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ABSTRACT: Compaction bands are localized, planar zones of compressed material that form 
perpendicular to the maximum compressive stress.  Compaction bands have been observed in 
porous sandstone formations in the field and in laboratory compression tests on porous sand-
stone, plaster, glass beads, polycarbonate honeycombs and metal foams.  Because the perme-
ability of the compacted material is much reduced, compaction bands can form barriers to fluid 
flow and adversely affect attempts to inject or withdraw fluids from porous reservoirs. An 
analysis of conditions for the onset of compaction bands as a bifurcation from homogeneous de-
formation indicates that they can occur when the stress strain curve for uniaxial compressive de-
formation has a peak.  Formation of compaction bands is favored by significant compactive ine-
lastic deformation and by a reduction in the yield stress for shear with increasing compressive 
mean stress.  These conditions are typical for stress states on a “cap” yield surface often used to 
model the inelastic deformation of porous geomaterials. 

 
1 INTRODUCTION 
 
Localized deformation in rocks and other geomaterials has been primarily associated with shear 
deformation.  But Vardoulakis and Sulem (1995, p. 177) note that “compaction layering is ob-
served in geomaterials at many scales.” Furthermore, recent field and experimental observations 
in porous sandstones have identified localized, planar bands of material that has been com-
pacted, without evident shear, relative to the adjacent material. The material in the band is less 
permeable than the surrounding material (Papamichos et al. 1993) and a decrease of an order of 
magnitude in permeability has been measured in recent experiments (Holcomb & Olsson, 2002). 

Porous rock formations are exploited for a variety of human activities, e.g. recovery and stor-
age of oil and gas, storage of water, disposal of hazardous waste products and sequestration of 
carbon dioxide to mitigate adverse effects on the atmosphere (Wawersik et al. 2001).  Formation 
of compaction bands caused by stress changes due to the injection or withdrawal of fluid could 
dramatically alter the fluid flow properties of the formation and prevent efficient, safe and eco-
nomic use. Compaction band formation is one possible explanation for localized compaction ob-
served in producing oil fields (Nagel, 2001). Furthermore, because compaction bands are local-
ized features, they will be difficult to detect by surface or borehole geophysical methods. 
Consequently, understanding the conditions that affect the formation and evolution of compac-
tion bands is of practical importance. 

Although this paper focuses on compaction bands in geomaterials, similar structures have 
been observed in a variety of other porous materials, including metal foams (Bastawros et al. 
2000, Park & Nutt, 2001), polycarbonate honeycomb (Papka & Kyriakides, 1998), and snow (J. 
Desrues, pers. comm.). Formation of zones of localized deformation, either compaction or shear, 
can adversely affect forming processes of metal powders (Gu et al. 2001). Non-uniform density 
distributions resulting from cold compaction can result in shape distortions during sintering, and 



final products with undesirable non-uniform properties. Although the micromechanical mecha-
nisms of deformation are different in these various materials, similar phenomenological consti-
tutive relations can be used to describe them (Gu et al. 2001). Thus, understanding the condi-
tions for the occurrence of compaction bands is relevant to a variety of materials and 
technological processes. 

This paper describes in more detail the nature of compaction bands in geomaterials, recent 
observations of them in laboratory experiments and analyses for their formation.  The paper con-
cludes with a discussion of open questions. 

2 WHAT ARE COMPACTION BANDS? 
 
Figure 1 shows schematically the formation of a shear band or fault in an axisymmetric com-
pression experiment: relatively homogenous deformation (Fig. 1a) gives way to localized de-
formation in a narrow planar zone (Fig. 1b).  Deformation in the zone is a combination of shear 
and dilation or compression relative to the plane of the band. The orientation of the band varies 
with rock type and the confining (lateral) stress but typically makes an angle of about 30o with 
the direction of the axial compressive stress. 

 

(a) (b)  
Figure 1. Schematic illustration of the formation of a shear band (b) following homogeneous deformation 
(a) in the axisymmetric compression test. 

 
Figure 2 shows schematically the formation of a compaction band.  In Figure 2b, axial com-

pression occurs uniformly (the distance between the horizontal lines in Figure 2a is decreased 
uniformly in Figure 2b).  In Figure 2c, compression occurs predominantly in a narrow zone, i.e. 
a compaction band; outside this zone much less compression occurs.  The plane of the compac-
tion band is perpendicular to the largest compressive principal stress. 

Antonellini & Aydin (1995) and Mollema & Antonellini (1996) have reported observations of 
compaction bands in porous sandstone formations.  Olsson (1999) identified examples of com-
paction bands in earlier laboratory experiments and reported observations of compaction bands 
in axisymmetric deformation experiments on Castlegate sandstone.  Some of Olsson’s samples 
contained both compaction and shear bands.  Other recent observations of compaction bands in 
experiments have been reported by Olsson & Holcomb (2000), DiGiovanni et al. (2000), Olsson 
(2001), Olsson et al. (2002), Haimson (2001), Klein et al. (2001) and Wong et al. (2001). 

The appearance of the compaction bands is, however, much different in the experiments of 
different groups. Olsson & Holcomb (2000), Olsson (2001) and Olsson et al. (2002) have used 
acoustic emissions and permeability measurements to infer a widening zone of compaction (Fig. 
3a).  The zone begins near the ends of the specimen and spreads behind a planar front that 
propagates with a speed roughly an order of magnitude greater than the piston velocity.  Accord-



ing to the analysis of Olsson (2001), the speed of the propagating front is proportional to the po-
rosity difference between the compacted and uncompacted portions of the specimen. In contrast, 
Klein et al. (2001) and Wong et al. (2001) observe thin planar zones of compacted material al-
ternating with uncompacted material (Fig. 3b). These zones also begin near the specimen ends; 
increasing piston displacement causes progressive formation of additional zones farther from the 
ends. The sandstones tested by the two groups are different and it is unclear whether this or 
some other aspect of the testing is causing the different appearances of the compaction zones.  

 

Uniform compaction Localized compaction

(a) (b) (c)  
Figure 2. Schematic illustration of compaction band formation in the axisymmetric compression test. (a) 
undeformed specimen; (b) uniform compaction; (c) localized compaction band formation. 

 

compacted

(a) (b)  
Figure 3. Different appearance of evolving compaction zones.  In (a) the compacted zone widens and 
spreads across the specimen with increasing piston displacement; in (b) localized bands of compaction al-
ternate with less compacted material; additional bands form farther from the ends as the piston displace-
ment continues. 

3 WHY DO COMPACTION BANDS FORM? 

Olsson (1999) recognized that the inception of compaction bands could be addressed as a bifur-
cation from homogeneous deformation, the same approach used to study the inception of shear 
bands (Rudnicki & Rice, 1975, Rice, 1976).  For boundary conditions that permit homogeneous 
deformation as a possible solution for the next increment of deformation, this approach seeks 



conditions for which the formation of a band of localized deformation is an alternative solution.  
The formation of the band solutions is subject to conditions of compatibility and equilibrium. 

The compatibility condition requires that velocities, or increments of displacement, are con-
tinuous at the instant of band formation.  Consequently, the displacement increment within the 
band ban

idu elated to the increment in the homogeneous field outside the band 0
idud  is r by 

band 0 g ( )i i idu du= + n xi  (1) 

where is the unit normal to the plane of the band and then ig are functions only of distance 
across the band.  The corresponding strain increments are related by 

band 0 1 (
2ij ij i j i jd d n g gε ε= + + )n

n

 (2) 

For a compaction band the vector g is in the same direction as the normal but opposite in sense, 
.  Thus, the difference in strain increments (2) is uniaxial. ∝ −g

Equilibrium requires that the increments of traction be continuous across the band interface at 
the onset of localization: 

band 0( ) (i j ji j jidt n d n dσ= = )σ  (3) 

If the constitutive relation can be expressed in the incrementally linear form 

ij ijkl kld L dσ ε=  (4) 

then substituting (4) into (3) and using (2) yields the condition for localization: 

0i ijkl l kn L n g =  (5) 

In obtaining (5) it has been assumed, without loss of generality, that ijkl is symmetric with re-
spect to interchange of the first two and last two indices, but not necessarily with respect to in-
terchange of the first and last pair.  The result (5) also assumes that the response at the onset of 
band formation is the same both inside and outside of the band but Rice & Rudnicki (1980) have 
shown that for a wide class of material models this bifurcation precedes one that occurs with 
elastic unloading outside the band (Chambon (1986) has given a more general derivation of this 
result).  Rice (1976) has given a more general formulation of the localization problem. 

L

 A non-zero solution for the k (5), which expresses a nonuniform deformation field, is possi-
ble only if the determinant of the coefficient matrix vanishes.  In general, the direction of g de-
pends on the constitutive properties (Bésuelle, 2001), but for a compaction (or dilation) band, it 
is in the same direction as n , i.e 

g

α=g n where α is a scalar.  Substituting into (5) and multiply-
ing by jn reveals that the condition for inception of a compaction or dilation band is that the 
tangent modulus for uniaxial deformation relative to the plane of the band must vanish. Thus, 
for a compaction (or dilation) band (5) requires that 

0i j ijkl k ln n L n n =  (6) 

Olsson (1999) arrived at the same condition using a one-dimensional analysis and the results of 
Issen & Rudnicki (2000, 2001), who use the constitutive relation employed by Rudnicki & Rice 
(1975), can be expressed in the same form. 

4 CONSTITUTIVE MODELS 

4.1 Axisymmetric Compression 
Whether the condition (6) or (5) can be met obviously depends strongly on the type of constitu-
tive model, i.e. the form of the ijkl . To illustrate the dependence on constitutive parameters in a 
simple way, consider the relation used by Rudnicki (1977, 2002) for axisymmetric deformation.  
The standard axisymmetric compression test is shown schematically in Figure 4a.  If, as in the 

L



most common test, the lateral stresses are held constant, the axial and lateral strain increments 
can be expressed as 

axial axial lat axial/ ,  d d E d dε σ ε ν= = − ε  (7) 

Thus, E is the tangent modulus for constant lateral confining stress and ν plays a role similar to 
Poisson’s ratio but is a nonelastic parameter and may vary with the deformation (Fig. 4b).  Ad-
ditional constitutive parameters can be defined by increasing the lateral stress and adjusting the 
axial stress so that the axial deformation is held fixed.  Then the increments of lateral strain and 
axial stress are expressed as 

lat lat axial lat2 / 9 ,  d d K d rdε σ σ= σ=  (8) 

The ratios r and ν are normally positive, but Figure 5 shows a simple, pin-jointed model 
structure for which and r ν are negative.  Although this might be a plausible microstructural 
model for a very porous, open-cell material, it would seem less appropriate for most rocks or 
soils. Nevertheless, it does make clear that negative and r ν are possible.  An expression for the 
tangent modulus for uniaxial strain (zero lateral strain) can be obtained by combining (7) and 
(8), uniaxial /9 2E E= + Krv .  Setting this value equal to zero yields the critical value of the tan-
gent modulus for compaction band formation in a test with constant lateral confining stress: 

crit 9 /E rK 2ν= −  (9) 

Figure 6 shows a schematic illustration of a typical stress strain curve for a very porous sand-
stone (at relatively high confining pressure).  Compaction bands, if they occur, form on the flat 
shelf of the stress strain curve where 0E ≈ .  Because the modulus is presumably positive, (9) 
implies that either r or 

K
ν is near zero at compaction band formation.  Experimental evidence on 

this issue is mixed.  Figure 6 of Olsson (1999) shows constant lateral deformation at the mid-
height of an axisymmetric compression sample indicating 0ν ≈ but Wong et al. (2001) report 
increasing lateral deformation indicating 0ν > .  In addition, values of the dilatancy factor, β of 
Rudnicki & Rice (1975) (see below), inferred by Olsson (1999) and Wong et al. (2001) corre-
spond to increasing lateral deformation.  The response in these experiments may, however, dif-
fer significantly from the isotropic response assume by the Rudnicki & Rice (1975) relation.  
 
 
 

σaxial

εlat

εaxial

E

ν
1

1

(a) (b)  
Figure 4. Schematic illustration of the axisymmetric compression test (a) and definitions of the constitu-
tive parameters and E ν  for constant lateral stress used by Rudnicki (2002). 
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Figure 5. Mechanical model illustrating the possibility of 0µ < (a) and 0r < (b). 
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Figure 6.  Schematic illustration of a typical axisymmetric compression stress – strain curve for a very po-
rous sandstone. 

4.2 General Deformation States 
Analyses of the inception of compaction bands for general deformation states have been based 
on modifications and extensions of the analysis of shear band inception by Rudnicki & Rice 
(1975). They noted the possibility of a bifurcation corresponding to localized deformation in a 
planar zone perpendicular to one of the principal stresses (such as a compaction band), but they 
did not elaborate because this case occurred for a range of constitutive parameters outside those 
for the low porosity rocks on which they were focusing. Ottosen & Runesson (1991) also identi-
fied the possibility of this type of bifurcation for a slightly more general constitutive model than 



considered by Rudnicki & Rice (1975) and noted that it would occur for a material modeled 
with a yield surface “cap”, which allows for yielding in hydrostatic compression (Dimaggio & 
Sandler, 1971).  Ottosen & Runesson (1991) also found that the condition for the occurrence of 
this type of solution differed from that given by Rudnicki & Rice (1975). Perrin & Leblond 
(1993) corrected and discussed in detail this error in Rudnicki & Rice (1975). 

Issen & Rudnicki (2000, 2001) give an extensive discussion of the possibilities for the occur-
rence of planar localized zones perpendicular to the most or least compressive principal stress 
and the interpretation of the former in terms of compaction zones.  They do this within the 
constitutive framework used by Rudnicki & Rice (1975), the most general form for an 
incrementally linear elastic-plastic solid with yield surface and plastic potential depending on 
only the first and second stress invariants.  Figure 7 shows such a yield surface described by 

( , , ) 0F Hτ σ =  (10) 

where / 2s sτ = ij ij is the second invariant of the deviatoric stress, ij ij ij kk(1/ 3)s σ δ σ= − , ijδ is 
the Kronecker delta, kk / 3σ σ= − is the mean normal stress (positive in compression) and de-
notes a set of one or more variables that describe the current state of plastic deformation.  Figure 
7 also shows the inelastic increments of the volume strain 

H

pdε (positive in extension) and 
equivalent shear strain pdγ as components of a vector that is normal to the plastic potential sur-
face.  The friction coefficient used by Rudnicki & Rice (1975), µ , is equal to the local slope of 
the yield surface ( / ) /(F / )Fσ τ∂− ∂ ∂ ∂  and the dilatancy factor, β , is /p pd dε γ . Because their 
primary interest was shear localization in low porosity, dilatant rocks, Rudnicki & Rice (1975) 
focused attention on the case β and µ positive. But, as shown in Figure 7 and as noted by Issen 
& Rudnicki (2000), and previously by Ottosen & Runesson (1991) using different notation, 
β and µ are negative on the “cap” portion of the yield surface.  

The trajectory of the standard axisymmetric compression test in Figure 7 is a straight line 
with slope 3 that intersects the horizontal axis at the value of the constant lateral confining 
stress (Fig. 8).  Consequently, tests at low confining stress will intersect the shear surface first 
and tests at higher confining stresses will intersect the cap first. 
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Figure 7.  Illustration of a yield surface with a cap.  The inelastic increment of strain is plotted as a vector.  
This vector is normal to the plastic potential surface, but not, in general, to the yield surface. 

 
Issen & Rudnicki (2000), incorporating the correction of Perrin & Leblond (1993) find that 

compaction bands will precede shear bands if 
21 (1 2 ) 4( )

3 2(1
Nνβ µ

ν
− − −

+ ≤
+

3
)

N  (11) 

where ν is Poisson’s ratio (equal to ν in (7) and (9) only for elastic deformation) and N is a de-
viatoric stress state parameter equal to the intermediate principal deviatoric stress divided by 
2τ . (An equivalent condition is given by Ottosen & Runesson (1991)).  For axisymmetric com-
pression 1/ 3 andN =  (11) reduces to 



3β µ+ ≤ −  (12) 

Thus, compaction band formation is favored on the “cap” portion of the yield surface where 
β and µ are negative. The corresponding critical value of the tangent modulus for constant lat-
eral confining stress (obtained by combining (19) and (21) of Issen & Rudnicki (2000)) is 

(1 2 / 3)(1 2 / 3)
2 (1 ) (1 )(1 / 3)(1 / 3) (1 2 / 3)(1 2 / 3)

E
G

µ β
ν ν µ β µ β

− + +
=

+ − − − − + +
 (13) 

where is the elastic shear modulus and the combination in the denominator of the left hand 
side is Young’s modulus.  

G

The cap portion of the yield surface in Figure 7 connects smoothly to the shear surface.  
However, there is evidence (e.g. Wong et al. 1997, Wong & Baud, 1999) that the shear and cap 
portions are separate surfaces and they are often implemented as such in numerical calculations 
(e.g., Fossum et al. 1995, Fossum & Frederich, 2000).  The simplest interpretation of the two 
surfaces is that they reflect different microscale mechanisms of inelasticity: shear-driven local 
tensile cracking and dilatancy for the shear surface and pore collapse and grain crushing for the 
cap. The evolutions of the cap and shear surfaces will be different, in general, and depend on 
different measures of inelastic deformation (e.g. accumulated inelastic volume strain or accumu-
lated inelastic equivalent shear strain). Wong et al. (2001) have interpreted their data on Ben-
theim sandstone as requiring activation of multiple damage mechanisms. Figure 8 illustrates a 
yield surface in which the cap and shear portions intersect at a corner.  

τ

σ

3
1

shear surface

subsequent cap

initial cap

σc  
Figure 8. Illustration of a yield surface formed by separate shear and cap portions.  Four trajectories of 
axisymmetric compression tests with different constant lateral confining pressure ( cσ ) are also shown. 

 
The additional flexibility of the direction of the inelastic strain increment vector at a yield 

surface corner is well known to enhance the possibility of localization (Rudnicki & Rice, 1975).  
Although it is unlikely that the stress path will intersect the corner on the initial yield surface, if 
the two surfaces evolve separately, increasing loads will cause the stress state to coincide with 
the corner (as illustrated by one trajectory in Fig. 8).  The analysis of bifurcation conditions at a 
corner are much more complicated but some limiting results have been given by Issen (2002).  

5 CONCLUDING DISCUSSION 

Compaction bands have been observed in porous sandstones in the field and in laboratory axi-
symmetric compression tests on several varieties of sandstones.  A bifurcation approach demon-
strates that compaction bands are a possible alternative solution to homogeneous deformation 
for constitutive parameters that are appropriate for high porosity rock.  In particular, inelastic 
volume compression and a shear yield stress that decreases with increasing mean compressive 



stress favor formation of compaction bands.  These features are characteristic of a “cap” yield 
surface often used to model the inelastic response of porous geomaterials. 

There are, as yet, many open questions about the formation and evolution of compaction 
bands.  Although the bands observed in the laboratory are similar to those observed in the field, 
their length scale is limited to the size of the laboratory specimen and, therefore, is much 
smaller.  Furthermore, the bands observed in the laboratory tend to form first near the specimen 
ends and, consequently, appear to be triggered by slight nonuniformities caused by the end con-
straint.  For these reasons, there remain questions about whether band formation in the field and 
laboratory are the same phenomenon. 

Predictions for the inception of compaction band formation from bifurcation theory agree 
roughly with observations in the following sense: compaction band formation is predicted for 
constitutive parameters representative of porous sandstones. Numerical values of these parame-
ters inferred from experiments are close to but do not agree in detail with those predicted by 
analysis.  This discrepancy may be due to inadequacy of the constitutive model, inappropriate-
ness of the bifurcation approach or uncertainties in the numerical determination of parameters.  
Predictions are sensitive to details of the structure and evolution (with nonelastic deformation) 
of the cap surface and the nature of its intersection with the shear surface.  These features are 
not, at present, well-constrained by experiments.   

Compaction band formation clearly requires high porosity (sandstones in which they have 
been observed range from about 15 to 30% porosity).  There is, however, no theory explicitly 
connecting predictions to porosity, nor is it known from either experiments or theory whether 
there exists some critical minimum value of porosity.  Because the porosity of natural materials 
cannot be controlled and is limited in range, this issue might be addressed profitably by experi-
ments on man-made sintered materials. Although compaction band formation is roughly corre-
lated with phenomenological nonelastic parameters, e.g. those of the cap model, little under-
standing exists of how band formation depends on the microstructure, e.g. grain size, shape, and 
distribution, cement and presence of clay minerals. Vardoulakis and Sulem (1995) do suggest, 
however, that compaction instabilities are more prevalent in geomaterials of uniform grain and 
pore sizes. Furthermore, DiGiovanni et al. (2000) have noted some differences in the microme-
chanical deformation mechanisms of Castlegate sandstone, in which compaction bands have 
been observed, from those of Berea sandstone (Menéndez et al. 1996)in which they have not. 

The bifurcation analysis addresses the inception of band formation but not the subsequent 
evolution.  Experiments have revealed that the evolution can have at least two quite different 
structures: widening of the compacted zone and widening of a pattern of compacted and uncom-
pacted regions.  Reasons for these different morphologies are not known. 

The bifurcation analysis also suggests that there should be a transition from compaction bands 
to shear bands at high angles to the specimen axis for axisymmetric compression tests with de-
creasing values of the lateral confining pressure.  Although both compaction bands and shear 
bands have been observed in some experiments, observations of very high angle shear bands are 
infrequent.  More generally the nature of the transition between shear and compaction bands is 
unclear and likely depends on the nature of the intersection of the shear and cap surfaces. 

The primary practical significance of compaction band formation and evolution is their role in 
altering the permeability structure of a formation.  Experiments (Papamichos et al., 1993, Hol-
comb & Olsson, 2002) have demonstrated that compaction significantly reduces the permeabil-
ity, but otherwise the effects of interaction of pore fluid have not been explored. In a different 
context, theoretical study of compaction of a fluid-saturated material with a nonlinear depend-
ence of permeability on porosity suggests the possibility of solitary wave solutions (Barcilon & 
Richter, 1986). Predictive capability for field applications requires a better understanding of the 
role of pore pressure effects on evolution of the cap surface and of nonlinear effective stress ef-
fects on the permeability of compacting material. 
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