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The development of the LOT-Gauge - a triaxial borehole instrument far
overeating rock stress measurements - is reported. The borehole gauge
and the associated equipment is described in sane detail» The experi-
mental procedures applicable to field measurements with the device are
presented.

A series of laboratory tests, aimed at investigating the performance
of the instrumentation, are reported. This included basic tests of
mechanical and electrical reliability, as well as investigations of
the thermal sensitivity of the measuring method. These factors are
significant with respect to -the applicability of the method under
field conditions. The results from the laboratary tests showed that
Instrument performance was in all respects satisfactory. Furthermore,
that the effects of temperature changes, expressed as the correspon-
ding measuring error to be expected under typical field conditions,
was less than + 1 MPa.
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Nämnas

the mit "|ie" denotes a strain of 1 * 10"6.

Ertensional strain i s considered positive.
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Research and development In the field of rock stress measurements was

initiated at the Luleå University of Technology in 1976, in order to

meet an Increasing demand, primarily from the mining industry. It was

decided to Introduce three-dimensional overcoring, since this method

was internationally well established as a beneficial method for stress

measurements in hard rock mining environments. Among the few types of

equipment readily available for such measurements, the one marketed by

CSIR in South Africa was chosen, and complete field equipment of this

kind was purchased. This equipment Is based on the wellknown trlaxlal

strain cell developed by Leeman (Leeman, 1968).

Field measurements using this equipment were conducted at the Nasliden

Mine in northern Sweden (Leijon et al., 1981), and later at the Stripa

Test Site in Central Sweden (Carlsson, 1978). From the experiences

gained during these field applications, it was concluded that the

principle utilized by the CSIR-technique, i.e. the recording of core

relaxation by means of a soft-type instrument and strain gauges glued

to the wall of the pilot hole, was appropriate with respect to the

applications foreseen. It was also discovered, however, that the

equipment suffered from certain technical shortconmings that made it

unsatisfactory in terms of reliability and convenience. A decision was

therefore taken to develop a device operating according to the CSIR-

principle, but of a new construction.

The basic design criteria established for the new technique was thus

that it should be efficiently applicable in underground mining envi-

ronments. In practical design terms, this translates into three crite-

ria, viz;

- High reliability

- Simple measuring procedure

- Low cost

The approach taken to meet these requirements can be summarized as

follows:



- Confine the range of application to boreholes less then 30 m in
depth. Overooring measurements in deeper boreholes falls into a
different category in terms of experimental difficulties, and are
rarely needed in connection with mining.

- Confine the range of application to holes that are not water-filled.
Ihis restriction greatly simplifies the technique but does not seri-
ously reduce its applicability.

- Construct a reusable strain cell in order to reduce costs.

- Keep the construction of all equipment simple and do not introduce
any complicated mechanical functions.

- Given that the construction be simple, achieve high reliability by
careful detailed development and high quality workmanship in manu-
facturing.

The complete field equipment, Including a new strain cell, was de-
signed and constructed on the basis of these premises. The new system
was built and taken into the field in 1979. It was named "the LUH-
Technique" and later renamed to "the LUT-Technique". "UTI" is an
abbrevation for "Luleå University of Technology". The strain cell
was consequently named "the LUr-Gauge".

Chapter 2 of this report presents the measuring method. The UTT-Gauge
and the field equipment is described in some detail. Field procedures
and the methodology applied for data reduction are also outlined.
Chapter 3 reports fundamental laboratory testing of the LOT system
that was made in connection with the development work. A series of
complimentary tests, conducted in order to determine the effects of
temperature changes on the accuracuy of the measuring method, are also
reported and discussed.



OF THE MEASURING MSXHGD

2.1 Basic ouncepls

Overcoring methods utilizes the principle of stress relief. This means
that a cylindrical specimen is isolated from the stress field in the
surrounding rock mass, by means of a drilling operation. It is assumed
that the rock is linerly elastic, which implies that the deformation
of the specimen accompanying -the stress relief is identical in magni-
tude, but opposite in sign, to that produced by the application of the
in-situ stress field. It must also be assumed that the rock volume
considered is continuous and homogeneous. If these assumptions are met
and the mechanical properties are known, then the initial state of
stress can be Inferred from the <tefv m n^ \ j opff or strains occurring as a
consequence of overooring. The most cannon method to measure the de-
formations/strains is to insert an instrument into a pilot hole,
drilled in advance and concentrically with the subsequent overcoring.
The pilot hole must be long enough not only to neglect the effects of
its own ends on the measurements but also to neglect the disturbance
in stress caused by the larger hole. The instrument is left in the
pilot hole during the overcoring operation. By comparing instrument
readings readings taken before and after overcoring, the changes in
borehole dimensions can be Inferred. The measuring procedure far an
overcoring measurement is illustrated in Figure 1. If the stiffness of
tiie instrument is negligible as ocmpared to the stiffness of the rock,
the relaxation of the specimen will be complete. If the instrument
stiffness is not negligible, the overcoring results in partial relief
and development of internally balanced forces in the instrument and
the specimen.

Depending on the type of instrument used, information can be obtained
about the stress condition in one direction, in the plane perpendicu-
lar to the borehole, or the complete stress tensor can be determined.
With the UTT-device, strain measurements on the wall of the pilot hole
are used to determine core deformation upon overcoring. Strains are
measured by means of electrical strain gauges that are glued to the
hole wall. The complete stress tensor can be derived from one measure-
ment.
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Drilling of a large
oole t o

desired location.

Preparation of a pilot
hole, and installation
of the iiisUument
(borehole gauge) to be
overcored. After in-
stallation, readings
are taken from the
instrument»

Stress relief by over-
caring. The relaxation
is accompanied by de-
formation of the core.

Recovery of the over-
cored cylinder. Addi-
tional readings are
taken and the deforma-
tion of the core can
be calculated.

Figure 1. Schematic representation of the overooring concept for
rock stress measurements.



2.2 f—ant

2.2.1 General

Figure 2 displays the major nts of the field eqiupment. Basic-

ally, it includes a number of reusable strain cells, various tools for

borehole preparation and gauge installation, a computerized data re-

cording system, a device for biaxial loading of overcored rock cylin-

ders, and laboratory equipment for reconditioning of strain cells.

The system is designed for a pilot hole diameter of 38 ram. It permits

a minimum overcorlng diameter of 86 mm, and a maximum hole depth of 30

m. Furthermore, the technique is intended for use in drained holes,

which in practice means holes drilled in an orientation so as to allow

self drainage.

Figure 2. Components of the field equipment
(1) LUT-Gauges
(2) Moulds for manufacturing of epoxy pistons
(3) Installing tool
(4) Tools for borehole preparation
(5) Field data logger
(6) Biaxial load chamber with pressure generator

and manometer
(7) 72 mm diameter overcore



2.2.2 The UK-tiauge

The efforts made to develop a new strain cell resulted in a prototype

gauge involving essentially five components. Minor modifications were

made after performance testing under laboratory conditions, and a

first set of ten strain cells was then manufactured for field appli*

tion» After further refinement based on the field »»pw twv*gj the

development work was considered complete, and a larger number of cells

were deviced.

The LUT-Gauge is shown in Figures 3 and 4. The gauge body ccnsits of

a hollow aluminium cylinder, a plastic guiding cylinder in its' front

end and a brass cylinder in its' rear end. The outer diameter of the

gauge is 37.0 ran, and the length is 160.0 ran. It is equipped with a

total of 12 strain gauges.

5 cm

Figure 3. The LUT-Gauge, assembled (upper) and disassembled (lower).



CROSS-SECTION
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Araldite -epoxy, moulded
pistons each carrying
four strain gauges

Rubber, 16-poled connection
plug with gold-metallized
pins. The rear end of the
plug can be connected to
the installing tool

2 cm

Plastic nose guide

Aluminum body

Strain gauge rosettes,
each with two perp-
endicular gauge
elements

Brass ta i l guide

Figure 4. Schematic drawing of the LUT-Gauge.
After Stillborg and Lei jon (1982).

The strain gauges, 5 mm in length, are mounted on the outer, curved
surfaces of three radially operating pistons of araldite epoxy.
Details of this arrangement are shown in Figure 5. It can be seen that
two strain gauge rosettes are positioned on each piston, and that each
rosette comprises two strain gauge elements placed in 90° angle to
each other. By a 45° mutual rotation of the rosettes, an array of four
strain gauges with an angular spacing of 45° on the piston surface is
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Figure 5. Detail of epoxy pistons, each with two strain gauge
jttes. Each rosette incorporates two strain gauges.

obtained. The positions of the pistons on the circumference of the
gauge are indicated in Figure 6. This figure also shows the geometry
of the array of strain gauges with reference to the hole axis. The
angles between the individual strain gauges and the hole axis are 0°,
45?, 90° and 135° respectively.

The lead wires from the strain gauges protrude through the epoxy pis-
tons into the space inside the gauge body, and are soldered to the
connector in the rear end of the gauge. Since the gauge is not water
proof, the solderings are water protected with an HTV-rubber agent.
This prevents water that might be trapped inside the gauge during the
overcoring sequence to access the measuring line. The connection plug
is a standard device which has been machined down to approporiate di-
ameter to fit inside the rear guiding cylinder that keeps it in proper
position.

For the installation of the gauge in a pilot hole, it is required that
the pistons can be remotely operated. This is achieved pneumatically;
The gauge body can be Internally pressurized by compressed air, which
acts directly on the pistons. This forces the pistons aginst the hole
surface. The installation procedure is further described in Section 2.3.
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Figure 6. location of strain gauge rosettes within the LOT-Gauge and
the orientation of strain gauges within each rosette.

As mentioned, most components of the gauge are reusable. This does not
include the strain gauges, which are glued to the rock permanavtly,
and hence must be replaced after each time the gauge has been used.
Since a piston with strain gauges i s manufactured as one unit, this
means that the pistons are replaced after each use. Altogether, the
reconditioning process entails disassembling of the gauge, removal of
old pistons, cleaning of components, installation of new pistons, sol-
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deiing of lead wires to the connection plug, water protection of sol-
derings, assembling, and finally functional testing. The pistons are
made in special noulds in which the strain gauge rosettes are posi-
tioned prior to casting the epoxy. Figure 7 illustrates this work.

*!

Figure 7. Reconditioning of LUT-Gauges in the laboratory. Moulds
for casting of epoxy pistons (front) and gauges in diffe-
rent stages of preparation (right).

2.2.3 Borehole tools

Borehole tu. gj K U ation device

The gluing of strain gauges to the borehole wall requires that -the
surface is clean and dry. A borehole preparation tool has therefore
been deviced. This tool is pneumatically operated through a plastic
tubing running along the hole, and enables cleaning and drying to be
made in one operation.

Installing tool

This tool serves the two-fold purpose of connecting the gauge to the
data recording system placed outside the borehole, and guiding the
gauge into the pilot hole during installation. In the front end of the
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tool, a connection plug corresponding to the rear connector of the
gauge Is mounted. A 30 m long extension cable Is attached to the rear
end of the tool. This cable runs through the tool and to the front
connector. The tool also accomodates a compressed air line which Is
required for the gauge operation. One of the connection pins of the
front connector has been removed and replaced by a thin pipe. This
arrangement allows the air pressure to be transferred to the gauge,
when connected to the installing tool. The measuring method requires
that the gauge can be oriented in the hole. The correct orientation is
obtained by means of an electrically sensed pendulum which is placed
Inside the installing tool. The pendulum is connected to the readout
equipment and enables precise gauge orientation in boreholes with *
inclinations up to about

Water protection plug

Although the presence of water in the borehole during the overooring
sequence does not seriously affect the performance of the gauge, it Is
desirable to prevent the drilling water from accessing the gauge,
since drilling mud may otherwise collect on the connection pins of the
gauge. A rubber expansion type borehole plug is therefore used to seal
off the pilot hole during drilling. The plug can be fitted to a
guiding tool and after positioning at the pilot hole collar, it can be
expanded against the hole walls by rotating the guiding tool. Then the
guiding tool can be pulled back, leaving the plug in the borehole.

2.2.4 Data recording system

Strain measurements in underground environments calls for accurate
recording techniques and equipment of reliable and rugged construc-
tion. For the LVr-Gauge, a special field data logger has been con-
structed. It is based on a precision strain amplifier manufactured by
Hottinger-Baldwin Messtechnik, to which a scanning control unit has
been linked. Readings of individual strain gauges can be taken, or all
twelve gauges can be automatically scaimned. Results are presented on
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display and paper tape. The resolution of the device is + 1 lie, and

from laboratory calibrations the temperature sensitivity has been

determined to be 2 (ie/c, cf. Chapter 3. Instrument-related drifting

effects have been found to be negligible. More recently, the data

recording system has been upgraded to become fully computerized. With

this improved system, the strain amplifier is linkend to a microcom-

puter, designed especially for field applications. Data are stored on

tape casettes. Complete data reduction can be made readily cn-site.

2.2.5 Biaxial load cell

The biaxial load cell, in the literature commonly referred to as the

Hoek-Franklin cell, is regularly used for testing of overcored rock

specimens. The device is shown in Figure 8. It consists of a steel

cylinder inside which an adiprene membrane is fitted. The annulus be-

tween the cylinder and the membrane is filled with oil, which can be

pressurized through an inlet on the mantle surface of the cylinder. A

manual pressure generator, a pressure gauge, and a tubing connected

to the oil inlet of the cell completes the system.

Figure 8. The biaxial load cell with pressure generator and
manometer. A overoored rock specimen is placed in
the load cell. The Installing tool is attached to
the LUT-Gauge inside the core.
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2.2.6 Auxiliaries

The equipment also Includes a unit for controlling the compressed air

needed for the cleaning and Installation operations. It Is comprised

of valves for inlet and outlets, a filter for moisture separation and

a manometer. The borehole tools are connected via plastic tubings.

Rods for operating the borehole tools, various cleaning agents, and

strain gauge cement (usually HEM X60) are also necessarry components

of the field eqiupment.

2.3 Field prc

In principle, the procedures applicable to cvercorlng measurements are

straight forward, cf. Figure 1. In practise, however, numerous experi-

mental details are attached to the field application of any overcorlng

system, the present one being no exception. The skill and carefullness

devoted to the experimental work and the associated diamond drilling

has a decisive inpact on the quality of the results obtained.

A complete description of the field procedures applicable to the pre-

sent technique Is beyond the scope of this report. In brief, however,

the following sequence applies:

1) The measuring programme Is planned and a measuring location is

selected. The basis for these undertakings is specific for each

application. A general recaimendation is to devote some effort to

investigate the rock mass at the Intended measuring location. This

could Include drilling of an Inspection hole in the Intended di-

rection of the measuring hole to verify local rock conditions.

2) A test hole, usually 86 mm in diameter, is drilled to the desired

measuring point in the rock.

3) The hole is extended by drilling a pilot hole, 38 mm in diameter

and 0.4 - 1 m deep. Care should be exercised to obtain precise

collaring of the hole, and to preserve the core obtained. The hole

should be flushed with water to remove drilling mud.
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4) The recovered pilot core is carefully inspected for identification

of a suitable instrument location with respect to rock quality. If

no acceptable location is found, the section is oared out and

another pilot hole is prepared.

5) Once the exact instrument location has been selected, the pilot

hole is cleaned by acetone spraying, using the borehole prepara-

tion tool, The same device is then used to dry the hole by gently

blowing it with compressed air.

6) Ihe LUr-Gauge is prepared for installation. This entails cleaning

of the gauge body, conditioning of the strain gauges to achieve

good bonding and functional control.

7) The gauge is installed in the pilot hole. The type of glue used

has a limited pot-life, which calls for a well planned installa-

tion. Hence, the gauge is attached to the installing tool, the

pressure tubing is connected, and the device is made ready to be

pushed in the hole. Subsequently, the glue is prepared and a thick

layer is applied to each piston of the gauge. After this, the as-

sembly is pushed into the hole. After ptuper positioning, includ-

ing rotation until the readout from the pendulum indicates correct

orientation, an air valve is opened, and the gauge is pressurized.

This activates the pistons and the strain gauges are glued to the

pilot hole surface.

8) The assembly is left in the hole until the glue is completely

hardened. The readout from the instrument is monitored since this

yields information about the hardening process.

9) Pre-overcoring readings are taken. Repeated scannings of the

strain gauges are made in order to detect possible drift or mal-

functioning of strain gauges.

10) The installing tool is removed, leaving the gauge in the pilot

hole. The pilot hole is then plugged at its collar to protect the

gauge from water.
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11) Overcoring commences, extending the large hole to a position past
the gauge.

12) The oare containing the gauge is broken and removed from the bore-
hole, and tfre pilot hole is unplugged. The installing tool is
again connected to the gauge inside the core.

13) Repeated post-ovexcoring readings are taken. Figure 9 illustrates
•ttiis activity.

14) The core is placed in the biaxial load cell, and subjected to one
or or more load cycles. The loading commences in increments, and
at each increment, readings are taken from the gauge inside the
core. The exact test program» adopted for the biaxial loading
depends on the local conditions.

15) The sequence 3) through 14) is repeated, successively deepening
the borehole, until a sufficient number of data points have been
obtainad.

Figure 9. Post-overcoring readings being taken from an overcored
UTT-Gauge. From Stillborg and Lei jon (1982).
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Besides strain readings from the instrument, readings of the tempera-
ture at the gauge position or of the drilling water can be taken dur-
ing the measuring cycle. This is to support the assessment of mea-
suring errors. The time required far conducting a complete measurement
(sequence 3 through 14 above) is typically 1 to 2 hours.

2.4 Data reduction Methodology

2.4.1 Strain data

The evaluation of the complete stress tensor from measurements with a
triaxial device such as the LUT-Gauge requires as irjput data princi-
pally the strains induced by overcoring, hole orientation and the
elastic properties of the material only. Since the stiffness of the
wr-Gauge is negligible in comparison to the stiffness of the rock,
the overcoring strains represent a complete relaxation of the core.
The core dimensions, therefore, do not enter into the calculations,
except in the evaluation of the biaxial test results. To determine the
stress tensor, six independent strain observations are required. The
twelve strain gauges of the LUT-Gauge forms an array representing ten
spatially different directions. Hence, the method provides redundant
strain data.

To calculate overcoring strains, the raw data are first critically
examined with respect the repeatability of the readings obtained and
signs of poor functioning of strain gauges. This can occur due to
inadequate bonding between the rock and the strain gauge. Redundancy
in the method allows one to reject observations from strain gauges
producing poor readings. Once the data have been checked and found
experimentally valid, the overoorlng strains are defined as the diffe-
rence between post-overcorlng readings and pre-overcoring readings.

2.4.2 Biaxial test data

The biaxial testing of the overcored specimens has to purposes; First-
ly, it allows the elastic constants of the rock to be determined and,
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seocndly, it provides a check of Hie performance of the individual

strain gauges of the U/T-Gauge. The farmer is required far the subse-

quent stress computations, arid the latter provides input to the exami-

nation of overooring strains as well as to the overall judgement of

the validity of the test.

Tha txLaxial test sequence comprises both loading and unloading in

or5er to study passible inelastic behavior of the rock. The maximum

load applied to the care should correspond to the stress level in-

situ. Load increments between readings should be small enough to allow

reconstruction of the complete stress-strain relationship. The results

from the tests are visualized in the form of diagrams of recorded

strains, plotted against applied pressure. An example plot, repre-

senting four strain gauges (one piston), is shown in Figure 10. Since

the geometry of the test is axisynmetric, the array of strain gauges

of the wr-Gauge represents three groups with respect to orientation;

circumferential; axial; and 45? angle to the hole axis. Theoretically,

the gauges within each group should respond identically to loading.

PRESSURE

-600 -500

Figure 10. Results from biaxial testing. Readings from four
strain gauges are shown; (1) circumferential,
(2) and (4) 45 angle to the hole axis and (3)
axial. Data from Leijon (1983).
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To derive the elastic properties, we consider the theory far an infi-

nitely long, thick-walled circular cylinder subjected to a uniform

external pressure only. The assumption of plane stress applies. The

appropriate equations (see e.g. Obert and Duvall (1967)) are:

E = E- *

and

where E = Young's modulus

p = applied external pressure

e = circumferential strain on inner surface

e = axial strain on inner surface

D. = inner diameter of the cylinder

D = outer diameter of the cylinder

Since the LUT-Gauge inoorporates three pairs of circumferential and

axial strain gauges, three pairs of (E, v)-values are obtained from

each biaxial test. The ambition should be to obtain rock parameters

that applies to the relaxation experienced by the rock during over-

coring. Therefore, the values of E and v should be taken to be secant

values, calculated from strain data obtained during unloading.

2.4.3 Stress data

The equations relating the strains occurring at the hole wall as a

consequence of overcoring, to the virgin stress field at the point of

measurement are obtained from the classical Kirsch solution (whos

derivation can be found in Jaeger and Cook (1979)). For the case of

isotropic material, the appropriate set of equations were presented by

Leeman (1968). Equations applicable to the case of general anisotropic

material have been given by Amadei (1982).
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Vfe consider the case of isotxopic material characteristics only. The

derivation procedures have been presented by several authors (see e.g.

Brady and Brown (1985)) and are therefore emitted here. The final

equations, applicable to the LUT-Gauge will, however, be given for

completeness. Let the borehole axis coincide with the z-axis of a

Cartesian coordinate system, as defined in Figure 11. The positive

BOREHOLE AXIS.

ROSETTE

ROSETTE 1

TOWARDSV X y ROSETTE 3
COLLAR

x(HORIZONTAL)

Figure 11. Coordinate system for stress calculations.

z-direction is towards the collar of the borehole. The orientations of

the twelve strain gauges of the U/T-Gauge with respect to this coordi-

nate system are defined In Figure 6. The stress field is applied at

Infinity and is defined by its components a , a , a , z , x , and

xzx. The strains e.. (1 = 1, 12) on the hole wall, in the directions

the strain gauges, are then given by:

Rosette 1:

al°v + ̂ x

£2 = a5°y + a6°z + a - ° " ' 4 a ° x
yz

a4°z

e4 = a5°y + a6°z + V x +
yz
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Rosette 2:

5 •* x o v <£ z 4 ~ x j ' x z * ~J ~ ~ i ' ~ x y

+ a6°z + V3^ +

cyz - ^ z x

e8 "8 " ̂  + ^ y + a6°z + ^ ^ +

Rosette 3:

e 9 =

£1O " ̂ ^ + ^ ^ y + a6°z +

y

yz

- 2

the eight constants ax . . . a8 are given by:

ax = (3 - 2v2)/E

au = -v/E

ag = (1 - 2v2)/E

a4 = 1/E

a5 = (1 - v)(3 + 2v)/2E

afi = (1 - v)/2E

«y
+ ••

CT? = "S^^ + 3ar,)o -i â o
xz 4 Ö / y o z «• 3 y x z '~b "V'"xy
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a^ = (1 - v)(l + 2v)/2E

ag = (1 + v)/2E

It is noted that the strain in the axial direction (gauges 3,7 and 11)

is independent of the position of the strain gauge on the circumfer-

ence of the hole. This is as would be expected. As noted earlier, the

number of independent equations (10) exceeds the number of unknowns

(6). Ihis redundancy allows the application of nultiple least square

regression procedures to find the solution best fitting -the data.

Furthermore, outlying strain readings may be detected and rejected,

after which the calculation can be repeated to obtain a new solution.

The regression analysis also produces standard statistical estimates

of the confidence of the data. This is a useful indicator of the rele-

vance of the test. It should be observed, however, that the regression

procedure involves certain assumptions regarding the data, and pro-

vides a solution that is optimized only in a strictly statistical

sense. In the final judgement of the validity of the data, other

factors nust be taken into account together with the statistical

information.
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3 LABORATOR* EVALUATION

3.1 Objectives and scope

The performance evaluation of a method for rock stress measurements

must of course include field testing, since the final result is depen-

dent upon a combination of instrument parameters, rock characteristics

and experimental procedures. Determination of the basic instrument

characteristics can however be made by means of laboratory testing. In

the present case, the fundamental question to be addressed Is to what

extent the strain readings produced by the instrumentation reflect the

true strains occurring at those locations at the borehole wall corre-

sponding to the positions of the strain gauges. This is governed by;

(1) The transmlttance of the strain occurring at the borehole wall to

the strain gauge element. This is essentially controlled by the

quality of the bonding, which is again a parameter subjected to

influence by field conditions. There were however also concerns

that the presence of the araldite pistons might influence the

strain transfer to the gauges.

(2) The ability of the system to correctly transmit the change in

length of the strain gauge element to the output unit of the

recording system. Besides obvious factors such as resolution of

the system and reliability of connectors, the parameter primarily

governing this ability is the temperature characteristics of the

system.

A series of laboratory tests were conducted with the LUT equipment in

order to determine the significance of these factors. The testing

included:

(1) Basic testing of the performance of the strain gauges themselves.

This was done by gluing the strain gauges to metallic objects with

known material properties, and subjecting these objects to known

loadings and hence calculatable strains (2-point beam bending,

uniaxlal compression of thin slabs etc). Comparisons with other
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types of strain gauges were made. The long term stability of the

strain readings obtained under static loading was also evaluated.

(2) Tests to evalute the functioning of the piston arrangement. This

relates to the stiffness ratio between the araldlte piston and the

rock. The piston and the attached strain gauge rosettes forms one

unit, and are mechanically coupled to each other. Hence, if the

piston has non-negligible stiffness as compared to the hardened

glue or the rock, it will offei resistance to a strain change

imposed on the system (this effect Is of major concern when using

hollow or solid cylinders for overcoring measurements, see e.g.

Duncan-Fama and Pender (1980)). The tests made to study this

effect were basically the same as In (1) above, but strain gauges

moulded Into epoxy pistons were mounted in parallel to "free"

strain gauges In order to compare the responses. Attempts to

determine the deformation properties of the epoxy by direct

loading, were also made.

(3) Testing of complete LUT-Gauges Installed in holes drilled In a

block and in a cylinder, both made of aluminum. The block had

the form of a rectangular slab and was subjected to uniaxial

loading in a loading machine, tine cylinder was loaded with a

uniform external pressure In a biaxial test chamber.

(4) Temperature calibrations of the whole system as well as of compo-

nents thereof to determine the temperature induced meassuring

errors. This was done in combination with tests of the temperature

characteristics of rock specimens obtained from overcoring tests

in the field.

The test series (1) and (3) were of basic nature, and will not be

reported here. The overall result was that both the strain gauges and

the LUT-Gauges performed satisfactory. Excluding a very few outlying

results, the strain values recorded for the different modes of testing

were within + 5 % of the theoretically calculated values. Repeatabili-

ty a i linearity of responses v;*s excellent. The long term stability

of the system was found to be adequate with respect to the type of

applications it was intended for.



24

Test series (2), aimed at studying possible measuring errors intro-

duced by the piston arrangement, will be exemplified by a 2-point beam

bending test, which is described in Section 3.2 below. Tests made to

determine the stiffness of the epoxy material used will not be de-

scribed. In summary, these tests showed that the deformation mudulus

of the epoxy was well below 0.05 GPa. This is considered neglible in

comparison to the stiffnass of common rock types.

The tests according to (4), i.e. the investigations of temperature

effects, will be considered in more detail. This is justified by the

fact that temperture effects have considerable implications in terms

of field applicability of the technique. A further reason is that the

LUT-Gauge differs from otherwise similar equipment, including the

CSIR-Cell, regarding the design measures taken to avoid temperture

sensitivity. Section 3.3 therefore describes a series of laboratory

heating experiments that were conducted in order quantitatively deter-

mine the temperature characteristics of the system.

3»2 DBIJBI. urination of sixain cpiyy? pei.£'"""

As an example of the basic tests performed within test series (2), a

test in which strain gauges were glued to a steel bar, subjected to

symmetrical two-point bending, will be briefly reported.

The test set-up is shown in Figure 12. A 1 m long steel bar, machined

to accurate cross sectional dimensions was used. By loading the bar in

symmetrical two-point bending as shown in the figure, a constant

torque is generated in the bar between the two support points. The

corresponding surface strains can be calculated since the material

properties of the bar are known. In this particular test, a total of

eight strain gauges were attached to the surface of the bar. Of these,

four were casted into an epoxy plug in a manner identical to that used

to manufacturo pistons for the LUT-Gauge. The plug was then glued to

the bar. The remaining four strain gauges were glued to the bar using

conventional techniques. By arranging the two groups of strain gauges

in identical patterns, their responses to the identical loading could
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»•"*»'.•: •'•^SN-r-mm-
STRAIN GAUGE
ROSETTE

0 10 cm

Figure 12. Test arrangement for two-point bending test. The test
was made to investigate the performance of the piston
arrangement. The bended steel bar was subjected to known
strains, and the responses of strain gauges, convention-
ally glued to the bar, was compared to the responses of
strain gauges mounted on an epoxy piston.

be compared, and hence possible effects of the piston arrangement
could be detected. All gauges were connected to a coventlonal strain
indicator. Loading of the bar was provided simply by attaching a
hanging weight to each end of the bar.
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Figure 13 shows the strains recorded during the test, Iran the moment

of applying the load to the bar and throughout the subsequent 12-hour

period during which regular readings were taken. The corresponding,

theoretically calculated strains are also indicated in the figure. A

close agreement is found between the responses of strain gauges in

identical orientations with respect to the axis of the bar. No time

dependent effects can be noted. The variations in strain readings are

considered to be within the experimental uncertainty, as is the slight

deviation between the eperlmental strain values and those obtained

theoretically.

300-

200-

UJ

100-
<a.

-100

0° GAUGES

^ }45°GAUGES

_SgHU!'U!fc—JB.—-'-llil^J-J-aflJ' m±Z } 90° GAUGES

I U 6
TIME [HOURS!

8 10 12

LOAD APPLIED
TO BAR

Figure 13. Results from two-point bending test. Recorded strains
plotted versus time.
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It was concluded fran the test that piston arrangement does not affect

the behaviour of the strain gauges. This conclusion was fully sup-

ported by result from other types of basic performance tests.

3.3 DttLmuinaition of "Lrtî jci afcure chat«kjl<^i Istics

3.3.1 System components studied

The basic design of the measuring line of "the U/T equipment is illus-

trated in Figure 14. It is seen that the strains are measured by means

of a -three-wire, quarter bridge circuit. During a measuring cycle in

the field, the system shown in the figure and the rock volume that is

overcored may undergo a number of temperature changes due to i) ini-

tial temperature differences between the rock, the drilling water used

and/or the air in in the excavation f ran which the measurements are

made, and ii) changes in the temperatures of these media during the

course of the measurement. To assess the total effects of these tempe-

rature alterations, we study the temperature characteristics of the

components of interest, viz;

(1) The data recording unit. This can only be determined by direct

calibration.

(2) The extension cable and the installing tool. The temperature sen-

sitivity of these components is due to changes in the resistivity

of the lead wires. The three-wire circuit used theoretically bal-

ances out such effects completely. However, even minor geometrical

differences between the different wires in the bridge circuit can

have significant effects.

(3) The strain gauges. Since the gauges are originally intended for

use on steel structures, they are manufactured with a built-in,

nominal tenperature cenpensatien factor of 12 (i£/°C, correspon-

ding to the coefficient of thermal expansion of steel.

(4) The rock volume that is overcored.
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I STRAIN
I GAUGES
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Figure 14. Schematic drawing of the three-wire, quarter bridge
circuit used for the strain measurements with the
LuT-Gauge.

Temperature changes of components (3) and (4), i.e. the strain gauged
overoore, may be imposed by both the drilling water and the air.
Figure 15 illustrates this for an hypothetical overooring test. The
measuring procedure offers no protection against associated tempera-
ture drift of the strain gauges or thermal deformation of the rock,
since the measuring line has to be disconnected during the overooring
sequence. Thus, one cannot distinguish drift from "true" strains. •
Traditionally, this problem is handled by utilizing a "dummy", i.e. a
strain gauge glued to a piece of rock is used to complete of the
bridge circuit. The arrangemet is placed in the closest possible
thermal contact with the rock (which in practice means on the borehole
gauge) and is assumed to balance out temperature effects. The LOT-
Gauge is not equipped with any such dummy arrangement, but instead a
stable resistor with negligible temperature sensitivity is placed
inside the gauge in order to complete the system. The reason was that
in an earlier laboratory study (Leijcn, 1978), the same type of dummy
arrangement was found to be of little value, since it introduced mea-
suring errors that were larger than those it was intended to elimi-
nate.
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INSTALLATION!DRILLING OR
,P1LOT OF I OF BOREHOLE

• GAUGE

OVER -
CORING

OVERCORE REMOVED
I FROM BOREHOLE

STRAIN READINGS

| TIME

STRAIN READINGS

TA = AIR TEMPERATURE

T w = TEMPERATURE OF DRILLING WATER

T R = INITIAL ROCK TEMPERATURE

Figure 15. Tenperature changes (hypothetically) at the inner surface
of the overcored rock volume during the different stages
of a field test .
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3.3.2 Testing

A series of heating experiments were oonducced, in which the different

components of the measuring system were subjected to controlled heat-

ing cycles, and the resulting response in terms of strain readings

were recorded. The tests took place in two adjacent, thermally iso-

lated chambers. One was equipped with a temperature regulator, al-

lowing control of the temperature with an accuracy of + l.oC. The

other chamber was kept at constant roan temperature, also with accura-

cy of + 1.5?C.

Two types of heating tests were made. The respective test set-ups are

Illustrated in Figures 16 and 17. As can be seen in the figures, the

testing comprised:

Test I: Heating of the data recording unit and the extension cable to

determine the combined characteristics of these ocmponents.

Test II; Heating of cvercored rock cylinders to determine the combined

effects of the strain gauges and thermal deformation of the rock. This

required a complementary test of the installing tool, since this de-

vice was also heated together with the test objects, see Figure 17.

The installing tool was found to not exhibit any temperature dependen-

cy (this test Is not reported here). Three overcores of different rock

types were tested. To be able to distinguish between effects related

to the strain gauges themselves, and thermal deformation of the rock

cores, a "dummy" test in which the rock specimen was replaced with an

aluminum cylinder with known thermal properties was also conducted.

Figure 18 Indicates the type of heating cycle applied. The exact tem-

parature Intervals varied somewhat between the different tests, but

the overall temperature range was + 4° C to + 30° C. The heatng was done

in a stepwise fashion, and recordings were made at each temperature

level. The time intervals between the temperature changes were kept at

about 12 hours, which was considered a sufficiently long time to en-

sure complete thermal equilibrium of all components Involved. This

excluded Test I where the intervals were 3 hours.
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Figure 16. Experimental set-up far determination of thermal charac-
terist ics of the data recording system (Test I ) . The
strain recorder and the extension cable were heated in
a temperature controlled chamber. The system was connect-
ed to a reference object, placed at constant temperature
in an adjacent chamber, and capable of simulating con-
stant strains.

HEATING

CHAMBER

CONSTANT TEMPERATURE

CHAMBER

INSTALLING
OVERCORE TOOL
WITH GAUGE

L

EXTENSION STRAIN
CABLE , , RECORDER

Figure 17. Experimental set-up for determination of thermal charac-
terist ics of rock overoores (Test I I ) . The hollow speci-
men, containing an LOT-Gauge, was heated. The strain
recorder was placed in the constant temperature chamber.
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(STRAIN RECORDER)

HEATING CHAMBER
{ROCK OVERCORE)
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80

Figure 18. Exanple of heating cycle applied to the rock specimens.
Heating, in several steps, was followed by cooling back
to original temperature.

3.3.3 Results <Sld l^f inn

Test I: Taqperature characteristics of tte recording unit

Three channels (1,5 and 10) were connected to the reference object as

shown in Figure 16. The responses of these channels were recorded at

regular intervals during the heating cycle. The raw data plots from

the test are shown in Figure 19. It can be seen that all channels mon-

itored Indicate a well defined heating response of the recording sys-

tem. The. apparent scatter noted in the figure can be explained as an

effect of the short term temperature oscillations (+ 1.5°C) in the

heating chamber during the test. The metallic components in the data

logger can (as opposed to the rock object in Test II) be expected to

respond almost intantaneous to these oscillations.

To derive values for the temperature sensitivity of the measuring sys-

tem, average readings at stable conditions were calculated for each

phase of heating. Straight lines were then fitted to the data, and the

slopes of these lines were taken to be the temperature sensitivity

factors for the Individual channels. This excerslce yielded the fol-

lowing result:
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Channel No. 1: 2.3 \ie/°C (apparent tension upon heating)

Channel No. 5: 2.6 \tz/°C " "

Channel No. 10: 2.0 JIE/C " "

Average: 2.3

30-

20-

12 5 »C

17.0 »C

22.5 °C

27.0 »C

12S«C

Channcl 1
Channel 5
Channel 10

-8
6 8 10

TIME (HOURS)

Figure 19. Results from thermal calibration of the data recording
system (Test 1). Applied heating cycle (upper) and
recorded strain values on the three channels monitored
(lower).
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The construction of the data recording system is such that similar

characteristics can be assured for all twelve channels. It was there-

fore concluded that a thermal sensitivity factor of 3 iic/°C could be

used to conservatively estimate measuring errors attributable to

thermal sensitivity of the recording system.

Test H i Tenperatune «<imt.MTtwnrt̂ -î «ff of overcored rock cylinders

As mentioned, this test series comprised of three rock cores and in

addition a dummy test on an aluminiun cylinder with known thermal

characteristics. The rock cylinders were all taken from actual stress

measurements conducted in the field. After oompletetion of the field

tests, the strain cells were left inside these cares and they were

brought to the laboratory. The rock types represented by the three

specimens were basalt, dolomite and syenite. Details about the speci-

mens tested are given in Table 1.

Consider first the reference test made using the aluninum cylinder. In

this test four strain gauges, constituting one rosette on the strain

cell mounted in the cylinder, were monitored during heating. Test

results are summarized in Figure 20, which shows average readings

(taken at stabilized temperature conditions) plotted versus tempera-

ture. It can be seen that the responses of the strain gauges are

highly consistent and linear with temperature, as would be expexted.

The total response, over the 15.2°C of heating, varied between 174 \ic

and 184 \ie, apparent tension upon heating. The maximum hysteresis

after cooling back to original temperature was 2 \ic (not shown in

Figure 20. Fitting a straight line to all data yields a temperature

sensitivity factor of 11.7 ne/°C (apparent extension upon heating).

This is to be compared with the theoretical value given by:

where:

<xM = recorded heating response per unit temperature change



a = thermal expansion coefficient for the material in the

aluminum cylinder. This value can be set to 24 jie/C

<xc = the inherent thermal expansion compensation factor

of the strain gauges. This is specified by the manu-

facturer to -10.8 ii£/°C, corresponding to the thermal

expansion coefficient of steel.

Hence we obtain:
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24-10.8 = 13.2

which is thus to be compared with the measured value of 11.7 (ie/°C.

The difference is considered to be well within erxut margin, consider-

ing the uncertainty in both a and ag. it was thus concluded from this

test that i) it verifies the experimental procedures and that ii) it

indicates a consistent thermal behaviour of the strain gauges.

200^

150-

z 100-
<
t-
V)

O 10 15 20 25

TEMPERATURE l°C]

30

Figure 20. Results from heating test with an LUT-Gauge installed in
a thick-walled aluminium cylinder ("dummy test"). The
test set-up i s shown in Figure 17.



Table 1. Data far specimens subjected to heating tests in the
laboratory.
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Rock Type

Origin

External
diameter

[mm]

Internal
diameter

[mm]

Length
[mm]

"Dummy"

(Aluminium)

—

71.5

38.0

200

Speed

1

Basalt, fine
grained and
compact. No
visible
microcracks

Hanford Test
Site, Wa.,
U.S.A.
(50 m depth)

149.0

38.1

460

Lmen

2

Dolomite,
fine grained.
Sporadic .
microcracks

Björka Mine,
Central
Sweden
(140 m depth)

71.3

38.4

520

3

Syenite,
medium
grained, un-
even texture.
Microcracks
visible

Kiruna Mine
Northern
Sweden
(400 m depth)

71.6

38.2

260
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We than consider the tests of the rock specimens. Of the three speci-

mens tested, Table 1, the basalt specimen from Hanford was the one

most thoroughly investigated. The responses of all strain gauges of

the strain cell except one (malfunctioning) were recorded at dense

intervals during the heating and cooling phases. Four examples of raw

data plots from the test are shown in Figure 21. For reasons explained

in Section 3.2, a certain irregular scatter is noted, but tills does

not alter the overall impression of a uniform thermal behaviour. It

can be seen from the plot that the readings appear to stabilize about

8 hours after each change of temperauture. 8 hours is therefore taken

to be the time requird for the specimen to reach thermal equilibrium.

The heating responses are therefore defined as the averages of read-

ings taken during the remaining 4 hour? of each constant-temperature

phase.

EXTERNAL TEMPERATURE

27 0°C

ID

10-1
5-

0

RECORDED STRAIN VALUES

36 40 44 48 52 56 60 64 68 72 76 80 84

TIME [HOURS)

Figure 21. Example of results from heating test with an LUT-Gauge
installed in a basalt specimen. The figure shows
recorded strains plotted versus time and temperature.
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The so calculated thermal response values have been plotted In Figure

22. For clearity, only the heating part of the curves are shown in the

figure. No significant hysteresis effects were however noted. Ihe fig-

ure indicates a rather consistent behaviour of all the strain gauges,

and a slightly nonlinear heating response.

Ihe results given in Figure 22 can be used to calculate the response

per unit temperature change. Performing this calculation for three

levels of temperature (owing to the obsereved nonlinerarlty) the fol-

lowing average values are obtained:

At 15°C ; -2.2 JIE/C

At 20°C ; -2.5 uc/°C

At 25°C ; -3.6 JIE/C

These values, in turn, allow the thermal expansion coefficient, ot_,

for the basalt specimen to be calculated. According to (1) we obtain:

"M =

80 -

0
CO

- 6 0 ^
010 15 20 25

TEMPERATURE l°C]
30

Figure 22. Results fan hesting test - basalt specimen. The test
set-up is shown in Figure 17.



39

The assumption Is that the ncndnal thermal expansion compensation fac-
tor of the strain gauges (-10.8 iie/°C) is correct. Performing this
calculation for the three different temperature levels given above
yields the result indicated in Figure 23. The a -values range approx-
imately between 7 iie/°C and 9 iie/°C. It is not argued that the present
test procedure should be used for determinations of the coefficient of
thermal expansion of the basalt (this would require far more sophisti-
cated techniques). The data are however realistic and in agreement
with results presented by Schmidt et al. (1980) for the same rock
type.

12

,-. 10
o
\ 8
OJ
:± 6

i i I

Figure 23.

0 10 20 30

TEMPERATURE l°Cl

Values of the thermal expansion coefficient, a, derived
from the test of the basalt specimen. The bars indicate
maximum and minimun values.

The next specimen tested was the dolomite core from the Björka Mine.
Resulting strain gauge responses for this test, plotted as a function
of temperature are shown in Figure 24. Calculated thermal sensitivity
factors are sunmarized in Table 2. In this case, a much less uniform
result is obtained, and two of the strain gauges Indicate apparent
tension upon heating. It may be suspected that the inconsistent re-
sponses reflects a sample geometry dependency of the thermal expansion
behaviour of the core. However, an attempt to correlate the direction
of the the strain gauges relative to the core axis, with measured
apparent strain failed, and hence this explanation was rejected.
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Figure 24. Results from heating test - dolomite specimen. The test
set-up i s shown in Figure 17.

The last test object was the syenite core from the Kiruna Mine.

Results from this test are given in Figure 25 and Table 2. Again,

an Irregular thermal response was recorded.

Test results, representing all specimens tested are summarized in

Table 2, in terms of heating responses per unit temperature change and

calculated thermal expansion coefficient values. To explain the non-

uniform result for the syenite and dolomite cores, factors associated

with the instrumentation and experimental procedures as well as fac-

tors related to the rock specimens themselves should be considered.

Clearly, the result can not be attributed to the instrumentation/

experimental factors. This can be concluded from the basic laboratory

tests reported in Section 3.2 and from the "dummy" heating test using

the aluminum cylinder. Together, these tests verifiy that the mea-

suring system as such performed satisfactorily, and that different

strain gauges produce highly consistent and correct strain readings.
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Table 2. Summarized results from heating tests of aluminum cylinder
and rock overcores. Values given in hyphens indicate calcu-
lated thermal expansion coefficient, assuming a constant
thermal compensation factor of -10.8 ne/ C for the strain
gauges.

Test object

Al-cylinder
Dummy test

Basalt core

Dolomite core

Syenite core

Temperature
range

[°C]

12.8 - 28.0

12.5 - 27.0

5.0 - 29.8

3.8 - 26.8

Heating

Lowest
value

11.4

-3.4

-2.9

-9.5

(22.2)

(7.4)

(7.9)

(1.3)

] response ft

Highest
value

12.1 (22.9)

-2.3 (8.5)

0.9 (11.7)

3.5 (14.3)

te/°C]

Average

11.7

-2.7

-1.6

13.1

(22.5)

(8.1)

(9.2)

(7.7)

Considering then possible specimen-related factors, we should first

Investigate whether the inconsistent responses of the dolomite and

syenite specimens as compared to the basalt specimen, reflect a sample

geometry dependency of the thermal expansion behaviour of the rock.

This can be suspected due to the different diameters of the samples

cf. Table 1. If so, it should be possible to correlate the heating

responses with the directions of the strain gauges relative to the

axis of the core. However, no such correlation was found for the

present data.

It appears instead that the results are due to nonhcmogeneous thermal

expansion characteristics of the rocks studied on a local scale, i.e.

on a scale similar or less than the measuring length of the strain

gauges (5 mm). The factors governing this effect would be mineral com-

position, grain size, porosity and nature of microfracturlng. As would

be expected the basalt specimen, being fine-grained and compact with-

out any visible microfractures, shows the most uniform heating re-

sponse. The other extreme is the syenite, which is a polymineralic,

relatively coarse-grainedand rock type with a nonunlform texture.
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Figure 25. Results from heating test - syenite specimen. Ihe test
set-up is shown In Figure 17.

3.4 Qcnclup'*nr|ff •from iair»ratpxy

In summary, the following was concluded from the reported laboratory
tests of the LOT technique:

- Under laboratory conditions, the LUT-Gauge and the associated data
recording instrumentation produces strain readings with an error
less than + 5 %.
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The stability of the measuring system is satisfactory for overcoring

applications. It is probably not satisfactory for long term instal-

lations, e.g. for stress monitoring in mines.

The thermal sensitivity of the measuring system, excluding the rock

volume being the object of the overcoring test, is less than 3

li£/°C. Under normal field conditions this does not impose signifi-

cant measuring errors.

The strain gauges used shew a consistent thermal response factor of

about -11

- On the scale represented by the strain gauges, the thermal behaviour

of the rock has been shown to be rather irregular for two common

rock types. The thermal sensitivities resulting from these irregular

responses In combination with the characteristics of the strain

gauges, are typically within the range of + 3 (ie/°C, but can reach

values up to 10 jie/C. Under field conditions, the temperature al-

terations are typically + 2° C or less. Expressed in terms of stress,

these values corresponds to a thermally induced measuring error of

+ 1 MPa or less.
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