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MECHANICAL PROPERTIES OF BLAIR DOLOMITE 

Abstract 

Pressure-volume, uniaxial stress 
loading to failure, uniaxial strain, and 
acoustic velocity determinations have 
been made on Blair dolomite at confining 
pressures ranging to 3.5 GPa. The bulk 
modulus, K, rapidly r i ses from an initial 
10.4 GPa (at atmospheric pressure) to 
102.0 GPa at 1 GPa pressure . At higher 
pressures, K remains essentially constant 
(110 GPa). The maximum volume change 
on loading is 3.9% at 3.5 GPa; the unload
ing closely follows the loading path. 

Comparison of uniaxial s tress tests in 
compression to 0.7 GPa and extension to 
2.1 GPa confining pressure demonstrates 
that the characteristic shear stress at 
failure as well as the transition from 
brittle fracture to ductile flow is strongly 
dependent upon both the value of the 
intermediate principal s t ress a„ and the 
rate of strain. The onset of dilatancy as 
determined in uniaxial compression occurs 
at about two-thirds of the failure s t ress . 
The uniaxial strain loading path is well 
below the failure envelope in compression. 

Accurate prediction of seismic signal? 
from an underground nuclear explosion 
requires an understanding of the coupling 
between the energy released by the device 
and the surrounding rock. This problem 
is currently being addressed by both theo-

In uniaxial s t ress loading (compres
sion). Young's modulus (E) and shear 
modulus (fi) are demonstrated to be very 
sensitive to both confining pressure and 
to the level of shear s t ress . For example, 
at pressures of 0.1 MPa to 0.5 GPa, both 
E and n first increase up to shear stresses 
of 0.05-0.15 GPa and then decrease at all 
higher stress values. These moduli are 
shown to be very sensitive indicators of 
the onset of dilatancy. Elastic moduli as 
derived from acoustic velocity measure
ments also increase with confining pres
sure (to 1 GPa), with the major change 
occurring below 0.1 GPa. All of the ob
servations made at nonhydrostatic condi
tions are consistent with the closure of 
pre-existing cracks at low pressures and 
low shear stresses followed ty an in
creasing rate of crack growth as stress 
is increased, even at the higher confining 
pressures . However, some cracks, which 
would normally close with hydrostatic 
pressure, remain open under uniaxial 
s t r ess loading at similar mean pressures. 

retical and experimental means. In the 
latter case, material properties are in
vestigated over a range of experimental 
conditions and the results are combined 
with model studies. Computer code cal
culations are then performed to correlate 

Introduction 
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these results with field tes ts . This ap
proach necessitates that the behavior of at 
least 5-10 rock ma'er ia ls be investigated. 
The purpose "f this report is to summarize 
our findings on the high-pressure mechani
cal properties of one rock, Blair dolomite. 
The types of equation-of-state (EOS) data 
to be presented include pressure-volume 
measurements to 3.5 GJ-X" the shear 
strength-mean pressure failure envelope 
as determined in compression to 0.7 GPa 

In this report we present data in the 
International System of Units (SI). P res 
sures and s t resses a re given in Pascals 
(Pa), where 10 5 Pa = 1 bar. Thus 
100 MPa = 0.1 GPa = 1 kbar. 

The test samples were prepjired by 
coring cylinders from the unoriented 
dolomite block and facing the ends, normal 
tothe cylinder axis, parallel to < 0.02 mm. 
Samples were then either air-dried for 
several weeks or oven-dried at 80°C for 
4 days: dimensions ranged from 20-30 mm 
in diameter by 30-100 mm in length. De
pending on the test type and conditions, 
these samples were jacketed with thin 
metal or plastic sleeves in order to ex
clude the liquid confining pressure medium 
from the pores. All measurements dis
cussed below were made on the dry Blair 
dolomite only. 

The experimental techniques and ap
paratus used for the EOS measurements 

2-B 
have been described previously. 
Quasihydrostatic P-V data on cylindrical 
samples (13 mm diameter X 25 mm) were 
obtained to 3.5 GPa in a piston-cylinder 

and extension to 2.1 GPa pressure. Uni
axial s tress loading moduli are shown up 
to 0.5 GPa, and uniaxial strain loading-
unloading paths are presented to 0.7 GPa 
confining pressure. Shear and compres-
sional wave velocities (1 MHz) are deter
mined to 1.0 GPa pressure . The loading 
rates for all except the latter were 
- 1 0 - V 1 . 

Blair dolomite is a dark gray, fairly 
homogeneous, fine-grained, equigranular 
dolomite [>98% CaMg(C0 3> 2] from 
Berkeley Co., West Virginia. The meas
ured density (dry) is 2.84 g • cm" , and 
the calculated porosity is 0.9%, based on 
the x- ray 1 density of dolomite, 2.866 

-3 g cm . 

device. A soft metal 'tin) was used as 
the pressure-transmitting medium. 
Pressure-volume data were also obtained 
to 1.4 GPa, using a fluid to transmit 
hydrostatic pressure to the metal-jacketed 
samples. Volumetric strains were calcu
lated from readings of foil strain gages 
cemented to the metal jacket. The assem
blies were initially seasoned to 1-3 MPa 
in order t" shrink the jacket onto the 
rock sample. 

Identically prepared specimens were 
used in the three-dimensioi-al s t ress-
strain experiments where axial load was 
applied with the piston of a piston-cylinder 
die in which the hydrostatic pressure 
could be externally controlled. The uni
axial s tress and uniaxial strain data from 
these experiments were then used to cal
culate deformation moduli and tc deter
mine the loading-unloading paths below the 
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compression failure envelope. The shear 
strength-mean pressure failure envelope 
in both compression and extension was 
determined from a s e r i e s of differential 
s t res s -ax ia l strain measurements on 
meta l -or plastic-jacketed samples . 

Acou.?ti c velocit ies were obtained by 
measuring the transit t ime of a 1 MHz 
plane wave through jacketed samples . 
Both of these latter types of t e s t s were 
corrected for the strength of the jacketing 
mater ia l s . 

Pressure-Volume Measurements 

The pressure-volume relationship of 
Blair dolomite was measured on five 
samples all cut from a s ingle core. 
Three samples were tested in the qjas i -
hydrostatic apparatus. One of these was 
12 mm in diameter and was compressed 
to 3.5 GFa, while the other two were 
24 mm in diameter and were tested to 
3 GPa. The remaining two samples were 
24 mm in diameter and were compressed 
hydrostatically to a peak pressure of 
1.4 GPa. All samples tested were 25 mm 
in length. 

Table 1. Bulk modulus as a function of 
pressure, dry Bla ir dolomite. 

P r e s s u r e , 
MPa 

0.1 
200 
400 
600 
800 

1000 
1200 
1400-3500 

Bulk modulus, 
GPa 

10.4 
58.0 
74.6 
86.2 
95.0 

102.0 
106.0 
110.0 

0.96 0.965 0.97 0.9/5 0.98 
V/V 

0.985 0.99 0.995 

Fig. I . Pressure-volume relationships for dry Bla ir ( p 0 = 2.84 g cm" ), NTS 
( p Q s 2.804 g c m " 3 ) , and Upper Bonanza King ( p 0 - 2.769 g c m " 3 ) dolomites. 



Tab le 2. Computed ve loc i t i e s and der ived e l a s t i c moduli for d r y B l a i r dolomite. 

P r a s s u r e , 
M P a 

Density, 
g . c n ~3 

C o m p r . 
veloci ty , 
k m • s " f 

Shear 
velocity, 
km • s " 1 

Bulk 
modulus , 

G P a 

Shear 
modulus, 

G P a 
P o i s s o n ' s 

r a t i o 

Young's 
modulus, 

GPa 
0.1 2.860 5.02 3.02 37.4 25.9 0.22 63.1 

10 2.851 5.32 3.10 44.3 27.4 0.24 68.1 
20 2.851 5.47 3.16 47.5 28.4 0.25 71.0 
30 2.852 5.59 3.20 50.1 29.3 0.26 73.5 
40 2.852 5.74 3.23 54.2 29.8 0.27 75.6 
50 2.853 5.90 3.26 59.1 30.3 0.28 77.6 
60 2.853 6.14 3.29 66.3 30.8 0.30 80.1 
70 2.854 6.43 3.31 76.2 31.2 0 32 82.5 
SO 2.854 6.5FS 3.33 80.1 31.7 0.33 84.1 

100 2.855 6.R* 3.41 83.1 33.1 0.32 87.7 
150 2 857 6.87 3.51 88.1 35.1 0.32 93.0 
200 2.658 7.00 3.55 92.1 36.0 0.33 95.6 
300 2.861 7.18 3.60 97.9 37.0 0.33 98.7 
400 2.864 7.27 3.62 101.5 37.6 0.34 100.3 
600 2.870 7.36 3.65 101.8 38.1 0.34 102.0 

800 2.875 7.40 3.66 106.2 38.5 0.34 103.0 

1000 2.881 7.42 3.68 106.6 39.0 0.34 104.2 

Thy p r e s s u r e - v o l u m e c u r v e de te rmined 
by the five testG for B l a i r i s shown in 
F i g . 1. This c u r v e i n d i c a t e s that th i s 
do lomi te is re la t ive ly i n c o m p r e s s i b l e 
wi th a total volume change of about 47b at 
4 G P a . The bulk modulus at 0.1 MPa 
confining p r e s s u r e is 10.4 GPa as d e t e r 
mined f rom the ini t ia l s l o p e . Th i s mod-

.u lus i n c r e a s e s smooth ly t o 110 GPa at a 
p r e s s u r e of about 1.4 G P a . No fur ther 
change o c c u r s up t o p r e s s u r e s of 3.5 G P a 
(Table 1). In the 1 0 0 0 - M P a range , the 
va lue of the balk modu lus i s in v e r y good 
a g r e e m e n t with the u l t r a s o n i c value 
(Table 2). S imi la r r e s u l t s a r e shown in 

F i g . 1 for two addit ional do lomi tes 
-3 

9,10. 

p = 2.804 and 2.769 g c m The r e s u l t s 
for the NTS dolomite ( p 0 = 2.804) a r e in 
good agreement with t h e r e s u l t s for Blai r , 
whi le the r e s u l t s for Upper Bonanza King 

0.33 0.34 0.35 0.36 
c •*• i 3 - 1 

specific volume — cm g 

Fig. 2. Pressure vs specific volume for 
dry Blair ( p 0 = 2.84), NTS 
(p 0 = 2.804), and Upper Bonanza 
King (p = 2.769) dolomites. 
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(p 0 = 2.769) material are somewhat dif
ferent. The small differences in the 
initial densities (<3%) of these three 
dolomites are not enough to account for 
the different pressure-volume curves. 
This can be seen ir- Fig. 2 where the 
specific volume is plotted as a function of 
pressure . The NTS and the Blair dolomite 
curves are nearly identical at high pres

sures, while the Upper Bonanza King 
dolomite is still quite different. This 
difference is probably due to mineralologic 
differences between the various samples. 

The unloading path from 3.5 GPa for. 
Blair dolomite is the same, within experi
mental error , as the loading path. After 
the unloading from 3.5 GPa, the total per
manent volume change is less than 0.002. 

Uniaxial Stress Measurements (failure) 

Three types of tests were made to 
delineate the failure behavior of the dry 
Blair dolomite: uniaxial compression, 
uniaxial extension, and the indirect tension 
(Brazil) test. The'first two types of tests 
were made on jacketed samples at various 
pressures,. Brazil tests were run at 
atmospheric pressure only. Using the 
convention that stress is taken as positive 
in compression and that cr.., cr„, cr, are 
the maximum, intermediate, and minimum 
principal stresses, respectively, uniaxial 
compression is the case where a. > a,. 
= a,.. In uniaxial extension, a. - a„ > cr,; 
in this test, <T„ may be either positive or 
negative. The principal s t resses are all 
different in the Brazil test: cr. > a„ > a„. 
In this case, <r„ is always negative; that 
is, it is equal to the tensile strength of the 
material . Although only atmospheric 
pressure measurements were made using 
the Brazil test, the calculated tensile 
strength is believed to be approximately 
independent of cr2, the confining pressure 

Data were taken in the form of force-
displacement curves. After recalculation 
to differential stress-axial strain curves, 
the ultimate strength (in those tests that 
exhibited brittle behavior) or differential 

11 

s t ress taken at 5% strain (for those ex
periments that were macroscopically 
ductile) v/as noted. 

hlrittle behavior may be characterized 
by a sudden change of slop? of the s tress-
strain curve at the y'eld point, followed 
either by a complete loss of cohesion in 
the test sample with a subsequent drop of 
the differential s tress to zero, or by con
tinued fracturing and rehealing of the rock, 
characterized by sharp downward breaks 
(discontinuities) in the curve. The failure 
mechanism responsible is a combination 
of tensile and shear fracturing. Ductile 
behavior is taken to be the absence of any 
sharp downward breaks in slope after the 
yielr'. point, with the sample achieving at 
least 5% strain before fracture. On the 
scale of the test sample, ductile behavior 
may be the result of homogeneously dis
tributed microfractures and the consequent 
rotation of small elements of the granular 
material , or by plastic flow (twinning or 
translation) on any scale in the dolomite 
crystals . 

In Fig. 3, we show T, the shear stress 
at failure, (cr. =cr„)/2, plotted against con-
finingpressurerorthe compression, exten
sion, and Brazil tests. Calculations for T 

-5 



0.8 i—'—i—'—rn—r 

This Data from 

work Handin et a l . 

!

Compression o 
Torsion 

Extension o 
Brazil + 

e = 10 /sec ( Compression 

j I i I l I i _ 1 . I I , I 
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1. 

Confining pressure (ov,) — GPa 

2.0 2.2 2.4 

Fig. 3. Shear stress-confining pressure failure envelope for dry Blair dolomite. The 
compression at low strain rate, the torsion, and a portion of the compression 
and extension data at low pressure (e = 10"* s~*) are replotted from Handin 
et al.H The arrow indicates the transition from brittle to ductile behavior. 

are based on the values forthe principal 
s t resses at the failure point on the s t ress -
strain curve as discussed above. Many 
of the tests at pressures up to 0.4 GPa 
have been replotted from Handin et al. 
Note that, in Fig. 3, our resul ts in com
pression lie slightly lower than Handin's, 
while our extension data are consistent 
with his earlier results. The more 

12 
limited data from Brace in compres
sion agree with Handin's results at 
low pressure but diverge at higher pres
sure to become nearly s imilar to our 
data near 0.35 GPa. We believe these 
differences in mechanical response are 
more likely due to differences between 
the starting materials than to technique 
or testing machine calibration. 

The position and shape of the com
pression failure envelope (Fig. 3) are 
most dependent on the shear strength of 
the dolomite. In contrast, the intercept 
and slope of the extension envelope are 
most affected by the tensile strength—at 
least up to pressures where o„ becomes 
positive. The average tensile strength 
from four of our tests is -17.5 MPa. Even 
in the unlikely case that the tensile 
strength of Handin's material were larger 
or smaller by as much as a factor of two, 
the extension envelope defined by these 
two sets of data would be expected to be 
smooth and regular. 

In Fig. 3, we also show the T - a3 

curve from Ref. 11 as determined in 
torsion (hollow test samples). Pure 

- 6 -



1.2 

1.0 

,2 

This 
work 

iCompression 
Torsion 
Extension 
Brazil 

- " — i — ' — r 
Data from 

Handin et a l . 
• 

0.2 0 .4 0.6 0.8 1.0 1.2 

Mean pressure, Pm, GPa 

1.4 1.6 1.8 

Fig. 4. Shear s t ress-vs-mean pressure failure envelope for dry Blair dolomite. Re-
plotted from Fig. 2. 

torsion under a confining pressure is the 
intermediate case between compression 
and extension discussed above. In 
torsion, a. > a„ > o", with a„ equal to 
the confining pressure and exactly midway 
in value between a 1 and a„. Inspection 
of Fig. 3 shows clearly that the strength 
of Blair dolomite at failure is strongly 
influenced by the relative value of CT„ 
compared to rj. and cr,. The brittle-
ductile transition is also quite markedly 
affected by confining pressure. 

All of the shear strength results shown 
in Fig. 3 have been replotted as a function 
of mean pressure, P , in Fig. 4. Al
though in this coordinate system the 
individual failure envelopes are in better 
agreement than in Fig. 3, there appears 
to be no unique envelope independent of 

cr9. Also, it can be seen that the brittle-
ductile transition pressure is dependent 
on test type and thus upon cr„. 

All results discussed above were ob-
-4 -1 tained at a strain rate (e) of - 10 s 

The effect of k on material behavior may 
be noted by comparing these data with 
limited data on the Blair dolomite tested 
in compression but at a much lower 

11 -7 -1 
strain rate : 10 s . Comparison 
of the two data sets in Figs. 3 and 4 show 
that the shear strength is lowered about 
30% at a given a g or P m . The mean 
s t ress at the brittle-ductile transition is 
similarly lowered (Fig. 4), but the transition 
pressure, cr0, is lowered only about 15% (Fig. 3). 
I t i s tobe expected that these properties 
would behave similarly for loading in other 
s t ress states (i. e., extension). 

- 7 -



Three-Dimensional Stress-Strain Determinations 

Measurements of the three principal 
s t resses as well as the three principal 
strains have been made over several 
loading paths on cylindrical samples 
(20 mm diam X 30 mm). Strain gages 
were used as the sensing elements; these 
were bonded to 0.25-mm-thick lead 
jackets which prevented penetration of 
the pressure fluid into the rock pores. 
Strain gage outputs were corrected for 
the effects of pressure as outlined by 

13 Schock and Duba. All tests were in 
compression with the radial stresses cr„ 
and cr„ equal to the confining pressure. 

The loading paths investigated included 
uniaxial s t ress and uniaxial strain. In 
the former, CT„ is fixed at some initial 
value, while e 1 and e„ are monitored 
with increasing a . . In the latter test, the 
radial strains are constrained to remain 
zero by controlling the confining pressure. 
Uniaxial strain is the condition thought to 
represent deformation by a plane shock 
wave. This test then approximates the 
conditions prevailing beyond several tens 
of meters from the source of a nuclear 
explosion but at very much lower strain 
rates. 

Uniaxial Stress 

Samples were loaded to failure in 
uniaxial s tress at confining pressures of 
0.1. 20, 100, 300, and 500 MPa. The 
measured axial and circumferential strains 
along this loading path are shown in Fig. 5 
for the test at 0.1 MPa. The behavior is 

6 14 similar to granitic rocks ' and to a 
brittle sano^tone in that the circumfer
ential strain increases linearly (at a. - a , 
below 100 MPa) while there is a noticeable 
nonlinearity in the decrease of axial strain. 
This is interpreted as due to the closing 
of long, narrow cracks whose major axes 
are primarily normal to the axial s t ress 
(CF..). At higher values of cr. - a , (ap
proaching failure), the circumferential 
strain is observed to now increase non-
linearly, in contrast to the behavior of 
the axial strain. This is believed to be 
the result of the opening or propagation of 
cracks whose major axes are primarily 
parallel to a.. The effect of this behavior 

is to increase the macroscopic volume of 
the rock and is consistent with the dila-
tancy observed in britt le crystalline 
rocks 16 The associated volume increase 

o 
o 

CO 

- 0.1 

-0.002 
Axial strain 

0.002 0.004 
Circumferential 

strain 

Fig. 5. Axial s t ress difference vs axial 
and circumferential strain (con
fining pressure cr3 =0.1 MPa) 
for dry Blair dolomite. 
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1.0 

0 . 8 -

O 
I 0.6 

5- 0.4 

500 MPa 
Hydrostat (Fig. 1) 

300 MPa 

100 MPa 

20 MPa 
0.1 MPa 

0.985 0.990 0.995 
V / V . 

1.000 

Fig . 6. Mean pressure v s volume strain 
for dry Blair dolomite. Hydro-
stat replotted from Fig. 1; uni
axial s t r e s s loading paths plotted 
for the indicated five confining 
pressures . 

i s indicated in Fig. 6, in which V/V is 
plotted as a function of mean pressure 
for the five confining p r e s s u r e s noted 
above. 

At all confining p r e s s u r e s shown in 
Fig . 6, the compress ion (V/V ) in uni
axial s t ress loading i s observed to be 
l e s s than that at equivalent mean pres 
s u r e s for hydrostatic loading (Figs. 1 
and 6). This behavior has not been ob-

14 served for granitic rocks but has been 
observed previously in an isotropic brittle 

15 sandstone. For the sandstone, this 
behavior was interpreted a s due to the 
response of long, narrow cracks to a 
superposed differential s t r e s s . In that 
study, the evidence suggested that these 
cracks (as previously d i scussed in regard 
to the data in Fig. 5) were responsible. 
In hydrostatic compress ion, c. = a„ and 
cracks of all orientations are equally 

affected. Initial loading above the hydro-
stat is still observed for Blair dolomite 
in uniaxial s t ress loading at 500 MPa. 
This implies that there are cracks present 
whose aspect ratio i s such that they are 
e i ther not closed by the confining p r e s 
sure or are easily opened by the subse
quent increase in a . . 

The slight softening before dilation of 
the mean pressure - V / V curves at 300 and 
500 MPa confining p r e s s u r e (Fig. 6) indi
cates there is some relat ive compaction 
before failure. This implies a crushing 
of porosity and has been reported pre
viously in porous sandstones where 
irrevers ib le compaction was observed, 
There it was found to be associated 
with the transition in failure behavior 
from brittle failure to ductile flow. 
Examination of the compress ion failure 
data in Fig, 3 shows this transition at 
about 450 MPa confining pressure, 
and the data in Fig. 6 would indicate the 

1.0 

17 

0.8 

O 

CO 
ID 

-0.05 -0.03 -0.01 0.01 0.03 
Axial strain Circumferential 

strain 

Fig . 7. Axial s t r e s s difference vs axial 
and circumferential strain (con
fining pressure 03 = 0.3 GPa) for 
dry Blair dolomite. 
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o 
I 

Fig . 8. 

.12 -0.08 -0.04 0 0.04 
Axial strain Circumferential 

strain 

Axial s t r e s s difference vs axial 
and circumferential strain (con
fining pressure a 3 = 0 . 5 GPa) for 
dry Blair dolomite. 

0.7 

10 20 30 40 
Shear modulus (u.) — GPa 

Fig . 9. Shear modulus as a function of 
shear s t r e s s for dry Blair 
dolomite for uniaxial s t re s s 
loading at five confining pres sures . 

transition, based on the onset of com
paction, to be slightly l e s s than 300 MPa. 
The axial s t res s - s t ra in curve also indi
ca tes some increase in ductility before 
failure. A plot of axial strain vs axial 
s t r e s s difference at 300 MPa confining 
p r e s s u r e (Fig. 7) revea l s that the mate
rial is transitional between brittle and 

18 ductile behavior as defined by Heard. 
At 500 MPa confining pres sure (Fig. 8), 
ductile behavior is evident. 

Figure 9 shows the variation of the 
shear modulus (n) with shear s tress for 
each of the tes ts shown in Fig. 6. This 
plot shows the second derivative of the 
shear s t r e s s with respect to shear strain. 
At all pressures in Fig . 9, the shear 
modulus increases upon the initial appli
cation of axial s t r e s s . Th i s increase is 
most prominent for the unconfined sac.ple. 
Initial increases in the shear modulus as 
shown in Fig. 9 are consistent with sliding 
along cracks upon initial application of 
s t r e s s . The effect of s l ippage along 
cracks is to decrease the shear modulus 
with respect to that of the rock without 
cracks . Once this movement has taken 
place, the shear modulus stiffens to the 
intrinsic value. The observation that 
some stiffening is s t i l l occurring at 
500 MPa is further evidence that cracks 
st i l l pers is t in this rock at these confining 
p r e s s u r e s . 

At higher values of shear s tress , as 
the rock dilates (Fig. 6), fi (Fig. 9) is 
observed to decrease as cracks are now 
opened and microfracturing takes place, 
leading ultimately to failure. In this 
rock one may use ;i as a more sensitive 
indication of dilatancy than the conven
tional volume strain behavior as typified 
by g r a n i t e s s ince, a s previously 
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discussed, the uniaxial s t ress loading in 
this rock is always above the hydrostat. 
The non-linear increase in circumferential 
strain associated with the onset of dilatant 

behavior will give rise to a rapid increase 
in shear strain for a given shear stress 
increment and a resulting decrease in 
shear modulus. 

Uniazial Strain 

Figure 10 compares the typical loading 
path in uniaxial strain with the failure 
envelope determined from the uniaxial 
compression tests (Fig. 3). The tendency 
of the Blair dolomite to deviate from the 
failure surface is similar to the behavior 
of many rocks investigated in this 
l a b o r a t o r y . 6 ' 1 4 ' 1 5 - 1 7 

O 

m 
a 

' 0 0.2 0.4 0.6 
Confining pressure (cr,) — GPa 

Fig. 10. Uniaxial strain loading path for 
dry Blair dolomite. Failure 
envelope replotted from Fig. 3. 

Figure 11 compares volume strain 
measured under uniaxial strain loading 
with that measured under hydrostatic con
ditions (Fig. 11. Both axial s t r e s s (o.) 
and mean pressure ( P m ' a re included. 
The P _ curve loads above the hydrostat m 
up to about 0.5 MPa and continues below 
it at all higher pressures. The initial 
loading above the hydrostat is interpreted 
as due to unidirectional crack closure as 
proposed above to explain similar behavior 
on loading in uniaxial s t ress . Loading 
below the hydrostat at higher s t resses is 

i 
1.4 

1 1 1 

r- <»], Oj > CT3 

1.2 — -

1.0 

0.8 

r~ rni, a* - Gn 
) ( (Fig. 1) -

0.6 

i 
i 

i 

0.4 - \ v x \ \ ~~ 
0.2 

0 

- Pm, o, 

1 1 i % s ^ N ^ 

Fig. 

07025 0.020 0.015 0.010 0.005 0 
Volume strain - AV/V. 

11. a j , P m vs volume strain for uni
axial strain loading for dry 
Blair dolomite. Hydrostat r e -
plotted iTom Fig. 1. 
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evidence of enhanced compaction due to 
shear s t res s , again consistent with the 
interpretation of the uniaxial s t re s s data 
(Fig. 6). 

On unloading from i n axial s t re s s of 
1.3 GPa (Fig. 11), the dolomite shows a 
permanent compaction of 0.003. This is 
in reasonable agreement with the perma
nent AV/V observed on unloading from 
3.5 GPa hydrostatic pres sure and suggests 
that mean pressures of 0.9 GPa, in the 
presence of a significant shear s t res s , 
are sufficient to remove a majority of the 
porosity. This a s s u m e s that all porosity 
i s removed by 3.5 GPa. 

The effective shear modulus on initial 
loading in uniaxial s train (Figs . 10 and 
11) is 25.7 GPa. This compares favorably 

with the value of 23.1 GPa obtained from 
the initial uniaxial s t r e s s loading in Fig. 5. 
The initial effective bulk modulus from 
the data in F igs . 10 and 11 is 22.2 GPa, 
compared with 25.0 GPa obtained on uni
axial s t re s s loading. At 30 MPa axial 
s t r e s s difference (Fig. 10), the effective 
shear modulus has increased to !9.0 GPa. 
As deformation proceeds , the shear mod
ulus decreases to 10.0 GPa in the vicinity 
of the maximum axial s t r e s s difference of 
63 MPa. The effective bulk modulus at 
this point i s 50.0 GPa. In uniaxial strain 
loading, the bulk modulus of this dolomite 

increases while the shear modulus decreases , 
15 17 a behavior s imi lar to many rocks. 

Consequently, the effective Poisson's 
ratio then increases with deformation. 

Acoustic Velocity Determinations 

8 

Acoustic ve loc i t ies were determined to 
1.0 GPa hydrostatic pres sure on the Blair 
dolomite using experimental and data 
reduction techniques described earl ier . 
Briefly, the travel t i m e of a 1-MHz wave 
through a 30-mm length of rock is m e a s 
ured as a function of confining pressure . 
The derived e last ic bulk modulus is inte
grated as a function of pressure to c o m 
pute the change in sample length and 
density with pressure . The shear v e l o c 
i t ies were determined from travel- t ime 
measurements us ing Pb(Zr, TOO, 
piezoelectric transducers . Since these 
transducers are not mode pure, the shear 
velocity measurement was compared at 
atmospheric pressure with that determined 
using mode pure, A - C cut quartz 
crysta ls . The excel lent agreement be
tween the quartz and the PZT transducers 

(3.03 vs 3.02 km s" ) indicates that the 
shear wave ve loc i t ies determined from 
the mixed-mode signal are correct. 

Figures 12 and 13 display the observed 
trave l - t imes for both the compressional 

3.5 
1 1 ' 1 ' 1 ' 

3.9 -7 
1 4.3 -4 

Q. $ 
"* 4.7 f -

5.1| - . 1 , 1 , 1 . 1 . 1 . -
0 0.2 0.4 0.6 0.8 1.0 1.2 

Confining pressure — GPa 

Fig. 12. Compressional wave travel 
time (Tp) vs pressure for dry 
Blair dolomite. 
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0 0.2 0.4 0.6 0.8 1.0 1.2 
Confining pressure — GPa 

Fig. 13. Shear wave travel t ime ( T s ) vs 
pressure for dry B la i r dolomite. 

and shear waves as a function of pressure. 
The computed velocit ies and derived 
moduli are l isted in Table 2. The largest 
change in velocit ies and moduli occurs in 
the first 100 MPa, probably because of 

6 14 the closing of most cracks by pressure . ' 
The smal l increase in ve loc i t i e s above 

this pressure indicates c losure of 
additional cracks. However, their volume 
fraction is small compared to that below 
100 MPa. 

The eompressional velocity calculated 
from the uniaxial strain data (assuming 
e last ic i ty) in Figs . 10 and 11 are 
4.45 km s on initial loading and 
7.21 km s" after the stiffening of the 
(jj - AV/V curve in Fig . 11 (P 
- 10-15 MPa). These values should then 
agree with observed shock veloci t ies in 
the e las t ic region. The initial value com
pares wel l with the value of 5.02 km s " 1 

determined ultrasonically in the labora
tory at 0.1 MPa (see Table 2), when one 

cons iders the effect of cracks on dynamic-
19 v s - s t a t i c moduli. At axial s t re s se s 

above 100 MPa, when some of these 
cracks c lose , the agreement becomes 
much better (compare 7.21 with 
7.00 km s " 1 at 200 MPa in Table 2). 
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