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Uniaxial strain loading in compression of members B, C éhd D resulted in a
'1arge hysteresis between the loading and unloading cycles in each material,
similar to behavior exhibited by most rocks. Loading perpendicular to bedding
resulted in a stress path which follows the extension failure envelope to
low-moderate pressure, then progressively deviates below it as pressure is
increased. Loading parallel to bedding indicated a path above the extension
envelope at low pressure, then crossing it and becoming lower at high
pressure. In two of the three members tested, the loading envelope remained

at ~ 1/2 the shear stress characteristic of the compression failure envelope.

The tensile strength was found to be anisotropic for all four members.
Strength perpendicular to bedding was about one-half that for parallel to

bedding. Little difference is apparent between members.

The behavior of compressional and shear wave velocities determined both
parallel and perpendicular to bedding in all four shale members were quite
 consistent as pressure was increased. All velocities strongly increase up to
about 0.2 GPa, then become almost constant to 1.0 GPa. This is consistent
with crack closure at low pressure. Strong anisotropies are shown among the
several compressional and shear modes. All data indicate these shales are
approximately tranversely isotropic. Elastic moduli were calculated for each
unit. Comparison of these data suggest that units A and C are closely similar
in behavior as are units B andd D. This is consistent with most other

observations.
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1. INTRODUCTION

This research was performed as part of the Unconventional Gas Program at
LLNL (1). It is estimated that tight (low permeability) Eastern Devonian gas
shales and Western gas reservoirs contain large quantities of natural gas, but
because of the low proéﬁction rates, these resources are difficult and
uneconomic to recover (2). Current methods of enhancing permeability in these
gas-bearing formations include dynamic stimulation with propellants or
chemical explosives, and fracturing the formations hydraulically. Empirical
applications of these methods have given variable results and thus demonstrate
that the physics of permeability enhancement are not well understood. HMuch
progress has been fofthcoming recently in the theoretical area and improved
predictive numerical models have resulted (3-8). The goal of these studies is
to predict such parameters as fracture intensity, geometry and extent as well
as porosity and permeability enhancement. In order to take maximum advantage
of this approach, equation of state (EOS) and mechanical pboperty measurements
of the reservoir rocks are required. For numerical modeling of explosive
stimulation, EOS data at very high pressures are needed. This report presents
the results of our static mechanical measurements and sonic velocities on a

particular Devonian shale at such pressures.

The starting material was a 10 cm diameter drill core of Devonian shale
from the Columbia Gas Transmission Company's well 20403, Huntington, West
Virginia. The geologic section has been divided into four distinct shale

units at the indicated depths:

A) Upper gray member: 807-1039%9 m
B) Brown gaseous member: 1039-1116 m
c) Olentangy white member:  1116-1203 m
D) Marcellus black member: 1203-1233 m

The mechanical behavior, was then determined for each individual member.
Six types of tests were performed on cylindrical samples of each material as

illustrated in Figures la and 1b:

1. Quasihydrostatic pressure-volume (P-V¥) to 4.0 GPa

2. Compressive strength in triaxial stress loading at confining pressures



(c)

(d)

Bedding

Test type

5) Indirect tensile (Brazilian test) 04> 0y= P = 0.1 MPa > 0y

Transducer

] 1 Il
Vpl, Vsl Vp", Vs” , Vs”

Vp,, Vpx, and Vp” are P-waves propagating 1, 45°, and || to bedding respectively.
Vsil is S-wave propagating . to bedding, polarized || to bedding.
Vslf and VSI'I' are S-waves propagating || to bedding, polarized L and || to bedding respectively.

Test type

6) Compressional and shear wave velocity determinations.

- Figure 1 (cont.): Test Set-Ups for Tensile and Sonic Properties Tests
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thin-wall metal or plastic tubing. No jackets were used in the tests for
tensile strength. In the P-V tests, the quasihydrostatic pressure medium (tin)
encapsulated the sample. The samples for ultrasonic velocity determination
were jacketed using Scotch cast resin. All experiments were carried out at

strain rates of 10—4 to 10—5 s—l.

3. RESULIS

3.1 Pressure-volume

The P-V behavior was determined for units B, C and D only, in the stress
state indicated in Fig. la. We were unable to prepare adequate test sample
material from unit A because of excessive bedding plane fracturing during the
specimen coring operation. In Figure 2, we summarize the P-V behavior of

these three units up to 4.0 GPa, about the practical limit for the apparatus.

Also indicated here is the average dry density, (p), and the depth of test
samples. This figure clearly indicates that the brown gaseous shale member is
the most compressible (except at low pressure), followed by the Marcellus
black shale member and the Olentangy white shale member. Volume changes at
2.1 GPa, for example, are about 9.2%, 8.3%, and 6.5%, respectively for the
three members. FEach curve shown in Fig. 2 is based on the average of three or

more tests.

Comparison of values for bulk moduli calculated at 0.5 GPa indicated that
the Brown member is lowest (18 GPa) followed by the Black (22 GPa) and the
Olentangy (31 GPa). At 4 GPa, the relative order changes: Brown = 61,
Olentangy = 64 and Black = 73 GPa.

We tested Unit C both parallel and perpendicular to bedding to make sure
our P-V technique would yield similar results independent of sample
orientation. Both sets of tests agreed within the experimental error and thus
we believe the technique is valid and the results in Fig. 2 should reflect the

P-V behavior of the three units, independent of orientation.
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3.2 Triaxial Stress Loading in Compression

Each of the four units A, B, C, and D was tested to failure in triaxial
compression at confining pressures ranging to 300 MPa (Fig. la). The strength
behavior was determined both parallel and perpendicular to bedding for each
material. 1In each casenat low to moderate pressures, the failure mode is
termed brittle in all samples and is the result of combined tensile and shear
fracture. The former dominates at the lower pressure and is oriented parallel
to 61. However, the latter becomes dominant at moderate-high pressures
and is oriented at ~ 30° to dl. ‘At the highest pressures tested, these
shale units frequently become ductile; that is, all deformation is quasi-
uniformally distributed within the test sample. The brittle-ductile
transition point usually occurs at lower pressufes for loading perpendicular
to bedding than for compression parallel to it. Results are reported in
Figures 3 to 6 in the form of stress difference (strength), 01—63,
versus 02 (confining pressure). All data are summarized in Tables 1-4.
In each figure, the compression failure envelope for the virgin shale is
defined by the points 0 from each test. Also shown in these figures is the
post-failure strength envelope, designated by a. This 1lower surface
delineates the strength of the fractured shale vs. confining pressure. At the
brittle-ductile transition, there is no strength decrease upon failure, only
distributed flow; and hence, the two curves become identical at higher
 pressure. The brittle-ductile transition is indicated on Figures 3-6 either

by a full arrow () if the value is well circumscribed, or by a dashed arrow

(- — 2) if the estimate has a larger uncertainty.
In intercomparing Figures 3-6, several trends emerge:

Unit A in either orientation is strongest at all pressures, followed by

units D, B, and C in decreasing order of strength,

at all pressures, both orientations of Unit A are brittle while those of

unit B are ductile,

the | orientation becomes ductile at high pressure for units C, D while

the li orientation remains brittle in both of these cases,
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Figure 4: Failure Envelopes, O
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| | I
1 bedding 1208 m
Brittle-Ductile
Transition
%1793 200 —
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Figure 6: Failure Envelopes, Gl - 03 Versus 02 (Pressure). Marcellus

Black Shale (unit D).
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2
possible to assess how closely 1-D strain loading was approximated. We have

as 01 iﬁcreased (Fig. 4, 6). Because ¢, was not determined, it was not

performed & limited number of these tests on units B, C, and D with the load-
ing direction being both | and | to bedding in most cases. No work was
done on Unit A because of” difficulty in preparing suitable test samples. All
results have been summarized in Tables 2 to 4. The various loading/unloading
paths in 1-D strain are shown in Figures 4a, b, 5a and 6a, b for comparison
with the failure envelopes in both compression as well as extension. In each
case, there is a very large hysteresis between the loading and unloading
paths, a common characteristic of this stress state (15-17). 1In loading |
to bedding for each ‘material (Fig. 4a, 5a, 6a), the stress path generally
appears to follow the extension failure envelope to low-moderate pressure,
then to progressively deviate towards lower shear stress at high pressure.
For the two cases parallel to bedding (Fig. 4b, 6b) the loading path rises
steeply to a shear stress noticeably above the extension envelope at 1low
pressure, then crosses it to a lower shear stress at moderate-high pressure.
In two other rock types, Westerly granite and Blair dolomite--both quite
different materials but admittedly isotropic, the 1-D strain loading path
closely follows the extension failure envelope (15,18-20). This suggests that
behavior in these stress states may be related for at least these two rocks
and perhaps in those Devonian shale’ members as well. 1In units B and D (Figs.
4 and 6), the 1-D loading path remains lower (~ 1/2 the level) than the
failure envelope in compression at low-moderate pressure, then increasingly
deviates at high pressure. This behavior is similar to that of many other
rocks investigated in this Laboratory (13,21-23). In those studies it was
suggested that the 1-D loading path closely approximates the onset for .
dilatancy. The present data (except for Unit C, Fig. 5a), including the
extension data discussed above, is consistent with that hypothesis. 1In Figure
5a, the 1-D strain loading becomes anomalous at high pressure where it can be
seen that the path rises above the compression failure envelope. We are at a
loss to explain this behavior and are not aware of any other experimental
results on any rock where this has been observed. It may be related to the
fact that the extension envelope also lies above that for compression, also an

anomaly which was noted above.



- 15 -

i i I i 1 i 1 1 i ] !
600 —
B Pvs. V/Vg 7
(Fig. 2)
400 =P vs. VIV, -
(Fig. 2)
Pm,P » -
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Figure 7: Mean Stress, Pm, Versus V/Vo’ for 1-D Strain Loading/Unloading _I_

and || Bedding for Brown Gaseous Shale Unit B (7a) and Marcellus

Black Shale Unit D (7b).



Tensile strength (MPa)

Tensile strength (MPa)

- 17 -

a: | bedding T

| i 1 i

Unit A Unit B UnitC ‘Unit D.

i L ¥ 1

} ! J !

b: || bedding {

1L , | i : |

800

Figure 8:

900 1000 1100 - 1200
Depth (m)
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Figure 9: Velocity~Pressure Plot of Olentangy Shale (Unit C), 1195 m.
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where p is the bulk density of the sample. The other coefficients are
. s nt . a - - -
zero With our velocity data, the relationships cll‘\ sz, 044 CSS’

and 023 = C13 can not be quantitatively tested. However, the specimens

parallel to bedding and at 45° to bedding were randomly cored from Jlarger
samples and the velocities of a wave mode determined from these specimens do

not differ by more than 5%, as was mentioned earlier. In calculating C,, L, we

i 1

have used the mean value of Vsl and LATEE Due to the nature of the rela-

44

tion betwéen elastic stiffness and velocity, the uncertainties of the
calculated elastic moduli are greater than those of velocities by about 10%.
Table 10 summarizes the elastic stiffness of the four shale units. Although
we only list the bulk density at room conditions P in the calculation of
the stiffness coefficients, we took account the increase of bulk density due
to compression. In Figure 10, we illustrate one example of these stiffness
coefficients for the same shale unit (Unit C) whose velocities were shown in
Fig. 9. Young's moduli (Ex, Ey, and Ez)’ shear moduli (ze, Gyz’ and
Gx ), Poisson's ratios (vxy’ VI and vzx) can be calculated

XZ
from the stiffness coefficients as:

E = = 1/8

A Ey s,
E = 1/8

4 33
€ =G =1/8

RZ yz 44
G =E /2014y )

Xy p Xy
Yey = s12 11
v = -8 S

*Z 13/ 11’
v =Ev /E

zX Z XZ X

where s = (C,.C )ZID

11 = (€31C337Cy3
833 = 4C46(C117Cog?/P
Sea = 1’244
8y = [C3-(C;;-2C,)C,41/D
s _ = /

13 = 72 C13%’P

and D=4cC [C,.(C é ) C2 1
=4 CglCy3(Cqyq 667 ~ "13°°
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Each of the four shale units tested have similar independent elastic

stiffness except C and C Unit A has a much greafér value for C

11 66" 11

than the others while in Unit C, both C11 and c66 are much larger. The

bulk density of units A and C are significantly greater than that of B and D

(Table 10). The two elgstic stiffness coefficients C11 and c66 would be

expected to show the least effect of any microcracks or micaceous minerals

along the bedding plane.
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Table 1: Upper Gray Shale, Unit A

Triaxial Stress, Compression ]| Bedding, 898 m

01 u{ 0’2 = 03 “1 - 03 (01— 03)* Remarks
40 0.1 0.1 40 0 Brittle
97 0.1 0.1 a7 0 Brittle

150 0.1 0.1 150 4] Brittle

376 269 50 326 219 Brittle

558 426 100 458 326 Brittle

717 573 150 567 423 Brittle

794 702 200 594 502 Brittle

1027 951 300 727 651 ' Brittle

Triaxial Stress, Eitension ] Bedding, 950 m

= * - - %
9 g, 9, o, o o, (61 63)
100 i3 100 87 0 Brittle
100 6 100 94 0 Brittle
200 44 200 156 0 Brittle
300 64 300 236 0 Brittle
400 116 400 284 4] Brittle
500 161l 500 339 0 Brittle
Triaxial Stress, Compression |l Bedding, 898 m
% = - - *
9 o% 7, o, o, gy (01 63)
47 0.1 0.1 47 0 Brittle
115 0.1 0.1 115 0 , Brittle
76 0.1 0.1 76 0 Brittle
277 173 50 227 123 Brittle
443 397 100 343 297 Brittle
484 433 150 334 283 Brittle
577 541 200 377 341 Brittle
750 733 300 450 433 Brittle
Triaxial Stress, Extension |l Bedding, 950 m
= * - — *
7= 9% 93 3 9" % (0)- 05)
200 10 200 190 0 Brittle
300 34 300 266 0 Brittle
400 ‘ 78 400 322 0 Brittle
405 118 405 287 1) Brittle
500 69 500 431 0 Brittle
609 106 609 503 (0] Brittle
779 132 179 647 0 Brittle

*post fracture
All stress values in MPa



Table 2 (Cont.):

27
Brown Gaseous Shale, Unit B

Triaxial Stress, Compression || Bedding, 1047 m

7

59

56
265
350
440
580
582
605
675

71

0.1
0.1
197
289
396
525
523

61 -
59
56
215
250
290
380
382
355
375

g

3

(61— 03)*

Triaxial Stress, Extension || Bedding, 1026 m

g.,= 0

1

200
300
400
500
600

Quasi Uniaxial Strain, Compression || Bedding, 1047 m

2

g1

81
150
260
328
418
510
650
764

20
116
186
250
296
332
400
534
600
668
734
800
868
738
596
494
412
312
232
153

63v
10
64
87
134
118

*post fracture
All stress values in MPa

63*
200
300
400
500
600

U3=02

76
125
150
200
250
300
400
500

20

40

60

80
100
120
160
260
300
350
400
450
500
450
400
350
300
250
200
145

61— g
190
236
313
366
482

3

(Ulr 03)*

61—03

5
25
110
128
168
210
250
264
0
76
126
170
196
212
240
274
300
318
334
350
368
288
196
144
112
62
32
8

QOO0OO0CO

Remarks

Brittle
Brittle
Brittle
Brittle
Brittle
Brittle
Brittle
Transitional
Ductile

Brittle
Brittle
Brittle
Brittle
Brittle

Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Unloading
Unloading
Unloading
Unloading
Unloading
Unloading
Unloading
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50
160
244
360
428
490
550
606
664
720
774
830
672
550
426
360
290
230
174
135

Table 3 (Cont.):

63:6

40

80
120
180
220
260
300
340
380
420
460
500
440
380
320
280
240
200
160
135

2
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Olentangy White Shale, Unit C

0103

10
80
124
180
208
230
250
266
284
300
314
330
232
170
106
80
50
30
14
0

Triaxial Stress, Compression || Bedding, 1134 m

%

21

32
123
202
274
412
481

0.1
0.1

50
100
150

250
300

21
32
73
102
124
162
181

g

3

(01— 63)*

Triaxial Stress, Extension Il Bedding, 1173 m

g,= @0

1
101
200
300
400

2

-6
30
63
926

*Post fracture
All stress values in MPa

]

101
200
300
400

*

%

-0

107
170
237
304

3

(0, 0,)%

0

0

0
77
104
153
175

COO0O

Remarks

Loading
Loading
Loading
loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Unloading
Unloading
Unloading
Unloading
Unloading
Unloading
Unloading
Unloading

Brittle
Brittle
Brittle
Brittle
Brittle
Brittle
Brittle

Brittle
Brittle
Brittle
Brittle
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Table 4 (Cont.): Marcellus Black Shale, Unit D (Cont.)

Triaxial Stress, Compression )| Bedding, 1207 m

%
70
58
228
342
436
534
739

*
1

0.1
0.1

"166

271
385
499
710

0.1
0.1

50
100
150
200
300

1]

1

-

70

58
178
242
286
334
439

3

(0,~ 0)%

Triaxial Stress, Extension || Bedding, 1208 m

9y
200
300
400
500
600

Quasi Uniaxial Strain, Compression || Bedding, 1216 m

9y

71

20
164
268
340
388
450
511
630
760
825
902

I3
18
46
89

104

105

*Post fracture
All stress values in MPa

0, %
200
300
400
500
600

03=02

20

50
100
150
198
250
303
400
500
550
600

(]

1

-0

182
254
311
396
495

3

(0,~ 0)%

61—63

0
114
168
190
190
200
208
230
260
275
302

0

0
116
171
235
299
410

COO0OO0O0

Remarks

Brittle
Brittle
Brittle
Brittle
Brittle
Brittle
Brittle

Brittle
Brittle
Brittle
Brittle
Brittle

Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
Loading
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Table 10: Elastic Stiffness Coefficients of Devonian Shale Units A-D
as 8 Function of Pressure

Sample Depth Pressure Cj3(=C32) C33 C44(=Css) C¢e C13(=Ca3)
Unit Range (m) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
A 867 10~4 67.7 25.5 13.2 25.5 -
Po = 2.71 0.01 71.1 38.6 15.1 26.0 -
. Mg/m3 0.02 71.2 39.9 15.5 26.1 -_—

0.04 73.9 41.9 16.4 26.6 _—
0.06 75.7 . 43.9 16.8 27.1 —_—
0.08 76.7 46.7 17.7 27.1 -
0.10 77.7 48.1 18.1 27.8 _
0.20 81.7 51.9 19.9 28.9 _
0.30 85.6 53.7 20.5 29.6 —_—
0.40 88.8 56.1 21.5 30.9 _—
0.50 90.1 58.5 22.1 30.9 —_—
0.60 93.2 61.2 22.5 32.2 _
0.70 94,5 62.9 23.1  32.9 —_—
0.80 95.7 64.6 23.2 32.9 _—
0.90 97.9 66.5 23.7 33.5 _—
1.00 100.2 67.4 23.8 33.6 —_—
B 1041 10~4 58.2 31.5 12.6 20.9 18.4
Po = 2.56 0.01 59.8 32.7 13.3 23.8 19.8
Mg/m3 0.02 60.6 33.8 14.4 24.3 19.0
0.04 61.5 35.7 14.8 24.8 19.5
0.06 62.4 37.5 14.8 24.8 19.9
0.08 63.4 38.2 15.2 25.4 20.4
0.10 64.2 38.8 15.3 25.5 21.6
0.20 67.3 43.1 16.2 26.7 24.6
0.30 72.3 46.7 16.8 28.0 27.0
0.40 74.2 49.8 17.7 28.7 26.8
0.50 76.4 54.5 17.8 29.4 30.6
0.60 79.5 57.1 19.2 29.6 32.8
0.70 80.7 58.8 21.2 30.3 30.1
0.80 82.0 63.8 21.7 31.0 33.3
0.90 84.1 65.8 22.2 31.1 32.4

1.00 85.3 67.5 22.8 31.2 32.0
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