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Abstract

Triaxial compression tests were conducted on cold-pressed calcite, aragonite and limestone aggregates and on Solnhofen
limestone specimens to study the effect of experimental and microstructural parameters on the transition from brittle failure
to cataclastic flow. The tests were performed at confining pressures up to 195 MPa and at strain rates between 5- 107* 57!
and 5- 107 s7'. Axial as well as volumetric strain were measured. Samples were produced by cold-pressing powders of
crushed calcite and aragonite crystals and of crushed Solnhofen limestone. Sample porosity ranged between 5 and 25% and
the average grain size varied between 5 and 400 pm.

For both the cold-pressed aggregates and the intact limestone specimens, the confining pressure at the transition from
localized brittle fatlure to non-localized cataclastic flow decreases with increasing porosity and grain size. The transition is
characterized by a zero work-hardening coefficient, by dilation for low porosity and compaction for high porosity rocks, by a
constant ratio between axial stress and confining pressure, and by decreasing yield strength for increasing confining pressure.
The experimental results disagree with the critical state concept over most of the porosity range investigated, and indicate
non-associated material behaviour. These properties of the brittle—ductile transition are addressed on the basis of continuum
mechanics or by models suggested for granular materials. The problems discussed and the results obtained are of
fundamental interest to rock deformation and structural geology.

1. Introduction man, 1979). However, only few experimental or

theoretical studies exist for the transition from brittle

The influence of porosity and grain size on brittle
failure of rocks has been extensively investigated
(e.g. Brace, 1961: Dunn et al.. 1973; Hoshino, 1974:
Olsson. 1974a: Friedman, 1976; Hugman and Fried-
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failure to cataclastic flow (Dower, 1967; Hirth and
Tullis, 1989; Fredrich et al.,, 1990; Zhang et al.,
1990; Scott and Nielsen, 1991). Difficulties in inter-
pretating the experiments arise from three reasons.
First, because the effects of porosity and grain size
are difficult to study independently in natural rocks,
one of the two parameters usually is assumed to be
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of minor importance (Hugman and Friedman, 1979:;
Scott and Nielsen, 1991). Second, variations in other
parameters such as chemical composition and ce-
mentation may obscure the observations. Third, vol-
umetric strain should be measured to understand the
micromechanisms active during cataclastic deforma-
tion (e.g. Brace et al.. 1966; Edmond and Paterson,
1972; Gowd and Rummel, 1980; Fischer and Pater-
son, 1989). Hence, the effect of microstructural pa-
rameters on mechanisms for compaction and dilation
have not yet been clearly shown.

We performed triaxial deformation tests, includ-
ing volumetric strain measurements, on cold-pressed
calcite and aragonite aggregates and intact limestone
with different porosities and grain sizes. Our data
allow to analyse the effects of confining pressure.
strain-rate, porosity, grain size and mineralogy on
mechanical properties. We consider both elastic and
inelastic deformation and compare the data with
predictions from both constitutive and micromechan-
ical models.

2. Sample preparation

The Solnhofen limestone samples 20 mm in diam-
eter and 40 mm long were cored from two blocks
that have porosities of 5.5% and 3.7% and similar
average grain sizes (Table la). Cold-pressed samples
22 mm in diameter and 44 mm long were produced
by using powders of crushed calcite single crystals
(Brilon, Germany, 99.5%,., CaCO;), crushed
aragonite single crystals (Horschenz, CSFR.
99.5% yeign CaCO;) and crushed Solnhofen lime-
stone (97.9%ion CaCO;). Crushing in a tungsten
carbide mortar resulted in average particle size frac-
tions of 400 £ 100, 100 £ 25, 50 + 15 and 15 £ 10
wm after sieving and washing (Table 1b).

We encountered a number of problems during
cold-pressing: pore pressures (air) increased in the
compaction cell and opposed compaction, friction
between the samples and the compaction cell wall
made it difficult to extract intact samples, and disc-
ing occurred when the radial constraint was removed
because of stress relaxation. We minimized these
problems by using continuous gas evacuation, lubri-
cants between the sample surface and the polished
die wall, and a compaction cell with conical internal
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bore. The axial stress applied during cold-pressing
ranged up to 1300 MPa. At similar stresses calcite
powders were easier to compact than aragonite pow-
ders and lower porosity samples were obtained from
coarser-grained powders or powders with a wider
distribution in particle size. Depending on the ap-
plied stress the sample porosities, ¢, (calculated by
comparing sample bulk densities with crystal densi-
ties), ranged between 5 and 25% (Table 1b). Die
wall friction caused densities to vary by 1% per
sample, with higher density in the upper portion of
the sample.

The particle aspect ratios for all starting powders
was 2 to 3. based on optical microscopy. Thin
sections from cold-pressed samples show a preferred
orientation of particles with their long axis perpen-
dicular to the loading direction. For calcite, the
shorter grain axis often is the c-axis (e.g., Fig. le).
During cold-pressing. brittle deformation leads to a
bimodal texture with 90 vol.% of large particles and
10 vol.% of small fragments with a few microns in
diameter (e.g. Fig. la).

3. Experimental techniques

The specimens were evacuated for 24 h and then
jacketed with a rubber sleeve prior to deformation.
Tests were performed in a 400 MPa fluid-medium
pressure vessel. Initial sample volume V, , and thus
the initial sample porosity ¢, were determined from
linear compressibilities due to hydrostatic loading
prior to axial deformation (Brace, 1965). For the
calculation of volume compressibilities we assumed
isotropic and pure linear compaction for the intact
limestone and the cold-pressed samples, respectively.
The axial stress was applied by a servo-controlled
loading system with piston displacement control.

During each deformation test the axial force, con-
fining pressure o, and piston displacement (axial
strain €,) were digitally sampled (Ar=0.17 s). Us-
ing a confining pressure compensation system, the
volume change during deformation AV was mea-
sured (Gowd and Rummel. 1980). Volumetric strain
6 was determined as = —In(1 — AV/V, ) with
6> 0 for compaction and # <0 for dilation. The
axial stress o, and the stress difference (differential
stress) Ag = o, — o, were corrected for the change



J. Renner, F. Rummel / Tectonophysics 258 (1996) 151169 153

Fig. 1. Photomicrographs of various thin sections. Direction of axial stress is perpendicular to the long side of the figures. (a) Example of
microstructure of a cold-pressed aragonite sample with about 12% porosity and 100 um average grain size after cold-pressing prior to
triaxial deformation (crossed polarizers). (b) Two major faults (coming parallel from top right corner) vanish in a zone of extensive
cataclasis in the center of a cold-pressed aragonite sample (ar33) with a initial porosity of 11% and an average grain size of 390 wm
deformed at 10 MPa confining pressure. First signs of a network of short shear faults are visible around the zone of extensive cataclasis. (c)
Center of Solnhofen limestone sample (s112/4) deformed at 79.4 MPa confining pressure. Conjugate shear fractures meet and produce a
complicate pattern typical for the transitional deformation field. (d) Microstructure of a cold-pressed aragonite sample (ar50, 11% initial
porosity. 100 um average grain size) deformed at 195 MPa confining pressure (crossed polarizers). The amount of fragments of a few
microns surrounding the originally particles increases during non-localized deformation in the ductile deformation field. (e) Microstructure
of a cold-pressed calcite sample (cc14, 7% initial porosity. 85 um average grain size) deformed at 150 MPa confining pressure (crossed
polarizers). Some properties of the microstructure resulting from cold-pressing are preserved during triaxial deformation: the preferred
orientation of long grain axis perpendicular to the pressing direction: the frequent occurrence of cleavage plans as grain boundaries; the
shorter grain axis being often the c-axis. The extensive mechanical twinning is obvious even without crossing polarizers. (f) Intra-granular
deformation in an aragonite sample (ar13. 12% initial porosity, 390 um average grain size) deformed at 195 MPa confining pressure
(crossed polarizers). Apart from inter- and intragranular microcracks which are not related to crystallographic orientations one can observe a
band of short. parallel, bended cleavage cracks. fine lamellae of mechanical twins and undulatory extinction due to (010)[100] dislocation
glide.



154 J. Renner, F. Rummel / Tectonophysics 258 (1996) 151169

Table |
(a) Initial microstructural parameters. test conditions and results for intact Solnhofen limestone (slI. slII) samples. (b) Initial microstructural
parameters, test conditions and results for cold-pressed aragonite (ar), calcite (cc), and limestone (psl) samples

No. Starting and test conditions Test results: characteristics of inelastic deformation
d by ¢, o, € m h " Ao, Aoy Ao, comments
(pm) (%) (%) (MPa) (™Y (MPa)  (MPa)  (MPa) (MPa) (MPa)
sl2/1 5 5.5 5.5 0 1.0-107* - - - 258 - 280 bl
sl12/2 5 5.5 5.4 50 0.8-107° —~0.87 —2440 —4710 250 364 364 tl
sl12/3 5 55 5.5 0 0.8-1077° - - - 260 - 278 bl
sl12 /4 5 5.5 5.3 80 1.0-107% -0.55 —340 —340 334 387 387 12
sl12 /5 5 5.5 5.3 100 08-107° -0.34 220 120 270 396 396 dl
st12/6 5 5.5 5.3 150 1.0-107* -0.14 660 560 275 401 468 dl
sl12/7 5 5.5 5.3 100 1.0-107* -038 0 -30 289 396 396 2
s12/8 5 5.5 53 50 1.0-107 -0.78 —1370 —5370 305 363 363 tl
s112 /9 5 5.5 52 195 10-10°% -0.03 1000 870 259 444 508 d2
sl12/12 5 5.5 5.4 10 50-107° - - - 288 301 301 bl
slti1 /103 37 3.7 49.7 37-107° ~-098 —5050 -—5370 312 422 422 tl
sl112/1 5 37 34 99.2 37-107° -0.58 —280 —4160 315 451 451 t2
sl112/2 5 3.7 37 0 3.7-107° - - - 312 369 369 bl
si112/4 5 37 35 79.4 08-107° —0.55 —690 — 750 329 441 441 2
s1112/5 5 37 35 1190  09-107° —-0.26 190 160 340 452 463 dl
s1112/6 S 37 34 148.8 091073 —-0.16 470 370 336 465 499 dl
siz2/7 5 37 33 193.5 1.0-10°° -0.04 810 750 314 482 532 d2
sl112/8 5 37 35 29.8 101077 - - - 317 412 412 tl
slt12/9 5 37 35 64.5 10-107° —-0.65 —5400 —11800 368 434 434 tl
No. Cold pressing Test conditions Test results: characteristics of inelastic deformation
d T b, @, o3 €, m h K Ag, Aagy do,,, comments
(pm)  (MPa) (%) (%) (MPa) (s™") (MPa) (MPa) (MPa) (MPa) (MPa)

arl3 390 714 144 122 195 5-107%  0.19 1690 1260 109 - 405 d2
arld 390 102) 123 107 50 5.107Y —0.3) — 180 —180 115 136 163 2
ar2l 390 718 144 123 150 51077 0.15 1230 1080 110 - 337 d2
ar29 390 1256 11.1 94 50 5.107° —-0.38 —350 —240 128 146 183 2
ar33 390 1004 12.1 11.3 10 5-107° -098 —-820 —820 32 43 60 tl
ar34 390 1004 119 104 50 51077 =029 —250 —230 123 150 172 02
ar35 390 1006 127 109 80 5107 ~005 90 ~120 145 229 240 dl
ar36 390 997 125 102 150 5-107°  0.10 1030 580 175 - 392 d2
ar38 390 1005 125 109 50 5-107°  —033 —160 ~—110 110 125 162 ©2
ar39 390 316 202 183 50 51077 012 320 230 42 - 111 d2
ar56 390 1010 10.6 9.0 195 5-107%  0.00 1500 1320 180 450 465 dz
ar57 390 610 14.1 127 50 5.107° -0.18 0 30 85 112 135 di
ard6 100 1012 12.6 12.0 10 5-107° —0.94 —2860 —2860 59 43 74 tl
ard7 100 1012 12.7 11.6 50 5-107° —-0.38 - 750 —520 127 140 188 tl
ard8 100 1014 128 114 80 5.107° -026 —260 —190 157 214 244 2
ard9 100 1006 126 11.0 150 5.107° —0.04 410 340 212 355 399 dl
ar50 100 1009 127 110 195 5-1077  0.09 1040 870 200 - 466 d2
arS2 100 315 223 211 50 5-1007 013 210 150 58 - 115 d2
arS3 100 616 16.7 15.6 50 5-107° -0.19 —80 —40 104 121 145 2
ar54 65 1113 126 109 150 5.107° —-0.08 290 290 232 325 406 d2
ar55 65 370 222 21.0 50 5-1077 007 160 90 75 - 117 di
ar22 15 709 163 151 50 5-107° -0.25 -370 =250 127 135 172 tl
ar2s 15 700 17.6 16.5 80 5.107° —-0.19 - 110 —260 142 239 252 tl
ar26 15 717 178 163 150 5-107° 0.09 780 490 159 - 389 d2
ar32 15 493 207 188 150 5.107% 028 1230 920 114 - 328 d2
ccd 380 718 9.1 8.5 10 5-107° —0.95 — 1220 —-1680 57 61 79 tl
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Table 1 (continued)

No. Cold pressing Test conditions Test results: characteristics of inelastic deformation
d T by b, T, 13 m h n A, Aoy Aoy,  comments
(um)  (MPa) (%) (%) (MPa) (s~ "y (MPa) (MPa) (MPa) (MPa) (MPa)

cco 380 1014 8.5 7.1 80 5-107°7 =026 160 180 136 226 274 dl
cc8 380 999 7.2 6.0 50 5-107%  —0.52  —1050 —820 173 206 262 2
cele 380 420 12.0 11.1 50 5-107° —0.09 520 660 50 96 142 dl
ccl7 380 421 11.8 109 80 5-107° —0.05 410 280 75 198 225 di
ccl8® 380 419 11.9 104 150 5-100° 020 1190 940 120 - 322 d2
ccl9 380 1006 6.9 53 50 5.-107° —0.61 — 850 — 560 181 206 256 12
cc22 380 1005 7.6 57 50 5-107°  —062 —1140 —1060 184 220 260 2
ccld 85 521 14.7 126 50 5-107° -0.32 —-220 — 140 129 166 185 t2
ccll 85 522 148 138 10 5-107°  —1.02 -—3530 —4290 72 57 ]7 2
ccl2 85 519 147 12,1 150 5-107° 021 1080 920 125 - 350 d2
ccl3 85 904 10.3 76 50 5-107°  —056 —1380 —1380 200 217 271 tl
ccld 85 1004 10.3 7.1 150 51077 —0.02 900 620 207 411 464 d2
cc20 55 1002 1.3 8.9 50 5-107° —-0.53 — 890 — 1340 188 191 265 tl
cc2! 55 1001 11.4 79 150 5-107° —-0.02 930 930 245 411 477 d2
ccS 15 532 16.2 15.0 50 5-107° -0.25 110 -90 89 171 188 tl
cc7 15 1290 9.0 79 80 5-107° —0.32 —60 - 110 175 329 379 1l
pslll 320 712 9.8 87 40 1-1077 =032 —330 - 120 151 157 186 2
psl12 320 1021 7.4 57 80 [-107Y  —038 —640 —330 224 254 326 2
psi13 320 522 119 11.2 10 1001 —0.88 —1160 —1160 50 71 78 tl
psl14 320 31t 158 135 80 1-107% 0 310 210 53 107 115 dl
psl22 320 984 7.7 6.2 50 5.1077 =052 —3970  —3970 221 210 277 tl
psi23 320 564 1.8 109 10 5-107°  —0.64  —2860 —3960 7! 57 86 b2
psi24 320 518 124 110 50 5-107° =028 —180 - 100 145 171 190 2
psl25 320 518 125 102 150 5-107°  0.21 1160 830 125 - 335 d2
psl26 320 497 128 11.0 80 5-107° =011 300 200 138 216 240 dl
psl10 180 713 119 10.1 80 5-107° —0.17 200 0 142 228 254 dl
psl27 75 443 15.1 13.3 80 5-107° —0.12 210 70 150 223 245 di
psl28 75 454 14.8 13.1 50 5.-107° —-0.32 - 270 — 180 132 170 191 2
psl29 75 446 14.9 12.5 150 5-107%  0.26 1090 800 125 - 316 d2
ps130 75 995 8.5 6.7 50 5-107°  —059  —1330 —2230 200 221 279 b2
psl2l 15 713 12.5 10,7 150 5-107° 0.9 640 560 168 - 390 d2

byih, porosity at room pressure; initial porosity at specified confining pressure .

€, strain rate.

m = d6/de, dilatancy coefficient.

h=dAo/de;: H = dow/d€ = h+ o, dm/de: apparent hardening coefficient: true hardening coefficient.

Ao, vield stress = stress at the onset of non-linearity in Ao vs. €, curves.

Jrr;, stress at the onset of dilation in 8 vs. €, curves.

Ao, maximum differential stress up to 10% strain.

bl:b2 brittle field: axial splitting: single shear fracture.

t1:12 transitional field: some shear fractures; multiple conjugate shear fractures.

d1:d2 ductile field: macroscopic non—localized deformation with central bulging: macroscopic non-localized deformation without central
bulging.

d sl: average grain size: ar.cc.psl: average particle size of starting powder (for ar and cc equivalent to grain size. for psl equivalent to the
size of coherent limestone aggregates).

g, maximum axial stress applied during cold-pressing.

in cross-sectional area. The confining pressure ranged 5A0 = + 1.0 MPa for the stress difference, 8o, =
up to 195 MPa; the strain rate was varied between 4+ 0.2 MPa for the confining pressure, de, = +0.02%
5-107% and 5-107% s™'. most tests being con- for the axial strain, and 86 = £0.3% for the volu-

ducted at 5-107° s~ ! (Table 1). Accuracies are metric strain.
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4. Experimental results

Deformation tests were performed on 57 cold-
pressed samples of aragonite (ar). calcite (cc) and
crushed Solnhofen limestone (psl), and on 19 sam-
ples of intact Solnhofen limestone (sl). In general.
brittle failure with sudden stress drops at peak stress
is observed at low confining pressures and for sam-
ples with low porosities or small particle sizes. Duc-
tile behaviour with distributed inelastic deformation
and constant or increasing stress is typical for tests at
high confining pressures and for samples with high
porosities or large particle sizes. Brittle behaviour
associated with significant dilation leads to macro-
scopic shear fracture, while ductile deformation ac-
companied by moderate dilation or even compaction
results in barrel-shaped specimens without macro-
scopic fractures. Transitional behaviour is character-
ized by work-softening and dilation with multiple
macroscopic shear fractures (Table 1).

4.1. Confining pressure

The effect of confining pressure on the strength of
aragonite samples with an initial porosity of 1%
and an average grain size of 100 pum is shown in
Fig. 2. The slope of the initial linear portion of the
Ao vs. €, curves increases with confining pressure
suggesting that the samples were compacting during
hydrostatic loading prior to application of the axial
load. Volumetric strain vs. axial strain curves
demonstrate that compaction continues during axial
loading. At low confining pressure (< 150 MPa)
compaction changes to dilation at small axial strain
values. At high confining pressure (> 150 MPa)
compaction continues throughout inelastic deforma-
tion. The sample strength increases from 70 MPa at
;=10 MPa to greater than 450 MPa at o, = 195
MPa. At all confining pressures, non-linear axial
deformation begins at axial strains of about 1.5%.
The brittle to ductile transition occurs at confining
pressure between 80 and 150 MPa.

The increment of work per unit volume required
for an increment of deformation is equivalent to the
sum of the stress difference and the additional work
done by the volumetric strain against the confining
pressure and is given by Aoy, = Ao+ o, - 36/ ¢,
(Edmond and Paterson, 1972). Compaction is charac-
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Fig. 2. Stress difference ( Ao ), work of deformation (A, . dotted
lines) and volumetric strain (#) vs. axial strain (€,) curves
showing the effect of confining pressure (g3} for cold-pressed
aragonite rocks with approximately 11% initial porosity and 100
(M average grain size.

terized by Aoy > Ao, dilation by Aoy, < Ao. The
onset ofdilation. as indicated by the cross-over of
corresponding Ao vs. €, and Aoy, vs. € curves,
occurs at increasing axial strain with increasing con-
fining pressure (Fig. 2).

4.2. Porosity

The effect of porosity on the strength of cold-
pressed aragonite and calcite samples and two intact
Solnhofen limestone specimens is shown in Fig. 3.
Aragonite samples subjected to a confining pressure
of 50 MPa exhibit decreasing strength, a transition
from brittle to ductile deformation and a transition
from dilation to compaction with increasing sample
porosity. Both cold-pressed calcite specimens sub-
jected to a confining pressure of 150 MPa demon-
strate work-hardening and compaction. The sample
with lower porosity has a higher strength. The
strength of intact limestone specimens subjected to
195 MPa also increases with decreasing porosity.
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These low porosity samples deform at nearly con-
stant volume.

4.3. Particle size

The effect of particle size on strength is shown in
Fig. 4 for cold-pressed aragonite, calcite and lime-
stone aggregates. The samples were deformed at
confining pressures of 50, 80 and 150 MPa, respec-
tively. The effect of particle size has a similar trend
to that of porosity: the strength increases with de-
creasing particle size, and the samples with smaller
particle size tend to show brittle behaviour. Because
not only strength but also hardening behaviour is
affected by particle size, the differences in strength
due to particle size diminish with increasing strain.
Compaction generally dominates for specimens with
large particle size.
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Fig. 3. Stress difference ( 10 ) and volumetric strain (6) vs. axial
strain (€,) curves showing the effect of initial porosity for cold-
pressed aragonite rocks (ar) with 100 pwm average grain size at 50
MPa, cold-pressed calcite rocks (cc) with 85 um average grain
size at 150 MPa and intact Solnhofen limestone (sII, sIII) at 195
MPa confining pressure. [legend: curve no.. material, confining
pressure (MPa). initial porosity (%)]. average grain size ( um))].
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Fig. 4. Stress difference (Ao ) and volumetric strain (8) vs. axial
strain (€,) curves showing the effect of average particle size for
cold-pressed aragonite rocks (ar) with 20 and 15% porosity at 50
MPa, cold-pressed calcite rocks (cc) with 7% porosity at 80 MPa
and cold-pressed limestone (ps!) with 10% porosity at 150 MPa
confining pressure. [legend: curve no.. material, confining pres-
sure (MPa). initial porosity (%), average particle size (pum)].

4.4. Material

As a consequence of low porosities and small
grain size, the Solnhofen limestone specimens show
the highest strengths for almost all experimental
conditions; cold-pressed aragonite aggregates tend to
be stronger than cold-pressed calcite aggregates for
similar porosity and particle size and identical con-
fining pressure and strain rate (Table 1). In Fig. 5
some details of the material effect are shown. For
samples of about 10% porosity and 400 wm particle
size, cold-pressed Solnhofen limestone has a higher
strength than aragonite and calcite samples at 50
MPa confining pressure, while the aragonite samples
have a higher strength at 150 MPa. Similar stress—
strain curves and almost identical volumetric strain
are observed for the cold-pressed limestone and cal-
cite samples at 150 MPa. Cold-pressed aragonite
specimens are more dilatant than cold-pressed calcite
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Fig. 5. Comparison of stress difference (Ao ) and volumetric
strain (6} vs. axial strain (€,) curves for microstructural similar
cold-pressed rocks composed of calcite. aragonite and crushed
limestone (cc, ar. psl) at 50 and 150 MPa. and for cold-pressed
calcite (cc) and intact Solnhofen limestone (slI} at [50 MPa
confining pressure.

and limestone specimens at similar confining pres-
sures. Comparable stress differences are observed as
the initial porosity difference between the finer
grained intact limestone (¢, = 5.4%) and the cold-
pressed calcite sample (¢, = 7.9%) decreases during
ductile deformation at o, = 150 MPa.

4.5. Strain rate

Considering experimental uncertainties. stress dif-
ference and volumetric strain are nearly unaffected
by strain rate changes from 5-107* t0 5-107% 5!
(Table 1). Apparently, in the investigated range of
strain-rate the transition from brittle to ductile defor-
mation is strain-rate insensitive for porous carbonate
rocks at room temperature.

4.6. Optical microscopy

Thin sections of samples detormed at low and
intermediate confining pressures contain either single

brittle shear fractures or conjugate shear fracture
systems typical of transitional deformation (Fig. b,
¢). With increasing confining pressure the localized
fractures branch particularly in the specimen centre.
In the central region we observe grains with crushed
corners and networks of intergranular shear bands
extending over a few grain diameters. Samples de-
formed in the “‘ductile’’ field show microfractures
and small fragments of a few microns in diameter
more homogeneously distributed. The original parti-
cles are surrounded by seams of cataclastic frag-
ments (Fig. 1d, e).

Deformed calcite samples show pronounced me-
chanical twinning compared to undeformed speci-
mens. Aragonite grains, especially when deformed at
high stress differences (> 350 MPa), exhibit (010)
cleavage fractures, fine lamellae of mechanical
{110}-twins and undulatory extinction (Fig. If).
Kink-band orientations in aragonite measured with
universal-stage microscopy suggest two dislocation
glide systems: one is the well-known system (010)
[100] (Veit, 1922); the other system (001) [010] has
not been described so far to our knowledge.

5. Discussion of experimental results

While elastic deformation behaviour is easily de-
scribed by Young’s modulus E = dAo/de, and
Poisson’s ratio v= —de,/de,, characterization of
inelastic deformation is more complicated. Curva-
tures and discontinuities in stress—strain and volu-
metric strain curves are significant and must be
explained. The analysis uses a number of macro-
scopic property characteristics (e.g., Rummel, 1982):
- Ac,,, is the maximum stress difference observed

during the first 10% of axial deformation.

- The conventional yield strength, Ac,, is the stress
difference at which Ao vs. €, curves become
non-linear. The initial non-linearity for stresses
smaller than about 5 MPa and strains smaller than
about 0.2% which presumably occurs due to the
closure of existing microcracks (Walsh, 1965) is
not considered for the determination of Ao,

- The stress difference at the onset of dilation, Agy,
is determined when the differential 96/ €,
changes sign from positive to negative.

- The coefficient of internal friction is the gradient
of the yield surface, which is here represented
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following Rudnicki and Rice (1975) by a plot of

octahedral shear stress (7= Ao /V3) vs. mean

stress [0 = (Ao + 3 - 0,)/3] at yielding. In the-
ory, yielding should be recognized as the first
deviation of material deformation behaviour from

Hooke’s law which linearily relates stress and

strain in three dimensions. In practice, the deter-

mination of the yield point is not unique. Restrict-
ing to the axial loading direction, the yield point
often is chosen as the onset of non-linearity in

Ao vs. € curves, ie. T, =A(ry/\/’3— and o, =

(Ao, + 3 - 04)/3, leading to a friction coefficient

My (e.g. Gowd and Rummel, 1980; Bernabe and

Brace, 1990; Khan et al, 1991). Considering

strain in the radial direction, the yield point is

determined as the onset of non-linearity in Ao

vs. 6 or 6 vs. €, curves (e.g. Brace et al., 1966;

Gowd and Rummel, 1980; Khan et al., 1991).

However, the onset of non-linearity in € vs. €,

curves is difficult to determine for porous or

pre-cracked rocks, which often do not show an
initial linear elastic relation (Paterson, 1978), or

for test conditions which only produce linear 6

vs. €, curves (Bernabe and Brace, 1990). To a

certain extent, this difficulty may be resolved by

comparing measured volumetric strains under tri-
axial loads with volume compaction under hydro-
static pressure (Schock et al., 1973). Fredrich et
al. (1989) used the stress difference at the onset
of dilation, Agy, ie. 7,=Ag,/V3 and G, =

(Agy+3-03)/3. to estimate a coefficient of in-

ternal friction, wu,.

In the case of smooth deformation curves the
change of curvature may be an indication of a change
in deformation processes. A first approach to charac-
terize the inelastic deformation behaviour after yield-
ing, but prior to strong curvature changes, is to
introduce the following coefficients (compare Ed-
mond and Paterson, 1972; Fredrich et al., 1989):

- h=0Ac/de, (apparent work-hardening coeffi-
cient);

- W =3doy/0e =h+ o, 3°0/d] (true work-
hardening coefficient);

- m=d0/0e, (dilatancy coefficient).

5.1. Comparison with previous work

Strength, volume changes, and deformation and
fracture features of Solnhofen limestone (sll, ¢ =

5.5%) agree well with those of Rutter (1972) and
Edmond and Paterson (1972) for limestones with
similar porosity and grain size. The results described
by Heard (1960) and Byerlee (1968) for Solnhofen
limestone (¢ = 1.7 and 4.8%) and our data on
Solnhofen limestone (¢ =3.7 and 5.5%) comple-
ment the data set which uniquely shows the increase
of strength with decreasing porosity for intact sedi-
mentary rocks. The fact that calcite marbles with
porosities smaller than 1% yield lower strength val-
ues (e.g. Rummel, 1982) is due to different grain
sizes, grain-size distributions and grain defects (Hug-
man and Friedman, 1979; Fredrich et al., 1990).

Cold-pressed calcite samples show deformation
behaviour similar to intact natural rock specimens of
comparable grain size and porosity (Hugman and
Friedman, 1979). Cold-pressed aragonite samples are
stronger than cold-pressed calcite samples but the
difference is less than that between natural caicite
and dolomite rocks (Handin and Hager, 1957; Hug-
man and Friedman, 1979; Rummel, 1982).

5.2. Characteristics of elastic and inelastic deforma-
tion behaviour

5.2.1. Elastic parameters

The most conspicuous difference between the de-
formation of intact limestone and cold-pressed cal-
cite /aragonite samples is in the elastic range. Cold-
pressed samples have small Young’s moduli. How-
ever, Young’s moduli increase with increasing con-
fining pressure and with decreasing porosity (Table
1, Figs. 2 and 3). The increase of Young’s modulus
with pressure may be explained by the closure of
microcracks or pores (e.g. Walsh, 1965; Budiansky
and O’'Connell, 1976). The increase of Young’s
modulus with decreasing porosity is related to the
increase of solid material per unit cross-section
(Digby, 1981; Walton, 1987). Poisson’s ratio v is
affected less by porosity, grain size and pressure.
The average value for the tested materials is v=0.23
+ 0.10.

5.2.2. Internal friction coefficients

Fig. 6 presents yield surfaces for the onset of
non-linearity in Ao vs. €, and for the onset of
dilation in 6 vs. €, curves (&, 7, and 0y T,
respectively). The data originate from tests on sam-
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Fig. 6. Comparison of yield surfaces deduced from the onset of non-linearity in Ao vs. €, curves (dotied lines) and from the onset of
dilation in @ vs. €, curves (dashed lines) for the rocks investigated (open symbols: localized deformation. closed symbols: non-localized
deformation). The Solnhofen limestone data (sl1I) are supplemented with a data point from Byerlee (1968) (B68). The extrapolation (=?-)
qualitatively indicates the relation of yield surfaces and critical hydrostatic pressures P, (Zhang et al.. 1990).

ples with similar porosity and grain size and de-
formed at various confining pressures. The yield
surfaces for Ao vs. €, are concave downwards with
a change from positive to negative slope close to the
transition from macroscopic localized to non-local-
ized deformation. In contrast, yield surfaces for 6 vs.
€, exclusively show positive slopes. which may
slightly decrease with increasing mean stress. These
qualitative results are independent of the different
materials, cold-pressed calcite or aragonite samples,
cold-pressed or intact Solnhofen limestone speci-
mens.

The relation between the internal friction coeffi-
cient u, and porosity is given in Fig. 7. The data
presented show an increase of w, with increasing
porosity and a small increase with increasing grain
size. A similar porosity relation exists for quartzitic
rocks such as Gosford sandstone (¢ = 13%; Edmond
and Paterson, 1972; EP72 gs), Buntsandstone (¢ =
15%: Gowd and Rummel, 1980; GR80 bs), or Berea
sandstone (¢ = 18.6 + 0.3%; Bernabe and Brace,
1990: BB90 bs).

5.2.3. Dilatancy coefficients

Dilatancy coefficients versus initial porosity are
shown in Fig. 8. With increasing porosity the bound-
ary between data from tests with and without macro-

scopic localization is marked by increasing dilatancy
coefficients. For porosities < 20% the boundary cor-
responds to negative m values. For the three above
cited sandstones a qualitatively similar dependence
of the dilatancy coefficient at the brittle—ductile tran-
sition on porosity is found. which can be extended to
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Fig. 7. Internal friction coefficients p, calculated from the onset
of dilation increase with increasing initial porosity ¢,;. For carbon-
ates symbol size qualitatively corresponds 1o average particle size.
Data points deduced from experiments on quartzitic rocks are
given for comparison (references see text). Vertical bars indicate
variations with confining pressure.
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Fig. 8. With increasing initial porosity &,. the brittle-ductile
transition (indicated by the shaded area) occurs at increasing
dilatancy coefficients m (open symbols: localized deformation:
closed symbols: non-localized deformation), Data of Carrara mar-
ble (Edmond and Paterson, 1972: EP72 cm) extend the observa-
tions to carbonates of very low porosity. Experiments on sand-
stones (EP72 gs: GR80 bs: BB90 bs) yield an increase of dila-
tancy coefficients at the transition with porosity. too (references
see text). Microscopical observations of Hirth and Tullis (1989)
on Oughtibridge ganister (¢ = 7.4%: HT89 og) suggesting that
pore collapse occurs at pressures in excess of the brittle~ductile
transition pressure extend the trend observed for the sandstones
towards lower porosities.

lower porosities by the observation of Hirth and
Tullis (1989) on Oughtibridge ganister (¢ = 7.4%:
HT89 og) that pore collapse occurs at pressures in
excess of the brittle—ductile transition pressure (Fig.
8). From Table 1 a further relationship can be found
between the macroscopic appearance of deformed
specimens and the measured dilatancy coefficients.
In the ductile field extensive bulging (d1) is limited
to dilatant behaviour (m < 0), whereas the cylindri-
cal shape (d2) is essentially preserved when inelastic
deformation is characterized by compaction.

5.2.4. Hardening coefficients
The values of # versus initial porosity are shown
in Fig. 9. Non-localized deformation directly corre-

lates with work hardening (4 > 0). Macroscopic fault
planes do not appear in specimens from tests termi-
nated when the o, vs. € curves were characterized
by positive gradients. Therefore, work hardening
coefficients #' = 0 seem to determine the boundary
between brittle fracture and cataclastic flow, indicat-
ing the equivalence of energetic and macroscopic
stability. Since the signs of A" and 4 are identical (in
all but two cases, see Table 1), the trends of either
Ao vs. € or oy vs. gcurves could be used to
characterize the deformation.

When both % and h are positive, # values
generally are smaller than h. However, when both
parameters are negative. A values generally are
greater than h (Table 1). This correlation indicates a
predominance of non-zero second derivatives
8%/ 0e} in the relationship between 4 and h: h' = h
+ oy - 39/ 3e; . In the ductile field (4, h > 0) com-
paction rate diminishes with increasing axial strain
during non-localized inelastic deformation (e.g., Fig.
3. curve 1). In the brittle field (4, h <0) dilation,
once initiated, progresses until macroscopic faulting
occurs (e.g. Fig. 2, curve 1).

5.2.5. Transition pressure and stress ratio
Interpolating work hardening coefficients to 4 =
0. experimental lower and upper bounds for the

brittle—ductile transition pressure o,,,. as a function
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Fig. 9. Hardening coefficients /" versus initial porosity ¢, (open
symbols: localized deformation: closed symbols: non-localized
deformation). Localization was not found when tests where termi-
nated at positive gradients A'.
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of initial porosity are given in Fig. 10. For all
materials tested the transition pressure predominantly
increases with decreasing porosity and subordinatly
with decreasing grain size. The data points for cold-
pressed calcite extend the trend of intact Solnhofen
limestone to higher porosities. Plumb (1994) shows a
similar porosity dependence of the confining pres-
sure at the brittle—ductile transition for clastic rocks
with porosities varying from 0 to 40% and clay
mineral volume fractions up to 72%.

Fig. 11 shows the maximum stress difference
Ac,,, as a function of confining pressure. Unique
lines separate the fields of localized and non-local-
ized deformation for each material. The data for both
intact Solnhofen limestones yield a stress ratio of
Ay =03/0,,,=0.19 in agreement with the stress

ratio estimated by Fredrich et al. (1990) for natural
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Fig. 10. The brittle—ductile transition in the ;- ¢;-field for the
carbonates examined (symbol size qualitatively corresponds to
average particle size: H60: result from Heard (1960) on Solnhofen
limestone). Bars indicate how the transition is bracketed by two
actual experiments, whereas data points are derived from interpo-
lations of the dependence of hardening on confining pressure or
porosity to &' = = 0. The transition pressure o, is a decreas-
ing function of porosity and average particle size. Given curves
are calculated after Zhang et al., 1990. from oy, = 3A0,,,. /(]
+2A=3AP, /(1 +20) = A-(dd)™*/? with A=63-10"°
MPa um'/? and d=50. 100 and 400 um respectively.
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Fig. 11. Maximum stress differences Ao, (observed for €, <
10%) versus confining pressure ¢, Lines indicate that the
brittle—ductile transition occurs at constant stress ratios (open
symbols: localized deformation, closed symbols: non-localized
deformation).

carbonates of different grain sizes. For cold-pressed
limestone and calcite samples A, = A, = 0.22.
Cold-pressed aragonite specimens yield a value of
A,, = 0.25. Similarly. stress ratios at the brittle—
ductile transition for fine to coarse grained sand-
stones and quartzites with porosities up to 60% are
02 to 0.3 (Kwasniewski, 1989: Rutter and

Hadizadeh, 1991).

5.3. Experimental constraints on constitutive equa-
tions

A basic question for the formulation of a constitu-
tive equation in plasticity is how hardening and
dilatancy coefficients are related. In critical state
mechanics it is assumed that depending on its initial
porosity and on the applied confining pressure an
axially compressed material exhibits simultaneously
either compaction and work-hardening or dilation
and work-softening until the critical state is reached
which allows perfectly plastic deformation at con-
stant stress difference and volume. The behaviour of
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soils is adequately described by critical state me-
chanics (e.g. Schofield and Wroth, 1968), therefore,
it has been attempted to apply it to rocks, too (e.g.
Gerogiannopoulos and Brown, 1978). For the car-
bonate aggregates, investigated signs of the harden-
ing and dilatancy coefficients are not strictly the
same and we do not observe perfectly plastic be-
haviour (i.e. A =0, m =0) in the range of confining
pressures of 50 to 195 MPa and porosities of up to
20%. Therefore, application of critical state mechan-
ics to low porosity rocks is not justified although
good numerical fits may be achieved (Gerogianno-
poulos and Brown, 1978). However, critical states
can not be excluded for confining pressures below
50 MPa and porosities of more than 20%.

The classical assumption of plasticity that stresses
and plastic strain increments are co-axial results in
the coincidence of plastic strain increments with the
normals of the yield surfaces, which is known as the
normality rule (e.g. Chakrabarty, 1987; Hobbs et al.,
1990). Materials obeying this rule exhibit so-called
associated behaviour. However, for materials de-
forming by micromechanisms that are frictional and
dilational this rule is not expected to be valid and the
appropriate behaviour is called non-associated. In
terms of experimentally accessible parameters the
validity of the normality rule means that the dila-
tancy factor 8= V3 - m/(m — 3) and the coefficient
of internal friction g are identical. In order not to be
restrictive in the choice of the yield surface when
carrying out this comparison we calculated not only
the coefficients of internal friction w, and p, ex-
plained above but also a coefficient ,L:Lmax from the
pressure dependence of the maximum stress differ-
ence, Ag,,,. Corresponding dilation factors By. Bs.
and B, were determined as local gradients at the
stress differences Ac,, Aoy, and Ag,,,, respec-
tively:

(1) At the onset of non-linearity in Ao vs. ¢,
curves a net volume increase with B, >0 is ob-
served for a few specimens deformed at o, = 10
MPa, only (e.g. Table 3). For all other cases B, is
negative resembling that specimens are still compact-
ing. In contrast, the coefficient of internal friction .,
changes sign from positive to negative at much
higher confining pressures close to the brittle—ductile
transition (Fig. 6; Tables 2 and 3).

(2) Whereas at the onset of dilatancy g8, =0 per

Table 2
Lower and upper limits of experimentally determined dilatancy
factor B8 and internal friction coefficients p,. py and p,,

Mat. B My Hq Memux
ar -0.19,043 -0.17,063 0.69,092 0.57,0.84

ce -0.12,043 —005,054 031,095 0.55,083
psl -0.19,040 —020.080 0.58,084 0.44,0.80
sl 0.00. 0.43 -0.34,028 0.13,031 023,073

definition the coefficient of internal friction w, is a
function of porosity and without exeption positive
(Fig. 7; Tables 2 and 3).

(3) When true peak stresses are observed, B, > 0
indicating net volume increase. When specimens
hardened throughout the experiment, 83,,, > 0 (i.e.
m < 0) as well as B, <0 (i.e. m>0) is observed
(Tables 1 and 3). However, the pressure dependence
of the deformation behaviour of the carbonate aggre-
gates investigated expresses in positive values of the
coefficient of internal friction w,,, (Tables 2 and 3).

Therefore, it has to be followed, that the normal-
ity rule is not valid for the carbonate aggregates
investigated but that their behaviour is non-associ-
ated.

Rudnicki and Rice (1975) derived constitutive
equations assuming non-associated material be-
haviour. By relating macroscopic localization to con-
stitutive instability these equations provide a predic-
tion of the failure mode (i.e., localized or non-local-
ized) when —Dbesides elastic constants — the yield
surface and the relation between stresses and inelas-
tic strains of the material under consideration are
known. The predictions are made as critical harden-
ing moduli normalized to elastic shear modulus 4 /G
for an isotropic hardening (formula 20 in Rudnicki
and Rice, 1975) and for a yield vertex (i.e. non-iso-
tropic hardening, appendix II in Rudnicki and Rice,
1975) model. Normalized hardening coefficients —
experimentally determined and for isotropic harden-
ing in the case of triaxial compression theoretically
predicted — are listed in Table 3. For each choice of
yield surface (p,, py and w,.) localization is
predicted correctly for work-softening only, but in
the brittle and transitional field where identical val-
ues are expected the quantitative agreement between
experimental and theoretical results is poor. Never-
theless, both, experimental and theoretical results,
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Table 3

Examples of corresponding coefficients of internal friction w and dilatancy factors B. Deformational characteristics derived from the
present experiments and theoretical predictions of critical ratios of hardening coefficients and shear moduli after Rudnicki and Rice (1975).
Experimental and theoretical hardening coefficients generally exhibit similar dependences on (a) confining pressure. (b) porosity and (c)
grain size. (Note: Hardening moduli % calculated from formula 20 in Rudnicki and Rice (1975) are related to hardening coefficients 4 by
h/G=G—m2 -(h/G)/(1 + h/G). Because the point of localization can not be determined from a stress—strain curve alone, the linearily
approximated post peak relations between plastic strain increments (3 were used in the calculation instead of the local gradients 8, 8, and
Biax- The 7" denotes dilatancy factors and friction coefficients with 8+ u > v/3_/2 For these values localization is predicted to develop

subparallel to the direction of the maximum stress difference and a geometry factor N = ~2/;/3_ had to be used. Owing to the observation
of dipping macroscopic faults, N =1/ ﬁ was used as for the case B+ u < \/.T/’_’.)
(a)
ar, d =100 pm, &, = 11% SIL d=5 pum. ¢, = 3.5%
a, [MPa] 10 50 80 150 195 497 79.4 119.0 148.8 193.5
“, 0.63 0.50 0.36 0.09 -0.17 0.28 0.21 0.03 -0.20 -034
B. 0.06 -0.10 -0.12 -0.16 -0.21 —0.18 -0.57 —0.49 -0.51 -0.31
VJ 0.77 0.79 0.75 0.69 - 0.31 0.24 0.19 0.20 0.20
By 0 0 0 0 0 0 Q 0 0 0
L 0.84 0.75 0.70 0.65 0.57 0.30 0.24 0.39 0.42 0.34
Bunax 0.30 0.26 0.17 0.02 —0.05 0.34 0.12 0.14 0.09 0.02
v 0.18 0.21 0.24 0.22 0.22 0.36 0.13 0.17 0.12 0.27
G (GPa) 1.7 38 4.8 6.9 7.8 235 283 239 21.9 20.9
B 0.41 0.19 0.14 0.02 -0.05 0.43 0.27 0.14 0.09 0.02
com. tl tl 12 dl d2 tl 2 dl dl d2
(h/Gyp -1.73 -0.20 -0.05 0.06 0.13 -0.21 -0.02 0.01 0.02 0.04
(7, /Gyras -193 " —-1.02 -0.82 -0.45 -0.26 - 1.60 -0.79 —-0.50 -0.28 —-0.20
(hy/Ggrss =226  —129°  —1LI12° -0.73 - -169 -08  —062 —054 —054
(hoo/Glgros —2.24 % —125° —1.08 ° ~072 —056 —165 —08 —078 —067 —062
(b) d [ um] ()
psl. 320 um. 50 MPa ce, 380 wm. 50 MPa ar. SO MPa. = [ 1%

(%) 1 6 11 6-8 390 100
TR -0.14 0.03 0.37 0.48 0.53 0.50
B; ~0.14 0.00 -0.11 0.09 0.00 —0.51
[J_;] 0.58 0.58 0.95 0.76 0.82 0.79
By 0 0 0 0 0 0
Fmax 0.71 0.61 0.83 0.65 0.77 0.75

i 0.16 0.30 0.05 0.31 0.18 0.26
v 0.15 0.17 0.15 0.39 0.24 0.21
G (GPa) 34 32 4.1 1.6 37 38
B 0.15 0.26 0.05 0.29 0.16 .19
com. 12 tl dl 2 t2 th
(h/ Gy -1.19 —0.06 ~0.21 0.32 -0.21 0.32
(h, /Gggrs -0.37 —0.60 -0.77 -1.17 - 1.01 - 1.02
(hy/Ggss  —0.94 -1.21 091 - —1.54 —124 7 =129 "
(Nparn/ Glrrzs —1.04 7 —1.25 -092 " —-140 ° -120° —1257

w, coefficient of internal friction derived from the onset of non-linearity in d¢ vs. €, curves.
,u.; coefficient of internal friction derived from the onset of dilatancy.

Mmay coefficient of internal friction derived trom maximum stress ditferences.

B, dilation factor at the onset of non-linearity in o vs. €, curves.

B;, dilation factor at the onset of dilatancy.

B dilation factor at maximum stress ditference.

v Poisson’s ration.

G shear modulus.

B dilatancy factor

(h/G),,, experimentally derived ratio of hardening coefficient /4 and shear modulus G.
(h/Ggrss theoretically predicted ratio of hardening coefficient / and shear modulus G after Rudnicki and Rice, 1975: subscripts refer to
coefficient of internal friction used.
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increase with either increasing confining pressure
(Table 3a; Bernabe and Brace, 1990; Fredrich et al.,
1990; Dresen and Evans, 1993), porosity (Table 3b)
or particle size (Table 3¢). This correspondance indi-
cates first that at confining pressures higher than
applied here true work-hardening (i.e., £ > 0) may
be the necessary condition for non-localized defor-
mation; and second that reaching large strains in the
ductile field the critical hardening coefficient in-
creases due to the porosity and grain size reduction
leading finally to localization, i.e., cataclastic flow is
not expected to be a steady state deformation mecha-
nism. The quantitative predictions are improved for
the yield vertex model (Table 2 in Rudnicki and
Rice, 1975) which takes into account experimentally
observed anisotropy of hardening (Celle and
Cheatham, 1976). Recently, Diouta et al. (1994)
found good agreement between their experimental
results and the prediction of a constitutive equation
for non-coaxial flow which is equivalent to a yield
vertex model.

5.4. Mechanisms related to the transition from brittle
failure to cataclastic flow

Dilation during work-hardening and the strong
pressure sensitivity of the deformation result from a
predominance of cataclastic processes such as mi-
crofracturing and relative particle motion. The for-
mation of fracture planes during brittle and transi-
tional deformation may be the result of the coales-
cence of microfractures (Scholz. 1968; Olsson,
1974b) or the propagation of singular fractures
(Lockner et al., 1992) controlled by confining pres-
sure (Schmidt and Huddle, 1976) and microstructural
parameters such as grain size and porosity (Hoagland
et al., 1973; Rice, 1977, 1981; Wu et al., 1981). The
observed dependence of dilatancy coefficients at the
brittle—ductile transition (Fig. 8) and the transition
pressure (Fig. 10) on initial porosity complement the
concept of Edmond and Paterson (1972) for the
transition pressure: Continuous inelastic deformation
is only possible if sufficient natural porosity is pre-
sent and/or if porosity develops during homoge-
neous microfracturing stabilized by the confining
pressure.

The particular microfracture mechanisms respon-
sible for the observed deformational behaviour have

been addressed in various approaches (discussed by
Evans et al., 1990). Rocks can be either described as
(a) continua with pores or as (b) granular aggregates:
(a) For a continuum with cylindrical pores under
triaxial compression Sammis and Ashby (1986) ana-
lyze the development and interaction of tensile cracks
emanating from the pores due to stress concentra-
tions. Their calculation based on fracture mechanics
indicate inhibited crack growth for stress ratios A <
0.1. However, brittle behaviour is experimentally
observed up to A = 0.2 (Fig. 11). This overemphasis
of the stabilizing role of confining pressure (Wong,
1990; Dresen and Evans, 1993) may be related to the
restriction of Sammis and Ashby’s model to tensile
cracks. Experimental observations demonstrate that
first tensile microfractures occurring at tops and
bottoms of cylindrical pores cause yielding and then
shear fractures initially at pore side walls cause
macroscopic failure (Sobolev and Rummel, 1982).
From postdeformational microscopic observations
Hirth and Tullis (1989) deduce a change in domi-
nance of these two fracture types, tensile at tops and
bottoms of pores and shear at pore side walls, at the
pressure-induced transition from brittle to ductile
behaviour providing a qualitative explanation for the
observed decrease in yield strength with increasing
confining pressure in the ductile field (Fig. 6; Byer-
lee, 1968; Miller and Cheatham, 1972).

(b) In models which describe a porous rock as a
granular material, the strengthening effect of decreas-
ing porosity is related to the increase of contact area.
In rocks of low porosity, failure of individual grains
occurs at higher external loads than in rocks of
higher porosity (Knudsen, 1959; Friedman, 1976;
Gangi, 1976). Failure mechanisms on the grain scale
are either tensile cracking at grain surfaces (Hertzian
fracture model, e.g. Zhang et al., 1990) or tensile or
shear cracking across grains (Brazilian fracture
model, e.g. Fairhurst, 1964; Gallagher et al., 1974).
The distribution of the load seems to determine the
failure mechanism with surfacial crushing near point
contacts and bisecting tensile failure for distributed
load (Hudson et al., 1972).

Both the Hertzian and Brazilian fracture models
yield relations between failure loads of individual
grains and their radii; however, the effect of grain
size on the failure strength of an aggregate is criti-
cally dependent on the relation between externally
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applied stresses and resulting loads on grain scale.
Using fracture mechanics, Zhang et al. (1990) explic-
itly derive the pressure at the brittle—ductile transi-
tion, o,.., from hydrostatic compression tests as a
function of porosity, grain size, elastic constants and
fracture toughness. Their analysis is in qualitative
agreement with our observation of decreasing effects
of increasing porosity and grain size on transition
pressure, but their deduced functional dependence
Tpans € (- d)7?/? is questionable (Fig. 10; Rutter
and Hadizadeh, 1991). Regarding the yield surfaces
based on the onset of non-linearity in Ao vs. €,
curves in Fig. 6, it is obvious that the critical pres-
sures, P, of hydrostatic irreversible compaction and
the mean stress of a triaxial compression test at the
brittle—ductile transition, @, are distinguishable

trans®

points in a 7— o plot. Therefore, P, and @,,,,
cannot be substituted for one another as assumed in
the calculations of Zhang et al. (1990). Physically.
the difference probably is caused by enhanced com-
paction due to shear during triaxial loading
(Hadizadeh and Rutter, 1983).

Whereas some aspects of the deformational be-
haviour of porous solids are adequately explained by
the micromechanical models discussed above, two
major observations are not. First, differences in the
post-yield stress difference and hardening coeffi-
cients for intact rocks and cold-pressed rocks vanish
with increasing confining pressure despite significant
differences in initial crack densities (Figs. 3, 5 and
11). Second, stress ratios at the brittle—ductile transi-
tion are almost material-independent constants (Fig.
11), although all models use elastic and fracture
mechanical properties that vary strongly with miner-
alogy (Atkinson and Meredith, 1987; Gebrande.
1982; Rummel, 1982). The strengths of intact and
thermally granulated marbles also assimilate with
increasing confining pressure (Rosengren and Jaeger,
1968; Gerogiannopoulos and Brown, 1978). It fol-
lows that neither intragranular fractures nor grain
boundary fractures consume much of the deforma-
tion energy at moderate to high confining pressures.
Therefore, friction probably provides the major en-
ergy sink (Bernabe and Brace, 1990) as implied by
Byerlee (1968) in his definition for the brittle—ductile
transition pressure as the confining pressure for which
generation of a fracture plane and frictional sliding
on it require identical shear stress. This relation has

often been confirmed by experiments (e.g., Gowd
and Rummel, 1980; Zhang and Rummel, 1989; Mur-
rell, 1990; Scott and Nielsen, 1991). Friction is the
major stress-controlling parameter, the stress ratios at
the brittle—ductile transition should be independent
of material, because friction coefficients deduced
from compression tests are virtually independent of
material (e.g. Byerlee, 1968; Rummel, 1982). In
addition, when the number of microcracks increases,
the degree of work-hardening is related not only to
the increased interaction between the cracks but also
to the increase in area on which frictional sliding
occurs. The non-linear dependence of differential
stress, work of deformation, and volumetric strain on
inelastic axial strain (e.g. Fig. 2) demonstrates that
cataclastic flow is a transient process and necessarily
followed by secondary localization (Hirth and Tullis,
1989) when crack density becomes too high.

5.5. Geological implications

Cataclastic flow can be expected to occur in two
general geologic situations: first, in places where
sediments of high porosities are accumulated under
non-hydrostatic conditions like in accretionary
wedges; second, in major fault regimes with consid-
erable amount of gouge. Whereas observed transfor-
mation pressures of less than 100 MPa for carbon-
ates with porosities as low as 5% indicate that the
brittle—ductile transition induced by pressure could,
in principle, occur in the Earth's upper crust, the
necessary stress ratios deduced from laboratory mea-
surements of about 0.2 to 0.3 seem to be very low.
Stress ratios are not porosity dependent for porosities
smaller than 25% and only slightly are affected by
increasing temperature and decreasing strain rate (e.g.
Rutter. 1972). As long as stress depth profiles of
active accretionary wedges are not known it can not
be judged whether cataclastic flow is pervasive, but
from the present experiments it can be concluded
that the use of critical state mechanics in interpreta-
tions of the mechanical behaviour of accretionary
wedges (e.g. Karig, 1990) is an oversimplification
for sediments with porosities below about 25%.

Along major faults stress concentrations with
stress ratios of about 0.2 to 0.3 are likely to occur
locally. Due to the decrease in grain size with in-
creasing strain, gouge work-hardens when deformed
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by non-localized cataclastic flow. However, this de-
formation state is presumably transient and the peri-
odic occurrence of seismic activity may be related to
cyclic changes between non-localized flow during
stress increase and localized failure with stress drop.
Because non-localized cataclastic flow can be ac-
companied by either volume de- or increase, the
conditions for fluid flow in fault gouge and therefore
effective stresses may change significantly even dur-
ing aseismic periods. Such a change in boundary
conditions for continuing deformation will compli-
cate the prediction of the mechanical response and
requires further exploration.

6. Conclusions

In compression tests at room temperature we ob-
served similar deformational behaviour for cold-
pressed and natural porous carbonate rocks. The
inelastic response is strongly affected by confining
pressure and porosity and to a lesser extent by
particle size. Strain rate had no influence. The maxi-
mum stress differences increase with increasing con-
fining pressure, decreasing porosity and decreasing
particle size. A transition from localized brittle fail-
ure to non-localized cataclastic flow occurs with
increasing confining pressure, porosity and particle
size. Fracture always is associated with dilation,
whereas flow can be accompanied by compaction.
The transition from brittle failure to cataclastic flow
is characterized by:

+ Vanishing work hardening. i.e. /. =0, indicat-
ing the equivalence of energetic and macroscopic
stability.

- Dilatancy coefficients being an increasing func-
tion of porosity. m,, = f, Dilation for low
porosity rocks changes to compaction at higher
porosities indicating that a certain amount of free
volume — either produced by microfracturing or
present as initial porosity — is necessary for the
accommodation of the relative movement of grains
during cataclastic flow.

- A transition pressure decreasing with porosity and
particle size, o,,.. = 8.4.7)

- Constant stress ratios, A, = 0.2 to 0.3. almost
independent of composition and microstructural
parameters.

- Decreasing yield strength with increasing confin-
ing pressure, i.e. u, <0.

The deformation behaviour of the porous carbon-
ates investigated is non-associated and generally not
consistent with a critical state concept. Microme-
chanical approaches show that fracturing on the grain
scale is related to the dependences of strength on
experimental and microstructural parameters. How-
ever, the similarity of strength of natural, intact and
cold-pressed rocks at high confining pressures indi-
cates that friction is the dominant sink of deforma-
tion energy during cataclastic flow. It is not suffi-
cient to consider a single micromechanism to explain
either the onset, continuation and termination of
inelastic deformation in a single test or the observa-
tion of the deformation fields of fracture and flow.
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