the yz plane parallel to the y axis and
normal to z axis.)

The stress tensor is determined by the following stresses:

(Note: o, is the normal stress acting on the %z plane parallel to the
direction of the z axis.) The stress tensor is then solved as a deter-
minant for that set of three orthogonal stresses denoted by S (Sechler,
1952) which, when rotated to a unique position, reduce the shearing
stresses to zero.

(S - o'za:) T Ty Taz
— 7y (S—0yy) —74, |=0

T Tzy (S"“ (Tzz)
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The expanded determinant reduces to:

S3— (o'zz + 0'1/1/+ 0'22)82+ (0'110'1/1/',{' O'zz"l' Ozz
+oyy0— TWZ—- Ty — Tu)S— (02204022
+2 TayTyzTza™ a'zzTyzZ —0 vazz2

- a'zz'r:n/2) = 0, (1)

which in turn can be solved for its real roots S;, Sz, and S;, the magni-
tudes of the principal stresses.

The next step in the mathematical analysis is to determine the
direction cosines (I;, m;, and n;) of the angles between each of the
three principal stress change axes () and the reference probe axes
(2, ¥, 2). This can be accomplished by substituting the principal stress
change values and the normal and shear stress changes determined
from the rosettes in the following simultaneous equations (Sechler,
1952, p. 23):

(Si— o'zx)li_ szmi—"'zzni:O) (2)
—Tw,l{‘l' (St— a,,,,)m{— TyN= 0, (3)
—Tzzlo_"'zymi-l' (St_ o'zz)nt=0’ (4)
and
I 4mi+ni=1, (5)
where

S;=respective maximum (1), intermediate (2), or minimum (3)
principal stress change;

l,=direction cosine of the angle between the arbitrary z axis and
the ¢ principal stress change axis;

m=direction cosine of the angle between the arbitrary y axis and

the ¢ principal stress change axis; and

ny=direction cosine of the angle between the arbitrary z axis and
the 4 principal stress change axis.

After calculating the nine direction cosines, for the angles between
the reference (z, ¥, z) axes and the three principal stress change axes,
one must calculate the bearing and plunge of the principal stress
change axes. This is accomplished by first calculating the angles
between the reference probe axes and the directions north, east, and
vertical. This calculation is based on the properties of right spherical
triangles. The cosine of the face angle of a right spherical triangle
opposite the right diedral angle equals the product of the cosines of
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the other two face angles (Kells and others, 1940, p. 271-273). From
this the following formulas are derived:

ly=cos N, cos V, (6)
mp=—Cos (90°—Vj), (7)
and
ny=cos E; cos V,, (8)
where

j=respective arbitrary z, ¥, or z axis and
k=respective north (V), vertical (V) or east (£) spatial axis.
l,=direction cosine of the angle between arbitrary x axis and the
respective k spatial axis.
my=direction cosine of the angle between the arbitrary y axis
and the respective & spatial axis.
ny=direction cosine of the angle between the arbitrary z axis
and the respective k spatial axis.
N,;=horizontal angle between north and j axes.
V,=vertical angle between horizontal and j axes (downward
plunge is positive).
E;=horizontal angle between east and j axes.

The direction cosines for the angles between the principal stress
change axes and the north, east, and vertical axes can then be cal-
culated. This follows from the fact that the cosine of the angle between
any two intersecting lines in any three-dimensional system is equal to
the sum of the products of their respective direction cosines, as follows:

oS Opy=Uli+-mem;+ngn, 9
where

6,;—angle between respective spatial axis—north (&), vertical
(V), or east (E)—and respective principal stress change
direction—maximum (1), intermediate (2), or minimum

(3).

These angles, between directions of the principal stress changes and
north, east, and vertical, are then reduced to horizontal and vertical
angular components, again by using the properties of spherical tri-
angles with one right angle. The horizontal angle between any prin-
cipal stress change direction and north is the bearing of that principal
stress change, and the complement of the vertical angle is the plunge
of that principal stress change.
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¢0s Oy;=cos Ni cos Vi. (10)
cos fy;=cos (90°—V7). @11
cos fg;=cos Ei cos V7, (12)

where

6x.=angle between north axis and the respective 4 principal stress
change axis (1, 2, or 3),

8y,=angle between vertical axis and the respective ¢ principal
stress change axis (1, 2, or 3),

6z,—angle between east axis and the respective ¢ principal stress
change axis (1, 2, or 3),

Ni=horizontal angle between north axis and the respective %
principal stress change axis (1, 2, or 3),

Vi=vertical angle between horizontal axis and the respective ¢
principal stress change axis (1, 2, or 3) (downward plunge
is positive), and

Ei=horizontal angle between east axis and the respective ¢
principal stress change axis (1, 2, or 3).

The last step in the mathematical analysis consists of the deter-
mination of the magnitude, bearing, and plunge of the maximum
shearing stress changes which accompany the previously calculated
principal stress changes.

Tmax — (81_83)/2: (13)
where

Si;=maximum principal stress change,
S;=minimum principal stress change, and

Tmax=INaximum shearing stress change.

The preceding calculations have been programed for computer
analysis in the interest of economy, speed, and accuracy.

COMPUTATION OF LATERAL STRESSES IN SECOND
ELASTIC MODEL TEST

Static testing of the elastic constants of the acrylic block and the
partly metal-filled epoxy grout, in addition to an accurate knowl-
edge of the geometric distribution of these materials in the labora-
tory model, permitted calculation of the effective moduli in any direc-
tion. The calculated effective moduli are determined by making a 60°
approximation of the Boussinesq stress-influenced zone from the sides
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of the spherical probe for each of the stress directions. The maximum
principal stress (o) zone has only a small (34 inch) annulus of metal-
filled epoxy with the remaining 854 inches on each side in the acrylic.
The intermediate principal stress (o) zone has about the same annulus
of metal-filled epoxy but only 534 inches of acrylic on each side. The
minimum principal stress (o;) zone, which contains the borehole, has
a rather complex geometric distribution of metal-filled epoxy and
acrylic. This distribution also differs from side to side. Accurate meas-
urement of the geometric material distribution within the 60° stress
zone permitted an estimate to be made for the effective elastic modu-
lusin the direction of the minimum principal stress.

Following are the material moduli, Poisson’s ratios, and calculated
effective elastic moduli:

1. Modulus of the acrylic block=0.327 X 10° psi.
2. Modulus of the filled grout=1.55%10° psi.

3. Poisson’s ratio (all materials)=0.39
4

. Effective modulus in the direction of the maximum principal stress,
E;=0.330<10° psi.

5. Effective modulus in the direction of the intermediate principal
stress, F,=0.347 < 10° psi.

6. Effective modulus in the direction of the miniraum principal stress,
E,=0.706 X 10° psi.

By using these constants, the stress relationships can be calculated as
follows:

Assume the principal stresses o1, o3, or o3320.
Assume the principal strains e; 5%, =€;740.

Then by using the relationships from Sechler (1952, p. 55),
= lor— s+ 09)]
€1—E1 gy 1A g3)l,

€2=”E1*72 [0'2"‘P'(0'1+ 0'3)];
and
€3=F13 [os—ploit09)],

it can be shown that
o — g M) | Byt ply
’ VErtuE, 7 Bt uE,
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By substituting the effective moduli and Poisson’s ratio, the above
relationship can be expressed as follows:

ga=—0.2260,+1.3503, (14)
or

_ 0+0.2260,

=135 (15)
or

__1.3503—03

T=T0.026 (16)

By substituting measured values of o; and o; into equation 14,
o2=—2,015 psi of tension compared with the actual measured value
of —1,885 psi of tension. Similarly, o3 as computed becomes — 3,420 psi
of tension as compared with a measured value of — 3,610 psi of tension.

FIELD INVESTIGATIONS

The laboratory investigations and probe development were, in part,
an outgrowth of field studies performed by the U.S. Geological Sur-
vey over a period of several years. During the course of these studies,
both at the surface and underground, the need for more adequate
stress determinations was recognized. For example, in the Straight
Creek Tunnel pilot bore (Robinson and Lee, 1964, 1967) the rock
load on the steel sets was measured by the contractor with prop-load
cells and the deflection of the walls and roof was measured with bore-
hole extensometers. More than 40 instrument stations were estab-
lished through the 8,350-foot-long bore. This provided a large amount
of data on rock behavior during excavation. Nevertheless, very little
new knowledge was gained of fundamenetal rock mass behavior. The
stress conditions within the rock mass prior to tunneling and the be-
havior of the stress field in response to tunneling operations are still
virtually unknown. The writers believe that a more accurate under-
standing of these factors will increase the efficiency and economy of
underground excavation. For example, in addition to the loads carried
by steel sets, it would be helpful in underground mining or tunnel-
ing to know the changing state of stress adjacent to the opening and
for a considerable distance within the rock surrounding the opening.

Changes in the state of stress adjacent to an active underground
opening could be monitored by placing and grouting borehole probes
into holes drilled into the walls and ahead of an advancing tunnel
face. Further, the state of stress in the rock mass prior to excavation
could conceivably be estimated by overcoring the borehole probe.
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Other investigators (Varnes, 1962, p. 48) have mentioned the need
for a method which would detect the buildup of stresses preceding the
development of faults or preceding movement along preexisting faults.
Accurate knowledge of the stress buildup in an area would permit the
prediction of the possible orientations of fault structures resulting
from the indicated stress fields, whether they be related to shear or
tensile failure of the rock mass. It should be possible to monitor such
a buildup in stress at some distance from a fault because the stresses
producing a fault are undoubtedly not restricted in their extent, as
faults are not restricted in their extent. It appears feasible, because
the probe can be placed at depth in a rock mass, to foresee the use of
the probe, in relation to active faults, as a means of predicting impend-
ing hazardous movements.

The scarcity of any studies regarding the influence of geologic fac-
tors on the distribution of stresses in rock masses makes it imperative
that efforts be made to bring about a union between stress analysis and
geology in the future of rock mechanics.
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