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Abstract Localized compaction in porous rocks is a re-

cently recognized phenomenon that has been shown to

reduce permeability dramatically. Consequently, the phe-

nomenon is relevant to a variety of technologies involving

fluid injection or withdrawal. This article summarizes

current understanding of localized compaction and

impediments to further progress. The article is based on

discussions at a small workshop on localized compaction

sponsored by the Office of Science, U. S. Department of

Energy.
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1 Compaction localization: state of knowledge

Over the past decade a new mode of deformation in porous,

granular rocks has been recognized and investigated:

compaction localization. Compaction localization is a

limiting case of shear localization with compaction in

which macroscopic shear deformation is absent. In both

shear localization and pure compaction localization a

material responds to compressive stresses, not by homo-

geneous deformation, but instead by concentrated defor-

mation in a well-defined zone. The faulting produced by

shear localization is central to the solid earth sciences and

it is anticipated that localized compaction and the associ-

ated permeability reduction will also be of high impor-

tance. In particular, current work shows that compaction

localization is most likely to occur in clastic sedimentary

rocks with porosities in excess of about 16%. These for-

mations are of great economic importance as oil and gas

reservoirs [48] and are relevant to a variety of other

applications including aquifer management, sequestration

of CO2 [72] and hazardous waste disposal. A phenomenon

that acts to reduce permeability and compartmentalize fluid

flow has the potential for economic, environmental and

social impacts.

In October, 2004 a workshop brought together field

geologists, experimentalists, theoreticians and numerical

modelers (see Table 1) to examine the state of research

in this area, grapple with the discrepancies between

experimental results, discuss the relevance of laboratory

experiments to field observations, and consider the

implications of the phenomenon of compaction locali-

zation for geosciences, geotechnology and material sci-

ence. This summary report discusses the issues and

questions that drive research and interest in compaction

localization.
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1.1 Field evidence related to compaction localization

Deformation bands are tabular zones of concentrated strain

in rock that lack discrete surfaces of displacement dis-

continuity, such as a surface of separation [1, 2, 4]. Bands

exhibiting predominantly shear strain have been studied

observationally since the late 1970’s and are extremely

common in clastic rocks. Aydin and Johnson [3] connected

the formation of such deformation bands to strain locali-

zation theory [8, 55, 60]. The orientation of deformation

bands was predicted to be a function of material constitu-

tive properties and stress state [8, 32, 59, 60]. Theory

predicts that possible angles between the normal to the

deformation band and the maximum compressive stress

range from 0� to 90�. In laboratory axisymmetric com-

pression tests, this angle is typically 50� to 60�. In the field

the orientation of the maximum compressive stress is sel-

dom known with certainty but the angle between the band

normal and the inferred orientation of the maximum

compressive stress is often similar to that observed in the

laboratory.

In contrast to shear localization, there are only a few

well documented examples of naturally occurring com-

paction localization. Not until 1996 were field examples of

deformation bands described as lying normal to the in-

ferred local direction of maximum compression (h = 0�)

named ‘‘compaction bands’’ by Mollema and Antonellini

[41]. More recently, Du Bernard et al. [13] have described

deformation bands interpreted as accommodating pure

dilation (h = 90�). The compaction bands (CBs) described

by Mollema and Antonellini [41] in the eolian Jurassic

Navajo Sandstone of southeastern Utah are tabular in form,

0.1 to 1.5 cm thick, up to several meters in trace length,

and commonly occur within the compressional quadrants

of shear-band faults such that they trend normal to the

inferred direction of local maximum compression. Little or

no measurable shear offset was detected across these bands

and, despite considerable grain fracturing, grain crushing

and comminution were limited. Nonetheless, micrographic

analysis revealed that the bands are structures where sig-

nificant pore volume reduction had occurred.

Deformation bands identified as dominated by com-

paction also occur in the Aztec Sandstone—a depositional

and stratigraphic equivalent of the Navajo Sandstone that is

expansively exposed at the Valley of Fire State Park in

southeastern Nevada (Fig. 1). First studied by Hill [27],

who noted the general lack of apparent shear offset in

outcrop, the descriptions of these structures by Sternlof

[63] and Sternlof et al. [64, 66; 67] comprise the most

extensive analysis of naturally occurring CBs to date. The

bands in the Aztec Sandstone are similar to those described

by Mollema and Antonellini [41] in terms of thickness and

microstructure, but are generally much longer, tending to

be tens of meters long. In addition, they do not appear to be

subsidiary structures associated with faults. In fact, their

pervasive distribution and general consistency of orienta-

tion, coupled with a marked tendency toward curving tip

patterns indicative of mechanical interaction, suggest a

tectonic-style fabric of localized compaction analogous,

but opposite in kinematic sense, to those that have been

well documented for opening-mode cracks [63, 67] such as

joints, veins and dikes (e.g. [54]).

As exposed in the Valley of Fire, the 1,400-m-thick

Aztec Sandstone comprises a type locality for CBs in
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Fig. 1 Images depicting compaction bands in the Aztec Sandstone at the Valley of Fire State Park, southeastern Nevada (adapted from [63]). a
Air photo of study area showing expansive outcrop exposure (approximate location of air photo indicated on inset diagram). b Typical view of

subparallel, anastomosing compaction band array (resistant fins) in outcrop. View is to the north-northwest along the dominant band trend. c
Close-up view of compaction band fin capturing its essential tabular-planar aspect, centimeter thickness and lack of obvious shear displacement.

d Photomicrograph mosaic of a compaction band at high angle to depositional bedding, which passes through the band with no apparent shear

offset, change in direction or change in thickness. This suggests that uniaxial compaction perpendicular to the band predominates. White grains

are quartz, dark grains are mostly stained orthoclase and some hematite, blue is epoxy-filled pore space. e Backscatter electron image from just

outside the compaction band. Light gray is quartz, off-white is orthoclase, dark gray is kaolinite, stark white is hematite, black is pore space. f
Backscatter electron image from inside the compaction band. Note the abrupt drop in porosity, pore size and pore connectivity accommodated by

intense damage to some quartz grains. These petrophysical changes account for the permeability and fluid flow impacts of compaction bands,

individually and in aggregate
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reservoir-quality rock. Here the bands tend to weather out

in positive relief as tabular fins at high angle to depositional

bedding, revealing systematic outcrop-scale patterns that

range from nearly parallel sets of very planar bands, to two

nearly orthogonal sets of mutually cross-cutting bands, to

more seemingly erratic, anastomosing variations [63, 64].

Microscopy reveals that primary compaction within these

CBs is the result of quartz grain deformation accommo-

dated by intense intra-granular fracturing, leading to a

sharp drop in porosity from about 25 to 15% accomplished

across zones ranging from just a few grain diameters wide

(~0.5 mm) to as much as a few cm wide. Subsequent

accumulation of clay within the bands further reduced

residual porosity to about 10% or less, while rendering

them preferentially cemented relative to the surrounding

sandstone and thus more resistant to erosion in outcrop.

Across planar sections of the bands (i.e. away from

mechanical interactions that cause curving) compaction

appears to occur with little or no shear, as demonstrated by

the absence of offset depositional bedding and/or disag-

gregation of otherwise heavily fractured grains [63, 67].

Their variety of patterns in outcrop notwithstanding, the

gross geometry of individual CBs in the Aztec Sandstone is

that of very thin inclusions of uniaxially compacted grains

formed within otherwise uniform sandstone. Occasional

exposures in areas of appreciable relief (tens of meters) do

indicate that individual bands are grossly disc shaped (i.e.

relatively oblate). Viewed at the scale of hundreds of me-

ters, an anastomosing pattern of north-trending, steeply

east-dipping bands predominates. The dominance of this

trend suggests a regional east–west direction of maximum

compression during band formation, locally complicated

by mechanical heterogeneity related to the complex sedi-

mentary architecture of the eolian sandstone. This inter-

pretation is consistent with the inferred direction of

tectonic transport and maximum compression associated

with Cretaceous overthrusting of the Sevier orogeny [27,

63, 67].

For reasons not yet entirely understood, CBs are abun-

dant only in the upper half of the Aztec Sandstone, sug-

gesting a lower burial limit on the material and/or loading

conditions conducive to compaction failure. Geological

evidence for the depositional, burial, tectonic and diage-

netic history of the Aztec Sandstone [14] does provide

constraints on the material conditions and regional state of

stress extant during compaction band formation [67]. The

CB-genic zone ranged from sandstone lightly cemented

with hematite and/or clay, as it is today, to essentially

uncemented granular material, and presumably it was fully

saturated and unconfined. It is also probable that CBs

formed prior to discontinuous loading by the easternmost

Sevier thrust sheets, and thus also before deposition of

most of the 1,600 m of post-Jurassic sediments found in the

area. Thus, at the time of CB formation, vertical overbur-

den loading ranged anywhere from a few MPa up to about

30 MPa, accompanied by pore pressures of less than

13 MPa. This in turn suggests that the maximum principal

tectonic stress associated with CB formation could have

ranged up to little more than 60 MPa [67].

In conclusion, field evidence suggests that CBs formed

pervasively throughout the upper Aztec Sandstone as dis-

crete structures of highly localized, grain-failure compac-

tion within a weakly cemented, porous granular material

subjected to modest burial and tectonic stresses. Further-

more, the net shortening associated with extensive CB

formation across the entire Valley of Fire area is on the

order of 1% or less [63, 67].

1.2 Experimental investigations

1.2.1 Axisymmetric compression loading

Several laboratory investigations have produced evidence

of localized compaction in porous rock, with one or more

planar bands oriented roughly perpendicular to the direc-

tion of maximum shortening [6, 17, 19, 20, 22, 24, 45, 46,

75]. These investigations have, however, produced three

different patterns of bands. Two of these have been ob-

served in axisymmetric compression loading of nominally

homogeneous samples. The third has been observed in the

heterogeneous stress field created by the presence of a

borehole in a block loaded by three different principal

stresses.

Olsson [45], Olsson and Holcomb [46] and Holcomb

and Olsson [28] observed one pattern of compaction

localization in axisymmetric compression tests on an ana-

logue reservoir rock, Castlegate sandstone. One or two

bands appear in the specimen and grow in thickness with

increasing loading until the entire specimen is covered. The

second pattern consists of thin bands that can spread across

the specimen sequentially with increasing applied defor-

mation. The bands are interlayered with less deformed

material. Individual bands of this type have also been ob-

served to grow in-plane across the width of the specimen

from a stress concentration [69, 71]. More thin bands are

added sequentially along the length of the specimen as

overall strain increases. The third pattern is a single band

that forms in a heterogeneous stress field created by the

presence of a hole in a stressed block. The band has a

constant thickness of 5 to 10 grain diameters and propa-

gates in its own plane.

All three patterns of bands form in porous sandstones

that do not exhibit obvious differences that could be cor-

related with the different patterns. It is not known why

experiments appear to produce three apparently different

patterns of compaction bands, or whether they are simply
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different manifestations of the same phenomenon. But

because of the distinct effects that the various types of

bands may have on reservoirs or aquifers, it is important to

understand their causes.

In initial investigations motivated by the field observa-

tions of Mollema and Antonellini [41], Olsson [45] con-

ducted conventional triaxial compression tests at confining

pressures up to 100 MPa on an analogue reservoir rock,

Castlegate sandstone. He observed high-angle (measured

between the normal to the band and specimen axis) shear

bands at the lower pressures and compaction bands for

confining pressures between 69 and 100 MPa. In later

experiments [46], analysis of acoustic emissions (AE)

occurring during deformation confirmed that not only do

compaction bands form, but, as suggested earlier [45], they

grow in thickness during continuing deformation of the

specimen. The bands initially appear near the ends of the

specimen, presumably due to the deviation from homoge-

neous stress field caused by the end conditions.

The key phenomenological data for Castlegate sand-

stone undergoing compaction banding are summarized in

Fig. 2 (similar to data shown in Fig. 4 of Olsson and

Holcomb [46]) which plots the stress difference rD =

r11 – r33 as a function of nominal axial strain (Because the

sample is deforming nonhomogeneously, nominal strain e11

is defined as the change in length divided by original

specimen length). Comparison of the peak in rD near

e11 = 0.01 with the AE locations confirms that this corre-

sponds to the stress at which the initial band or bands form.

The pertinent features of the stress–strain curve shown in

Fig. 2 are the nearly linear behavior prior to the stress peak,

followed by a small stress drop of about 5 MPa at a strain

of 0.01. An approximately flat region follows this drop to a

strain of about 0.08, where the stress begins to rise.

Acoustic emission locations show that bands appear at both

ends of the sample at the first peak in stress. They then

grow in thickness while the specimen deforms at nearly

constant stress (flat portion of the curve), merging at the

up-turn in stress near e11 = 0.08 (Fig. 2).

The subpanels of Fig. 2 illustrate the evolution of the

compaction localization by plotting the locations of

acoustic emissions, projected on a plane parallel to the

sample axis, occurring during the marked portion of the

stress versus nominal strain curve. As the applied defor-

mation proceeds, the principal locations of AE move to-

ward the center of the specimen where they merge.

Experiments in which the compaction process was not

carried to completion allowed examination of the effect of

the compaction localization process on the sandstone

grains and structure. For portions of the specimen where

compaction localization had occurred, as indicated by the

passage of the AE front or density peak, post-test exami-

nation showed the material was uniformly crushed [12].

Material from the region between the fronts that had not

experienced compaction localization was essentially

unfractured. Thus these AE fronts define the transition

zones or boundaries between the compacted and uncom-

pacted sandstone; Olsson and Holcomb [46] referred to

these zones as compaction fronts and a simple kinematic

model of Olsson [47] showed that the speed of the fronts

was related to rate of imposed strain and the porosity jump

across the band.

Wong and co-workers [6, 39, 71, 75] have reported the

second pattern of localized compaction, an example of

which is shown in Fig. 3. They have observed discrete, thin

(~0.1 mm), somewhat wavy compaction bands in Roth-

bach, Berea, Diemelstadt, and Bentheim sandstones. The

associated stress–nominal strain curves have a saw-tooth

appearance. The local stress drops appear to correlate with

the formation of individual bands and with spikes in the

acoustic emission rate. As observed in the experiments on

Castlegate sandstone, the bands form first near the ends of

the sample. However, in contrast to the widening zones of

uniform compaction in the Castlegate, thin (widths of only

a few grains), discrete bands of crushed material are in-

terlayered with uncrushed material. This interlayered pat-

tern then spreads towards the center of the specimens with

continued deformation. After sufficient axial shortening,

the entire specimen appears layered [6].

1.2.2 In-plane propagation initiated by stress

concentrators

Haimson and coworkers have observed a third pattern of

compaction localization in experiments on pressurized

boreholes in pre-loaded rock blocks. Haimson and Song

[25, 26] found that in Berea sandstone with a porosity of

17% normal ‘‘V-shaped’’ breakouts formed near boreholes

drilled in blocks subjected to three different normal (prin-

cipal) stresses on the faces of the block. In contrast, for

Berea sandstone of 22.5% porosity, long slots normal to the

maximum applied compression extended from the bore-

holes. Examination of further experiments at different

stages of slot formation indicated that the slots propagated

by creating a zone of crushed and disaggregated material

ahead of the slot (Fig. 4). Circulating pore fluid then re-

moved this material. Thus, the slot-like breakouts appear to

be washed-out compaction bands [19]. Haimson [20] and

Haimson and Kovacich [23] observed slots 5–10 grain

diameters wide in Berea of 25% porosity and found that the

slot lengths could be as much as three times the diameter of

the borehole. Testing of samples of St. Peter sandstone

with two different porosities indicated differences in the

compaction zone in front of the slot. For St. Peter sand-

stone with porosity in the 11–12% range the material ahead

of the slot contained crushed grains; for the higher porosity

Acta Geotechnica (2007) 2:1–15 5

123



samples, in the 16–22% range, the grains ahead of the slot

were intact but compacted, as inferred from the reduced 2-

D porosity estimates on electron backscatter images [22,

38].

Relatively high porosity (greater than 10%) appears to

be necessary for formation of compaction bands. Yet the

failure to observe compaction bands in sandstones having

the requisite porosity suggests that other factors are also

important. Recent drilling experiments suggest that rock

mineralogical composition and presence of cement has a

significant influence [24]. One sandstone with a porosity of

28%, Tablerock, exhibits normal V-shaped breakouts and

no compaction bands. It is composed of 55% quartz and

37% feldspar, with some quartz cement. Another sand-

stone, Mansfield, has a similar porosity (26%), but does

form compaction bands. It is composed of 90% quartz, and

is ‘‘spot-sutured’’ with quartz. In fact Haimson and his

group have tested six different sandstones varying in
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Fig. 2 Characteristic behavior of a porous sandstone (Castlegate) during the formation and propagation of compaction bands. Locations of AE

events shown by dots on a schematic cross-section of specimen in left-hand panel in each pair. The right-hand panels show axial stress plotted

against nominal strain. The thickened, red segment of the stress-strain curve is the window during which the AE events occurred. a pre-peak, pre-

localization, events randomly distributed; b at peak, localization occurring, events concentrated in bands; c localization proceeding at near-

constant stress, locus of events moving toward mid-point of sample; d event bands beginning to coalesce; e compaction nearly completed as

event bands coalesce; f compaction completed, stress begins to rise
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porosity from 11 to 26% that develop slot-shaped breakouts

preceded by localized compaction. The common property

of these sandstones is their quartz content of over 90%, and

grain bonding by primarily sutured contacts.

Another example of in plane propagation of compaction

bands has been observed in experiments by Vajdova and

Wong [71]. They conducted axisymmetric compression

experiments on samples with a circumferential V-notch.

One or a few discrete bands are nucleated by the stress

concentration at the notch and then propagate across the

specimen. After the bands propagate across the entire

specimen cross-section, zones of discrete bands, alternating

with uncompacted sandstone, form progressively further

from the plane of the notch. That is, the zones of inter-

layered bands and uncompacted material thicken or prop-

agate along the specimen axis, normal to the maximum

compression [71]. Thus, the pattern is similar to that ob-

served by Wong and coworkers in tests on cylindrical

samples without a notch rather than the thickening of the

bands of compacted material as observed in the Castlegate

sandstone. Extending the work on notched specimens,

Tembe et al. [69] have applied linear elastic fracture

mechanics to their data. The predicted process zone length

of 0.3–0.5 times the notch depth agrees with their micro-

structural observations. Fortin et al. [17] have also used

analysis of acoustic emissions to infer rapid (by compari-

son with the rate of imposed loading) propagation of bands

across the width of the experiment. As in the experiments

Fig. 3 Discrete, thin (~0.1 mm), somewhat wavy compaction bands formed at several pressures in sandstone (adapted from [75])

1mm

Breakout 
Tip 1m

σH =100 MPa

σv =50 MPa

σh = 
30 MPa

n = 12% (a)

(b)

Fig. 4 a Polarized light image of the area ahead of a slot-shaped breakout in 11% porosity St. Peter sandstone. A long band, extending

perpendicular to the larger compressive stress in the plane of the band, rH, with width similar to that of the breakout, and consisting of mainly

crushed grains, is contoured by a dashed line. Around this zone, grains are predominantly intact, although many are cracked. b Plane light image

of an enlarged segment of (a). The difference in the condition of grains in the compacted and crushed zone and the two adjacent areas is striking

[22, 38]

Acta Geotechnica (2007) 2:1–15 7

123



of Wong, bands along the axis of the specimen are inter-

layered with zones of less compacted material.

1.3 Effect on fluid flow

Several experiments have demonstrated that compaction

bands dramatically reduce the permeability to flow across

them. Holcomb and Olsson [28] conducted flow-through

experiments in which acoustic emission locations and

apparent permeability were determined simultaneously on

specimens experiencing compaction localization. Perme-

ability in these experiments fell by several orders of

magnitude during band development and growth. Vajdova

et al. [70] also measured permeability during formation of

thin, discrete compaction bands in Bentheim sandstone.

They found sharp decreases in permeability at the onset of

compaction band formation and formulated a relation be-

tween plastic strain (representative of the number of

compaction bands) and permeability.

Fluid flow simulations based on the petrophysical

characteristics, geometry and distribution of CBs in the

Aztec Sandstone reveal potential impacts at scales relevant

to commercial production and injection in aquifers or res-

ervoirs [14, 37, 64, 66, 68]. These include three-fold in-

creases in operating pressure over band-free sandstone,

pronounced channeling of flow along the dominant band

trend, and the potential for compartmentalization (i.e.,

stranded reserves). The potential for the occurrence of

localized compaction in sandstone aquifers and reservoirs

can seriously degrade their flow characteristics is clearly

apparent.

1.4 Compaction localization in other materials

Although compaction bands have been recognized only

recently in rock, similar phenomena seem to be common in

many porous materials. The micromechanisms of defor-

mation are, however, often quite different than those in

rocks, i.e., particle rearrangement, disaggregation and

fracturing. For example, in open-celled foams, localized

compaction is typically triggered by local buckling of a cell

wall.

Nesetova and Lajtai [44] describe what appear to be

compaction bands in plaster models with several hole

shapes cast into them and subjected to boundary stresses;

they called these features ‘‘normal shear fractures’’. Poirier

et al. [53] report that an interface between deformed and

undeformed drinking straws appears (also, see Weaire and

Fortes [73] for additional results on arrays of drinking

straws) and subsequently propagates through a simple, 2-D

packing model. The interface appears at the first peak in the

stress-deformation curve and then propagates at nearly

constant stress, similar to the stress deformation behavior

observed in Castlegate sandstone [28, 46]. Uniaxial stress

experiments on a polycarbonate honeycomb [50] showed

saw-tooth stress–nominal strain curves in which the local

stress drops are correlated with formation of individual

compaction layers, similar to the observations of Baud

et al. [6] for rock. For closed-cell aluminum foam, Bas-

tawros et al. [5] found irregular discrete bands. In further

work on aluminum foam, Issen et al. [31] and Werther

et al. [74] found that multiple discrete bands were often

observed prior to peak stress, but that these bands were not

through-going structures. The peak stress and subsequent

stress drop coincided with the formation of a single

through-going band of collapsed material. Additionally, the

bands were determined to be low angle compacting shear

bands (band normals between 10� and 30� from the most

compressive stress direction), consisting predominantly of

compaction with some shear offset. Predicted band angles

determined from the bifurcation approach to localization

(see ‘‘Discussion’’ below) were in good agreement with

observed band angles. In a steel foam, the initial bands

apparently thicken, ultimately compacting the entire spec-

imen; this mode is also associated with a typical stress-

nominal strain response showing an initial stress drop,

followed by a shelf and eventual hardening [51]. Olsson

(personal communication, 2005) has observed the forma-

tion and propagation of compaction bands in both a closed-

cell polymer foam and a polymer filled with glass micro-

balloons.

1.5 Theoretical frameworks

Different theoretical approaches have been applied to de-

scribe the formation or nucleation of compaction bands and

their extension. The former has been addressed primarily

within the framework of bifurcation theory, similar to that

used to describe shear bands [8, 60]. This approach seeks to

determine the constitutive response for which a homoge-

neous state of deformation can give way to an inhomoge-

neous state consisting of planar regions of high

deformation and regions of low deformation. This analysis

is useful for identifying the types of material behavior for

which the formation of compaction bands is possible but

does not specifically address the evolution or extension of

the band once formed.

Several related approaches have focused on under-

standing the conditions that cause a band to extend to the

lengths of 10s of meters that are typically observed in the

field [4, 9, 41, 67]. In these analyses, it is assumed that a

local inhomogeneity initiates the compaction process

(possibly because the constitutive properties, as identified

by the bifurcation theory, are favorable) and that the band

grows due to a stress concentration at its end. In different

treatments, the inhomogeneity is idealized as a contractile

8 Acta Geotechnica (2007) 2:1–15

123



ellipsoidal inclusion [62, 67], an anti-crack [16, 41, 67] or a

localized volume reduction [33–36].

1.5.1 Bifurcation approach

Olsson [45] was the first to suggest application of the

bifurcation approach to predict the onset compaction

localization. Issen and Rudnicki [32], incorporating anal-

yses of Ottosen and Runesson [49] and Perrin and Le-

blonde [52], elaborated upon Olsson’s suggestion by

adapting the shear band analysis of Rudnicki and Rice [60]

to compaction band formation. They showed that com-

paction bands can occur in materials that exhibit inelastic

compaction (volume decrease due to porosity reduction)

and have a yield surface with a cap (the shear stress re-

quired to cause further inelastic deformation decreases with

mean compressive stress). As for shear bands, deviations

from normality (i.e., a non-associated flow rule) promote

band formation (although whether a non-associated flow

rule is appropriate for the cap surface is unclear from

experiments or theory). These predictions are roughly in

accord with experimental observations in the sense that

formation of compaction bands is observed for stress states

on the cap surface but not too near the hydrostatic axis. But

quantitative discrepancies exist between stress states and

values of material parameters at which bands are predicted

and observed. At present, it is only possible to say that

observations of compaction bands in the field do occur in

the types of rock for which the bifurcation analysis predicts

that band formation is possible. Parameters describing the

evolution of the inelastic behavior are not sufficiently well

constrained to make quantitative comparison possible. A

principal difficulty is that the predictions of this approach

are sensitive to the description of material behavior. There

has been considerable recent effort devoted to under-

standing the effects of various constitutive assumptions on

predictions of compaction localization [11, 29, 56–58].

More elaborate constitutive formulations typically allow

predictions that agree better with observations but are un-

der-constrained by available data. For example, Grueschow

and Rudnicki [18] have studied an elliptical yield surface

with semi-axes that evolve differently with measures of

inelastic shear and volume strain and Issen [29] and Challa

and Issen [10] examined a two-yield surface constitutive

framework to represent the two microstructurally observed

damage processes [40, 76]. Thus there is a need for a better

understanding of the inelastic deformation of porous rocks

and of what microstructural processes need to be incor-

porated in the macroscopic behavior. Although it is cer-

tainly possible to develop more elaborate constitutive

models, there is a need for numerical calculations to

implement them with realistic boundary conditions repre-

sentative of experiments and for systematic suites of

experiments with which to compare them. Because the

level of material characterization that can be obtained from

field studies is often limited, further experimental studies

are essential.

1.5.2 Compaction band extension

Extension of compaction bands has been addressed pri-

marily from a point-of-view similar to fracture mechanics.

That is, the material behavior is assumed to be linearly

elastic outside a narrow zone of inelastic compaction and

extension of the band is driven by the increase in stress at

its end. An alternative approach might be that the presence

of the band alters the stress state near it in a way that makes

the conditions more favorable for band formation, e.g., as

predicted by the bifurcation theory. This approach, how-

ever, faces the same uncertainties about the evolution of

inelastic strain mentioned above in connection with the

bifurcation theory and would undoubtedly require direct

numerical solution.

Because compaction bands observed in situ are long and

thin, Sternlof and Pollard [65] have suggested that they can

be modeled as ‘‘anti-cracks,’’ as proposed earlier by

Fletcher and Pollard [16] as a model for pressure solution

surfaces. Anticracks correspond to Mode I, tensile cracks

but with the sign reversed. Although this sign reversal

formally predicts interpenetration of the crack surfaces, this

interpenetration is interpreted physically as the inelastic

compaction that occurs in a narrow, but finite thickness

zone. The anti-crack model idealizes the stiffness of the

material within the band as a constant traction resisting

closure. An appropriate value of this stiffness is, however,

unclear. Presumably the volumetric stiffness is greater

because of the reduced porosity but, as discussed by

Sternlof et al. [67], the shear stiffness might be greater or

less than that of the surrounding material. More impor-

tantly, at the time of formation, cementation of the bands

was likely to be much less than currently exists.

A more elaborate model idealizes a compaction band as

a narrow inclusion of elastic material with different elastic

constants than the surrounding matrix and subjected to an

imposed inelastic compactive strain [62, 67]. If the

resulting strain of the inclusion is uniform, then the mea-

sured width of the band is proportional to the compactive

displacement and, hence, can be used as a proxy for it. If

the inclusion is ellipsoidal in shape, then the well known

result of Eshelby [15] establishes that the strain in the

inclusion is indeed uniform (as long as the imposed

inelastic strain is also uniform and the inclusion is isolated,

i.e., embedded an infinite linear elastic matrix). The mea-

sured widths of the bands in the field are roughly elliptical

(Fig. 4a, c in Sternlof et al. [67]). Microstructural obser-

vations suggest that the magnitude of the inelastic strain (as
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reflected by a porosity decrease of about 10% in the band)

does not vary strongly with distance along the band

(Figs. 6 and 8 in Sternlof et al. [67]). Although there is

certainly some scatter and uncertainty in the field mea-

surements, the model of an ellipsoidal inclusion seems

consistent with them.

Rudnicki [62] has examined effects of the inclusion

properties, aspect ratio and relative magnitudes of imposed

inelastic strain and far field stress on the stress state in the

inclusion and adjacent to the tip. He finds that these are

relatively insensitive to elastic mismatch over a range

much larger than plausible for aspect ratios observed for

compaction bands in the field, 10–3 to 10–4, inelastic

compaction corresponding to roughly 10% porosity

change, inferred for the bands in field and laboratory, and

representative elastic properties for the matrix material in

Valley of Fire. The stress states in the inclusion and

adjacent to the tip are largely controlled by the ratio of

imposed inelastic strain to far field compressive stress di-

vided by shear modulus. Sternlof et al. [67] also calculate

the stress state adjacent to the tip of the band for the more

elaborate inclusion model. Although the stress state is not

unbounded, as predicted for the anti-crack, they show that

for the small aspect ratios, and a plausible range of elastic

mismatch, it is elevated many fold over the far field stress.

Furthermore, the difference between the stress states pre-

dicted by the inclusion and anti-crack models decreases

sharply with distance away from the band tip. On the basis

of these results, the anti-crack model appears to be a rea-

sonable approximation to the more elaborate inclusion

model, at least for predicting stresses outside the band.

On the basis of elasticity solutions and computations

with a spring network model Katsman et al. [35, 36] have

suggested that compaction bands are better represented by

‘‘anti-dislocations’’. The distinction appears, however, to

be largely one of terminology rather than substance. In

both approaches the stress elevation at the band end arises

primarily from imposed inelastic compactive strain, or

‘‘localized volume reduction’’ as Katsman et al. [36] refer

to it. Although Sternlof et al. [67] refer to their model as an

‘‘anti-crack’’, they implemented it for compaction bands

by using the observed width variation of the band as a

proxy for the inelastic compaction and specifying this as

the ‘‘crack-surface’’ displacement [67]. Because they

approximated the measured widths as elliptical, this cor-

responds to a solution with uniform crack surface traction.

On the other hand, Katsman et al. [35] approximate the

band shape as tabular.

To the extent that compaction bands can be approxi-

mated as an anti-crack, the condition for band extension

can be expressed as a critical value of the energy released

per unit advance, analogous to the standard practice in

fracture mechanics. Using a very simple model of a semi-

infinite compaction band in an infinite strip of width h,

Rudnicki and Sternlof [61]) derive an expression for the

energy released per unit advance as

G ¼ rþnhep

where r+ is the uniaxial stress far ahead of the band tip, nh

is the band thickness (with n� 1, corresponding to a thin

band), and ep is the uniaxial, inelastic compactive strain.

This expression pertains if the elastic moduli of the band

and surrounding material are not too different but Rudnicki

and Sternlof [61] give a correction for this case. Although

the model does not necessarily imply a specific band shape

or distribution of ep, it does assume that the thickness and

inelastic strain reach asymptotic values at some large dis-

tance behind the tip. Although there is some suggestion

that this is the case for the measurements of Sternlof [63],

the data are very limited for long, isolated bands. Based on

the observations of Sternlof et al. [67], Rudnicki and

Sternlof [61] estimate G = 40 kJ/m2. This value is within

the range, 6–43 kJ/m2 inferred from the stress-strain curves

on notched laboratory samples [69, 71] as an upper bound

on the compaction energy. The rock types and stress levels

are significantly different in the field and laboratory. At

present, there are too few measurements to determine

whether the similarity is coincidence or reflects common

features of band extension in the two settings.

2 Open issues

Currently, there is convincing evidence from both the

laboratory and the field that localized zones of compaction

can form in porous materials under compressive stress

states. A theoretical basis for predicting the possibility of

compaction localization using the bifurcation approach is

in rough accord with experimental observations. An ap-

proach based on nucleation and propagation of an anti-

crack has been used as a framework to describe field

observations. Yet, neither theory and computation nor

experimental and field observations have progressed to the

point where reliable predictions can be made about the

existence or nature of localized compaction in subsurface

reservoirs where it would strongly affect fluid flow. More

fundamentally, the factors responsible for the various

manifestations of compaction localization observed in the

laboratory and the field are not known. Determining these

factors is essential if a systematic study is to be made of the

physical conditions and material properties associated with

compaction band formation. Obviously, there is a need for

additional field examples of compaction localization and at

the same time for a better understanding of the conditions

that give rise to compaction bands in the laboratory.
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Specific issues are discussed in more detail in the following

sections.

2.1 How frequently do compaction bands occur

in the earth?

At present we cannot answer this question. Currently

localized compaction has been observed in outcrops in two

areas. Because these outcrops occur in the weak porous

rocks that are representative of many reservoirs, the

observations suggest the possibility that localized com-

paction is common in the Earth. Furthermore, localized

compaction has been observed in laboratory tests under

different conditions and in different rocks and is common

in a variety of other porous materials. If compaction

localization is common to porous formations in the earth,

there should be more field examples. If field occurrences of

compaction bands are indeed exceptional and such bands

are not common in the earth, then the question becomes

why not, given the increasing frequency with which they

are being observed in rocks in the laboratory and their

common occurrence in other porous materials.

One possibility is that such features are indeed ubiqui-

tous, but are not recognized because we are not looking for

them. Absent unusual conditions such as differences in

susceptibility to erosion or discoloration due to mineral

deposition, compaction banding is not easy to observe in

the field. Even in well-prepared, clean laboratory speci-

mens compaction localization is difficult to detect from the

exterior. Almost certainly compaction localization has

been missed in earlier laboratory experiments. The earliest

example we have found of experimentally-induced com-

paction localization in rock was described in the 1994

Masters thesis of Muhuri [42] (cited in Muhuri [43]).

Clearly compaction bands were produced during triaxial

testing of Berea sandstone, but dismissed at the time in the

absence of a framework for their interpretation. Until re-

cently, a similar situation pertained to field studies.

To date, there have also been no reports of compaction

localization observed in cores. Again, this is not surprising

for several reasons. First, until recently no one knew to

look for such a feature. Second, compaction bands are

localized features, lacking shear or opening offsets. Thus

they will be difficult to detect by surface or borehole

geophysical methods, particularly if the compacted zones

are as narrow as those in the laboratory and field outcrop

examples.

How could compaction bands be detected in situ? The

feature being sought is possibly only centimeters in

thickness, with lateral extents of perhaps 100s of meters.

Very high resolution measurements of density or a related

property such as elastic wave velocities should be able to

detect the changes induced by compaction localization if

they are analogous to what is observed in the laboratory.

Similar techniques could also be applied to retrieved core.

Overpressuring of fluids trapped between compacted zones

might lead to detectable pore pressure jumps. If, however,

bands have a vertical orientation, as in the Valley of Fire,

then detection in vertical boreholes would be especially

problematic.

It is possible that the conditions required for compaction

banding rarely occur in the earth. The stresses required are,

of course, a function of the material, but Sternlof et al. [67]

have inferred that the bands in the Aztec sandstone in the

Valley of Fire formed at modest stress levels. The state of

stress, not just the magnitude, is also important. Issen and

Rudnicki [32] showed that axisymmetric compression is

most favorable for compaction localization and recent

work by Issen and Challa [30] indicates the intermediate

principal stress plays a crucial role in determining whether

compaction localization is favored over shear localization.

They found that if the stress state was axisymmetric or

nearly so, the favored localization mode predicted by a

bifurcation theory was compaction in a plane perpendicular

to the principal compressive stress. When the intermediate

principal stress differed significantly from the minimum,

the favored localization mode became shearing. Experi-

mental work to test these theoretical results should be done.

In situ, the stress state is unlikely to be truly axisymmetric,

but the extent to which the intermediate stress differs from

the minimum is difficult to determine as stress determina-

tion methods, with the exception of direct overcoring,

cannot measure the intermediate principal stress.

2.2 How are laboratory and field compaction bands

related?

Certainly, there are similarities between localized com-

paction observed in laboratory experiments and in the field.

Both are roughly planar features with localized reductions

in porosity and both form nearly perpendicular to the most

compressive stress (although this is often an inference in

field studies). Yet there are obvious differences as well. In

addition to the vast discrepancy in time and length scales,

there are differences in stress magnitude, degree of com-

minution in the compacted zone, and propagation or

thickening modes. In the laboratory, stresses required to

induce compaction localization are typically high relative

to the stresses inferred for the shallow crust at the time the

bands formed in the known field examples. Comminution

seems to be a ubiquitous feature of compaction bands in the

laboratory, but less so in the field examples. In particular,

little comminution was observed in the Valley of Fire

bands.

A major difference between band formation as observed

to date in the laboratory and in the Earth is that the latter
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likely occurred under saturated conditions. These condi-

tions are inferred from the history of the two field sites and,

in general, for the shallow crust. Volume changes, such as

porosity loss, that occur rapidly by comparison to fluid

drainage times induce alterations in pore pressure and,

thus, effective stress. The effect of the interaction of altered

pore fluid pressure and the evolution of compaction

localization and whether it plays a role in the differences

between laboratory and field observations is not known. In

addition, the role of this interaction is of practical impor-

tance since relevant applications invariably involve fluid

injection or withdrawal.

2.3 What are the microstructural deformation

mechanisms and how do they relate to macroscale

behavior and modeling?

Clearly, the processes that occur at the grain-scale, preceding

and during compaction localization, determine the macro-

scale features that we observe and seek to model. Experience

has shown that connecting the discontinuous micro scale to

the continuous macro scale is difficult. However the

increasing sophistication of numerical methods that describe

processes at multiple scales may make progress possible. A

fundamental objective is to understand the differences in

microstructural behavior that cause some materials to exhibit

compaction localization and others to not.

Compaction localization has been observed in several

sandstones, of varying microstructures, with intact porosi-

ties ranging from 11 to 26%. Porosity is not, however, the

sole parameter that determines if compaction localization is

possible. The recent studies of Haimson and coworkers,

discussed earlier, suggest that the degree of quartz sutur-

ing at grain contacts is an important factor. Which micro-

structural attributes enable or promote compaction

localization and which inhibit or prevent compaction

localization? Answering this question will require sys-

tematic field and laboratory investigations together with

modeling to determine the localization behavior of sand-

stones with various microstructures, and to quantify attri-

butes such as grain size, shape, mineralogy, cementation,

porosity and the distribution of the attributes (i.e., how

homogeneous or heterogeneous is the microstructure) and

models of the deformation that occurs at the microscale.

Microstructural differences are likely to play some role

in determining, not only if compaction localization occurs,

but also the form that it takes. For example, Katsman et al.

[34] have suggested a possible explanation for different

types of bands based on the results of numerical simula-

tions using a network of spring elements that model dif-

ferent particle sizes and distributions. They found that

simulations having a wide range of particle sizes or

strengths, produced compaction features that were broad

and diffuse. In contrast, those having a narrow range re-

sulted in thin bands.

Understanding the relationship between microstructure

and localization behavior requires identification and char-

acterization of the microstructural processes that precede

compaction localization, and those that occur as the com-

paction band forms and propagates. Some examples of

porosity-reducing microstructural deformation mechanisms

known to be related to compaction localization include

grain rotation and rearrangement, grain cracking, grain

crushing and pore collapse. Menéndez et al. [40] and Wu

et al. [76] report that at least two damage mechanisms

appear to be active in some sandstones that exhibit com-

paction localization: (1) a compactive mechanism, grain

crushing and pore collapse; and (2) a dilatant mechanism,

axial intragranular cracking and shear-induced debonding.

They report uniform cataclastic flow at high confining

pressures, due to the first mechanism, and shear localiza-

tion at low confining pressures, due to the dominance of the

second mechanism. Are both these microstructural mech-

anisms required for compaction localization to occur?

More generally, what are the microstructural mechanisms

that precede compaction localization, how does micro-

structural deformation evolve from relatively homogeneous

to localized (i.e. what nucleates localization at a particular

location), and how do these deformation mechanisms relate

to the original microstructural attributes and to the loading

path? If different microstructures accomplish compaction

localization via different mechanisms, what do these

mechanisms have in common?

Although phenomenologically similar forms of com-

paction localization occur in cellular solids, the microscale

deformation mechanisms are completely different. In many

cellular solids, porosity reduction is accomplished by cell

collapse, typically due to either cell wall buckling or

tearing and cracking. In porous rocks, dissagregation, grain

rearrangement and fracturing seem to be the primary

mechanisms. Are these different manifestations of the same

phenomenon, or different phenomena with a superficial

resemblance? Can a framework be developed that is

capable of representing diverse forms of compaction

localization? More generally, are there essential common

elements that must be included in, or used to develop, such

a framework for describing all forms of compaction

localization?

Determining universal micromechanisms or universal

characteristics would help to address several questions and

needs. A basic one is predicting which materials might

exhibit compaction localization or which will not? What

controls the number, width and final spatial frequency of

the bands? Some materials produce one or two thickening

bands, others many discrete thin bands. Is the heterogeneity

of representative structural element size an important
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determinant of the character of the bands: e.g. are thin

bands the result of a narrow range of element sizes and

thick, spreading bands associated with a wide range of

element sizes?

3 Suggested directions for further research

Ultimately, the importance of research on compaction

localization or compaction bands depends on the effects on

fluid transport. The large, inhomogeneous strains associ-

ated with the formation of compaction bands may also play

a role in the structural geology of formations. Little work

has been done towards applying the available theoretical,

experimental, field and computational results to the inter-

action between compaction banding and fluid flow in the

context of the reservoir rocks that are of such high eco-

nomic importance. For example, formation of compaction

bands as a result of stress changes caused by the injection

or withdrawal of fluids or gases would dramatically alter

the fluid flow properties of the formation, affecting the

efficient, safe and economic uses of the reservoir. A sys-

tematic search for more field examples, either in outcrop or

core, would be extremely useful.

Additional experimental work is required to fully eval-

uate existing theoretical frameworks. In particular, devel-

opment of an adequate constitutive framework requires

performance of tests over the full range of mean stress to

relate the pre-localization material response (including

microstructural deformation processes) to the subsequent

localization mode (e.g., localization of compaction or

dilation and/or shear). Additionally, predicted localization

conditions vary with the value of the intermediate principal

stress, relative to the maximum and minimum. Therefore,

there is a need to conduct experiments under true triaxial

stress states. The experimental work required for under-

standing the anti-crack mechanism is not as well defined as

the identification of inelastic properties needed for the

bifurcation mechanism. Further analysis is required to de-

fine the material properties and stress states of interest for

the anticrack model. The location and cause of the initial

compaction process is not clear for the anticrack model. It

could be that compaction occurs at the anticrack tip simply

due to the high stress concentration there. However, it is

also possible that the alteration of stress near the tip of the

compaction band makes conditions more favorable for

localization conditions. The apparent continued growth of

the anticrack by thickening is not well explained nor is the

extent to which band propagation is affected by interaction.
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