
Pattern formation during healing of fluid-filled cracks: an
analog experiment

F. RENARD1 , 2 , D. K. DYSTHE2, J . G. FEDER2, P. MEAKIN2 , 3 , S . J . S . MORRIS4 AND B. JAMTVEIT2

1University Joseph Fourier – Grenoble I ⁄ CNRS ⁄ OSUG ⁄ LGCA, Grenoble, France; 2Physics of Geological Processes, University of

Oslo, Oslo, Norway; 3Idaho National Laboratory, Idaho Falls, ID, USA; 4Department of Mechanical Engineering, University

of California, Berkeley, CA, USA

ABSTRACT

The formation and subsequent healing of cracks and crack networks may control such diverse phenomena as the

strengthening of fault zones between earthquakes, fluid migrations in the Earth’s crust, or the transport of radio-

active materials in nuclear waste disposal. An intriguing pattern-forming process can develop during healing of

fluid-filled cracks, where pockets of fluid remain permanently trapped in the solid as the crack tip is displaced dri-

ven by surface energy. Here, we present the results of analog experiments in which a liquid was injected into a

colloidal inorganic gel to obtain penny-shaped cracks that were subsequently allowed to close and heal under the

driving effect of interfacial tension. Depending on the properties of the gel and the injected liquid, two modes of

healing were obtained. In the first mode, the crack healed completely through a continuous process. The second

mode of healing was discontinuous and was characterized by a ‘zipper-like’ closure of a front that moved along

the crack perimeter, trapping fluid that may eventually form inclusions trapped in the solid. This instability

occurred only when the velocity of the crack tip decreased to zero. Our experiments provide a cheap and simple

analog to reveal how aligned arrays of fluid inclusions may be captured along preexisting fracture planes and

how small amounts of fluids can be permanently trapped in solids, modifying irreversibly their material properties.
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INTRODUCTION

Fractures and microcracks play important roles in the trans-

port of fluids in the Earth’s crust, and the mechanisms and

rates at which small cracks close are crucial issues for a bet-

ter understanding of the dynamics of fluid circulations in

various geologic environments (Moore et al. 1994). More-

over, small amounts of free water trapped inside mineral

crystals also significantly modify rock rheology and

decrease the temperature of initial melting.

Crack healing is the closure of a fracture without any

growth of external derived material in the fracture aper-

ture (Laemmlein 1929; Laemmleyn & Kliya 1960; Ban-

dyopadhyay & Roberts 1976). Healing includes both

closure of the fracture and the formation of chemical and

physical bonds between the opposing walls of the fracture

leading to continuity of the mechanical properties across

the fracture. Healing is thus typically associated with the

redistribution of material of the host solid by diffusion

processes and ⁄ or fluid–solid interactions such as dissolu-

tion and precipitation. Crack healing is driven primarily by

reduction in the surface energy of the system, and it

involves reestablishment of contact areas between the two

surfaces of the open crack via the expulsion and ⁄ or redis-

tribution of crack-filling fluids (Nichols & Mullins

1965a,b; Nichols 1976). If propping particles are trapped

in the crack, they must be dissolved before complete heal-

ing can occur. This dissolution may be driven by reduc-

tion in surface energy or by a pressure solution creep

mechanism (Beeler & Hickman 2004). Crack healing in

industrial and natural materials has been studied for many

years. In natural rocks, crack healing leaves an array of
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fluid inclusions, with sizes of the order of 0.1–10 lm,

permanently trapped at the former fracture plane (Brantley

et al. 1990). In ceramics used in protective shells around

nuclear reactors, the rate of crack healing is a major factor

controlling the evolution of the pore space geometry,

which in turn controls material transport properties (Wil-

son et al. 1997).

Although the interfacial energy in the solid could be

reduced by the coalescence of fluid inclusions or by escape

of the trapped fluid, the formation of fluid inclusions is an

essentially irreversible process. Consequently, damaged sol-

ids that have been invaded by a liquid usually never fully

recover their initial mechanical properties.

A variety of crack healing experiments performed on

ceramics (Roberts & Wrona 1973; Takahashi et al. 2007),

glasses (Wilson & Case 1997), metals (Zhang et al. 2004;

Wei et al. 2006), polymers (Plaisted & Nemat-Nasser

2007) and mineral crystals such as olivine (Wanamaker

et al. 1990), sapphire (Glaeser 2001 and references

therein), calcite (Hickman & Evans 1987) or quartz

(Pêcher 1981; Smith & Evans 1984; Brantley et al. 1990)

show that closure occurs either continuously or via an

intriguing discontinuous mechanism that entraps fluid

inclusions and that can be divided into two steps. In the

first step, tubular fluid-filled voids form near the perimeter

of the closing crack, and in the second step a necking pro-

cess leads to the formation of strings of bubbles from these

tubes. New cylinders may form as the receding crack

perimeter leaves behind fluid-filled cylinders that continue

to undergo necking.

In calcite crystals, for example, the final pattern consists

of concentric strings of fluid inclusions with sizes that

increase with increasing distance from the initial crack tip.

Most experiments reported in the literature do not follow

the entire crack healing process with a high temporal reso-

lution, mainly because they are performed at high tempera-

tures where in situ imaging is technically challenging

(Roberts & Wrona 1973; Smith & Evans 1984; Brantley

et al. 1990; Wanamaker et al. 1990).

Here we report the results of crack healing analog exper-

iments in a hectorite clay suspension that produces a

homogeneous transparent visco-brittle gel when mixed

with distilled water. Depending on the time scale of the

closure process, which we controlled, we were able to

image the slow evolution of the fracture healing pattern

and show that, when fluid inclusions are trapped, closure

occurs through a ‘zipper-like’ necking-off mechanism

whose kinetics are strongly nonlinear in time and space,

being controlled by competition between the closure rate

of the fracture and the deformation rate of the solid. To

our knowledge, this ‘zipper’ mechanism has not been

described previously. We show in the following that it is

an essential ingredient to reproduce aligned patterns of

fluid inclusions that are observed in natural rocks.

EXPERIMENTS WITH A SYNTHETIC
VISCO-ELASTO-PLASTIC GEL

The gel samples were prepared by dispersion of synthetic

clay (Laponite�) particles in distilled water. We chose this

material because it is transparent, and it has a visco-plastic

response under shear with a yield stress limit, and a viscos-

ity in the range 103–104 Pa sec (Pignon et al. 1996; see

also Table 1 for material properties). The mixture was stir-

red at high speed for 5 min to form a sol with a pH that

ranged from 9 to 10. After storage for 1 week at room

temperature, a homogeneous transparent gel formed.

Depending on the concentration of clay particles (2–

4.5 wt%), the Young’s modulus of the gel varied between

200 and 2000 Pa (Mourchid et al. 1995, 1998). All the

experiments presented here were performed with a gel with

a Young’s modulus in the range 200–1000 Pa and a yield

stress in the range 100–500 Pa.

To initiate crack growth in the gel, a fluid with known

viscosity was injected through a syringe to induce hydraulic

fracturing (Fig. 1A). When the tensile stress at the site of

injection exceeded the tensile strength of the gel, a crack

developed and propagated normal to the direction of the

greatest tensile stress. The fluid injection was continued

until a pressurized penny-shaped crack with a diameter of

the order of 1 cm and as maximum aperture in the 100–

300 lm range formed. To allow healing, the syringe was

removed and the fluid in the fracture was allowed to escape

through the hole left by the needle, which remained open

and connected the fluid filling the crack to the outside. As

the injected fluids are essentially insoluble in water and

they are non-wetting relative to water, they could not pen-

etrate into the Laponite gel. The control parameter was

fluid viscosity. Slow crack healing (0.4 cm h)1) was investi-

gated using a high viscosity fluid (approximately

400 Pa sec). Faster healing velocities (up to 1 cm h)1)

could be investigated by using lower viscosity fluids

(approximately 100 Pa sec).

A variety of fluids with different surface tensions and vis-

cosities were injected into the gel. These included a liquid

light-curable epoxy glue (Castall – Figs. 1E–G, 2A and 3A),

hydrocarbon liquids (octane, paraffin oil – Fig. 1B–D), and

motor oil (10W40 lubricating oil – Fig. 2B). The epoxy is a

low viscosity liquid that can be solidified by exposure to blue

Table 1 Material properties.

Laponite gel Fluid

Clay concentration 2–4.5 wt% –

Young’s modulus 200–2000 Pa* –

Yield stress 100–500 Pa� –

Interfacial tension – 0.01–0.1 Pa m

Viscosity 103–104 Pa sec* 100–400 Pa sec

*Mourchid et al. (1995, 1998).
�Pignon et al. (1997).
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light for 30 sec during any stage in the experiment. This

allowed the geometry of the crack aperture to be accurately

determined at any stage from the resulting cast of the crack

space. In all the experiments, a high resolution charged cou-

pled device (CCD) camera was used to record a series of

images, at a frequency of 20 pictures per hour. These pic-

tures could be analyzed quantitatively and provided a record

of the kinetics of the crack healing process.

(A)

(B) (E)

(C) (F)

(D) (G)

Fig. 1. Hydrofracturing and two modes of healing. (A) Injection of a liquid

(epoxy glue, octane or heavy oil) into a Laponite� gel. Penny-shaped cracks

are produced by hydrofracture. Cracks are 1–3 cm wide and 100–300 lm

thick. (B–D) Experimentally healed crack using a low viscosity paraffin oil: a

fluid was injected in a container filled with the gel (B) and the images

below show a time sequence (C, D). A 1 cm wide and 200 lm thick single

crack plane produced by hydrofracture formed after injection. After several

minutes, the fluid filling the crack had escaped through the injection hole,

leaving a completely healed crack. (E–G) Experimentally healed crack using

a liquid epoxy with higher viscosity: the healing front has left behind a

network of concentric channels filled with fluid. These experiments illustrate

the two modes of crack healing: either complete or incomplete with

trapping of fluid pockets.

(A)

(B)

(C)

Fig. 2. Geometry of healed cracks depending on the injected fluid.

(A) Healed crack originally filled with liquid epoxy showing the concentric

channels of fluid trapped during the healing process. Some fluid is still

trapped in the open portion of the crack. (B) Healed crack originally filled

with motor oil. With time the channels of trapped fluid become unstable

and fragment into single quasi-spherical inclusions. Finally a concentric net-

work of fluid inclusions pervades the healed region. (C) Optical microscopy

view of a naturally healed fracture in quartz (vein sample from Himalaya)

showing an organized pattern of aligned fluid inclusions that are interpreted

to have formed during crack healing.

Pattern formation of fluid-filled cracks 367

� 2009 Blackwell Publishing Ltd, Geofluids, 9, 365–372



RESULTS

Depending on the properties of the liquids used in the

experiment, complete healing without any fluid trapping

(Fig. 1B–D) occurred, or the healing process produced a

pattern of tubular fluid inclusions (Figs 1E–G and 2A) that

eventually necked-off to form aligned series of spherical

fluid inclusions (Fig. 2B), very similar to that observed in

naturally healed cracks (Fig. 2C). The formation of lines of

bubbles via necking of large aspect ratio fluid cylinders is

the well-known Plateau-Rayleigh instability, which is driven

by reduction in the interfacial energy (Chandrasekhar

1981). This process involves viscous deformation of the

visco-elasto-plastic gel. To our knowledge, the first step,

the formation of annular channels near the crack tip by a

‘zipper’ mechanism, has not been observed in situ, and

described at such a high temporal resolution.

By analyzing epoxy casts of the crack, the early stage of

healing can be studied. Using this approach, we measured

the crack tip geometry before channels had formed by

using a white light interferometer. These experiments

revealed that, during this early stage of healing, an annulus

forms at the crack perimeter (Fig. 3B, top). Combining

this information with time-lapse videos (one picture

taken every 3 min) establishes the following healing

scenario. Initially, an annular channel developed at the

crack perimeter. There, indentations formed on both sides

of the fracture, near its perimeter, and grew until the annu-

lus was penetrated. The point of penetration nucleated a

‘zipper’-like mechanism (Fig. 3A,C) that removed fluid

from the region near the crack perimeter, separated a cylin-

der of fluid (aligned along the crack perimeter, Fig. 3B)

from the fracture aperture and formed a new crack perime-

ter closer to the fluid outlet. This closed the crack in the

region between the fluid-filled cylinder and a new fracture

of reduced length was formed. The process was repeated a

number of times until almost the entire crack aperture had

closed, with the exception of an array of fluid inclusions

and ⁄ or fluid-filled channels that record the location of each

successive fluid-filled cylinder and each successive crack

perimeter formed by the ‘zipper’ mechanism. The thick-

ness of the successive channels was constant, but the

distance between the channels tended to decrease as

healing progressed. Later, the channels became unstable to

longitudinal thickness perturbations and fragmented to

form isolated spherical bubbles. The degree to which the

fluid-filled channels exhibited instability depended on the

fluid. The instability was pronounced with motor oil

(Fig. 2B) but relatively few quasi-spherical inclusions

formed if epoxy was used (Fig. 2A).

(A) (B)

(C)
Fig. 3. The ‘zipper’ effect. (A) Successive pic-

tures of the detachment of a cylindrical fluid

inclusion at the crack tip in an epoxy-filled crack

(see also the movie in supplementary materials).

(B) Sketch of the initiation of a cylinder at the

crack tip. When the elastic resistance of the gel

is small enough, the two surfaces can join. (C) A

channel of fluid then separates. While the pres-

sure gradient is radial in the open portion of the

crack, it becomes tangential near the channel.

The process is driven by surface tension and the

release of elastic energy in the deformed gels.

The channels detach like a ‘zipper’ from the

open part of the crack.
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DISCUSSION

During the experiments, the distance that the crack perim-

eter had receded after the syringe was removed was mea-

sured as a function of time using the CCD camera images

(Fig. 4). The evolution of the fluid flow field in the crack

was qualitatively determined by the motion of tiny bubbles

initially present in the epoxy glue. During continuous heal-

ing (Fig. 1B–D), the flow field was radial near the crack

perimeter so that the fluid moved directly from the crack

perimeter toward the still open channel formed by the syr-

inge needle near its center. In this case, a parallel-plate flow

model can describe the drainage of the crack with a fluid

velocity that depends on the pressure gradient and the

square of the crack aperture (Landau & Lifshitz 1987).

During discontinuous healing (Fig. 1E–G), the motions of

the tiny bubbles showed that the fluid flow was tangential

to the circular perimeter near the edge of the crack, and

the fluid circulated parallel to this closure front (Fig. 3B).

As the fluid is allowed to drain from the crack, the fluid

pressure is controlled by the viscous resistance of the fluid

flowing out of the crack. Under the conditions of the

experiments, the forces involved in crack healing are sur-

face tension forces at the solid–liquid interface, viscous and

residual elastic forces in the gel and the viscous forces in

the liquid. For an elastic material, the pressure contribu-

tion to open a crack is given by DP = wE ⁄ 4c, where w and

c are the crack thickness and width, E is the Young’s mod-

ulus of the elastic solid, and DP represents the fluid over-

pressure in the crack to maintain it open (Barenblatt

1962). Using the Young’s modulus measured for Lapo-

nite� gels (200–1000 Pa) and typical values for w and c

from the experiments, an elastic contribution DP in the

range 1–10 Pa is obtained. As the time taken for the frac-

ture to close is large compared with the Maxwell time of

the gel, the elastic strain can be assumed negligible.

Because of the small fracture dimensions and the low fluid

velocities, the Reynolds number (on the order of 10)7) is

much too small for inertia forces to be important. The cap-

illary number of the experiment Ca = U0g ⁄ r is in the range

0.01–0.4, where U0 is the velocity of the fluid (U0 approx-

imately 10)5 m sec)1), g is the fluid viscosity (g approxi-

mately 100–400 Pa sec) and r is the surface tension

(r approximately 10)2 to approximately 10)1 Pa m). Low

capillary number healing is driven by elastic forces and sur-

face tension. At higher capillary numbers, as in our experi-

ments, crack healing is controlled by the balance between

viscous flow and surface tension acting on the crack walls.

Surface energy-generated forces in regions of high inter-

face curvature blunt the crack tip and lead to necking of

the fluid layer there. Blunting and necking necessarily

involve flow of the gel, and because of this process, the

crack shape becomes quite different compared to the equi-

librium crack shape in a linear elastic solid. On short time

Fig. 4. Crack healing rate as a function of the nature of the infilling liquid for a 4% clay weight gel. The crack length is normalized to its initial maximum

length. For paraffin oils (viscosity 110 and 210 Pa sec), the healing process is continuous (see also Fig. 1B–D) and the rate of crack closure increases with

increasing time. For light curing liquid epoxy (viscosity close to 400 Pa sec), the healing process is discontinuous with velocity jumps (arrow) corresponding to

the formation of cylindrical fluid inclusions such as those on Fig. 1E–G. In this case, the process is controlled by surface tension and viscous ⁄ plastic deforma-

tion of the gel. The final geometry of the healed crack is shown in Fig. 2A. In these four experiments, only the viscosity of the filling fluid is varied.
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scales (during hydrofracturing or healing with a low viscos-

ity fluid), surface tension, acting in conjunction with the

fluid pressure, is responsible for homogeneous opening or

healing of the cracks (Fig. 4, open circle symbols). In this

case, a single time scale is imposed by the viscosity of the

liquid. However, when the rate of the healing process is

slowed down (by using a fluid with a higher effective vis-

cosity), inelastic deformation (i.e. viscous creep) in the gel

becomes important (under these conditions the viscosity of

the gel is between 103 and 104 Pa sec, see Pignon et al.

1996). The new time scale associated with the healing pro-

cess involves a competition between the viscous resistance

of the fluid and the inelastic viscous flow of the solid, as

observed in healing of natural minerals.

According to Eggers et al. (1999), pinch-off does not

occur when the matrix enclosing the cavity deforms by a

purely linear Newtonian mechanism. So our first task is to

explain why pinch-off is ever observed in our experiments.

We propose that pinch-off can occur because the gel com-

prising the matrix has a yield stress. To understand how

that yield stress might lead to pinch-off, we propose the

following, highly simplified, dynamical model.

Figure 5 displays the geometry of the cross-section of

the growing rim. Even if the cross-section of the crack may

roughly be elliptical with an aspect ratio approximately 3

(Fig. 3), for simplicity we model it as being circular.

We then assume that the elastic strain energy is completely

dissipated during and shortly after fracture formation; any

strain energy remaining after fracturing would be lost to

creep on the Maxwell time scale, which is short compared

with the healing time. Healing in our experiments is there-

fore driven entirely by surface energy, as in all the other

examples of healing in minerals cited herein.

In Fig. 5, let us consider the radial force balance on the

liquid to the left of the neck at x = 160 lm. As the frac-

ture has two faces (only that above the center plane being

shown), surface tension exerts a leftward force 2 ⁄ r
(Fig. 5A). Because inertia is negligible during the slow

healing process, that leftward force must be balanced by

the rightward force exerted by the gel across the gel–liquid

interface. According to Fig. 5A, the x-dimension of the tip

is large compared with its y-dimension, so we may assume

that the rightward force is due primarily to shear stress

(rather than to the gel pressure). The rightward force is

therefore given by 2=� L, where s is the shear stress aver-

aged over the tip length L. Consequently:

� ¼ � L ð1Þ

Figure 4 suggests that, as the fracture heals, the tip propa-

gates inward, collecting liquid from the fracture as it goes.

Consequently, the scale of the tip increases with time; so L

should be an increasing function of time. According to

Eqn (1), s therefore decreases with time. But because the

gel is a Bingham plastic, tip motion ceases when s falls

below the yield stress,s0. The tip will then be left behind as

the rest of the fracture continues to rearrange itself to mini-

mize the surface energy of the whole system. Because the

tip in Fig. 5B is, it appears, close to pinch-off, we can test

this explanation by using Eqn (1) to estimates0. Assuming

that the figure shows half the tip length, we estimate a tip

length L = 0.1 mm, and for r � 0.01–0.1 Pa m, we obtain

s � 100–1000 Pa. The yield stress of the Laponite gel used

in the experiments lies within that range. The experiments

were performed using a gel consisting of about 4 wt%

of Laponite in water; for the Laponite density of

2530 kg m)3, this corresponds to volume fraction 1.6%.

According to Pignon et al. (1997, fig. 12), the correspond-

ing yield stress is s0 � 200 Pa. So our estimate above is

consistent with the claim that pinch-off occurs in our exper-

iments because the gel has a yield stress.

Similar patterns of fluid inclusion arrays are observed in

rocks. Unlike the gel, where deformation occurs by viscous

diffusion in the solid, irreversible deformation occurs by

surface diffusion and ⁄ or dissolution–precipitation processes

for cracks in rocks. Though our results cannot be applied

directly to geologic processes, using a gel for the matrix

allows a relatively easy laboratory demonstration of an

important geologic process. Extrapolation to natural sys-

tems should be taken with caution, because we use here a

Bingham rheology for the gel. In real rocks, other rheolo-

gies can be assumed (Maxwell rheology for example to

describe the visco-elastic deformation of the minerals). In

both cases, however, a common property of the instability

is the fact that the crack tip velocity should drop to zero

(A)

(B)

Fig. 5. (A) Force balance on the growing rim (see Eqn 1). (B) Measured

fracture cross-section using white light interferometry, and showing a

growing rim of thickness approximately 20 lm and width approximately

100 lm at the crack tip. Only the top half of the fracture is shown here, a

mirror image of the curve giving the shape of the whole fracture tip.
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before the nucleation and detachment of a rim and that

the whole process is driven by a reduction in surface

energy (elastic strain energy can be neglected).

CONCLUSIONS

Our experimental results demonstrate that closure of a

fluid-filled, penny-shaped crack can be a discontinuous pat-

tern-forming process that creates an array of cylindrical and

spherical inclusions. Estimation of the surface areas by

image analysis indicates that the transformation from a pla-

nar crack to an array of spherical voids results in a reduc-

tion in the total surface energy of the system. The healing

process is driven by the release of interfacial energy due to

the formation of two solid–liquid surfaces. The formation

of annular and spherical inclusions implies that inelastic

deformation in the gel is important. Crack healing in the

Laponite gel is similar to the processes that occur in natu-

ral cracks in rocks, except that the mechanisms of inelastic

deformation of the solid are different (surface diffusion or

dissolution-precipitation in rocks versus visco-plastic defor-

mation in the gel) and hence the rheology that describes

the deformation should also be different.

The pattern-forming process studied in these experi-

ments provides a good analog model for crack healing

under natural conditions, and the final patterns are very

similar to those observed in mineral crystals. The experi-

ments indicate how fluid inclusions can be formed in rocks

of the upper crust and provide a detailed kinetics study of

the phenomenon, showing that the crack tip velocity must

decrease to zero for pinch-off to occur. The main ingredi-

ents to obtain such crack healing patterns are as follows.

(1) The process is driven by a reduction in surface tension

only (the elastic strain energy being negligible).

(2) The crack-tip velocity must decay to zero for pinch-off

to occur; however, this is not a sufficient condition, as

shown in Wong et al. (2000).
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