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Simulation of prismatic cracking of cooling basalt
lava flows by the drying of sol-gels

D. HULL,B. D. CADDOCK
Department of Materials Science and Engineering, University of Liverpool,
Liverpool L69 3BX, UK

The progressive development of primary arrays of straight and curved cracks during the
drying of thin films of aqueous silica sol-gel is investigated experimentally by direct
observations using light microscopy. Three main test configurations are used to generate a
range of drying profiles in the sol-gel: (i) films between a glass plate and a flexible glass
cover slip; (ii) films between two glass plates held apart by a rigid spacer, and; (iii)
uncovered films on a glass plate. Cracks in the primary arrays grow normal to the
iso-concentration water profiles. The arrays of primary cracks observed in basalt lava flows
and described by Spry (J. Geol. Soc. Aust. 8 (1962) 191) i.e. parallel straight columns,
chevrons, rosettes, fans, inverted fans and basins, are reproduced in the pseudo
two-dimensional films of sol-gel. The development of both primary and secondary cracking
patterns is strongly dependent on the constraints associated with the bonding of the sol-gel
to the glass and the subsequent splitting of the gel-glass interfaces. © 1999 Kluwer
Academic Publishers

1. Introduction rate of cooling, dependent on the thermal properties
The regular prismatic columns formed in basalt lavaof the molten lava and solid basalt, the overall shape
flows, as in the Giant's Causeway in Northern Irelandof the lava flow, mechanical relaxation associated with
and in many other sites around the world, are now excreep and viscoelastic deformation and the strain en-
plained in terms of the stresses associated with differergy release during crack growth in large temperature
ential shrinkage during cooling. It is supposed that thegradients. Much of this information is inaccessible but
cracks grow normal to the cooling isotherms. Manythe interaction between the key variables can be repre-
models have been proposed for the geometry of theented by the schematic in Fig. 1a.
columns. Reviews of these models and analyses of the Our primary objective in initiating this work was to
importance of cooling by conduction through the so-explain the intriguing cross-fractures in basalt columns.
lidified lava, and cooling by convection through the As a preliminary we have sought a system that sim-
cracks, on the dimensions and shapes of the columngates the cracking processes in basalt that is more
are given in references [1, 2]. The explanation of secaccessible to direct experimental study. A similar ap-
ondary cracking of these prismatic columns, particufroach has been described byl [4] who studied
larly the cross-fractures, sometimes referred to as ‘balshrinkage cracks in starch. This material dries to give
and socket jointing’ [3], remains a mystery althoughan ordered, three-dimensional, columnar array with a
various models have been offered. None of these adeimilar morphology to basalt columns. The system we
guately account for the characteristic features of thesbave chosen is a drying sol-gel in which crack initiation
cross fractures. and growth is determined by shrinkage associated with
Direct experimental work on the development of the evaporation of water which transforms the material
cracking patterns during cooling of basalt lava flows isfrom a low viscosity liquid, the sol, to a rigid solid,
difficult. The crack spacing is of the order of 0.3—1.0 mthe dried gel. The gel is a silica network. This sys-
so that exceptionally large volumes of material are in-tem has many characteristics closely analogous to the
volved. The molten lava is at high temperature and thesolidification of lava. The kinetics and mechanics of
cooling rates mean that the time scales for the growtterack growth are controlled by the evaporation of wa-
of cracks (typically 3—10 m long) is very long. Direct ter. Cracks grow in a field with a strong water concen-
observation of growing cracks is impossible except bytration profileC(z, t) wherez is normal to the drying
imprecise indirect methods. Thus, the description angurface and is time. This simulates the temperature
interpretation of the cracking patterns is based primarprofile in the lavar (z, t). The isotherms of the lava are
ily on posthumous observations. replaced by lines or surfaces of constant water content
The mechanics of crack growth in lava flows must(iso-concentration), as illustrated in Fig. 1b. A major
involve a combination of many variables including the difference, that influences the experimental approach,
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Figure 1 Schematic representation of formation of shrinkage stresses in
cooling lava flows and drying sols.

is that there is a large reduction in volume of the gel \§§§‘;\- :
, " - ; NNt
before it becomes sufficiently rigid for the shrinkage to S
induce cracking. ===
The sol-gel used in this study was transparent, in both (g) basin
the liquid and solid states, so allowing direct observa-
tion of the deformation and cracking events. The mi-Figure 2 Curved columnar structures formed in basalt lava flows ac-
crostructure of the sol-gel had dimensions of less thaf§°rding to Spry [7]. Arrows mark the probable direction of growth of
0.1..m. This ensured that cracking phenomena, on th&!® Primary cracks. These were ot identified by Spry.
scale of microns, could be investigated in a material
that was effectively homogeneous, with no direct influ-
ence of the microstructure on the paths of the crackdel columns normal to the surfaces. It is supposed that
Cracking associated with silica sol-gel desiccation isthe curved columnar structures form when cooling is
reviewed in ller [5] and Brinker and Scherer [6]. non-uniform as in the entablature that forms between
To make an assessment of the value of the sol-gel syswo sets of columnar cracks from the top and bottom
tem in simulating the cracking patterns of basalt lavasurface of the flow, and in regions of non-planar flow,
we chose to attempt to reproduce directly the main patas in irregular dykes and sills.
terns illustrated by Spry [7] in his review of the crack- The field observations rarely reveal the direction of
ing of basalt. These are reproduced in Fig. 2 and argrowth of the primary cracks. This makes the distinction
referred to by Spry as “common structures formed bybetween the three chevron patterns (Fig. 2a—c) problem-
curved columns.” The drawings are two-dimensionalatic. They are in effect the same pattern providing it is
representations of three-dimensional arrays of cracksassumed that the primary cracks grow in the direction
The patterns illustrated in Fig. 2 summarise a largandicated by the arrows. The two fan patterns (Fig. 2e
number of field observations. They show a primary ar-and f) are also the same but there is a distinction if the
ray of cracks (representing columns) which produce thgrimary cracks grow in the directions indicated.
dominant features of the patterns. This determines the In this paper we describe the experimental simula-
nomenclature: chevron, rosette, fan and basin. Followtion of these patterns using a quasi-two-dimensional
ing earlier work [8-10] Spry assumed that the growthgeometry. Inevitably, three-dimensional effects occur
of the primary cracks was normal to the isotherms. Thehat complicate the interpretation but we attempt to
patterns also show ill-defined secondary cracks lyingninimise or isolate these.
approximately normal to the primary cracks. These are An important feature of prismatic cracking of lava is
referred to as ‘cross fractures.’ In quiescent stable conthe development of large numbers of cracks. This phe-
ditions a planar static lava flow cools uniformly from nomenon is widely observed in many material situa-
the top and bottom surfaces with isotherms parallel tdions and is usually referred to as ‘multiple cracking.’
these surfaces. This results in an array of straight paralFhus, experimental observations that model multiple
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cracking have a direct relevance, outside those of 50
columnar jointing, in areas such as damage develop-
ment in composite materials, crack patterns in mud, wl . '
ceramic coatings, brittle films on plastics, glazes on Ludox drop with cover siip
pottery, cracking of oxide films and the flow processes
and drying mechanisms of printing inks and paints.

open Ludox droplet

30 -

weight loss, %

2. Materials and experimental procedures

2.1. Silica sol-gel

A commercial aqueous silica sol was used in all the ex-
periments. The product, identified as Ludox TM-50, is
marketed by Du Pont. Ludox TM-50 is a mobile liquid
with a silica content of 50 wt %, the remainder being 0 ! L
water except for a small amount of alkali to stabilise the 0 o 200 300
sol at a pH of about 9.0. In some experiments Ludox fime, min

TM-50 was diluted with water to give a lower silica Figure 3 Drying profiles of Ludox TM-50 drops, with and without a
content and reduce the viscosity of the sol. In a sealedover slip, in air at 20C.

container the sol is stable at room temperature for sev-

eral months. In an open container the water evaporat€§ er the rate of evaporation, per unit area of surface,
and the sol transforms to a gel. Loss of water lead§s greatest at the edges of the film where the radius of
to large shrinkage strains that can result in shrinkage ,vature is smallest. Complete drying of the TM-50,

cracks; the density of the cracks and the cracking paty, g weight loss of 50%, was achieved by heating to
terns depend on the external and internal constraintgggoc

during drying. _ _ Cracking started in the uncovered film after about
The sequence of events during the drying of a sol-gel 3 min and was complete after 40 min, sometime be-

is complex [6]. As the water evaporates from the surfacgq e the drying curve started to level off. The onset of

of the sol the silica particles (mean patrticle size 30 NMracking corresponds to an overall weight loss of 15%

[11]), dispersed in water, approach each other. Silanal g cracking is complete after an overall loss of 40%.
groups on the surface of the particles interact in a cona gjmilar result was obtained for the covered film, with

densation reaction to form oxygen bridges linking the .4 cking initiating after 5 min. In all tests cracking initi-

particles into extended three-dimensional chains. Ageq at the edges of the covered film and the open drop.
drying proceeds the chains link up to form a continu-rjs was followed by a complex sequence of cracking

ous network with an open structure. The liquid becomesy g cesses as the rest of the sol dried, as described in
a viscoelastic gel which increases in stiffness as furthegq ctions 3 and 4. The cracking patterns influence the

evaporation occurs. Eventually, the gel becomes arigigjitrysion paths for the moisture and the concentration
solid consisting of an aggregate of chains of silica par-

> 1ol ) gradients in the drying sol-gel.
ticles with inter-connecting pores. Removal of the last
traces of water requires extended heating at elevated
temperatures. 2.2. Direct observation of development
The correlation between water content, specific vol- of crack patterns
ume and material properties such as shrinkage and vigx number of test procedures were developed during this
coelasticity are difficult to determine and have not beerwork. It has been possible to generate a very wide range
measured in this work. In the context of the experi-of patterns from conventional mud cracks to highly
ments described in the next section some appreciatioaligned two-dimensional linear arrays of ‘columnar’
of the inter-relation between cracking and drying wascracks. These patterns are determined by the drying
obtained by measuring the weight loss of a film of TM- profiles generated in the test samples and the external
50 sandwiched between two glass slides, see inset iconstraints to shrinkage. The experiment with the cover
Fig. 3. The bottom glass slide was 1 mm thick and theslip described in the previous sub-section was com-
upper slide was a 0.1 mm thick, 18 mm square, coveplicated because, as evaporation proceeded, shrinkage
slip. A drop of liquid was placed on the bottom slide resulted in the formation of shrinkage cavities in the
and this was covered with the cover slip. The liquidun-gelled liquid in the centre of the disk and the de-
formed a square film with the same dimensions as thélection of the thin cover slip drawn in by the surface
cover slip. The initial thickness of the liquid film was tension between the liquid and the drying gel and the
about 50um. The data is shown in Fig. 3. Equivalent glass. The drying sequence and the crack patterns de-
data for the drying of an uncovered circular drop of film pended on the thickness of the cover slip, the amount
of TM-50 with a similar weight is also shown. of sol, and the interface properties between the drying
Evaporation was restricted to the edges of the squaréM-50 and the glass.
film. Weight loss was rapid at the beginning and it All the experiments reported in this paper were made
started to level off between 30 and 40%. A similar resultby observing cracking in thin films. Three experimental
was obtained for the uncovered circular film. Evapora-configurations were used: (i) films between two rigid
tion of the uncovered film occurs from a surface aboutglass plates; (i) films between a single rigid plate and a
10 times greater in area than for the covered film. How{lexible cover slip, and; (iii) uncovered drops and films

20 - cover slip on Ludox fil

rigid glass slide
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on a rigid glass plate. Except in the late stages of dryeracks approach the boundarybabut never cross it.
ing, the sol and gel remained transparent throughouThese cracks are normal t&6-a and so form normal
the drying process. Direct continuous observations ofo the water concentration profiles. Inside the bound-
the drying process and the nucleation and growth otry a-b the sol is a mobile liquid. High resolution light
cracks were made using transmitted and reflected lighticroscopy of this region revealed rapid movement of
microscopy. The optical axis of the microscope wasimpurity particles as the liquid flowed to the bound-
normal to the plane of the glass plates. Variations inary to feed the large amount of shrinkage that occurred
thickness of the films and the development of delam-before the sol changed to a gel and became rigid.
ination and cracking parallel to the plates was deter- Initially, all the primary cracks grew normal to the
mined from interference patterns in reflected light andedges of the square cover slip and then developed into
through-thickness differential focusing. The crackingcurved arrays. Away from the corners the cracks re-
and deformation processes were clearly visible in bottmained normal to the edges and formed a parallel array
reflected and transmitted light. of cracks equivalent to the regular columns that form
in basalt lava. An example of such an array is shown in
Fig. 6. The image in Fig. 6a was obtained in transmit-
3. Deformation and cracking processes ted light and the image in Fig. 6b in reflected light. The
in sol-gels detail in Fig. 5 shows that cracking occurred progres-
In this section we describe one example of the sequenasively. Cracking was complete after about 30 min. Both
of cracking in a film to illustrate the influence of drying primary cracking and delamination occurred somewhat
profiles and external constraints on the development oérratically. At times the cracks grew smoothly and con-
cracking patterns and the sequence of cracking. In thiinuously and at other times in a stop-go mode. Fig. 5a
way we demonstrate the origin of the main featuresshows an early stage of crack formation; the cracks nu-
of the patterns we have produced that simulate the patleated at the edges of the film. The liquid-solid bound-
terns formed in basalt lava (Fig. 2) described in the nextiry corresponding to a-b in Fig. 4 is clearly visible. The
section. feature marked X is a small void in the sol which did
The main features of the cracking process are shownot move during cracking. The average spacing of the
inFig. 4. This is a partially cracked film between a rigid primary cracksW, is approximately 15m.
glass slide and a square flexible cover slip. The pro- In separate experiments the rawd p for films be-
gressive development of this pattern is shown in moreaween two glass slides was measured and the data is
detail in Fig. 5. The initial thickness of the film was shown in Fig. 7;p is the thickness of the film. For
about 5um. The image in Fig. 4 was obtained in re- thin films (5-150.m) a flexible cover slip was used.
flected light and shows the formation of a set of primaryThe thickness was varied by controlling the amount
cracks and the development of delamination or splittingof sol. After cracking the cover slip was removed and
(shown by the bright areas) between the glass and thiae dimensions of individual laths were measured us-
solidified gel. In this experimental configuration thereing a light microscope. A wider range of thicknesses
are two such interfaces; splitting at one interface alwaysvas obtained by making a wedge of sol between two
precedes splitting at the other. The diffuse boundariesigid glass slides separated at one end by a spacer. The
a-b and &b’ mark changes associated with the trans-sol was introduced into the wedge cavity. After dry-
formation from a liquid sol to a rigid gel. The primary ing there was a continuous variation of crack spacing

Figure 4 Reflected light microscope image of corner of a square cover slip, on a film of sol-gel supported on a rigid glass slide, showing a partially
cracked film. An array of primary cracks has formed at the edges of the cover slip and grown into the film. Subsequently, delamination has occurred
at the glass-gel interfaces producing a bright image.
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Figure 5 Progressive development of primary cracks and delamination in specimen illustrated in Fig. 4. Figs 5a, b and d taken in reflected light and
Figs 5c, e and f taken in transmitted light.

along the length of the wedge. This was measured irrs are nucleated, depending of the pattern, so that
a light microscope without separating the glass slidesthe crack spacing-film thickness ratio remains approxi-
The thickness of the film along the wedge was determately constant. However, with a flexible cover slip the
mined from the dimensions of the wedge. This approaclilm thickness varies as drying of the film progresses so
is similar to the method described by Allain and Limat that the average spacing changes. Thus, in the exam-
[12] who also measure@//p using spacers of differ- ple in Fig. 5, the film thickness decreased as the cracks
ent thickness to obtain a range of valuegpoThe data grew so that the average spacing decreased. Figs 5b
is included in Fig. 7. The broken line in Fig. 7 corre- and c were taken at approximately the same time and
sponds toW/p=3. There is reasonably good agree-illustrate the difference between the images produced in
ment between the present results and those of Allaitransmitted and reflected light. Some secondary crack-
and Limat. However, it should be emphasised that nang is apparent in Fig. 5d. The appearance of the film
systematic experiments have been made to evaluate tladter cracking is complete is shown in Fig. 5e. Further
effect of drying variables, such as rate of evaporatiorsecondary cracking has occurred. The complex fringe
and concentration gradients, &/p. These may ac- pattern results from multiple scattering and interference
count for some of the scatter in Fig. 7. from light scattered from surfaces formed by delamina-
The individual cracks in the array grow erratically tion at both glass-gel interfaces. At this stage the cover
although the average speed of the cracks is the same. #tip can be readily removed and thin laths or filaments of
the curved arrays some of the cracks stop, and othsolid material lie loosely on the glass surface (Fig. 5f).
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Figure 6 Parallel arrays of cracks viewed in: (a) Transmitted and; (b)
reflected light, illustrating the approximately uniform spacing and the

(b)

erratic progress of the cracking front.
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Figure 7 Variation of crack spacing with thickness of film determined

,'/o“ L J
. e
Y

@ wedge experiment

B lath measurements
O Allain et a/

100

by different methods.

200 300 400
thickness, p, mm

500

creases. When the outer rim of the film becomes rigid
further reductions in the thickness of the film become
non-uniform and the cover slip deforms elastically so
that the film becomes thinner in the middle. Eventually,
a shrinkage cavity forms in the centre of the film.

Further shrinkage of the rigid or semi-rigid gel occurs
after the primary array of cracks has formed. This leads
to delamination and secondary cracking because the
constraints are non-uniform. Since the main emphasis
of this paper is the development of the array of primary
cracks this aspectis not developed here. However, some
features of the cracking process, that are not apparent
in the example displayed in Figs 4 and 5, require a brief
explanation because they relate to the interpretation of
the patterns shown in the next section.

The constraints during drying of a film, without a
cover slip, are significantly different from those for a
film formed between two glass plates. Shrinkage nor-
mal to the film is less constrained so that the onset of
delamination is delayed. However, the later stages of
shrinkage are non-uniform, through the thickness, so
that after the formation of the primary cracks the fila-
ments curl away from the glass plate. In contrast, for a
film bounded by two rigid plates held a fixed distance
apart during drying the shrinkage normal to the film
produces large constraints at a much earlier stage of
the drying process. Primary and delamination cracks
are closely associated and in some cases the primary
cracks grow ahead of the delamination and in others
the sequence is reversed. Both sets of growing crack
fronts are closer to the liquid boundary. The delamina-
tion cracks grow in a stop-go mode and traces of suc-
cessive positions of the crack front are left in the film
and on the glass surface because of plastic relaxation
at the tip of the stopped cracks. In this test configura-
tion some cracking also occurs, parallel to the glass-sol
interface, through the semi-rigid gel. Most of these fea-
tures are displayed in the patterns formed in the ‘basin’
and ‘inverted fan’ patterns shown in the next section.

A schematic representation of most of the cracking
features described in this section is shown in Fig. 8.
These are section diagrams normal to the plane of the
film and parallel to the direction of growth of the pri-
mary cracks. In addition to the cracking processes shear
deformation of the semi-rigid gel occurs before the pri-
mary cracks form, as illustrated in Fig. 8a. Shear band-
ing was observed for all the test configurations and was
readily observed by varying the optical conditions in
the microscope. The primary cracks grew through the
region of shear deformation. Shear occurred in discrete
bands which were at approximatel45° to the pri-
mary cracks. An example of primary cracks that have
grown through shear bands is shown in Fig. 9.

4. Simulation of curved columns in lava flows
Following the discussion in Section 1 we identify five

The sequence of primary, secondary and delaminaindependent patterns from Spry’s diagram in Fig. 2.
tion cracking in this example is, in part, related to theThey are chevron, rosette, fan, inverted fan and basin.
configuration used. The large reductions in volume thatn this section we illustrate the formation of each of
occur before the material is sufficiently rigid to crack these patterns in a drying sol-gel. More complicated
are accommodated by liquid flowing from the centrepatterns have been produced but they are essentially
to the edges and the overall thickness of the film decombinations of these simple patterns.
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damage left at tip of blunted crack shear deformation before cracking
glass plate
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solid (gel) L1 (sol) flow of liquid
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primary crack front g (a)
main direction of drying increasing rigidity
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(b)
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rapid loss of secondary cracking
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curved \ A
(d)

primary crack front

Figure 8 Schematic of cracking processes of drying sol-gel films: (a) Crack formation between two glass plates with a primary crack and delamination
cracks; (b) primary crack and a delamination crack developing into a crack through the sol-gel parallel to the glass plates; (c) primary crack and
secondary cracks that have grown at the drying surface of a delamination, and; (d) primary crack, secondary cracks and a delamination crack in an
uncovered film (note the change in shape of the film as it dries).

The choice of the experimental configurations used-ig. 8d) and in the centre of the rosette final shrinkage
to produce the patterns was somewhat arbitrary. Wefthe liquid left a very thin film. When the radial cracks
have used the three approaches described in Sectiorr@ached the centre the internal stresses in the individual
and selected examples that illustrate the effects in thiaths led to marked bending away from the glass
most elegant way. In all the examples the direction ofsurface. This relaxed the internal stresses in the laths so
growth of the primary cracks is shown by the arrows. thatno secondary cracks occurred. Similar observations

RosettesThe crack patterns in Fig. 10 formed in have been reported recently by Allain and co-workers
films of sol without a cover slip. Fig. 10a is for diluted [13-15].

Ludox with 30% silica on a glass surface. Primary The pattern in Fig. 10b formed in the centre of a
cracking started at the outer edge of the film and thdarger, approximately square film of undiluted TM-50
cracks grew radially to the centre. At a later stage de{50% silica). This was thicker than the film in Fig. 10a.
lamination cracks formed at the glass-gel interface. AdPrimary cracking was followed by delamination. Some
drying progressed the thickness of the film varied (se@f the internal strains in the laths (or columns) were
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relieved, before delamination, by secondary cracking.
These cracks developed as non-continuous concentric
rings, about the centre of the rosette, approximately nor-
mal to the primary cracks. There is a shrinkage cavity
in the centre of the rosette.

Chevrons The technique for producing the chevron
patterns shown in Fig. 11 was similar to that used for
the rosettes. A drop of TM-50 was placed on a slide
and then smeared into a streak approximately 3 mm
wide and 20 mm long. Drying and cracking started at
the rounded ends of the streak forming semi-rosette pat-
terns ateach end asiillustrated schematically in Fig. 11a.
Later ‘columnar’ parallel cracking occurred atthe edges
of the streak where the drying front became parallel to
the sides. The chevron pattern, Fig. 11b, formed in the
Figure 9 Parallel array of cracks that have grown through shear bands'€gion between the semi-rosettes and the parallel pat-
terns, formed under the influence of drying from the
sides and from the ends.

The film was thinner at the edges of the streak and
the cracks were more closely spaced, approaching the
limit of resolution of the light microscope. The crack
spacing increased progressively towards the centre of
the streak. Examples of the increase in crack spacing
are evident at the sides of the image in Fig. 11b.

In exposed thin films drying occurred in about 5 min.
The direction of growth of the cracks, marked on
Fig. 11, was readily followed in the microscope. The
curvature of the cracks, producing the chevron pattern,
results from the drying profiles. Ifitis assumed that the
main direction of primary crack growth is normal to the
iso-concentration lines it is possible to map the position
of these lines as illustrated in Fig. 12. As the chevron
cracks approached each other the crack paths are in-
fluenced by the interaction of the local stress fields as
well as the more global stress fields arising from shrink-
age. The cracks curve towards each other meeting other
cracks at right angles.

Fans Progressive cracking leading to the develop-
ment of a fan is illustrated in Figs 4 and 5 for a thin
film between a rigid glass slide and a cover slip. The
appearance of the fan depends on the angle between the
two main edges at which drying occurs. In the example
shown in Fig. 5 the edges are at°30 each other. An
example of a fan, formed with the same experimental
arrangement, for edges at’@® each other is shown in
Fig. 13. When the angle between the edges is reduced
further the fan shape approaches the shape of a chevron.
The transition from a fan to a chevron occurs at an an-
gle of about 45 but this is probably an arbitrary effect
depending on film thickness and crack spacing.

Inverted fansAs shown in Fig. 2f, an inverted fan is
formed when the cracks splay outwards as they grow.
The test configuration used to generate this pattern is
illustrated in Fig. 14. The cavity, of uniform thickness,
was formed between two rigid glass slides. The shape
of the cavity was determined by inserting a spacer of
polyethylene film. To ensure a good seal between the
spacer and the glass the sandwich of glass slides and
spacer was clamped together and heated in an oven for

() 10 min at 150 C. Melting and flow of the polyethylene
Figure 10 Rosette patterns of cracks formed in uncovered films: (a)OCCUFI‘.ed. The initial thICkneS_S of the film was fitn
Thin film of diluted TM-50 Ludox with 30% silica; (b) thicker film of @nd this reduced to 4@m during heat treatment. The
undiluted TM-50 Ludox. film was shaped and arranged so that the narrow edge
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Figure 11 Chevron patterns formed in an uncovered streak: (a) Schematic representation of the arrangement of primary cracks, and; (b) direct
observation of crack pattern in a region of chevron cracks.

of the cavity and the bottom of the reservoir were operearly stage of splaying is shown in Fig. 16b and a fully
to the atmosphere. The reservoir region was includedplayed region, viewed in transmitted light is shown in
to provide extra liquid to feed the shrinkage associatedrig. 16c. Many secondary cracking processes, associ-
with drying. The cavity was filled with TM-50. The ated with shrinkage are apparent in Figs 16b and c.
open end of the reservoir was then sealed with adhe- Basins The experimental arrangement was similar
sive tape. Drying started at the narrow edgeyf. The  to that used for inverted fans with a cavity shaped as a
cracks developed behind the drying front and spreadurved band. Drying occurred from one end of the band
outwards producing the pattern shown in Fig. 15. Thewvhich was open to air. Cracks nucleated in this region
spacing of the cracks is greater than those for the fanand grew on curved paths around the basin-shaped re-
shown in Figs 5 and 12 because the thickness of thgion. An example is shown in Fig. 17. Stop-go delam-
film is greater. ination cracking also occurred as described above and
Two main sets of markings are apparent in Fig. 15illustrated in Fig. 16a.
an inverted fan of primary cracks and a set of approx-
imately equal-spaced lines lying normal to the cracks.
The second set of markings results from an effect ass®. Discussion
ciated with the drying of the sol gel between rigid platesThese experiments have produced many observations
constrained from moving normal to the film by the pres-that require explanation. Detailed analytical descrip-
ence of the polyethylene spacer sheet. The sequencetiens are premature because of the intrinsic complex-
illustrated in more detail by the example in Fig. 16. ity of the processes accompanying the development
Fig. 16a shows the appearance of the ‘cracking frontof the cracking patterns and the dearth of informa-
before splaying occurs (cf. Figs 16b and c). The phototion and data on the physical and mechanical proper-
graph was taken with reflected light and shows sets ofies of drying gels. We are concerned primarily with
fringes inthe region ahead of the growing cracks. Thessimulating the patterns of cracks in solidified basalt
result from delamination at one of the sol-gel glass in-and in particular with the formation of the primary ar-
terfaces owing to shrinkage normal to the plane of theay of cracks. The problem of secondary cracking that
film. Delamination occurs in a stop-go mode. At eachleads to cross-fractures in some basalt columns remains
stop stage additional deformation or damage occurto be resolved. In a two-dimensional analogue the ar-
leaving a fine line. Thus the second set of lines reprerays of primary cracks consist of sets of approximately
sent successive positions of the delamination front. Arequally spaced lines which may be curved or straight.
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Figure 14 Experimental arrangement used to produce inverted fan pat-
terns.

Figure 12 Mapping of the iso-concentration lines on the chevron pattern
of primary cracks illustrated in Fig. 11b.

Following Spry [7] and Miller [4] we assume that the
shapes of the cracks in the arrays result directly from
the shape of the iso-concentration profiles. The pseudc
two-dimensional arrays in the sol-gel which simulate
the patterns in the basalt, illustrated by Spry, were profigure 15 Inverted fan formed in a film of drying sol-gel, of uniform
duced by controlling the drying conditions. thickness, viewed in transmitted light.

Figure 13 Fan pattern formed between a rigid glass slide and a flexible cover slip with the edges of cover slip ¢ut at 65
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(b) (©)

Figure 16 Progressive development of an inverted fan: (a) Reflected light image of cracking front before splaying has started showing the banded
pattern associated with the stop-go progression of delamination cracking; (b) reflected light image of fan formation showing the splaying of the
primary cracks, and; (c) transmitted light image of an inverted fan of primary cracks with isolated secondary cracks that formed in the later stages of
drying.

Figure 17 Basin pattern of primary cracks in a film of drying sol-gel, of uniform thickness, viewed in reflected light.
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There are three main issues that require further con
sideration: the origin of the strains that lead to the for-
mation of the primary cracks, the spacing of the cracks
and the nucleation of cracks. These effects are best ut
derstood in terms of the constraints associated with th
geometry of the drying gel and the sequence of cracking
processes. Inthe first stages of drying the liquid shrinks
The liquid flows readily and there are no constraints.
In closed cells, such as in the geometry illustrated in
Fig. 8a, the volume changes are fully accommodate(
by liquid flowing to the drying region leaving a cav-
ity at one end of the cell. The viscosity of the liquid
increases progressively during desiccation. Eventuall
the viscosity is so great that volume changes cannot b
accommodated by liquid flow. This leads to shrinkage
strains that are relaxed initially by plastic or viscoelas-
tic deformation processes. The slip bands (Fig. 9), thatigure 18 Formation of multiple cracking at edge of adrying sol-gel film
form before the onset of cracking, indicate that somebetween two rigid glass plates: (a) Schematic showing the formation of
of the deformation occurs by plastic flow. an array of gracks in the outer crust of dried gel; (b) illustration of _str_e;s

The material exposed to air dries most rapidly anadlsltrlbutlon in the crust when the crack spacing has reached the limiting
eventually the surface becomes sufficiently rigid that
it cannot deform further. Thereafter elastic stresses de-

velop in this layer and, when the strains reach the criti—f’ilong the edge of the specimen. Small variations, aris-

cal value for fracture, cracks form in the surface Iayer.Ing from effects such as microstructural changes, mean

Shallow surface cracks in this outer layer grow into Iessthdat th$hcr|tlctal stralnkfofr nucleation ;{f:\lrlles along the”
rigid material. The progress of crack growth then de-£09€. ThUS, the cracks form sequentially over a sma

pends of the rate of drying and, as illustrated in Fig. 1prange of shrinkage strains. Stress relaxation around
on the drying profiles in the material below the surface.the crack reduces the stresses locally and subsequent
racks do not nucleate in these stress relaxed regions.

The elastic strains in the surface layers depend o he dist hich relaxati q r
the geometry of the drying specimen and are criticallyth N '[IS an::he Oﬁrrlwblc dreba>:a lon ot(;]cursl epen dst?]n
dependent on the constraints, arising from this geome- € strengin ot the bond between the glass an €
el and the elastic properties of the rigid gel and the

try, that restrict shrinkage. For the geometry illustrated? . oy .
in Fig. 8a, a drying sol-gel between two rigid pIates,gIass'Th'S leads to a limiting value of the crack spacing

the main constraint arises because the gel sticks to th\@hICh is related to the shrinkage strain, elastic proper-

glass surfaces preventing relaxation in ¥adirection. ues of glass and gel, fracture surface energy and inter-

Additional constraints are present when the plates arface §trength. The p_roblem |s_close|y relatgd tomultiple
held apart preventing relaxation in tigedirection and cracking in composite materials [16] and in the crack-

also arise-from the layers of partially dried viscoelas—l{f19 Of. thin fllms% on ;ubstreges_ [17, 13] but tlhe_varla-
tic material below the surface, resisting relaxation in lons Im pt&)ﬁ)e_r lesd Lli'nngt ;)gng n:ja € ana ysrl]s verly
the x-y directions. It is the latter constraints that are COMpiex. Allain and Lima [12] made one such anal-

dominant in controlling the development of cracks inYSIS and assumed that t_he limiting crack spacing was
related to secondary drying processes. Observations of

éhe sequence of cracking suggests that this is not a re-

alistic model. According to Allain and Limat’s model

_cracks would form adjacent to each other successively.

r{(_n practice cracks initiate randomly and progressively
il in until the limiting spacing is reached.

stress

primary crack patterns have started to develop.

In the early stages of cracking it is the constraint ow
ing to adhesion to glass that is dominant and is respo
sible for the formation of an array of approximately | A N .
equally spaced cracks. The edge of a gel, drying be- n principle, a value for the limiting spacing can be

tween two rigid plates, is represented by Fig. 18. Theobtained from an energy balance analysis. Let us as-

dominant shrinkage strain is in tlxedirection. This is sume that the bonding be_tween the gl_a_ss and the gel is
constrained because the material is bonded to the gla§g°ng enoggh_to prevent interface spllttln_g and that_the
so that stresses develop in tkedirection. As men- crack spacing 1S determined by the crackmg_of the first
tioned above additional stresses develop in other ditormed ng:d Iayelr(_at the surfac;e, d(?tmmlseel Fé}g.Tlh8),
rections owing to other shrinkage and Poisson effectg?€SuMably cracking occurs atacritical valuaoi ne

The stresses in the-direction lead to cracks, parallel strain energy per unit yolume resulpng from a shn_nk—
to the y-z plane. When the cracks form some of the 29€ strain ok, neglecting other shrinkage constraints

stresses in the surrounding material are relaxed. Ada-md Poisson effects, is

ditional stresses develop at the tips of the cracks and 1,
these lead eventually to delamination at the gel-glass Vs = 28x Ex (1)
interfaces.

Before the primary cracks form the stresses inthe surwhere E, is Young's modulus of the rigid gel. The
face layer are uniform and crack nucleation is randorrenergy to form a crack that crosses the thickness of the
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film, p, is strongly dependent on the curvature of the surface of the
gel and is at a maximum at the sharply curving surfaces
Y. = hpG, (2) atthe outer edges of the film. Thus, primary cracking
initiates at the edges. In the early stages shrinkage is
where G, is the energy required to form unit area of constrained by the bonding between the film and the
crack. The elastic strain energy released by the formaglass. Delamination and secondary cracking occurs in
tion of a crack is represented by the shaded area ithe later stages and results in a variety of patterns.
Fig. 18 which is As mentioned previously, the formation of arrays of
primary cracks in drying sol-gel were designed to sim-
ulate the patterns displayed by basalt formations, as
sketched by Spry (Fig. 1). By controlling the test ge-
ometry it has been possible to reproduce all of the Spry
where W(p) is the length over which relaxation has patterns in the drying gels. The underlying assumption,
occurred and is a shaping factor that depends on thein designing the experiments, has been thatin the arrays
distribution of stress relaxation resulting from the for- of primary cracks the cracks grow normal to the water
mation of the crack. Itis a measure of the efficiency ofconcentration profiles. This is clearly demonstrated in
release of stored energy from the material around theig. 5. The line a-b is one such profile marking the
crack. The critical or limiting spacing is determined by boundary between mobile liquid sol and the relatively
equating the total energy of an array of cracks, criticaimmobile partially gelled material. It is intuitively obvi-
spacingW(p)*, with the elastic energy released by the ous for the other patterns. This conclusion is consistent
formation of these cracks. Thus, with the type of explanation offered for basalt column
formation as mentioned in the introduction.
Ve 1 _ hpG _ }hpne*zEx @) Some of the detalil in the primary patterns is of in-
W(p)* W(p)* 2 X terest because of the relation between crack nucleation
and theW(p)*/ p effects described above. Inthe testge-
and ometries used to produce the patterns shown in Figs 16
°G and 17 the film thickness was constant so that one ex-
W(p)* = 720 (5)  pects the crack spacing to be constant. The initial crack
nex Ex spacing determined from the film thickness is uniform.
. . ] ] ] As the cracks grew into a splayed region (Fig. 16b)
If one assumes a simple linear scaling relationship bej js necessary to nucleate new cracks to maintain the
tween W(p)* and p, and thaty is a constant, then game crack spacing. If nucleation is difficult this pro-
W(p)*/p is a constant and independent pf The  cess is delayed until further shrinkage constraints are
measurements in Fig. 7 suggest that for films bereeBroduced (Fig. 16¢). In cracking patterns formed with
two glass surface®/(p)*/p=3. In other geometries 3 fiexible cover slip (Figs 5 and 13) the thickness of the
W(p)*/p will have different values because the con-fiim varies because the flexible cover slip bends during
straints accompanying cracking are different. One als@jrying. As the film gets thinner the spacing of the pri-
anticipates thaW(p)*/p will depend on drying con-  mary cracks decreases. In addition, merging of cracks,
ditions, that influence the composition gradients, andys in chevron and fan patterns, means that cracks be-
on the strength of the bond between the glass and th§gme more closely spaced as they grow. Some cracks
gel. The diagram in Fig. 18b illustrates the distributionstOp growing or curve into another crack and some
of stress along the centre line of the gel (AB) at thecracks are nucleated as the primary crack patterns de-
limiting crack spacing. Itillustrates that the concept Ofvelop to accommodate the requirements for a limiting
a limiting crack spacing can be understood in terms ot ack spacing.
a critical stress; for crack nucleation.
The constraints to shrinkage that lead to cracking
are strongly dependent on the geometry of the expei6. Conclusions
iment and can change during the drying experiment. 1. The drying of films of sol-gel can be used to sim-
Thus, for the geometry discussed above, the orientadlate the development of cracking patterns during the
tion of the primary array is associated predominantlysolidification of basalt lava flows.
with shrinkage inx-direction. Subsequent shrinkage 2. By controlling the geometry of the test samples, to
leads to delamination (Fig. 8a) that may occur at bottcreate specific drying profiles, it is possible to generate
interfaces. This leads to additional desiccation at thea wide range of primary cracking patterns.
delaminated surfaces and a change in the constraints 3. The primary cracking patterns, observed in solid-
behind the front of growing primary cracks. Various ified basalt, have been reproduced in sol-gels using a
forms of secondary cracking are observed; two modesariety of test configurations.
are illustrated in Figs 8b and c. The development of 4. The primary and secondary cracking patterns re-
these additional constraints depends on the flexibilitysult from the constraints to shrinkage associated with
of the glass plates. A variety of secondary patterns redrying. These constraints are related to the drying pro-
sult. files which are dependent on test geometry. The bond-
Significantly different constraints develop in films of ing between the drying sol-gel and the surrounding
gel on the glass plate without a second rigid glass platenaterial strongly influences the development of the
or a cover slip (see Fig. 8d). The rate of desiccation iTonstraints.

1
Wow = W(p)hpWs = SW(p)h pelEx - (3)
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