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NEBATIVE HYSTERESIS EFFECT OBSERVED DURING 
CALIBRATION OF THE U. 6. BUREAU OF MINES 

BOREHOLE DEFORMATION BAUBE 

Harold C. Banc* 

ABSTRACT 

The U. S. Bureau o-f Mines borehole deformation gauge 
(BMBJ was designed in the early 1960's to allow rock 
stress measurements by the overcoring method. Since 
that time it has become a de facto standard against 
which the performance of other borehole deformation 
gauges is often judged. However, during recent in 
situ strc-<ss studies in the Climax Stock at the Nevada 
Test Site a strsnge "negative hysteresis" in the of— 
der of 300 to 500 microstrains was observed in stand
ard calibration data. Here, the relaxation curve 
lies bstovi thL- indentation (compression) curve as if 
the system were to somehow respond with an energy re
lease. Although other investigators in the rock me
chanics community have apparently observed this be
havior, it has not been seriously studied. There
fore, a precision jnicro-indentation apparatus has 
been designed and used to perform a series of tests 
allowing a better understanding of the BMS button to 
cantilever interaction. Results indicate that the 
hysteresis effect is caused by differential motion 
between the button base and the cantilever resulting 
from the geometric motion inherent in the cantilever. 
The very large apparent hysteresis is mainly caused 
by cycling opposing cantilevers through the instru
ment's entire dynamic range, and the fundamental im
precision inherent in use of the standard micrometers 
to calibrate the BMO. Laboratory mean hysteresis 
magnitudes for a polished cantilever typically range 
•from 3 to 25 microstrain for 100 and 1000 microstrain 
relaxations on iOOO microstrain deflection loops in
tended to simulate typical field data. The error 
percentage is thought to remain fairly constant with 
deformation loop size, and is sufficiently small such 
that it can be safely ignored. The hysteresis ef-'- c 
can probably be reduced, and instrument stability im
proved by machining a small 90 degree cone in the 
cantilever in which a slightly larger mating cone on 
the base of the indentation button would reside. MASTER 
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INTR0DUCT20N 
The Lawrence Livermore National Laboratory (LLNL), with 

•funds provided by the U, S. Department o-f Energy (DDE), has con
ducted a large scale short term study involving the temporary em
placement of high level, spent reactor fuel underground at a site 
located in the northern Nevada Test Site (Ramspott, 1979). This 
Spent Fuel Test Facility - Climax (SFT-C) is located approxi
mately 1400 ft underground in a Cretaceous age quartz monzonite 
and granodiorite stock whose geologic and structural characteris
tics are summarized by Wilder and Yow, 19B4. 

The facility itself consists of the main central canister 
drift located between two smaller heater drifts all oriented 
N61W, and the S76W oriented teil drift (Fig. 1). The shaft and 
most drifts located to the east of it were previously excavated 
for a nuclear weapons effects test. During the spent fuel test, 
the highly radioactive fuel rod assemblies were placed in selec
ted steel lined holes located in the canister drift floor. Elec
trical resistance heaters, whose thermal output was carefully 
regulated to match the radioactive decay of the spent fuel, were 
placed in the remaining canister drift holes. Additional heaters 
were placed in floor borings in both heater drifts. Their output 
was periodically increased during the course of the experiment. 
This design allowed the SFT-C to simulate many of the anticipated 
characteristics of a much larger repository and enables its thet— 
mal and structural response, measured by several different in
struments, to be compared to computer generated simulations. 

An extensive in situ state of stress measurement program has 
been conducted at the SFT-'-C Standard overcoring techniques were 
used in the ISS (In situ State of Stress) series boreholes whose 
locations are shown in Figures 2A, 2B, and ZC The main objec
tives were as follows. 1. An initial attempt to measure the free 
field state of stress by the U. S. Geological Survey in ISS-1, 
-2, and -3 (Fig. 2A>. 2. To measure the post test stress state 
in the north and south canister drift pillars using ISS-4, -5, 
-6, and -7 (Fig. 2B). 3. To measure thermally induced changes in 
the stress gradient away from canister and south heater drift 
heat sources using ISS-8 (Fig. 2B) . 4. To measure the free field 
state of stress that exists away from the excavation using ISSH3, 
-9, -10, and -11 (Fig. 2B s.r,rt 2C) . Both the standard U. S. Bu
reau of Mines Gauge (BMS) and the Australian Commonwealth Scien
tific and Industrial Rese'arch Organization (CSIRD) soft inclusion 
(SI) type gauge were used. Both gauge types were equipped with 
thermistor temperature sensors that allowed accurate bottom hole 
temperature measurements, drilling fluid temperature control, and 
careful temperature matching at the end of each test. Prelimi
nary results are presented in a report by Creveling, et al., 
1934. 

- The BMB was used in this study because of its ruggedness and 
/\i>ng history of apparently successful use in mining and civil 
•'Construction. It measures the "secondary principal" stresses 



that exist in the plane perpendicular to the borehole axis. The 
CSIRO SI gauge, which will not be discussed further in this re
port, is relatively new and has the advantage of yielding a com
plete state of stress determination from a single overcore meas
urement. However, it was during the beginning of the post test 
measurement series that an odd "negative hysteresis" result was 
observed during calibration of the BMG using standard techniques. 
It is this strange hysteresis that will be discussed in this re
port following a brief description of the BMG itself. 

U. S. BUREAU OF HINEB GAUGE (BMG) 

The U. S. Bureau of Mines borehole deformation gauge (BMG) 
was designed in early 1962 by Obert, et al. to allow rock stress 
measurements by the overcoring method. Very simply, the BMG con
sists of a 1.3B in. diameter by 14.4 in. long stainless steel 
body that contains SIN stiff Be-Cu cantilevers on which twelve 
foil-type resistance strain gauges have been bonded (Fig. 3A>. 
These gauges are wired such that opposite cantilevers are paired 
to form three thermally self-compensating and e;;tremely sensitive 
"full" Wheatstone Bridge circuits. Si« compound stainless steel 
buttons, each with a single "D-ring" fluid seal, penetrate the 
gauge body on a transverse plane (Fig. 3B) . The inner steel but
ton tip bears directly on the cantilever while the outer tungsten 
carbide tip hears against the borehole wall. Metal washer shims, 
placed between the threaded button halves, are used to adjust to
tal button length thereby allowing for the continual drilling in
duced changes in borehole diameter (Fig. 3C). The apparatus's 
physical design coupled with the strain gauge output is such that 
one microstrain unit approximately equals one microinch of button 
motion. Hereafter microstrain and microinch will be abbreviated 
MS and MI, respectively. 

STANDARD CALIBRATION TEST 
The USBM gauge is calibrated in the field using a simple 

aluminum support fixture shown in Figure 4. Two horizontally 
opposed micrometers bear directly on the exposed button ends 
where they provide both the indentation force and the deflection 
standard against which the BMG response is plotted. Unfortu
nately, these micrometers are inherently two orders of magnitude 
less sensitive to linear motion than is the BMG, and they are not 
designed to provide the substantial physical force (about .16 lbf) 
required to move the cantilevers through their entire dynamic 
range while simultaneously making accurate measurements. Brief
ly, the standard calibration procedure is as follows. 
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1. The BME, with cantilevers fully relaxed, is securely clamped 
in the calibration jig. 

2. The micrometers are advanced until initial cantilever con
tact is observed, and then to the next exact O.OOl in. di
vision. This becomes the reference point for all subsequent 
measurements. 

3. Both micrometers are first advanced by 0.002 in. increments 
(0.001 in. final) through the full dynamic range (0.015 in. 
each side) of the instrument while the resulting microstrain 
values sre recorded, and then relaxed using the same se
quence. The resulting strain indications (in microinches 
per inch) arB typically plotted vs. the sum of the micro
meter deflections as shown in Figure 5. 

4. The jig clamps are loosened allowing BMG axial rotation such 
that the micrometers are aligned with the sensing buttons 
for the second and lastly, the third channels. Steps 2 and 
3 are repeated, and the results are graphed as before. 

Btl6 CALIBRATION HYSTERESIS 
Negative hysteresis, hereafter referred to simply as hystei— 

esis, has been observed during standard calibration tests pei— 
formed both in the SFT-C and under laboratory conditions. Both 
the loading (upper) and unloading (lower) curves themselves tend 
to be quite linear as shown in Figure 5, with typical 'inear re
gression coefficients of 0.9999 and above. Also, at first the 
amount of the hysteresis appears inconsequentially small (typi
cally 125 to 300 MS. This is because one is viewing the entire 
dynamic range of the instrument. A clearer presentation is shown 
in Figure 6 where individual hysteresis plots obtained by sub
tracting the respective unloading from loading data for five typ
ical trials are plotted vs. total micrometer (BMG) indentation. 
Here, the ordinate directly shows the magnitude of the hysteresis 
which in this case averages approximately 200 MS. Also note that 
the hysteresis appears on the first relaxation interval, and per
sists relatively unchanged until near the end of the BMG range 
where almost total cantilever relaxation occurs. Typical over-
core data obtained from SFT measurements ranges from a few tens 
to several hundreds of MS depending on the particular stress in 
and modulus of the rock, and the particular BMB axis under con
sideration (Creveling, et al., 1984). Thus, the hysteresis val
ues shown in figure 6 could range from a minimum of 20/i to a val
ue that often exceeds two of the three measured differentials ob
tained during overcoring tests. 

The loading and unloading curve offset shown in Figure 5 is 
called negative hysteresis because it is as if the BMB were some
how responding with an energy release during the unloading por
tion of the calibration cycle. Friction in the BMG, which is 



] 

common in many instrument systems, would cause the opposite re
sult. During a typical overcoring test, the EX sized (1.5 in.) 
borehole containing the BMG first contracts, and then dilates as 
the overcoring induced coropressional stress wave passes through 
the instrument's measurement plane. This physical deformation 
cycle, which is similar to the standard calibration loop, raises 
the concern as to whether some unknown and variable portion of 
the final measured deformations might contain a significant (sev
eral tens of percent) hysteresis component. 

CAUSES OF NEGATIVE HYSTERESIS 
Several possible causes have been proposed to explain the 

source of the observed hysteresis in the BMG. They include the 
release of energy stored in the button D-ring seal and button it
self, the complex interaction between button and micrometer tip, 
and differential motion between the button and the cantilever 
blade. Each cause is briefly discussed below. 

The lower one-half of all six cantilever buttons are grooved 
to receive a fairly tight fitting rubber O-ring seal needed to 
prevent drilling fluids incursion during tests. As each piston 
is progressively indented during the compressional loading por
tion of the calibration cycle, this D-ring will move outward in 
its notch and tend to roll inward before the cylinder wall fric
tion is overcome (Fig. 7). This stored energy would be recovered 
on the first unloading increment of the relaxation cycle. In ad
dition, the piston itself is composed of male and female halves 
that may have several "length adjustment" washers placed between 
them (see Fig, 3C). These stamped sheet metal washers have roll
ed edges or may be warped, and in the field may be greasy or dir
ty. The result is that the piston may be compressible to some 
extent. This stored energy would be progressively recovered by 
the force reduction that occurs during relaxation of the rela
tively stiff cantilevers. 

A second source of hysteresis could be the complex inter
action that can occur between the micrometer tip and the button, 
and other intrinsic problems associated with this calibration 
method. For example, depending on its design, a standard micro
meter is two to three orders of magnitude less sensitive than the 
BMG. It is also not designed to exert the up to 16 lbf needed to 
fully depress a cantilever while at the same time providing a 
high quality deflection length standard. The micrometer shaft 
also rotates as it bears on the BMG piston - one direction for 
compression and the opposite direction for relaxation. Because 
of the potential for minor BMG misalignment when using the cali
bration Jig, the point of rotation may not occur directly on the 
button axis (Fig. 85. This would then cause both a rotation and 
tipping moment to be everted on the button that, in turn could 
Cause differential motion between the cantilever top and button 
base at low contact stresses. 
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A third possible hysteresis source is differential (sheaf— 
ing) motion between the button base and the top o-f the cantilever 
blade. By its very nature, this point of contact moves about an 
arc whose radius is defined by the effective length o-f the canti
lever blade between the base and button contact point. The di
rection o-f contact point motion will depend on the initial angle 
•formed by the cantilever blade and the button axes, and on wheth
er the cantilever is de-flacted though the neutral (90 degree) an
gle or not. The three possible geometric situations, which de
pend on the es-sact manner in which the BMG is manufactured, are 
shown in Figures 9A, 9B, and 9C. Figure 9A is the case where the 
relaxed cantilever blade is angled slightly outward. In Figures 
9B and 9C the blade is initially parallel to the instrument case 
(reference line) and angled slightly inward, respectively. The 
small shear displacement components, shown by the arrows located 
in the button base (see Figs. 9), are generated by the intrinsic 
cantilever blade motion. Its direction (either inward or outward 
along the blade), and magnitude is determined by the blade de
flection direction and the initial angle formed by the blade and 
button axes as mentioned above. 

INDENTATION APPARATUS DESIGN 
In an attempt to learn the source of the negative hysteresis 

in the BMG, a precision deflection apparatus hereafter referred 
to as 3 micro-indenter (MID), shown in Figure 10, has been de
signed and built at LLNL. It consists of the following main 
parts shown diagrammatically in Figure 11. BMG support is pro
vided by two precision "V-blocks" that sre carefully aligned and 
securely attached to the apparatus base plate. BMG deflection is 
done through a long stiff lever arm pivoted at its support end, 
and that is raised and lowered in the vertical plane by a micro
meter thread. This arm carries a short polished and hardened 
steel rod that bears directly on either the BMG button or the 
cantilever itself, and whose motion is very nearly one dimension
al. All these parts are mounted on a rigid base plate that is 
equipped with a bubble level and three leveling screws. 

The entire MID apparatus has been designed such that it can 
be used under an extensively modified GCA Corporation Model VLM 
200 Laseruler (LR>, a laser based interferometer device shown in 
Figure 12. The precision probe tip of this apparatus bears di
rectly on the indenting rod as shown in Figure 13. This machine 
has a resolution of less than one MI and a repeatability «n the 
MID of +- 1 to 2 MI. It is located in an environmentally con
trolled metrology laboratory where the temperature variation dur— 
ing five trials is typically within +- 0.25 deg. C. Initial MID 
tests were conducted on an Bausch and Lomb Model 25C Optical 
Gauge having a resolution and repeatability of about 10 MI and 50 
MI, respectively. This instrument clearly did not have the re
quired resolution or stability needed to investigate subtle BMG 
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behas'ior, but it did demonstrate the need -for a pre-load spring 
to remove a small amount of "slack" in the two spherical suspen
sions in tha MID de-flection arm drive assembly. These tests also 
gave valuable insight into the overall behavior of the BMG and 
MID system that resulted in saving a great deal of time during 
the subsequent Laseruler trials. 

MEASUREMENT METHODS 
During the course of this investigation several different 

types of measurements were made on the BMG. The micro-strain re
solution level of this instrument demands the utmost in care and 
patience during the conduct of tests if the results ara to be 
meaningful. For maximum dimensional stability, the BMG is moun
ted in the MID test fixture which is in turn placed under the LP 
at least four hours in advance of testing. All contact measure
ment surfaces must be kept as clean as possible, and the height 
of the indentation button is adjusted so that the carrier arm is 
level at mid-deflection. Each test consists of five individual 
compression and relaxation cycles on a single button followed by 
a five to fifteen minute creep relaxation period if required. 

The BMG data acquisition system is shown in Figure 14. It-
consists of a standard battery powered Vishay P-350A Strain Indi
cator and SB-1 Switch and Balance unit. Both units were calibra
ted by the LLNL instrument shop and certified as performing with
in their specifications in advance of testing. BMG temperature 
was measured using a compound thermistor and linearising resistor 
array, shown in Figure 15, that is thermally coupled to canti
lever No. 3 <C-3). A Hewlett-Packard Model 6101A DC Power Supply 
and Model 346SA DMM, the latter, controlled by an HP-41C hand 
held calculator, was used to provide a continuous temperature 
output in degrees Celsius. 

Several different types of tests were performed using the LR 
and MID under differing conditions. These tests differed from 
the standard calibrati on method in that the compression or r&la):~ 
ation interval spacing is achieved by first presetting the de
sired strain indication, and then adjusting the MID to yield that 
approximate reading, followed by a final strain reading. All no
tions were unidirectional in the sense that absolutely no motion 
reversal was allowed during a trial except at the previously se
lected range end point. If the operator missed the selected data 
interval by an unacceptable amount, the trial was entirely re
peated. All standard button tests were done without shim washers 
for maximum button stiffness. Additional test conditions are 
outlined in Table 1. 

TEST RESULTS 
The test results are divided into two sections to facilitate 

inforn-ation presentation. Beries-I, which includes tests 1, 1A, 
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TABLE 1. Test Conditions 
Test Pre-
No. load 

MS 
Test Range 
Start Finish 
MS MS 

Canti- Indentation Conds. 
lever Std. Direct Other 
Nos. Button Cant. (1) 

Series - I 
1. 100 0 15,000 1 ?( 3 
J. A. 100 0 15,000 1 
2. 100 0 15,000 1 & 3 

Series - II 
3A. 3,250 4,250 1 & 3 
3B. 7,250 8,250 1 k 3 
3C. 11,250 12,250 1 ?! 3 

NOTES: 1. This was a precision -fitting hardened steel butt-on 
without an 0-ring. 

2. Tests 3fl, 3B, and 3C were conducted +- 500 MS about 
the lower, middle, and upper one-quarter points o-f 
the BMG's dynamic range, respectively. 

and 2, consists o-f full dynamic range trials using standard but
tons, a specially -fabricated solid button, and direct cantilever 
indentation, respectively. These tests were intended to provide 
information on the -fundamental magnitude of the hysteresis pro
blem. Series-II includes tests 3A, 3B, and 'SC which are restric
ted range tests conducted about and centered on the lower, mid
dle, and upper one-quarter points of the BMG dynamic range, re
spectively. These tests, done with both standard buttons and by 
direct cantilever indentation, were intended to simulate the 
range of typical overcore test data; and to learn the amount of 
hysteresis that might commonly occur during such tests. 

Series 
Test No. 1 - Standard Button 

This test sequence consists of full deflection range cyclic 
tests with indentation occurring through standard buttons that 
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did not contain spacing washers. Cantilevers Nos. 1 <C-1> and 3 
(C-3), which Are BMG channels Nos. 1 and 3, respectively; were 
tested and the results shown irt Figures 16A and 16B, respective
ly. These figures show the hysteresis as the ordinate with total 
l_R measured deflection as the abscissa. A preload o-f 100 MI was 
used to remove the button creep and low contact stress -Friction 
effects that occur just before complete cantilever relaxation. 

The data shoi-Jn in Figures 16A and 16B are the means of five 
individual hysteresis values each obtained from a single loading 
cycle trial previously described. , The associated standard devia
tion values ar& shown as the short dashes located above and below 
their respective mean value which is itself shown as a "+", The 
plotting code incorporates subroutines that converge data (by 
linear projection along their respective regression determined 
slopes) from the five individual trial measurements to a mean 
deflection (x-asis) point be-fore the statistical ueasuces of hys
teresis are calculated. This standard format will be used for 
all graphs of similar data. 

Both curves in Figures 16ft and 16B have very similar convex 
upward shapes. Also, a small amount of hysteresis appears on the 
first unloading increment which is shown as the right-most data 
point. The amount of hysteresis increases toward mid-span where 
it reaches a maximum of about 115 MI <Fiq. 16A) and SO MI (Fig. 
16B) before declining to a low value at the 100 MI preload (zero 
point). The standard deviation values are, for the most, part, 
reasonabl/ lo.-i indicating the overall good quality of the data 
sets. The lower values for C-3 <Fig. 16B) compared to C-l (Fig. 
I6f>) may be caused by the fact that these C~3 data were obtained 
later in the testing program and therefore, reflect test system 
improvements, and increased operator skill and experience. Ihe 
differences could also reflect a fundamental difference in the 
behavior of these two button cantilever systemsr In general, the 
overall curve shape seems to suggest a hysteresis mechanism asso
ciated with the basic cantilever (notion. Two questions posed im
mediately by these results concerns (1) the nature of the button 
base to cantilever intersection p̂ irtfc and <2> tfre influence «f 
the 0-ring seal on the motion of the standard button within the 
BMG body. 

Test No. iA - Steel Button 
One particular ^rea of concern is the effect of the o-ring 

fluid seal on the standard button motion. This seal, even though 
well lubricated by silicone jelly, is a source of some friction 
but more importantly, it, and not the actual button body, is the 
true button support member. Therefore, a precision solid steel 
button, with a shape similar to that of the standard button, was 
made and custom fitted to the minimum dimension of what was dis
covered to be a slightly oval shaped cylinder in the BMG body lo
cated over cantilever C-l see Figs. 3A and 3B>. Following final 
polishing, the button was heat treated to increase its surface 
hardness. 
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Mean and standard deviation results of five full range trials 
a.rs shown in Figure 17. Here, both mid-ranye hysteresis values 
are much larger than those values measured for the standard but
tons described previously, while the maximum hysteresis value is 
essentially the same. The curve shape is also similar, but not 
as regular suggesting that either "tipping" or some other non-co-
axiai motion of this button might have occurred rear mid-deflec
tion. In general, this button did not perform very well. In 
fact, the O-ring support seems to at least give the standard but
ton hysteresis curve a more predictable shape. At this juncture 
it became clear that the fundamental behavior of the cantilever 
itself should be examined in greater detail. 

Test No. 2 - Direct Indentation 
Full range direct cantilever indentation tests were conduc

ted with the front EMS case removed (Figure 15) under test condi
tions essentially identical to those previously described. Dif
ferences are: I. the BM03 body is now supported on only one V-
blocfc rather than two as before, and 2. a one-half inch diameter 
hardened steal rod, with a large highly polished contact radius 
(3 in.>, is now bearing on the cantilevers. Results are shown in 
Figures ISA and 18B for tests on C-l and C-3, rpspectively. 

The curves shown in Figures 18fl and 18B, and Figures lift and 
16B are strikimjl^- similar. Both direct indentation curves are 
again convex upward, hut slightly more straight sided than the 
rounded curves obtained with the standard button. Again thts hys
teresis appears immediately on the first unloading increment, 
reaches a -riaximum close to mid-span, and then decays to a K M 
value. riowaver, the effect is somewhat less pronounced than with 
the standard buttons.with maximum values of 60 vs. 115 and 70 vs. 
BO FiS for C-l and C-3 tests, respectively. These results suggest 
that the same basic mechanism is operating in both cases. 

Button - Cantilever Interaction 
Because of the similarity cf the standard button and direct 

cantilever test results described above, the nature of the con
tact region between cantilever and indenter was examined micro
scopically. Figure 19 shows the cantilever blades and associated 
strain gauges, thermistor, and wiring. Note the small.,, faint, 
and slightly oval shaped mark roughly centered on the reflective 
cantilever blade surface- This and other ou' ton contact marks 
have been observed usirj^ both white and phase contrast optical 
techniques to gain insight into their physical features. 

Figure 20 is a white light photomicrograph of the contact 
area shown in Figure 19. The cantilever blade frse end is toward 
the upper left. The standard button contact area is the highly 
disturbed blackish region located in the lower right corner of 
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the photo. Interference fringe examinations indicate that these 
sur-face dimples can be up to 0.0024 in. (60 microns) deep and of
ten contain crushed mineral grains in their base. Particularly 
note the many arcuate ridge lines located near the upper center 
of the photo. These ridges are displaced relatively toward the 
unsupported cantilever end from the main button contact area. 
These lines occupy a region that is slightly wider (0.016 in.) 
than the standard button contact area (0.01 in.diameter) measured 
from the photo. For comparison, Figure 21 shows a cantilever 
blade surface following tests using the highly polished large 
radius indentation rod. The slightly disturbed contact region 
(estimated about 0.02 in.) is gradational with normal- blade sut— 
face imperfections. These findings will be addressed again in 
the discussion section of this report. 

Test Series - 11 
During j_n situ stress measurement tests in rock, operators 

must adjust the cantilever button length using spacing washers to 
obtain initial installation deflections approximately in the BMG 
mid-deflection range. One typically avoids the lower quarter of 
the instrument range because of the low button to borehole wall 
contact stresses that are developed on BMG insertion. this situ
ation would lead to poor quality data because of drill rod in
duced vibration, circulation pump surges in strain indications, 
frangible particulates located between the button and borehole 
wall, etc. The upper range of the BMG must also be avoided be
cause of potential nonlinear strain gauge responses, and the pos
sibility of causing permanent BMG damage. Thus, field data are 
typically acquired from about the middle one-half of the instru
ment's dynamic range. 

The second test series is intended to simulate the BfiG oper
ation characteristics observed in field data recently acquired at 
the Climax Stock. The individual tests consist of 1000 MS cycles 
(+- 500 MS) essentially centered on the lower (Test 3A), middle 
(Test 3B) , and upper (Test 3C) one-quarter points of the &MG dy
namic range. Cantilevers C-l and C-3 have been tested using both 
direct indentation and the standard BMG button, and the results 
srm presented as the mean and standard deviation of five individ
ual trials in the format previously described. The results are 
presented below. 

Test No. 3A - Lower One-quarter Point 
Figures 22ft through 22C present the mean and standard devia

tion results of hysteresis trials conducted about the lowermost 
one quarter point, located at about 3750 MS, of the BMB range. 
Note the scale changes for both axes, and that the standard devi
ation from five trials is commonly less than three MI. Direct 
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indentation results for cantilevers C-l and C-3 (Figures 22A and 
22C, respectively) show nearly straight line curves with slightly 
negative slopes. Initial hysteresis values are 5 MB or less, 
which increases to about 15 MS at the cycle end. 

Standard button indentation results are shown in Fiqures 22B 
and 22D -for C~l and C-3, respectively. Titese results yield near— 
ly -flat curves that have very slightly negative (-friction?) val
ues (-2 MS) that may not be signif icsnt, to slightly positive 
values (+5 MS>. The slight convex upward shape shown in Figure 
22D is probably not signi-ficant. 

Test No. 3B - Middle One-quarter Point 
The middle range test results are presented in Figures Nos. 

23A through 23D in the same manner as previously described. The 
direct indentation data, shown in Figures 23A and 23C, have the 
same basic shape and values as previously described. However, 
the data for C-l appear to be displaced upward -from about 3 to 8 
MB. 

The standard button indentation results for C-l (Fig. 233) 
show essentially no hysteresis and are very reproducible. The 
C-3 results (Fig. 23D) , however, show a &trong negatives slope and 
hysteresis values that have previously been described for direct 
indentation tests. Causes for this result will be presented in 
the discussion section of this report. 

Test No. 3C - Upper One-quarter Point 
Data for the upper range are presented in Figures 24A 

through 24D, These tests proved to be very difficult to conduct 
in a controlled manner because the MID is now heavily loaded by 
both the highly deflected cantilever and the pre-load spring. 
This caused "sticktion" in the micrometer thread used to drive 
the MID arm (see Fig. 11) which, in turn, made it very difficult 
to achieve accurate 100 MS data intervals. Therefore, it is 
gratifying to note that the data quality, as shown by the stand
ard deviations, did not seem to significantly degrade when com
pared to the results previously described. 

Direct indentation results shown in Figures 24A and 24C are 
essentially identical to the lower and middle one-quarter point 
results presented above. The initial hysteresis is about 3 MS on 
the first relaxation interval, and it increases to about 1"? MS on 
the last interval. 

Standard button test data given in Figures 24B and 24D are 
also consistent with the results for the middle range tests. C-l 
shows essentially no hysteresis except at the very end of the un
loading cycle. C-3, however, exhibits almost 25 MS of hysteresis 
in a manner almost identical to the middle range test result. 
These data will also be treated in the discussion section below. 
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DXBCUBBXON OF RESULTS 
Full Range Test Series 

The first test series dealt with full dynamic range tests 
intended to assess the fundamental behavior of the BMG. It is 
suggested that the convex upward curve shapes shown in Figures 16 
and IB result from complex motions that occur between the canti
lever and the slightly conical standard button Dase. First, it 
should be recalled that the hysteresis curves sire derived from a 
complete monotonic loading cycle. The button and cantilever is 
first pre-loaded, and then incrementally loaded (without any re
laxation adjustments) to the desired manimum deflection. There
fore, the first hysteresis value obtained is the right-most data 
point on the graph, and originates from the first unloading in
crement. The following hysteresis values are differentials cal
culated from successive unloading steps, with reference to the 
respective loading step, back to the (100 MS) pre-load value. 

During this cyclical process, the point contact stress pro
gressively increases and then decreases. At first, friction 
keeps the contact point between the button base and the somewhat 
rough and oxidized cantilever blade surface at the initial point 
as shown in Figure 25A. As cantilever indentation continues, 
however, very small differential stick slip motions occ r as the 
contact point moves outward toward the free end of the -anti lever 
(Fig. 25B). These motions are probably not directly detectable 
(there is nothing to form a reference), but cause the formation 
of microscopic "compression ridges" shown in Figure 20. Upon un
loading, contact stress is progressively reduced and the button 
rotation increases because the contact point is located slightly 
too far out on the cantilever blade. This effect appears in the 
resulting data as a "negative" hysteresis although they are pre
sented herein as positive numbers. 

Restricted Range Test Series 
The restricted range (+- 500 MS) tests conducted about the 

lower, middle, and upper one-quarter points of the BMS dynamic 
range have also been extremely revealing. Direct cantilever in
dentation results show that from 2 to 5 MS of hysteresis initial
ly appears and increases in an fairly linear fashion to from 15 
to 19 MS with 1000 MI of relaxation which is less than 27. of the 
hysteresis cycle. Standard button test results show that hyster— 
esis did not appear during the three C-l tests. During the C-3 
lower one-quarter point test, a nearly constant 5 MS was observed 
(<0.5X). However, both the middle and upper one quarter point 
te&ts of C-3 yielded hysteresis curves almost identical in form 
and magnitude to their respective direct indentation tests. A 
tentative explanation follows. 
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It is believed that this effect resulted from the fact that 
the upper surface of the C-3 blade was polished, using a series 
of progressively finer abrasives and finishing with a less than 
79 microinch (2 micron) garnet. This operation, which occurred 
before the middle and upper one quarter point tests, removed all 
surface oxidation and machining marks, and all previous indenta— 
tion dimples. This polished surface allows differential button-
to~car,'ti 1 ever motions similar to those that occur with the micro-
indenter button. Microscopic examination of the C-3 blade fol
lowing all testing revealed only minor surface disturbance as 
previously described for the large radius highly polished micro-
indenter button. Apparently many standard button cycles on an 
oxidized machined cantilever surface are required to form an in
dentation feature such as shown in Figure 20. 

Effect on Overcoring Test Results 
The amount of hysteresis that would be present in a typical 

BMG data set obtained during an overcoring test will be strongly 
dependent on the fractional characteristics of each of the six 
cantilever blade and button systems within a specific tool. If a 
given cantilever blade surface is "rough", and no lubrication 
(such as the silicone jelly user! on the D-ring fluid seal) is 
present between the standard button and the blade surface, then 
the behavior is likely to be similar to that observed for the C~l 
test series (Figs. 22B, 23B, and 24B) and essentially no hyster
esis will be present. In contrast, if the cantilever blade sur
face is very smooth or lubricated, then the blade to button be' 
havior is likely to be similar to the C-3 test results shown in 
Figures 23D and 24D. Here the about 3 MS of hysteresis appears 
on the first 100 MI unloading interval <3X), and then increases 
in a fairly linear fashion to from 20 to 25 MS at 1000 MI total 
relaxation (2% to 2.57.). The general hysteresis effect is to 
make the commonly measured dilational borehole motions appear 
overly large, but what is the approximate magnitude of this 
effect on typical overcore test data? 

As previously mentioned, fifty successful BMG tests were re
cently conducted at the SFT-C facility at NTS. All data sets ob
tained from these overcoring tests yielded final gauge channel 
differentials less than 1000 MI (max. = 952 MI). The following 
discussion assumes that all cantilever blades are very clean and 
smooth, which is the worse case scenario. Then, representative 
values -for the mean and standard deviation of the hysteresis as
sociated with small BMG motions (<= to 100 MI) and for large BMB 
motions (1000 MI) is about 3 +-2 MS and 25 +-6 MS, respectively. 
These mt?an values, plus and minus two standard deviations, brack
et the 957. confidence interval assuming that these data are not— 
mally distributed about their mean. Thus, the small motion data 
could have hysteresis values ranging from essentially zero to 
possibly as much as 77. of deformation while large motion data 
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could have hysteresis ranging from 1.37. to 3.7X o-f de-formation. 
However, it is believed that the latter values are mora likely to 
be representative o-f the true hysteresis magnitude because they 
are derived -from relatively larger and inherently more accurate 
measurements. When one recalls the nature o-f the environment in 
which overcore stress measurements are made, it seems likely the 
other sources of error such temperature, vibration, asperity 
crushing and so forth equal or exceed the magnitude of the hys
teresis error. Therefore corrections to the SFT-C data set seem 
unnecessary at this time. 

CONCLUSIONS 
The following conclusions and observations are presented 

with regard to the results of the micro-indenter tests conducted 
on the standard BMG apparatus. 

The negative hysteresis appears to be caused by differ— 
ential motion between the base of the standard button 
and the upper cantilever surface. On loading, the con
tact stress increase coupled with blade deflection re
sults in this contact point slipping outward toward the 
free end of the cantilever. This causes progressively 
more severe button tipping on relaxation which appears 
as negative hysteresis. 

The amount of hysteresis observed during standard cali
bration tests appears to be related to the size of the 
BMG deflection cycle which is, in turn, calculated with 
reference to a particular origin point. Data from 1000 
MI cycles, chosen to represent the typical range of 
overcore data, obtained from the middle one half of the 
BMB dynamic range indicate that hysteresis is commonly 
less than 25 MS. This is wel1 within the range of 
other test uncertainties. Therefore, corrections to 
overcore data do not seem warranted. 

Occasionally, during overcoring tests, sudden "jumps" 
are observed in the indicated strain values. Although 
it is possible that these data discontinuities are 
caused by the crushing of borehole wall asperities or 
mineral grains, the sudden cantilever load change could 
also cause subtle differential motions between the but
ton base and cantilever. Because of this and other un
certainties in the data, it does not seem reasonable to 
wait for the last small fraction of strain to appear at 
the end of overcore tests. 



-16-

4. By its very nature, the standard calibration method us-
inq horizontally opposed micrometers is inherently less 
accurate and results in large system hysteresis. This 
calibration method is useful for determining the slope 
of the deflection vs. strain curve from point values 
obtained throughout the entire BMG dynamic range using 
the linear regression method. Any slight non-lin
earity will he masked, and other errors are assumed to 
be random. 

6. The standard O-ring supported compound button as tested 
without spacing adjustment washers installed seems to 
work reasonably wel1. During ovsrcore tests, however, 
great care must be taken when making button length ad
justments to keep the entire system clean and tight. 

7. The micro-indenter apparatus and BMG support system 
worked better than had been anticipated during its de
sign. The standard deviation of five loading cycle 
trials is about +- 5 MI, Repeated measurements with 
the care-fully reworked Laseruler system were typically 
+-2 MI. The micro-indenter did require modifications 
to remove slack in the micrometer spherical suspen
sions, careful dry lubrication of the drive thread, and 
the> addition of a preload spring to the indenter arm. 
Careful temperature control is mandatory to obtain 
measurements of this quality. 

8. A small amount (typically <90 MS) of either cantilever 
creep or strain gauge bond creep has been observed af
ter complete unloading -following full deflection range 
cycles. This memory effect appears to exponentially 
decay to near zero in about 15 to 20 minutes depending 
on how long the cantilever blade was heavily deflected. 
Creep was not apparent at the 100 MS preload and no 
permanent zero point shift was observed at any time 
during the trials. 

RECOMMENDATIONS FOR FUTURE WORK 
The following two recommendations sre offered with regard to 

•Future work to improve the overall performance of the BMG. 
1. It seems likely that the observed hysteresis effect 

could be significantly reduced by improved button base 
and cantilever blade surface design. One such improve
ment, shown in figure 26, would be to machine a small 
cone on the standard button base part. This could be 
made to fit within a similar conical depression, care
fully machined so as to be coaxial to the button 
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cylinder in the BMG case, in the upper sur-face of the 
cantilever blade. This latter cone would nave a smal
ler conical angle and the result would be to create a 
bearing circle between the two cones. An additional 
advantage is that one would know that the same contact 
point can be reesttibl ished -following spacing washer ad
justment or Q-ring lubrication. Cantilever motion will 
slightly distort this circle into an ellipse, but the 
e-f-fect may be tolerable. Tests would be needed to es
tablish the merits of such a scheme. 

2. ft new and field worthy BMG calibration fixture should 
be designed and tested that abrogates the need for mi
crometers if at all possible. Such a device might be a 
carefully prepared thick walled metal cylinder designed 
to fit within the biaxial cell. Here, the BMG would be 
placed in the coaxial 1.5 in. diameter hole and the en
tire billet which is in turn placed in the standard bi
axial cell <Worotnicki and Walton, 1979). A second pos
sible method would be to use a stepped cone type cali
brator such as W. Beloff has described to D. Wilder 
(personal communication) in Mr. Beloff's work at the 
BWIP site. 
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Cwiister 
;hofe 

NX X 20'heater holes 
Instrumentation alcove 

Existing workings 
New construction 

Shaft 

Fig, 1. Plan view of the Spent Fuel Test - Climax showing the main drifts, heater and 
canister emplacement holes, and access shaft and borehole associated with the test. 
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Fig. 2A. Plai view of the ISS-1, - 2 , and -3 boreholes used by the U. S. Geological 
Survey for the initial in situ state of stress measurements. 
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Fig. 2B. Plan view of boreholes ISS-4 through ISS-11 used for subsequent state of 
stress measurements. 

Elnition viwv 
N60°W plam 

Tail drift 

Fig. 2C. Elevation view of the N61W plane (Section A-A' of Fig. 2B), located near the 
tail drift end, that contains boreholes ISS-9, -10, and - 1 1 . 
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Fig. 3A. Longitudinal view of the U. S. B. M. reversed case borehole deformation 
gauge Model 100, Mk. 11 (modified from Rogers Arms and Machine Co., Inc. 
drawing). 

NOTE: SCALES VARY 

Gauge body 

Standard button Rock Spacing 
bearing washers 
end 

Fig. 3B Transverse section B-B' of the U.S. B. M. reversed 
case borehole deformation gauge taken through the 
standard button axes (source as noted in Fig. 3A). 

Fig. 3C. Exploded view of the standard compound 
cantilever button for the U. S. B. M. borehole 
deformation gauge. 
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Fig. 4. The standard U. S. B. M. borehole deformation gauge calibration fixture with 
the horizoritaffy opposed end bearing micrometers. 
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Button motion 

Fig. 7. Hypothesis concerning rotational strain energy rtored in the single O-ring fluid 
seal during compression of the button. 

Relaxation 
rotation -

Micrometer tip 

Micrometer axis 

• Eccentric contact point 

Compression 
rotation 

Cantilever - Button contact 
axis 

Fig. 8. Hypothesis concerning rotation and tipping forces exerted on the button by 
friction and non-coaxial contact between the rotating micrometer tip and the 
button during the standard calibration operation. 
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Fig. 9A. 

Fufl relaxed 

Ref. line 
Full deflection 

A small inward directed shear force is generated at the button cantilever 
interface by a cantilever arc located above the reference line. 

Full deflection 
Fig. 9B. Small inward and outward directed shearing forces are generated at the 

button cantilever interface by a cantilever arc including the reference line. 

Standard 
button 

Full deflection 
Fig. 9C. A small outward directed shear force is generated at the button to cantilever 

interface by a cantilever arc located below the reference line. 
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Fig. 10. Micro-indentation apparatus with the BMG installed in the test position. 
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Fig. 11. Projection drawing of the micro-indenter device showing the principal parts 
and dimensions. 
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Fig. 12. Micro-indentation apparatus with the BMG set up for testing under the 
extensively modified Laseruler. 

Fig. 13. Detail view of the micro-indenter apparatus showing the indenting arm carrying 
the hardened indenter rod that bears directly on the BMG buttons. The arm 
drive micrometer and pre-load spring are shown on the left and right sides of 
the photograph, respectively. 
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Fig. 14. Basic electronic apparatus consisted of standard Vishay strain indicator, and 
switch and balance units; and Hewlett Packard multimeter and DC power 
supply which is shown under the multimeter. An HP-41C calculator (not 
shown} was used to control the multimeter and provide temperatures values 
in degrees C. 

Fig. 15. Detail view of the micro-indenter deflection arm and indention rod similar to 
Fig. 13. Here the apparatus is. modified to allow direct cantilever indentation. 
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Micro-indenter (X10-3 Inches) 
Fig. 16A. Mean hysteresis loop with ± standard deviation values (shown as dashes) 

for BMG channel 1 (standard button 1) for the test conditions shown. 
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Fig. 16B. Mean hysteresis loop with ± standard deviation values (shown as dashes) 
for BMG channel 3 (standard button 3) for the test conditions shown. 
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O-ring supported button. Other test conditions are as shown. 
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Fig. 18A. Mean hysteresis loop with ± standard deviation values (shown as dashes) 

for direct indention on cantilever No. 1 (C-1) BMG channel 1. 
Other test conditions are as shown. 
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Fig. 18B. Mean hysteresis loop with + standard deviation values (shown as dashes) 
for direct indention on cantilever No. 3 (C-3) BMG channel 1. 
Other test conditions are as shown. 
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-Contact point 

Fig. 19. Standard Be-Cu cantilevers and mounting block for the BMG showing foil strain 
^auge sensor, wiring with water proofing, and part of the thermistor assembly. 
Note the small dark spot centered on the light colored (reflective) cantilever 
blade located slightly to the lower right of photo center. 
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Canti lever Free end 

Fig. 20. Photomicrograph of the cantilever surface disturbance caused by the standard 
button contact pressure generated during full indention cycles. The main contact 
region is located in the lower right corner of the photograph. Note the arcuate 
ridges located to the upper left of the main contact region which is also directly 
toward the free end of the cantilever. Bar scale is 100 micron (0.004 in.X 
Compare this photo with Fig. 21 below. 

Fig. 21. Photomicrograph of the cantilever surface disturbance caused by the large radius 
highly polished micro-indenter indention rod for comparison with the features 
shown in Fig. 20. Bar scale is 100 micron (0.004 in.). 
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Fig.22A. Mean hyrterewt loop with t 
standard deviation vetoes for 
direct indention on cantilever 
No. 1 (C-1) BMG channel 1. Data 
are ± 500 MS about the lower one 
quarter point of the BMG 
dynamic range. 

Fig. 22B. Mean hystaresic loop with * 
standard deviation vakie* for 
standard button on cantilever 
No. 1 (C-1) BMG channel 1. Date 
are' ± 500 MS about the lower one 
quarter point of the BMG 
dynamic range. 
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Fig. 22C. Mean hyttaraan loop with i 
standard deviation values for 
direct indention on cantilever 
No. 3 (C-3) BMG channel 3. Dan 
are ±500 MS about the tower one 
quarter point of the BMG 
dynamic range. 
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Fig, 22D. Mean hysteresis loop with t 
standard deviation values for 
standard button on cantilever 
No. 3 (C-3) BMG channel 3. Data 
are ±500 MS about the tower one 
quarter point of the BMG 
dynamic range. 
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Fig. 24A. Mean hysteresis loop with + 
standard deviation values for 
direct indention on cantilever 
No. 1 (C-1) BMG channel 1. Data 
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quarter point of the BMG 
dynamic range. 

Fig. 24B. Mean hysteresis loop with + 
standard deviation values for 
standard button on cantilever 
No. 1 (C-1) BMG channel 1. Data 
are + 500 MS about the upper one 
quarter point of the BMG 
dynamic range. 
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Fig.24C. Mean hysteresis loop with t 
standard deviation values for 
direct indention on cantilever 
No. 3 (C-3) BMG channel 3. Data 
are ± 500 MS about the upper one 
quarter point of the BMG 
dynamic i 

Fig. 24D. Mean hysteresis loop with ± 
standard deviation values for 
standard button on cantilever 
No. 3 (C-3) BMG channel 3. Data 
are + 500 MS about the upper one 
quarter point of the BMG 
dynamic range. 
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Fig. 25A. Button and cantilever initial state with button axis coaxial to cylinder and 
perpendicular to cantilever reference line. 

Cylinder axis 

Button axis 

Fig. 25B. Outward directed sheer displacement along button to cantilever interface and 
button axis rotation at full deflection. 

Button axis 

Ref. line 

Fig. 25C. Button axis rotation at full cantilever relaxation assuming shear recovery has 
not yet occured. 
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Fig. 26. Potential system improvements include double O-rmg support for the button and 
cone-in-cone indexing system for the button-to-cantilever interface. 
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