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Abstract

The so-called mud cracks, possibly the most common deformation feature in sediment, are evident in almost all
dried-up exposed sediment surfaces. Several experimental attempts have so far been made to explain evolution
of mud cracks. However, most of the experiments were carried out with bentonite clay or other artificial
substances in controlled heating condition. Therefore, those experiments could not or were not performed to
elucidate the control of grain-size on crack development although it has been observed that cracks develop in
almost all types of soil. The present work is an attempt to understand the control of sediment grain-size in
development and evolution of these cracks. This experimental study was carried out in near-natural condition.
Sediment samples of three different grain-size fractions ranging from sub-sand size to very coarse sand size
were used for the experiment. The ten-day long experiment with watering and drying of the samples under
sunlight shows that the time gap between watering and appearance of cracks, smoothness of crack walls,
number of cracks and also number of polygons with cracks as their arms are dependent on grain-size of the
sediment.

Keywords: Mud crack formation, natural sediment, grain-size, air passage through sediment, incubation period
of cracking, mud crack geometry.
1. Introduction

Mud cracks constitute a common group of sediment deformation structures which owe their origin to
desiccation and shrinkage (Kindle 1917; Adams and Hanks 1964; Collinson and Thompson 1982; Weinberger
1999; Colina and Roux 2000; Kodikara et al. 2000; Nichols 2009; Peron et al. 2009; Gauthier et al. 2010;
Reineck and Sing 2012; Goehring et al. 2015). Clay in sediment acts as a cohesive substance in presence of
water (Partheniades 2009; Grabowski et al. 2011). Volume loss due to evaporation results in amalgamation of
clay particles (Nichols 2009) causing a tensile stress, which if it exceeds the tensile strength of the soil causes
formation of cracks (Weinberger 1999). Mud cracks are readily visible in the dry seasons, almost everywhere on
the exposed surfaces of soil cover. The diversity in patterns and dimensions make their morphology vis-a-vis
origin an interesting subject of study.

Experiment based explanations of origin of mud cracks are common in published literature (Kindle 1917; Corte
and Higashi 1960; Groisman and Kaplan 1994; Zabat et al. 1997; Korneta 1998; Colina and Roux 2000;

Shorlin, et al. 2000; Liang et al. 2003; Bhon et al. 2005; VVogel and Roth 2005; Peron et al. 2009; Goehring et al.
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2010, 2013; Style et al. 2011). However, a thorough study of the existing literature on mud cracks reveals that
most of the experiments were carried out with bentonite clay or with materials like starch, laponite and with
montmorillonite under regulated and artificially heated conditions (Groisman and Kaplan 1994; Zabat et al.
1997; Korneta 1998; Colina and Roux 2000; Shorlin 2000; Liang et al. 2003; Bhon et al. 2005; Vogel and Roth
2005; Peron et al. 2009; Goehring et al. 2010, 2013; Style et al. 2011). Therefore, in each of these experiments
the samples were homogeneous and would have behaved uniformly. Moreover, the artificially created ambience
must have been distinctly different from the natural situations of crack generation and evolution.

These deficiencies of existing experimental works can be improved upon through further experiments with
natural soil samples, with inherent physical heterogeneity, in a near natural ambience, as far as possible, in order
to replicate and also to explain generation and evolution of mud cracks in the natural scenario. Moreover, the
control of grain-size is not commented upon by any previous work though from field studies it is obvious that
cracks form not only in mud (with clay-sized particles) but also in sandy soil and even in sediment with particles
coarser than sand. Schieber (1998) points out that, sandstones (and sands) may also crack if they contain
significant proportions of clay minerals, or if the sandstone bed had a microbial mat growing on its upper
surface, to provide cohesiveness analogous to that provided by the clays (see also, Schieber et al. 2007 and
references therein). The experiments as performed here exclude formation of microbial mats. The present work
thus aims to understand the control of grain-size, one of the most important physical properties of soil, on
morphology of cracks as well as the temporal evolution of crack patterns in a single natural wetting and drying
phase.

2. Methodology:

2.1 Samples and Experiment

A wet lumpy sample from Gangetic alluvium was collected. The sample was dried in an oven (at 105°C-110°C
for 24 hours; cf. Tan 2005). The oven dried sample was differentiated into three fractions: (i) fine gravel <grain-
size > coarse sand, (ii) grain-size = medium sand and (iii) grain-size < fine sand, using an electrically operated
gyratory sieve shaker fitted with ASTM calibrated sieves (ISO 14688-1:2002). Three separate sample blocks,
each with dimensions of 24cm x 19cm x 3cm, were prepared in plastic trays of dimension of 24cm x 19cm X
4.5cm (Figs. 1 a, b and c); one was for coarse sand (henceforth addressed as sample 1), one for medium sand
(henceforth addressed as sample 2), and the third for fine sand and finer grains (henceforth addressed as sample
3). Each sample was kept under natural temperature condition of the West Bengal summer (average temperature

34°C and humidity ~72% according to the Indian Meteorological Department, Government of India,



http://www.imd.gov.in). All the three samples were placed on a perfectly horizontal floor, tested by a double
bubble spirit level. Water was sprinkled from approximately 30cm above the exposed surface of the sample
block (Goehring 2010) through a hand held mist sprinkler in order to avoid displacement of grains at the top
surfaces and resulting deformation. Water was added to each sample (Table 1) until the exposed soil-surface
was below a 0.5cm water depth, in order to replicate the inundation that the soil undergoes in the monsoon times
(Fig. 1b). This condition we considered as a state of super-saturation, as it is assumed that the water level can
only rise above the top surface of the sample after filling all the available pore spaces. The volume of water
required to achieve such state varies with samples (Table 1). Photographs were taken once every day for the
entire period of the experiment, which was a ten-day span. Crack morphology, number of cracks and relative
area occupied by cracks with respect to exposed surface area of the sample trays, as well as crack lengths were

observed.

2.2 X-ray diffraction

The material from each of the three samples was also analysed for its mineralogy through X-ray diffraction.
This was done in order to assess how mineralogy may have interacted with grain-size differences in forming

cracks, crack patterns and their characteristics.

All the samples were dried at 60°C for 10-12 hours before running through XRD. Selected samples were also
analysed sequentially on air dried slides and then glycolated. The dried powdered (< 200 mesh) samples were
taken in a sample holder and pressed with a glass slide (press mount method). All the samples were analyzed by
a fully automated computerized X’pert PRO PANalytical XRD, using Cu-Ka radiation at the Department of
Geological Sciences, Jadavpur University, Kolkata, India. The XRD was operated at 40 kV/30mA and the
samples were scanned from 5° to 70° 26, at a running speed of 1° 20 per minute. The diffraction patterns thus
obtained were first interpreted by computer software and then checked manually. Semi-quantitative estimations
of the relative concentrations of the constituent minerals were carried out on computer program and manually
based on the peak area method (Biscaye 1965). The XRD patterns of whole samples were obtained following
Brown and Brindley (1984).
3. Results and observations

3.1 XRD mineralogy

Taking the samples together, XRD analysis determined quartz as the dominant mineral, with lesser amounts of

montmorillonite, polylithionite and lavendulan (Figs. 2 a, b and ¢). While quartz was present universally in all



the samples, montmorillonite was found only in the fine and medium sand samples (respectively samples 3 and

2), with polylithionite exclusive to sample 2, and lavendulan to sample 3.

3.2 Crack characteristics as observed in the three samples

A general observation from all the samples is that triple-junction crack patterns were developed from pore
throats (cf, Baldwin 1974; Weinberger 1999) (Figs. 3 a, b) which formed during watering. Sample-wise

observations are presented in the following subsections.
3.2.1 Sample 1 (fine gravel <grain-size > coarse sand):

Cracks appeared in this sample on the 6™day after watering. Crack walls were rough. Propagation paths of the
cracks were not straight. A total of nine triple junctions, with cracks mostly oriented at 120° to each other, were
formed out of which three remained unchanged without any further growth (Figs. 4 a, b). Total length of cracks
at the time of initiation was 9.45cm and on the 10" and last day was 21.765cm, i.e. 2.3 times of the initial length.
The widest spacing along the cracks was 1.1cm. The surface area occupied by the cracks at the time of initiation
was 3.632% of 456 cm? (total surface area of the sample) which was increased to 10.169%. Only one polygon

was formed in the entire experiment period.
3.2.2 Sample 2 (medium sand):

In this sample cracks appeared on the 5"day. Sets of parallel cracks were formed with straighter paths and
smoother walls in comparison to those in sample 1. In each of these sets one crack was formed initially and the
later ones followed the orientation of the first one. Initially with the appearance of the cracks, four triple
junctions were visible and the number was finally increased to nine (Figs. 3b and 5). Amongst these nine triple
junctions, seven were more prominent than the remaining two and had 120° mutual angular relations between
the member cracks. The other two junctions were relatively ill-developed with comparatively much narrower
cracks merging at T-junctions (cf. Goehring 2010). It was observed that cracks widened and lengthened with
time, i.e. with drying of the sample, intersecting one another to form new triple junctions. The sum of the length
of cracks on the initial day of crack formation was 9.92cm and at the end of the experiment was 28.50cm, i.e.
almost 2.8 times increase in length. However, the increase in crack length did not result in the formation of any
polygons. The widest spacing along cracks was 1.4cm. From the day of first appearance of the cracks to the end
of the experiment after ten days the surface area occupied by cracks was 4.27% and 13.13% respectively of total

sample surface area.



3.2.3 Sample 3 (grain-size < fine sand):

Cracks first appeared on the 4™ day after watering. Extremely smooth walled straight cracks were developed.
The number of cracks was much less than that in the two coarser samples. On the 4™ day, three triple junctions
were formed, of which two were T-junctions (Fig. 6a). On the 10™ and final day four more triple junctions were
developed; out of these (Fig. 6b), two had 120° mutual angular relations. One of the younger triple junctions,
with arms at 120°, was formed due to emergence of two cracks while others were due to merging of cracks. No
polygon was formed. The sum of length of cracks at the day of appearance was 13.379cm and at the tenth or
final day of experiment it was 16.687cm, i.e. only about 1.2 times increase. The widest spacing along cracks
was 1.8cm, which was wider than the other two sieved samples. At first appearance of cracks, 3.61% of surface

area was occupied by cracks and at the end it was 13.02%.
3.3 Comparison of Crack patterns developed in different samples:

Amongst the three samples initiation of crack generation was fastest in the fine grained sample (Sample 3),
while in coarsest sample (Sample 1) it is slowest (Fig. 7). These results, therefore indicate that while the
presence of grains in a wide size range (here Sample 3 consisting of fine sand and finer particles) generally
facilitates crack generation in soil, in this experiment the medium sand showed the highest rate of crack growth.
In the coarse-grain sample 1(Fig. 4a) soil crack-propagation path is more undulated than in the fine—grain
sample 3(Figs. 6a). The spacing between crack walls widens with decrease in grain-size (Figs. 4b and 6b). In
finer soil cracks generated have smoother walls (Fig. 6b). The number of triple junctions increases with grain-
size (See Figs. 6a and 4a). However uncontrolled variation in grain-size of the soil may give rise to more triple
junctions of cracks than found in unmixed samples. In coarser grain samples angular relations of triple junction
are 120° while in fine sample T-junctions are more frequent. In fine sand sample triple junctions are fewer in
number (See Figs. 4b and 6b). The number of poorly developed cracks is greater in medium sand (sample 2)
compared to those found in coarse or fine sand. Younger small cracks mostly follow the orientation of adjacent
larger cracks (See Figs. 3b and 5). The finer the grain-size, the lesser is the number of crack-bound polygons

(Fig. 6b). Delamination cracks were developed only in the sample 3 i.e. fine sample (Fig. 6b).

4. Discussion
The XRD results support that the drying and pulverisation procedures were effective, as montmorillonite
occurred in samples 2 and 3 but not in 1, whereas polylithionite was identified only in sample 2 and lavendulan

only in sample 3. These data thus suggest that fine fractions did not form conglomerations during preparation



before sieving took place. The coarsest sample, fine gravel to coarse sand, showed only quartz but must have
contained enough clays/micas to allow cracking, but with these fine fractions effectively below the detection
limit during X-ray diffractometry. The mica group component (polylithionite) was presumably comprised
mainly of medium sized grains, which survived the river regime before deposition of the soils. Lavendulan, a
copper arsenate mineral, is a relatively common contaminant of the groundwater in West Bengal and the Ganga-
Brahmaputra River system in general, being sourced most likely from the Himalayan hill ranges (Shah, 2010). It
is presumably associated with the fine clay fraction (montmorillonite) found in the finest sample, sample 3,
whereas montmorillonite in the medium sands of sample 2 was associated with higher energy levels during

deposition, effectively preventing deposition from groundwater in the fine clays.

Evaporation of water from wet sediment leads to generation of cracks (Adams and Hanks 1964; Kodikara et al.
2000; Reineck and Singh 2012). Evaporation from soil depends upon many parameters, like surface of
exposure, temperature, humidity, porosity and permeability of soil (Kindle 1917). Water entrapped in sediment
evaporates through specific routes which are determined by presence of weak planes. Therefore, these routes
may vary according to compaction of soil, sorting of grain-sizes, association of soil grains after inundation.
Experiments were performed under similar temperature-humidity conditions, the dimensions of every tray was
similar and therefore surface of exposure was the same. The only difference between the samples was the size
ranges of constituent grains which in turn exerted its control on differences in permeability and compaction in
the relevant sample. Therefore, in different soil samples different kinds of crack patterns evolved though they
share the same origin, namely evaporation. After watering, the soil goes through some changes. Water in pore
spaces leads to resettlement of particles and organization of invisible water evaporation routes. During the
incubation period (time between watering and the first crack appearance) invisible evaporation routes grow
wider and deeper and finally become visible as crack patterns after critical evaporation. Resettlement of
particles produces numerous invisible weak planes; networks of these planes generate water escape routes and
through these routes water gets evaporated. The exposed crack pattern is possibly the manifestation of these

water escape routes. With prolonged desiccation, cracks grow wider, longer and deeper.

In the fine sand sample (sample 3), the number of cracks was the least among all three samples, but crack-
spacing was the widest. In the coarse sand sample (sample 1), the number of cracks was greater than that in the
fine sand and medium sand samples, but with narrower spacing. Inter-granular void space is the least in the fine
sand, a condition facilitating shrinkage. The more material shrinks, the greater is the spacing of the cracks (Fig.

8). When water is evaporated from sediment pore space, particles tend to collapse into the pore space, resulting



in shrinkage (See Fig. 8) (cf. Adams and Hanks 1964; Colina and Roux 2000; Shorlin 2000). Shrinkage is
greatest in fine-sand, causing it to yield wider crack-spacing than the other samples. In the case of medium sand,
shrinkage and crack spacing were intermediate. Shrinkage makes the sample compacted preventing linear
growth (Stoltz et al. 2012). This is the reason behind the increase in the number of cracks with increase in grain-
size of the sample. After appearance of cracks they acted as air passages to the deeper part of the samples

favouring further evaporation and shrinkage and new crack formation.

It is quite obvious that smoothness of crack walls depends on grain-size of the sample. Desiccation leads to
compaction of soil by bringing particles closer to each other and destroying inter-granular voids. The smaller the
inter-granular void spaces are, the less is the curvature of the crack. This also explains the smooth crack walls
found in the finer samples, distinct from the coarser samples. The randomness of the crack orientations
accelerates merging of one crack into another. It is a property of cracks that they propagate towards other cracks
(cf., Goehring 2010). Therefore, only the coarser grain-sized sample had a polygon formed by cracks and the

finer two samples did not.

Desiccation leads to shrinkage, where cohesion between grains creates tension; when tension exceeds soil shear
strength, a crack develops, and in order to reduce tension cracks would tend to remain close to each other

(Weinberger 1999).

Greater permeability of coarse samples (Pettijohn, 1975; Todd and Mays, 2004) possibly enhances drying and
desiccation by allowing more air, compared to finer samples, while lesser permeability of fine samples does not
allow desiccation of the sample so profusely. This may be the reason behind dominance of 120° triple junctions

in coarse grained sample and dominance of T-junction type triple junctions in fine samples.

In fine sand the number of cracks is fewer than in the coarse sand, the crack wall is smooth, and there is lesser
opportunity for cracks to bend and merge; additionally, finer sand produces greater cohesion that retards cracks

to grow further. This much larger amount of cohesion directly controls polygon formation.

From the experiment performed in this research, grain-size is shown to have a direct influence on crack
formation and the characteristics of the resultant crack patterns. Obviously, sieving which is used to generate the
three different size fraction samples, will also directly impact the mineral composition of the sample, as
demonstrated in the XRD results with clay and mica components determined only for the fine and medium sand
samples. Despite this, more cracks were observed to form in the coarsest sample than in the other two,

demonstrating that all three samples contain above the minimum phyllosilicates needed to induce crack



formation. Cracks form in soil through the interaction, both positive and negative, of multiple genetic factors,

and the data we present here strongly suggest that grain-size be added to those formative factors.

5. Conclusions
It is evident from experiments that grain-size of the soil is the key factor behind generation and evolution in soil

cracks. The following conclusions can be drawn from the experiments.

a. After critical evaporation, cracks are visible to the un-aided eye. Time duration between watering and visible

crack pattern is addressed as the incubation period.
b. The finer the sediment, the shorter is the incubation period and the faster is the crack formation.

c. The finer the sediment, the fewer is the number of polygons formed and the wider is the spacing between the

polygons.

d. Crack pattern varies with grain-size and once formed a pattern remains unchanged for the entire cycle (ten

days in the case of this experiment)

e. Cracks in finer sediments have smoother walls than those in coarser sediments; the fineness of particles
increases with watering.

The comparative study of different grain sizes can reveal a lot about the behaviour of cracks in sand, silt, mud
beds.
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Figure caption:

Fig. 1: (a) Photograph of prepared sample 1, on the first day of the cycle; (b) Photograph of prepared sample 2,
on the first day of the cycle; (¢) Photograph of prepared sample 3, on the first day of the cycle.

Fig. 2: (a) XRD analysis of sample 1; (b) XRD analysis of sample 2; (c) XRD analysis of sample 3.

Fig. 3: (a) Photograph of sample 2, after inundation. Pore throats are shown in rectangular boxes; (b)
Photograph of sample 2, on the first appearance of crack pattern, depicting triple junctions (in rectangular

boxes) originated from pore throats.



Fig. 4: (a) Photograph of sample 1, on the first appearance of crack pattern, the triple junctions are shown in
rectangular boxes; (b) Photograph of fully developed crack pattern in sample 1, ill developed cracks are within
the rectangular boxes.

Fig. 5: Photograph of fully developed crack pattern in sample 2, older cracks are in rectangular boxes, later
developed parallel cracks are marked by arrows.

Fig. 6: (a) Photograph of sample 3, on the first appearance of crack pattern (existing triple junctions and newly
appearing cracks are in rectangular boxes); (b) Photograph of fully developed crack pattern in sample 3, merged
cracks are in rectangular boxes.

Fig. 7: Percentage of area cracked in every cycle with respect to time.

Fig. 8: Schematic diagram of crack generation with respect to shrinkage. Drawn from Fig. 4b.

Table caption:

Table 1: Water added (in millilitre) to each sample to attain saturation.
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Figure 2b
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Figure 3b
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Figure 4b
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