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mass results from interaction between its intrinsic 

properties and the physicochemical environment at 
the time of deformation. Two of the most important 
intrinsic properties are porosity and permeability. 
In this review, two aspects of their relation to 
rock mechanics are discussed, namely: (a) how do 
porosity and permeability influence the mechanical 
behavior of rocks and rock masses, and (b) what is 
being done within the discipline of rock mechanics 
to help predict the porosity and permeability 
of the rock mass. 

ABSTRACT 

This review is focused on the influence of 
porosity • and permeability k on the mechanical 
behavior of rocks and rock masses and on ways in 
which rock mechanicists are contributing to the 
prediction of 6 and k at depth in the Earth's Crust. 
Major conclusions are as follows: (1) The law of 
effective stress utilizing 100% of the pore fluid 
pressure holds for most practical purposes, pro- 
vided the porosity is communicated and the permea- 
bility, relative to loading-rate, permits equili- 
bration of the pore pressure. (2) The decrease in 
strength with increasing porosity is well documented 
for sandstones, siltstones, and a few limestones. 
This trend follows the general form: o s = a •b, 
where •s is ultimate strength and a and b are con- 
stants. For granular aggregates, this trend is 
predictable through use of Hertzian theory. (3) 
Interpretation of hydrofracturing records requires 
knowledge of both • and k, especially in light of 
recent experiments on the rate of pressurization. 
(4) Strategies for earthquake control through ad- 
justment of fluid pressures at depth rely on the 
permeability of the fault-gouge-host-rock-system. 
Pertinent data are meager, but suggest that commun- 
ication rates are rapid when wells are connected 
by fractures. On the other hand, it may take sev- 
eral months to achieve desired increments of pore 
pressure throughout a rock mass on the scale of km 3. 
(5) Analytical and numerical methods for quantative- 
ly predicting fluid flow through fractures have 
reached a high degree of sophistication, but still 
the measured flow rates often differ significantly 
from predicted onex. The influence of effective 
confining pressure on fracture • and k is just now 
emerging from experimental work. (6) At least six 
empirical, theoretical, and experimental approaches 
to the prediction of • and k at depth are being 
pursued. Porosity reduction with depth is better 
documented than that for permeability. Purely 
mechanical compaction sets maximum limits on • and 
k for a given depth, but precise prediction requires 
a better understanding of physico-chemical processes. 
(7) Study of the mechanical and physicochemical 
mechanisms of compaction through experimentation and 
optical and scanning electron microscopy have and 
will probably prove rewarding. 

INTRODUCTION 

The mechanical behavior of a rock or rock 

After a brief introduction to porosity (•) and 
permeability (k), their influence on rock behavior 
will be summarized through discussion of the effec- 
tive-pressure concept, the variation of strength 
with •, hydraulic fracturing, and faulting and 
earthquake control. Then ways to predict • and k 
will be considered with emphasis on the results of 
triaxial testing, compaction experiments, associated 
analytical models, and the mechanisms of porosity 
and permeability reduction. 

In developing these topics I will defer when- 
ever possible to the pertinent invited papers in 
this session of the 17th Symposium. Each paper 
not only presents new data, but also contains ref- 
erences to the pertinent literature in its field. 
Somerton and Mathur discuss their recent experi- 
mental work on the influence of temperature and 
stress on • and k of porous rocks; Dunn and La Foun- 
tain deal with laboratory determined • - dependent 
strength; and Nelson treats experimentally deter- 
mined relations between fracture permeability and 
pressure. Then follow two reasonably successful at- 
temps to generalize the experimentally determined 
changes in • and k. Gallagher measures the strength 
of individual quartz grains and analyzes the results 
by means of Hertzian theory; and Gangi uses this 
theory to compute mechanical compaction of porous 
rocks, fracture-closing as a function of pressure 
and failure strength. These papers are followed 
by the studies of Simonson and co-workers on how 
geophysical logs can be used to determine velocity, 
6, and k in the subsurface, and of Preston who cor- 
relates a host of physical and chemical rock pro- 
perties to gain a better understanding of rock be- 
havior. 

Porosity and Compaction 

Porosity is generally regarded as the fraction 
or percentage of the bulk volume that is not oc- 
cupied by solid matter. The term has no scale con- 
notation, nor does it distinguish between openings 
that are isolated or connected. The term "effective 

porosity" is used for the volume (percent) of a 
given rock or rock mass that consists of intercon- 
nected openings. Thus, a rock may have high poro- 
sity, but low effective porosity. Porosity is mani- 
fest over a wide range of scale from the interstices 
(intergranular and intragranular) among grains or 
crystals to large fractures, vugs, or caves (Figure 
1). 

In recent years the description of "microporo- 
sity" has been greatly enhanced by use of special 
straining techniques and by optical and scanning 
electron microscopy. Relative to rock mechanics 
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problems dealing with cracks and pores, notable con- 
tributions have been made by Willard (1969), Wein- 
brandt and Fatt (1970), Baldridge and Simmons (1971), 
Brace, et al. (1972), Swolfs,et al. (1973), Sprunt 
and Brace (1974a, b), Simons, et al. (1973, 1975), 
Simmons and Richter (1975), Montgomery and Brace 
(1975), Tapponnier and Brace (1976), and Richter, 
et al. (in press). Typical SEM views of pores are 
shown in Figure 2 (courtesy of D. E. Powley, AMOCO 
Production Co.). 

Most recently, Cheng and Toksoz (1976) have 
developed a technique to resolve the crack and pore 
aspect ratio spectra from laboratory measurements 
of seismic velocity as a function of pressure and 
fluid saturation. They suggest that pores can be 
distinguished from cracks, and that the aspect 
ratio of cracks in low-porosity granite (< lO -2) is 
in good agreement with that estimated from SEM 
micrographs. 

Compaction is regarded here as the result of 
all processes that tend to decrease porosity, i.e., 
increase bulk density (Figure 3). It involves 
mechanical processes (rigid-body rotation of grains 
into tighter packing arrangements, the fracture of 
grains with rotation of grains and fragments, the 
closing of fractures by deformation of asperities), 
physicochemical processes like pressure solution 
of grains or asperities, and cementation or frac- 
ture-filling (introduction of material by moving 
ground waters). 

F 

Figure 1. Some schematic views of porosity in rock. 
(A and B) Change in packing of spheres reduces poro- 
sity from 48 percent in cubic packing (A) to 26 per- 
cent in rhombohedral cose packing (B). (C) A natu- 
ral well-sorted sand with high porosity. (D) A poor- 
ly sorted sand has low porosity due to the matrix of 
silt and clay. (E) Cementation reduces porosity. 
(F) High porosity produced by well-sorted grains 
that themselves are porous. (G) Porous zones between 
lava flows or along bedding planes in general. (H) 
Macroscopic porosity produced by solution. (I) Frac- 
ture porosity. Illustration modified after Meinzer 
(1923). 

Figure 2. Typical SEM micrographs of pores and 
grains. (a) Rotliegendes Sandstone (Permian) at 
lOOX. Authigenic clay occurs on surfaces of quartz 
grains. (b) Rodessa Limestone (Cretaceous) at 500X, 
shows wide range of pore sizes. Photos courtesy 
of D. E. Powley, AMOCO Production Co., Tulsa, Okla- 
homa. 

Permeability 

Permeability is the ability of a rock mass to 
allow passage of fluids. Various definitions are 
in use (Davis and DeWiest, 1966, p. 162-163; Lohman, 
1972, p. 4-6). For example, K has been called 
effective permeability, coefficient of permeability, 
seepage coefficient, and the hydraulic conductivity. 
The last named term is gaining widespread usage and 
is now adopted by the U.S. Geological Survey (Lohman, 
1972). After Davis and DeWiest (1966), 

K = Cd 2 % 

where C = a dimensionless constant which takes 
into account effects of stratifica- 
tion, packing, arrangement of grains, 

2 A1-2 



Melvin Friedman, Professor, Center for Tectonophysics, Texas A&M,.University, 
College Station, Texas 77843 

Porosity, Permeability, and Rock Mechanics - A Review 

size distribution and porosity, 
d = average pore size (cm) 
y = specific weight (gm) 
• = dynamic viscosity (centipoise). 

K has the dimensions of velocity (LT-1), and is of- 
ten expressed in the inconsistent units of gallons 
per day per square foot (gpd/ft2). Lohman (1972, 
p. 6) defines K as follows: "A medium has a hydrau- 
lic conductivity of unit length per unit time if it 
will transmit in unit time a unit volume of ground 
water at the prevailing viscosity through a cross 
section of unit area, measured at right angles to 
the direction of flow, under a hydraulic gradient 
of unit change in head through unit length of flow." 
Thus: 

K =- Q/A 
dh/dl 

where Q = flow rate, 
A: cross sectional area, and 

dh/dl : gradient, or unit change in head 
per unit change in length of flow. 

Suggested units are: 

K : ft3 ft ; [LT-1] 
ft 2 day (-ftft -1) day 

or 

3 
K m = m LT-1 : -- ;[ ] 2 m day (-mm -1) day 

The term intrinsic permeability k, is widely 
used in the petroleum industry and by the U.S. 
Geological Survey. After Lohman (1972, p. 5), 

•Q/A k = g(dh/dl) ; [L2] 
where • = kinematic viscosity (= u/p, u is 

dynamic viscosity and p is fluid 
density), 

g = acceleration of gravity. 

The U.S. Geologi•a• Sury•y •xpress•s k•in square micrometers (um) - 10 -/z m • = 10 -5 cm z. Other ex- 
pressions for k involve pressure gradients rather 
than head or potential gradients (Nutting, 1930; 
Hubbert, 1940). Nutting (1930), as interpreted by 
Lohman (1972), expressed pressure in bars so that 
his units are consistent, but Wyckoff, et al (1934) 
used pressure in atmospheres and proposed •he darcy 
in inconsistent units, thus: 

1 centipoise x 1 cm3/sec 
I darcy = cm2- 

1 atmosphere/cm 

Since 1 centipoise - • O1 pois = 0.01 d•ne sec/cm 2, and 1 atmosphere = •. i32 x 10 • dynes/cm •, 1 darcy : 
0.987 x 10 -8 cm 2. Lohman (1972, p. 6) points out 
the situation was further confused when in 1935 the 
American Petroleum Institute redefined the darcy by 
changing the volume from cm 3 to milliliters. The 
redefined darcy is thus doubly inconsistent as it 
embodies milliliters, centimeters, and atmospheres. 
None-the-less, the darcy is widely used. Both 
Davis and DeWiest (1966) and Lohman (1972) present 

tables of equivalences between K and k. In general, 
K is related to k by.' 

K = kg/v 

The intrinsic permeability k will be used in this 
review. 

COMPACTION OF SEDIMENTS 

MECHANICAL AND PHYSICOCHEMICAL PROCESSES 

INTERACTION OF VARIABLES 

ENVIRONMENT ' SEDIMENT 
EFFECTIVE STRESS MINERALOGY 

TEMPERATURE GRAIN SIZE, SHAPE, AND SORTING 

TIME NATURE OF GRAIN CONTACTS 

PORE FLUIO CHEMISTRY AND GEOLOGIC SETTING: 
HISTORY RATE OF SEDIMENTATION 

EARLY DIAGENETIC HISTORY 
POTENTIAL GRADIENTS OPEN OR CLOSED SYSTEM 

] 
POROSITY 

AND 

PERMEABILITY 

Figure 3. View of the compaction of sediments as 
an interaction of the environmental and intrinsic 
variables. 

For sandstones, Berg (1970) shows that k is 
a function of grain size D, sorting s, mean grain 
shape Sh, and grain packing P, and that D and P 
determine pore size, and P largely determines poro- 
sity •. By considering different packing arrange- 
ments, Berg shows that k, •, and D are related 
through the equation 

log k = m log • + log b D 2, 
where m and b are constants, k is in darcys, and D 
is expressed in mm. Further consideration of 
grain-size, sorting, and grain-shape effects leads 
to his general expression 

k = 5.1 x 10 -6 •5.1MD 2 e-l.385PDs, 

where • is porosity in percent, MD 2 is median grain 
size in mm, and PD s is the phi percentile deviation 
(a measure of sorting). This equation approximates 
maximum permeability of well-sorted, granular aggre- 
gates of 30 to 40 percent porosity. For example, 
Berg calculates a permeability of 4.2 darcys for a 
sample of Muddy Sandstone compared to a measured 
value of 4.0 darcys. Subsequently, he has found 
that the equation satisfactorily predicts permea- 
bility in well sorted detrital rocks with porosities 
down to 10 percent (Personal communication, 1976). 

Fluid flow through a fractured rock mass in- 
volves the intrinsic permeability of the unfractured 
rock k r (= k, above) and the permeability of the 
fracture-network kf. Analyses of fluid flow through 
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parallel plates (or fractures) are given by Lamb 
(1932), Muskat (1937), Huitt (1956), Snow (1965, 
1968a, 1968b, 1972), Parsons (1966), Sharp and Maini 
(1972) among others. The equation for volumetric 
flow rate between two smooth parallel plates (Lamb, 
1932) is the common point of departure as follows: 

-gcbWf3 dp 
Q - 12u dL ' 

where: 

Q: volumetric flow rate (cm3/sec) 
Wf: width of fracture (cm) 

b = depth of fracture (cm) 
dp/dL = pressure gradient in direction of flow 

(atm/cm) 
gc : a conversion factor 
• = viscosity of fluid (centipoises) 

This equation is approximately valid for viscous, 
laminar flow for variable values of Wf, provided 
that the gradient dWf/dL is small; it applies even 
if both bounding surfaces are curved (Huitt, 1956, 
p. 259). Huitt considered the influences of surface 
roughness and turbulent flow and concluded that if 
flow in fractures is laminar, surface roughness has 
no appreciable effect on the resistance to flow. 
Surface roughness becomes a significant factor where 
the flow is turbulent. From consideration of pro- 
duction rates from oil wells, however, both Huitt 
and Parsons regard turbulent flow in fractured reser- 
voirs as unlikely. Recently, Pratt et al (1976) 
have found that measured flow rates for joints in 
granite do not rigorously follow this formulation. 

Parsons (1966) modified Lamb's equation so as 
to include the permeability of the total fracture- 
intact rock system in which vertical fractures occur 
in sets of specified spacings and orientations rela- 
tive to the overall pressure gradient. In contrast, 
Castillo (1972) has presented an independant develop- 
ment based on the assumption that Darcy's Law holds 
within each fracture. Further, Jones (1975) demon- 
strated that the combination of Lamb's and Darcy's 
equations leads to the conclusion that the effective 
fracture-width is proportional to the cube root of 
permeability, provided the permeability of the host 
rock is zero. 

Although, great advances have been made in the 
formulation of theory to reduce over-simplification, 
calculated flow rates often differ from measured 
ones by factors of 10 to 104 (Banks, 1972). Snow 
(1965, 1972, p. GI-1) summarized the state-of-the- 
art of these calculations by stating: [fracture] 
permeability will remain empirical in nature... 
[because] the description [of fractures] can never 
be complete. Fractures are neither parallel, uniform, 
plane, smooth, regularly-spaced, [non-intersecting], 
nor uninterrupted." 

Estimates and measures of fracture permeability 
at depth range from a few millidarcys to many darcys 
(see review by Stearns and Friedman, 1972, p. 95), 
and measured or inferred average fracture-widths 
range from < 0.05 mm (Elkins, 1953, for Spraberry 
Trend FieldS-at about 2.0 to 2.2 km depth) to > 6.0 
mm at shallow depths (Banks, 1972). Baker (19•5) 
shows how fracture permeability compares with the 

magnitude of intrinsic permeability. He calculated 
that a single fracture 0.25 mm wide has the equivi- 
lent permeability of 138 m of unfractured rock with 
a uniform permeability of 10 md; a fracture 1.27 mm 
wide is equivalent to 173 m of rock with a permea- 
bility of ld. 

INFLUENCE OF POROSITY AND PERMEABILITY ON MECHANICAL 
BEHAVIOR 

Effective Stress 

Perhaps the most important concept to emerge 
from theoretical and experimental work on fluid- 
saturated, porous rock has been the formulation 
and demonstration of the law of effective stress 
(see reviews by Handin, 1968; and Brace, 1972). As 
expressed by Nur and Byerlee (1971) and Garg and 

Nur (1973) effective stress <•ij> is defined as: 

<•ij> = oij - nPpaij 

where oi' is the total stress transmitted through 
the loadSbearing framework of the rock, n is a 
constant, Po is the pore fluid pressure, and aij 
is Kroeneck6r's delta, compressions taken positive. 
The key issue is the value of n as discussed by 
Terzaghi (1923, 1945), Geertsma (1957), Biot and 
Willis (1957), Handin et al. (1963), Hubbert and 
Rubey (159, 1960), Skempton (1961), and Suklje 
(1969). Values of n < 1 take into account porosity 
and differences in bulk modulus between the porous 
rock and the individual grains. This approach may 
be necessary fully to describe stress-strain rela- 
tions (Nur and Byerlee, 1961; Garg and Nur, 1973). 
However, a host of workers have shown that the 
effective stress law with n = 1 adequately describes 
the pore-pressure effect on.the ultimate strength 
of the rock, provided that the permeability of the 
rock relative to the rate of deformation permits 
fluid pressure equibration throughout the rock body 
(Robinson, 1959; Handin et al., 1963; Murrell, 1963; 
Brace and Martin, 1968; Robinson and Holland, 1970; 
and Nur and Byerlee, 1971; among others). Unless 
the pore fluid is truly inert, the physicochemical 
effects may prohibit precise evaluation of the 
purely mechanical effects (e.g., Griggs and Blacic, 
1965; Griggs, 1974; Swolfs, 1972). Accordingly, 
for most practical purpose, n may be taken as one. 
In general, rock strength and ductility increase 
with increasing effective confining pressure (Handin 
et al., 1963). 

When the permeability of a rock mass is low 
relative to the rate of deformation, pore-pressure 
equilibration is impeded. This may lead to dila- 
tancy hardening if new pores or cracks are created 
into which the pore fluids do not immediately migrate 
(Frank, 1965; Brace and Martin, 1968). Initially, 
therefore, the pore-fluid pressure decreases; but 
with time, and availaMe pore fluid, the pore 
pressure equilibrates, and restores the original 
value, thus reducing the strength of the rock body. 
Nur (1972) and Scholz et al., (1973) have proposed 
this mechanism to account for premonitory events 
that lead to and trigger earthquakes. A second 
effect of low permeability and effective pressure 
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is the development of abnormally high pore pressure 
caused by rapid tectonic loading or burial (Hubbert 
and Rubey, 1959; Ruby and Hubbert, 1959; Bredehoeft 
and Hanshaw, 1968; Gretener, 1969, 1972; Price, 1973) 
phase changes (Raleigh and Paterson, 1965; Heard and 
Rubey, 1966) or differential thermal expansions 
Barker, 1972• Bradley, 1975) that occur faster than 
the pore fluid can migrate out of the system. This 
leads to higher pore pressure and thus to reduced 
strength and relatively brittle behavior in the zones 
of abnormally high pore pressure, i.e., low effective 
stress. This same effect may explain local zones of 
shattered rock that occur in domains where strain 
rates may have been high, e.g., sharp hinges of 
drape-folds (Stearns, 1971, Fig. 10). As another 
speculation, the fracture of water-saturated rock 
during drilling and blasting may be enhanced by very 
high, shock-induced, pore pressure such that hydrau- 
lic tensile fractures may propagate from liquid-solid 
interfaces. 

Fluid Saturation 

A prime consideration of the effective-pressure 
concept is the degree to which the rock is saturated 
with fluids. In general, saturation is a function 
of the fluid-injection pressure and the effective 
porosity. Perhaps the best way to evaluate satura- 
tion is through consideration of capillary pressures 
(Purcell, 1949). In his treatment of the subject, 
Berg (1975) points out that the injection pressure, 
Pi, is 

2¾cos• 
Pi - r ' 

where y is the interfacial tension, e is the contact 
angle between the fluid boundary and the solid sur- 
face measured through the more dense fluid, and r is 
a radius of curvature that is essentially equivalent 
to pore-throat size of the rock. When a wetting 
fluid, such as water, is injected, e is zero, cose 
equals one, and the equation reduces to 

2¾ 
Pi- r 

Thus, if the rate of injection is slow enough so 
that permeability can be neglected, the fluid-injec- 
tion pressure can be used to determine the size of 
the pores filled with Fore fluid. For water against 
air, • is 72 dynes cm-• at 24øC. Accordingly, f9r an injection pressure of 100 bars (10 dynes cm -z) 
pores down to 1 x 10 -5 mm would be filled at 24øC. 
In general, therefore, it is reasonable to assume 
that in nature rocks are fully saturated below the 
water table. In laboratory experiments, low per- 
meability may limit the rate of fluid injection, but 
water injection under vacuum followed by injection 
of water at a modest pressure permits a high degree 
of saturation for all practical purposes even in 
low-permeability rocks (Brace and Martin, 1968). 
Actually, 100 percent fluid saturation is probably 
never achieved as the porosity is never totally 
effective and some pores may be too small to be 
filled. For example, Swolfs et al., (1973) found 
bubbles in the glass of extrusive igneous rocks that 
are only 10 -7 mm in diameter. 

Strength 

It has been amply demonstrated that the frac- 
ture or ultimate strengths of sandstones, siltstones, 
and a few limestones decrease with increasing poro- 
sity (e.g., Kowalski, 1966; Hoshino et al., 1972; 
Hoshino, 1974; Dunn et al., 1973). The general 
form of this relationship as determined experimen- 
tally by Kowalski or Dunn et al is 

o = a •b, 
s 

where o s is ultimate strength, • is porosity, and 
a and b are constants. Hoshino (1974) chose to 
express the relation as 

6 = A e -bøs 

where A and b are constants. The constants in 

these expressions vary widely and depend on Pe, rock 
type, quartz content, degree of alteration of con- 
stituents, initial porosity, grain size, water 
saturation, and direction of loading relative to 
planar anisotropy, among other factors. Further 
generalization in the absence of theory would appear 
to be difficult. However, a start toward a funda- 
mental understanding of the phenomena that enter 
into the porosity versus strength relation is made 
by Gangi and Heinze (1976) and Gangi (this Symposium) 
who employ Hertzian theory to derive a first approx- 
imation that compares well with the experimental 
data of Dunn et al., (1973). This topic will be 
emphasized by Drs. Dunn, Gallagher, and Gangi. Here 
let me refer to the heuristic photoelastic model of 
a granular aggregate constructed by Gallagher et al. 
(1974, Fig. 26B) with a view toward a qualitative 
understanding the porosity-strength relation. 

The model (Figure 4) consists of a two-dimen- 
sional array of 52 photoelastic elements (CR39), 
each 0.62-cm thick with the maximum diameter of 

2.54cm, shaped like sand grains seen in thin section, 
and loaded in a strain frame such that the vertical 

load across the boundaries of the aggregate is great- 
er than the horizontal one. The black areas between 
the "grains" are air-filled voids. The black lines 
or bands within each "grain" are isochromatics that 
define loci of equal stress difference. They show, 
therefore, regions of different differential stress- 
es within the "grains." The stress concentrations 
at grain-contacts are conspicuous. Gallagher et al. 
have shown that in the brittle regime, an element 
would fail by tensile or extension fracturing once 
the stress difference exceeds its fracture strength. 
The resulting fracture would connect contact points 
(and domains between them) of highest stress dif- 
ference. They also show (p. 238, Figs. 35, 36) that 
when the "porosity" of the model is reduced by epoxy- 
cement, the stress concentrations at grain contacts 
are diminished. That is, the contact area is in- 
creased by the cement so that the local stresses at 
contacts are diminished for a given magnitude of 
external load. This same effect would obtain were 

the grain contacts modified from points to flat to 
concave-convex surfaces by pressure solution as in 
many natural sandstones. 
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Figure 4. Photoelastic model of stresses in a granu- 
lar aggregate. Isochromatics are shown in circular- 
ly-polarized light. These are the black lines within 
the grains, actually loci of equal stress difference, 
that indicate stress concentrations at grain contact• 
e.g., grain A, mentioned in text. The "grains" are 
made of CR-39, are randomly oriented, and have a 
maximum diameter of 2.5 cm. Black intergranular 
areas are air-filled pore space. External load par- 
allel to the long side of the photograph is greater 
than that parallel to its short side. Illustration 
is from Gallagher et al. (1974). 

Relative to the porosity-strength relation, the 
following events predicted by the model (Figure 4) 
seem relevant: 

1) With application of confining pressure, 
stress concentrations arise at grain contacts and, 
depending upon exact packing arrangements, can be 
of about the same magnitude at each contact of equal 
area. A pore-fluid pressure tends to reduce each of 
these contact stresses according to the effective- 
stress concept. 

2) As differential stress across the boundaries 
of the aggregate increases under a given effective 
confining pressure, stress concentrations at grain 
contacts and those along lines between favorably 
oriented contacts (e.g., Figure 4, grain A) increase 
until the tensile fracture strength is reached. The 
individual "grain" with the highest stress concentra- 
tion fails first. Then other "grains" are brought to 
failure as the external loads are increased. Each 

element fails as in a dimetrial loading (Brazil test). 

3) These individual failure events in a real 
rock would produce (a) microseismic events like 
those recorded by Scholz (1968a, b) and Hoshino and 
Koide (1970); (b) an array of precursive microfrac- 
tures oriented at angles < 45 ø to the greatest prin- 
cipal compressive axis across the boundaries of the 
aggregate (e.g., Hoshino and Koide, 1970; Hallbaurer 
et al., 1973; Gallagher et al., 1974); (c) increased 
permeability (Mordecai and Morris, 1973) and (d) 
the resulting dilatancy. 

4) Because of packing arrangements, chains of 
grains with high stress concentrations fracture and 
create zones of higher fracture-density inclined to 
the macroscopic greatest principal compressive 
stress ol, at angles between 0 and 45 ø (Gallagher 
et al., 1974). Faulting (shear fracture) occurs 
when the strength along this fractured zone is ex- 
ceeded as qualitatively predicted by the Coulomb- 
Mohr criterion. 

Now, as porosity decreases, the stress con- 
centrations at grain contacts become smaller for a 
given external load because the areas of contact 
increase. The load-bearing framework is able to 
sustain greater differential stress before the in- 
dividual elements begin to fail, the precursive 
microfractures coalesce into a broken zone, and the 
material fails macroscopically. Accordingly, the 
rock is stronger. Further, at a given porosity, 
one expects the strength to increase with increasing 
effective confining pressure Pe- That is, under 
hydrostatic confining pressure alone, the stress 
concentrations at grain contacts are all about the 
same, and they all increase with increasing pressure. 
When the differential stress is applied, stress con- 
centrations at contact areas (treated as planes) 
oriented at, say, 45 ø to 90 ø to o] increase while 
superposition of stress (as in a Brazil test) causes 
those inclined at 0 to 45 ø to •] to decrease. A 
grain fails when the stress difference reaches the 
tensile strength, which is independent of Pe (Handin 
et al., 1967). For tensile failure, the contact- 
stress concentrations opposing fracture must be 
overcome by the differential loading, and more en- 
ergy is required to do this with increasing Pe, so 
that the macroscopic strength increases. In addi- 
tion, more precursive microfractures would develop 
with increasing Pe because higher normal stresses 
would tend to impede propagation of long fractures 
and to strengthen the cataclastic zone along the 
path of the potential fault. This ultimately re- 
sults in a widening of the fault zone with increas- 
ing Pe- 

This particular photoelastic model is limited 
to two dimensions and to the granular texture. None 
has been made for the crystalline textures of igne- 
ous and metamorphic rocks and some limestones and 
dolomites. 

Hydraulic Fracturing 

An area of major interest in which porosity 
and permeability are of importance is hydraulic 
fracturing either as a reservoir-stimulation method 
(e.g., Hassebroek and Waters, 1964) or as a stress- 
measuring technique (Haimson and Fairhurst, 1967, 
1969, 1970; Haimson et al., 1974; Haimson, 1976; 
Bredehoeft, 1976). Geertsma (1966) and Haimson 

2 Al-13 



Melvin Friedman, Professor, Center for Tectonophysics, Texas A&M University, 
College Station, Texas 77843 

Porosity, Permeability, and Rock Mechanics - A Review 

and Fairhurst (1969) have pointed out that infiltra- 
tion of the injected fluid into the rock formation 
influences the critical breakdown pressure. When 
the fluid does not penetrate (k = 0), the critical 
pressure Pc is 

Pc = •t + 3ø3 - ø2 + Pp ' 

where ot is the tensile strength in horizontal plane 
(i.e., vertical fractures), •3 and •2 are the mini- 
mum and maximum horizontal principal effective 
stresses, and Pp is the pore-fluid pressure, compres- 
sions taken as positive. For permeable rock, the 
critical pressure is approximated by: 

•t + 3•3 - •2 
Pc (perre) = 2 - •[1-2v 1 + Pp 

where v is Poisson's ratio and • is a parameter of 
a porous elastic solid equal to 1 - Cr/C b, where C r 
is rock-matrix compressibility and C b is the bulk 
compressibility. 

Thus porosity is critical as it influences •. 
In addition, Pc increases with an increase in the 
rate of pressurization (Haimson and Fairhurst, 1969; 
Rummel, 1974; Zoback et al., 1975). This effect is 
consistent with the view that permeability controls 
fluid flow and allows an increase in pore pressures 
in the region of the borehole. Zoback et al. (1975, 
and in preparation) show that the pressure at the 
initiation of tensile fracture is rate-independent, 
but that for macroscopic fracture, Pc is rate-depen- 
dent. Their paper (in preparation) will discuss the 
role of the viscosity of the injected fluid and fur- 
ther emphasize the influence of porosity on the 
stable and unstable nature of hydraulic fractures. 

Earthquake Modification and Control 

The triggering of earthquakes by fluid injection 
at Denver (Evans, 1966; Healy et al., 1968) and the 
successful experiment at Rangely Anticline in western 
Colorado where earthquakes were both induced and 
shut-off by adjustment of injection pressures (Ra- 
leigh et al., 1972, 1976) have demonstrated a possi- 
ble strategy for earthquake control (Handin and 
Raleigh, 1972). The concept involves the regulation 
of fluid pressures in fault zones by injection and 
withdrawal of water. Reduction of effective normal 

stress across a fault by increasing the fluid pres- 
sure enhances fault slip, while decreasing the pres- 
sure increases the effective normal stress and locks 

the fault. By suitable placement of these wells it 
may be possible to induce controlled slip along the 
fault and hence to release potentially damaging 
stress build-up. The scheme relies, however, on the 
ability to communicate pore fluids along the fault 
and to achieve pressure equilibration rapidly, and 
so relies on the permeability of the fault-zone 
material (gouge). Laboratory tests on small speci- 
mens show that fluid migration through quartzose 
gouge is rapid so that the pore pressure equilibrates 
in less than a minute after an external perturbation 
of 0.2 kb (Engelder et al., 1975, p. 76). Similar 

experimental work on calcite and clay gouges is 
currently in progress at the Center for Tectono- 
physics, Texas A&M University (J. M. Logan, per- 
sonal communication; 1976). As far as natural 
systems are concerned, it is encouraging that at 
Rangely rapid pressure communication is obtainable 
between wells 0.75 km apart, located near the same 
fault zone (Raleigh et al., 1976, p. 1234). These 
wells probably are connected by fractures. It took 
several months, however, to produce a 60 to 70 bar 
increment in fluid pressure in the vacinity of a 
given control well as detected in monthly 72-hour 
shut-in pressure tests. Clearly, the pressure-re- 
sponse-time of similar natural and experimental 
systems needs to be studied in detail. 

PREDICTION OF POROSITY AND PERMEABILITY 

Approaches to Problem 

When the depth of burial of a rock varies with 
time, the pressure, temperature, and chemical en- 
vironments also change. Sediments become compacted 
and mineralogically and texturally altered. This 
compaction results from mechanical and physicochem- 
ical processes that depend on interactions between 
intrinsic variables of the material and the natural 
environment (Figure 3). In uplift, rocks may re- 
cover elastically by fracture (Price, 1959, 1974; 
Voight and St. Pierre, 1974). Tectonic deformation 
may further compact, dilate, or distort the rock. 
In any event, the porosity and permeability of 
the rock and rock mass will be altered. 

Of interest here are ways in which rock-mechan- 
ics methods can aid in the prediction of porosity 
and permeability in the subsurface for both the in- 
tact rock and the fractured (jointed) rock mass. 
Because the phenomena are complex and the necessity 
to make these predictions accurately is essential 
to petroleum exploration and production, waste-dis- 
posal schemes, earthquake-control strategy, geo- 
thermal-energy extraction, dam siting, and all forms 
of underground excavation, there is a very large 
literature of which only a few references can be 
cited here. The work takes the following forms, (1) 
Many empirical studies of natural-compaction trends 
with depth have been made (e.g., Hedberg, 1926; 
Rubey, 1927; Athy, 1930; Taylor, 1950; Dickinson, 
1953; Weller, 1959; Philipp et al., 1962; Maxwell, 
1964; Walker, 1964; Atwater and Miller, 1965; Powers, 
1967; Snow, 1968a, 1969, 1972) (An important source 
of unpublished information is compiled routinely by 
petroleum geologists empirically to assess • and k 
with depth for a given potential hydrocarbon reser- 
voir.) (2) Many experimental determinations of 
purely mechanical compaction of intact rock as a 
function of Pe are available (e.g., Botset and Reed, 
1935; Fraser, 1935; Hughes and Cook, 1953; Fatt, 
1953, 1958; Fatt and David, 1952; Hall, 1953; Gray 
et al., 1963; Dakhkil'gov, 1965; Fruth et al., 1966). 
(3) Measurements of porosity and permeability changes 
as a function of both Pe and differential stress 
have been done (e.g., Handin et al., 1963; Wilheim 
and Somerton, 1967; Mordecai and Morris, 1961; Daw 
et al., 1974). (4) A few laboratory data are re- 
ported on fracture porosity and permeability 
under increasing Pe (e.g., Jones 1975; Nelson, 1975, 
and this Symposium). (5) Experimental 
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physicochemical compaction studies have been made 
under Pe, elevated temperature, and in the presence 
of pore fluids (e.g., Maxwell and Verrall, 1954; 
Maxwell, 1960; Bolt, 1956; Chilingar and Knight, 
1960; Robertson et al., 1962; Somerton and Gupta, 
1965; Somerton et al., 1965, 1974; Young et al., 
1964; Campanella, 1965; Mungan, 1965; Heald and Ren- 
ton, 1966; VonGonten and Choudhary, 1969; Wein- 
brandt, 1972). (6) Finally, there are theoretical 
studies ofporous media (e.g., Biot, 1941, 1955, 1956, 
1973; Geertsma, 1957; Weyl, 1959; Nagumo, 1965; Rit- 
tenhouse, 1971a, b; Gallagher, 1974, and this Sym- 
posium; Gangi, 1976, and this Symposium; Gangi and 
Heinze, 1976). Most recently, Rice and Cleary (1976) 
review the bulk of this theoretical work, and pro- 
vide a formulation to treat deformation of fluid- 
saturated, elastic, porous, media, that in contrast 
to most previous work takes into full account the 
compressibility of the constituents. 

minutes per pressure increment) mechanical com- 
paction curve (• versus Pe) for a given material; 
(2) determine at fixed Pe the •/at in 15-day 
tests, (3) repeat (2) at three other effective 
pressures, (4) evaluate the constants A and B in 
plots of •/• log t versus log Pe; and (5) use the 
equation to extrapolate to geologic time on the 
basis of sedimentation rates. By using a rate of 
sedimentation of, say, 0.1 mm/yr, one can calculate 
the time t required to deposit a thickness of sedi- 
ments that would exert a certain Pe (normal pore- 
fluid pressure assumed), and then solve for the 
associated •. The short-term compaction curve is 
then corrected progressively for each • to generate 
a "long-term" curve. Such a curve determined for 
a Cretaceous limestone forms an excellent maximum 
bounding porosity curve on a plot of • versus depth 
containing a large number of real data points for 
cores of Cretaceous limestones from Texas. 

The influences of time on mechanical and physi- 
cochemical processes may be the most limiting factor 
in attempts to utilize these treatments to provide 
a sound basis for predicting • and k in the subsur- 
face. In the basic purely mechanical test, the vol- 
ume of pore fluid expelled from the sample (i.e., 
change in pore volume, and hence change in porosity) 
per increment of Pe is time-dependent (Maxwell, 1960) 
and governed primarily, but not exclusively, by per- 
meability. Other factors are the time-dependent 
deformation mechanisms operative in the load-bearing 
framework of the rock. Experimental compaction 
data for which the increment of pressure is main- 
tained for greater than a few hours are rare. Max- 
well (1960) does provide data for several 100-day 
tests, and he demonstrates large porosity reduction 
as a function of temperature and time (Table 1). 

Time almost surely plays an important role 
also in the reduction of fracture porosity and 
permeability. Deformation of the asperities that 
hold fractures open in the subsurface is time- 
dependent, as suggested by investigations of fric- 
tional sliding (Dieterich, 1972; Humston, 1972; 
Scholz, 1972; Teufel and Logan, 1975). 

The change in permeability with depth of 
burial is not as well documented as that for poro- 
sity. The best estimates for sandstones may well 
rely on correlations between porosity and permea- 
bility as proposed by Berg (1970). In addition to 
the work previously mentioned experimental studies 
have added at least three important observations. 
First, early work on relatively clean sands (e.g., 
Fatt, 1953, 1958; Fatt and Davis, 1952) shows that 

Table 1 - Extrapolation of Maxwell's (1960) Data for the Physicochemical 
Compaction of a Quartzose Sand In Sea Water at 

a Pe Simulating Burial at 8 km 

Porosity 
Reduced Temperature (øC) 

To 

(%) 270 285 300 

10 1,000 yrs. 250 yrs. 60 yrs. 

5 1,000,000 yrs. 300,000 yrs. 60,000 yrs. 

*Original porosity 36- 40%. 

Another approach to evaluate the effects of time is 
that of H. C. Heard (unpublished data). He obtained 
as empirical equation relating •, time t, and Pe of 
the form: 

log t = A - B log Pe ' 

where A and B are experimentally determined constants. 
His approach was to (1) determine the short-term (10 

initial permeability is reduced only by factors of 
2 or 3 under moderate effective pressures. The 
curves are asymptotic to the minimum permeability 
values, so that appreciable further reduction at 
still higher pressures is not anticipated. Work 
on fine-grained, "dirty" sandstones and siltstones 
reveals, however, that the permeability reduction 
is as much as 45 to 1 at similar moderate pressures 
(D. E. Powley, Personal communication, 1976). Pow- 
ley suggests that clay and other fine-grained inter- 
stitial particles sit within the load-bearing 
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framework and are largely sheltered from the confin- 
ing pressure so that these uncompacted fines effec- 
tively clog the pore throats that are narrowed by 
the confining pressure. 

Second, the permeability of sandstone measured 
under triaxial compression is first reduced but then 
increased as much as 30 percent above that measured 
in the unloaded state (Mordecai and Morris, 1971). 
This increase reflects the precursive microfractur- 
ing and grain-boundary parting associated with 
dilatancy prior to macroscopic failure. This effect 
is most pronounced at low Pe (140 bars), but even 
at 400 bars, a small increase is still apparent. 
Thus, tectonic loading must be introduced into our 
estimates of permeability. 

Third, work at high temperature and in the 
presence of chemically active pore fluids by Somer- 
ton and co-workers (1965, 1974) has shown that ther- 
mal and stress corrosion cracking and other pro- 
cesses can lead to as much as an 11-fold increase 

in permeability (Bandera Sandstone, atmospheric 
pressure, treated with KC1 solution, and heated to 
900øC). Dr. Somerton will review this and his new 
work in this Symposium. 

As far as I am aware, no serious attempt has 
been made to correlate rigorously the results from 
all six approaches. Field data were generalized 
long ago in expressions such as Athy's (1930) for 
shales 

-bx 

6 = 6 o e , 
where 6 is porosity at depth x, 6o is initial poro- 
sity, and b is a constant. Hoshino (1974) finds 
this expression to hold for both argillaceous and 
arenaceous rocks with suitable changes in the values 
of 6o and b. In general, however, extrapolation of 
empirical curves fit for one set of data for one 
rock type even to the same rock type but in another 
geologic setting does not work. For example, Rubey's 
(1927) generalization of Hedberg's (1926) data was 
found by Athy (1930) to hold for some rock suites, 
but not for others. The fundamental approach taken 
by Gangi and Heinze (1976, and in this Symposium) 
correlates well with experimental data for purely 
mechanical compaction. Their formulation remains 
to be correlated with field data. 

In summary, I see a few generalizations about 
the prediction of 6 and k. 

1) The value of mechanical-compaction tests 
is that they evaluate what is probably the maximum 
strength of the load-bearing framework of a rock 
to sustain a pore network. They yield values of 
6 and k that are larger than those found in the 
field at the corresponding depth because natural 
compaction involves physicochemical as well as purely 
mechanical processes. Should a given load-bearing 
framework prove to be too weak mechanically to sus- 
tain porosity in the laboratory for a given simu- 
lated depth of burial, there is then no reason to 
expect the rock to retain its porosity in nature. 

2) A wealth of data from direct field measure- 
ments of porosity and permeability versus depth is 
available, the former more abundant than the latter. 

Plotted depths of burial must be the maximum ever 
achieved - too often the data are simply for pre- 
sent depths of burial. Actual average compaction 
trends vary significantly for different rock types 
and diagenetic histories, but there are few excep- 
tions to the exponential trend expressed by Athy 
(1930) at least to depths of 7 to 8 km (Walker, 
1964). Accordingly, possible errors in the pre- 
diction of • (and k) decrease with increasing 
depth as the range of possible values also decreases. 

3) Maximum bounding porosity versus depth 
curves for limestones and quartzose sandstones, 
compiled from direct measurements, correlate rea- 
sonably well with time-corrected, experimental, 
purely mechanical compaction curves. Similar data 
for dolomites and shales and data on permeability 
versus depth (except as the two parameters are 
relatable) are too few to warrant comment. 

4) For sedimentary rocks the survival of • 
and k with increasing burial is enhanced by (a) 
quartz and dolomite content, (b) large grain size 
and roundness, (c) early migration of hydrocarbons, 
(d) abnormally high pore-fluid pressure, (e) rela- 
tively low geothermal gradients and (f) differen- 
tial stresses sufficient to produce dilatancy but 
not gross failure. Under favorable conditions 
economic levels of • and k have been found in sand- 
stones to maximum depths of burial of about 6.7 km 
(Lake Washington Field, Louisiana), in dolomites 
(probably fracture k) to > 8.0 km (Pecos Co., Texas), 
and in limestones to about 6.0 km (DeWitt Co., 
Texas). 

5) Experimentally, fracture • and k are dras- 
tically reduced at relative low Pe (< 200 bars), 
but less so at higher pressures. For many rocks, 
fractures provide appreciably higher k at most 
pressures than does the intrinsic k of the host 
rock. It is important to emphasize that changes 
in fracture k are small per increment of pressure 
in the range of most hydrocarbon reservoirs. Ac- 
cordingly, pressure drawdown during production 
should not greatly decrease the starting value. 
Complete fracture closing occurs at pressures much 
in excess of most encountered in practice although 
as production is attempted from depths of 8 to 10 
km, there may be significant problems. However, 
analysis of the Denver earthquakes (Evans, 1966; 
Healy et al., 1968) suggests that macrofractures 
in granitic rocks are open to fluids injected in 
the disposal well to a depth of at least 3.7 (depth 
of disposal well) and possibly to 5.5 km (hypocen- 
tral depths). 

Mechanisms of Porosity Reduction 

The mechanisms of compaction can be directly 
observed by means of optical and scanning-electron 
microscopy of experimental and natural specimens. 
Of special interest are criteria to help recognize 
mechanical collapse of pore space as the load- 
bearing framework of the rock fails. In sandstones, 
initial mechanical compaction results from rigid- 
body rotation of grains into tighter packing. This 
also involves minor chipping of grain boundaries that 
may clog pore throats. Tightest packing (rhombo- 
hedral) results in a • of about 26 percent (Graton 
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and Frazer, 1935). Further reduction is obtained 
mechanically only through gross fracture of the 
grains with rotation of fragments into interstices 
(Borg et al., 1960). The initial phase has been 
recognized in field studies (e.g., Moore, 1975); 
the second phase is rarely observed in naturally 
compacted, but otherwise undeformed, sandstones as 
physicochemical processes (including cementation) 
predominate (e.g., Taylor, 1950; Phillipp et al., 
1962). In limestones and dolomites, the physico- 
chemical processes again dominate as many of these 
rocks become cemented at or near the depositional 
interface; but collapse of pore space at depth, 
especially in limestones, can be recognized by 
the local development of calcite twin lamellae. 
The ability to recognize this collapse is particu- 
larly important in limestones because both experi- 
mental and field data indicate that the relatively 
weak calcite-bearing framework is incapable of sus- 
taining porosity in excess of a few percent at 
depths > 6.0 km. Thus the development of or lack 
of pore-space collapse in cores or chips of lime- 
stone between 4 and 6 km depth may influence the 
decision to explore for deeper traps. An example 
of this phenomenon in experimentally compacted 
Cretaceous limestone is illustrated in Figure 5. 
The key feature is the intense, local development 
of calcite twin lamellae which die out short dis- 

tances away from a center that corresponds to the 
collapsed pore (Figure 5c, d, and f). In contrast, 
no twin lamellae occur in other areas of the same 

rock where the calcite completely fills the inter- 
granular space (Figure 5e). Moreover, the local 
development of twin lamellae contrasts with lamel- 
lae produced by tectonic (differential) stresses; 
they typically pervade all favorably oriented grains. 
No attempts have been made to correlate such ob- 
servations with permeability data. 

A better understanding of the physicochemical 
processes of compaction is needed because, as I 
have emphasized, these processes dominate the con- 
trol of ½ and k in the field. Maxwell (1960) demon- 
strated that naturally occurring textures could be 
produced experimentally, and he evaluated the role 
of temperature in his physicochemical compaction 
tests on quartz sand. But, parametric studies and 
phenomenological theories like Weyl's (1959) re- 
main to be investigated. Current experimental 
work on pressure solution in carbonates by Rutter 
(1976) and in quartz by Sprunt and Nur (1976) will 
greatly increase our understanding of the diffusion 
paths and kinetics of the processes. 

SUMMARY AND CONCLUSIONS 

After briefly defining porosity, ½, permeability, 
k, and compaction, I have reviewed their influences 
on the mechanical behavior of rock and rock masses 

with emphasis on effective stress, fluid saturation, 
strength, hydraulic fracturing, and earthquake 
modification. Although this review is brief and 
literature cited is by no means complete, the im- 
portance to rock mechanics of porosity and permea- 
bility is large indeed, and so is the ability to 
predict them accurately in the subsurface. Six 
investigative approaches are recognized: empirical 
studies of natural compaction tends, experimental 

studies of purely mechanical compaction, experi- 
mental studies of the influence of differential 
stress, experimental determinations of fracture 
porosity and permeability as functions of effec- 
tive pressure, experimental physicochemical com- 
paction studies, and theoretical treatments of 
compressible porous media. Time-dependent mechan- 
ical compaction and the mechanisms of porosity 
reduction are given special attention. 

ß ' d 

Figure 5. Photomicrographs illustrate pore-space 
collapse in experimentally compacted Cretaceous 
Limestone. (a and b) Pore space (curved arrows) 
in starting material. (c, d, and f) Local develop- 
ment of calcite twin lamellae (straight arrows) 
produced under effective confining pressure simu- 
lating burial to 6 km (normal pore pressure) die 
out into adjacent spary-pore filling and grains. 
This contrasts with the throughgoing twin lamellae 
produced by tectonic stresses, and is thus evidence 
of pore-space collapse. (e) Twin lamellae are not 
developed in pore-free (tight) zones under uni- 
form confining pressure alone. Plane-polarized 
light, scale lines are all 0.1 mm. 

From this overview the following conclusions 
seem warranted 

1. The concept of effective stress is firmly 
established as a law in rock mechanics. It holds 
if the porosity is effective (communicated) and 
if permeability permits equilibration of the pore 
pressure throughout the system. Subtraction of 
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of lO0 percent of the pore pressure from the total 
stresses yields sufficiently accurate effective 
stresses for all practical purposes. Dilatancy 
hardening (high effective pressure) or its opposite, 
the local development of zones of abnormally high 
pore pressure (low effective pressure), can both 
occur if the rate of deformation exceeds the rate 

of fluid-pressure equilibration in rock systems 
with low permeability. 

2. The decrease in strength with increasing 
porosity is well documented experimentally for 
sandstone, siltstone, and a few limestones. This 
trend follows the general form, a s : a •b, and for 
granular aggregates, this trend can be predicted 
fairly well through use of Hertzian theory. Pheno- 
menological insight is gained through studies of 
photoelastic models of stresses in granular aggre- 
gates. Similar heuristic models for crystalline 
textures need to be constructed. 

3. Interpretation of hydrofracturing records 
requires knowledge of both porosity and permeability. 
The equations applicable when fluids invade the host 
rock are different from those for impervious rock. 
In addition, experiments designed to investigate 
the role of the viscosity of the injected fluid 
and the rate of pressurization clearly underscore 
the important role of these parameters. 

4. Strategies for modifying or controlling 
earthquakes through adjustment of fluid pressures 
in fault zones rely on the permeability of the fault- 
gouge-host-rock-system. Experimental data are woe- 
fully insufficient, but the few available data for 
quartz gouge in laboratory specimens show a very 
short time constant. Little is known about response 
times in gouges of other compositions. Experience 
at the Rangely Anticline, is encouraging for wells 
communicated by discrete fractures, but otherwise 
it takes several months of injection or withdrawal 
to obtain desired pressure increments at the natural 
scale. 

5. Analytical and numerical methods for quan- 
tatively predicting fluid flow through fractures 
have reached a high degree of sophistication, but 
the complex morphology of real fracture systems 
still precludes precise modeling. Measured flow 
rates usually differ significantly from predicted 
ones. An understanding of the influences of effec- 
tive pressure on fracture capacity is just now 
emerging from experimental work; this effort needs 
to be expanded to a wider variety of rock types. 

6. Six approaches to the prediction of • and 
k at depth in the Earth's crust have been recognized. 
A major effort is needed to synthesize the mass of 
existing data; only a few generalities are given. 
Conclusions about porosity reduction with increas- 
ing depth are better documented than are those deal- 
ing with permeability. In general, a purely mechan- 
ical consideration, the ability of the load-bearing 
framework to sustain a pore network, probably yields 
a reliable value for the maximum bounding porosity. 
Precise prediction is difficult, however, because 
porosities below about 25 percent result mainly 
from physicochemical processes. Not only are these 
processes poorly understood, but they often result 
from unpredictably open fluid-flow systems. 

Porosity reduction does seem to be retarded by 
mechanically strong elements (quartz and dolomite), 
large grain size and roundness, early migration of 
hydrocarbons, abnormally high pore-fluid pressures, 
and a relatively low geothermal gradient. 

7. The mechanical mechanisms of compaction 
are reasonably well known for quartzose sandstones 
and to a lesser extent for limestones, shales, and 
dolomites. Observations of mechanical twin lamellae 
in experimentally compacted limestone provide cri- 
teria for the recognition of pore-space collapse. 
New techniques of decoration and electron micro- 
scopy for observing pores and cracks should lead 
to a better understanding of these mechanisms in 
low-porosity, crystalline rocks. 
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