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Self-healing of Fractures in Argillaceous Media from
the Geomechanical Point of View

Steve Horseman
British Geological Survey, UK

Presently, there is no established theory describing fracture self-healing and self-sealing
processes in mudrocks (clays, mudstones and shales) and no methodology to assess the conditions
under which these processes might be important. The author suggests that the modified Cam-Clay
approach provides a useful conceptual and theoretical framework for the analysis of the largely
hydromechanical process of self-sealing. Three basic hypotheses are proposed and applied to the
problem of fracture self-sealing in the repository EDZ and to the more general question of fault
sealing.

1. INTRODUCTION

Self-sealing may be defined as a spontaneously-occurring process, with a number of
contributory underlying mechanisms, that leads to a reduction in the hydraulic transmissivity of a
fracture. A fully self-sealed fracture does not act as a preferential pathway for fluid movement. A
partially self-sealed fracture does act as a pathway, but its transmissivity is less than that of the newly
formed fracture. Self-sealing is largely a hydromechanical process, involving changes in the stress
field, local movements of the porewater, and elastic/inelastic deformation of the rock. Self-sealing is
only really significant in comparatively weak rocks capable of plastic or viscoplastic deformation. The
stress path is an important consideration in assessing capacity to self-seal. Swelling can be a important
contributory factor.

The phrase self-healing has somewhat broader connotations. Self-healing may be defined as
a spontaneously-occurring process, with many possible contributory underlying mechanisms, that
leads to a reduction in the impact of a fracture on both the hydraulic and the mechanical properties of
the rock mass. The rock-mass properties (including geophysical) of a volume of rock containing fully
self-healed fractures may be virtually indistinguishable from those of the same rock with no fractures.
Self-healing of argillaceous rocks is a complex process, which can involve hydraulic, mechanical,
chemical and mineralogical changes occurring within the system. Many of the underlying mechanisms
of the self-healing are time dependent

It is evident that self-sealing can contribute to the partial self-healing of argillaceous rocks.
Indeed, the hydromechanical response of the rock to the altered stress field often precedes the longer-
term chemical and mineralogical readjustments.
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2. FRACTURE PERMEABILITY AND DILATANCY

We examine the behaviour of a volume element of intact mudrock. Suppose that stresses
applied to the faces of the element are increased in a way that causes fracturing. Fractures are
considered to be hydraulically significant if the overall permeability of the fractured volume element is
greater from that of the intact element. This demands that one or more flow channels of finite aperture
must pass through the element. Fracture porosity is the total volume of the flow channels divided by
the total volume of the element. The development of fracture porosity is almost invariably associated
with an increase in the size of the volume element. This size increase, caused by fracturing, is known
as “dilatancy” or “dilatation”.

This line of reasoning leads to a very simple observation. In order for fractures to be
hydraulically significant, the rock must have undergone at least some degree of dilatation at the time
of fracture development. If we are able to identify the stress conditions that promote dilatation in
mudrocks, then we should be able to associate these conditions with those of enhanced fracture
permeability (Lalieux and Horseman, 1996). Mudrocks also exhibit “contractancy” which can be
defined as a reduction in volume caused by shear-assisted consolidation4. It seems reasonable to
assume that the stress conditions for contractancy can be associated with reduced fracture permeability
and a capacity to self-seal.

3. CRITICAL STATE CONCEPTS

The “state” of a mudrock subject to a simple axisymmetric stress field5 is defined by its
coordinates in the p’, q’ or v parameter space (see Table 1). A change of state is represented by a
“path” and the projection of a path in the p’, q’ plane is referred to as a “stress path”. When a mudrock
is loaded under conditions that prevent any movement of the porewater (typically, the load is applied
rapidly), the change in state is represented by an undrained stress path. When the rock is loaded under
conditions that allow the porewater pressure to remain constant, the change in state is represented by a
drained stress path.

The critical state concept is founded on the supposition partially confirmed by
experimentation that, when sheared, a clay sample will eventually reach a critical state at which large
shear distortions will occur without any further changes in p’, q’ or v (Roscoe and Burland, 1968;
Schofield and Wroth, 1968). The critical state line (CSL) is the locus of all possible critical states in p’,
q’, v parameter space. Cam-Clay models are based on the critical state concept and provide a useful
theoretical framework for the study of hydromechanical phenomena in clay-rich media. The material
is assumed to be isotropic, to deform as a continuum, and to display elasto-plastic volumetric strain-
hardening behaviour (Azizi, 2000). The original models were developed using experiments on
reconstituted clays and diagenetic modifications of clay fabric such as cementation, can lead to a
number of complications in interpretation (Burland et al., 1996). Models based on critical state
concepts are widely applied to overconsolidated clays, soft rocks and shales (Pender, 1978; Johnston
and Novello, 1985; Steiger and Leung, 1991).

                                                          
4 Burland et al. (1996) use the adverb “contractant” in their discussions.

5 Extension of these concepts to more general states of stress is beyond the scope of this short paper.
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3.1 Consolidation, swelling and position of the CSL

The drained path of clayey sediment undergoing mechanical dewatering under gradually
increasing isotropic effective stress is known as the normal consolidation line (NCL). It is idealised as
a straight line on a plot of v against the natural logarithm of p’ with a negative slope of λ. The
volumetric strain during consolidation is considered to have elastic (recoverable) and plastic (non-
recoverable) components. If the clay is unloaded, then only the elastic6 strains are recovered. The
drained path then follows the rebound-reconsolidation line (RRL), also known as the swelling line.
This is idealised as a straight line on a plot of v against ln(p’) with a negative slope of κ (Schofield and
Wroth, 1968). The magnitude of κ has been shown to depend on the amount of swelling clay minerals
present (Olgard et al., 1995). The NCL and the RRL intersect at the isotropic preconsolidation stress7,
p’c. The projection of the critical state line (CSL) is also idealised as a straight line running parallel to
the NCL and crossing the RRL at a particular value of specific volume (Schofield and Wroth, 1968).

3.2 Overconsolidated domain

A mudrock is overconsolidated when the current mean normal effective stress, p’, acting on
the material is less than the preconsolidation stress, p’c. Under natural conditions, the commonest
cause of overconsolidation is erosion of the overlying sedimentary column. The overconsolidation
ratio is given by OCR = p’c /p’. The mudrock is therefore normally consolidated when OCR=1 and
overconsolidated when OCR>1. The RRL is effectively split into two sections by the projection of the
CSL. A mudrock in a state between the CSL and the NCL is termed lightly overconsolidated (Azizi,
2000). The mudrock will generate positive porewater pressure when subjected to undrained shearing
and will expel water when drainage is allowed to take place. This is the so-called “wet” side of the
CSL. Heavily overconsolidated mudrocks are characterised by brittle failure and their states are on the
“dry” side of the CSL. Undrained shearing of such materials can produce negative porewater pressures
inside the sample (Burland et al., 1996). Specific volume therefore increases when drainage is allowed
(Mesri et al., 1978). This swelling (or rebound) response can be very important when examining the
potential for self-sealing.

Table 1. Symbols and abbreviations

Symbols Abbreviations
Specific volume v =1+e Normal consolidation line NCL
Void ratio e Rebound-reconsolidation line RRL
Mean normal effective stress p’ Critical state line CSL
Preconsolidation stress p’c Engineering damage zone EDZ
Critical state friction parameter M
Deviatoric stress q’
Negative slope of NCL λ
Negative slope of RRL κ
Overconsolidation ratio OCR

                                                          
6 The term “elastic” is used fairly loosely in relation to the stress-strain behaviour of overconsolidated

mudrocks. In shales, volumetric strains associated with movement along the RRL may be partly
determined by changes in the hydration state of the clay minerals. This could explain the known
relationship between •  and the percentage of swelling clay minerals present in a particular mudrock.

7 The laboratory-determined preconsolidation stress can be substantially larger than the value calculated
from a reconstructed burial history. This is explained by diagenetic modification of the clay fabric.
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3.3 Complete state boundary surface

Plastic yield occurs when a stress path reaches the state boundary surface. Because of the
major differences in behaviour “wet” and “dry” of the CSL, two different mathematical functions are
selected to describe the two parts of the state boundary surface. In the modified Cam-Clay approach
examined here, the yield criterion for normally consolidated and lightly overconsolidated mudrock on
the “wet” side is quantified by the Roscoe surface and that of heavily overconsolidated mudrock on
the “dry” side by the Hvorslev surface (Atkinson and Bransby, 1978). The complete state boundary
surface is shown in Figure 1.

3.4 Transition in behaviour

When mudrock samples are tested in triaxial compression under a range of confining
pressures, there is a very noticeable transition in behaviour with increasing mean normal effective
stress, p’, and decreasing OCR. Highly overconsolidated mudrocks are characterised by a sharp peak in
their stress-strain curve followed by very pronounced strain softening (Bishop et al., 1965; Burland,
1990; Horseman et al., 1993). The reduction of strength that takes place from peak to post-rupture
shear strength is due primarily to the breakage of interparticle bonds (Burland et al., 1996). Failure is
always inhomogeneous and characterised by one or two more well-developed dilatant shear fractures.
As confining pressure is increased, the stress peak gradually broadens and becomes less pronounced.
Discrete fractures are replaced by shear bands, which are regions of intense shear deformation. When
confining pressure is further increased so that OCR = 1, the peak in the stress-strain curve is often
absent and shear deformation is usually more (macroscopically) homogeneous. Although Cam-Clay
models cannot represent inhomogeneous deformation explicitly, it is clear that the appearance of the
well-defined peak in the stress-strain curve, the development of dilatant shear fractures and the strain-
softening behaviour are each symptomatic of shearing on the “dry” side of the CSL.

Figure 1. Complete state boundary surface comprising the Roscoe surface on the “wet” side of
the CSL and the Hvorslev surface on the “dry” side.
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3.5 Conditions for self-sealing

A substantial amount of work has been expended over the years in quantifying the strength
and deformation of overconsolidated mudrocks. Drawing on these findings, three hypotheses are
advanced in this paper: (a) Shear fractures in mudrocks will be hydraulically tight when deformation
takes place exclusively on the “wet” side of the CSL, (b) Fractures will tend to self-seal by localised
swelling (i.e. rebound) when water moves into dilatant rock formed during undrained shear
deformation on the “dry” side, and (c) Fractures will tend to self-seal when a temporal change in the
stress field (i.e. increase in p’ and decrease in q’) causes the stress path to move towards to the “wet”
side and away from the Hvorslev surface. Validation will require systematic analysis of case histories.

4. APPLICATION TO THE EDZ

Consider the stress path of an element of mudrock close to the internal surface of a
repository access tunnel. During tunnelling operations, the undrained stress path associated with rapid
excavation of the mudrock will reach the state boundary surface (the Hvorslev surface) on the dry side
of the CSL. The rock will dilate and the local porewater pressure will fall in response to changes in
both p’ and q’. A skin of rock around the tunnel may be subject to evaporative water losses associated
with tunnel ventilation and local desaturation seems probable. Unloading fractures are likely to
develop. After the installation of the sprayed concrete lining, very slow readjustment of porewater
pressure is anticipated as water is drawn down the hydraulic gradient. After backfilling with bentonite
or bentonite/sand mixture, the radial stress exerted by the backfill on the rock will slowly rise as the
clay becomes hydrated and the swelling pressure develops. Given the low hydraulic conductivity of
the host-rock, full hydration is likely to take many years. Stresses acting within the zone of stress
concentration (EDZ region) will adjust to the gradually increasing radial stress and porewater pressure
will slowly rise so as to eliminate the radial hydraulic gradient.

The endpoint of this evolution will depend on the magnitude of the backfill swelling pressure
in comparison with the far field stresses. If the swelling pressure is of similar magnitude to the far-
field stresses, then p' will show a significant increase and q' will decrease. Hydromechanical self-
sealing seems probable as the stress path moves towards the “wet” side and away from the state
boundary surface. Excessively high backfill swelling pressure could lead to radial tensile fracturing of
the host-rock.

5. QUALITATIVE APPLICATION TO NATURAL FAULTING

Although there are relatively few examples of the application of critical state concepts to
geological problems, there would seem to no real scientific obstacle preventing us from making
inferences about the behaviour of the natural system from our knowledge of the geotechnical
properties and responses of these rocks. We therefore anticipate that a mudrock undergoing faulting
will display either “dry” side or “wet” side responses, depending on the current value of p’ and OCR.
Dilatant fracturing associated with undrained shear deformation on the “dry” side is likely to lead to
short-term permeability enhancement. However, it is a common observation that the wall-rocks of
shear fractures in heavily overconsolidated mudrocks become softened by movement of groundwater
into the region of shear dilation, leading to swelling and a general tightening of fractures. Whether it is
possible to reconcile large-scale field observations of mudrock tightness at current depths >200 m with
these concepts remains to be shown (see this volume).
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6. CONCLUSIONS

There is no established theory describing fracture self-healing and self-sealing processes in
mudrocks and no methodology to assess the conditions under which these processes might be
important. It can be argued that the largely hydromechanical process of self-sealing is likely to be the
more important process affecting fluid movement in fractured mudrocks over the typical time scale of
repository performance assessment. The modified Cam-Clay approach provides a useful conceptual
and theoretical framework for the analysis of hydromechanical problems. Drawing on the available
body of knowledge, three hypotheses are advanced: (a) Shear fractures in mudrocks will be
hydraulically tight when deformation takes place exclusively on the “wet” side of the critical state line,
(b) Fractures will tend to self-seal by localised swelling (i.e. rebound) when water moves into dilatant
rock formed during undrained deformation on the “dry” side, and (c) Fractures will tend to self-seal
when temporal changes in the stress field cause the stress path to move towards the “wet” side and
away from the Hvorslev surface. These ideas can be applied to fracture sealing within the EDZ and to
the general problem of fault sealing. Validation by the analysis of case histories would seem
appropriate.
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