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SUMMARY 

A simple theory is proposed for crack formation and development 
by soil desiccation on the basis of laboratory experiments utilizing 
soil samples (Bloomington till) with maximum particle size of 1 mm 
diam held in flat wooden containers. Slurry of the soil or loose compacted 
soil saturated with water by an ice sheet method was desiccated in 
containers of about 85 x 60 cmZ. Relative humidity of the air under which 
desiccation took place was about 35o/o except for some supplementary 
experiments. The crack pattern is more dependent on the thickness of 
the soil sample than on temperature or humidity. Some effect is caused 
also by differences in the bottom material of the containers. The area 
of cells made by crack patterns has a log normal size distribution. 
Total length of cracks decreases with increase in sample thickness. The 
number of sides of cells also depends on the thickness. Cracking was 
found to begin from the center of the soil layer and to propagate to the 
surface or bottom with non-uniform speed. r 



EXPERIMENTAL RESEARCH ON DESICCATION CRACKS IN SOIL 

by 

A. E. Corte and Akira Higashi 

INTRODUCTION 

Patterned ground .has been observed and reported from various cold regions in all 
parts of the world, but systematic studies of the mechanism of its formation have begun 
only recently. Patterned ground formation can probably be explained by a combination 
of some of the many hypotheses which have been advanced. Among these, contraction 
due to drying of the soil may be one of the main causes of the crack pattern (Washburn, 
19 56). 

There has been some experimental work on desic.cation cracks. Kindle's paper 
(1917) is perhaps the best known. He carried out small-scale experiments to discover 
the relative effects of rapid and slow desiccation, the possibility of producing parallel 
mud crac:Ks, and the differences between saline and fresh-water mud cracks. He 
stated that the temperature and tenacity of the material are two primary factors in 
controlling the spacing of mud cracks. However, as will be seen later, his experiments 
may have been much affected by the container wall, because of the small dimensions 
of his container. Also, he did not consider possible factors other than those stated 
above. Therefore, his conclusions are somewhat erroneous and are not more than 
qualitative even if correct. 

Later, Twenhofel (1950) pointed out that the spacing of mud cracks depends upon 
the character of the mud, the rate of drying, the thickness of the mud, the character 
of the water in which the mud was deposited, the nature of the material below, and the 
presence of foreign matter. The factors he pointed out seem to cover almost all the 
ones that need be considered, but he did not present any quantitative relations of crack 
spacing to these factors. 

On the other hand, many physical investigations of the cracking of various materials 
have been published. Knowledge of the mechanism of cracking obtained with other 
materials may help to understand the cracking of soil. But the fact should not be 
neglected that these investigations were all concerned with cracking caused by tension, 
compression, or impact applied to the materials from outside, while desiccation cracks 
are caused by contraction due to the evaporation of water from the material. Cracking 
by desiccation is entirely different from mechanical cracking in the sense that the 
material loses mass during the process. 

The principal purpose of this work is to establish quantitative relationships be
tween the characteristics of soil cracks and the various conditions under which cracking 
occurs, by conducting experiments under controlled conditions. Experiments also 
involved the sorting of soil particles or gravels in order to simulate sorted patterned 
ground. Experiments on the effect of stones on the initiation of cracking and on the 
crack patterns will be described in . a later report. 

Characteristics of cracks include the shape, size and features of the crack surface, 
etc. Conditions which govern the manner of cracking may be divided into (1) extrinsic, 
those which are outside of the soil but condition it, and (2) intrinsic, those which belong 
to or are properties of the soil itself. 

Extrinsic conditions include the temperature and humidity of the air. Solar radia
tion and wind velocity may play an important role in desiccation occurring in nature, 
but they were disr.egarded i11- these experiments. Ground-water level is another of the 
main extrinsic conditions, but restrictions of place and facilities made it impossible 
to carry out more than a few preliminary experiments concerning it. 

Intrinsic conditions include moisture conditions, structure, degree of packing, 
physical and chemical composition, etc. Moisture conditions, moisture content of the 
soil and its variation in time and space, are major controlling factors of soil cracking 
and it must be noted that they are influenced by extrinsic conditions while other intrinsic 
conditions are not. Degree of packing or dry density is another major factor because 
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it is related to the contact of the soil aggregates. Physical and chemical composition 
are properties of the soil itself and it is quite reasonable to expect that soils with dif
ferent properties will show different types of cracking. Although this work was re
stricted to one particular soil, which was conveniently obtained near the laboratory, 
it was very suitable for these experiments. 

Fairly large containers were used in the experiments to avoid the wall effect. The 
desiccation process was observed carefully throughout, before and after cracking starts, 
by measuring the water content of the soil and by taking pictures at various stages of 
crack growth. These observations were very useful for clarifying the dynamic mech
anism of crack formation. The final stage of crack formation was examined on pictures 
taken after the soil became completely dry. The number of cells surrounded by cracks; 
the shape, number of sides, and size distribution of these cells; the total length of the 
cracks; and area of the cracks were recorded. These quantities are considered both as 
characteristics of the cracks themselves and as cracking phenomena. 

Variables taken as extrinsic conditions were temperature, humidity, thickness of 
the soil layer, and the material o£ the bottom of the containers. Intrinsic conditions 
studied were initial moisture content and initial degree of packing. After some pre
liminary experiments, the experiments were carried out fairly systematically in 
regard to these various factors. 

A remarkable result obtained by the experiments is that the crack pattern resulting 
from desiccation is more dependent on the thickness of the soil layer than on tempera
ture or humidity; it also depends on the material of the bottom of the container. The 
moisture c·ontent of the soil at the level at which cracking starts is also dependent on 
the thickness of soil and humidity of air, but it does not depend on the bottom material 
of the container. These observations led the writers to a geometrical consideration of 
the development of the crack pattern and this became a major clue in clarifying the 
mechanism of crack formation. 

Experiments were carried out on free shrinkage and on the adhesion of the soil to 
the bottom material of containers. Using the data from such tests in combination with 
the results stated above, the writers propose a simple theory of crack formation and 
development by the desiccation of the soil. 

SOIL MATERIAL 

Soil 

The soil used for the experiments was Bloomington till obtained from a till deposit 
near Lily Lake, Illinois. The soil was spread on the floor of the laboratory to dry in 
air and crushed by the rubber wheels of a small truck to disintegrate the aggregates of 
grains. After that it was sieved through a 1-mm screen and stored in the laboratory. 

Physical characteristics of the soil (Table I) show that the soil belongs to the 
group of 11 glacial clay 11 according to the Casagr--ande liquid limit - plasticity index chart. 

Table I. Physical characteristics of the soil. 

Specific gravity 

Liquid limit 

Field moisture content 

Plastic limit 

Plasticity index 

Shrinkage limit 

Color 

2. 63 g/cm3 

31.4o/o 

22.2 o/o 

13.9 o/o 

17.5o/o 

12.0 o/o 

Brown 

Particle-size distribution is shown in Figure 1. As the soil was sieved through 
the 1-mm screen, it does not include any particle larger than 1 mm diam. 
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Preparation of the soil material 

Two different methods of soil 
preparation were used to obtain differ
ent degrees of compactness and uniform 
initial moisture distribution. One meth
od was to make the soil and water into a 
slurry. The water content of the slurry 
was 60o/o all through the experiment, 
which gave plenty of excess water when 
the material was poured and settled in 
the container. The soil and water was 
mixed in a bucket by an electric mixer 
for more than 15 min to secure homo
geneity. This gave a final dry density 
of about 1. 8 g/ cm3. Another method 
was employed to get lower dry density 
than that of the slurry. The dry soil 
layer was loosely compacted in the 
container and wette·d gradually by super
posing an ice sheet of a certain thickness 
and a size which just fitted the container. 
Gradual melting of the ice sheet gave 
quite homogeneous distribution of 
water without disturbing the compaction 
of the soil. Even in this case, the thick
ness of the ice sheet was determined 
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Figure 1. Grain-size distribution of 
soil used for experiments. 
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to give sufficient water content to leave 
some excess water on the surface of the soil just after the ice melted. This method 
gave a dry density of about 1. 5 g/cm 3 after drying. To avoid any effect of the drying 
and wetting cycle or of repeated crushing, new material was used for each experiment. 

Containers 

Most of the experiments were carried out in flat wooden containers of 60 x 84 cmZ 
area and 7-cm depth. For experiments with deeper soil layers, 87 x 122 x 15 em 
containers were used. These dimensions were almost b i g enough to avoid any influ
ence of the wall or of the shape of containers upon the pattern of soil cracking. 

After a few prel~minary experiments, it was found that the material of the bottom 
of the containers seemed to affect the crack pattern of the soil. To determine such 
effects, various different materials which were assumed to have different cohesion 
with soil were employed as the bottom material. These included plain wood (smooth 
plywood), greased wood (plywood soaked with grease} and a sheet of glass. A 2-cm 
thick layer of sand in the wood bottom container was also tested. 

A few experiments were carried out in a container with a perforated bottom, in 
order to obtain the desired moisture content gradient in the thicker layers of soil. 
Through those perforations, capillary water in the soil was connected with ground water 
in the outer container. Details of this setting of the container are given later. 

_Temperature and humidity of the air. 

Most of the experiments were carried out in a room which was temperature con
trolled by a thermoregulator connected to a hot air blower. Precautions were taken 
to prevent the wind from striking the soil surface directly. The room temperature was 
kept at about 22C. Experiments at a low temperature were carried out in a cold room 
in which the temperature was kept at about 5C. Though these rooms had no humidity 
control, the humidity was naturally kept fairly constant throughout the whole experiments. 
It was about 30 - 40o/o in the ordinary room and about 70o/o in the col9. room. 

For comparison with higher humidity at the same temperature , some experiments 
were carried out under a special plastic tent set up in the 22C room. Humidity in this 
tent was kept at about 90o/o by adjusting the number of perforations through which the 
moisture escaped. 
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Moisture content and dry density of the soil 

To understand the process of drying of the soil and to determine the moisture 
content at which cracking starts, the moisture content of the soil was measured at cer
tain intervals. The measurements were made by th~ direct method, taking small 
amounts of soil each time, because any instrumentati'on set in the soil for indirect meas
urements might make a weak point from which cracking might start. This would not 
only affect the overall crack patterns but would also make it difficult to get correct values 
of moisture content after accidental cracking. 

However, even in such a sampling method special care was needed to avoid any dis
turbances which might make weak points in the soil. In the stage before the cracking 
started, vacancies made by taking samples were filled with soil of suitable moisture 
content immediately after sampling. After the cracking started, the sampling spots were 
chosen so as not to disturb the development of crack pattern but to represent the overall 
moisture content of the soil. Some examples showing traces of sampling are shown in 
Figures 24-37. 

To get the vertical distribution of moisture content, soil samples taken in the 
sampler were cut in pieces so that each one represents about 1-cm thickness of soil 
layer. As it was very difficult to get a thin layer of the sample, only one sample was 
taken each time when the thickness of the soil was less than 2 em. 

EXPERIMENTAL_PROCEDURES AND RESULTS 

General procedures 

Generally, three or four sets of experiments were carried on at the same time. 
Sometimes, they differed in respect to thickness of the soil in the container and some
times different bottom materials were tested 1n parallel. 

The necessary amount of slurry was prepared as described and poured into each 
container, taking care to produce an even layer of soil without large air bubbles. 

When low dry density was desired, the 
homogeneous thickness andpacking. An ice 

(J) 

~ 8 
9 
(!) 7 

·z 

8 6 
4 
a: 
u 5 
1-

~ 4 
(J) 

0 3 
1-

THICKNESS (MM) 

Figure 2. Thickness of soil vs 
time required to start cracking. 

container was filled with fine dry soil with 
sheet was prepared in the cold room by 

freezing water in another container of the 
same areal dimension. Thickness of the 
ice was determined so as to give about 
45o/o water content to the soil. It therefore 
differed with the thickness of the soil. 
The ice sheet was carefully put on tJ:le 
surface of dry soil in the 22C room and 
allowed to melt away gradually as the melt 
water soaked slowly into the soil: finally, 
there was enough water to oversaturat~ 
the soil. Complete melting of the ice sheet 
took from several hours to half a day 
depending on its thickness. 

Time required to reach the moisture 
content at which the cracking began also 
depended upon the thickness of the soil. 
Figure 2 shows a linear relationship for 
close packing (slurry) and a saturation 
curve for loose packing. The difference 
may be due to the difference of speed of 
evaporation from the surface and speed 
of vapor diffusion in the soil. It may also 
be due to the fact that the cracking in the 
loose -packed soil starts at a higher 
moisture content than it does in slurry. 
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Figure 3. Process of desiccation at the surface of soil. k = coefficient of desicca
tion speed (day-1). Arrows on curve indicate start of cracking; arrows on time 

scale indicate when photographs were taken of exp 49 (Figs. 55 - 60). 

Samples for moisture content determination were taken at time intervals according 
to the thickness of the soil. The time vs moisture content curves . were drawn for almost 
every experiment. Two examples are shown in Figure 3 . Figure 3a shows the process 
of desiccation of slurry of different thicknesses. The bottom material was wood in 
no. 15 and 33 and glass in no. 37. They all show an exponential type of decrease of the 
moisture content. Coefficient of desiccation speed k was calculated by fitting these 
curves to an equation of the form . w = w 0 exp ( -kt).- As cracking was observed to 
start at the times shown by arrows on the graph, the moisture content of the soil at 
that moment could be estimated from this diagram. The desiccation process of the 
loose -packed soil (Fig. 3b) shows more linear tendency than does the desiccation· of 
slurry. This may be due to the low temperature of the water in the first few days. 

Photographs of crack pattern were taken in various stages of the process of desicca
tion (Figs. 24- 60). The camera was set vertically on the container facing toward the 
center of the surface. The last picture of each series was always used for analyses 
of the shape and size of the cracked soil cells. 

As shown in Figure 3, it took more than 10 days to carry out one series of experi
ments when the soil was fairly thick. The experiments were continued for more than 
one year with a short pause in the summer when the humidity condition was not favorable. 
About 60 experiments were made in all. The appendix lists the experiments ·in chrono
logical order with the conditions and purpose of each experiment . 

Definition of the characteristics of cracking of soil 

Before giving the results of the experiments, it may be well to define clearly the 
quantities by which the cracking phenomena or the cracked pattern of soil were char
acterized. Cracking moisture content, Y!c , is the moisture content of the soil at the 
moment when cracking starts . This is obtained by sampling the soil when the cracking 
is first noted or by interpolation on a desiccation curve (e.g . , Fig. 3). For a thicker 
layer of soil, this moisture content is taken as the one at the surface. Thickness of 
the soil, ~. is defined as the thickness of the soil when it is completely dry. (It was 
observed that the thickness changed very little after the cracking started.) Cells are 
the fragments of soil which are separated by cracks which intersect each ot~ 
Size of cell, s, is the area of each cell. Generally it is the area after the cracked 
soil is completely dry, unless it is mentioned that the change of size during desiccation 
is concerned. This area was measured on the photographs taken at the final stage of 
every experiment. When a sufficient number of cells were available, frequency distribu
tion of the size of cells was obtained. Area of cracks is also measured on the photo
graphs; it is obviously equal to the area of containers minus total area of cells. Length 
of cracks, b_', is the total linear dimension which is measured along the cracks. This 



6 

50 

~ ..... 40 
z 
w 
..... 
z 
0 u 
w 30 
a: 

EXPERIMENTAL RESEARCH ON DESICCATION CRACKS IN SOIL 

49 

45~x-

/x44 ° ~7 , 18 

~ 
..... 
z 
w 
..... 
z 
0 u 
w 
a: 
::::l ..... 
(/) 

40 

~ 30 . 

15 

20 
0~ 

6 ~ :::E 

~;~~~,~~~ 
~"' 52 ° 

34 
oel5 

::::l ..... 
(/) 

6 
:::E 20 
(.!) 
z 
~ 
u 
<l 
a: 
u 10 
; 

20/ 
/~ 0 GLASS BOTTOM} DRY DE NSITY 1.8 G/CM3 

e WOOD BOTTOM 

x GLASS BOTTOM} 3 * SAND BOTTOM DRY DENSITY 1.5 G/CM 

OL-~--~--L-~--~--L-~--~~--~ 

0 10 20 30 40 

d, THICKNESS {MM) 

Figure 4. Cracking 
vs thickness of soil. 

50 

(.!) 
10 z 

S2 
u 
<l 
a: 
~ 0 
?;:u 0.04 0.06 0.1 0.2 0.4 06 1.0 

k, DESICCATION SPEED COEF {DAY-I) 

Figure 5. Cracking moisture 
content vs desiccation speed 

coefficient. 

2 .0 

was also measured on the photographs by using a map-measure. Specific length of 
cracks, 1 c, is defined as the length of cracks per unit area or the length of cracks 
divided by the total area of the container. Dry density of the soil, 'I• is defined as 
the weight of solids per unit volume of the soil. This was also taken when the soil had 
completely dried and was measured by the gravimetric method. It was about 1. 8 g/cml 
in the case of the dry cells made from slurry and about 1. 5 g/ cm'l in the loose packed 
soil. 

Cracking moisture content 

Cracking moisture content was examined in many experiments under various 
conditions. Relationships between the cracking moisture content and the thickness of 
the soil are shown in Figure 4. It is quite clear that the relationships are in two groups 
with respect to the dry density, but the difference of bottom materials does not seem to 
have any influence on these curves. The meaning of these results will be discussed in 
the theoretical treatment of the mechanics of cracking. 

Curves in Figure 4 are expressed by 

W = A - C exp ( -Bd) 
c 

where W is the cracking moisture content, d is the thickness of the soil, 
c 

( 1) 

A, B, and 

C are constants. A is the saturation value of W which the curve reaches asymptotically. 
c 

Numerical values of these constants are tabulated in Table II. 

Table II . Values of constants A, B, and C in eq 1. 

Dry density of the soil A(%) B (em -l) c (%) 

1.5 41 0.64 26 
1.8 35 0.64 16 

The tendency for the cracking moisture content to increase with the thickness of the 
soil layer may be due to the desiccation speed of the surface of the soil, because the soil 
dries faster as the thickness decreases (Fig. 3). Experiment 33 was carried out to 
affirm this point. In this case the slurry was desiccated slowly under 90% humidity. 
Though the thickness was 9. 5 mm and comparable with that in exp 15, the cracking 
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started at 32o/o of moisture content. If the cracking moisture content is plotted against 
the desiccation speed coefficient, k, for slurry (Fig. 5), point 33 comes fairly close to 
the regression line which is obtained by other experiments at about 35% humidity. 
Thus it may be said that the cracking moisture content depends on the desiccation speed 
of the surface of the soil. 

Size of cells made by cracking of the soil 

Size of cells which were separated by the criss-cross pattern of the soil cracks is 
considered one of the important variables to determine the crack pattern of the soil. 
When the cracking made a large enough number of cells for statistical consideration, 
size distribution was examined. To measure the size or area of cells, the following 
method was employed. 

Pictures of the final stage of cracks were enlarged to 10 x 8-ft size. Tracing 
paper was placed over the picture, and the cell borders were traced by pencil over the 
entire area. Then all the cells were numbered and cut apart. The area of cracks was 
also collected as long strips of the tracing paper. 

First all pieces of paper were weighed by a chemical balance and then every piece 
was weighed successively. Dividing the total weight by the total area of the container 
gives the weight of paper corresponding to a unit area, so that values of weight for each 
piece can be converted to area. In this way the size of cells was obtained. 

The difference between the sum of the weight of all separate pieces and total weight 
vyas less than 1% of the total. As the homogeneity of tracing paper is fairly good, the 
accuracy of this so -called paper -cutting method is considered as within about 1%. 

It was found that the size distribution of cells coincides well with the log-normal 
curve. Some examples are shown in Figure 6. Though mean values 81 of the size 

obtained from the log -normal distribution differ from the arithmetic mean sa of the 

area of cells, the arithmetic mean will be used to express the mean value of cell size 
for calculation convenience. 

Relationships between the size of cells and thickness of the soil (Fig. 7) are well 
expressed by three straight lines on log-log scale, grouped according to the bottom 
material of the containers and the degree of soil packing or dry density. The empirical. 
formula for these lines has the form 

S = a d!3 (2) 

where S is the mean area of the cells, d the thickness, a and !3 are constants. Values 
for these constants are tabulated in Table III. 

Table III. Values of constants a and !3 (eq 6), when S 
and d are represented by cmZ and em respectively. 

Bottom material a (cm 2) !3 
and dry density 

Wood 1.8 55.0 2.53 
Glass 1.8 17.6 1. 11 
Glass 1.5 13.0 2.01 

There were not enough data to get the values for low density and wood bottom. However, 
as can be seen in Figure 9, the significant difference of the groups is due to the bottom 
material. The wood bottom gives bigger cells than the glass bottom if the soil thickness 
is the same. It can be said that a final feature of soil cracking is expressed in the mean 
size of the cells and it is affected more by the bottom material than by the dry density in 
the range of the present experiments. This may be due to the adhesive property of the 
material to the soil; a further discussion of this will be presented later. 

Curves for glass bottoms for soils of different density cross each other at about 
17 mm soil thickness. This fact may have some meaning in conjunction with the adhe
sive property of the bottom material with soil of different dry densities. 
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Dependence of the size of c e lls on the soil thickness gave r1se to the considerati on 
that ce-ll size might be related to the speed of des iccation, as was cracking moisture 
content. To clarify this point, exper iments at h i gher humidity were carried out. One 
of them· is exp 17 , which was carried out in the low temperature room (+5C). Low 
temperature caused a relatively h i gh hum i d i ty of about 75o/o. Control experiment 14 was 
carried out w i th the same thickness of slurry under low humidity. Even though the 
former took ten times as long as the latter for cracking to start , the number of cells 
in both cases were 255 (mean area 19 . 9 cm2 ). The two experiments are shown in 
Figures 29- 38. In order to have comparable results at the same temperature, another 
experiment (exp 33) at high humidity w as carried out at the same temperature as the 
control. The slurry in a container with ,a wood bottom was put under a plastic cover 
which kept the humidity of the atmosphere on the surface about 90o/o. As thi s was kept in 
the same place as the other experiments , the effect of temperature, i f any , •was avo i ded. 
This experiment gave· a mean area of cells of 45.9 cm 2 with a soil thickness of 9 . 5 mm. 
This point fits well the curve for a wood bottom (Fig. 7). The results of both exp 17 
and exp 33 show that the final feature of cracking is not affected by the speed of 
desiccation. 

Length of cracks 

Length of the cracks was also related to the thickness of the soil (Fig. 7). Naturally, 
the length must decrease w ith the increase of size of cells, and accordingly with the 
thickness of the soi l. 
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Figure 7. Relations between the size 
of cells and thickness of the soil and 
between the total length of cracks and 
thickness. Length of the crack is the 
total length in a container with an area 
of 60 x 84 em . Results obtained with 
larger containers as in exp 31 were 
converted to values for the standard 
container. 
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The empirical formula for the relation between length of cracks L and thickness of 
the soil d has the form 

(3) 

where o and E are constants which differ with different bottom materials and dry 
density. Numerical values for theee constants are given in Table IV. 

Table IV. Values of constants o and E (eq 3). 

Bottom material o (em) £ 

and dry density 

Wood 1.8 1410 0.975 
Glass 1.8 2460 0.688 
Glass 1.5 2580 0.964 

In view of the results described here and in the preceding section, relationships 
between area of the cells and length of the cracks may be a subject of interest. This 
will be treated in detail later in the section on mechanism. 

Number of sides of cells 

Another feature which characterizes the completed cracking of soil is the shape of 
cells. It is well known that sometimes desiccation cracks in the desert make beautiful 
hexagonal patterns (see Longwell, 1928). Though such a beautiful pattern could not be 
obtained in the present experiments, the shape of cells showed some tendencies to vary 
depending upon the thickness of soil or degree of packing. Generally the cells had a 
larger number of sides as the thickness of the soil decreased. Figure 28 show.s this 
tendency. It can be seen that hexagons or cracks at 120 ° angles prevail where thickness 
is less than 4 mm while right angles are predominant where thickness is more than 4 mm. 
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Figure 8 shows distribution of the number of sides between certain thickness contours. 
The figure shows a clear difference in the peak values below and above the 4-mm 
contour line. 

A hexagonal or pentagonal s~ape is more predominant in the loose packed soil 
than .in slurry even when the thickness is larger. In Figure 9 experiments 17 and 44 
are compared. Exp l 7 has a dry density of 1. 85 and exp 44 one of 1. 50 though the 
thickness is almost the same. Exp 44 has a flat top distribution with four or five sides 
having almost the same frequency while exp 17 has a decided peak at four sides. 

Examination of Figure 28 or of the process of these cracks leads one to speculate 
that, when the cracks start in the thicker layer of the soil, they make linear patterns 
at first (primary cracks} with slow development, because of the small storage of 
elastic energy. Then cracks crossing these perpendicularly are formed (secondary 
cracks) to release the stored e n er gy betw een the primary cracks. On the other hand, 
when the cracks star t in the thinner layer of the soil or at low moisture content, they 
appear s imultaneously all ov er the surface, making hexagonal patterns from the 
start. Though the mechanism of such a difference is nbt too clear, some geometrical 
and mechanical coT).siderations abo ut the shape of cells are given later. 

Development of cracks 

Once the cracking starts at some point in the thicker soil, it propagat~s linearly 
either forward or backward. When the soil is thin, the cracks propagate radially to 
make approximately 120 o angles with each other, forming hexagonal patterns. In the 
former case, secondary cracks make bridges between the primary ones and form 
rather square patterns (Fig. 28). 

Propagation is very slow compared to the usual fracture of solid materials. This 
is because the cracking is generated by the elastic energy exerted by the desiccation 
of the wet soil. Apparently, the cracks propagate slowly when the soil layer is thick, 
whereas the crack patterns reach final form more quickly when the soil layer is thin. 

Together with linear development, the cracks are increased in width by the shrink
age of the soil on both sides of them. The increase of crack area is therefore an indicator 
of the shrinkage of the soil under the constraints of bottom and marginal adhesion. 
By comparing this actual shrinkage with the free shrinkage, whose measurement is 
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described in the section on auxiliary tests, one can estimate the virtual strain of the 
soil at various stages of crack development. .If a measurement is taken at the moment 
of crack initiation, it w ill give the fracture stress in combination with the elastic 
modulus of the soil at the known cracking moisture content. The fact that the actual 
shrinkage is always smaller than the free shrinkage shows that some elastic stress does 
exist in the soil, which enables the crack generation and development to continue. 

Actual shrinkage was measured as the ratio of crack area to the total area, ex
pressed in percent. Measurements were made on pictures taken at various stages of 
crack development. As the results obtained express an areal shrinkage, it is necessary 
to convert them to a linear dimension to calculate the virtual strain from the data. As 
long as the percentage of actual shrinkage is small, this conversion is done simply by 
dividing areal shrinkage by two. 

Two typical examples of the shrinkage process are graphed in Figure 21, for a 
comparatively thin layer of soil (exp 18) and a thicker one (exp 31). Though the starting 
point or the cracking moisture content is quite different for the two experiments, the 
shape of the curve is the same, that is to say a simulation of a Gaussian cumulative 
probability curve. The pictures of exp 18 (Fig. 45 - 48) show the crack propagation and 
development. 

Additional experiments 

Some additional experiments were carried out to find the effect of a cyclic process 
of desiccation and wetting. After the first experiment was finished, the dried soil cells 
were put in a pail and mixed with enough water to make the slurry. The method of 
mixing was the same as the first, though it took a little more time to get the soil well 
dispersed. This slurry was used for the second run and when the test was finished, the 
slurry for the third experiment was prepared in the same way. 

Exp 42, 47 , 48 and 50 were carr i e d o ut in that way. Another series is exp 34, 35 
and 39. B oth se r i es were c arried o ut in contain ers with glass b ott oms. The r esult s 
obtained are expressed in Table V. 

Table V. Number and mean a rea of ce lls with cyclic desiccation. 

Exp no. No. of No. of Me a n area o f Thickness of the soil 
cycles cells cells (cmZ) (mm) 

- 42 1 137 37.1 16.7 
47 2 118 43.1 17.2 
48 3 106 47.0 16.7 
50 4 137 37. 1 17.0 

34 1 317 16.0 8.9 
35 2 388 13. 1 8.9 
39 3 342 14.9 8.9 

The differences are comparatively small in view of the errors which accompany 
this type of experiment. As a matter of fact, though the maximum difference in the 
two series is about 20% of the mean value, it corresponds exactly to a difference of 
2 mm in thickness. Size frequency histograms of the cells for one series are shown 
in Figure 10. They all have the same tendency in respect to frequency and peak value. 

These results seem to show that repetition of -desiccation and wetting of the soil 
does not make any difference in the final features of soil cracking. This may help to 
reduce the amount of soil required for such experiments. 

Some experiments were carried out with frozen slurry. As the results of desicca
tion cracking were complicated by the combination of the mode of freezing of the water 
and speed of evaporation, the details of these experiments are not recounted here. 

Cracking experiments with a sand bottom were carried out to investigate further 
the e ffect of the bottom material upon crack formation. Figures 52 -54 show the 
final stages of exp 25, 26 and 28. Thickness of the soil layer is almost the same: 
11 mm in exp 25 , 10 mm in exp 26, and 9 mm in exp 28. The only difference in the 
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three is the degree of compaction or dry 
density. In exp 25, the soil was wetted 
by the ice -sheet method and compacted 
by smoothing the surface with a spatula 
when the soil was very wet; this gave a 
dry density of l. 6 g/ em 3, In exp 26, the 
soil was not disturbed after the ice sheet 
had melted; dry density was l. 5. The 
slurry was poured on the sand sheet in 
exp 28 and this gave 1. 75 dry density. 
Differences of the types of crack forma
tion can be seen from Figures 52 -54. 

Mean area of cells is 12 70 cm2 and 
295 cm 2 for exp 25 and 26 respectively 
and it is more than 5060 em z for exp 28. 
This difference may be due to the differ
ence in dry density. Probably the type of 
cracking is more sensitive to dry density 
in the case of a sand bottom than in the 
case of a glass hottom, where the effect 
of dry density was comparatively small 
(Fig. 7). If these values of mean area 
were plotted in Figure 7, the points would 
be far above those for wood or glass 
bottoms. This can be explained by the 
lower adhesion of the sand bottom. The 

sand layer adjacent to the bottom of the soil layer rolls easily over the layer beneath, 
as if the adhesion to the soil layer were very small. 

It is now clear how the adhesion between the soil and bottom material exerts an 
effect upon the features of crack formation. When the thickness of the soil layer is 
the same, the final feature, the mean size of cells , becomes bigger with the decrease 
of adhesion between the soil and the bottom material. When the adhesion is small, 
internal stress exerted by continuous desiccation can be released only by shrinkage of 
that cell, which results in the formation of bigger cells divided by primary cracks . 
On the other hand , when the adhesion is great, the internal stress produced successively 
will make additional cracks which divide the soil into smaller cells. Verification that 
adhesion between the soil and wood is less than that between the soil and glass is 
presented later. 

Hitherto, surface moisture content has been taken as the moisture content which 
characterizes or is related to the cracking phenomena or final features of cracks. 
This is based on the assumption that the cracks start at the surface of the soil. However, 
that idea is not self-evident and there may be some effect of vertical distribution of the 
moisture content in the soil. 

It was ; ound that the moisture content does not differ more than 2o/o between the 
top and bottom part of the soil layer if the thickness is less than 20 mm. The profile 
of the moisture content was frequently taken during the process of desiccation in 
exp 31, 37 and 49, all of which were thicker than 20 mm (Fig. 11). Samples were 
generally taken at every 1 em of the depth and the points on Figure 11 represent the 
middle of each layer. It can be seen that the moisture content in the soil does not 
vary much with depth at the approximate time when the cracking starts. A slight de
crease with depth may be due to an increase of dry density caused by settlement of the 
soil particles during the slurry condition. It is rather peculiar that, after cracking has 
developed, the bottom part of the soil seems to become drier than the upper part and 
the profile again becomes rather homogeneous after the moisture content decreases to 
less than 15o/o. 

Consequently, the moisture content profile does not show where the cracks start 
in the soil. But, cons ide ring the constraint of movement at the bottom as a result of 
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adhesion, one may believe that cracking 
must begin at the upper part of the soil 
layer. Interfacial fracture marking, 
discussed below, reveals that the cracks 
start a little below the surface. This 
may be due to the complex dependence 
of the cracking moisture content upon 
the speed of desiccation and dry density, 
which has already been discussed. 
Consequently, the moisture content 
profile .itself does not have a definite 
influence upon the cracking phenomena. 

The moisture content tends to be
come less at the bottom than at the 
upper part only when the bottom of the 
soil is limited by other materials such 
as wood or glass. If the soil is put on 
a layer of sand and allowed to absorb 
the water from beneath, the moisture 
content in the soil always has an in
clination to increase at the bottom 
(Fig. 11, exp 22). ·This condition may 
be nearer to the condition in nature 
under which cracking occurs. Another 
experiment (exp 30) was carried out to 
simulate a condition in which a thick 
layer of soil is influenced by ground water. 
The moisture content profile was compli
cated by variation of ground water levels 
and therefore, no definite results could 
be obtained. 

Interfacial fracture markings 
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Very characteristic fracture markings were found on fracture surfaces or the walls 
of the cracks. Typical markings are shown in Figures 61 and 62. The markings with a 
herringbone appearance were made by changes in level. If the direction of the marks is 
defined as shown by an arrow in the picture, it is always the same as the direction of 
propagation of the cracks. This fact was confirmed by many experiments, in which the 
propagation of the cracks was traced by successive photographs. One example is shown 
in Figures 45 - 48. 

Figure 63 shows a part of Figure 48, the photograph of the final stage of exp 18. 
Arrows along the cracks show the direction of ·marks as defined above. Comparison 
with Figures 45 - 48 shows that the direction of crack propagation is the same. Careful 
observation of Figures 45 - 48 shows that some cracks look as if they had started from 
black dots on the soil surface. These black dots were air bubbles which were formed 
accidentally when the slurry was poured into the container. The surface of cracks 
near such places shows the fracture marking sketched in Figure 63b. This is one of 
the verifications for the statement that the cracking is initiated and propagated dis
continuously along the marking. 

These herringbone fracture markings are quite similar to those which were 
reported by Kies, Sullivan and Irvin (1950) with cellulose acetate plate, even though 
the scale of the phenomena is very different. If these authors' idea of crack initiation 
is accepted, the cracking begins in the center of the soil layer and propagates either 
to the surface or to the bottom with discontinuous speed. This concept may help to 
clarify the mechanism of crack formation, which will be stated later. 
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Figure 12. Schematic diagram of the 
E-scope unit for measuring the 

elastic constants of soil. 

METHOD OF AUXILIARY TESTS ON PHYSICAL PROPERTIES OF THE SOIL 

Elastic constants of the soil 

Elastic constants of soil samples with various moisture contents , n eeded for 
interpreting the mechanics of cracking, were measured b y a res o nance method using 
an E-scope. * Specimens were taken from the bucket of slur ry, po u red into 5x 5x20 ern 
molds, and left to dry by evaporation from the surfac e. When the specimen reached a 
certain moisture content, it was placed i n a p l ast i c bag to prevent a n y further evapora
tion. After an almost completely dry specimen was obta ined a ll spe cimens were tested 
simultaneously with theE-scope. 

The E -scope is an electronic apparatus to determine the dynamic moduli of elasti
city and rigidity by inducing vibrations in a specimen by means of a driving transducer. 
The exciting frequency is varied until it equals that of the fundamental modes of trans
verse vibration of the sample at the point where resonance occurs. The exact mode of 
vibration (fundamental or harmonic) is ascertained from the Lissajous 1 pattern on the 
cathode ray tube of the unit. A schematic diagram of the unit i s shown in Figure 12. 

The fundamental transverse vibration was employed to determine the dynamic 
modulus of elasticity. The specimen was supported horizontally at two nodal points of 
the bar and caused to vibrate in flexure by applying the driver to the center of a side 
plane perpendicular to the supported surface . The receiving transducer was located 
at the end of the specimen where the amplitude maximum is expected. The fundamental 
transverse vibration was verified by setting the oscillator for an ellipse of the Lissajou-s 1 

figure in the cathode-ray indicator. 

When the fundamental flexural frequenc y f (cps) is obtained , the dynamic modulus 
of elasticity E is given by the following equation (Mason, 1950), 

{4) 

where i. is the length of the specimen , a its width, p the density and rn a constant 
which is determined by the mode of vibration and the ratio of width to length. All 
quantities are in CGS units. Mason (1950) gives a graph of values of rn for the first 
and second flexure mode plotted against the ratio of width to length. -

The dynamic modulus of rigidity was determined by the use of fundamental torsional 
vibration. The specimen vibrates tors ionally along its length when the driver is applied 
at a corner of one end of the specimen to induce a twist ing motion. The receiver was 
placed similarly at the other end. 

The rigidity G is calculated from 

G = 4. 73i_ZfZp. 

From eq 1 and 2, Poisson 1s ratio may be calculated as 

E 
f.1 = 2G - l 

(5) 

(6) 

* Use of the E-scope was provided through the courtesy of the Portland Cement Associa
tion. 
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The use of the dynamic moduli gives rupture stresses whi.ch are probably higher 
than the actual values. As the rate of deformation of a drying soil is very low, it 
would be preferable to use static elastic constants rath.er than dynamic values, which 
are probably higher. However, the static elastic constants cannot be measured in a 
mass of soil of high moisture content and changing shape. 

Shrinkage of soil due to desiccation 

Data on the free shrinkage of the soil due to desiccation were needed for getting the 
virtual deformation of the soil, in order to calculate the amount of elastic energy stored 
in the soil just before the cracking starts. 

Free ::;hrinkage means the shrinkage or change in volume of the soil which takes 
place w hen the coagulation of soil particles is not restricted by friction at the bottom or 
side wall of the container . This condition was produced by using small circular lucite 
containers w ith the insides coated with a thin film of grease. 

The initial condition of the soil put in this container was the same as the cracking 
experiments; slurry was used for getting high dry density and the ice sheet method on 
dry soil for low dry density. Lucite containers were circular pans of about 42 mm 
inner diameter and 12 mm depth. Later some larger containers of about 90 mm diam 
and various depths ranging 20 - 50 mm were used to ascertain the effect .of depth. 

Containers filled with slurry or wet soil were put on a table at the ordinary room 
temperature of about 22C and humidity of about 30%. T_he containers were weighed at 
regular intervals to find the moisture content of the soil. Until the moisture content 
reaches a certain value, volume change of the soil occurs only vertically. In other 
words, in the first stage of evaporation, only the settling of soil particles contributes 
to the volume change of the soil. In the second stage after this moisture content has 
been reached, lateral shrinkage occurs; this was considered as the free shrinkage with 
which we were concerneP.. 

The vertical decrease of volume in the first stage was measured by a dial gage and .. 
the change of diameter of the soil block in the second stage was measured with vernier 
calipers. Lateral shrinkage s was expressed by 

s = D.d/d 0 (7) 
where D.d is the decrease of the diameter of the soil block from the original diameter 
~0 • This means that ~ is the areal shrinkage of the soil. The linear shrinkage, which 
is needed to calculate the virtual strain, was obtained by dividing s by two. 

Tests of the adhesion between the soil and the bottom material 

As it was already known that the type of crack pattern depends on the bottom 
material of the containers, the adhesive force between the soil and glass or wood was 
measured by a simple shear apparatus (Fig. 13} with a pushing board operated by a 
spring. 

Specimens for the tests were prepared by pouring the slurry into small containers 
with glass or wood bottoms. The wall of the container was made of styrofoam which 
could be removed easily when the soil had 
been dried. Specimens with various mois
ture contents were prepared in the same 
way as the specimens for other tests. 

When the specimen reached the desired 
moisture content, the wall was removed 
and the bottom material, glass or wood, on 
which a block of soil (3. 5 x 3. 5 x 2 em in 
size) adhered, was fixed at the end of the 
apparatus. The pushing board was designed 
to move forward slightly above the glass or 
wood plate just pushing the soil block ad
hering on it. The pushing force was im
parted to the board by a spring which was 
compressed by a rack and pinion mechanism. 

PUT SPECIMEN HERE 

Figure 13. Soil adhesion meter. 
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When the force exerted by compres?ion of the spring overcomes the adhesion between 
the soil and bottom material, the soil block will spring out or begin to move forward. 
The compression of the spring at this moment was measured by making a pencil mark 
on the side of the spring rod. The measurement was converted to the force exerted at 
this time by a .calibration diagram pr.epared previously. Four kinds of springs of various 
strength covered the range of force up to l 0 kg -wt. 

RESULTS OF AUXILIARY TESTS 

Elastic constants of the soil 

Results of theE-scope measurements of Young's modulus are given in Table VI. 
Exp 7 to 11 were made with the same specimens as exp 2 to 6, but with different sides of 
driving oscillation. Therefore, the thickness of the specimen is different in the two 
series. Coincidence of the results with different directions of vibration is fairly good. 

Table VI. Young's modulus of the soil by t;he method of E-scope. 

Exp Specimen Length Thickness Resonance Young's Moisture 
no. no. i. (em) a (em) frequency modulus content 

f (sec-1) E (dyne/cmZ) w (o/o) 

l 1 14.75 3.30 174 0. 0249 X 1010 30.7 
2 5 7.50 3. 13 1402 0.2054 '' 17.9 
3 6 13.90 3.20 387 0.1317 '' 22.0 
4 7 11.40 3.20 606 0.1524 II 20.0 
5 8 11. 7 5 3.37 689 0. 1865 II 15. l 
6 9 12.80 3.47 2217 3.405 II 3.4 
7 5 7.50 2.20 1063 0. 1902 II 17.9 
8 6 13.90 2.20 278 0. 1318 II 22.0 
9 7 11.40 2.20 565 0.2640 II 20.0 

10 8 ll. 75 2. 57 577 0.1936 II 15. l 
ll 9 12.80 2.46 1725 2.582 II 3.4 

The relationship between Young's modulus and moisture content (Fig. 14) is 
linear on a semi-logarithmic plot. The empirical formula for the line is 

E =Eo exp(-Aw) (8) 

where the constants E 0 and A in this case have values 4. 80 x 1010 (dyne/ cmz) and 
0.180 (when moisturecontenTis expressed by o/o) respectively. The relation of rigidity 
G to moisture content is expressed by the same type of empirical formula (Fig. 14). 
Poisson's ratio calculated by eq 6 has rather poor accuracy, because E and G have 
some errors as shown in Figure 14. However, it has a value of 0.3 to-0.4 over all the 
moisture contents covered. The relationships expressed by eq 8 are very interesting 
from the acoustical point of view for the water -filled porous media. However, it will 
not be interpreted here any further. 

Free shrinkage process of the soil due to desiccation 

Results of the free shrinkage experiments are shown in Figure l5a. Proportion 
of areal shrinkage to the original area is plotted against the moisture content. The 
shrinkage process differs according to the packing of the soil. Loose packed soil begins 
to shrink at higher moisture content than compact soil. It is quite obvious that soil with 
a dry density '{ = l. 5 g/ cm3 began to crack at about 42o/o moisture content as against 
35o/o for soil with '{ = l. 9. Though there were no tests of soil with intermediate dry 
density, it may be concluded that the shrinkage curve for say l. 7 dry density would be 
between the two curves in Figure 15a. Linear shrinkage, one half the percentage shown 
in Figure l5a, is graphed in Figure l5b for three parameters of dry density. The values 
of linear shrinkage will be used to calculate the virtual displacement of the soil particles 
in combination with actual displacements observed by cracking experiments. From 
these virtual displacements and Young's modulus of the soil, the elastic energy stored 
before the cracking can be calculated. 
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Figure 15. Process of free shrinkage of 
the soil. (a) Areal shrinkage measured 
by experiments, (b) Linear shrinkage cal
culated from (a). 

Figure 14. Relationship between elastic 
constants and moisture content of the soil. 
Solid line shows Young's modulus E and 
broken line shows rigidity G . 

Adhesion between the soil and glass or wood 

Adhesive force between the wet soil and glass or wood is plotted against the mo i sture 
content of the soil in Figure 16. Adhesion is expressed directly by the force measured 

, by the adhesion meter. 

The remarka,ble features of the curves are that they have a maximum at a certain 
moisture content and that adhesion is practically zero at either low or high moisture 
content . The shape of the curves is comparatively gentle for high moisture content and 
quite steep for low moisture content. This may be explained as follows. When the 
moisture content is high (more than about 30o/o in the case of glass and about 35o/o for wood) 
the water film between the soil and the substance below is thick enough to behave as a 
lubricant for sliding of the soil on the glass or wood plate. As the moisture content de
creases, this water film becomes thinner and it works as an adhesive cement between 
two materials. Generally, the pressure in a thin liquid film between two soil surfaces 
is less than atmospheric pressure by: 

~p = T ( __!_ + __!_) (9) 
rl rz 

where ~p is the pressure difference across the surface of liquid, T is the surface 
tension of the liquid, and E.l and E.z are the principal radii of curvature. Where the 
liquid is sandwiched between flat surfaces of the solids and the contact angles between 
these materials are considered near zero, the first principal radius of curvature is 

r1 = i d, where d is the thickness of the water film. The second principal radius of 
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Figure 17. Ratio of the area of water film 
to the total bottom area vs the moisture 
content of the soil. 

Figure 16. Relationship between the ad
hesion of the soil to the bottom material 
and the moisture content of the soil. 

curvature, E2 is equal to the radius of the specimen when it is circular. In this case, 
as the size of the specimen is large compared with the thickness of the water film, 
1 1 

is negligible compared with - , hence eq 9 reduces to 
rz rl 

~p = 2 TId. (1 O) 

This equation means that the pressure holding the soil to the bottom material is 2 T/d, 
that is, the adhesive force between the soil and the bottom material through the water 
film is inversely proportional to the thi ckness of the water film. 

The thickness of the water film between the wet soil and the bottum mate rial is 
supposed to be dependent on the moisture content of the soil, and must decrease with 
the decrease of moisture content. If it is assumed that the thickness begins to decrease 
appreciably at 30o/o and 35o/o moisture content of soil in contact with the glass and wood 
respectively, and that the water film disappears when the moisture content is lOo/o and 
22o/o for glass and wood bottoms respectively, the slope on the right of the curves on 
Figure 16 will be explained by the adhesion expressed by eq 10. This assumption is 
partly confirmed by Figure 64. The picture was taken with the soil specimens attached 
to the glass bottom, and the mode of adhesion of the soil to the glass is visible through 
the glass. The darker circles shown in three specimens indicate that the soil is adhering 
to the glass with a water film between. The specimen with 24o/o moisture content still 
has a water film which is spread over all the bottom surface. 

Figure 17 shows the relationship between the area of water film and the moisture 
content of the soil. The figure shows that the water film begins to contract from the 
edge at about 30o/o of moisture cqntent and disappears at about lOo/o. As it is naturally 
thought that the thickness of the water film decreases with the areal contraction of the 
film, the above assumption is verified by Figure 64. In the case of wood bottoms, 
such a verification cannot be seen. However , a similar process must take place with 
a different range of moisture content. 

The steep inclination or abrupt decrease of the adhesive force between the soil 
and glass at about l Oo/o of moisture content is now clearly explained by the assumption 
that the water film cannot act as an adhesive at a moisture content below 10%. 
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Figure 16 also shows that the adhe
sion between the soil and glass is much 
larger than that between soil and wood. 
This explains the effect of bottom mate
rials on the mean size of cells. Strong 
adhesion between soil and glass may be 
due to the molecular attraction of the 
silicates in both the soil and glass. 

MECHANISM OF CRACK FORMATION 
DUE TO THE DESICCATION OF SOIL 

Geometric interp::r.tetation 

The relationship between mean 
area of cells and length of cracks is 
easily obtained from the relationships 
of each to soil thickness (Fig. 7). 
The relationships for different bottom 
materials and different initial compac
tion are shown in Figure 18. An 
interesting feature is that the grouping 
by bottom materials or by different 
initial compaction shown in Figure 7 
can hardly be seen in this figure. 
Only a slight difference of slope is 
seen between the glass and wood 
bottoms. The empirical formula has 
the form 

S =So i. -n 
c 

(11) 

where S is rnean area of cells (crnZ) 
and 1 c is the length of cracks per uriit 

area (ern -l). 1 iS equal to L divided 
c -

by the total area of the sample con
tainer. Numerical values of S 0 and 
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Figure 18. Relationship between the 
mean area of cells and the length of 
cracks per unit area. 

n are given in Tabl(! VII; they are substantially the same regardless of compaction or 
bottom material. 

Table VII. Values of constants ~0 and ~ in eq 11. 

Bottom material So n 
and dry density 

Wood 1.8 3.6 2.28 
Glass 1.8 4. 1 1. 97 
Glass 1.5 3.6 1. 95 

This sub~tantial similarity indicates that the average size of the cells made by 
cracks is related to the length of cracks per unit area according to some universal 
formula independent of any outer conditions such as bottom materials or initial com
paction. This universal formula can be deduced frorn geometrical consideration of the 
shape of cells which are separated by cracks. As the average area of the cells is now 
under consider.ation in relation to the unit length of tracks, we will consider a simpli
fied case of a mosaic of simple geometric shapes of equal size. 

The geometric shapes which c·an form ril·o'~aics of equal art:a are 'equilateral 
triangles, squares, and equilateral hexagons. These three simple cases are shown 
in Figure 19. In the case of triangles (I), if the length of one side of the tri
angle is denoted as ~· the area of each triangle is given as A = 0. 433 aZ, and 
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a 

a 

(I) (II} (mJ 

Figure 19. Mosaics of three geometric shapes of equal area. 

the length of the sides (or cracks) for each triangle is L =~a, because the whole 

length 3a around each triangle is shared by two adjacent triangles. Accordingly, the 
length Of"cracks per unit area £ is given as c 

L 1.5 1 
1 c = A = o. 433 = 3 · 46 a 

3.46 
or a = 

Therefore, A = 0. 433az = 5. 19£ -z. 
c (12) 

In the case of squares (Figure 19, II), A= az, L = 2a, £ = 2/ a; and therefore 
c 

A = 4. 000£ -Z. (13) 
c 

For the close -packed hexagons (III), A = 2. 598aZ, L = 
therefore 

A= 3. 47 J. -z. 
c 

3a, £ 
c 

= 1. 154/a; and 

(14) 

Eq 12, 13 and 14 are the· general formulas for the relationship between the area of cells 
and the length of the circumference of the geometric mosaics of equilateral triangles, 
squares, and hexagons. These equations hold independent of the size of cells and have 
a common number, power -2 of £ . The different value of the multiplicands, 5. 2 for 

c 
triangles, 4.0 for squares, and 3. 5 for hexagons, depends on the number of sides. 

The values of power -n in the empirical formula 11 (Table VII) coincide very well 
with the -2 derived by means of the geometry described above. So, the numbers 4. 1 
and 3. 6 in Table VII must be indications of the number of sides of cells which are 
separated by the cracks. The value 4. 1 is quite near to 4. 0 in eq 13, which was given 
for squares and 3.6 is between 4.0 of eq 13 and 3.47 of eq 14,. whichwas 
given for hexagons. This means that the predom.inant number of sides of cells must 
be four or five in the experiments treated in Figure 18. The conclusion is verified by 
the experimental results (Fig. 8). 

Now let us consider how the predominance of four ... or five .-sided cells is produced. 
Let it be assumed that the cracks grow successively, intersecting the primary crack 
at the place of strongest residual stress. It is more convenient to consider how the 
polygonal cells will be produced by the cracking instead of how the cracks themselves 
are produced in such a successive growth. The second column of Figure 20 shows how 
the primary geometric shapes of c·ells are divided into polygons of various shapes. 
The secondary cracks were drawn at the possible places intersecting two sides of 
primary cells which were in neighboring or in opposite positions. No cracks can start 
or end at the corners of primary cells, because the primary cracks must have released 
stress near the corner more than along the sides. If these secondary cracks divide 
the primary cells into different shapes, the cracks must have complements at sym
metrical positions. This symmetry is shown by broken lines in Figure 20. Mechan
ically, secondary cracks which bisect the primary cells in a symmetrical manner or 
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Figure 20. Geometric consideration of the formation 
of secondary cracks with regular shapes of cells. 
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nearly so are most probable, because the residual stress in the cell must be released 
at the place where the stress is strong. Numbers of sides for the newly formed poly
gons are shown in the second column. If the probp.bility of occurrence is considered 
as stated above, the number of sides of cells will be distributed as shown in the third 
column of Figure 20. As the prirpary cells can hardly be more .than six-sided, the 
most probable number of sides of 'new cells cannot exceed 5. This coincides with the 
fact that the peak of the distribution obtained by experiments is 4 or 5 (Fig. 8, 9). 
This coincidence probably means that the secondary cracks should develop through such 
a mechanism as stated above. 

The distribution curve (one may rather say distribution shape because the curve 
is discrete with the integer of the number of sides) sometimes shows a peak at a 
certain number and sometimes shows a flat plateau over a certain number of sides. 
When the number of sides of the primary cell is even, a peak appears, the height of 
which depends on the probability of occurrence of various modes of secondary cracks. 
When the number of sides of primary cells is odd, it is apparent from Figure 20 
that there are equal probabilities of occurrence of two numbers of sides. The number 
of sides of newly formed cells formed by secondary cracks connecting any two arbi
trary sides of primary cells will be given generally by 

' S = Sum of number of sides of two cells separated 
n 

=N+4 

N 
= 2 ( 2 + 2). ( 15) 

Here N is the number of sides of a primary cell. When N is even, the peak ·value of 
the distribution of numbers is given by (N/2) + 2; and when N is odd, the height of 
plateau is given by the number which divides N + 4 into two most nearly adjacent 
integers. These considerations are illustrated in the third column of Figure 20; the 
shapes of such distributions coincide well with those shown in Figures 8 or 9. 

The considerations above can explain the empirical fact that soil cracking occurs 
so that the cells produced have predominantly four or five sides. However, this is 
only a matter of kinematics based on a simple assumption of the growth of the cracks 
by successive processes. In the next paragraph, a mechanical interpretation is 
presented with a consideration of the physical properties of the soil and experimental 
results obtained. 

Mechanical interpretation 

There are many different ways of mechanical interpretation of fracture phenomena 
for a solid. However, almost all the theories are for the fracture of such brittle 
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Figure 21. Examples of actual shrinkage 
of the soil due to desiccation (broken line) 
and free shrinkage .(solid line). Virtual 
strain is the vertical distance between 
these two lines. 

materials as metals, glass and ceramics 
etc. under an outer force such as tension, 
compression, or shear. Generally the 
cracks propagate with a high velocity of 
the order of the velocity of sound. 

A remarkable difference between 
the growth of a desiccation crack and 
fracture of an ordinary solid is that the 
former accompanies a loss of mass in 
the system because of the evaporation of 
water vapor whereas the latter does not. 
The state of soil which still contains a 
large amount of water when it begins to 
crack cannot be said to be brittle and the 
cracks are formed rather slowly. 
Accordingly, a different interpretation 
must be offered for the present case. 

Where a crack starts, there must 
be stress which overcomes the cohesive 
force of the soil particles and remains as 
long as the cracking continues. This 
stress is calculated by the so -called 
strain energy method. The elastic stress 
which was exerted in the soil is obtained 
by multiplying the elastic modulus by the 
virtual elastic strain which should occur 
when movement of the soil particles is 

not restricted. The elastic energy stored in the soil at the time just before cracking 
started will be called "the rupture stress'' hereafter, because the cracking is a fracture 
or rupture of the material. 

The virtual strain is obtained by subtracting the actual deformation of the soil from 
the friction-free shrinkage of the soil at the same moisture content. In other words, it 
is postulated here that the actual deformation is restricted by the friction at the bottom 
and sides and this restriction causes the virtual elastic strain to be stored. This idea 
is similar to that used in the treatment of fracture due to thermal stress. Two examples 
of this subtraction are graphed in Figure 21. The actual deformation proceeds as shown 
by the broken line. For exp 18, for instance, the cracking starts at about 24o/o moisture
content and the linear ratio of the crack in proportion to the total area has increased as 
shown by this broken line up to 8. 5%. The friction-free shrinkage is shown by the solid 
line. Therefore, the virtual strain must be the vertical difference between these two 
corresponding lines at any moisture content below the moisture content at which the 
friction-free shrinkage starts. In order to get the rupture stress of the soil, only the 
virtual strain at the given cracking moisture content is necessary. As this strain is 
obtained by a vertical distance at the left end of the actual deformation curve (arrows 
in Fig. 21), this is without any calculation the amount of friction-free shrinkage at the 
given cracking moisture content. 

The rupture stress must vary with the thickness of the soil, because the cracking 
moisture content varies with the thickness (Fig. 4); furthermore, variation of the 
moistu.cre content affects either the virtual strain or the Young's modulus of the soil. 
The virtual strain at the cracking moisture content for various thicknesses of the soil 
was obtained from Figure 21, using the relations between cracking moisture content 
and thickness shown in Figure 4 (for dry density 1. 8). The results are shown in the 
third column in Table VIII. 

Young's modulus for each cracking moisture content (Fig. 14) is tabulated in the 
fourth column of Table VIII. The values of elastic energy stored are thus calculated 
as the products of the third and fourth columns of this table. 
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Thickness 
of the soil 

{mm} 

50 
45 
40 
35 
30 
25 
20 
15 
10 

5 
2 

Table VIII. Calculation of the stored elastic energy for 
the initiation of cracking. For dry density 1. 8 g/ cm3 • 

Cracking Virtual Young's modulus Stored elastic energy 
moisture strain at of soil at cracking or rupture stress 
content cracking moisture content 

{see Fig. 4} moisture (dyne/ cm2} (dyne/ cm2} {kg/ cm1) 

(%) content (see Fig. 14) 
{see Fig. 21) 

34.4 0.009 Q·. 130 X 1Q9 1. 17 X 106 1.194 
34.0 0.012 0. 140 II 1. 68 II 1. 715 
33.4 0.016 0. 155 II 2.48 II 2.532 
32.6 0.020 0. 177 II 3.54 II 3.62 
31. 5 0.027 0.215 " 5.81 " 5.93 
30.2 0.036 0. 270 ·" 9.73 II 9.93 
28.6 0.047 0.35 II 16.45 II 16.80 
26.7 0.056 0.49 II 27.44 II 28.00 
24.3 0.067 0.70 II 46.90 II 47.8 
20.6 0.079 1. 40 II 110.6 II 112.8 
17.2 0.086 2.57 II 221.0 II 225.5 

The relationship between the thickness of the soil d and the rupture stress a- is shown 
in Figure 22, drawn from the results in Table VIII:- The increase of the rupture stress 
with the decrease in thickness is slightly greater than the exponential relation. If the 
square root of the thickness is taken as the abscissa on semi-logarithmic paper, the 
relation is fairly well expressed by a straight line. The relation will be expressed by 
the empirical formula 

a-= a- 0 exp (-k.Jd). (16) 

At any rate, the increase of the stored energy in a comparatively thinner layer of the 
soil is remarkable. 

The rupture stress was calculated by using the virtual strain and the Young's 
modulus at the cracking moisture content which is dependent on the desiccation speed 
(Fig. 5). The dependence of rupture stress on the thickness must be converted to the 
dependence on the desiccation speed. The relationship, which was obtained by combin
ing Figure 22 and Figure 5, is shown in Figure 23. The fact that the point of exp 33, 
which was carried out under high humidity, comes on the regression line obtained by 
other ordinary experiments at about 35% humidity proves that this relationship is more 
essential than that shown in Figure 22. 

The relationship shown in Figure 23 resembles that between rupture stress and 
rate of loading for such brittle materials as metals or glass whose rupture stress 
increases with the increase of loading rate (see Nadai, 1951). However, as both the 
virtual strain and the Young's modulus vary with the cracking moisture content, a more 
essential process governing the mechanics of growth of cracks must lie in the relation
ship between the cracking moisture content and the -desiccation speed. ' 

This relationship shown in Figure 5 has the form 

W = W 0 - plnk 
c 

{17) 

where W 0 and .E. are constants which have numerical values of 20. 1% and 5. 83 
respectively when k is expressed by day ·-;l. This formula may be derived from the 
statistical consideration of the fracture phenomena with the simple assumption of the 
probability of the production of microcracks in the soil in relation to the stress exerted 
in the soil during desiccation. 

It may reasonably be assumed that the cracking or fracture actually starts when 
some of the many microcracks generate near each other at one time and that they join 
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Figure 23. Relationship between rupture 
stress and desiccation speed coefficient. 

Figure 22. Relationship between rupture 
stress of the soil and thickness of the soil. 

to form the germ of a crack. The probability of generation of microcracks in unit 
time is assumed to be proportional to the stress caused by desiccation in the soil. 
That stress exerted in the soil is the product of Young's modulus and virtual strain at 
that moisture content. Young's modulus depends on the moisture content of soil in the 
form of eq 8, E = E 0 exp ( -Aw}, and the virtual strain at the moisture content w is 
proportional to (w - w} in the first approximation, as has been shown in Figure 21, s 
where ~s is the moisture content at the point from which the lateral shrinkage of the 

soil begins. Consequently, the probability m of production of microcrack~ is formu
lated as a function of the moisture content ofsoi1: 

m = m 0 [ exp (- Aw} ] ( w - w} . 
s 

( 18} 

The probability of the initiation of cracking at the moisture content w or of the 
generation of microcracks close enough to each other to form a crack at w is pro
portional to the product of the probability m and the time duration ~ t during which 
the moisture content of the soil is kept at w. That is, 

P = m ~t. 

By the definition of the de~iccation speed coefficient, 

dw 
dt = -kw. 

Therefore, 

S t+~t sw-~w d 1 w 
~ t = t dt = w - d~ = k ln w - ~ w 

( 19) 

(20) 

Accordingly, probability of the initiation of cracking at the moisture content between 
w and (w - ~ w) is 
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P = m 0 [ exp ( -Aw) ] (w s - w) ~ ln w _w A w (21) 

If Aw be taken as very ~mall compared with ~· it can be . supposed that lnw _wA.w 

is constant in the ra-nge of w considered here. Then, if the cracks are supposed to 
start when this probability P rea~hes a certain value ~m' the cracking moisture 

content W will be obtained: 
-c 

ma'[exp(-AW )](w W) 
1 

P / ln 
w 

c s c k ' m w - Aw 

If we put, p m/mo [lnw _wAw] = C 

[ exp (-A W ) ] ( w - W ) = Ck 
c s c 

(-AW) +ln(w -W) = lnC + lnk. (22) 
c s c 
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As the quantity ln(w s - W c) is negligibly small compared with W c, this equation can 

be reduced to the form 

w 
c 

1 1 
= A lnc 

1 
A lnk (23) 

which is the same as eq 17. The comparison of lln ~ with W 0 in eq 17 is difficult 

because of the ambiguity of £>m and m 0 but l is calculated as 5. 57 from the value of 

A obtained above (eq 8), which coincides fairly well with the value of 5. 83 which was 
obtained for E.. in eq 17. This fact justifies the assumpt.ion of the formation of cracks 
by the joining of microcracks having statistical considerations. 

Thus, the fact that the cracking moisture content becomes lower with increasing 
desiccation speed can be explained. When the desiccation speed is high, the probability 
of formation of microcracks near each other at one time at high moisture content is 
small because of the low internal stress exerted and the short duration of maintenance 
of that moisture content ; only when the moisture content reaches a low value does this 
probability become high enough for cracks to form, since large stress is exerted in 
the soil. On the contrary, when the desiccation speed is low, probability P of 
initiation of cracking will be high enough because of the long duration of higher moisture 
content, even though the probability m of production of microcracks is small. 

We consider the mechanical interpretation of the dependence of the size of cells 
and length of cracks upon the thickness of the soil. Once the cracking starts within the 
soil, propagation of the cracks is governed by the moisture content of the soil and ad
hesion at the bottom. These factors are indirectly related to the thickness, but the 
relations are not well expressed by analytical forms, hence the interpretation below 
will be qualitative. 

Once cracks are formed in the soil, the elastic energy stored in the vicinity of the 
cracks must be transformed to the surface energy of the cracks. In other words, the 
length of the cracks is determined by the amount of elastic energy to be released by 
cracking. When the cracking starts at high moisture content, elastic energy will be 
exerted gradually in the process of crack development (see Fig. 2lb). However, this 
energy is not very large, because the margin of cells can easily shrink with low adhe
sion at the bottom. This reduces the energy to be transformed to the surface energy 
of the cracks. Therefore, the length of cracks cannot be large in this case. On the 
other hand, when the cracking moisture content is low, the stored elastic energy is 
already large and, with the aid of strong adhesion at the bottom at the low moisture 
content, this energy must be transformed to the surface energy without much loss due 
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to plastic flow. This is one reason why the cracks in a thinner layer are longer than 
in a thicker layer. 

Features of cells or the difference in the pattern of cracks may be explained by 
consideration of the speed of energy transformation as above. When the soil layer is 
thick and the cracking moisture content is high, transformation of the stored elastic 
energy to the surface energy occurs slowly and the amount is always just enough to 
spread one crack. The secondary cracks are formed only when the elastic stress in 
the direction parallel to the primary cracks reaches a certain amount. Such a slow 
process makes a pattern of cracks which predominantly cross each other at right 
angles. In a thinner layer of soil with a low cracking moisture content, the transforma
tion of energy occurs very rapidly. This means that large numbers of cracks must 
generate in a small area, or, in other words, cells which have maximum circumference 
must lie adjacent to each other. As is shown in eq 13, 14, and 15, the hexagon has the 
shortest circumference for the same area among the regular geometrical shapes ,which 
can make mosaic patterns. Consequently, the hexagonal patterns predominate in com
paratively thinner layers of soil. 

CONCLUSIONS 

The most important results obtained are summarized as follows: 

1. Cracking moisture content increases with the increase of thickness (Fig. 6). 
It also depends upon the dry density of the soil but is not affected by the bottom material. 

2. Area of cells made by crack patterns has a log normal size distribution. Mean 
size of the cells depends upon the thickness of the soil as follows: 

S = ad~ 
where S is the mean size, d the thickness and a and~ are positive constants which 
depend on the bottom material and dry density (Fig. 7). 

3. Total length of the crack decreases with increase of thickness: 

L = od-e: 

where L is the total length of cracks, d the thickness and 5 and e: are constants which 
depend upon the bottom materials and dry density (Fig. 7). 

4. Number of sides of cells also depends on the thickness. Four-sided cells are 
most usual in a slurry layer thicker than 4 mm, and hexagons or pentagons are predom
inant when the thickness is less than 4 mm (Fig. 8). 

5. The soil layer on a sand bottom makes larger cells separated by cracks. Adhe
sion at the bottom is very small because the monolayer of sand attached to the soil 
bottom rolls over the sand below. In combination with the facts about glass or wood 
bottom container, it can be said that the more adhesive the soil with the bottom material, 
the smaller the cells produced by cracking when the thickness i's the same. 

6. The moisture content profile in the soil does not seem to show that the cracks 
start from the surface of soil. Fracture markings which were frequently seen on the 
crack surface reveal that the cracking began from the center of the soil layer and 
propagated either to the surface or to the bottom with non-uniform speed. 

A relationship between the mean size of cells and length of the crack per unit area 
was interpreted by the application of geometric considerations about the mosaics of 
regular polygons. This consideration combined with a simple assumption of the me
chanics of secondary crack formation explains the predominance of 4- or 5-sided cells. 

Rupture stress was found to increase with decreased thickness of the soil. As the 
thickness determines the speed of desiccation in the present experiments, rupture stress 
is also related to the desiccation speed. However, the most essential relationship must 
be that between the cracking moisture content and the desiccation speed. This relation
ship was quantitatively derived from an assumption that the cracking starts in the soil 
when some of the numerous microcracks generate near each other at one time and join 
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to form the germ of a crack; the probability of such joining at a particular moisture 
content is proportional to the stress exerted in the soil and the duration of that mois
ture content. 

The dependence of both the size of cells and the length of cracks upon the thick
ness of the soil were interpreted by the amount of energy transformed from elastic 
energy exerted in the soil to surface energy at the cracks. This is related to the adhe
sion of the soil to the bottom material, which was found to be very sensitive to the 
moisture content. r 

From these geometric and mechanical interpretations, a simple theory of generation 
and development of cracks in the soil is formulated, based primarily on the statistical 
assumption of microcrack formation and the energy transformation. 

Results and interpretations described here are very fundamental and will be very 
useful in understanding the natural crack patterns of the soil whether or not they are 
related to patterned ground in permafrost. The possible effects of the orientation of 
flat particles and of special geometrical forms were not studied in this investigation. 
More complicated experiments on cracking of soil containing stones or other geometric 
solids, which are closely related to sorting in patterned ground, will be the subject of 
a later report. 
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Figure 24. Final stage of exp 1, slurry, thickness d = 3. 4 mm: Note 
that the 120 ° angle crack pattern is predominant in this thin layer. 

Figure 25. Desiccation of the slurry of exp 7, wood bottom 
d = 33. 5 mm, 7 days after experiment started. 
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Figure 26. Exp 7 after 9 days. 

Figure 27. Exp 7 after 14 days, when the soil is completely dry. 



30 EXPERIMENTAL RESEARCH ON DESICCATION CRACKS IN SOIL 

~ 
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0 

l 
Figure 28. Final crack pattern in relation to soil thickness, exp 8, slurry. 
Note that a hexagonal pattern prevails in the part less than 4 mm thick and, 

cracks at right angles are predominant in that over 4 mm. 
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Figure 29. Exp 14, glass bottom, d = 9. 6 mm, after 48 hr. Note 120 ° 
radiation of cracks at right of photograph (indicated by an arrow). 

·; 
_/ 

c~_L-= 
Figure 30. Exp 14 after 51 hr. 
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Figure 31. Exp 14 after 53 hr. Note 120° radiation of cracks at right. 

Figure 32. Final crack patterns, exp 14 after 73 hr. 
GPO 810174-6 
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Figure 33. Exp 17, glass bottom , d = 8. 6 mm, under high humidity 75o/o 
and low temperature +5C, 10 day~ after start of experiment. 

' • J) \ 

Figure 34. Exp 17 after ll days. 
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Figure 35. Exp 17 after 12 days. 

Figure 36. Exp 17 after 13 days. 
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Figure 37. Exp 17 after 13 days. 

Figure 38. Exp 17 after 14 days. 
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Figure 39. Final stage of exp 17 after 19 days. Note 
that number of cells is equal to that of exp 14, which 

had the same conditions except humidity of air . 

. -
----

Figure 40. Final stage of exp 44; glass bottom, thickness d = 8. 0 mm, 
loose packing. Compare the shape of cells with Fig. 39 which shows the 

final stage of cracks produced in slurry with the same conditions. 
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Figure 41. Final stage of exp 2; wood bottom, d = 6. 8 mm, slurry. Figs. 41-44 
show differences of the size of cells due to the difference in thickness. 

Figure 42. Final stage of exp 3; wood bottom, d = 14.7 mm, slurry. 
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Figure 43. Final stage of exp 52 ; wood bottom, thickness d = 19.5 mm, slurry. 

I --/ 

( / 
Figure 44. Final stage of exp 32; wood bottom , thickness d = 24.0 mm, slurry. 

Note: scale for F i gs. 43, 44 is different from the one for F ig s. 41, 42. 
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Figure 45. Exp 18 , 5 days afte r start of experiment, glass bottom, 
d = 23.2 mm. Note increase of crack area in Figs. 46-48. Direction of 
propagation of the cracks also can be traced easily in these photographs. 
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Figure 46. E x p 18 after 6 days. 
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Figure 4 7. Exp 18 after 7 days. Note cracks started 
from air bubbles on the surface of the soil. 

Figure 48. Final stage of exp 18 after 8 days. 
GPO 81 0 174 - 5 
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Fig ure 49. F inal crack patterns of exp 19 , glass bottom, 
d = 15. 0 mm. Compare with Fig. 50 which has the same 

thickness but different bottom material. 

Figure 50. Final crack patterns of exp 3, wood bottom, d = 14.7 mm. 
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Figure 51. Crack format ion of loose-packed soil (dry density l. 5) 
on sand bottom, exp 26; d = 10 mm. Note the initial stage of cracks 
which show discontinuous opening at the surface. 50 hours after the 

J 

start of experiment. 

I 
,....-· 

' } . 
Figure 52. Exp 26 after 97 hr (almost final stage). 
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Figure 53. Final crack patterns of exp 25 ; sand bottom, d 11 mm, dry density l. 6. 

Figure 54. Final crack patterns of exp 28; sand bottom, d = 9 mm, dry density 1. 75. 
Note there is practically no crack crossing the soil block. Figs. 52-54 show the 

effect of packing on cracking of soil on a sand bottom. 
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Figure 55. Crack formation of loose-packed soil, exp 49; glass bottom, 
thickness d = 47 mm, 3 days after start of experiment. See Fig. 5b. 

Figure 56. Exp 49 after 4 days. 
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Figure 57. Exp 49 after 7 days. Secondary cracks were formed. 

Figure 58. Exp 49 after 8 days. Increase of the width of cracks is remarkable. 

45 
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Figure 59. Exp 49 after 9 days. 

Figure 60. Final stag e of exp 49 after 14 days. 
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Figure 61. Interfacial f r ac tur e markings, exp 31; 
woo d bottom, thickn e s s d = 43 mm. 

Figure 62 . Interfacial fracture markings, exp 32; 
w ood bottom, d = 24 mm. 

47 
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Figure 63. Enlargement of part of F ig . 48. 
Arrows show the direct ion of the fracture 
markings on both sides of crack s , as defined 
in Figs. 61-62. Compare thi s d i rection wi th 
the direction of crack propag a ti o n, from 
Figs . 45-48. 

Figure 64. Adhesion between the so i l and glass at different moisture 
content. Moisture content from left to right is: 24%, 23%, 14% , 11%. 

GPO 8 10174- 4 
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APPENDIX: TABLE OF EXPERIMENTS 

Expf · Purpose Container* d Figure no. Remarks 
no. Thickness (Pt. I) 

(mm) 

l Effect of thickness s. clean wood 3.4 2:4 

2 Effect of thickness s. clean wood 6.8 41 

3 Effect of thickness s. clean wood 14.7 42, 50 

4 Effect of stones s. clean wood about 10 

5 Effect of stones s. clean wood about 10 

6 Effect of stones s. clean wood about 10 

7 Effect of thickness s. clean wood 33.5 45, 26, 27 

8 Effect of thickness s. clean wood contour map 28 

9 Effect of }?ottom s. greased wood 3.2 
material 

10 Effect of bottom s. greased glass 3.0 side, glass 
material 

ll Effect of bottom s . greased glass 3. 1 side, wood 
material 

12 Effect of bottom s. styrofoam uneven, side, styrofoam 
material mean 4. 3 

13 Effect of bottom s. greased wood 9.3 control of exp 16 
material and 
evaporation 
speed 

14 Effect of bottom s. clean glass 9.0 29, 30, control of exp 17 
material and 31 ' 32 
evaporati on 
speed 

15 Effect of bottom s. clean wood 9.6 side, styrofoam 
material 

16 Effect of bottom s. greased wood 9.0 
material and 
evaporation 
speed 

17 Effect of bottom s. clean glass 8.6 33, 34, 35, 
material and 36, 37, 38, 
evaporation 39 
speed 

18 Effect of thickness s. clean glass 23.2 45, 46, 48, Interfacial fracture 
47 marking was 

observed 

19 Effect of thi ckness s. clean glas·s 15.0 49 

20 Effect of thickness s. clean glass uneven, 
mean 4. 2 

* S and L indicate small (60 x 84 cm.Z) and large (87 x 122 cm.Z) containers respectively. 
t Experiments performed with slurry unless otherwise indicated. 
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Exp Purposes Container d Figure no, Remarks 
no. Thickness (Pt. I) 

(mm) 

21 Effect of thickness s. clean glass uneven, 
mean 2. 0 

22t Effect of ground L. sand 27 
water 

23 Effect of bottom s. plastic sheet 9 
material 

24t Effect of bottom s. sand 11 dry density 1. 6 
material and 
degree of 
packing 

25t Effect of bottom s. sand 11 53, 63 dry density 1. 6 
material and 
degree of 
packing 

26t Effect of bottom s. sand 10 51, 52 dry density 1. 5 
material and 
degree of 
packing 

27t Effect of bottom s. sand 10 dry density 1.3 
material and 
degree of 
packing 

28 Effect of bottom s. sand 9 54 dry density 1. 75 
material and 
degree of 
packing 

29 Effect of bottom S. wood 8 control of exp 28 
material and dry density 1. 7 
c!egree of 
packing 

30 Effect of ground L. sand and 100 
water gravel 

Effect of stones 

31 'Effect of thickness L. wood 43 61 Interfacial fracture 
marking was 
observed 

32 Effect of thickness L. wood 24 44, 62 Interfacial fracture 
marking was 
observed 

33 Effect of humidity S. wood 9 . 5 
of air or speed of 
evaporation 

34 Effect of repetition s. glass 9.0 
of desiccation and 
wetting, first 
cycle 

t Experiments performed with loosely compacted soil 
Other experiments were performed with slurry (about 

(dry density about 1. 5 g/cml). 
1. 8 g/cml). 
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Exp Purpose Container d Figure no .. Remarks 
no. Thickness (Pt . I) 

(mm) 

35 Second cycle of s. glass 8.9 
exp 34 

36 Effect of thickness L . glass 41.4 

37 Effect of thickness L .. glass 28.1 

38 Local difference of S. wood 15 
speed of evapora-
tion 

39 Third cycle of exp 34 s. glass 8.9 

40 Effect of freezing s. glass 10.0 Evaporated at 
+4C after freez-
ing at -SC 

41 Effect of freezing s. glass 10.0 Sublimated at 
-SC after freez-
ing at same temp 

42 Effect of repetition s. glass 16.7 
of desiccation and 
wetting, first cycle 

43 Local difference of S. wood 18.2 
speed of evapora-
tion 

44t Effect of thickness s. glass 8.0 40 
with loose packing 

45t Effect of thickness s. glass 16.7 
with loose packing 

46t Effect of thickness s. glass 24.5 
with loose packing 

47 Second cycle of exp s. glass 17.2 
42 

48 Third cycle of exp 42 s. glass 16.7 

49t Effect of thickness s. glass 46.7 55 , 56, 57, 
with loose packing 58, 59, 60 

50 Fourth cycle of s. glass 17.0 
exp 42 

51 Effect of wetting the s. glass 10.8 
sides of container 

52 Effect of thickness L. wood 19.5 43 

53 Effect of thickness s. glass 2.5 
with loose packing 

54 Effect of thickness, s. wood 3.5 
thin layer of 
slurry 

sst Outdoor experiment 150 
on roof 

56 Effect of stones s. glass 30 Covered with 
pieces of shale 
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Exp Purpose Container d Figure no. Remarks 
no. Thickness (Pt. I) 

(mm) 

57 Effect of stones s. glass 30 Covered with 
gravel 

58 Effect of soil s. glass 25 Gray clay from 
material Greenland 

59 Effect of soil s. glass 25 Grayish yellow 
material clay from 

Greenland 

60 Effect of soil s. glass 25 Black silt from 
mater ial Greenland 

GPO 81 0 174 - 3 
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app. D.t\ Proj 8 -66 - 02-400, S IPRE Proj 22 . 3-4. 
Unclassified Report 

A s imple theory i s pr oposed for crack formation a nd 
development by soil d es iccation on the bas is of lab
oratory experiments utiliz i ng so il samples (Bloom
ington till) with max particle s i ze of l mm d iam held 
in fla t wooden container s. The crack pattern is more 
dependent on the thicknes s of the s oil sample than o n 
temperature or humidity. Some effect i s caused als o 
by d ifferences in the bottom material of the c onta in ers. 
The a r ea of cells made by crack patterns has a log 
normal s iz e d i stribution. Total length of cracks 
decreases w ith increase in sample th ickness . The 
number of s i des of cells also depends on the thickness . 
Cracking was found to begin from the center of the 
soil layer and to propagate to the su;rface or bottom 
with non-uniform speed. 
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A simple theory is proposed fo r crack formation a nd 
development by s oil d esiccation on the bas is of lab 
oratory experiments utilizing so il samples (Bloom
ington till) with m a x particle size of l mm diam held 
in flat wooden con ta iner s. The crack pattern i s more 
dependent on the thickness of the soil sample than on 
temperature or humidity. Some effect is caused also 
by differences in the bottom material of the c onta iner s. 
The area of cells made by crack patterns has a log 
normal s ize distribution. Total length of ~racks 
decreases with increa s e in sample thickness. The 
number of sides of cells also depends on the t h ickness . 
Cracking was found to begin from the center of the 
s oil layer and to propagate to the surface or bottom 
with non-uniform speed. 
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A s imple theory is pr oposed fo r crack format ion and 
development by s oil desiccation on the basis of lab
oratory experiments utiliz ing so il samples (Bloom
ington till) with max par ticle size of l mm diam held 
in flat wooden conta iners. The crack pattern i s more 
dependent on the thickness of the soil sample than on 
temperature or humidity. Some effect i s caused als o 
by differences in the bottom material of the containers. 
The area of cell s made by crack patte rns has a log 
normal s i z e distributi on. Total length of cracks 
dec rease s with increase in sample th ickness . The 
number of s i des of c ells also depends on the thickness . 
Cracking was found to b egin from the center of the 
soil layer and to propagate to the surface or bottom 
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