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ABSTRACT:

In wellbores, cement plays an important role in wellbore integrity. As wells age and are stressed during their life cycle, the cement
sheath may deform, altering its permeability and, perhaps compromising its integrity. In this study, we use flow measurements
(calculated permeability) to provide real-time insight into damage incurred during triaxial deformation of neat cement. Cracks may
be induced during deformation and their linkage may be sensed in the flow measurements. Conversely, cracks and pores may be
closed during deformation, arresting fluid flow.

We subjected room temperature specimens of neat Portland cement to confming pressures (0.7, 2.1, 13.8 MPa) and measured helium
flow continuously during triaxial deformation. Axial displacement across a specimen was periodically halted to perhaps assure steady
flow rate throughout the sample. We observed the apparent permeability to decrease from 5 to 4 to 0.2 pip with the imposed confining
pressure increase. Each specimen, when subjected to differential stress, exhibited a slight decrease in apparent permeability, implying
disconnects of flow paths. For the two lower confining pressures, apparent permeability began to increase just prior to macroscopic
failure, suggesting microcrack linkage. For the 2.1 MPa confining pressure test, apparent permeability increased by a factor of five
at macrofracture, and for the 0.7 MPa confining pressure test, apparent permeability increased by a factor of one hundred at
macrofracture. At 13.8 MPa confining pressure, apparent permeability only decreases during triaxial loading, implying that
poroelastic compaction restricts flow pathways and connectivity of appropriately oriented cracks for axial flow decreases during
deformation. Failure by macrofracture did not occur in this sample.

Optical and scanning electron microscopy of deformed specimens indicate that pores and microcracks interact in complex manners,
similar microcrack densities are observed in both 0.7 and 13.8 MPa test specimens, and pores represent both microcrack origination
and localization sites. Larger pores (entrapped air voids) are sheared, flattened, and sites of crack opening. Micron-scale capillary
porosity, determined using SEM image processing, is similar for all specimens.

The results from these few experiments indicate that microfracturing of cement during triaxial deformation results in permeability
increases at low confining pressures. At the greater pressure, although microfracturing is observed, compaction and lack of
microfracture interconnectivity have a greater effect on flow pathways, resulting in a permeability decrease during deformation.

1. INTRODUCTION

There are literally millions of boreholes in the continental
US (both onshore and offshore) that include abandoned
wellbores, production wellbores, and wellbores used
during the operation of underground hydrocarbon storage.
Some fraction is vulnerable to potentially catastrophic
loss of wellbore seal integrity. The wellbore system
consists of steel well-casing, cement, and rock. Cement
represents a key seal component for the wells, and it used
as a plug in the interior of the well-casing, as well as on
the exterior of the casing as an annular cementitious
sheath bonding the casing to the borehole rock. Well
temperatures and pressures change with depth. Fluid
injection and withdrawal will subsequently modify fluid
pressures, temperatures, and local stress conditions. Over
time, these fluctuations in conditions may induce
fractures in the cement. The worst-case scenario might be

the case where a negative feedback loop of damage and
increased flow through the seal lead to catastrophic
wellbore seal failure. It is plausible that the fractures
create an increase of permeability/flow through the seal
that, in turn, increase rates of chemical reactivity, which
in turn leads further mechanical damage and so forth
through the feedback loop. Damage to the cementitious
sheath may provide potential leak paths for stored or
produced product, and/or accessways for geoformation
damaging fluids to possibly compromise casing integrity.

For many years, workers have evaluated the life cycle
conditions of wells, with a view towards identifying
critical material parameters and then tailoring cement
properties to best survive for the life of a well. Because of
the critical function of wells to satisfy energy production,
storage, and environmental protection needs, many
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aspects of cement sheath integrity have been studied
experimentally, theoretically, and numerically [1-6].
Cracks and fractures that may form to allow fluids to
access the cement and its bond to the casing are
detrimental to well integrity. Mechanistic models have
been developed and evaluated to show that loss of cement
integrity depends on cement properties, well architecture,
and well history [4].

Our work is focused on evolution of permeability of neat
cement during deformation. We use permeability as a
damage metric. We conduct triaxial experiments on the
cement, and measure helium gas flow during those
experiments to provide measures of real-time cement
damage. The damage is later quantified through optical
and scanning electron microscopy.

2. MATERIALS AND METHODS

The cement we studied is API Class G cement (Oilwell
cement) with a water/cement ratio of 0.45. The cement
was mixed and cast in tubes and were cured for three days
at 50°C in water. The compressive strength is —31.2 MPa
(4525 psi) and the tensile strength (Split tension) is —2.64
MPa (383 psi) [7]. Following curing, the outer diameter
was ground to a finished cylinder near 3.81 cm, and then
the ends were ground perpendicular to the diameter and
parallel to each other to ASTM specifications; sample
length is 7.62 cm. Each of the samples contained some
visible cracks from the curing process, we believe that
these cracks were not through-going and did not provide
major flow pathways, nor did they necessarily predispose
the samples to premature failure.

Thin section and SEM observations of the cement
(discussed more below) exhibit at least two porosity
scales. There are pores —0.1 to —0.3 mm diameter and
round; these are probably air bubbles from when the
cement was mixed. The capillary pores are —1 to 5
microns in lengths and occur as space accommodating
voids (generally not round).

2.1 Mechanical System

The mechanical portion of the test system consists of a
triaxial cell in a 4.45 MN loading frame. The triaxial cell
is capable of confining pressures to 200 MPa with
sufficient axial force (stress) capabilities to fracture rock
in compression/extension. A computer-controlled, servo-
hydraulic testing system was used to conduct the
axisymmetric tests at ambient temperature. The system
consists of an MTS reaction load frame, coupled with a
pressure vessel and loading column. Data collected in
the experimental study included force, pressure,
temperature, displacement, and volume change. Data are

acquired using electronic transducers in which voltage is
proportional to the change in the measured variable. In
all cases, the constants of proportionality were determined
through careful calibration using NIST traceable
standards.

The test system has a pore fluid flow-through capability
used to flow helium through the sample for permeability
estimations.

We attempted to passively record microcracking events in
the cement using acoustic emissions. The premise of
seeking to detect acoustic emissions (AE) is simple. As
the cement is deformed, fractures may form as stress is
increased, generating acoustic waves (sound) [8, 9, 10].
The acoustic wave then travels omnidirectionally through
the material, where it is sensed and recorded by an
appropriate device.

The sensing devices are Dynasen CA1135 piezoelectric
pins for AE transducers. The crystal itself is 0.05 in in
diameter and 0.02 in thick and perform well at elevated
temperatures and pressures available in the experimental
load frames. The natural frequency is 2.5 MHz. The pins
sense the p-wave and convert it to an analog electrical
signal to be recorded after further processing by the rest
of the AE system. A discriminator compares signals on
multiple pins to determine whether an event occurred. The
electrical output from events accumulates as voltage(s); 1
V corresponds to 1000 acoustic emission events. Four
acoustic emission transducers were attached on opposing
diameters near the specimen midheight. AE events are
counted if similar magnitude and shape signals are
triggered in at least three of the four transducers within a
specified time window. We report cumulative AE events.

2.2 Permeability System

The permeability portion of the test system uses the
technique described by [11] in which a helium mass
spectrometer (a leak detector) is used to measure the
downstream helium flow rate. The measurement system
duplicates the classic Darcy's experiment with constant
pressure differential and steady-state flow through a
specimen. Once confining pressure has been applied to a
specimen, an upstream pressure of —0.21 MPa is applied
to the upstream side of the sample. Soon afterwards
vacuum pressure is applied to the downstream end of the
sample, creating a vacuum downstream of the sample and
allowing helium flow through the sample. A liquid
nitrogen trap was located downstream of the sample,
trapping water produced from the cement during the
experiments. Using this method, µDarcy scale (10-18 m2
on the low end), hydraulic permeability can be measured
within a relatively short period of time. We estimate this
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time to be on the order of a few minutes for the lowest
permeabilities.

The helium leak detector (LD), which measures the flow
rate of mass 4He, is an Oerlikon Leibold Phoenix L300i,
a specialized mass spectrometer which detects only 4He.
It works in the mass range of 2, 3, 4 amu, with a minimum
detectable leak rate in vacuum mode of <5x10-12 mbar 1/s.
Time constant of the leak rate signal is <1 s, and the
filament is Iridium/Yttria-oxide. The analytical devices
are semi-portable, located on a rolling cart so that all
triaxial frames in the lab are accessible.

2.3 Observational Systems

Standard petrographic thin sections, 27x46 mm and 30
gm thickness, were prepared for each cement sample.
Water was used to cut and polish the deformed cements.
The orientation of each thin section relative to the loading
direction and flow direction was noted for each sample.
Thin sections were scanned using an HP ScanJet G4050
at 1200 dpi resolution to obtain an image of overall
texture and macrofractures. Microtextural observations,
photomicrographs, and microfracture density
measurements were obtained using a Leitz Orthoplan
transmitted light microscope. Microfracture densities
were recorded at 609 points on a grid with 1 mm spacing.
At each grid point, all microfractures that cross the
horizontal crosshair when viewed at 16X magnification
were counted, and the linear density calculated by
dividing this number by the horizontal field of view of
1.0668 mm Overall microfracture density was calculated
by dividing the total number of microfractures observed
by the total horizontal line length observed in each thin
section.

Scanning electron microscopy (SEM) of each sample was
performed using a TESCAN Vega3 SEM instrument. The
thin sections were first coated with gold-palladium alloy
using a Denton Vacuum Desk IV sputter-coater.
Microtexture of each thin section was observed and
imaged using backscattered electrons (BSE) and
secondary electrons (SE) in high-vacuum mode at an
accelerating voltage of 20.0 kV. Elemental composition
from select portions of each thin section was obtained
using an EDAX energy-dispersive (EDS) system at an
accelerating voltage of 15.0 kV. EDS spectra were
collected and analyzed using the TEAM EDS analysis
system for the SEM.

Micron-scale capillary porosity was determined from ten
BSE images at a range of magnifications (400X to 2.0kX)
that show typical matrix texture with no fractures, large
pores, or cataclastic material. In each image, white or gray
pixels represent cement components and black pixels

represents porosity. Using ImageJ software, each image
was binarized so that all pixels are either white (solid
material) or black (pore space). This processing step alone
overpopulates the image with black pixels, so an
adjustment to the gray-level threshold was made to
achieve a visually satisfactory match between pore space
in the original BSE image and that in the binarized image,
a method also used by [12]. The proportion of black
versus total pixels was calculated to represent the
capillary porosity for that image area, which was then
averaged for the ten images per sample to represent its
capillary porosity.

3. EXPERIMENTAL SETUP

Jacketed and instrumented specimens were mounted onto
the base of the pressure vessel and connected to pore-
pressure feed-throughs in the pressure vessel. The
pressure vessel was then assembled and placed into the
reaction frame. The actuator in the base of the frame is
raised gradually to bring the pressure vessel piston into
contact with the reaction frame. The pressure vessel is
then connected to the pressure intensifier and filled with
Isopar®. At this point the servo-hydraulic control is
turned on and data collection begins. The confining
pressure is raised to the desired pressure, with the reaction
frame actuator holding its position. The vacuum line and
system was then connected to the flow-through pore
pressure system. The confining pressure was maintained
at test pressure while the specimen was subjected to
upstream helium pore pressure, and downstream
measurement of helium flow for 4-8 hours to obtain a
baseline.

During the experiment, confining pressure is controlled,
measured and tracked using a pressure transducer located
in the intensifier connection line about a meter from the
pressure vessel. Axial force is measured with a load cell
external to the pressure vessel and O-ring friction is
corrected for during data analysis. The specimen was
shortened using a controlled displacement mode at a rate
of approximately 8.1x10-6 cm/s. During loading, the
advancement of the loading piston is periodically stopped
and held for 15-30 minutes to observe potential changes
in flow rate. During these hold times, it is observed that
the load decreases. Force, displacement, confining
pressure and gas flow were recorded in an automatic data
acquisition/control system as a function of time.

Test specimens are instrumented to measure axial and
radial displacements during application of the initial
hydrostatic pressure, and during axial compression.
(Figure 1). Displacement is measured with Linear
Variable Differential Transformers (LVDTs) and/or
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strain gages. LVDTs are mounted on the end caps to
measure axial deformation, and in spring loaded rings
placed near the sample midheight to measure change in
diameter. The actuator has a separate LVDT that can be
used as a backup for sample axial measurements. Sample
mounted LVDTs are 0.254 cm full-scale. Displacement is
used to calculate specimen strain, and stress is calculated
using the measured force and updated cross sectional area
based on lateral displacements during the experiments.
Stain gages record strain directly.

Acou stic
Emission Pin

Figure 1. Left: Instrumented cement sample showing
instrumentation, and Right: deformed sample (2.1 MPa
test) showing post-test macro fractures.

To protect the vacuum system, low pressure (0.1- 0.2
MPa) relief valves, a fluid expansion tank, and a liquid
nitrogen trap are part of the vacuum line system.

3.1 Permeability determinations

Permeability is calculated using [11] and is summarized
in the following. Darcy's law is expressed as the
measured flow rate of fluid crossing a unit area and is
proportional to the pressure differential measured across
the ends of the specimen. The permeability of the rock,
k, is calculated by the following equation:

kapp.=Qx.)t•L /(A.AP) (1)

where kapp is the apparent permeability (Darcy), Qx is the
flow rate in the axial direction of the specimen (cm3/s),
is the viscosity of flowing helium (cP), AP is the pressure
differential measured across the ends of the specimen
(atm), L is the length of the specimen (cm), and, A is the
cross-sectional area (cm2) perpendicular to the axis of the
specimen. The viscosity of the helium at 25°C
temperature used in this study is 0.196 cP [11]

Darcy's law, equation (1) assumes an incompressible
medium. For the compressible helium, the volumetric
flow rate Q varies with pressure from one face of the
specimen to the other. Since we assume that the

downstream pressure is close to zero due to vacuum
condition, equation (1) can be modified for a
compressible fluid such as helium:

kae = 2 Qm.)1•1/(A.AP) (2)

where kHe is the permeability measured using helium and
Qin is the volumetric flow rate in the inlet side of the
specimen. Thus, using the equation of state of the gas
under constant temperature, kHe is related to the apparent
permeability (kapp) based on incompressible fluid as
follows:

kHe = 2 kapp. Qin/Qref
= 2 kapp. Preain (3)

where Pref is the reference pressure, Qref is measured, and
Pm is the pressure on the inlet side.

The permeabilities calculated above using Darcy's law
need to be corrected for gas "slippage", which is an
apparent increase in flow rate observed when the pore
space approaches the mean free path of the gas; this is the
well-known Klinkenberg factor [13], which is especially
important for low permeability materials and low mean
gas pressures.

The equation relating the liquid permeability to the gas
(Helium) permeability is

kHe = khq (1 + bHe/Pbar) (4)

where kHe is the permeability to helium, kbq is the
permeability to liquid, b is the Klinkenberg coefficient,
and Pbar is the average pressure in the test section.

The Klinkenberg coefficient for air has been correlated to
the liquid permeability [14] using numerous samples from
oil-field cores and can be written as follows

bair = 0.11 kiicC°39 (5)

where bair is the Klinkenberg coefficient for air in pascals,
and kbq is in m2. Note that the permeability data used in
this correlation has a minimum value of about 10-17 m2,
which is much higher than the present data.
Subsequently, permeabilities were measured on low-
permeability gas sands down to approximately 10-19 m2
[15]; their correlation is

bair = (6)

They compared their data with the correlation from [14]
and showed that the correlation gives reasonable results
down to their lowest permeability value. Because the [15]
correlation used lower permeability data, it will be used
in this evaluation. In addition, their correlation results in
a smaller Klinkenberg correction than [14] for the present
data set. The Klinkenberg factor given above needs to be

4



corrected for the gas used as the permeant, which is
helium in this study. As given by [16], the correction
equation is

bxe=bairp.xe/ptair(THe/298.15K)112(28.97/mHe)112

or a factor of 2.9 in this study.

(7)

The [15] correlation has been extrapolated to lower
permeabilities in this evaluation assuming that "slip" flow
occurs, which can be modeled by the Klinkenberg
correlation. However, at very low permeabilities, other
diffusion mechanisms become important such as
configurational diffusion [17]. In configurational
diffusion, the pore size is approximately equal to the size
of the gas molecules, and the configuration of the
molecules and molecule-surface effects become
important. The permeability drops off drastically in the
configurational diffusion range. Based on simple
calculations, the transition between "slip" flow and
configurational diffusion is of the order of 10-21 m2 or
10-9 Darcy. Therefore, the applicability of the above
Klinkenberg correction is limited to liquid permeabilities
of 10-9 Darcy and greater. Permeabilities for other
(heavier) gases and liquids are much lower than those
reported herein. We calculate apparent and helium
permeabilities, and the Klinkenberg correction; liquid
permeabilities are likely —2 orders of magnitude lower.

4. EXPERIMENTAL RESULTS

Here we report data from three experiments, one each at
0.7, 2.1, and at 13.8 MPa confining pressure. These
pressures were chosen to begin to study/explore cement
permeability versus deformation relationships for a range
of conditions.

Mechanical test information is presented in Table 1 and
Figures 2, 3, 4, and 5. In Figure 2 A, B, differential stress
versus axial strain and cumulative acoustic emissions
versus axial strain for cement tested at 2.1 MPa and 13.8
MPa confining pressure are presented (the 0.7 MPa test
had poor AE data). The high axial strain for the 13.8 MPa
test may be applicable to severe-deformation well
conditions for example when casings are not concentric to
the borehole. At 2.1 MPa confining pressure, the AE
accumulation is episodic, with three jumps to the
maximum of —70 counts. At 13.8 MPa confming pressure,
the AE accumulation is again episodic for the entire
loading interval. We note that about the same number of
AEs is observed in both tests at about 0.015 axial strain.

Table 1. Triaxial strength and axial strain at test end

Confining Ultimate
strength
(MPa)

Axial
Strain at
test end

Pressure
(MPa)

0.7 35 0.007

2.1 58 0.015

13.8 55 0.13
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Figure 2. A. Differential stress versus axial strain and
cumulative acoustic emissions versus axial strain for
cement tested at 2.1 MPa confining pressure. B.
Differential stress versus axial strain and cumulative
acoustic emissions versus axial strain for cement tested at
13.8 MPa confining pressure.

Loading stops were used in all tests to make prolonged
flow measurements and are indicated by the black arrows
in each figure. The strength is least at the lowest (0.7
MPa) confining pressure, with an abrupt specimen failure
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by load loss at less than .01 axial strain (Figure 3A). With
a small increase to 2.1 MPa confining pressure, the
strength increases to 58 MPa, with a near doubling of
strain at failure (Figure 3B). At the greatest confining
pressure (13.8 MPa), the cement work hardens until the
test was ended at near 0.13 axial strain (Figure 3C). The
apparent permeabilities determined as a function of axial
strain are presented in Table 2 and Figure 3. Apparent
permeability (Kapp) at hydrostatic conditions decreases
with increasing confining pressure (Table 2). For all
confining pressures studied, Kapp decreases slightly from
the start of loading to about mid point in each test. At the
end of loading, for the two lower confinng pressures, Kapp
increases dramatically, coincident with the deveopment
of presumed macrofractures (stress drop). At 13.8 MPa
confining pressure, Kapp continues to decrease slightly for
the entire loading period. At the end of all tests, upon
unloading, Kapp increases for all tests, perhaps reflecting
fracture opening.

Table 2. Permeability determinations

Confining
Kapp/K-He

prior to
axial

loading

liD

Kapp/K-He

mid axial
loading

[iD

Kapp/K-He

end axial
loading

j.iD

Kapp/K-He

end of
test

[iD

pressure
(MPa)

0.7 5.9/4.0 5.0/3.7 113/76 270/167

2.1 4.3/3.0 3.3/2.3 11.6/8.1 12.0/8.4

13.8 0.24/0.17 0.17/0.12 0.16/0.11 0.20/0.14
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Figure 3. Differential stress versus axial strain and
apparent permeability versus axial strain for cement
tested at A. 0.7 MPa, B. 2.1 MPa, C. 13.8 MPa confining
pressure.
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5. OBSERVATIONS

The observed textural elements and deformational
elements present include the initial cement paste texture,
large microfractures (more than a few mm in length),
small microfractures, entrapped air voids that are —0.1 to
—0.3 mm diameter and round, and capillary pores that are
—1-5 microns in lengths and occur as space
accommodating voids (generally not round).

The capillary porosity values we determine for all post-
test samples are in the range of 12 to 16%. These are
consistent with porosity values of similar cement pastes
determined through SEM image analysis [17, 18], and
they do not vary with changes in confining pressure,
apparent permeability, or strain.

While we observed cracks in the samples from
fabrication/curing, we believe that these cracks were not
through-going and did not provide major flow pathways
(the permeability of all samples is low/appropriate for the
confining pressure tested), nor did they necessarily
predispose the samples to failure (the strengths are
consistent with published values).

Microfracture linear crack densities range from 0.08 to
0.29 mf/mm and show no apparent relationship to test
confining pressure or total sample strain. With increasing
confining pressure, macrofractures tend to increase in
angle to load direction.

At the millimeter scale, large pores, which are entrapped
air voids interact with and are involved in the
microfracturing process. Typically, these voids form
when the cement has not been vibrated or tamped enough
to remove air before the initial solidification. These large
pores are observed to shear with cataclasis and
comminution along fracture surfaces (Figure 4A) and
pores interact with each other, localizing deformation as
they flatten, shear and facilitate crack growth (Figure 4B).

Large pores (air voids) are also observed to crush/flatten
at various stages, exhibiting aspects of borehole breakouts
with flattening perpendicular to loading, sloughing and
microfractures appearing to originate from pores (Figure
4 C, D).

Sheared
pore

SEN . 0 kV

SEM MAO 1E3 k

Localized
cataclasis

WO' IS mm

C

Fractures related
to pores

Fracturing between
and joining pores

EGA, LESCPS

D

Figure 4. A. Sheared air void with cataclasis (Pc= 13.8
MPa); B. Interacting pores (air voids). C. Flattened air
void pore with fractures (Pc= 2.1 MPa); D. Sloughing
from air void and cracks from air void (Pc= 2.1 MPa).
Loading direction is horizontal in all images.

At the micron scale (Figure 5A), we observe a skeletal
matrix of calcium-silicate-hydrate (C-S-H)with
unhydrated cement grains and capillary pores[20].
Microfractures crosscut the groundmass and the cement
grains, connecting previously isolated capillary pores
(Figure 5B). In the sample subjected to the highest
confining pressure, we also observe some large-aperture
microfractures, which contain Si-rich cataclastic material
with some larger grains incorporated. The cement matrix
directly adjacent is variably microfractured, but is
otherwise undisturbed (Figure 5 C, D).
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Figure 5. A, B, Examples of skeletal matrix, cement
components, and their interactions with microfractures
(G=unhydrated cement grains). C, D Examples of large-
aperture microfractures with Si-rich, cataclastic material.
Loading direction is horizontal in all images.

6. DISCUSSION OF RESULTS AND CONCLUSIONS

We present results of real-time measurements indictive of
microstructural changes during deformation of neat
cement during triaxial experiments conducted at room
temperature. The discussion and conclusions with respect
to cement material properties for wells at depth are
presented and predicated considering the limited number
of experiments conducted (three), and that the young
paste is more ductile owing to its early-age strength. The
signal of microstructural evolution is changes in helium
flow rate for the imposed stress/strain state. From those
flow measurements we infer permeability. Using optical
and scanning electron microscopy, end-of-test images
provide valuable snapshots of pore structure and
operative deformation mechanisms.

The strength at 0.7 MPa is consistent with previous
characterization [7]. The strength of neat cement
increases with increasing confining pressure.
Macroscopically the cement fractures at the two lower
confining pressures and tends to strain harden at the
greatest confining pressure.

The observed deformation mode change implies that
macrofracture formation from compressive processes like

those of the tests performed may be an issue in wells at
shallow depths or situations where locally low effective
confining pressures are present. For example, high
formation pore pressures could cause low effective
confining pressures in the cement. Incomplete cement
jobs leave gaps in cement continuity and create free
surfaces, reducing the effective confinement. At the
greatest confining pressure, the cement work hardens, the
strains are permanent at test end. Permanent strains may
be inconsequential in monotonically stressed well
cement. If, however, wells are stress cycled, the cements
or cement-steel/rock interfaces may open from extensile
cracking upon unloading.

Acoustic emissions provide some information of
microstructural modifications, but the limited data set
does not allow us to directly relate them to Kapp changes.
Some of the AEs reflect pore collapse as well as
microfracture formation. For both confining pressures,
the AEs may reflect similar phenomenon, pore collapse,
shearing and new crack formation, however they manifest
differently at the different confining pressures.

Kapp for neat cement is in the ptD range, consistent with
previous workers [21]. Consistent with conventional
wisdom, Kapp decreases with increasing confining
pressure, implying that cracks close and pores are
diminished in volume with increasing confining pressure.
For the two lower confining pressure tests, Kapp decreases
then increases prior to load loss and macrofracture,
implying that flow paths are choked slightly during initial
axial loading, and then favorably oriented-to-flow
microcracks begin to open and connect. At and near
macrofracture, the macrofracture flow path dominates
measured flow. For 13.8 MPa confining pressure,
permeability only decreases implying compaction
processes dominate throughout the deformation.

Entrapped air voids and capillary pores are each involved
in the deformation as sources of microfractures. The
observations of crack development and crack existence at
test end support observations of permeabilty development
during triaxial deformation. The large microfractures
created at low confining pressures provide ample flow
paths for the large increase in Kapp observed. However,
the number of smaller microfractures and the capillary
porosity calculated within the skeletal matrix and cement
grains do not reveal microstructural differences between
the highest and lowest pressures. This may be due to the
presence of the larger (0.1 to 0.3 mm diameter) pores (air
voids) accommodating strain through pore collapse and
related microfracturing. These features were not
quantified due to the difficulty in statistically capturing
the larger pores and related microfractures at the thin
section scale. We feel that more work is warranted to
better relate the lab measurements to the observations at
the larger pore scale.
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