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EXECUTIVE SUMMARY 

This report describes calibration studies of the IRAD GAGE Vibrating 
Wire Stressmeter. The work has been performed for the University of 
California, Lawrence Livermore Laboratory, to understand and interpret 
the behavior and performance of the stressmeter in Climax granite. To 
help interpret the results obtained in Climax granite, the study also 
included calibration tests of the gage in other materials: Barre granite, 
aluminum, and Lucite. 

Stressmeter calibrations were carried out in thin rock slabs by 
determining the relation between the stressmeter readings and uniaxial 
plane stresses. Calibrations were also conducted under biaxial and tri- 
axial stress fields. The biaxial tests were made by setting stressmeters 
into cylindrical rock cores loaded hydrostatically around their periphery, 
leaving the ends unloaded. Triaxial tests were made by repeating the 
biaxial tests, with the addition of end loading. The effects of tempera- 
ture on calibration characteristics were also evaluated by conducting 
uniaxial, biaxial and triaxial tests between room temperature and approxi- 
mately, 100°C. 

The Vibrating Wire Stressmeter is a highly sensitive gage which can 
detect minute changes in the diameter of the gage (as small as 0.1 x 
in.) induced by stress changes in the material surrounding the borehole 
into which it is set. The relation between changes in gage output and 
stress changes in the surrounding material - i.e., the gage calibration 
characteristics - commonly referred to as the stress sensitivity factor* 
of the stressmeter - are governed by: 

- the host material physical characteristics, 
- gage design and construction 
- the stress environment. 
The stress sensitivity factor of the Vibrating Wire Stressmeter is 

dependent upon Young's Modulus of the host material.' This study clearly 
displays this dependence for the four materials investigated. 

For Climax granite, the variation in the stress sensitivity factor 
is further compounded by the large variation in physical properties of 
this material. Young's Modulus can vary by as much as 12% and porosity 
by about 40%. Bulk anisotropy is also important in interpreting stress- 
meter behavior in Climax granite - the Climax granite specimens used in 
this study contained a variable number and orientation of micro and macro 
cracks and assorted ~izes of feldspar crystals. The variability of rock 
properties and bulk anisotropy of the material must be taken into consi- 
derntion when interpreting stressmeter data in Climax granite. 

- 

* The stress sensitivity factor of the vibrating wire stressmeter is the 
number by which a uniaxial rock stress change is multiplied to obtain 
the change of stress in the vibrating wire element. 



The stressmeters prepared for Lawrence Livermore Laboratory have a 
slightly greater gage body stiffness than the standard IRAD GAGE VBS-1HT 
stressmeter. This is caused by heat treatment and electroplating of the 
gage body. All other design .and construction characteristics of the 
gages are identical to the standard stressmeter. 

-The contact geometry of the stressmeter platen, which is used to 
wedge the gage in the borehole, has an effect on gage sensitivity. This 
was demonstrated by analysis and tests in this investigation. The 
analysis and tests show that a large platen contact area increases the 
stress sensitivity factor. 

The stress environment, which also determines the response of the 
stressmeter, depends upon the factors of: 

- gage setting preload, 
- initial in-situ stress, 
- loading .range, 
- gage orientation to the applied load, - biaxial and triaxial stress fields, and - the influence of elevated temperature. 
Preload - The calibration tests on all four materials showed that 

the gage sensitivity factor increased with higher gage preload, and that 
a minimum preload value should be used for each material, above which the 
sensitivity factor of the gage is essentially constant. 

Initial Stress Field - Tests in Climax granite showed initial 
uniaxial stress fields up to 1380 psi had a negligible effect on gage 
calibration. 

Load Range - Load range ha,s a slight effect on the gage stress 
sensitivity factor. In all materials the factor increased slightly with 
load up to the maximum load measured. 

Gage Orientation - Gage orientation tests conducted in Climax 
granite showed a very close correlation with results expected from 
classical elasticity theory. 

Bia-riaxial Stress Fields - The wide range of L u g t ~  
conducted in Climax granite slabs under uniaxial stress loading correlated 
well with the biaxiol and triaxirrl luadfrlg cests ~ndicating that biaxial 
and triaxial loading did not significantly affect the stress sensitivity 
factor of the stressmeter. 

influence of Elevated Temperature - Analysis of the influence of 
temperature on stressmeter response predicts only a very small increase 
of sensitivity factor with temperature; this has been borne out by the 
tests conducted in Climax and Barre granites. 

iii 
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Under biaxial and triaxial loading, however, the data display a 
more pronounced increase in stressmeter sensitivity factor (approximately 
25%) at temperatures of approximately 100°C. No attempt was made in 
this report to analyze the temperature problem under biaxial and triaxial 
loading conditions. 

Of the number of specific factors discussed above that were 
investigated during the course of this study, the important results are 
summarized as follows: 

1) Existing stress fields appear to have negligible effect on the 
stressmeter gage calibration. 

2 In setting the stressmeter, a minimum preload value should be 
used above which the stressmeter sensitivity factor is constant. 
This value has been determined for Climax granite. 

3)  The amount of surface contact between the gage (gage platen) 
and the borehole controls gage sensitivity. It is important 
to control borehole size, shape and surface condition at those 
locations where the Vibrating Wire Stressmeter is used. 

4) Local variations of rock elastic modulus and rock anisotropy 
- macro and micro cracks and heterogeneous inclusions - can 
have a relatively large influence on stressmeter sensitivity. 
Both of these factors are very pronounced in Climax granite. 
The variability of the physical factors must be taken into 
account in interpreting stressmeter behavior in Climax granite. 

5) Calibration tests conducted in this study indicated that 
biaxial and triaxial loading do not significantly affect the 
stress sensitivity factor. 

6) A very small increase of stressmeter sensitivity factor occurs 
with increasing temperature up to 100°C and this is predicted 
by theory. Under biaxial and triaxial loadings, however, the 
test data show a more pronounced increase in stress sensitivity 
factor of approximately 25% at 100°C. 
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NOMENCLATURE 

Width of the platen contact, in. 
Diameter of the cylindrical triaxial test sample, in. 
Borehole diameter, in. 
Stressmeter diameter, in. 
Contact surface curvature diameters, in. 
Stressmeter body inside' diameter, in. 
Young's modulus of wire material 
Young's modulus of rock 
Frequency 
Acceleration due to gravity 
Stressmeter height to flat, in. 
Constant. 
Stiffness of gage body, lb/in. 
St,iffness of gage assembly, lb/in. 
Wire length,,ia. 
Stressmeter length, in. 
Platen length, in. 
'Force on gage body per linear in. 
Force on gage body, lb 
Hydrostatic pressure, psi 
Stress due to end loading, psi 
Hole radius, in. 
Gage width 
Initial gage temperature OF 
Current gage temperature OF 
MB-6 (Stressmeter Readout) reading 

a Uniaxial Stress Sensitivity Factor 
p Half contact angle (radian) 
6 Hole closure (in.) 
6 Wire deformation (in.) 
6W Empty hole closure (in.) 
6e Hole opening by preloading the gage (in.) 
E~ Strain (in./in.) 
r. Wirr strr~lin ( i a , / i n . )  
W 

E; Wire strain of unset gage for reading T @ temperature t OF 
0 0 ' 0 

& 
WI Wire strain of unset gage for reading TI, @ temperature tl OF 

E 
W 2  Wire strain of set gage, reading T2,  @ temperature t a O F  

8w 
Coefficient of thermal expansion of wire, in./in./OF 

3 Coefficient of thermal expansion of gage body in./in./OF 
Coefficient of thermal expansion of rock, in./in./OF 

P Density, ~ b / i n . ~  
u Stfess, psi (MPa) 

Ow 
Wire stress, psi (MPa) 

u Poisson's ratio 
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1. INTRODUCTION 

This report presents the results of a study of the calibration 
characteristics of the IRAD GAGE vibrating wire stressmeter in Climax 
granite. The study also includes the investigation of the gage in other 
materials including Barre granite. This investigation was sponsored by 
Lawrence Livermore Laboratory, University of California, to interpret 
data to be obtained from the Nevada Test site and, in particular, to 
resolve several questions related to stress response of the gage and 
thermal effects on the stressmeter readings. ' 

The vibrating wire stressmeter was initially developed by IRAD GAGE 
as a borehole gage to indicate changes in the stress field around under- 
ground excavations. The stressmeter is highly sensitive and if meter 
readings do not change, then conditions are stable around the area of 
the meter. Calibration data are normally supplied with the gage instruc- 
tion manual to provide a rough correlation between the magnitude of the 
gage readings and the stress changes, both for uniaxial and biaxial stress 
fields. In recent years, there has been a growing use of the vibrating 
wire stressmeter in scientific studies; this requires a more precise cor- 
relation between the stressmeter readings and the stresses causing them, 
and has been a central purpose of this study. 

The vibrating wire stressmeter is a very stiff unidirectional 
deformation gage. It enables extremely minute diametral changes (as 
small as 0.1 x in., 2.54 x mm) to be measured in a direction 
parallel to a highly tensioned steel wire mounted across a hollow steel 
cylinder preloaded in a borehole. Because the steel cylinder is rela- 
tively stiff compared to many of the materials (usually rock) into which 
it is set, any deformations of the borehole induced by stress changes in 
the surrounding material are resisted by the cylinder. The essential 
difference between a true stressmeter and a borehole deformation gage is 
that, in the case of a true stressmeter, the stress change is measured 
directly from the stressmeter output whereas, in the case of a borehole 
deformation gage, the stress change is determined from a knowledge of'the 
modulus of elasticity of the rock and the deformation output of the gage. 
Ideally, the output of a true stressmeter should not be influenced by 
Young's Modulus - and it follows that the borehole cannot be allowed to 
deform. However, construction of such an ideal rigid inclusion stressmeter 
is not practical. In reality, the design of a stressmeter seeks a compro- 
mise between a very small deformation of the hole, in order for the trans- 
ducer to sense the stress change, and a relatively small influence of the 
elastic modulus of the host material on the gage output. Normally, the 
very small deformation allows only a poor sensitivity of the gage to be 
realized, but the vibrating wire stressmeter allows a high resolution, 
ruggedness, temperature stability, and remote reading capability. 

A detailed discussion of this subject, known as "Inclusion Theory", 
is given by Coutinho (1949). Basically, applying this theory to the 
vibrating wire stressmeter shows that a non-linear relation exists between 
the applicable host material moduli (Young's Modulus, Poisson's Ratio) and 
the gage readings. The theory shows that for a given gage stiffness, as 
host material modulus decreases, the gage sensitivity becomes less 
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dependent on its value. For a perfect thick-walled annular cylinder 
inclusion, with a material modulus of 10 x lo6 psi (69.0 GPa) and bounded 
around its periphery into a bonehole, the deformation induced in the 
inclusion is completely independent of the host material modulus once 
this has fallen below lo6 psi (6.9 GPa). The IRAD GAGE vibrating wire 
stressmeter response is found to be dependent on host material modulus for 
common granite materials such as those tested in this study. The current 
test program measured uniaxial gage sensitivity factor using four materials; 
included were two granites (Climax and Barre), aluminum (Young's Modulus 
= 10 x lo6 psi; 69.0 GPa) and Lucite (Young's Modulus = 0.5 x lo6 psi; 
3.5 GPa). The sensitivity factor was found to change around 44% over 
this range. For comparison, the sensitivity of a borehole deformation 
meter would change by another order of magnitude over a similar range of 
modulus change (Hawkes 1973). Because physical and elastic rock proper- 
ties are not easy to obtain and they vary with such factors as time and 
rate of loading, stress, anisotropy, temperature and the presence of 
moisture, the precise correlation between meter readings and st,ress must 
be obtained by direct calibration. Other secondary factors t h a t  make a 
direct ~aliLraLiu11 approach mandarory.iaVolve the physical interaction 
of the gage with the borehole, i.e., curvapme of the loading platens 
relative to the borehole d i a ~ u r t e r  and their area of contact with the 
borehole walls. An analytical description of these factors useful in 
understanding the correlating data is given in Section 2 of this report. 

The stressmeter calibrations were carried out in thin rock slabs by 
determining the relationship between the stressmeter readings and uniaxial 
plane stresses. Biaxial and triaxial behavior were predicted from the 
uniaxial test data using the principle of stress superposition and these 
predictions are compared to calibration factors obtained from biaxial 
and triaxial tests. The biaxial tests were made by setting stressmeters 
into 5 3  in. diameter rock cores loaded hydrostatically around their 
periphery, leaving the ends unloaded. Triaxial tests were made by 
repeating the biaxial tests, with the addition of end loading. The test' 
equipment and procedures used are discussed in detail in Section 3. 

The several specific factors that were investigated during the 
course of this study are: 

(1) The influence of existing stress fields and of gage preload on 
the calibration fact.nrs . 

(2) The influexice of platen form and matching of borehole and 
platen shape on the calibration factors. 

(3) The influence of temperature on gage readings both at constant 
otrcoo and undar changing st.rcss fields. 

(4) The influence of rock anisotropy on the calibration values. 

Because of the heterogeneity of the Climax granite test samples and 
smallness of their size, some additional sLudies on strafn perturbation 
effect were conducted using foil strain gages. The results of all tests 
are summarized and presented in graphical form in Section 4. The test 
case numbers are shown in parentheses on the data points of the graphs. 
The raw data has been attached as Appendix 9 to this report. 
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In Section 5, the results are discussed in brief and specific 
conclusions are summarized. The principal results are that the uniaxial 
stress sensitivity factor for the material Climax granite varied over a 
wide margin - from 2.7 to 4.5. The stressmeter setting preload has 

> , ' a  been observed to have a major influence on the sensitivity $actor and, 
to reduce this influence when the gage is set, an optimum preloading of 
the stressmeter must be ensured. The influence of a temperature rise of 
up to 100°C indicated an increase of up to 25% on the sensitivity factor 
under biaxial and triaxial loading. Test data for uniaxial loading at 
high temperature, however, does not show any perceptible increase over a 
similar temperature range, and is in agreement with analytical predic- 
tions of the behavior. 



2. PREDICTED BEHAVIOR OF THE STRESSMETER 

This section of the report has been prepared to help understand the 
vibrating wire stressmeter characteristics by predicting gage performance 
using analytical.models of the gage and of the host material behavior. 
The various equations and graph:ical results describing gage behavior are 
used later to explain and interpret test results. 

2.1 Background 

The IRAD GAGE vibrating wire stressmeter uses a tensioned wire 
across a hollow steel cylinder which is preloaded diametrically across 
the sides of a 1.5 in. (3.8 cm) borehole by means of a sliding wedge platen 
assembly. Because of the wedge platen loading system, the vibrating 
wire stressmeter is, in the strictest sense, neither a borehols inclusion 
srressmeter - in which continuity of stresses and displacements is 
maintained across the entire interface between the stressrne%er and the 
surrounding rock - nor a borehole deformat.ion gage - in which thc gage 
modulus of elasticity is much lower than that of the rock. As such, the 
vi,brati.ng wire stressmeter io a separate class of instrlimenr,, which we 
call a semi-rigid stressmeter. The three classes of borehole type 
measuring devices can, therefore, be summarized as in Figure 1. These 
classes are: 

(a) Rigid and elastic inclusion gages (stress continuity through 
interface). 

(b) Borehole deformation gages (borehole diameter measuring instru- 
ments). 

(c)  Semi-rigid incluoion gages (partial contact to barehole surface). 

Classical theories to correlate rock stress change to the stressmeter 
readings are available for both the rigid inclusion type and the deforma- 
tion type stress gages where the gages do not preload the borehole wall. 
The IRAD GAGE stressmeter, however, is set with a preload which interferes 
with the free deformation of the borehole in a complex way and complicates 
the analytical treatment of the behavior of this gage. While developing 
the gage, Hawkes (1973) primarily relied on direct calibration of the gage 
in the range of rocks typically encountered in mines, Later, analytjral 
approximations to predict the gage response were developed by Fossum (1976) 
and Pariseau (1977), In the following sections, the pxinoiplc o f  vibrating 
wire frequency changes related to gage deformation and the behavior of the 
gage deformation related to rock stress changes will he explai~ed. Thc 
analyses of Fossum and Pariseau will be used and extended to explain the 
trend and nature of the data obtained during this study. In the final 
portions of this section, these analyses are extended to relate uniaxial 
stress behavior to both biaxial and triaxial stressmeter characteristics 
and to predict and interpret the elevated temperature characteristics for 
the uniaxial stress loading. 



Borehole Inclusion 
Stressmeter 

(Solid and Hollow) 

- -- - -. 
(a) Photoelastic hollow 

cylinder inclusions 
(Hawkes, 1967) 

(b) Strain gaged rigid 
inclusion probe 
(Nichols et a1 1968) 

(c) Solid metal plug 
(Jaeger and Cook (1969)) 
(Jordan (1965)) 

(d) Plastic plug with 
elastic strain gages 

. . 
(Rocha (1969)) 

. -- 
(e) End of borchole 

strain gage device 
(CSIR electric resis- 
tance lldoorstoppertl ) 

Deformation Gage 

(a) USBM borehole 
deformation gage 

(b) Hollow borehole 
deformation 
transducer 
(Rocha ( 1969 )) 

(c) Pneumatic profile 
gage 
(Roberts (1969)) 
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Semi-rigid 
Inclusion Gage 

(a) Hast's strain 
cell 

(b ) IRAD GAGE 
vibrating wire 
stressmeter 

(f) Borehole sidewall 
strain gage device 
(CSIR triaxial strain 
cell) 

Figure 1. Major Types of Borehole Stressmeters 
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2 .2  Theory of t h e  Vibra t ing Wire Stressmeter  

The opera t ion  of t h e  v i b r a t i n g  wire s t ressmete r  i s  based on t h e  f a c t  
t h a t  the  fundamental frequency of a  s t r e s s e d  wire i s  propor t ional  t o  t h e  
app l i ed  s t r e s s  i n  t h e  wire. Figure 2 shows t h e  c ross  s e c t i o n  of a  s t r e s s -  
meter s e t  i n  a  borehole.  Any deformation of t h e  borehole w i l l  change t h e  
compression i n  t h e  gage body and, through deformation of t h e  body, change 
t h e  s t r e s s  i n  t h e  w i r e .  The wire i s  pretensioned i n  t h e  gage during manu- 
f a c t u r e  t o  a predetermined value.  When t h e  gage i s  s e t  i n t o  a  borehole 
under pre load,  us ing t h e  wedge p l a t e n  system, t h e  t ens ion  i n  t h e  wire 
decreases .  L a t e r ,  i f  t h e  s t r e s s  i n  t h e  rock inc reases ,  causing compres- 
s i o n  of t h e  gage body, t h e  wire tens ion w i l l  decrease s t i l l  f u r t h e r .  The 
output  of t h e  s t r essmete r  is  t h e  v i b r a t i o n  frequency of t h e  wire and i s  
given by t h e  fol lowing formula: 

where : 
. - - 

f  i s  t h e  n a t u r a l  frequency, (sec- l )  
R i s  t h e  l eng th  of v i b r a t i n g  wire ,  ( in . )  
ow i s  t h e  stress i n  t h e  wire ( p s i )  
pWis t h e  dens i ty  of t h e  wire mate r i a l ,  ( l b / i n .  3, 

g  i s  t h e  a c c e l e r a t i o n  due t o  g r a v i t y .  (j.n. /sec2) 

For t h e  IRAD GAGE s t ressmete r ,  gw = 0.780 in. and p = 0.283 l b / i x ~ . ~ ,  
t h e r e f o r e ,  

Defining T ' a s  t h e  4 d i g i t  d i sp lay  of t h e  IRAD GAGE v i b r a t i n g  wire 
readout u n i t ,  T i s  given by 

then 
1 

Ow = 1.18422 x 10" x -2 ( p s i )  T 

Eyriatio~l (1)  call a l s o  Ltt casL i n  terns of che seua=ri sf the  w l r e :  

where : 
E i s  t h e  modulus of t h e  wire mate r i a l  ( p s i ) ,  and 

W 

&w i s  t h e  wire s t r a i n  ( i n . / i n . )  
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D = bore hole diameter - 1 1/2 f 1/16 i n .  (gauge range 1/8") 
do = gauge diameter - 1.125 2 0.033 i n .  

= gauge bore - 0.500,  + 0.002,  - 0.000 i n .  ii = gauge height t o  f l a t  - 1.064 f 0.002 i n .  
R = wire length - 0.780 f 0.002 i n .  
L~ = gauge length - 1.500 f 0.050 i n .  
L~ = wedge length - 3 1/2 i n .  f 0.050 i n .  
P 

Figure 2 .  Cr i t i ca l  Dimensions of  Vibrating Wire Stressmeter 



Rearranging equation (5) 

where : 

The wire deformation 6w equals 2 E and henee 
W W  

6 = KRf2 
W 3(7) 

For the vibrating wirc otrcoomctcr, where B = 30 x 10" lb/iu.\ 2 
= 0.780 in. and p = 0.283 lb/in. 3 ,  the numericalWvalue of the constant # 
ih ~sl~ulated to be 5.941 x l(J-ll'and the wire deformation, bw, is given 
by : 

4639 6 = 4.639 x 10-l1 x f2 = - T2 in. 
W 

The stressmeter readings on the IRAD GAGE readout unit typically 
vary between T = 1500 sec) and T = 4000 (lo-' see. (The operating 
range of the gage has been set at between 1500-4000 (lo7 sec) to maintain 
a reasonabZe gage sensitivity range.) Thus, using equation ( 8 ) ,  when T 
= 1500 (10 sec) , 6 = 2.06 x 10 in. and when T = 4000 sec) , 

W 6 = 0.29 x in. From these numerical values, we see that the theo- 
W retical deformation range of the wire is indeed very small, being appro- 
ximately 1.77 x i n .  (2 mils). This very small deformation and rela- 
tively large numerical range of readout units give the IHAD GAGE stress- 
meter a classification as a semi-rigid stressmeter wifh v e g  high 
sensitivity. 

2.3 Uniaxial Calibration Theory-Stressmeter/Rock Interaction Mechanics 

The relation between stressmeter frequency output and gage body . 
deformation has been described in the preceding section. The relation 
between stressmeter output (wire vibration period) and changes in the rock 
stress are governed by the mechanics of the gage/rock interaction. The 
stressmeter output (period of wire vibration) is a function of the wire 
stress (a ) in the stressmeter body. The ratio of the wire stress change 
(Aa ) to rhe change in rock stress (Aa ) provides a simple factor to w r characterize the stressmeter response in various rocks. This ratio is 
defined.as the 'stress sensitivity factor', and should not be confused 
with t.he 'gage u.niaxia1 sensitivity' which gives the rock stress change 
per unit change in readout,meter reading. 

The factors which influence the response of the gage to the applied 
stresses in the borehole can be classified in three categories as given 
in Table .:I. 
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Table 1. Factors Influencing Stressmeter Sensitivity 

Host Material Gage 
Characteristics Characteristics 

Gage Setting 
Conditions 

Young's modulus Gage body stiffness setting Preload 
Poisson's ratio Gage assembly stiffness Hole diameter 
Anisotropy Platen geometry Surface Roughness 
Petrof abric Initial stress level 
Creep Property Gage orientation 

Load range 
Temperature 

In the analysis that follows, we will examine the influence of the 
following factors on the 'stress sensitivity factor': Young's Modulus 
and Poisson's Ratio of the host material, the gage body and assembly 
stiffness, platen geometry, and the gage setting conditions of preload 
and initial stress level. 

For modelling the stressmeter setting in rock: 

let D l  = diameter of the empty boreole in rock before setting of the 
stressmeter; 

D2 = expanded diameter of the borehole after setting and pre- 
loading the hole in the process of setting the stressmeter; 

D3 = changed diameter of the hole after a change of rock stress 
Au .has occurred; 

D4 = azsumed collapsed diameter of the empty hole if the $tress- 
meter was not set in the hole. 

~ .. 
,U ?'? 

From the above, it follows that 

if 6 = increase in hole diameter by preloading the gage; 
Po 
6- = decrease in diameter because of an increase of stress on 

rock Aa after gage setting; r 
6- = decrease in diameter by rock stress change AD_, if the hole 
e 

was empty; 
A 

and 6 = amount of hole diameter which remained open because of gage 
set in hole; -.. 

then, referring to Figure 3 

6 = D 2 - D l  

SPO = D2 - D3 
6' = D l  - D4 

and 6e = D3 - D4 

Figure 3. Deformation of a Circular Hole. 



I ; -Ehpu . { , q .  .r.$?- ' : U-vS'S-d J j. A {~+$#d(,* $,$$-' [7+$CY,*if 9 . "tsxt". 4+M . * " ..* 
TR 80-2 
IRAD GAGE /10 

From the above, it follows that 

6 = 6  - 6  + 6  
e P Po (9) 

The placement of the gage at the preloading stage produces two 
opposing forces P parallel to the direction of a . Assuming that pre- o r loading of the gage produces a uniform pressure distribution symmetrically 
about the gage over the contact angle 2p0, the deformation, 6n , produced 
by this force (Jaeger and Cook, 1969; also see Appendix 1) is =o 

where 

2 
+ - sin (Po) en cot ] ] 
80 

.. . . c 11 r 
2 

2p0 = contact angle for force P on the stressmeter (radian) 
0 u = Poisson's ratio, and 

r 
t = gage width (in.) 

A change of rock stress (assuming this is compessive) will provide 
additional compressive force, say P, on the stressmeter when the diameter 
changes from D2 to D3, so that, 

where 

K = stiffness of the gage assembly 
K~~ = stiffness of the gage body 
f3 

A& = deformation of the stressmeter wire under load P 
gW = wire length 

AU: = c h a q e  in wire stress corresponding to a change of rock stress 

*Or 

On the f i t= .herh~nd,  if the gage were uut  placsd in the hole, thc hole 
would have collapsed from Dl to D4, SO that, 

The final diameter of the hole under the combined action of preload 
and rock stress change is D3 . The difference in diameter, D3 - D4, arises 
because the combined P and P forces have resisted the complete collapse 

0 
of the hole diameter, such that, 
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where 28 = platen contact angle for force P + P. 
0 

Substituting for 6, 6e, 6 and 6 from Eq. (141, (131, (12) and (lo), 
P Po 

respectively, and also substituting Fo for f(B , ur, t) and F for 
f (B, ur , t) , it can be shown (see Appendix 2) ?hat, 

a 
W a = - - -  - 3DiEw 

u r @(Fi-Fo)+Fl [ E g w r  r K 
where, 

r w 
0 0 - Change of wire stress at preloading 

$ = - = - -  P Aaw Change of wire stress because of rock stress change 

Substituting 
Dl = 1.5 in. 
E = 30 x lo6 psi 
KW = 7.5 x lo6 lb/in.* 
Kg 

g a = 5.7 x lo6 lb/in.** 

in Eq. (15) 

2.3.1 Contact pressure distribution and contact angle 

A realistic model of the gage/borehole contact includes a 
proper analysis of the platen contact with the borehole and the change 
in this boundary condition as the gage is preloaded or rock stresses 
change. For the standard hard rock (HR) type platen, the contacting 
radius is made slightly less than that of the borehole (0.56R for the 
platen) to eliminate outer boundary stress concentrations. This HR 
platen shape defines a dome-shaped contact pressure distribution, (Hast, 
1958), with a maximum pressure centered over the wire and decreasing 
pressure towards the platen edge (Figure 4). This contact angle should 
progressively increase with increased loading of the stressmeter. The 
analysis is as follows: 

* This value has been measured experimentally and details are given in 
Appendix 3. 

jiJt This value has been measured by Ivor Hawkes (1973); see Refei-ence (7). 
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For two cylindrical surfaces, the width of the platen contact, b 
(in.) is given by the following formula (Roark 1975): 

where p = load on the stressmeter (per linear inch), 

dld2 

Kg=-, (dl = hole diameter, and d2 = 2 x platen radius 
of curvature) 

1-u2 1-u2 - and CE - + - (u = Poisson's Ratio, subscript g for gage E 
r E 

g material, r for rock or sample material) 

The coacact surface of the stressmeter is 1.5 in. long, Hence, 
P = 1;5p and thc above equation reduces to 

For 1.5 in. diameter boreholes used with the HR platen (platen 
curvature radius = 0.56 in.), the values of b are determined in Table 2. 
[Assumed values are u = 0.3 and P (load on stressmeter body) = 1.5p 
(applied load per lingar inch). ] 

EtrcssmaLer 

Contact Pressure 

I 

Figure 4. Contact Pressure Distribution Across the Stressmeter 
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Table 2. Contact Width "b" of Stressmeter Set  i n  Various Materials 

-- 

Material 
Barre Climax 

Parameter Aluminum Granite Granite Lucite 

Figure 6. 
Geometry of Contact Width 

Figure 5 is a p lo t  of contact width vs. applied load for  the four 
materials tested i n  the current study. 

G e ~ t r i c a l l y ,  the contact width can be related t o  contact angle 28 
(see Figure 6). 

The contact load P, fo r  a typical  stressmeter can be calculated a s  
below : 

If T, = i n i t i a l  gage reading before se t t ing  
TI = gage reading a f t e r  se t t ing  

and Tz = gage reading a f t e r  changiqg stress f i e l d  

then from equation (4), the t o t a l  change ip wire s t ress  mW, 

AuW = 1 . 7 8 4 2 2 ~ 1 0 ~ ~  ( -; - A 1 
Tz' T*" 

Y 

&w The t o t a l  change i n  wire s t r a i n  PEW = - 
&s 



Contact Angle, 8, degrees 

Contact Width, b, i s ,  for HR Platen 

5 .k= L:, 
Figure 5 .  Computed HR Platen Contact Width vs Applied Load 
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= -  - 1 1  " e, - 30x10 
. - >. . , ..L' .' 

1 1  :A' , . ' . . $--? ,. -. >, .#,, + ' 
8 ,  - -  = 4638 97 [ -z- -2 ] ' . , t . : ;  ~v;<n!,z: , 

T2 To 1 . ,  - ; 7,d<T :~ 
,'. . ' , I -  ' J!., - . :$>-.L: r P ' l b  

Assuming that the gage body deformation is the same as the wire def~rma-.;;~~!~~~ 1 !$ ?+; :$ij 
tion, (ignoring platen, and wedge deformation), the contact load, P, is 2 ; ; ~ ; ~  
given by . . - - : . =  8 

! : 8L x,:~where gage body stiffness, Kg = P/bw. 

Substituting K = 7.5 x lo6 lb/in. 
on the gage boay is given by 

The influence o f  the variable contact angle with gage load can now 
be examined in detail using the basic equation for gage sensitivity 
factor, Equation (16). 

Values of f(@, u,, t) derived fran Equation (113 are plotted in 
Fiaure 7 for various values of $. 

Using Equation C19), just derived, stressmeter readings can be 
related to gage load mad used in Equation (17) to calculate the width of 
the platen contact, b. This contact width caa be related to contact 
angle $ and f($, u, t) and then used in Bquation (16) to calculate the 
stressmeter sensitivity factor (which now includes the variation of 
contact angle, $, w i t h  stressmeter load). 

Figures 8a, b, c and d show the theoretically predicted values of 
a calculated as per Eqtaation (16) over a raqe of rock stress for the 
sample materials Investigated during the program. The general trend of 
the a-curve is to rise with increasing rock stress initially and then a 
kadencg to a constant value at sufficZcntly high stress. Tbe experi- 
mental data points plotted on these graphs show the saae trends. Similar 
trends of a-curves arc also observed in the study of gage-preloading 
influence on a discussed in detail later i x t  Section 4.5 and given in 
Figure 28. Both series of curves show the influence of variable load and, 
therefore, variable contact angle on the #-value of %he stressmeter. 

2.4 Relation of Uniaxial Sensititivy to Biaxial and Triaxial Sensitivity 

U' I, - A part of the scope of the present inveotigation included correlating 
uniaxial sensitivity factor with the sensitivity factor obtained under 

and triaxial loading. 

t b  test program, the biaxiaZ test wac effected by applying a 
bydrasutic pressure to the curved surface of the cylindrical 
for triaxial loading a co~llprcssive axial load was applied to 
of the specimen s~ltaneously w i t h  the hydrostatic pressure. 
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Change i n  Rock Stress,Ae,psi 

Change in Rock Stress, Aff,, psi 

Change i n  Rock Stress, Ao,, psi 

- --- - Change i n  Rock Stress, A@=, psi, 
_-, ..C . -C A- - . ___ __ _- -- _ . Figure 8. Uniaxial Stress Seasitivit~ Factor ( p r )  bor FOG; Piffer,at ' . 

Xlteriels. Theom and Bx~eriamntal Data. 



The response of the gage to the biaxial and triaxial stress fields 
was determined from the mechanics of hole deformation and gage interaction 
in the same way as discussed for the uniaxial stress field in the last 
section. Table 3 suminarizes the results of this analysis. This table 
depicts the various modes of loading in the first row. The second row 
describes the hole deformation using classical elasticity theory where 
P is the hydrostatic loading for biaxial and triaxial tests and PZ is 
t& end loading for triaxial tests. Calling the uniaxial rock stress 
ar, the equivalent uniaxial rock stress under biaxial and triaxial 
loading, as derived in Appendix 4, is given in the third row. Using 
the geometry of the test specimens, the equivalent uniaxial rock stress 
is expressed in terms of the hydrostatic loading and end loadings in the 
fourth row, and the equivalent stress sensitivity is given in the fifth 
row. 

If the equivalent uniaxial stress sensitivity values cr determined 
under test are the same as those shown in Tablc 3, resgrraer of the gage 
can be cuircluded as Wffected by biaxial and triaxial modes of loading. 

2.5 Influence of Temperature 

An elevated temperature environment changes the stressmeter response. 
This change in response is caused by: 

(1) Differential thermal expansion of the vibrating wire material 
and the stressmeter body material. 

(2) Differential expansion of the rock and the gage in the borehole; 
.-hk,~ ,:l' .h W 3 T .  ' ',t! -,,, a ~ ' L m ~ c ~ ' .  

and , . , .'-I 
. ">'-$ ,, -->'u7:>3:,rd.'.', . &:*:. ,Jc ct,;--3 

(3) Change of elastic modulus of the rock with temperature. 

2.5.1 Influence of differential thermal expansion 

Using Equation (4) and assuming E = 30 x lo6 psi, it can be 
shown that for an unset stressmeter bench rea8ing, To , the wire strain Ew 
is given by o 

If ew, 8 Or are the coefficients of thermal expansion of 
the wire, the stressgter body and the rock, (all i n  in./in./OF), 
respectively, then for a temperature rise from t to tlOF in an unsct 
gage, Lhe wire strain will decrease (assuming go> Bg). The final unset 
wire strain E is 

w1 
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Table 3. Hole Closure and Equivalent Uniaxial Stress Sensitivity Under 
Uniaxial, Biaxial and Triaxial Loading 

w 

Uniaxial 

I, %; 
f 

f t t t t t  

3D q & = -  
Er 

ur 

% - 
Or 

Z 
node of 
Loading 

Model 

Hole defor- 
mation in 
line with 
the stress- 
meter wire 

Equivalent 
uniaxial 
rock 
otress 

Or 

For B=S.SO 
in, and 
D = 1.5 in. 

ar 

Equivalent 
uniaxial 
stress sen- 
sit ivity 

= w 
(YE- 

Or 

Biaxial 

1~ B P P ~  
8e = DZ' 

Br(B2 - TI 

2P0B2 - 
D 

Or - 3 , ~ ~  - G)  

g = 0-72 P, 

Ow 
0.72 Po 

Triaxial 

1 4 ,  /?z + -- 

-C - 
-C 

-cC 

8 $-vDi 

2D Bopo 
6e = 

E,fB2 - D $1 

PZ 
-7 

*r 

1 2P0B2 

4 = 3  r B2 - D f - UPz 1 
4 

% = 0 .72Po-. 07Pz 

=w 
0.72 Po-.07 Pe 

- 
-Po - 

i 1 .  
I I 
I r 
I I 
I I ' I I 
1 1 

. 



And the new corrected bench reading TI for the temperature rise 
is given by: 

t .  

TI (unset) = /-; - 5947.4 

w unset) - J I  5947.4 
I (22) 

1 
To r - (ew-eB) (t ,-to) 

For a gage set in a borehole at ambient temperature, as temperature 
increases, there will be an additional compressive load (assuming BB > Or), 
and the final wire strain E (set) will depend on the elastic deformation 
of the rock and the differextial thermal expansions of the three bodies, 
rock, gage body, and the wire. Experimental results of the thermal off- 
sets of a set stressmeter in Climax granite test block were obtained and 
are shown in Figure 9. The testing method is described later in Section 
3.7, and the results in Section 4.8. 

2 . 5 . 2  Ilniattial stress sensitivity factor at elevated LcuyvraCurcs 

A rise 0% temlparature will influence the uniaxial atreas 
sensitivity factor a in two ways: 

(1) The expansion of the gage body will increase the contact angle 
26 of the platen, and 

(2) There will be a decrease in rock modulus Er at higher tempera- 
tures. 

The effect of both of these factors upon a can be seen by examination 
of Equation (16). Both terms in the denominator of Equation (16) will 
decrease at higher temperatures, and the uniaxial stress sensitivity 
factor a will, therefore, increase. 

Assuming that there fs n6 significant change of E within the range 
of the test program, we can consider only the effect af contact anale 
change with temperature rise. 

If T3 (set) is the elevated temperature reading of a set stressmeter 
and T is the initial reading, then loading on the ggge is given by 
Jiquat?on (19) as; 

and the contact width 'b' by Equation (22) as: 

b = 1.6 ,/-, and 

These relations, together with f ( p ,  U, t) can then be used to 
evaluate a at elevated temperatures. 





Table 4 is such a computation of a for a stressmeter set in Climax 
granite. 

Table 4. Predicted Uniaxial Stress Sensitivity Factor 
at Elevated Tmperature - Climax Granite 

Contact 
Load on Width 
Stress- b a 

Temperature Stress- meter From Table 2 # Contact From 
Change meter Eq. 19 (Climax Gran- Angle f(P,u,t) Eq. 16 

OF Reading (psi) ite) (in.) Po 

* Bench reading (To) * Gage reading after setting in borehole (Tz) 
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3. TEST PROGRAM 

The testing program required three modes of stress application to 
test specimens under ambient and elevated temperature. This section will 
document the testing equipment and the procedures used under each mode 
(uniaxial, biaxial and triaxial states of stress). 

3.1 Uniaxial Tests: Equipment and Samples 

Uniarial testing was performed with a recently calibrated Baldwin 
Universal Loading Machine, which had the following specifications: 

Full Range (upper scale) 120,000 lb (533 Kl?) 
Hinimura Resolution (upper aeale) 100 lb (443 N) 

Appendix 5 gives the calibration and tbe error band results for the 
Baldwin Machine. The maximum applied rock stress error was f 3 psi. 
The test setup is shown in Figure 10. The load column included a 9 in. 
diameter spherical seat to aid alignment, and ground stock steel load 
platens on the ends, to assure intimate contact over the entire loading 
uucLauer. 

For uniaxial loading, test slabs from four different materials were 
prepared. Their sizes are given in Table 5. 

Table 5.  Uniaxial Loading Test Samples 

Perpendicularity 
Size (in.) to the Loading 

Sample Platen 
Material No. Length Width Thickness (*I 

C 1 9.982~0.010 9.982f0.008 1.363f0.024 0.12 
C l i m a x  C2 10.Q27f0.030 10.100f0.020 1.414f0.009 0.48 
Granite C3 9.63620.022 9.556f0.020 1.42920.017 - 

C4 10.071f0.018 9.959f0.032 1.38820.004 0.50 

B l  14.825f0.010 9.800f0.002 1.551&0.031 0.33 
Barre B2 14.900*0.010 9.7503330.002 1.550f0.041 0.09 
Granite B3 14.844M. 010 9.969f0.002 1.539f0.006 0.44 

84 10.010f0.002 10.063*0.002 1.522f:O.OlO 0.67 

A1 10.000fO.005 10.000f0.005 1.500f0.005 
Aluminum A2 12.000f0.005 8.000f0.00S 1.500f0.005 0.00 

A3 20.000f0.005 10.000#.00S 1.500f0.005 
- - 

L1 10.000f0.005 1 0 . 0 0 ~ . 0 0 5  1.500f0.005 
Lucite L2 15.000f0.005 10.000f0.005 1.500f0.005 0.00 

L3 20.000f0.005 10.000f0.005 1.500f0.005 



Figure 10. Uniaxial Calibration Test Setup at Room Temperature. 
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To check the straightness and alignment of contact surfaces, sing1 
sheets of carbon paper and typing paper were placed between load platen 
and slab end planes, and a nominal load (5,000 lb;  22-24 KN) applied 
through the load column. Impressions on the two pieces of paper were 
required t o  be uniform, This test was performed pr ior  t o  uniaxial loading 
fo r  a l l  the s labs tested. 

3.2 Loading Platen and Stress  Unifemity 

In an ideal  uniaxial test setup, there would be, a t  a l l  points i n  
the specimen, one f i n i t e  principal stress i n  a direct ion pa ra l l e l  t o  the 
loading and sample axes and equal i n  magnitude t o  the applied load 
divided by the cross-sectional area. 

In  practice, it is extremely d i f f i c u l t  t o  produce a perfectly uniform 
stress f ie ld ,  and it i a  usually necessary t o  reach s a w  compromise on 
perturbations of the stress f i e l d  near the platen/sample contact area. 

A variation of the stress f i e l d  i n  the Climax granite samples was 
suspected foz two reasons: (1) the samples contained a large number of 
strongly ori-ed macro-ctscks and inclusiong of 3r in. t o  1 in. diameter 
Feldspar crystals.  FPgure 11 f s  a photograph of one of the Climax granite  
samples received from the Lawxence Livemore Laboratory, and (2) the 
sample size was small, only 10 in. square. NormalZy, lack of uniform 
pressure distr ibution due to inadequate sample f latness,  squareness and 
para2lelism a re  avoided by large length (L) t o  width (W) ra t ios  
usually 2 t o  2.5. With 10 r 10 x 1% (in.) C l h u  granite smnglts, Ws was 

i 

not ensured. (. 
{f 

In  order t o  reduce the stress per tubat ion ,  i n i t i a l  t r i a l s  were 
made using hydrostatic loading priaciples and compliant load platens 
constructed of a 0.125 Sn. (0,318 -3 thick lager of constrained si l icone 
rubber. Th+ s t r a i n  measurement on the test block showed Saconsistent 
and e r r a t i c  ~ u s u l t s ;  so the technique was abandoned.. A second configura- 
t ion  was coaetructcd, s u b s t i t u t i ~ g  a sSngle 0.011 in ,  (0.028 cm) manila 
sheet a t  the test s%ab/load platen interface. The resul ts  were more con- 
s i s t en t  and predictable. During a l l  room temperature tests, the manila 
paper was used a t  the tes t ing  machine platen/rock interface. (Manila 
paper was also used by Hawlses (1973) i n  t&e original  development t e s t s  of 
the stressmeter.) Later test* with and without manila paper showed no 
perceptible difference i n  uniaxial stress sens i t iv i ty  results.  Therefore, 
a l l  l a t e r  and high temperature t e s t s  were conducted without any interface 
material. 

3.3 Strain Gage Study 

In order t o  study the s t r e s s  perturbation ef fec t ,  four rows of f o i l  
s t r a i n  gages (Micro Measu~ement precision s t r a in  gage type WA-13-250BG-120) 
were mounted on the front  and back surfaces of one of the Climax granite 
slabs (see Figure 12). For tests, the s lab  was positioned i n  the standard 
uniaxial t e s t  setup; a stressmetel: with ER (hard rock type) platen was 
Instal led,  and t$e applied rock 'load was increased through three levels 
of rock stress with the s t r a i n  gage output recorded a t  each level.  
Figure 13 showr the t e s t  arrarcgement. TabLe 6 swm?ariaeo the resul ts .  
The microstrain reported is the average of 4-5 separate s t r a i n  gages i n  
each row. 





Figure 12. Strain Gaged Climax Granite S lat  



The r e s u l t s  show t h a t  average s t r a i n  measured by the f o i l  s t r a i n  gages 
corresponded w e l l  with the  calculated s t r a i n  on the  s lab.  

Table 6 .  Summary of F o i l  S t r a in  Gage Test  Results 

Measured S t r a i n  by the  Calculated 
F o i l  Gage, p& S t r a in  

Applied (P&) % 
Rock Average with Deviation 

S t r e s s  1st 2nd 3rd 4th Measured (E;~OXIO~ Meas. xlOO] 
O r  Row Row Row Row S t r a in  (pe) p s i )  cslc. 

3.4 Uniaxial Tes t  Procedure 

The uniax ia l  t e s t i n g  protocol wao oo follows; 

(1) Load was applied on the  sample t o  achieve the  desired i n i t i a l  
stress l eve l .  

( 2 )  Using an IRAD GAGE standard manual s e t t i n g  t o o l  (see Figure 14), 
t h e  stressmeter was set i n  the test s lab.  An MB-6 readout box 
was used t o  achieve the  desired l e v e l  of gage preload. 

(3) The applied rock stress was increased and readings were taken 
iu iaorementa of 250-500 p s i  (1.7-3.4 ma). The maximum 
applied rock stress was 2000 psi (13.8 ma) f a r  the granims 
and Eucite,  and 6000 p s i  (41.4 HPa) f o r  aluminum. The loading 
r a t e  was approximately 100 psi /sec  (0.7 HPa/sec). 

(4) Tkta Lest s l a b  was unloaded to  the f n i t i a l  stress l eve l  (same 
a s  (1)). The load-unload cycles were repeated three more 
times, recording data on the  load cycle. (During hys te res i s  
s tud ie s ,  t he  unload cycle was a l s o  recorded). 
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(b) Installing a Stressmeter 

Figure 14. Installing a Stressmeter with a Manual Setting Tool 



3.5 Biaxial Tests 

Biaxial tes t ing  was carried out with the IRAD GAGE Model MC-1 
Biaxial Modulus Chamber. Table 7 gives the chamber specifications; 
Figure 15 shows the biaxial  t e s t  setup. 

Table 7. Biaxial Testing Chamber Specifications 

Ful l  Range 0-3000 p s i  (20.7 MPa) 

Minimum Resolution 50 ps i  (0.35 MPa) 

Core Diameter 5.625 in.  (nominal) (14.3 cm) 

The biaxiaf chrrmh~r i s  a hydraulic deviec e o a t r o l l i n ~  mpytlied 
pressure with o Band-operated jack. The Climax granttc overcore sample 
(5.50 in.  outer diameter) was mounted i n  the chamber so t ha t  rock/chamber 
contact was only through the membrane rubber houaing. [The core O.D. 
was bu i l t  up with s i l icone rubber t o  fit t e s t  chamber.) The stressmeter 
was ins ta l led  i n  the sample's central hole, with the core under zero 
i n i t i a l  load, and the hydrostatic load was applied t o  the overcore 
exterior  v ia  the rubber membrane. 

The biaxia l  t e s t  procedure was essential ly identical  t o  the uniaxial 
case. Following stressmeter ins ta l la t ion ,  the core was load cycled four 
times with the s t r e s s  output recorded every 200 ps i  (1.4 MPa) increase 
i n  hydrostatic pressure. 

3.6 Trioxial Tests 

The tricrsfrl t e s t  was effected by applying a wrifu~m hydrostatic 
pressure t o  the outer surface of the cylindrical specimen i n  the biaxial  
modulus chamber, while simultaneously applying a compressive axia l  load 
t o  the end of the  specimens with the Baldwin uniaxial loading machine. 
The general t e s t  setup i s  shown i n  Figure 16. A l l  t e s t s  were done on a 
5.50 in .  diametem 8 in,  lang Climax granite sansple. After mounting the 
stressmeter t o  a predetermined preload f n  the central portion of the 
1.5 in.  diaaeter  hole, the core was placed inside the Biaxial chamber. 
Then the un i t  was transferred t o  the Baldwin t es te r  where the ends of the 
core were i n  contact with ground stock platens. The end loading on the 
core was maintained constant while the hydrostatic pressure was cycled. 
St;rtssmcter readings ware tnkcn every 290 pei (1.4 Pigir)  (hydru~ta t i c  
pressure). A s  with a l l  the previous test ing,  each stressmeter se t t ing  
was load cycled four times. 

3.7 Elevated Temperature Tcsts 

Elevated temperature tests used a closed loop, forced-air heating 
arrangement with a BLUE-M Model Wo. OV-490A-2 (38°C-2600C) oven heat 
source in  series with aa izmulated enclosure surrounding the load column 
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(a) Comgonento of Biaxial Test wparatus 

I- 

- .*--a = - aoasl nti 



(a) Triaxial T e s t  Setup 

- 
(b) Triaxial Test Setup (Close up) 

Figure 16. Triaxial Testing a t  Elevated Temperatures 
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and test slab. The enclosure was constructed of Marinite I* and sealed 
w i t h  RTV. The temperature was monitored with Western Themistors' No. 
1C2001-A3 thermistors; 2 thermistors were mounted on each t e s t  slab 

. I .  ' 
above and below the borehole, one thermistor was inside the s t r e s ~ m e t e r , + ~ , ~ ~  
and a f i na l  thermistor monitored the a i r  temperature inside the chamber.;:r,:;~~~~ 
The thermal enclosure is  shown in  Figure 16 with the t r i ax i a l  t e s t  r?:i 

,. . -- . ? , n ? ; ~ : J g p ~ f L ~ ~ ~ ,  F ' - . . ,, - . ;iK. ;j5;:m, ;:i,,' 
: .hd/a*  * ;*.J?,: < y : , , , ,  ... X-\,i .. & . . L r.>&;., 

wP$ The thermal gradient, across the test slab thickness, is  computed 
flow of heat across a so l id  bounded by a pa i r  

r a region -g/2Cx<+B/2 with zero i n i t i a l  temperature 
= fa/2 kept a t  constant temperature V, for  t > O  (t 

= t i r e ) ,  thk ra t io  of the mid slab temperature u ( a t  x ; 0) t o  surface 
rature), V, i s  defined bj ld-# ,=:~  and given by 

;-@;, . :h :; =-,, m , > - - q  P & , ; . : . , ~ , ~ c : ?  
2 2 4-,* ,= " '  

2n+l .+' )n (i $$ -(2n+l) t / 4  cOs ( 
2 s -  :<; 5 

To predict the time constant of Climax granite t o  achieve thermal s t ab i l i t y ,  

a determination of the temperature ra t io ,  y, (y = mid-slab temperature 
a i r  temperature 1 

vs time was computed. Figure 17 shows that ,  for  1.5 in.  thick Climax 
granite,  the mid-elab/surface slab temperature ra t io  is  > 99% a f t e r  40 
minutes. The miniarum t i m e  a l lo t ted  for  each temperature change during 
tes t ing  was 90 minutes; therefore, uniform temperature equilibrium was 
assured. 

Elevated temperature t e s t s  were performed i n  uniaxial, biaxial  and 
t r i a x i a l  modes. The maximum attainable temperature was 130°C. The t e s t  
protocol was as  follows: 

(a) Uniaxial Tests 

(1) The test slab was positioned i n  the thermal enclosure, i n i t i a l  
load was applied, and the stressmeter was s e t  t o  a predetermined 
preload. Four load/unload cycles were performed a t  room 
temperature. 

(2) The temperature of the enclosure was raised t o  the next desired 
level  by using the control on the oven. When equilibrium was 
reached, four load/unload cycles were repeated. 

(3) Step 2 was repeated for  the remaining temperature levels.  

* Marbi te  I i s  a calcium s i l i c a t e  insulator manufactured~byLJohps- , 

.' . i' . . . .  . . . 8 

Msnville, Denver, Colorado. , r ..- ,j~.~,?.,'%, ... i .  i. .,' . .: . . ' . I.'i,~:,i-,..i.p;.,~:A'm~.. '.= ;I-. .. , .x.2. J - - -  , : i . ~  . !-. . -: , 
'i.i'. - - , - -  8 .  

.-(K , .'; :,-+.:$2.Fi +;:p! . j>:; T. -,:, ,! L:: : 
. . :,, . ; - ,;{: ''19. -., ' 

. .  . , lii.!;;,2: ,$,,l,;;'i.-,,,'.. , '>.-.. '. . . 
. . ... - - i f . . .  I ,  : . , !,:;,:: t,, 9* < ~ .  8 .  ., ,.-v,.*b; 
, .  . . . - , .? . 

jfr ;::.' ---'; .,.: .: .!.i$ .. 
' . .'A+ , + A ,  7 r ,.. 

; ... . ?,: .r> ,,7 , ' . , ,  7- 
' . 

,i!. - .  . . - .  
. ~ 8 , '  



- 

Initial Conditions: 

1) LIL Lime L - 0 a . temp = V at x = f~ 
t t regp=; .a tx=O 

. 2) at time t > 0 
t - = V a t x =  

X 
temp = u at x = 

I ' 

, . 

Figure 17. Time Required for Climax Granite Temperature Equilibrium 
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(b) Biaxial Tests 

(1) The t e s t  core was instal led i n  the biaxial  t e s t  chamber, and 
the stressmeter was s e t  t o  a predetermined preload. The t e s t  
chamber was moved inside the BL218-M oven. 

(2) Four load cycles were performed a t  room temperature by applying 
hydrostatic pressure from the hydraulic jack. 

(3) The temperature of the oven was raised, and the load/unload 
cycles were repeated a f t e r  at taining t h e m 1  equilibrium. 

(4) Step 3 was repeated for  the remaining temperature levels.  

(c) Triaxial Tests 

Triaxial tests were carried out i n  the thermal enclosure. 

(1) The t e s t  core was instal led i n  the biaxial  t e s t  chamber, and 
the stressmeter was set t o  a predetermined preload. The 
biaxial test cbarPber was then a~ouated i n  the thermal enclosure 
fo r  application of end loads on the  test core. 

(2) With a constant predetermined end load, four hydrostatic load/ 
unload cycles were applied a t  rooa temperature. 

(3) The temperature of the enclosure was raised t o  a predetermined 
level  and Step 2 was repeated. 

(4) Step 3 was repeated for  the re~aoiaSng temperature levels. 

( 5 )  The procedures from Steps 2-4 were repeated for  the remaining 
end loads. 



4. TEST RESULTS 

This section summarizes the experimental results. The IRAD GAGE 
vibrating wire readout (T) (related to wire stress) vs. applied rock 
stress (ar) is the direct experimental result. However, this relationship is 
not linear (see Section 2.3, Calibration Theory), and the most convenient 
way to determine the rock stress is to divide the wire stress by a 
calibration factor - defined as the sensitivity factor a, discussed 
earlier. Results are thus presented both in readout units (T) and in 
terms of the uniaxial stress sensitivity factor, a. 

4.1 Influence of Sample Size 

Calibration tests using two different sizes of samples were conducted 
with three different moduli materials: aluminllnr (E = 10 8 lo6 psi (69 
GPa)) , Rarrr granite (P - 6.2 r loB p s i  (01.4 Wr)? awl Luczte (EL = 
0.5 u 10' psi (2.76 ~p.5). The Barre granite and aluminum samples are 
shown in Figure 18, and Table 8 is the summary of the results. Figure 19 
i e  the plot ef the results. 

Table 8: Influence of Sample Size on Calibration Results 

LengthIWidth Sensitivity Percentage 
Material Ratio Factor a Variation 

Aluminum 

Barre Granite 1.0 6.52 
1.5 6.32 3.1 

Lucite 

4.2 Stressmeter Stiffness 

Tests were conducted to determine the stiffness of the stressmeter. 
Two types of stressmeter bodies (see Figure 20) were included in the 
test program: ( 1) the standard IRAD GAGE VBS-1HT stressmter, and (2) a 
specially prepared body with an 0.005 in. (0.013 cm) plating of electro- 
less nickel (referred to in this report as the UCL3 type stressmeter). 
For the U C L ~  type system, a 0.005 in. (0.013 cm) thick electroless 
nickel-plated IiR (hard rock type) platen was also provided. Table 9 
gives the dimensions of the stressmeter bodies. In addition to electro- 
less nickel plating, the U C L ~  type stressmeter was coated with a 0.0005 
in. (0.0013 cm) thick layer of pyrolene-N, a polymer used to seal the 
stressmeter from moisture in use. 
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The stiffness results are based on conpression testing the gage 
bodies between two flat ground stock platens and measuring the frequency 
output of the gage wire - and assuming that the deformation of the wire 
is the same as the gage. The details of the test aie given in Appendix 3. 
Table 10 su~~~~srizas the results. 

Table Stiffness of the Stressmeter Bodies 

Gage 
w e  

Stiffness, K 
lb Jin. (N/CP) 

Standard VBS-IHT 7.1 x loe i 3% 
( 4  gages) (1.24 x 10') 2 3% 

UCLS type VBS-1HT 7.5 x 106 f 1% 
(2 $ages) (1.29 r lo7) * 1% 

Figure 21 illustrates that, for near identical conditions of 
stressmeter loading, in an aluminum slab, the two gages have near iden- 
tical responses. The small variation in gage sensitivity between plated 
and noa-plated gages is due to a difference in preloading rather than a 
difference in stiffness. 

The influence of the 0.0005 in. (0.0013) thick pyrolene-N coating 
on the UCL3 type stressmeter's response was negligible; and test compari- 
sons on two rock types confirmed this. Table 11 gives the results of 
these tests. 

Table 11: Influence of Pyrolene-N Coating on Stressmeter Performance 

Test Uniaxial Stressmeter Sensitivity (a) 
Sample w/Pyro lene W/O Pyrolene 

Climax 
Granite 

4.3 Gaae Reproducibility and Hysteresis Effect 

The reproducibility of the stressmeter output was investigated 
under two conditions: (1) single setti* w i t h  multiple load cycling 
and (2) multiple settfag with single load cycling. Both the standard 

I 
VBS-1HT and fba UCL3 type stxes~mterei were tested in Barre and Climax 
granites. Some tests were also owde in aldnrus and Lucite slabs. 

w. I\J 



Figure 18. Uniaxial Test Samples of Different Sizes 
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Figure 19. Influence of Sample Dimension on the Uniaxial Stress 
Sensitivity for Various Materials 



Figure 20. UCL3 and Standard IRAD GAGE VBS-1HT Type Stressmeter 
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Table .9 Dimension of the Test Stressmeters 

--------. 
- - 

---------- 

- - C 

Stressmeter Body 

Condition I 
~~~"ost-plating 
typ I + Heat Treat I 0.502 

Standard 1 0.502 
VBS-HT 

(in.) (in.) 4 

HR Platen 

Condition e 
(in.) 

0.239 

0.243 

0.002 

0.266 

- 

UCL3 
type 
VBS 

Pre-plate 

PO* t-plat ing 
+HeatTreat 

Plating 
Thickness 

2 
(in.) 

0.125 

0,138 

0.0025 

0.130 
Standard 
VBS-IiT 

8 
(in.) 

0.500 

0.505 

0.003 

0.500 

h 
(in.) 

1.500 

1.507 

0.0035 

1,500 



In all cases, a zero shift has been observed between the initial 
and the second load cycles. Figure 22 gives this result for aluminum, 
Figure 23 for Barre granite, and Figure 24 for Climax granite. The 
initial shift expressed as a percentage change of wire stress to its 
maximum value under applied load is listed in Table 12. 

Table 12. Hysteresis Effect of the Stressmeter with HR Platen 

Barre Climax 
Sample Aluminum Granite Granite 

psi (MPa) psi (ma) psi (ma) 

Maximum Applied 5126 2150 2000 
Rock Stress (a) (35.4) (14.8) (13.8) 

Haximulu Wire Stre8s 
Chaage Currespnnding 25,496 0000 60 11 
to Maximum Applied (175.8) (55.2) (41.5) 
Rock Stress (b) 

Zero Shift in Wire 
Stress Following - 1800 - 1400 - 1100 
Maximum Applied Rock (-12.4) (-9.7) (-7.6) 
Stress (c) 

Zero Shift as 
Percentage of the 
Maximum Applied 
Wire Stress Change 7.06 17.5 18.3 

In Figures 22, 23 and 24, note that zero shifts are all in the 
negative direction, which implies that the wire tension has increased. 
We suspect that, on the first cycle loading, there is a small degree of 
bedding-in of the stressmeter--the calculated magnitude of which, for 
the aluminum slab loaded to 1800 psi (12.4 MPa) wire stress change 
equivalent to the zero shift, is 46.8 microinch. 

The results based on the secnnd through fourth consecutive load 
cycles under identical testing conditions are presented in Figure 25 for 
the standard TRAI? GAGE high tcmpcratu~e ~Lrcasmeter, and in Figure 26 
for the UCL3 stressmeter in Climax granite. In both cases, the repro- 
ducibility is around + 3 digits (130 psi, 0.90 MPa) 

The gage reproducibility for multiple settings in various materials 
has also been investigated. Figure 27 gives these results for the first 
cycle of each setting. The reproducibility with Barre granite is better 
than with Climax granite. 
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Change in Fbck stress' (MPa) 

Figure 21. Comparison of Plated (UCL3 type) and Unplated 
(Standard) Stresmseter 

- ?  -- 



R w k  Stress Change, Aa,, psi w 
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Roak Stress, bar, (ma) 

Fbck stress Change, AU, (psi] 

Figure 23. Stress Hysteresis in Barre Granite 
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Rock Stress Change, Aa, ( 

3.4 6.9 10.3 

aten Type: HR I 
I 

Wire Stress Change , I 

, . 
. , . . 

Figure 24. Stress Hysteresis in Climax Granite 
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Meter Reading, . .  . 10'' see , , , 

Figure 26. Reproducibility of UGL3 Type Stressmeter in 
Climax Granite (2nd-4th Cycle) 

dRAD GAGE /48 
-7 

Meter Reading, 10'7 sec 

Figure 27. Reproducibility of 1st Load Cycle for 3 Multiple Sets 
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4.4 Influence of Gage Preload 

Installation of an IRAD GAGE stressmeter is accomplished by pulling 
a wedge between a platen and stressmeter body. The setting load applied 
during installation is measured by the nuniber of readout unit digit 
change between an unset gage bench reading and the final set gage readout. 
This difference is referred to as the gage preload. This difference 
expressed as wire stress change a has also been used to provide a 
com~on reference far different d t i a l  readings of the stressmeter. 

The amount of gage preload recommended varies with material and 
stressmeter system employed; St must be sufficient to satisfy two major 
criteria: (1) gage preload must be sufficient to ensure intimate, 
permanent contact between the stressmeter system and the borehole con- 
tacting surfaces, and (2) for applications involving measurement of 
tensile stresses (gage unloading), the gage preload must be sufficient 
t o  cover the entire aae7tcipated range of tensile stresa witbsut losing 
the required inthte contact between gage system and borehole surfaces. 
It is, however, necessary to limit the preload value to prevent tensile 
crackiog of the material on the surface of the hole. 

The results of varying gage preload tests for all four materials are 
suannariaed in Bigure 28. These results show that a value becomes constant 
above a threshold preload. Figure 28 shows that, for Climax granite 
samples, the threshold gage preload was approximately +I70 digits (equi- 
valent to wire stress change of 10,090 psi). HR platens were used in 
these tests. 

4.5 Influence of Initial Stress Field 

The underground locations in which the University of California, 
Lawrence Livermore Laboratory has planned to set their stressmeters 
provides an initial stress field range from 500-1200 psi (3.5-8.3 MPa) 
[Ramsgott et al (1979)l. To detemaine the influence of the initial 
stress field on a, a Clistax slab with initial stress fields ranging from 
200-1300 psi (1.4-9.0 ma) was studied, using the UCL3 type stressmeter. 
The results are given in Figure 29. The results show that the effect of 
initial stress field on gage sensitivity is negligible. 

4.6 Influence of Platen Geometry 

Table 13 includes the dimensional specifications of the three platen 
geometries investigated, with a photograph of these platens mounted on 

I ; the stresstne#rs. Experiments were performed with two different moduli 
I 1 ,:' materials to determine the influence of platen geometry on sensitivity. 

r -  ' 1; These results are sumparized in Table 14. 
h \ 

. a  - 
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,:x,Table 13. Dimensional Specifications of the Three Platen Geometries 
;q,. 

#R Platen MSR Platen SR Platen 
(#ard Rock Platen) (Modified So (Soft mck Platen) 

. . w 

-I -.d-- I -. -.-_ --___- 

rw * 
Upper Platen 
w = 0.500-.030 
h = 0.244-.005 
R = 0.56 

h m 0.375-.005 h 0.375-.005 
R1- 0.56 R13  0.56 
R2m 0.75 R2- 0.57 

1 

Upper Platen 
w 0.500-1010 
h = 0.244--005 
R = 0.75 

* Lower Platen 
w = 2.250-.010 

- - 

U p p e r  Platen 
w = 1.25-.010 
h 5 0.375-.015 
R = 0.75 
mwer Platen 
w 3 1.250-.010 



Table 14. Influence of Platen Geometry on the Uniaxial Stress Sensitivity 

Uniaxial Stress Sensitivity a 
Test Material HR MSR SR 

Aluminum 

Lucite 

The results show that for a1 
sensitive than the HR. Figure 30 shows the influance of Griable preload . 
with different platen geometries. 

4.7  Influence of Platen Orientation 

If a. = uniaxial stress sensitivity with wire positioned in the 
loading direction, 

and drgo = miaxial &tress sensitivity of a stressmeter set at 90° 
to the loading direction. From elastxcity theory, it is 
expected that 

To check the validity of the above, the gage response when mounted 
perpendicular and parallel to the direcgion of laading was taken3 Figure 
31 summarizes the results of such an experimental arrangement for a Climax 
granite slab with a UCL3 type stressmeter at two gage preload values. 
Table 15 summarizes theae results. Note that the ap/ago ratio is not 
exactly -3*; this is probably due to Lhe noa-linearxty of the gage response 
at low rock stress values. 

Table 15. Influence of Stressmeter Orientation 

Gage Preload aop90 
p s i  a,, Test ~heory- 

Case 1 9779 (67)  4.56 
9633 (66) -2.39 -3.28 -3 

* See Appendix 6 
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Figure 30. Influence of Platen Geometry on Stressmeter Sensitivit~ 



Change in Rock Stress (MPa) . .- . . . - . . , , 

Figure 31. Influence of Gage Orientation on Uniaxial 
Sensitivity for Climax Granite 



4.8 Influence of Elevated Temperature; Uniaxial, Biaxial, Triaxial 

The results of high temperature tests in the three modes of load 
application, uniaxial, biaxial and triaxial, are given in Figures 32, 33 - - 
and 34. , A ,  . . . , . - . k t  . r n  A# = #  = x w  a :a8.%. ': . 

m - ,  . :  ;,:,.,A, -. ..$ , - - 3 , : ;  , . 
? ; + ;  i = , - .  ,K<A, . ;, - yG<?;:: - - - 1 '  - ':: .) ;&. $2 88.: ,., ' L:3L,:: --, ,( , ,:. -- 

Prior to ship&nt of the twenty electroless nickel-platad VBS-1HT 
stressmeterr to the University of California, Lawrence ~ivennore Laboratory, 
the uaset gage thermal offsets were measured (Figure 35). All the gages 
increased their readings as temperature increased; for the twenty gages 
fabricated, the average unset tFrmal offset was 0.21 t 0.08 units 
change in readout/OC . ! $ a .,,> < r.jr fF +% 

> . n l  -j, < , E n - .  

The thermal offset of a stressmeter set in rock is greater than that 
of an uaset -tar (see Section 2.5). The measured thermal offset (given 
aa wire atrress) of a plated VBS-1HT stressmeter in various loading modes 
in Climax granite is given in Table 16 and illustrated in FSgure 36. 

Table 16. Thermal Offset of the VBS Stressmeter Set in Climax Granite 

Thermal Gage Preload 
Rock Stress Offset as Wire Wire 

Loading Range (a Stxess (a ) Stress Reading 
Mode psi (maf psi/OC (IdPop~) psi (ma) Change 

Uniaxial 0-1751(12.1) 5941(0.41) 11,502 (79.3) +I98 

Biaxial 0-1390 (9.6) 55 f 1 (0.38) 10,955 (75.6) 4187 

Triaxial 0-634 (4.4) 56 f 2 (0.39) 11,796 (81.4) +204 

(end loading) 
205-1230 psi 
1.4-8.5 MPa) 

Figures 37 a-e are the plots of the test data for the three modes of 
stress application. The slope of these curves give the uniaxial stress 
sensitivity of the stressmeter, which is plotted in Figure 38. Figure 38 
also shows that the effect of end loading is very small on the sensitivity 
in triaxial loadings. As temperature increases, the sensitivity remains 
approximately constant, until around 60°C, where sensitivity begins to 

Y- , increase. 
IL - I - 
, *& - 

- - . a : . - . -  .: Within the test range (0-100°C approx.), the effect of temperature 

< ,  , !+  
ton uniaxial stress sensitivity is negligible. The sensitivity predicted 

C.+ a>- by biaxial and triaxial testing is consistent with uniaxial data (following 
?? - . conversion of hydrostatic pressure to applied rock stress, as discussed 

. , - 2 5  !:., _,in Section 2.2). 

i .- L ~ 5 6 -  <gT,:?$>:. , +*;* 
\ 

- , > b  - - ->- i - - " I  I r ?T-,; * x b  8 ;; 7' 
G:-+L* 7 yrzJ .r ' J 4 ; 2 - 1- - ,  $- i (  A _  I I '  " 

1 ,  , , :  - t " , + 1: -yrr t- ' 
* < . 

I -- l-,,u ::l.t'$ . . , , - . . -.- * * -  r .  
, :\i 

3 ,  -7,'. 1, % , L, r , 
b ,. 

( I r , c  , I i ,. , 
L- 

4, -  - 8  L- 4' ' - -4 - 
Y- - T i  i r r  ,I 

- - , c ' s ~  
:s' rT..,.: , - =. - . I> -CL- . :J~ .+  A . ,  - 
-,I' :cp 7 .. ,,.$, '., 8 L T  -.F.r 

8 .  

$<; g d2 W, -. . -i 
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MB-6 Readout ReadSnc~ , ker.tod, 10'"' sec 

Figure 32. Uniaxfal Temperature Test Results (Climax Granite 
z-3eressrneter Preloaded to  Wire Stress Change 11403'~si) 

;,c, ,?I .$:~-~~~~*:~.~7.,~~~~2~:,'.k4~.~:;~~..~~~.:~~.$~-<~:z ,;*-q rg: . .:,+ F-,;<;y .;. PC-? L .  
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1900 X9SO 2000 20SQ 2100 

- @-6 Reading (10'7 sec) , - 
Eigure 33. Biaxial Temperature Test Results in  Climax Granite 

q; sq,. 
A -  :z I-. - a Wire Stress = 11403 psi)  

- a  - * .  -,", . 2 

Figure 34. Triaxial Temperature Test Results in Climax Granite 
(Preload Wire Stress 11796 p s i ,  End load 615 ps i )  



1800 1850 1900 1950 2000 2050 2100 2150 2200 2250 2300 

1413-6 Gage Reading, Period, 10'~ sec 

---.. - _ 

Figure 35. Temperature vs Reading Change of Unset uCL3 Type Stressmeter 

(Stressmeter ID 0 Numbers) 
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Change in Rock Stress,Au,., psi 

0 100 200 300 400 500 600 700 800 

change in Rock Stress,Aa,, psi 

(b) High Temperature Stressmeter Sensitivity Under Biaxial Loading 

Figure 37. $a and b]ig&x,. + 14. 1#~fc72@3&&;3 
: r , 8 .  rh%+ 
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ample TeWerature, 4 0 0 ~ )  

Y : q ! !  
Figure 38. Influence of High Tee0lpeature on Stress Sensitivity  or- 

(Rock: Climax Granite, U C L ~  Type  tressme met&, 
Preload: 11403 psi Wire Stress 
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Figure 39. Influence of CL- Gr.nite Rock Anisotropy on Stressmeter S a ~ i t i v i t ~  
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4.9 Influence of Rock Anisotropy 

Upon receipt of the Climax granite slabs from the University of 
California, Lawrence Livermore Laboratory, the grain orientation was 
studied; however, each slab was arbitrarily assigned a "vertical" and 

. "horizontal" orientation. The slabs were all approximately square (10" x 
10" x 1.5") facilitating the measurement of a "vertical" seneitivity, 
and a "horizontal" sensitivity, aH. Table 17 summarizes the measured av 

sensitivities. (Note under similar test conditions that av and aH are 
all measured with the applied rock stress parallel to the stressmeter 
wire orientation. Figure 39 (a) and (b) shows the ct vs gage preload 
characteristics for three Clieaax granite slabs. 

Table 17. Anisotropy Effect: Uniagial Stress Sensitivity of - - 
h imax  Granite at O0 and 90° Loading Orientation 

Slab at O0 Slab a t  9Q0 (% Change) 
61rb N - T Y  

No. 41 41 - v H x 100 
a*, 

1 

The apparanr variatfan of stress easitivity due to orientation 
of Climax granite is around 25%. We suspect that, besides the influence 
of a large number of closed micro and macro cracks, thfs extensive varia- 
bility af a values fs caused by the hotcrageneaus distributian of large 
grain (0.5 t o  1.0 in. inclusions typical to Climax ~ranite {ace thss 
inclusions in the photographs of the Climax granite samples in Figure 39 
and also in Figure 11). The influence of anisotropy on the stress sensi- 
tivity factor a of a relatively uniformly grained Barre granite is much 
less, being only around 8%; see Figure 40. 



Gage Preload (digit  change) 
[Gage bench reading: 17361 

Figure 40. InfLueace of hisotropy oa Barre Granite 
Stress Sensitivity Factor 
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. . . 5 DISCUSSION AND CONCLUSIONS + $?,'>> 
8 & 8 ~ :@;<,,:(, 

When the IRAD GAGE stressmeter was originally developed, calibration 
data were intended primarily to give general, rather than detailed, values 
relating meter readings to the stress changes in surrounding rocks. In 
view of the widespread success of the meter as a stability indicator, and 
its growing use as a scientific instrument, there is a need for a complete 
review of the stressmeter behavior and performance. This investigation, 
which was aimed at meeting the Lawrence Livermore Laboratory's data inter- 
pretation requirements, is an effort in that direction. 

The major conclusions from the calibration test results are sunnnarized 
under three categories: (1) Host material characteristics, (2) Gage design 
and construction characteristics and (3) Stress environment. 

5.1 Host Material Characteristics: 

Because the material composition of the stvesaateLrc  eel) and its 
construction are always identical, a reproducible response is always 
expected when the host material has uniform elastic properties. However, 
for rock, such uniformity seldom exists; the composition varies widely. 
For example, the quartz content in granite may vary by a factor of three 
or more and elastic properties from different geographical areas may vary 
considerably. Cracks (micro and macro) in the rock may reversibly and 
sometimes irreversibly open or close under applied stress, resulting in 
non-linear stress-strain relationships and hysteresis loops; the static 
modulus of elasticity also changes over the stress range. 

The Climax granite samples used for the uniaxial tests were cut from 
a single large block. The removal process (drilling and blasting) proba- 5 

bly induced large cracks into the specimen, and slab samples larger than 
the 10 in. x 10 in. size could not be prepared. A variable number of 
closed micro cracks are also suspected to be present in these slabs. All 
samples contained an assorted size (maximum 1% in. diameter) of pink 
alkali feldspar crystala (see Figure 11). The physical properties of the 
Climax granite are summarized in Table 18. Note that the porosity varies 
about 40% and Young's modulus around 12%. It is important to take into 
consideration the influence of these variabilities in rock properties 
when interpreting stressmeter data. 

Young's Modulus: 

Earlier in Section 2.3, it has been discussed that Hawkes et a1 
(1973) predicted a linear relationship between the material moduli and 
gags s~nsi t iv i t ;y  a. Fossum's (1977) analytical and experlmantal rcaulta 
showed that this relationship is non-linear. 

In the test program, uniaxial stress sensitivity factor, a, was 
determined for four materials, aluminum, Barre granite, Climax granite 
and Lucitc, of equal sample size (10" x 10" x 1.5") (the samples are 
shown in Figure 41). 
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Table 18: Physical Properties of Climax Granite 
(Source: 'Bcrmspott e t  a1 (1979)) . . . . .' ;\I,. 8 ' . , ' , . , .<, ,,.;- - . \,  . .,:,;y,;:, ,,';;;' , 8 '  , : , . '  ' -. . . . - .  : .  , .,. - 8 .  , ' ' - . .. 8.L.. 
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Figure 42 shows a plot of the current test results plotted on the 
theoretical curves predicted by Equation (16) for various platen/rock 
contact angles. The data for Climax granite were plotted with the assumed 
value Er = 10 x 10' psi. 

It is seen that an increase in contact angle either by preload, 
applied stress or platen geometry produces a larger change in sensi- 
tivity factor a for low modulus material than in high modulus material. 

Over the modulus range of the materials tested (0.4 - 10 x lo6 psi), 
the sensitivity factor changed around 44%. Had the stressmeter been an 
ideal stress gage, there would be no change in the sensitivity. The 
stressmeter sensitivity factor is indeed non-linear with Young's modulus 
change and is also a complex function of the platen contact angle and, 
hence, the preload. Thus, in order to use the vibrating wire stressmeter 
as a precise tool for stress measurement, the change in sensitivity a w i t h  
modulus ehaaqe should be precisely determined through laboratory calibra- 
tion for tJsey,h,tg& materials of interest. 

- ,  .<.;--+ A>$'- :;%,!,.; 
Anisotropy, Petrofabric, Creep and Uniaxial Compressive Strength: 

Table 17 gives three sets of values of a determined in mutually 
perpendicular directions for three Climax granite slabs. In the mutually 
perpendicular directions a varied by 11 to 27%; the heterogeneous distri- 
bution of the large inclusions, the closed micro and macro cracks, and 
the general anisotropy of the materials are the suspected causes of this 
extensive variability. For comparison in a relatively uniformly grained 
Barre granite, the stress sensitivity factor, a, changed only 8% in the 
two mutually perpendicular directions. a 

No measurement of Climax granite creep was made, nor was its influence 
on stressmeter output determined. 

In all tests, a zero shift has been observed between the initial and 
the second load cycles. Between the second and subsequent load cycles, 
the shift was negligible. The shift, as a percentage of the maximum 
applied wire stress, was 7% in aluminum, 16% in Barre granite, and 18% 
in Climax granite. The contact stress between gage and sample at the 
maximum loadina in aluminum was 74,000 poi (510 MPa), in Barre granite 
41,029 psi (283 ma), and in Climax granite 45,680 psi (315 ma)*. It 
appears in all cases they have locally exceeded their compressive strength 
(for the three materials studied, the compressive strengths are 55,000 psi 
(379 ma), 29,300 psi (145 MPa), and 30,500 psi (210 ma), respectively) 
and permanent local deformation has set in, which is responsible for the 
zero shift. Further discussion of the contact stress problem is made 
later under preload. 

* See Appendix 7 
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Figure 42. influence ~f Contact Angle on the Stressmeter Sensitivity 
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5.2 Gage Design and Construction Characteristics: 

The initial wire tension, the length and diameter of the vibrating 
wire, the stiffness of the gage assembly and the platen/rock contact 
geometry determine the gage response under a given load (wire length and 
diameter and wire tension are predetermined during manufacture). 

Gage Stiffness: 

The vibrating wire stressmeters specially prepared for the Lawrence 
Livermore Laboratory had a heat treatment procedure and electroplating 
different from the standard IRAD GAGE VBS-1HT stressmeter, and had a gage 
body stiffness of 7.5 x lo6 lb/in. slightly greater than the 7.1 x lo6 
lb/in. for the standard VBS-1HT type. The test results given in Figure 21 
appear to show that the stiffer gage has a slightly higher sensitivity 
factor; however, it is suspected that this is only a result of the use of 
a higher preload value in the stiffer gage test. 

Platen Geometry: 

The contact geometry of the stressmeter platen changes with the type 
of platen. The stress sensitivity factor of the stressmeter for the 
IRAD GAGE standard HR platen has been analyzed in detail in Section 2.3; 
this analysis shows that, with large platen contact area, the sensitivity 
factor should increase. Test dnta shown in Table 14 indicate that, for 
both aluminum and Lucite, the larger contact area of the soft rock (SR) 
platen indeed gives higher values of uniaxial strass sensitivity. A modi- 
fied soft rock (MSR) platen, which ideally should match the hole curvature, 
is also expected to give a higher stress sensitivity factor and this has 
been observed in the test results for aluminum. 

5.3 Stress Environment 

The response of the streoamctcr depends on the suirouudilrg sLress 
field which, in turn, is governed by the setting preload, initial in-situ 
stress, loading range, gage orientation to the applied load, biaxial and 
triaxial stress fields and the influence of elevated temperature. 

Preload: 

An initial preload is provided to ensure intimate contact between 
the stressmeter system and the borehole contacting surfaces, and also to 
maintain permanent contact for measuring tensile stress (gage unloading). 
Now the preload operation increases the gage contact area and this, as 
discussed in the analysio ccrtioa (Gection 2.31, will cause an Pucrrase 
in sensitivity factor, a. The stress sensitivity factor, a, computed 
from Equation (16) with contact angle 28 increasing from lo to 20°, is 
shown in Figure 43 for a material of an assumed elastic constant E = 

. 6 x lo6 psi (4.1 x lo4 ma), typical of Barre granite. The trend gf this 
curve 6e similar to the experiraontal data plotted in Figure 28, which 
shows that a increases much more under low preload values than under 
higher preload values - implying that a high preload is desirable to 
attain a small variation in a under "set" conditions. In fact, the data 
show that a lainhum preload value should be used, above which the sensi- 
tivity a is essentially constant. 



Figure 43. Influeace of Contact Angle 28 on The Sensitivity Factor, a 



I n i t i a l  Stress  Field: 

A borehole d r i l l ed  i n  a rock mass under a high s t a t e  of stress w i l l  
be deformed, and the response of the gage s e t  i n  such an environment has 
been, pr ior  t o  these tests, largely unknown. Test resul ts  shown i n  
Figure 29 fo r  gages set i n  a Climax granite s lab with i n i t i a l  s t ress  
levels  up t o  1300 p s i  (9 MPa) indicate t ha t  the influence of the i n i t i a l  
s t r e s s  level  within test range is negligible. 

Gage Orientation: 

I f  the preloading direction (wire axis)  d i f fe r s  from the loading 
direction of the s lab  by an angle 8, and the rock s t ress  i n  the preload 
direct ion is a and i n  the loading direction ae, then 

0 ' 
Q 

0 = a (1'2 eos 26) 

uo Tests to  check the r a t i o  - = a -3 with the gage s e t  a t  90° t o  the direc- 
90 

t ion  of loading were carried out i n  Climax granite. A very close corre- 

l a t ion  with the resu l t  = -3 was obtained. 
YO 

Load Range: 

As the lead level  on the uniaxial t e s t  block is increased, the curve 
of a vs a concaves s l ight ly  upward, with a knee a t  a low load level ,  

W e.g. as  stdwn i n  Figure 21. Since the  slope of th i s  curve is 

a = - , t h i s  can also be explained by the contact area effect .  With 

increasing load, the width of the contact area increases and hence, as  
discussed i n  Section 2.3, the value of a,  the s t ress  sens i t iv i ty  factor,  
a lso increases. 

Bisxial and Triaxial  Stresa Field: 

The influence of biaxial  and t r i ax i a l  loading on the uniaxial stress 
sens i t iv i ty  factor  is shown i n  Figure 38. An analytical approach t o  t h i s  
problem, presented ea r l i e r  i n  Section 2.4, shows that ,  with a hydrostatic 
lvading cunfiguration, 'Che biaxial and t r i ax i a l  mode of loading can be 
rclated to +he uniaxial sLress sensi t iviey factor  through Lhe formialee 
presented i n  Table 3. 

Results summarized i n  FSgure 38 show, fo r  Climax granite,  tha t  the 
equivalent uniaxial stress sens i t iv i ty  factors , based on the equivalent 
rock s t ress  formulae from Table 3 under biaxial  and t r i ax i a l  loading are  
within a range of 2.7-3.2 a t  room temperature. Referring t o  Table 17, 
it w i l l  be seen tha t  uniaxial sens i t iv i ty  factor,  a, fo r  Climax granite 
ranged from 3.1 t o  4.5 depending on the  sample used and direction of 
applied loading. The biaxial  and t r i ax i a l  values of a (0 = 2.7-3.21, 
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therefore, lie well within the data scatter of the stress sensitivity 
factor determined under uniaxial loading on the four Climax granite 
slabs. It is concluded that biaxial and triaxial loading do not signi- 
ficantly affect the stress sensitivity factor. 

Temperature: 

The influence of temperature on a stressmeter set in rock is 
complicated, and an approach to the problem is discussed in Sections 2.5. 

For both a set and an unset gage, the readings increase with 
temperature. For an unset gage, the increase in reading is caused by 
differential expansion of the wire and the body; for the set gage, the 
increase in reading is caused by differential expansion of the wire and 
the rock. 

The analytical solution, given in Section 2.5.2, also shows that the 
uniaxial stress sensitivity factor a will increase with temperatures. The 
dotted line in Figure 38 represents the theoretical data calculated for 
uniaxial tests, as given in Table 4 for Climax granite. The theory pre- 
dicts only a very small increase of a with temperature, which is borne 
out by experiment. Under biaxial and triaxial loading, the test data, 
however, show a more pronounced increase in a values (approximately 25%). 

The principal conclusion of this study is that the uniaxial stress 
sensitivity factor for the Climax granite varied over a wide margin - 
from 2.7 to 4.5. A large number of factors listed earlier influence the 
stressmeter response. In interpreting the field data, influence of each 
factor needs to be carefully evaluated. 

The algorithm for conversion of measured readings into rock stress 
changes is given in Appendix 8. Appendix 9 gives the raw data of the 
tests performed in the calibration study. 
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MPENDIX 1 

Deformation of Borehole Under Preloading of Stressmeter 
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APPENDIX 1 

Deformation of a Borehole Under Preloading of Stressmeter 

Jaeger and Cook (Reference 8) have shown that for an applied pressure 
p on a borehole wall (Figure A . l )  and plane stress condition: 

Figure A. 1. Borehole Deformation under Internally Applied Pressure. 
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APPENDIX 2 

Calculation of the Uniaxial Stress Sensitivity Factor, a 
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APPENDIX 2 

Calculation of the ~niakial Stress Sensitivity Factor, a 

! 

Figure A. 2.1. Borehole Deformation Under stressmeter Setting and Loading 

Using the nomenclature of Section 2.3, 

S'-131;fyik3 end b * r b ; n ; *  
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APPENDIX 3 

Experimental Results of Stiffness Testing of the VBS-1HT 

1 
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APPENDIX 3 

Experimental Resu l t s  of S t i f f n e s s  Tes t ing  of  t h e  VBS-1HT 

A t e s t  t o  determine t h e  gage s t i f f n e s s ,  Kg, was performed with t h e  
t e s t  se tup  depic ted  i n  Figure A.3.1. The s t r e s smete r  was captured between 
f l a t  ground s u r f a c e s ,  and loaded through a column including a s p h e r i c a l  
s e a t  ( t o  c e n t r a l i z e  t h e  load) .  

An i n i t i a l  tes t  was performed t o  determine t h e  s t i f f n e s s  of t h e  load 
system. An LVDT was employed t o  determine d e f l e c t i o n .  

Figure A . 3 . 1 ;  T e ~ t  Sotup for Stiffness Testing of t h e  Gage. 

To determine gage s t i f f n e s s ,  t h e  gage output  vs  appl ied  load a r e  
measured and recorded. The change i n  wire length  was assumed t o  be t h e  
same a s  t h e  gage body deformation. The change i n  gage reading i s  then 
converted t o  a change i n  wire  l eng th  by Equation A3-1. 

W 

S u b s t i t u t e  AD" = 1.78 x lo1'*[ - 1 

Therefore,  
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The results are then plottfd as applied load vs change in wire length 
(interpreted as change in body dimension) and the stiffness is determined. 
A sample case is given below: I 

Stressmeter No. 48 

Applied 
Load 
(la,) 

0 

Wire 
Pericd 
?l'(sec 

Wire Length 
Change 

All(in. ) 

The results are plotted in Figure A.3.2. The determined gage 
stiffness, Kg, warn 7.5 x 10. lbf/in. for the test cases perfomed. 



IRAD GAGE 

1.0 2.0 3.0 4.0 5.0~10'~ 

Deflection (in.) 

Figure A.3.2.  Results of Gage Stiffness Tests 
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APPENDIX 4 
t 

Influence of Biaxial and Triaxial Loading 
on the Uniaxial Stress Sensitivity Factor 

I 
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APPENDIX 4 

Influence of Biaxial and Triaxial Loading 
on the Uniaxial Stress Sensitivity Factor 

The following discussion establishes the equivalence between the 
hydrostatic pressure induced stress change to an overcore rock mounted 
in the IRAD GAGE Biaxial modulus chamber, and the uniaxial applied rock 
stress (defined as applied load divided by contact area) on a 1.5 in. 
thick test slab mounted in uniaxial compression, starting from the assum- 
tion that equal borehole deformation produced equal stressmeter response. 

Several authors (Obert and Duvall, 1967) have assumed that hydrostatic 
pressure is equivalent to a biaxial gtress field in the plane of the 
borehole. This would be correct if + a (a = borehole radius, b = 

cylinder radius). However, for the current test, the rock specimen radius 
was Z 2.75 in. and hole radius G 0.75'in. 

Uniaxial 

Consider a test slab, under uniaxial compression, as in Figure Al. 

-. .- 

Figure A.4.1 Uniaxial Loading 

The empty borehole diametral deformation, 6e, is equal to 

where D = borehole diameter (in.) 
o = applied rock stress (or = P/A) (psi) 
E' = rock IIIU~IU~US ( p s i )  r 

Biaxial 

Consider an overcore sample under hydrostatic pressure, Po, as in 
Figure A2.. 

-. *-- 
Figure ~,4.2 Hydrostatic Loading 
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The empty borehole radial deformation, u, is equal to 

where a = inner radius (in.) 
b '= outer radius (in.) 
P = hydrostatic pressure (psi) 
EO = rock modulus (psi) r 

Assuming that Po = KO,, t h ~  proportionality constant, K, is determined 
from 

Se = 2 .u  

setting D = 2a, and assuming the overcore and test slab are identical 
materials, Equation (A3) simplifies 

Figure A3 shows the proportionality constant, K, vs core outer radius, 
b, based on Equation (A4). For the test case used b = 2.75 in., a = 0.75 in. 
Substituting into Equation (A41 

The uniaxial gage sensitivity, a, is ,therefore, equal to: 

Equation (A6) defines the uniaxial gage sensitivity, a, in terms of 
hydrostatic pressure, P for the biaxial test case. 

0 ' 
Triaxial 

The above derivation is correct for the triaxial case, with a 
modification to Equation (A2). The empty borehole radial deformation, u, 
for the triaxial case, is equal to: 



where Po, a, b, E are as defined in Equation (AZ), and 
r 

u = Poisson's ratio 
PZ = end loading (psi) 

Using the same logic as the biaxial case, we seek proportionality 
constant, K, where P = Kur, and 6e = 2.u. Setting D = 2a, Equations 
(Al) and (A7) reduceOto 

0 2 4 4 8 10 

Core Radius, b, ( i n .  ) 

Figure A . 4 . 3  Relationship Between Uniaxial Stress a r 
and Hydrostatic Pressure 
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APPENDIX 5 

Calibration of Baldwin Testing Mach.ine 
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SATEC Systems, lnc. ' Grove City, Pa. 16127 I ! a  

r o r h l ~ ~ e  lvilb ASTM-E4 sand found ia be ,cnibin a lokr-a~m o j  Of -0 yo* 
e I ~ c .  Machino B,?lavrin 

-:, -.. l i a v s r .  1411 - (Model) I ,  Pr.  

E (SW. NO.) -*I?- 7, 

Macbitu Range: 

' ~ a d i n c  Range: 

Macbitae Range: 

Macbitle Range: 

CALIBRATING APPARATUS 

I C A : , ~ ~ A -  I 
DATE 

, LOAD VALUES CORRECTED FOR TEMP. OF ..?.Q ......... 'F. 

Method of verification and pertinent data is in accordance with A.S.T.M. Specification E4 and 
SATEC Systems, Inc. "Procedure for Calibrating Tension and Compression Testing Machines" 

, , dated 9-16-68. The testing device(s1 used for this calibration have been verified per A.S.T.M. 
Specification €74 and are directly traceable to the U. S. Bureau of Standards. 

-0. 

BY Dare of Calibrariotr 

75-11s 



Figure A.5.1. Baldwin Testing Machine Error Band 
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APPENDIX 6 
I 

B i a x i a l  Stress Changes 
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APPENDIX 6 

B i a x i a l  S t r e s s  Changes 

The a n a l y s i s  o f  b i a x i a l  stress changes i n  t h e  p l a n e  
of a bo re  h o l e ,  i n  cases where t h e  stress d i r e c t i o n s  a r e  
unknown, r e q u i r e s  t h e  u s e  of  t h r e e  gauges set a t  pre- 
doterminad  a n g l e s  t o  e a c h ,  o t h c r .  

~ h s  r e l a t ~ o n s h i p  between t h e  i a d i a l  de fo rma t ion  oT 
a boro hole, U, and the magnitude of t h e  two p r i n a i g a l  
stresses i n  t h e  p l a n e  of  t h e  bo re  h o l e  h a s  been g iven  by 

For p l a n e  stress: 

-a' 2 1 c o s  281  

where : 

q p  and qg  are t h e  p r i n c i p a l  stresses i n  t h e  r 

p l a n e  o f  t h e  bo re  h o l e  

Q is t h e  angle measured CountefcloCkwL~e f r o m  
t h e  d i r c c t i o n  of  dl  

D is t h e  d i a m e t e r  o f  t h e  b o r e  h o l e  

( I n  practice, p l a n e  s t r a i n  u s u a l l y  a p p l i e s ,  b u t  a s  t h e  
d i f f e r e n c e  between t h e  two c a s e s  i s  ve ry  s m a l l ,  p l a n e  stress 
i o  u c u a l l y  assumed).  Hast (1958) h a s  shnwn tlhat Equation A1 

D a lso  a p p l i o s  f o r  a u.ni.dj.rcctj,onal s t r c s s m c t e r  i f  the tcrrn - 
Er 

is rep laced  by some o t h c r  c o n s t a n t  which i s  a  f u n c t i o n  of 
Er and t h e  s t i f f n e s s  o f  t h c  mctcr .  

In  app ly ing  t h c  g c n c r a l  Corm o f  Equat ion  A 1  t o  strcssmctcrs 
a b a s i c  assumption i s  made t h a t  t h e  f o r c e  measured across 
t h e  stressmeter p l a t e n s  i s  p r o p o r t i o n a l  t o  t h e  de fo rma t ion  , 
t h a t  would have occurred i n  this d i r e c t i o n  had thc sLrussmeLer 
not  been t h e r e .  
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With respect to the Vibrating Wire Stressmeter it is 
convenient to express Equation A 1  in the form; 

whcre : 

a R  is the radial strcss in thc direction e, 
calculated, as explained earlier, as if thc 
stress changc were uniaxial and in the 
direction of 0. 

For example, if this wcrc actually the case 
thon ess 20 = 1 ;  o  = O and 

(The calculated value of o R  is, of course, the principal 
stress a l . )  

If the stress chqngc was known to bc uniaxial and at 
90° to the preload di~cction of the gauge, then 

1 

cqs 20 = -1, a 2  = 0 and 

Thc strcss changc would he thrce times the value 
calculated using the uniaxial a and of the opposite 
sign. The,neqative sign arises because the measured, 
a R ,  value would be tensile when is compressive. 
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APPENDIX 7 

Calculation of Contact Stress 
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APPENDIX 7 

Calcula t ion  of Contact S t r e s s  

From Roark (1975) con tac t  s t r e s s  a i s  given by r! 

1-v2 1-02 
aud CE = - 1. + 

E; E2 

From Table 2: 

From Equation (24):  Load on gage body P 

Aluminum 

4.5 

C~ l . l 8 x l 0 - ~  
b 

T2 and TI a r e  t h e  Readout readings 

P 
g = -= load p e r  u n i t  length  

1 .s 

Barre 
Grani te  

4.5 

I .  92x10-~  

Therefore ,  

Climax 
Grani te  

4.5 

1 .26x10-~  

o f o r  Aluminum 
C - .-... 

oC = 74,909 p s i  ys = 50,000 p s i  
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o for  ~ a r r e .  Granite 
C 

p = 2284 l b / i n .  
a = 41,029 p s i  

y5 = 30-40,000 

a for  Climax Granite 
C 

p = 1858 l b / i n .  
4, = 45,680 p s i  
ys = 30-40,000 
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APPENDIX 8 
I 

Algorighm Development  
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APPENDIX 8 

Algorithm Development 

A change of rock stress Aar in the direction of wire orientation is 
given by : 

where T2 = stressmeter reading after setting of the meter in the borehole 

T3 = stressmeter reading af ter  the rock stKess has changed 

N = uniaxial stress sensitivity factor ot Lilt? i'iietCL' 

Wire stress chadge ( g = - =  
Aur Recic o t ~ e c s  change 1 

a .  

The values of T2, T3 and a are sensitive to temperature change. 
Experiments were performed to determine the values of a for a range of 
temperature in Climax granite under uniaxial, biaxial and triaxial loadings. 

Uniaxial Loadinq 

Under unaxial loading, the experimental results, which are summarized 
in Figure 37a of the main text, show that a remains constant at a value 
of 4.43 for the range of temperature used; i.e., 20°C to l0O0C. This 
value should be used for uniaxial loading situation. The rock stress 
change determined from Equation (A8-1) is 

It is t o  be noted that the initial MR-6 reading of the set gage 
denoted by T2 in the above equation will change with the ambient tempera- 
ture of the gage and the rock. Laborii~ory test results of sr;rerrbaet,ers 
s e t  in Climax granite wh.i.ch was elevated to higher temperature (test 
Nos. 162, 163, 164 and 165) are summarized in Table ~ 8 . 1  and in Figure 9 
of the main t e x t .  

The thermal offset is given by the following equation: 
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TABLE A8.1 

RESPONSE OF UCL3 TYPE STRESSMETER SET I N  CLIMAX GRANITE 
AT HIGH TEMPERATURE 

Temperature Reading of 
Tes t  No. O C. t h e  S e t  Gage 

Thus, i f  a gage is  s e t  a t  temperature t l ,  bu t  loading (o r  rock s t r e s s  
change) on t h a t  gage has s t a r t e d  a t  t2 temperature, then Au , t h e  rock 
s t r e s s  change, w i l l  be de.t.e,mieed oo per  t h e '  followfng equarion: 

Example : 

Suppose a s t ressmeter  was s e t  i n  Climax g r a n i t e  a t  20°C. The 
temperature of t h e  rock subsequently increased t o  25OC and t h e  rock 
s t r e s s  a l s o  changed because of mining opera t ion.  Readings of t h e  s t r e s s -  
meter a f t e r  s e t t i n g  was 2010 a t :  20°C and 2450 a t  85OC. Determine t h e  
change i n  rock stress due t o  mining operat ion.  

= 2397 p s i  

e x i a l  and T r i a x i a l  Loading 

For b i a x i a l  and t r i a x i a l  loading,  t h e  r e s u l t s  a r e  given i n  Figures 
37a through 37e i n  t h e  main t e x t ,  Sect ion 4.8. These r e s u l t s  a r e  sum- 
marized i n  Table A8.2. The average values of a a r e  p l o t t e d  a g a i n s t  tem- 
pe ra tu re  i n  Figure A.8.1. In t r i a x i a l  use of t h e  gage, da ta  from t h i s  
curve should be used f o r  a ,  



TABLE A8.2 

VALUES OF a FOR BIAXIAL AND TRIAXIAL LOADING 

psi 0 225 615 1230 
End load KPa 0 1 .  4 .24  8 . 5 0  

Temp OC A v e r a g e  

2 . 8 2  2 . 7 8  3 .00  2 . 8 4  
2 .75 



w e  crf a w i t h  Temperature 
Loadin8 o f  ClPnrn 6za i tc .  

in Triaxial 




