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Abstract

In this paper, we extend the previous studies of semi-brittle flow of synthetic calcite^quartz aggregates to a range of
temperatures and effective pressures where viscous creep occurs. Triaxial deformation experiments were performed on
hot-pressed calcite^quartz aggregates containing 10, 20 and 30 wt% quartz at confining pressure of 300 MPa, pore
pressures of 50^290 MPa, temperatures of 673^1073 K and strain rates of 3.0U1035/s, 8.3U1035/s and 3.0U1034/s.
Starting porosity varied from 5 to 9%. We made axial and volumetric strain measurements during the mechanical
tests. Pore volume change was measured by monitoring the volume of pore fluid that flows out of or into the
specimen at constant pore pressure. Yield stress increased with decreasing porosity and showed a dependence on
effective pressure. Thus, the yield stress versus effective pressure can be described as a yield surface with negative slope
that expands with decreasing porosity and increasing strain hardening, gradually approaching the envelope of strength
at 10% strain, which has a positive slope. Creep of porous rock can be modeled to first order as an isolated equivalent
void in an incompressible nonlinear viscous matrix. An incremental method is used to calculate the stress^strain curve
of the porous material under a constant external strain rate. The numerical simulations reproduce general trends of
the deformation behavior of the porous rock, such as the yield stress decreasing with increasing effective pressure and
significant strain hardening at high effective pressure. The drop of yield stress with increasing porosity is modeled
well, and so is the volumetric strain rate, which increases with increasing porosity.
9 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Fluid in¢ltration and £uid^rock interactions
signi¢cantly a¡ect metamorphism and regional
deformation (e.g. [1]). If elevated pore £uid pres-

sures were maintained close to lithostatic level by
the continuous in£ux of £uid from the ‘ductile
root’ of the fault zone, the strength of faults
would be profoundly a¡ected [2]. Permeability
and £uid £ow could also be in£uenced by crack
healing and sealing processes [3]. Evolution of
pore pressure during non-elastic deformation in-
£uences and is in£uenced by the mode of any
volume changes, e.g. dilation or compaction.
Although dilational modes are often associated
with brittle mechanisms of deformation, either de-
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formation mode can be accomplished by either
brittle or creep mechanisms [4^7]. Owing to the
intimate relation of porosity, pore £uids, and me-
chanical properties, it is important to understand
the mechanical behavior of porous rocks over a
wide range of temperatures, pressures, and e¡ec-
tive pressures, spanning the transition from brittle
to plastic £ow.

Both the deformation mode and mechanism in
semi-brittle £ow regime are a¡ected by initial po-
rosity [6,8] as well as grain size and modal com-
position [9,10]. For geological materials, there are
few experiments investigating the e¡ect of second
phase on semi-brittle £ow. At room temperature,
adding rigid quartz inclusions with incoherent
matrix^particle interface increased the range of
pressure over which the transition between local-
ized brittle failure and crystal plastic £ow oc-
curred within calcite rocks [10]. Under circum-
stances where the matrix deforms via plasticity
or viscous creep, microvoids near second phase
particles may nucleate or enlarge either by deco-
hesion of the particle^matrix interface or by par-
ticle fracture [11,12]. The mechanical behavior of
the aggregate may be greatly in£uenced by such
microvoids; their presence can, for example, lead
to pressure sensitivity of plastic £ow and ductile
fracture. There have been numerous studies per-
formed on the mechanics of void growth or col-
lapse in materials where the matrix deforms by
power law creep [13^19]. However, much less
has been done on porous rocks [7].

In this paper, we extend previous studies of
semi-brittle £ow of porous calcite^quartz aggre-
gates to a range of temperatures and e¡ective
pressures where viscous creep occurs. Forty triax-
ial deformation experiments were performed on
hot-pressed calcite^quartz aggregates containing
10, 20 and 30 wt% quartz at con¢ning pressures
of 300 MPa, pore pressures of 50^290 MPa, tem-
peratures of 673^1073 K and strain rates of
3.0U1035/s, 8.3U1035/s and 3.0U1034/s. We
made axial and volumetric strain measurement
during the mechanical tests, measured pore vol-
ume changes by monitoring the volume of pore
£uid that £owed out of or into the specimen at
constant pore pressure, and performed in situ
measurements of volumetric strain, permeability

and storativity using argon gas as pore £uid. De-
scriptions of the measurement of permeability and
storativity are left to a future contribution.

2. Experiments

2.1. Starting material

The calcite^quartz aggregates were fabricated
from mixtures of powders of reagent grade
CaCO3 and crushed quartz in a commercial hot
isostatic press (HIP) at 700‡C and 200 MPa at
Bodycote IMT, Andover, MA, USA. The mean
grain size of both calcite and quartz particles is
about 10 Wm. Three large blocks, containing 10,
20, and 30% quartz, were HIPed. Cylindrical sam-
ples 10 mm diameter and 20 mm length were then
cored from these blocks.

The bulk density was determined from the sam-
ple dimensions and weight. The porosity of the
starting samples could then be calculated using
the bulk density of the aggregate and the single
crystal density of calcite and quartz. Starting po-
rosities vary from 5 to 9%, higher porosity being
correlated with higher quartz content (Table 1).
From the scanning electron microscopy (SEM)
micrographs (Fig. 1), two kinds of pores can be
found: cracks along interfaces and spherical voids
within the calcite matrix. Porosity was also esti-
mated from the SEM micrographs using the im-
age analysis program NIH image. Trace amounts
of wollastonite (i.e. 6 0.1%) are also present.

2.2. Procedure for experiments

The tests were carried out in a gas medium
deformation apparatus (Paterson Instruments)

Table 1
Porosity of the starting material

Quartz content Porositya Porosityb

(wt%) (%) (%)

10 5.23R 0.56 3.35R 0.25
20 6.81R 0.62 4.93R 0.47
30 9.00R 0.18 7.27R 0.54
a Calculated based on sample dimension.
b Estimated from image analysis.
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with internal furnace, internal load cell and a ser-
vo-controlled pore £uid volumometer. Specimens,
split alumina spacers and alumina pistons were
inserted in iron jackets. An inner copper shell
was placed between the specimen and the iron
jacket in order to provide more intimate contact
around the cylindrical surface of the specimen and
reduce the apparent pore volume associated with
surface irregularities. The pore £uid pressure was
monitored by a strain gauge pressure transducer
with a resolution of 0.01 MPa. A servo-controlled
motor drove the volumometer piston and main-
tained the pore pressure constant. The volume
changes were then calculated from piston dis-

placement recorded by a transducer (LVDT) at-
tached to the end of the piston. The resolution of
the LVDT is 0.3 Wm.

Most tests consisted of two steps. The ¢rst in-
volved applying con¢ning and pore £uid pressures
that were nearly equal, achieving the correct tem-
perature, stabilizing the conditions; and then ad-
justing the pore pressure to its ¢nal value. This
step is essentially an additional brief HIP treat-
ment. The second step usually followed immedi-
ately after the ¢rst and was the deformation por-
tion of the test, during which an axial load was
applied.

2.2.1. HIP step
To begin the experiment, a con¢ning pressure

(about 230 MPa) was ¢rst applied, and the pore
pressure increased to about 220 MPa. Argon gas
was used as both the pore £uid and con¢ning
pressure medium. The specimen was heated at a
rate of 15 K/min to 873 K, when the con¢ning

Fig. 1. Backscattered SEM image of hot-pressed two-phase
aggregates with 10 wt% (a) and 20 wt% (b) quartz particles
(dark gray). Two kinds of pores can be found: cracks along
grain and interphase boundaries and spherical voids within
the calcite matrix.

Fig. 2. Schematic drawing of the loading conditions for the
porous samples. If the axial stress (cI) and the con¢ning
pressure (cc) are equal, the sample is said to be loaded in
hydrostatic compression. Although here the term ‘lithostatic’
is more appropriate, in the sense of gravitational loading at
the depth of burial, we follow the common practice of using
‘hydrostatic’ to refer to the pressure in the medium sur-
rounding the specimen. When the hydrostatic pressure is
larger than the pore £uid pressure, the sample will compact
isometrically as occurs during HIP. When the axial stress is
di¡erent than the con¢ning pressure, the rock is said to be
in conventional triaxial loading.
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Table 2
Hydrostatic compaction of calcite^quartz aggregates

Run No. Temperature Pore pressure Volumetric strain ratea Volumetric strain rateb Porosityc Load
(K) (MPa) (s31) (s31) (%) (kN)

10 wt% quartz
10g09 873 200 ^ 8.29E-06 6.10 ^

873 150 3.40E-07 1.33E-06 6.08 1.3
873 100 6.84E-07 1.63E-06 6.06 1.3
873 50 3.67E-07 ^ 5.99 1.3

5.89
10g10 873 290 3.06E-07 5.82E-07 5.55 0.98

873 250 2.32E-07 5.52 0.98
873 200 3.27E-07 7.65E-07 5.47 0.98
873 150 2.94E-07 2.94E-06 5.39 1.2
873 100 3.89E-07 9.13E-07 5.26 1.2
873 50 5.76E-07 1.79E-06 5.03 1.2

4.94
10g11 873 290 1.90E-07 2.05E-06 5.51 1.07

973 290 5.10E-07 1.93E-06 5.47 1.07
973 250 4.25E-07 1.80E-06 5.28 1.07
973 200 7.01E-07 3.15E-06 5.11 1.07
973 150 1.35E-06 2.16E-06 4.86 1.07
973 100 3.73E-06 2.93E-06 4.69 1.07
973 150 8.97E-07 1.36E-06 4.39 1.07
973 100 1.21E-06 4.49E-06 4.39 1.07
973 50 1.47E-06 9.18E-06 4.09 1.07

3.86
10g16 873 150 2.81E-07 6.85E-07 5.00 0.455

873 100 3.68E-07 1.27E-06 4.93 0.455
873 50 6.85E-07 1.29E-06 4.85 0.455
873 50 3.62E-07 1.87E-06 4.74 0.32
973 100 7.05E-07 1.12E-06 4.63 0.32
973 50 1.25E-06 ^ 4.30 0.32

4.12
20 wt% quartz
20g11 873 290 ^ 8.10E-08 5.93 ^

873 250 ^ 2.84E-07 5.90 ^
873 200 ^ 5.42E-07 5.86 ^
873 150 ^ 9.14E-07 5.71 ^

5.50
20g14 873 200 4.81E-07 2.13E-06 6.00 1.12

873 150 4.46E-07 3.35E-06 5.92 1.12
873 100 6.11E-07 5.02E-06 5.81 1.12
873 50 6.85E-07 6.80E-06 5.66 1.12

5.34
20g15 873 290 3.30E-07 2.34E-07 6.80 1.15

1073 290 2.42E-06 2.35E-06 6.78 1.15
1073 250 3.05E-06 2.48E-06 6.60 1.15
1073 200 5.10E-06 5.27E-06 6.25 1.15
1073 150 7.13E-06 7.56E-06 5.74 1.15

4.82
20g16 873 290 1.92E-07 ^ 7.00 1.07
20g19 873 250 2.78E-07 5.27E-07 7.70 0.38

873 200 2.02E-07 6.78E-07 7.64 0.38
873 150 7.67E-07 1.49E-06 7.57 0.38
873 100 7.15E-07 1.17E-06 7.43 0.38
873 50 8.67E-07 3.07E-06 7.17 0.38

6.72
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and pore pressures were adjusted to 300 MPa and
290 MPa respectively. The system was then al-
lowed to settle for about 1 h. Finally, temperature
and pore pressures were changed to the required
values. This protocol provided uniform starting
conditions before deformation and allowed us to
estimate the pore space change with greater cer-
tainty.

We measured the volumetric compaction rate
and the porosity change, during both hydrostatic
loading and conventional triaxial loading (Fig. 2),
by tracking the volumometer displacement vx at
constant temperature and constant pore pressure.
Assuming that the temperature gradient in the
connecting passage remains constant during the
experiment, the volume of gas transferred can be
calculated by multiplying the volumometer dis-

placement by a correction that allows for the tem-
perature di¡erence between the sample and ambi-
ent. The correction factor corresponds to the ratio
of the molar volume of argon at high temperature
and room temperature [20]. Note that the poros-
ity change obtained by the pore £uid method is
the change in the connected pore space. In some
experiments the total porosity change was esti-
mated from the change in length of the specimen,
assuming the compaction to be isotropic. The
change in specimen length was measured by ap-
plying a small load of 0.5 kN (about 6 MPa, less
than 10% of the specimen strength) to ensure the
piston contacts the specimen, and noting the axial
displacement reading. Some tests were run to de-
termine the compaction rate under hydrostatic
loading; for these experiments, pore pressure

Table 2 (Continued).

Run No. Temperature Pore pressure Volumetric strain ratea Volumetric strain rateb Porosityc Load
(K) (MPa) (s31) (s31) (%) (kN)

30 wt% quartz
30g13 873 290 6.80E-07 9.04E-07 8.70 1.05

873 250 5.29E-07 1.21E-06 8.63 1.05
873 200 5.62E-07 1.72E-06 8.49 1.05
873 150 8.25E-07 1.87E-06 8.31 1.05
873 200 5.07E-07 7.88E-07 8.09 1.05
873 150 4.88E-07 9.14E-07 8.09 1.05
873 100 6.92E-07 2.20E-06 8.00 1.05
873 50 6.79E-07 2.15E-06 7.68 1.05
973 250 3.95E-07 1.06E-06 7.37 1.05
973 200 9.02E-07 1.44E-06 7.25 1.05
973 150 1.34E-06 2.16E-06 7.09 1.05
973 100 2.48E-06 4.49E-06 6.84 1.05
973 200 8.38E-07 3.90E-07 6.31 1.05
973 150 7.19E-07 1.51E-06 6.12 1.05
973 100 1.48E-06 2.35E-06 6.05 1.05
973 50 2.12E-06 5.66E-06 5.85 1.05
873 50 3.06E-06 1.20E-06 5.20 1.05

5.00
30g14 1073 290 1.01E-06 ^ 8.10 1.06

1073 250 3.08E-06 ^ 8.00 1.06
1073 200 6.28E-06 ^ 7.76 1.06
1073 150 4.72E-06 ^ 7.34 1.06
1073 100 6.77E-06 ^ 6.83 1.06
1073 50 5.80E-06 ^ 5.94 1.06

5.58
30g18 873 50 1.11E-06 7.75E-06 8.00 1.00

7.00
a Estimated from change of sample length.
b From volumometer.
c Starting porosity at pore pressure or temperature steps.

EPSL 6854 21-11-03

X. Xiao, B. Evans / Earth and Planetary Science Letters 216 (2003) 725^740 729



steps were applied before subsequent loading
under conventional triaxial loading.

An accurate independent measurement of the
porosity when temperature and pressure have
been reached is di⁄cult, owing to thermal expan-
sion and elastic compression of the sample and
column pieces during heating and pumping. Ef-
forts were made to maintain low e¡ective pressure
(about 10 MPa) when the specimen was being
heated to the required temperature. The volu-
mometer data show very little further compaction,
indicating that the porosity change during this
initial stage is relatively small. Therefore it is as-
sumed that after the initialization procedure the
porosity was the same as the initial porosity at
room temperature and pressure. The porosity pri-
or to the deformation can be obtained based on
the subsequent volumometer displacement and
the change of specimen length after the pore pres-
sure was brought to the required value.

2.2.2. Deformation tests
Constant strain rate tests were performed at

con¢ning pressure of 300 MPa, pore pressures
of 50^290 MPa, temperatures of 673^1073 K
and strain rates of 3.0U1035/s, 8.3U1035/s and
3.0U1034/s. Volumetric strain was measured dur-
ing the deformation tests.

2.3. Microstructure observation

All deformed samples were sectioned longitudi-
nally for microstructural investigation. The sam-
ple surfaces were polished to 1 mm with Al2O3

powder and then treated by two-step chemo-
mechanical etching with colloidal silica and de-
ionized water. The etched samples were carbon-
coated and digital images were captured in
electron backscatter mode in a JEOL JXA-733
Superprobe. Grain size and porosity were esti-
mated from the SEM micrographs using the
image analysis program NIH image [21]. The
grain boundaries, quartz phases or pores can be
segmented manually by the density slice function
in the image analysis program. After that, the
image was changed to a binary ¢le, from which
the average grain size and porosity were mea-
sured.

3. Results

3.1. Hydrostatic compaction

As the solid framework of the calcite aggregate
is loaded by the con¢ning pressure, the porous
rock will compact, provided that the £uid pres-
sure (Pp) is less than the con¢ning pressure (Pc),
or in other words, if the e¡ective pressure
(Peff =Pc3Pp) is positive. The hydrostatic com-
paction data and the microstructural analysis in-

Fig. 3. Mechanical data for calcite^quartz aggregates with 10
and 30 wt% quartz at a temperature of 873 K, strain rate of
3.0U1035/s and con¢ning pressure of 300 MPa. Di¡erential
stress and porosity changes are plotted against axial strain.
E¡ective pressures are indicated. The solid curves are for 30
wt% quartz samples, and the dashed curves are for 10 wt%
samples.
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dicated that the samples have porosities of 4^7%
after HIP, but before deformation, at tempera-
tures up to 973 K. Thus, unless the e¡ective pres-
sure was larger than 10 MPa, which was the Peff

typical of the initial protocol, the densi¢cation
rates were too small to be measured. In some
experiments designed to measure the compaction
rate under hydrostatic loading, pore pressure
steps were applied before deformation to increase
Peff . Table 2 lists a set of data of porosity reduc-
tion rates at di¡erent e¡ective pressures and tem-
peratures. The hydrostatic compaction rates in-
crease with increasing Peff . Higher compaction
rates were generally observed in the samples con-
taining more quartz, probably owing to the in-
creased initial porosity in those samples.

By analogy to the yield stress in the conven-
tional deformation test, we can estimate a ‘com-
paction yield pressure’ for hydrostatic loading.
Such a yield pressure would be the e¡ective pres-
sure at which the non-recoverable compaction
was a substantial portion (say, 10%) of the total
compaction and, under these conditions, would be
rate-dependent. Therefore, for a volumetric strain
rate ( _OO v) of 9.0U1035/s which is comparable with

an axial strain rate ( _OO a) of 3.0U1035/s ( _OO a = 1/
3 _OO v), the sample will yield at the e¡ective pressure
where the non-recoverable volumetric strain rate
is about 9.0U1036/s. By extrapolating the hydro-
static compaction data (Table 2) to high e¡ective
pressure, we ¢nd that the yield pressure is around
350^400 MPa.

3.2. Yield stress, £ow strength and porosity change

The two graphs in Fig. 3 show di¡erential stress
and porosity change versus axial strain, respec-
tively, for the 10% and 30% quartz samples at
e¡ective pressure of 10, 100 and 250 MPa, tem-
perature of 873 K and strain rate of 3U1035/s.
Both the yield stress (elasticity limit, which is de-
¢ned as the stress level for the onset of deviation
from linearity) and £ow strength at 10% axial
strain are pressure-sensitive up to 1073 K, but
yield stress is inversely related, while the strength
at 10% strain is directly related (see Fig. 4). With
increasing e¡ective pressure, the stress^strain
curves change from slight strain weakening at
low e¡ective pressure to continual strain harden-
ing at high e¡ective pressure. Owing to the strong

Fig. 4. Yield stress (open symbols) and £ow strength (solid symbols) are plotted against e¡ective mean stress. The £ow strengths
indicated are those at the point of 10% axial strain. The yield stress can be described by a yield surface with negative slope that
expands with decreasing porosity and strain hardening, gradually approaching the £ow strength envelope with positive slope.
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Table 3
Mechanical data

Sample No. Temperature Pore
pressure

Starting
porosity

Strain rate Yield stress Strength Porosity change Young’s
modulus

(K) (MPa) (%) (s31) (MPa) (MPa) (%) (GPa)

10 wt% quartz
CQ10g10 873 50 4.9 3.0U1035 83 152 31.16 36.502
CQ10g11 873 50 3.9 3.0U1035 105 150 30.44 30.239

773 50 3.4 8.3U1035 175 230 30.10 70.241
CQ10g12 673 290 5.2 8.3U1035 175 271 1.53 28.115
CQ10g13 873 200 4.3 3.0U1035 90 142.5 31.98 27.298
CQ10g14 873 290 5.0 3.0U1035 95 137.5 30.01 15.744
CQ10g15 673 290 5.5 8.3U1035 170 266 0.49 22.424

673 50 6.0 8.3U1035 198 287 31.64 39.16
CQ10g16 673 50 4.1 8.3U1035 186 300 30.30 29.864
20 wt% quartz
CQ10g08 873 205 6.1 3.0U1035 115 151 30.88 39.736

873 105 5.2 3.0U1035 130 172 30.56 45.475
873 55 4.6 3.0U1035 178 201 30.24 73.987

CQ20g10 873 200 7.1 3.0U1035 79.5 148 31.77 22.286
873 200 5.3 3.0U1035 130 155 30.98 32.941
873 100 4.3 3.0U1035 134 170 ^ 36.979
973 200 ^ 3.0U1035 110 126 ^ 13.923
973 100 ^ 3.0U1035 120 130 ^ 10.505

CQ20g11 873 290 5.5 3.0U1035 122 150 30.31 23.878
873 250 5.2 3.0U1035 128 159 30.50 38.081
773 250 4.7 8.3U1035 186 238 30.19 67.782
773 250 4.5 3.0U1035 232 210 ^ 44.556

CQ20g12 773 290 6.8 3.0U1035 133 220 30.64 31.035
773 200 6.2 3.0U1035 164 243 31.41 51.338
773 200 4.8 8.3U1035 218 260 30.56 133.601
773 100 4.2 8.3U1035 212 273 30.91 45.969

CQ20g13 773 100 6.6 3.0U1035 93 250 32.61 25.166
773 100 4.0 8.3U1035 208 245 30.72 93.03

CQ20g16 673 290 7.0 3.0U1035 135 260 0.09 36.352
673 290 7.1 8.3U1035 255 265 0.64 82.723
673 290 7.7 3.0U1035 276 297 0.54 166.615

CQ20g17 673 50 6.5 8.3U1035 140 310 33.19 43.24
CQ20g18 873 290 7.1 3.0U1035 102 144 ^ 17.644
CQ20g19 673 50 6.7 8.3U1035 178 351 30.09 37.221
CQ20g20 873 200 5.6 3.0U1035 75 130 30.88 22.091

873 200 4.7 8.3U1035 130 168 30.70 38.502
873 200 4.0 3.0U1034 150 189 30.44 49.94

CQ20g21 673 200 5.9 3.0U1035 100 272 30.96 28.975
673 200 4.9 8.3U1035 262 310 30.33 52.951
673 200 4.6 3.0U1034 300 325 0.00 77.678

30 wt% quartz
CQ30g09 1073 150 7.5 8.3U1035 47 90 ^ 16.929

1073 75 ^ 8.3U1035 70 110 ^ 20.838
1073 0 ^ 8.3U1035 82 116 ^ 22.505

CQ30g10 873 210 8.6 3.0U1035 72 170 30.56 31.501
873 210 8.0 3.0U1035 124 176 30.60 41.394
873 105 7.4 3.0U1035 102 180 ^ 48.429
873 105 ^ 3.0U1035 132 200 ^

CQ30g11 873 200 8.5 3.0U1035 108 175 31.19 27.135
873 150 7.3 3.0U1035 119 183 30.89 34.477
873 50 6.4 3.0U1035 125 195 30.90 37.951
773 50 5.5 3.0U1035 180 275 ^ 71.024
773 50 ^ 8.3U1035 252 278 ^ 80.514
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strain hardening at high e¡ective pressure, steady
states are not reached, at least up to 20% axial
strain. The crossover of strength at di¡erent con-
¢ning pressures with increasing strain has been
observed previously in lithographic limestone

(probably Solnhofen) [4]. A compilation of the
mechanical data from the current paper is given
in Table 3.

Fig. 5 shows the stress^strain curves of the 20
wt% quartz samples deformed at an e¡ective pres-

Table 3 (Continued).

Sample No. Temperature Pore
pressure

Starting
porosity

Strain rate Yield stress Strength Porosity change Young’s
modulus

(K) (MPa) (%) (s31) (MPa) (MPa) (%) (GPa)

CQ30g12 1073 290 8.6 8.3U1035 60 80 30.92 12.541
1073 200 7.7 8.3U1035 58 95 31.87 19.538
773 200 5.8 8.3U1035 125 250 30.20 45.308

CQ30g13 873 50 5.0 3.0U1035 112 212 32.11 33.931
CQ30g14 873 285 8.5 3.0U1035 100 160 31.37 11.084

873 50 5.6 8.3U1035 133 241 31.97 45.53
CQ30g15 773 290 8.5 3.0U1035 150 213 31.28 41.00

773 290 7.2 8.3U1035 ^ 210 0.40 ^
773 290 7.6 3.0U1034 210 218 0.91 44.539

CQ30g16 673 290 8.8 8.3U1035 105 300 1.69 38.99
673 150 10.5 8.3U1035 245 350 32.16 63.369

CQ30g18 873 50 7.0 3.0U1035 78 195 ^ 21.134
CQ30g19 873 200 8.6 8.3U1035 75 170 32.30 20.112

873 200 6.3 3.0U1034 168 190 30.70 40.155
CQ30g20 873 290 8.8 3.0U1035 65 128 30.75 14.253

873 290 8.1 8.3U1035 110 140 0 23.535
873 290 8.1 3.0U1034 135 142 0.78 25.577

CQ30g23 673 200 8.9 3.0U1035 88 263 31.20 21.123
673 200 7.7 8.3U1035 252 299 30.62 40.423
673 200 7.1 3.0U1034 290 290 0.04 49.313

Fig. 5. Stress^strain curves of 20% quartz samples with di¡erent initial porosity. Deformation took place at 873 K, e¡ective pres-
sure of 100 MPa, and a strain rate of 8.3U1035/s. Note that yield stress increases with decreasing porosity.
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sure of 100 MPa, but with di¡erent starting po-
rosities. Clearly, yield stress increases with de-
creasing porosity. Thus, the yield stress versus ef-
fective pressure can be described as a yield surface
with negative slope that expands with decreasing
porosity and increasing strain hardening, gradu-
ally approaching the envelope of strength at 10%
strain, which has a positive slope (Fig. 4).

In general, the mechanical data show that
strength of two-phase aggregates at 10% strain
increases with increasing quartz content (Fig. 6),
in agreement with earlier studies [22^24]. Because
the strengthening at high e¡ective pressure is larg-
er than that under low e¡ective pressure, the
strength di¡erence between the samples contain-
ing 10% and 30% quartz is about 50 MPa at an
e¡ective pressure of 250 MPa (pore pressure of 50
MPa) and at 873 K, but the di¡erence between
those two aggregates is less than 10 MPa at an
e¡ective pressure of 10 MPa (Fig. 6).

During deformation at elevated temperature
and e¡ective pressure, there is an accelerated com-
paction in comparison to the initial HIP step. (As
mentioned above, much of the initial porosity re-
mains after application of the con¢ning pressure
and pore pressure.) This shear-enhanced compac-
tion indicates that deviatoric stresses provide sig-

ni¢cant inelastic contribution to the volumetric
strain. Dilation occurred only at low temperature
(673 K), high strain rate 8.3U1035/s and e¡ective
pressure of 10 MPa. SEM micrographs (Fig. 7)
showed that samples deformed at high e¡ective
pressure had lower porosity than those deformed
at low e¡ective pressure, and that microcracks are
rare in the deformed samples.

4. Discussion

4.1. General

Our mechanical data exhibit pressure-depen-

Fig. 6. Bulk strength versus quartz fraction of calcite^quartz
aggregates at e¡ective pressures of 10, 100 and 250 MPa. All
experiments were done at 873 K, strain rate of 3.0U1035/s.

Fig. 7. Backscattered SEM image of deformed samples con-
taining 10 wt% quartz. (a) E¡ective pressure: 250 MPa.
(b) E¡ective pressure: 10 MPa. Clearly, the sample deformed
at high e¡ective pressure has lower porosity.
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dent strength under conditions where the local
deformation mechanisms are probably dominated
by dislocation creep [25^27]. Here we distinguish
between the term ‘creep’, i.e. rate-dependent pro-
cesses, and ‘plastic’, i.e. rate-independent process-
es [28,29]. Traditionally, the yield cap model is
applied to porous materials that deform via
rate-independent mechanical processes including
those occurring at room temperature in granular
soil [30], clay [31], porous sandstone [6] and lime-
stone [7]. Wong and co-workers have suggested
that the two-yield surface (cap) model provides
a constitutive framework for the analysis of the
cataclastic £ow in porous silicates at room tem-
perature, where grain crushing and microcracking
are the dominant micromechanical processes
[6,32]. In Solnhofen limestone deformed at room
temperature and pressures up to 435 MPa [7],
compaction occurs by plastic £ow, but, with in-
creasing strain, deformation evolves to dilatant,
cataclastic £ow and ultimately shear localization.
Granular £ow and the two-yield surface may
also be applied to the deformation of partially
molten granite when the melt pressure is elevated
[33].

We wish to draw an analogy between the ex-
periments on porous calcite aggregates deforming
by rate-dependent processes and previous descrip-
tions using the two-yield surface model for rate-
independent behavior. Thus, in the following, we
discuss ‘yield stresses’ and ‘yield surfaces’ with the
understanding that these parameters are broad-
ened from their usual restriction to perfectly plas-
tic behavior.

In our experiments, the yield stress of the po-
rous aggregates can be described by a yield sur-
face with negative slope in plots of di¡erential
stress versus pressure and a direct, probably
non-linear, dependence on strain rate. At a given
temperature and strain rate, as the material de-
forms and porosity decreases, £ow strength in-
creases. We infer that the yield surface expands
and that the slope of the yield surface £attens,
gradually becoming positive (Fig. 4). Observa-
tions of the microstructure in these experiments
did not identify microcracks in most of these sam-
ples. Macroscopic measurements indicate compac-
tion with increasing axial strain, but with no

strain localization up to 20% axial strain. Ulti-
mately, the strength of the aggregate probably
approaches that for creep £ow of a non-porous
marble with constant volume, although more data
at large strains are needed. Considering the broad
variety of materials, the wide range of conditions,
and the multiplicity of micromechanical mecha-
nisms for which the yield cap model seems to be
indicated, we infer by induction that this model
will be generally applicable to the deformation of
most porous materials, regardless of the mecha-
nisms of deformation.

4.2. Creep constitutive equation for porous
material

Initial research on the e¡ects of voids on me-
chanical behavior of porous metals considered the
axisymmetric deformation of a spherical void em-
bedded in an in¢nite block of perfectly plastic
material [13]. Budiansky et al. [15] generalized
these earlier studies to include non-linearly vis-
cous deformation of the matrix. Approximate
constitutive relations for solids containing a dilute
concentration of spherical voids were derived by
Duva and Hutchinson [16]. Other studies have
focused on the e¡ect of void distributions [12,17]
and the e¡ect of void shape on the overall re-
sponse of the material [18].

Following the success of Baud et al. [7] who
used a model of plastic pore collapse [34] to ana-
lyze plastic behavior of limestone at room temper-
ature, we employed the creep model [15] to ana-
lyze the high-temperature results. Assume that the
creep compaction of porous rock can be modeled
as a medium containing an isolated equivalent
void. Although there is discussion regarding the
best description of viscous creep in marbles, for
simplicity, we assume that the matrix material is
an incompressible, non-linearly viscous material.
We adopt the sign convention that compression is
positive. Then, under compression c, the strain
rate is given by the power law:

_OO ¼ _OO 0ðc=c 0Þn ð1Þ

where _OO 0 and c0 are reference values. Further-
more, the void is assumed to be axisymmetric
with respect to the principal axes of the remote
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stress (4) and the surface of the void to be trac-
tion-free.

The description of void growth or collapse re-
quires an accurate solution for the velocity ¢eld
surrounding the void, and hence, the dilatation or
compaction rate of the void as a function of stress
state and hardening exponent n. Budiansky et al.
[15] generated approximate Rayleigh^Ritz solu-
tions for a spherical void based on the minimum
principle for velocities stated by Hill [35]. Approx-
imate results are given for di¡erent loading con-
ditions, as characterized by the stress triaxiality,
x, de¢ned as:

x ¼ 4m4 e ð2Þ

where 4m =1/34kk is the remote mean stress and
4e = (3/2SijSij)1=2 is the remote e¡ective stress. Sij

is the deviator of 4.
For high triaxiality (MxMs 1), the normalized

dilation rate is given by:
_VV
_EEV

¼ 3
2
m

3MxM
2n

3Gðn;mÞ
� �n

ð3Þ

where V is void volume, V= the rate of change of
volume. E= is the remote strain rate, m= sign(x),
and:

3Gðn;mÞ ¼ ðn31Þ½nþ gðmÞ�=n2 ð4Þ

with g(1) = 0.4319 and g(31) = 0.4031.
For low triaxiality (MxM6 1), the approximation

derived by Duva and Hutchinson [16] based on
the numerical results of Budiansky et al. [15] is :
_VV
_EEV

¼ kðnÞ½x3x�ðnÞ� ð5Þ

Values of k and x* are listed in Table 4.
The potential function for an isolated spherical

void in an in¢nite block of power law material,
together with the results of dilation rate given by
Eqs. 3 and5, can then be used to arrive at an
constitutive relation [16]. The creep rate derived
for high triaxiality is approximately:

_EEij ¼
3
2
_OO 0

4 e

c 0

� �n31Sij

c 0
þ b _OO 0

4 e

c 0

� �n

3MxM
2n

3G
� �

3
2
ð3nGÞSij

4 e
þ 1
2
signðxÞN ij

� �
ð6Þ

and for low triaxiality:

_EEij ¼
3
2
_OO 0

4 e

c 0

� �n31Sij

c 0
þ b _OO 0

4 e

c 0

� �n

3
2
½ðnþ 1Þf � þ 1

2
kðn31Þx2�Sij

4 e
þ 1
3
kxN ij

� �
ð7Þ

where 4e is the e¡ective stress and Sij is the stress
deviator, b is the porosity, Nij is the Kronecker
delta. Values of f* are listed in Table 4.

4.3. Comparison with experimental data

In Fig. 8, the experimental data for creep com-

Fig. 8. Comparison of the experimental data to the theoreti-
cal model of void growth or collapse in a power law viscous
matrix material [15]. The normalized compaction rate is the
ratio of the volumetric and shear strain rates. The triaxiality
measure is the ratio of the average mean stress to the magni-
tude of the deviatoric stress, i.e. higher mean stresses plot to
the right of the graph.

Table 4
Duva and Hutchinson [16]

n f* x* k

1 0.833 0 2.25
1.5 0.965 30.019 2.42
2 1.05 30.031 2.55
3 1.16 30.045 2.71
5 1.26 30.058 2.88
10 1.35 30.070 3.06
r 1.46 30.083 3.30
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paction of synthetic marble are compared to the
theoretical model. The plot shows actual and pre-
dicted values of the normalized void compaction
rate, as measured by V= /(E=V), as a function of
triaxiality (the ratio of mean e¡ective stress to
the deviatoric stress). The solid lines are the ap-
proximate results from Eqs. 3 and 4. The symbols
represent the experiment data of calcite^quartz
aggregates at e¡ective pressures of 10, 100 and
250 MPa. Agreement of the two is good at high
e¡ective pressure (100 and 250 MPa) but not as
good at low e¡ective pressure; it is possible that
brittle mechanisms become more important with
decreasing e¡ective pressure.

4.4. Modeling deformation behavior of porous
material

It is obvious that the deformation behavior of a
porous material will be strain history-dependent,
because porosity and pore shape will change dur-
ing deformation. An incremental method adopted
from Murali and Weng [36] was used to calculate
the stress^strain curve of the porous material
under a constant external strain rate. The total
strain rate is the sum of the elastic and creep
strain rate. Therefore, over a short time dt, the
elastic strain can be calculated from:

dO e ¼ dO3dO c ð8Þ

where dOe and dOc are the elastic and creep strain
increments, respectively. The total strain dO= _OO Wdt,
where _OO is the constant strain rate. The creep
strain dOc can be calculated from Eqs. 6 and 7.
The macroscopic stress increment dc can be cal-
culated from:

dc ¼ EWdO e ð9Þ

where E is the elastic modulus. At the end of each
time increment, the strain rate of the voids given
by Eqs. 3 and 5 is used to update the porosity.
Together with the new porosity, the macroscopic
stress (c+dc) provides the new creep rate from
Eqs. 6 and 7 for the next time increment. This
incremental procedure is repeated to obtain the
entire stress^strain curve.

In this study, the pores are idealized as spher-
ical and perfectly drained. The initial shape and

evolution of pores probably has a substantial ef-
fect upon the behavior of the porous solid. How-
ever, given the complexity introduced by the
quartz particles, we neglect the e¡ect of pore
shape in this approximation. We consider the
samples containing 10% quartz, deformed at 873
K and con¢ning pressure of 300 MPa. The fol-
lowing creep constants (Eq. 1), based on previous
studies of calcite^quartz aggregates [22,23], were
used: _OO =3U1035/s, c0 = 165 MPa; n=4. The
Young modulus E is 80 GPa [37].

Strain^stress curves of calcite^quartz aggregates
(10% quartz) calculated for a constant strain rate
of 3U1035/s and 873 K are shown in Fig. 8. The
results are presented in terms of di¡erential stress
versus axial strain and volumetric strain (porosity
change) versus axial strain. Fig. 9A shows the
calculated curves at a starting porosity of 5%
and e¡ective pressure of 250, 100 and 10 MPa.
The numerical simulations reproduce general
trends of the deformation behavior of the cal-
cite^quartz aggregates, including decreases in
yield stress with increasing e¡ective pressure and
signi¢cant strain hardening at high e¡ective pres-
sure. The volumetric strain rate is markedly re-
duced at low e¡ective pressure. Fig. 9B shows
the results for the e¡ective pressure of 100 MPa
and starting porosity varying from 1.0% to 8.0%.
The drop of yield stress with increasing porosity is
modeled well, so is the volumetric strain rate,
which increases with increasing porosity.

The modeling does not predict the experimental
results quantitatively, however; perhaps because:
(i) the simple £ow law (Eq. 1) does not include
strain hardening observed in dense aggregates
during creep; or (ii) complexities may be intro-
duced by the presence of the quartz particles.
One may speculate that a more sophisticated
£ow law (other than Eq. 1), which also described
the strengthening e¡ect of second phases, would
probably predict the results more accurately. A
third possibility exists : (iii) local values of pore
pressure might evolve. Some pores are isolated
and some more may become unconnected during
deformation. Then the local pore pressure will
increase, as the pore size decreases, and the local
e¡ective pressure will not remain constant. And, a
fourth reason may also be important: (iv) the
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actual stresses around the pores are not well ap-
proximated by those around a spherical pore.

5. Conclusions

In this study, our mechanical data of the po-
rous calcite^quartz aggregates exhibit pressure-de-
pendent strength under conditions where viscous
creep occurs. The yield cap model seems to be
applicable for the deformation of the porous ag-
gregates. Yield stress can be described by a yield
surface with negative slope in plots of di¡erential
stress versus pressure. At a given temperature and
strain rate, as the material deforms and porosity
decreases, £ow strength increases. During defor-

mation at elevated temperature and e¡ective pres-
sure, compaction rates are accelerated in compar-
ison to those during hydrostatic compaction. This
shear-enhanced compaction indicates that devia-
toric stresses provide signi¢cant inelastic contribu-
tion to the volumetric strain. Dilation and strain
localization are not observed in most of these
samples, at least for axial strain 6 20%. The ex-
perimental data of shear-enhanced compaction
are in reasonable agreement with the creep model
[15] assuming that the creep compaction of po-
rous rock can be modeled as a medium containing
an isolated equivalent void. Finally, an incremen-
tal method adopted from Murali and Weng [36]
was used to calculate the strain^stress curve of
the porous material under a constant external

Fig. 9. Numerical simulation of the deformation behavior for the porous calcite^quartz aggregates under a constant strain rate
of 3.0U1035/s, temperature of 873 K. (A) Calculated curves at a starting porosity of 5% and e¡ective pressure of 250, 100 and
10 MPa. (B) Results for the e¡ective pressure of 100 MPa and starting porosity varying from 1.0% to 8.0%. The numerical re-
sults are quite similar qualitatively to the experimental results.

EPSL 6854 21-11-03

X. Xiao, B. Evans / Earth and Planetary Science Letters 216 (2003) 725^740738



strain rate. We ¢nd qualitative agreement between
the experimental data and the numerical simula-
tions.
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