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QUESTIONS IN EXPERIMENTAL ROCK MECHANICS 

Neville G. W. Cook 

Department of Materials Science and Mineral Engineering 
University of California 

Berkeley, California 94720 

ABSTRACT 

The ultimate goal in rock mechanics is to make quantitative 
predictions of the response of rock to changes. Measured and 
calculated values of changes in displacements or temperatures in the 
rock for six different field experiments are compared using linear 
regression. •Vhen values of the mean compressire stresses are large 
compared with the values of the deviatorial stresses, linear elas- 
ticity, using values for Young's modulus from laboratory tests, 
provides a good predictive model. However, if the values of the 
mean compressire stresses are small compared with those of the 
deviatorial stresses the behavior and response of the rock, though 
systematic, is not linear. Linear heat conduction provides good 
predictions of changes in rock temperatures but thermal displace- 
ments are not predicted well by linear thermoelasticity. 

INTRODUCTION 

The ultimate goal in rock mechanics is to develop an under- 
standing of the behavior and properties of rock sufficient to enable 
quantitative predictions to be made concerning the response of rock 
masses to changes wrought by man or nature. 

The practical experiences and observations of civil and mining 
engineers and of geologists and geophysicists are of invaluable help 
in interpreting field observations and laboratory test results but 
are themselves insufficiently complete to arrive at a quantitative 
predictive model. Laboratory tests on relatively small samples of 
rock, made over wide ranges of stresses, temperatures and pore fluid 
pressures, have provided a wealth of qualitative information and 
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quantitative data about the behavior and properties of rocks (Criggs 
and Handin, 1960; and Carter et al, 1981). In principle, the use of 
this information and these data in models based on sound principles 
should provide the predictive capabilities about rock masses that 
are required. Field experiments, in which some of the responses 
of rock masses to known changes are measured, provide data against 
which the validity of predictions using models can be checked. 

Unfortunately, it is seldom, if ever, practicable to make suffi- 
cient measurements in the field to define completely the response of 
a rock mass. Nevertheless, if the behavior and properties of rock 
are understood sufficiently well, measurements that are made of the 
response of rock masses to changes should correlate well with 
predictions based on a sound model. If the correlation between 
measurement and prediction is poor: the model is inapplicable or 
incomplete; the behavior and properties of the rock' masses are not 
understood sufficiently well; the changes have not been defined 
properly, or the measurements are not good. The disparities 
between measurement and prediction seldom provide sufficient 
information to resolve these uncertainties, because of the incom- 
plete nature of field measurements. 

Field experiments are difficult, expensive and time consuming. 
The number of good field experiments is, therefore, small. Two 
quantities that can be measured with confidence in the field are 
changes in relative displacement between points and changes in 
temperature at specific points in a rock mass 

In this paper, measured and calculated changes in relative 
displacements and temperatures are compared, using linear regres- 
sion, for six different field experiments done over the past. two 
decades. These particular six experiments have been selected 
because their results are well documented and because the author is 
familiar with each of them. 

Three of these field experiments were done in different gold 
mines of the Witwatersrand System, namely, E.R.P.M., Harmony and 
W.D.L. The fourth was done at a coal mine in South Africa. One of 

the remaining two was done at Stripa, Sweden and the other is still 
underway at Climax, Nevada Test Site. 

ANALYSIS OF DATA 

The analyses consist of performing a linear regression between 
calculated, x, and measured, y, values of the displacements or 
temperatures. The values of b and m in the equation y = mx ß b and 
the value of the coefficient of correlation, r, provide different 
measures of the applicability of the model used to make the calcula- 
tions. In general, a value of r near unity suggests that the model 
is applicable, but a value of m different from unity suggests that 
the values of the coefficients used to describe the properties of 
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the rock mass, such as Young's modulus or the coefficient of thermal 
expansion, are inappropriate. For an applicable model, the value of 
b should be zero if the measurements also are good. All the models 
used in this paper are linear and most of the measurements are 
relatively good. The value of b relative to the actual values of 
the measured changes, b', is, therefore, indicative of non linear 
behavior and response of the rock. 

E. R. P.M. Displacement 

At E. R. P. M. 23 benchmarks were established along 600m 
of 58 haulage situated between lOOm and 200m above the mined out 
areas and the intervening unmined, gold-bearing reef between two 
longwall faces being mined toward one another (Ortlepp and Cook, 
1964). This haulage, at 2600m below surface traverses strata of the 
Witwatersrand System that extend to surface save for a conformable 
diabase sill 60m thick about 300m above the reef. These benchmarks 

comprised vertical rockbolts 2.4m in length anchored only at their 
upper ends into the roof of the haulage. Precise levelling of the 
benchmarks was done initially in February, 1962 and, subsequently, 
in February, 1963 and in December, 1963 (Cook et al., 1966). Verti- 
cal displacements of these benchmarks occurred as the geometry of 
the longwall stopes was changed by mining. Using an electrical 
resistance analog to model the complex stope geometry (Salamon et 
al., 1964) and a value for Young's modulus of about 76GPa, derived 
from laboratory tests on small specimens of rock, the changes in the 
elastic displacements of 10 benchmarks as a result of the changes 
in stope geometries at these dates were calculated. 

Caiculated and measured values of the dispiacements together with 
a linear, least squares regression fit to them are as is illustrated 
in Figure i. From this Figure and the values for the regression 
iine in Table 1, it appears that the value of Young's modulus is 
siightIy iow, m = 0.86, and that the 11near, elastic modei is 
applicable, r = 0.97 and b' = 0.05. 

Harmony Displacements 

A vertical, wire extensometer extending from 7m in the footwall 
to 50m in the hanging wall was installed 20m ahead of an advancing 
stope face at a depth of 1677m below surface. The strata include a 
shale layer overlying the reef about lm into the hanging, and 460m of 
lava 600m into the hanging, followed by sandstones and shales of the 
Karoo System. The dip of the stope was only 5 ø and its geometry 
was simple, so that the displacements of the anchor points of the 
extensometer, as a result of the advance of the stope face toward 
it, could be predicted using a solution in the theory of elasticity 
for a long, open horizontal slit and a value for Young's modulus 
derived from laboratoary tests on small specimens of rock (Ortlepp 
and Cook, 1964). 
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Calculat. ed displacemen:s (ram) 

Figuce 1. The celationship between calculated and measured 
changes in the elevation of a hanging wall haulage 
at E. •. P.M. resulting from mining. 

Calculated and measured values of displacements, together with 
a linear, least squares regression fit to them, are as is illus- 
trated in Figure 2. Values for the coefficients b', m and r are 
summarized in Table 1. From Figure 2 and Table 1 it appears that 
the rock is linear, b' = 0.05, and the predictive model is good, r 
= 0.93, but that the laboratory value for Young's modulus is 
significantly too low, m = 0.72. 

W. D. t. Displacements 

Benchmarks, similar to those used at E.R.P.M., were installed 
in a horizontal haulage over a length of about 750m at a depth 
below surface 1590m, from about zero to about 300m above the 
stope. The hanging consists of about 1000m of lava succeeded by 



EXPERIMENTAL ROCK MECHANICS 

Table I 

Linear regression coefficients 
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Figure 1, E. R. P. M. 
Figure 2, Harmony 
Figure 3, W. D. L. 
Figure 4, Coal Mine 
Figure 5, Stripa 

Temperatures 
Figure 6, Stripa 

Displacements 
Figure 7, Climax 

All Displacements 
Negative displacements only 

Figure 8, Climax 
Measured displacements only 

Figure 9, Climax 
Temperatures 

b m r 

0.05 
0.05 

-0.04 
0.03 

-0.02 

-0.15 

0.86 

0.72 

1.12 

0.98 

0.93 

0.39 

0.28 -0.25 

0.10 0.79 

0.01 0.55 

0.08 0.85 

0.97 

0.93 

0.97 

0.99 

0.998 

0.93 

0.13 
0.43 

0.82 

0.98 

strata of the Transvaal System including dolomite and Karst for- 
mations near surface. lhe benchmarks were first levelled in May, 
1962 and subsequently in 3anuary, 1964 (Cook et al., 1966). Changes 
in elevation at these benchmarks as a result of changes in stope 
geometry produced by mining, were calculated using an electrical 
resistance analog, the theory of elasticity and a value for Young's 
modulus derived from measurements on small, laboratory specimens of 
rock. 

Calculated and measured changes in elevation of these benchmarks 
together with a linear, least squares regression fit to them are as 
is illustrated in Figure 3. Values for the coefficients b', m and r 
are summarized in lable 1. From Figure 3 and lable 1 it appears 
that the rock is linear, b' = -0.04, and that the predictive model 
is good, r = 0.97, but that the laboratory value for Young's 
modulus is slightly too high, m = 1.12. 

Coal Mine Displacements 

Surface subsidence and vertical displacements in the strata above 
and below a coal seam were measured using precise surface leveling 
and multiple point, vertical wire extensometers, respectively 
(Salamon and Oravecz, 1970). lhe coal seam, at a depth of about 63m 
below surface was mined in a room and pillar layout. lhe electri- 
cal resistance analog (Cook et al., 1966) and numerical integration 
were used to calculate the-•u•-•idence and vertical displacements 



728 ISSUES IN ROCK MECHANICS 

•- I0' 

ß ½ompres.ion 

' ' IO •o 

Calculated displacements ½rnm ) 
Figure 2. The relationship between c.alculated and measured 

changes in the anchor positions of a vertical 
extensometer as a result of stoping toward and 
through the extensometer at Harmony (r = 0.93). 

resulting from mining. However, the values for the Young's mo•uli 
of the coal and the overlying strata were chosen so as to achieve a 
least squares fit between calculated and measured displacements. 
The resulting value for Young's modulus of the coal was 3.09GPa, 
that is, similar to values obtained from laboratory tests on coal 
specimens, and that for the overburden was 4.92GPa. This latter 
value is about a fifth of the value for Young's modulus measured in 
laboratory tests on small specimens of the overburden rock. Presum- 
ably, the reduction in the value of Young's modulus arises from the 
transversely isotropic and stratified nature of the overburden 
(Salamon, 1964). Calculated and measured displacements are as 
illustrated in Figure 4 and values for the regression line are 
summarized in Table 1. The rock is linear, b' = 0.03 and the model 
based on the theory of elasticity and fitted values of Young's 
moduli is good, r = 0.99 and, as would be expected, m = 0.98. 

Stripa Heasurements 

Measurements of changes in displacements and temperatures around 
electrical heaters simulating the heat output of canisters of 
radioactive waste were made in granite adjacent to a defunct iron 
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F = 0.,97 

! ! 

I0 •o 30 

Colculoed displacements (ram) 

Figure 3. The relationship between caicul'ated and measur•J 
changes in the elevation of a hangingwall haulage 
at W. D. L. resulting from stoping. 

ore mine at a depth of 340 m below surface near Stripa, Sweden 
(Witherspoon et al., 1981). The granite at Stripa is intersected by 
four sets of pervasive joints; the joint spacing in each set is 
predominantly less than 1 m (Thorpe, 1981). 

Changes in rock temperature were measured at several elevations 
in vertical boreholes at different radial distances and azimuths 

around the vertical hole containing the heater. Predictions of 
changes in temperature as a function of position and time were made 
using the linear theory of heat conduction, with values for the 
thermal conductivity and diffusivity determined from laboratory 
measurements (Chan et al., 1978). Temperatures measured in the 
mid-plane of the 5kW heater 190 days after heating commenced and 
predictions of these values, together with a linear, least square 
regression fit to them are as is illustrated in Figure 5. From this 
Figure and the values in Table 1 it can be seen that the rock 
is linear, b' = -0.02, the predictive model is excellent, r = 0.998, 
and that the values for the thermal conductivity and diffusivity of 
the granite are marginally too high, m = 0.93. 
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+ Pillar compression 
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3 

I 

Calculat•ed displacements (turn) 

Figure 4. The relationship between calcul•ed and measured 
surface subsidence and vertical strata movement 

resulting from excavation of a room and pillar 
coal mine. 

Thermally induced displacements were measured at 5 axial posi- 
tions along vertical and horizontal boreholes at,various distances 
and azimuths around the heaters (Witherspoon e_•t a•l., 1981). Changes 
in displacement of the anchor positions as a result of heating the 
rock were predicted using the theory of linear thermaelasticity and 
typicaI vaIues for Young's moduIus and the coefficient of linear 
thermaI expansion. CaIcuIated vaIues of relative dispIacement were 
found to be consistentIy much Iess than those measured. CaIculated 
and measured va!ues of dispIacements between anchors above and beIow 
the midpIane of the heater and across a diameter, together with a 
linear, least squares regression fit to them, are as is illustrated 
in Figure 6. From this figure and the values shown in Table I it 
appears that, although r = 0.93, the rock is non linear, b' = 0.15, 
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Figure 5. The relationship between calculated and measured 
thermal displacements in the rock adjacent to a 
5kW heater at Stripa. 

and that the typical typical value for the coefficient of thermal 
expansion is wrong, m = 0.39. 

Climax Measurements 

The Spent Fuel Test at Climax is located at a depth of 420m 
below surface in the Climax granite of the Nevada Test Site (Ramsport 
et al., 1982). The excavations comprise three parallel drifts over 
64m in length on centers of 9.7m. The central drift has the 
largest cross section, about 6.1m high by 4.6m wide. Vertical 
holes in its floor contain 11 spent fuel assemblies and six electri- 
cal heaters. This central drift was excavated after the two outside 

drifts had been developed. Before excavating the central drift, 
multiple point extensometers were installed from the outside drifts 
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Figure G. The relationship between calculated and measured 
thermal displacements in t•e rock adjacent to a 
5kW heater at Stripa. 

across the central drift at two cross sections separated by an 
axial distance of about 22 m. Mining of the central drift comprised 
the "mine-by" experiment, during which the effects of excavating 
this drift were measured by the extensometers and stress meters. 

The displacements of the extensometer anchors relative to the 
extensometer sensing heads in the outside drifts, as a result of 
excavating the central drift, were predicted by calculation using an 
elastic, finite element model (ADINA). Measured and calculated 
displacements are as is illustrated in Figure ?. From this figure 
and Table 1 it can be seen that the rock appears to be significantly 
non linear, b' = 0.28, and that the predictive model is not appli- 
cable, r = 0.13. However, much of the disparity can be attributed 
to those extensometer measurements made horizontally across the two 
pillars between the outside and central drifts, for which the data 
lie in the lower, right hand quadrant of Figure ?. If these data 
are excluded, a least squares regression line can be fitted to the 
remaining values in the lower, left hand quadrant of this figure. 
The non linearity of the data in the left hand quadrant is much less 
than that of all the data, b = 0.10, and the applicability of the 
model, though not good, is much improved r = 0.43. It has been 
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0.43 

-1.0 

Calculated displacement, s (ram) 
Figure 7. Measured and calculated displacements for 

the "mine by" experiment at Climax. 

pointed out that the ADINA and other finite element models used to 
calculate the displacements are mutually consistent (Heuze, 1981). 
The question that arises is: How consist ant are the measurements at 
each cross section with one another? If the relative displacements 
measured at the one cross section are compared with the correspond- 
ing displacements measured at the other cross section, as is illus- 
trated in Figure 8 and as is shown in Table 1, the behavior of the 
rock at each cross section appears to be quite consistent, r = 0.82, 
but the magnitudes of the displacements differ significantly, m = 
0.55, that is, the moduli of deformation at the two cross sections 
are significantly different from one another. 
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Measured displacements (turn) 
-o.s 

I I I I 

Figure 8. The correlation between like displacements 
measured at two cross sections for the "mine 

by" experiment at Climax. 

Comparisons between predicted and measured values of the temper- 
atures have been good (Patrick et al., 1981 and Ramsport et al., 
1982). The relationship between calculated and measured tempera- 
tures at various locations in the rock, together with a linear, 
least squares regression fit to them, are as is illustrated in 
Figure 9. From this Figure and Table 1 it can be seen that b' = 
0.08, r = 0.98, so that the model is quite good, and m = 0.85 which 
indicates that the coefficients of thermal conductivity and diffu- 
sivity are slightly too high. 

DISCUSSION 

The preceding analyses suggest that deformations of rock masses, 
as a result of excavation can be described well using the linear 
theory of elasticity, provided that the values of the mean compres- 
slye stresses are large and those of the deviatorial stresses 
are small. 



EXPERIMENTAL ROCK MECHANICS 735 

E 

•0 

i i , i , 

0 I0 •0 30 40 50 •;0 

Figure 9. 

Calculoted Lemperaure ('c ) 

The re•[ationship between calculated and measured 
temperatures in the rock at Climax. 

High values for Young's modulus, determined from laboratory 
tests, are applicable to hard rock under high mean and low devia- 
torial stresses, whereas artificially low values are needed to model 
the laminated strata of soft rocks at low mean compressire and 
deviatorial stresses, such as those above a coal seam. High devia- 
torial stresses at low mean stresses result in a response of the rock 
mass to exavation that cannot be modeled using simple, linear 
elasticity. However, the response of the rock mass under low mean 
and high deviatorial stresses is systematie• measurements of like 
displacements at different cross sections show a significant cor- 
relation with one another. 
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Heat transfer in rock can be predicted well using the theory 
of linear heat conduction. Howevery the theory of linear thermo- 
elasticity may not describe thermal deformations well. In parti- 
cular, the coefficient of linear thermal expansion that is determined 
from laboratoary tests on specimens of rock and is consistent with 
the mineral composition of such rocks appears to be much too large 
in pervasively jointed rock. 

In view of these conclusions• it would be interesting to estab- 
lish the extent to which the deformations and stresses induced by 
making the outer two of the three co-planar holes on centers of 
three times their diameter• and then cooling one of them and heating 
the other• Figure 10 may be predicted for: (i) a test on a labora- 
tory scale model (hole diameter• say, 50mm); (ii) an in situ block 
test (hole diameter• say 250ram); (iii) a small field test (hole 
diameter, say, 1.Sm), and (iv) a full scale field test (hole 
diameter• say, 7.5m). 

TTTTTTTT 

Figure 10. A sketch of the proposed laboratory, block and 
field tests. Hole I is drilled first; the effects 
of drilling holes II and III under stress are 
measured with intrumentation in the block and in 
hole I. Hole II is then cooled and hole III heated 

and the effects of cooling and heating are measured. 
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