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ABSTRACT

This article presents the results of an experimental research carried to investigate the

mechanics of cracking of soil layers under drying conditions. The tests were conducted under

controlled laboratory conditions and in an environmental chamber with circular and rectangular

specimens to investigate the effect of the boundary conditions (size, shape, and aspect ratio of the

specimens and containers) on the process of initiation and propagation of cracks and on the

final crack pattern at the end of desiccation. The tests in the environmental chamber were

conducted with imposed temperature and relative humidity and provided new insight into the

mechanics of the formation of cracks in a drying soil, and they showed that cracks can initiate

either at the top, bottom, or at both surfaces of the drying specimen. The results also reveal how

the crack patterns are controlled by the existing mechanical and hydraulic boundary conditions.

The cracks seem to form sequentially in patterns that can be explained by three key factors:

stresses higher than the tensile strength, the direction of the generated stresses, and the stress

redistribution in the vicinity or inside the newly formed domain. In order to substantiate the

sequential nature of the crack pattern formation, experimental evidences showing the existence

of a cracking sequence during the laboratory desiccation experiments are presented and

analyzed.
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Introduction

Cracks develop in soils as a result of environmental oscillations, changes in temperature, air relative

humidity, solar radiation, wind, etc., that alter the water content and form complex random patterns

that are further controlled by the existing or imposed physical (mechanical or hydraulic or both) boun-

dary conditions. Although cracking is often attributed to drying resulting from water loss, mostly through

evaporation, there is evidence that soils also crack during wetting episodes following previous desiccation

cracking (Cordero et al. 2014; Cordero et al. 2015; Levatti 2015). Examples can be found in irrigated land,
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tailing ponds for mining waste, landfill liners, earth embank-

ments, reclaimed land, reservoir beds, etc. where cracks seem

to form naturally following a sequential pattern: a single crack

or several cracks can form simultaneously in the initial stages

of drying, and, as they propagate, several additional secondary

cracks are formed. Then, tertiary cracks may form in the same

manner, and so on.

The presence of cracks strongly affects the mechanical and hy-

draulic properties of the soil mass. In order to study this phenome-

non, experimental investigation has been carried with different

purposes and in different scientific and technological fields (surface

and underground hydrology, edaphology, agronomy, meteorology,

physics, civil and geotechnical engineering, etc.) since the middle of

last century (Asahina et al. 2014; Ávila 2004; Ayad, Konrad, and

Soulié 1997; Chertkov 2002; Chertkov and Ravina 1999; Corte

and Higashi 1960; Goehring et al. 2015; Kodikara, Barbour, and

Fredlund 2000; Lakshmikantha 2009; Lakshmikantha, Prat, and

Ledesma 2009, 2012; Levatti et al. 2017; Lloret et al. 1998;

Miller 1975; Morris, Graham, and Williams 1992; Nahlawi and

Kodikara 2006; Péron 2008; Péron et al. 2009; Rodríguez et al.

2007; Sánchez, Manzoli, and Guimarães 2014; Tang et al. 2011).

Many of the earlier studies focused mostly on the mechanics of

the phenomenon, rather than on the morphology of cracks and

the practical implications of cracked soils. These experiments dealt

primarily with the effects of the thickness of the drying soil on

parameters such as cracking moisture content, desiccation rate,

desiccation coefficient, crack width and spacing, etc., without look-

ing deeper into the effects of the specimen’s shape, size, or boun-

dary conditions, and without proper environmental control and

instrumentation. However, boundary conditions, coupled with

the shape and size of the specimen, play an important role

in the development of cracking, and this is especially important

when the laboratory results need to be extrapolated to field con-

ditions that are of several orders of magnitude larger.

This article describes the results of laboratory experiments

devised to illustrate the effect of boundary conditions on the

cracking process in two types of environment: open-air in a con-

trolled laboratory environment and in an environmental chamber

where temperature and relative humidity can be imposed on the

specimens. Four series of tests were conducted; Series 1–3 were

conducted in the open-air laboratory setting, and Series 4 was

conducted in the environmental chamber. Series 1 consisted of

circular specimens of thicknesses 4, 8, and 16 mm, with three

different bottom contact surfaces. Series 2 was carried out with

rectangular containers of different sizes, aspect ratios, and thick-

nesses (10 and 15 mm). Series 3 was also carried with rectangular

specimens but of the same aspect ratio and different sizes and

thicknesses (10 and 20 mm). Series 4 consisted of circular spec-

imens of 40 and 80 cm in diameter and different bottom contact

surfaces. The results of the experiments show the effect of the

drying surface area and the thickness on the desiccation rate

and desiccation coefficient, as well as the effect of size and

boundary conditions on the crack formation and on the type

of crack patterns that develop during the tests.

The Environmental Chamber

The environmental chamber used in the investigation was de-

signed to study cracking in soils as a result of drying or wetting

conditions by imposing and controlling environmental condi-

tions and eventually studying the impact of cycles of such envi-

ronmental conditions (Lakshmikantha 2009). The equipment is

capable of monitoring the changes of the porewater pressure

within the soil specimen while the moisture changes as well as

taking photographic images of the top surface of the specimen

(Cordero et al. 2014; Cordero et al. 2015; Levatti et al. 2017).

Fig. 1 shows the chamber with its main components in its

laboratory position. The walls and cover of the chamber are made

of 1-cm-thick poly(methyl methacrylate) with dimensions of 1 m

by 1 m by 1.5 m, which are sustained by a much thicker polyvinyl

chloride (PVC) base plate with a specially designed rubber tube to

guarantee airtightness. The body of the chamber has four circular

openings of about 100-mm diameter to allow entry and exit of dry

or humid air from the chamber to the humidifier and dehumidi-

fier. Two more airtight utility openings are available for minor

adjustments during the experiments. PVC containers with a

grooved bottom surface and different diameter depths (80–20,

80–10, 40–10, and 20–5, dimensions in cm) were specially

FIG. 1 View of the environmental chamber.
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designed to house the sensors at strategically important locations.

An additional container with a smooth bottom surface (80–10–P)

is also available.

The further equipment required to operate the chamber

includes a digital camera to capture images automatically at

prescribed time frequencies and a sensor to monitor the air tem-

perature and relative humidity inside the chamber. All the equip-

ment and sensors are connected to a computer-controlled data

acquisition system with a custom-build software. This allows ex-

periments with suction and temperature control by imposing dif-

ferent air temperatures and relative humidity inside the chamber.

SENSORS AND LOAD CELLS

Suction changes are measured with UMS-T5 tensiometers (UMS

GmbH, Frankfort, Germany) that are of a small size and are

accurate at very low suctions, with a working range of +100 kPa

to −85 kPa. Fig. 2 shows the location of the tensiometers in the

container. Four tensiometers were placed on the bottom surface,

one at the center (T1) and three others (T2–T4) at midpoints be-

tween the center and the wall, spaced 120°. Two additional tensi-

ometers (T5 and T6) were placed on the wall of the container

(Ø80 specimens only) to record suctions during the early stages

of desiccation. The tensiometers are placed at different depths in

order to gain detailed information of the suction distribution with

depth.

Two Vaisala HMP-230 sensors (Vaisala, Vantaa, Finland) are

used to monitor the changes in porewater pressure and temper-

ature within the soil specimen (sensors V1 and V2 in Fig. 2). An

additional Vaisala HMD/W70 sensor (Vaisala, Vantaa, Finland),

mounted on the interior face of the chamber wall (Fig. 1), is used

to measure the air temperature and relative air humidity.

Three INTERFACE SSM series load cells (Interface, Inc.,

Atlanta, Georgia) are used to monitor the variation of weight that

is due to water evaporation or wetting during the tests. The load

cells are located under the base plate in an equilateral triangular

pattern and are sandwiched between the isolators and support

plates.

IMAGE ACQUISITION

An Olympus C-5050Z camera (Olympus Corporation, Tokyo,

Japan) is used to record images of the process of formation

and propagation of cracks. The camera is fully computer-

controlled and takes pictures automatically at a prescribed time

frequency. To support and position the digital camera, a special-

purpose mechanical arm was designed and constructed in the

shape of an inverted letter “L” that consists of a vertical extensible

column supporting a horizontal cantilever arm that can be ad-

justed to properly position the camera so as to get undistorted

top views of the specimen during the test.

TEMPERATURE AND RELATIVE HUMIDITY CONTROL

EQUIPMENT

To impose the desired temperature and humidity, a heating source

and a dehumidifier are installed in the chamber. The heat source

are two infrared lamps which turn on and off according to the pre-

scribed temperature by means of a computer-controlled interface.

The air moisture is removed by means of a DST-Seibu Giken

RECUSORB DR-010B commercial dehumidifier (DST-Seibu

Giken, Spanga, Sweden) that is connected in a closed circuit with

the environmental chamber recycling the air. The air entering and

exiting the dehumidifier has approximately the same temperature

so that the heating system does not have to work harder to com-

pensate for the heat loss during the dehumidifying process.

SOFTWARE INTERFACE

A software interface was specially programmed to control the

tests in the environmental chamber, also allowing for the calibra-

tion curves of the sensors. Data acquisition intervals can be set

from one second to several days. The software has also an inter-

face for prescribing the temperature and relative humidity of the

environmental chamber.

Two National Instruments Data Acquisition Cards (Peripheral

Component Interconnect [PCI] Card, NI-PCI:6023, National

Instruments, Austin, TX) were used for data acquisition. The

PCI cards were mounted in the computer’s central processing unit

with a separate connection box made to connect all the analogical

inputs from the sensors to the different channels of the data acquis-

ition card. The connection box also has digital outputs for control-

ling the heating and dehumidifier equipment and houses the

necessary signal amplifiers and conditioners and electrical instal-

lation to power the sensors.

FIG. 2 Plan view and cross section showing the location of
tensiometers (T1–T6) and Vaisala temperature and humidity
sensors (V1 and V2).
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Image acquisition was performed using CAM2COM (Sabsik

and Sergei Menchenin), a software that can control all of a cam-

era’s operations, including prescribing times for taking pictures,

setting frequency-intervals, selecting output devices for storing

images, etc.

Experimental Program

The soil used in the experiments is a Barcelona silty clay. This type

of soil is commonly found in the region and has been extensively

studied in the past in the laboratory (Barrera 2002). It is a fine-

grained soil with 60 % passing the #200 sieve. Its main parameters

are as follows: unit weight of soil particles γs = 27 kN/m3; liquid

limit wL = 32%; and plastic limit wP = 16%. According to the uni-

fied soil classification system, the soil can be classified as low plas-

ticity clay.

To prepare the specimens, the soil was allowed to dry in open

air and was then passed through a 2-mm mechanical sieve. The

dry material that passed through was then mixed with distilled

water until a visibly homogeneous paste was obtained; this was

then poured into the containers for testing. The mix proportions

between the dry material and water were fixed to make the mois-

ture contents of all specimens at the time of fabrication equal to

their liquid limit. This value is not the same as the moisture con-

tent of the specimen at the beginning of the test; the difference is

due to the water evaporation that occurred during the time that

passed between fabrication and test initiation and specimen

manipulation. The actual initial moisture content is indicated

in the following paragraphs for each series of tests and was de-

termined from a small specimen taken from each specimen at the

initiation of the test.

The specimens of the first series were circular with a diameter

of 22.5 cm (see Fig. 3 and Table 1) and were of three different

thicknesses—4, 8, and 16 mm. Additionally, a set of tests with spec-

imens of equal thicknesses (8 mm) were performed with three dif-

ferent types of bottom contact surfaces between the soil specimen

and the container—smooth, with circular grooves, and with a

square grid pattern (see Fig. 4). This series extended previous re-

search conducted with the same type of circular specimen (Lloret

et al. 1998; Rodríguez 2006) to include crack pattern analysis.

The second series of tests was carried out with rectangular

specimens of different sizes, aspect ratios, and thicknesses. Test

#1 is a sequence of five geometrically similar 10-mm-thick spec-

imens with aspect ratios of approximately 1.5 and increasing sur-

face areas ranging from 350 cm2 to 1,450 cm2. Tests #2–7 were

carried out on three specimens, each with different geometric

parameters. Specimens for Tests #2 and #3 had thicknesses of

10 mm, whereas specimens for Tests #4–7 had thicknesses of

15 mm. The complete geometric characteristics of the specimens

for each test are given in Table 2. Because the available laboratory

containers were not all equal, the specimens had different cross

sections (trapezoidal in Test #1, square in Tests #2 and #3, and

(a) h = 4 mm (b) h = 8 mm (c) h = 16 mm

FIG. 3

Final crack pattern of circular specimens with circular
grooved bottom and different thickness: (a) 4 mm,
(b) 8 mm, and (c) 16 mm.

TABLE 1 Geometry and results from tests with circular specimens—first series.

Test Thickness, mm Area, cm2 Number of Cells

Average Area

of Cells, cm2

Average Width

of Cracks, mm

Length of Cracks

per Unit Area, cm−1 CDFa, (%)

C-4 4 398 98 3.58 0.112 1.05 11.73

C-8 8 398 21 15.31 0.250 0.55 19.16

C-16 16 398 6 53.20 0.460 0.32 19.75

C-Plain 8 398 25 12.64 0.370 0.56 20.58

C-Circular 8 398 19 17.82 0.385 0.52 19.92

C-Grid 8 398 12 25.62 0.440 0.46 20.21

Note: aCrack Density Factor.
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rounded bottom edges in Tests #4–7). The analysis conducted

after the completion of the tests showed that this variability in-

troduced additional factors affecting the mechanisms of cracking,

indicating that laboratory experiments are greatly influenced by

the boundary conditions and, thus, led the way to larger-scale ex-

periments (third series) where the variable’s aspect ratio and the

container’s edge type were removed, thereby permitting the study

of more fundamental variables.

The specimens of the third series consisted of five geomet-

rically similar rectangles with an aspect ratio of
ffiffiffi

2
p

and surface

areas of 1, 0.5, 0.25, 0.125, and 0.0625 m2 (Table 3) in two

subseries of different thickness (10 and 20 mm). The containers

were made of PVC, and, because of their larger size, they were

glued to a wooden base coated with water-resistant paint to pro-

vide the necessary stiffness for handling and placement over the

load cells.

Series 4 consisted of three tests with 10-cm-thick circular

specimens. One of the specimens had a diameter of 40 cm

and a grooved bottom surface. The other two specimens had a

diameter of 80 cm, one of them with a smooth bottom surface

and the other with a grooved bottom surface. The complete geo-

metric characteristics of the specimens for each test are given in

Table 4.

In Series 1 and 2, the specimens were initially weighed to an

accuracy of 0.01 g and placed on a level surface in the environ-

ment-controlled laboratory (T = 21 ± 0.5°C, RH = 52 ± 2%).

FIG. 4

Schematic diagram of different contact surfaces and the
final crack pattern with 8-mm-thick circular specimens
(not to scale).

TABLE 2 Geometry and results from tests with rectangular specimens of different geometries—second series (Tests 1 to 7).

Test Thickness, mm Aspect Ratio Area, cm2 Number of Cells

Average Area

of Cells, cm2

Average Width

of Cracks, mm

Length of Cracks

per Unit Area, cm−1 CDFa, %

1a 10 1.5 352 48 6.7 1.06 0.762 8.1

1b 10 1.5 486 43 10.2 1.13 0.832 9.4

1c 10 1.5 726 66 10.1 1.28 0.674 8.6

1d 10 1.5 999 126 7.3 0.95 0.871 8.2

1e 10 1.5 1,452 158 8.4 1.08 0.753 8.2

2 10 1.0 100 22 4.1 1.02 0.867 8.9

3 10 2.0 200 30 6.0 1.20 0.753 9.0

4 15 2.0 91 12 6.9 1.94 0.646 12.4

5 15 4.5 188 15 11.9 2.06 0.633 13.0

6 15 1.5 301 10 26.5 4.26 0.352 14.4

7 15 2.0 511 21 20.5 3.43 0.415 14.2

Note: For tests 2–7, the values given are the average values of the three specimens tested.
aCrack Density Factor.
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The weight of the specimens was recorded at 30-minute intervals

for the first 24 hours and at one-hour intervals for the remaining

period until there was no further change in weight. Photographs

were taken at the end of each test to be used for image analysis.

The initial water contents of the specimens in these series were

30 ± 0.5% and 26 ± 0.5%, respectively.

In Series 3, the specimens were placed over three load cells to

record the loss of weight that was due to water evaporation at one-

minute intervals. A digital camera was positioned directly above

the center of the container to obtain images of the specimen at

three-minute intervals, which were to be used for image analysis

after the conclusion of the experiments. The experiments were

conducted using the same environment-controlled laboratory

room as in the previous two series. The initial water content

of the specimens was 24 ± 1%.

A separate objective of the third series was to study scale ef-

fects and the use of fracture mechanics principles to model crack

formation and propagation in soils. For that, the specimens were

monitored carefully to capture the most relevant features such as

the onset of the first crack, separation of the soil from the edges of

the container, and the points at which the fully cracked and fully

dry states were reached. Also, tests were conducted to determine

the tensile strength and fracture toughness of the soil. The results

proved (Lakshmikantha, Prat, and Ledesma 2012) that cracking

in soils does follow fracture mechanics principles and that the size

effect follows Bažant’s law (Bažant 1984).

In Series 4, the tests were conducted in the environmental

chamber. The imposed environmental conditions (T = 35°C,

RH = 40%) as well as the initial water content (w ≈ 30%) were

the same for all three tests. Recordings of temperature, relative

humidity, suction, and weight were continuously made, and im-

ages were taken at regular intervals for observation and analysis of

the development of the surface crack pattern.

Extensive use is made of image analysis techniques for the

evaluation of geometrical parameters, and the results are shown

in Tables 1–4. For simplicity, the method developed earlier by the

authors (Lakshmikantha, Prat, and Ledesma 2009) was chosen.

Characterization of soil properties and features by means of non-

destructive methods such as image processing is a growing field

(Almhdie et al. 2014; Aydemir, Keskin, and Drees 2004; Liu et al.

2011; Liu et al. 2013; Peng et al. 2006; Shit, Bhunia, and Maiti

2015) not only for geometrical and surface characterization

but also for more fundamental soil properties (Lu and Kaya

2013). However, the use of more sophisticated image postprocess-

ing was beyond the scope of the work presented in this article.

Results and Discussion

MORPHOLOGY OF THE CRACK PATTERN

Fig. 3 shows the effect of thickness on the crack pattern with a

rough contact surface between the specimen and the container.

TABLE 3 Geometry and results from tests with rectangular specimens of similar geometry—third series (Tests A0 to A4).

Test Thickness, mm Aspect Ratio Area, cm2 Number of Cells

Average Area

of Cells, cm2

Average Width

of Cracks, mm

Length of Cracks

per Unit Area, cm−1 CDFa, %

A0-10 10 1.41 10,000 1,272 6.94 1.61 0.73 11.71

A1-10 10 1.41 5,000 466 9.57 1.95 0.55 10.79

A2-10 10 1.41 2,500 219 10.08 1.96 0.58 11.67

A3-10 10 1.41 1,250 95 11.96 1.99 0.45 9.12

A4-10 10 1.41 625 34 16.98 2.00 0.37 7.64

A0-20 20 1.41 10,000 249 35.55 4.11 0.28 11.49

A1-20 20 1.41 5,000 109 39.76 4.28 0.31 13.32

A2-20 20 1.41 2,500 53 41.06 4.77 0.27 12.95

A3-20 20 1.41 1,250 25 42.46 5.22 0.27 14.49

A4-20 20 1.41 625 12 45.46 7.05 0.18 12.72

Note: aCrack Density Factor.

TABLE 4 Geometry and results from tests with circular specimens in the environmental chamber—fourth series.

Test Thickness, cm Area, cm2 Number of Cells

Average Area

of Cells, cm2

Average Width

of Cracks, mm

Length of Cracks

per Unit Area, cm−1 CDFa, %

40-10 10 1,257 1 1,017.86 – – 19.00

80-10 10 5,027 8 492.39 1.31 0.04 21.63

80-10-P 10 5,027 10 411.45 1.12 0.06 18.15

Note: aCrack Density Factor.
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Fig. 4 shows the final crack pattern of the 8-mm-thick specimens

with varying boundary conditions (smooth, rough with circular

grooves, and rough with square grid). This figure shows that a

smooth contact surface results in smaller width and spacing of

the cracks and, therefore, a larger number of cells. There seems

to be no noticeable difference between the crack patterns obtained

with circular grooves and square grid. Specimens with a smooth

bottom soil–container interface develop a perimeter crack as soon

as the consistency becomes solid and horizontal adherence forces

start to build at the vertical interface wall between soil and con-

tainer. After the perimeter crack has formed, secondary cracks

begin to appear in the interior of the specimen because of differ-

ential drying (Levatti 2015).

As expected from previous research, the spacing and width of

the cracks and the area of cells between cracks increase with the

thickness of the specimen. Fig. 5 shows the almost-linear relation

between the average area of cells and the thickness of the circular

specimens.

Fig. 6 shows the crack pattern that developed in the second

series of tests. Fig. 6a–e shows the crack patterns in the five spec-

imens of Test #1 that had approximately the same aspect ratio.

Fig. 6f and g shows the crack patterns that developed in Tests #2

and #3, with aspect ratios of 1 and 2, respectively; all specimens in

these tests had a thickness of 10 mm. Fig. 6h–k shows the crack

patterns that developed in Tests #4 to #7; all specimens in these

tests had thicknesses of 15 mm and aspect ratios ranging from 1.5

to 4.5. A first look at the crack patterns in Fig. 6 shows a signifi-

cant difference between the 10-mm-thick (Tests #1 to #3) and the

15-mm-thick (Tests #4 to #7) specimens: although the specimens

in Fig. 6 are not represented to scale, the evidence is that the

cells are smaller (and therefore the relative number of cells larger)

for specimens with a lower thickness. This was, of course, ex-

pected after the results from the preliminary tests with circular

specimens.

Closer inspection of these figures shows that specimens with

trapezoidal (Test #1) or rounded (Tests #4 to #7) bottom edges

become completely separated from the container’s walls during

the process of drying, thus increasing the effective area where

moisture can be lost. However, specimens with perfectly square

bottom edges (Tests #2 and #3) do not separate, and cracking

FIG. 5 Average area of cracked cells in circular specimens
(Ø 22.5 cm).

FIG. 6

Final crack pattern on rectangular specimens of the
second series, Tests 1 to 7 (not to scale): (a)–(e) Test
1, (f) Test 2, (g) Test 3, (h) Test 4, (i) Test 5, (j) Test 6,
and (k) Test 7.
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occurs in the bulk of the specimen without the formation of a

perimeter crack, thereby preventing moisture loss at the sides

of the specimen.

The specimens in the third series of tests were constantly

monitored with a digital camera. A perimeter crack along the

edges developed only in the A4 specimens, regardless of their

thickness. The location where the first crack appeared seemed

to be random, but it was never in the middle of the specimen:

the crack pattern always developed from the edges toward the

center. The time at which the first crack appeared varied depend-

ing on the size and thickness of the specimen; no clear tendency

was observed. However, it was noticeably less for the 10-mm

specimens than for the 20-mm specimens. Usually, the cracks

propagated in the vertical direction across the specimen’s depth.

This is probably due to the small thickness of the desiccating

specimen, as the thicker specimens tested in the environmental

chamber did show inclined cracks and cracks that did not propa-

gate fully across the specimen’s depth.

Fig. 7 illustrates the final crack pattern for specimens A0-10

and A0-20, clearly showing that thicker specimens result in

wider cracks and larger cells between cracks and, therefore,

in less cells. This is also true for the other sizes of specimens

(A1 to A4).

Sequential observation of the images recorded during the

tests (Fig. 8) reveals that three important mechanisms of cracking,

initiation, propagation, and intersecting of cracks happen simul-

taneously. Another important observation is that cracking occurs

sequentially: after primary cracks were first formed, they were

followed by secondary, tertiary, and in some cases, quaternary

cracks. Fig. 8 illustrates this process, showing images at the ap-

pearance of the first crack, several intermediate stages, and the

final crack pattern. In the images, the primary cracks can usually

be identified because they are wider than other cracks and tend to

start at the boundaries. This, however, is not trivial and some

training is necessary to perform the identification. During the

drying process, secondary cracks formed between two primary

cracks while the primary cracks were still propagating, the same

occurs with tertiary cracks. Some cracks that formed later stopped

propagating, leaving a dead-end crack that did not intersect with

other cracks. A close observation of the crack patterns in Fig. 7

shows that the majority of cracks that intersect the edges of the

container do so at right angles. Additionally, a detailed image

analysis of the crack pattern shows that the majority of the cracks

intersect other cracks also at right angles (Lakshmikantha, Prat,

and Ledesma 2009). This is typical of clays in which cracking is

sequential because of tensile failure, leading to orthogonal pat-

terns, while materials in which simultaneous cracking occurs

or failure is due to shear result in near hexagonal patterns with

intersections at 120° (Costa, Kodikara, and Shannon 2013; Hartge

and Bachmann 2000).

Fig. 9 shows the final patterns obtained from the tests in the

environmental chamber (Series 4). The image shows the top (air-

side) and bottom (container contact) images of each of the three

specimens after the test with the location of the sensors.

FIG. 7 Final crack pattern on rectangular specimens A0 of the third
series: (a) 10-mm thick and (b) 20-mm thick (Lakshmikantha
2009).

(a) (b)

FIG. 8 Evolution of cracking of an A0-20 specimen of the third series:
(a) first crack, bottom left; (b)–(e) intermediate stages; and
(f) final crack pattern (Lakshmikantha 2009).

(a) (b)

(c) (d)

(e) (f)
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Fig. 9a and b are from specimen 40-10. The picture shows

that no cracks developed on the external surface during the test

other than the perimeter crack that started at the upper surface

and propagated toward the bottom. At the end of the test the sen-

sors were removed from the specimen and it was turned upside

down to observe the conditions at the bottom surface (Fig. 9b).

Contrary to the upper surface, the bottom surface shows numer-

ous cracks—the primary cracks having a radial direction, which

were perpendicular to the outer perimeter. Some secondary

cracks can also be seen on a circular pattern. These curved cracks

concentrate in the central part of the specimen, while the radial

cracks intersect the curved cracks. The intersections in the crack

pattern indicate that the cracks were not formed simultaneously

but sequentially. Another morphological feature is that the curved

cracks seem to be seamless, while the radial cracks join the curved

cracks at right angles, indicating that the radial cracks developed

after the curved ones.

The crack formation sequence involving curved and radial

cracks has wider implications for the conditions and the mecha-

nism of crack initiation. The radial cracks are likely formed because

of a curling phenomenon in which the specimen’s bottom surface,

in a ring near the outer wall, lifts and becomes in contact, at least

partially, with air. Therefore, drying can also occur at the bottom

surface. On the other hand, during recovery of the sensors, it was

observed that the central portion of the specimen never lost contact

with the bottom of the container; thus, curved cracks were also

formed without air exposure and under subsurface conditions.

This crack formation in subsurface conditions can be attributed

to a syneresis process—the contraction of a gel accompanied by

the separating out of liquid (Lakshmikantha 2009; Plummer and

Gostin 1981; Pratt 1998).

Fig. 9c and d correspond to specimen 80-10 with a rough

bottom surface. Fig. 9c shows the upper surface of the specimen

at the end of the test. Except for the crack appearing near

FIG. 9

Final crack patterns from tests in the environmental
chamber: (a) Test 40-10, top view; (b) Test 40-10,
bottom view; (c) Test 80-10, top view; (d) Test 80-10,
bottom view (detail A is shown enlarged in Fig. 10);
(e) Test 80-10-P, top view; (f) Test 80-10-P, bottom
view (cells 1 and 2 are shown enlarged in Fig. 11).
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tensiometer T2, the rest of the cracks intersect the perimeter of

the specimen clearly indicating the effect of boundary conditions.

Fig. 9d shows the bottom surface of the specimen manually

rearranged after removing the sensors. On this surface, several

smaller cracks were observed in addition to the main cracks that

propagated from the upper surface. Fig. 10 shows a detail of the

cell located in the area within the rectangle in Fig. 9d. Groove

marks can be seen near the central portion of the cell, but no

groove marks appear near the borders because the edges lifted

from the bottom surface because of curling. Several cracks start

at the edge of the cell and propagate toward the center. However,

most of the cracks are likely related to curling and do not reach

the center of the cell; instead, they seem to be confined to the

lifted area with no groove marks. A well-developed curved crack

can be seen at the center of the cell, and a continuous crack tra-

verses the cell starting at the lateral surface of the specimen and

propagating toward the center. Because the latter crack is wider, it

seems likely that it developed before the curved crack, hence con-

ditioning its further development.

Fig. 9e and f correspond to specimen 80-10-P with a smooth

bottom surface. The picture of the upper surface of the specimen

at the end of the test (Fig. 9e) shows a crack pattern with ten cells.

Only the two cracks forming the edges of cell 1 at the center do

not touch the perimeter, indicating the effect of boundary con-

ditions on the crack pattern formation. Fig. 9f shows the bottom

surface of the specimen. The details of cells 1 and 2 are shown in

Fig. 11 for a better view of the extent to which cracking occurred at

the bottom surface. The morphology of the crack pattern is com-

plex, with apparently three mechanisms acting: (1) desiccation

from the upper exposed surface; (2) curling that is due to differ-

ential shrinkage between the top and bottom of the specimen as a

result of desiccation; (3) possibly a syneresis process—sinuous

cracks are associated with ripple marks that are common indica-

tors of syneresis processes occurring in either submerged condi-

tions or in substrata and as a response to volume change that is

due to shrinkage (Plummer and Gostin 1981). The morphology of

the cracks seen at the cells in Fig. 9f shows spiral cracks and cracks

resembling ripple marks, therefore suggesting syneresis

(Lakshmikantha 2009).

MOISTURE LOSS AND DESICCATION RATE

During the tests reported in this article, the change of moisture

content was monitored by recording the weight of the specimen at

regular intervals. In the first and second series of experiments, the

moisture loss was monitored manually, whereas in the third and

fourth series, the weight was recorded automatically with three

load cells connected to a data acquisition system. The desiccation

rate and desiccation coefficient were calculated using the modi-

fied definition of Nahlawi and Kodikara (2006) that extends the

original definition of Corte and Higashi (1960) by considering the

residual moisture content at the final stage, wr , so that the soil’s

moisture content never reaches a zero value:

ðw − wrÞ = ðw0 − wrÞe−kt (1)

where w0 is the initial moisture content of the soil, w is the mois-

ture content of the soil at time t, and k is the desiccation rate

coefficient with dimensions ½k� = T−1.

The desiccation rate is defined as the absolute value of the

slope of the moisture content versus time relationship,

FIG. 10 Detail A of Fig. 9d after dismounting. FIG. 11 Detail of cells from Fig. 9f: (a) cell 1 and (b) cell 2.
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jdw=dtj, so that the initial value is −kðw0 − wrÞ, from which it is

apparent that the desiccation rate is proportional to the desicca-

tion coefficient.

The moisture changes in the first series with circular speci-

mens are shown in Fig. 12a. The desiccation rate coefficient was

larger for thinner specimens, clearly showing the effect of thick-

ness (Fig. 12b); this is a fact that is extensively reported in the lit-

erature (Corte and Higashi 1960; Nahlawi and Kodikara 2006): if

the thickness increases while keeping the drying surface area con-

stant, it follows that the rate of moisture loss should decrease be-

cause water has to travel longer distances to evaporate (Nahlawi

and Kodikara 2006). In these tests, doubling the thickness re-

sulted in a desiccation rate of about one-half. As expected, the

three specimens reached the same final moisture content but, de-

pending on the thickness each specimen, reached this final stage

at different times, with the thinner specimen being the first.

Fig. 13 shows the moisture changes in the second series with

rectangular specimens of different geometries. For Tests #2–7, the

results are the average of the three specimens used in each test.

The time taken to reach the residual moisture content ranges

from about 75 hours to about 150 hours, depending on the speci-

men geometry. The rate of moisture loss ranges from 0.181 (Test

#4) to 0.413 (Test #1d). In general, this rate tends to decrease with

an increasing aspect ratio of the specimen and tends to increase

with the surface area of the specimen. Thickness also affects the

rate of moisture loss, with smaller values for thicker specimens.

Fig. 14 represents the changes in the moisture content in the

third series, showing two groups of tests having different rates of

moisture loss, with the 10-mm specimens reaching equilibrium in

about half the time of that of the 20-mm specimens. Equilibrium

is reached with about 2 % of residual water content. The results of

this third series showed also that the rate of moisture loss in-

creases with the surface area of the specimen. This is more

noticeable in the 10-mm-thick specimens. The time required

to reach the same state of desiccation for identical specimens

in different environments is different, and this time is different

as well for specimens of different thicknesses dried in the same

environment. Therefore, desiccation rate, thickness, and environ-

ment are interdependent.

Moisture loss from the drying soil surface is by evaporation,

which involves a state change of the water from liquid to vapor.

For the process of evaporation to take place on a surface, there

FIG. 12

(a) Moisture loss with time for circular specimens
4-, 8-, and 16-mm thick; (b) desiccation rate
coefficient for circular specimens of the same
drying surface area with different thicknesses.

FIG. 13 Moisture loss with time of rectangular specimens of different
geometries and thicknesses: 10 mm (Tests 1–3) and 15 mm
(Tests 4–7).
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must be an input of energy to bring about this change of state.

This energy may come from different sources, with heat being a

major energy supplier to trigger the water’s state change, although

other sources, such as variations in vapor concentration, may also

trigger water evaporation from the soil. In nature, solar radiation

is the main source of this thermal energy. For evaporation, latent

heat and sensible heat are important sources to be considered,

both depending on surface area. And in the case of soils, the bulk

of thermal energy exchange takes place by conduction, the trans-

fer of heat energy by intermolecular contact, which depends also

on the drying surface area.

The main variables of the desiccation process are as follows:

the surface evaporation area (A); the thickness (d); the temper-

ature (T); the relative humidity (RH); the suction (s) and the des-

iccation rate coefficient (k). Temperature, relative humidity, and

suction are further related through the psychrometric law:

RH = 100 expð−s · Mw

R · T · ρl
Þ (2)

where Mw = 0.018 kg=mol is the molecular mass of water,

R = 8.314 JK−1mol−1 is the gas constant, and ρl = 1, 000 kg=m3

is the water density.

The rate of desiccation depends essentially on the thickness

of the specimen and on its contact surface with the atmosphere.

Thicker specimens present smaller rates of desiccation because

water has to travel a longer distance to evaporate, while specimens

with larger surface areas present larger rates because there is more

contact area between soil and air, which increases evaporation.

The initial moisture content also plays a role: in equal conditions,

if the moisture content is larger, there is more water available in a

relatively free state for evaporation; therefore, the water can

escape faster with the same available heat energy, resulting in

a higher rate of desiccation.

The results of the tests conducted in the environmental

chamber (Series 4) are reproduced in Fig. 15 (specimen 40-10),

Fig. 16 (specimen 80-10), and Fig. 17 (specimen 80-10-P). Figs.

15a, 16a, and 17a all show the time evolution of air and soil tem-

perature and relative humidity as well as the moisture loss or des-

iccation curve. Figs. 15b, 16b, and 17b show the variation of

suction during the early stages of the tests (first 10 to 14 days,

depending on the specimen) taken directly from the tensiometers

before they reached cavitation and after the soil around them be-

came unsaturated. Figs. 15c, 16c, and 17c show the evolution of

suction after the soil became unsaturated and is calculated using

the psychrometric law, Eq 2, from the relative humidity and tem-

perature of the soil recorded by the Vaisala sensors V1 and V2

(see Fig. 9). The gaps, discontinuities, and other apparent incon-

sistencies that appear in the three figures are due to incidents dur-

ing the tests, such as power failures or the opening of the

environmental chamber for minor maintenance. After the inci-

dents, the readings recovered the original trend after a short sta-

bilization period.

In the smaller specimen (40-10, Fig. 15), the moisture content

reached equilibrium approximately 33 days after the start of the

test. The relative air humidity in the environmental chamber was

maintained at 40% with little variations, and the air temperature

was maintained at 35 ± 0.2°C. The soil temperature quickly rose

to a value slightly less than the imposed chamber temperature and

remained that way until around day 30, where both temperatures

became equalized until the end of the test. The suction measured

by tensiometers T1-T4 reached the maximum value at approxi-

mately ten days after the beginning of the test. The initially low

readings from the central tensiometer T1 can be attributed to the

fact that the specimen dries from the periphery to the center.

Because of the specimen’s small size, tensiometers T5 and T6

at the soil–container interface were not used in this test. The suc-

tion values calculated from both sensors (V1 and V2) using the

psychrometric law appear to be similar because of the absence of

cracks on the upper surface.

In the larger specimen with a rough bottom soil–container

interface (80-10, Fig. 16), the air temperature shows slight var-

iations of ±0.2°C from the imposed 35°C. The relative humidity

was kept between 0.2% − 4% of the imposed 40%, and the soil

moisture reached equilibrium after 35 days of drying. The soil

temperature in this case quickly rose to a value near 30°C and

remained stable at that temperature until the large increase in

the relative humidity rate on day 23; after that, the soil temper-

ature slowly increased toward a value similar to the air temper-

ature at the end of the test. The evolution of the various

parameters is explained by choosing six transition points

FIG. 14 Moisture loss with time of rectangular specimens of a similar
geometry.
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FIG. 15 Time evolution of different parameters for specimen 40-10 during testing in the environmental chamber: (a) air and soil temperature and
relative humidity, soil moisture loss; (b) suction recorded from tensiometers T1–T4 during the initial stages of the test; (c) suction calculated
from relative humidity and temperature data using the psychrometric law (2). For location of sensors, see Fig. 9a.
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FIG. 16 Time evolution of different parameters for specimen 80-10 during testing in the environmental chamber: (a) air and soil temperature and
relative humidity, soil moisture loss; (b) suction recorded from tensiometers T1–T6 during the initial stages of the test; (c) suction calculated
from relative humidity and temperature data using the psychrometric law (2). For location of sensors, see Fig. 9c.
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(see Fig. 9c): (1) the first fully formed crack was observed on day

8, near tensiometer T5, but it did not propagate; (2) a small crack

was observed on day 11 above sensor V1, which resulted in a

slightly smaller rate of relative humidity loss recorded by sensor

V1 than by sensor V2, indicating the effect of crack formation

on the surrounding moisture conditions; (3) on day 20, more

than 80% of moisture loss had taken place and the soil temper-

ature started to increase slightly faster; (4) on day 23, the large

moisture loss resulted in a large change of the slope of the soil

relative humidity curve; (5) from day 27 onward, the moisture

loss curve was practically flat; (6) on day 37, equilibrium

between the air and soil temperatures and relative humidity

was reached and, as a result, the moisture content of the soil

stabilized with no further losses.

Fig. 16b shows the evolution of suction during the initial stage

of the experiment (first 15 days) measured by the tensiometers.

The maximum suction recorded by the tensiometers was in the

60 − 70 kpa range, except for tensiometer T3, which reached a

suction of only 40 kPa before cavitation. The time taken to reach

this maximum value of suction was smaller for the tensiometers

located on the periphery (T5, T6) than for the one at the center

(T1), showing the progression of the drying front. Although

readings from tensiometer T4 could be expected to be compa-

rable to tensiometers T2 and T3, the results show that T4

reaches the maximum value about four days earlier than T2

and T3. This can be explained by the position of the tensiom-

eters with respect to the heating lamps, T4 being closer than T2

and T3, therefore making the specimen dry sooner around the

T4 location.

The suction after day 10 calculated from the relative humidity

and temperature using the psychrometric law shows slightly dif-

ferent values from sensors V1 and V2; this can be explained by the

presence of a crack above sensor V1, illustrating the effect of

cracking on the rate of desiccation. From day 25, the rate of suc-

tion increase in the two sensors is about the same because the

crack near sensor V1 could not develop further and the soil mois-

ture remained the same throughout the specimen.

In the test with the larger specimen with a smooth bottom

soil–container interface (80-10-P, Fig. 17), the chamber air tem-

perature and relative humidity show similar trends to the test with

a smooth soil–container interface: the air temperature remains

within ±0.2°C of the imposed 35°C, and the relative humidity

remains within 0.2% − 4% of the imposed 40%. In this case,

the soil moisture reaches equilibrium after 25 days of drying.

As in the previous test, the soil temperature quickly rose to a value

near 30°C and remained stable at that temperature until the large

increase in the relative humidity rate recorded by sensor V2 on

day 10. From that day, the soil temperature slowly increased to-

ward a value similar to the air temperature at the end of the test.

In this case, the difference of the recordings between sensors V1

and V2 is due to the large radial crack, in addition to the perim-

eter crack, that developed at the location of sensor V2, whereas

there are no radial cracks at the location of sensor V1 and the

perimeter cracks there are thinner.

The evolution of the parameters depicted in Fig. 17 is ex-

plained by choosing six transition points (see Fig. 9e): (1) a first

crack started one day after initiation of the test, propagating from

the outer perimeter of cell number 6 above tensiometer T1; until

day 3, no significant development of the crack was observed and it

was not until day 6 that a fully developed crack could be seen;

(2) around day 10, a fully developed crack was observed above

sensor V2, which resulted in a much faster rate of decrease on

the relative humidity compared to sensor V1, indicating the effect

of crack formation on moisture conditions; (3) on day 20, around

80 % of moisture loss had taken place and the rate of decrease of

relative humidity in sensor V2 (measuring around 60 %) was

reduced; at the same time the relative humidity around sensor

V1 was still greater than 90 %; (4) on day 22, the relative humidity

rate recorded by sensor V1 shows a considerable increment linked

to the formation of some small cracks located near the sensor; at

the same time, the relative humidity around sensor V2, which has

a crack above it, shows a rate decrease; (5) from day 26 onward,

there was no further increment in soil temperature, remaining

almost equal to the imposed air temperature; the moisture loss

curve was practically flat, and the humidity control device was

not triggered anymore because the quantity of evaporating water

could not increase the humidity of the volume of air inside the

environmental chamber; (6) around day 34, an equilibrium be-

tween the air and soil temperature and relative humidity was

reached and, as a result, the moisture content of the soil stabilized

with no further losses.

Fig. 17b shows the evolution of suction during the initial stage

of the experiment (first 14 days) measured by the tensiometers.

During the first four days, the measured suction did not vary sig-

nificantly, indicating that the soil specimen was fully saturated.

After that time, the rate of suction change in tensiometer T5

was larger than in the rest. The rate of suction change in tensi-

ometers T6 and T4 started to increase after six days. Suction val-

ues before day 8 were lower than 10 ± 3 kPa in tensiometers

T1–T3 and started to increase thereafter. The maximum suction

recorded by the tensiometers was in the 60 − 100 kpa range, ex-

cept for tensiometer T2, which did not show any change of suc-

tion because of a malfunction and is not represented in the figure.

The time taken to reach the maximum suction recorded by the

tensiometers increased from the ones at the periphery toward the

one in the center. Tensiometer T5 was the first to reach the maxi-

mum at about 5.6 days, followed by T6 at about 7.2 days, T4 at

about 7.6 days, and T3 at about 10 days (the difference between

sensors T3 and T4 is explained by the fact that the cracks at their

locations formed at different times, therefore drying at sensor T4

occurring earlier than that at sensor T3). Tensiometer T1 was the

last to reach its peak at about 13.6 days. The evolution of suction

shows a similar behavior in comparison to Test 80-10 with a

rough bottom surface.
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FIG. 17 Time evolution of different parameters for specimen 80-10-P during testing in the environmental chamber: (a) air and soil temperature and
relative humidity, soil moisture loss; (b) suction recorded from tensiometers T1 and T3–T6 during the initial stages of the test; (c) suction
calculated from relative humidity and temperature data using the psychrometric law (2). For location of sensors, see Fig. 9e.
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The suction after day 6 calculated from the relative humidity

and temperature using the psychrometric law shows significantly

different values from sensors V1 and V2. At least at the points

where the sensors were located, the specimen remained almost

saturated until day 6. From there onward, the suction increased

only in sensor V2, while sensor V1 desaturated at a lower rate.

This difference in behavior is due to the presence of the crack

above sensor V2. At around day 34, the rate of suction increase

in the two sensors was about the same.

CRACKING WATER CONTENT

There is no consensus on what the conditions are for crack ini-

tiation. Shin and Santamarina (2011) suggest that defects on the

soil surface constitute the points where cracks initiate—typically

when suction reaches the air-entry value of the soil. On the

contrary, Ávila, Ledesma, and Lloret (2013) indicate that the

stress field dominates the crack initiation. It seems that both con-

ditions apply in practice. A simple approach is based on the com-

parison of the tensile stress with the tensile strength of the soil.

The stress field depends on boundary conditions and the shrink-

age deformation imposed, whereas the tensile strength depends

on the water content or suction. In Lakshmikantha, Prat, and

Ledesma (2012), the water retention curves and tensile strength

curves for this soil at different densities were published. The cor-

rect interpretation of the experiments requires a consideration of

the thermo-hydro-mechanical equations involved, including the

appropriate initial and boundary conditions. This is actually an

ongoing research task, and it is outside the scope of this article.

The procedure follows partly the basic approach from Rodríguez

et al. (2007) that involves at least a hydro-mechanical coupled

analysis considering the following aspects: the equilibrium equa-

tion for the solid, the water mass balance equation including

Darcy’s law for the liquid under unsaturated conditions, a con-

stitutive law predicting volumetric strains from total stresses and

suction, and, finally, a strength criterion (i.e., soil fails when tensile

stress reaches tensile strength). There is, however, some evidence

that shear stresses may be significant in this context because angles

between cracks are different than 90° (see previous figures showing

crack patterns). That could be related to the fact that suction con-

fines soil in all directions and, therefore, mode-I fracture may not

prevail as shear stresses develop (Ávila, Ledesma, and Lloret 2013).

It is expected that numerical calculations will help in interpreting

these aspects of the experiments. However, a qualitative analysis is

always useful for obtaining a first insight into the mechanics of the

initiation and propagation of the cracks.

The cracking water content is the water content at the time of

appearance of the first crack. Evaluation of this value requires

knowledge of the time at which the first crack appears, as well

as of the water content at that time. For the present tests, the time

was determined from the image analysis of the sequence of pic-

tures taken during the tests, which allows for the visualization of

when the first crack appears. Once the time of the first crack is

determined, the water content at the same time is obtained from

the moisture loss versus time curves already known. Fig. 18 shows

the relation between the cracking water content and the desicca-

tion rate coefficient for the third series of experiments. This figure

illustrates that the cracking water content increases with the

thickness of the specimen, and that it decreases as the desiccation

rate coefficient increases, as previously reported in the literature

(Corte and Higashi 1960; Nahlawi and Kodikara 2006; Rodríguez

et al. 2007).

Fig. 18 also indicates that the water content at crack initiation is

slightly different for several similar tests. Indeed, for experiments of

the third series and with a 20-mm thickness, the water content

ranges from 18 % to almost 24 %, whereas for 10-mm-thick spec-

imens, the range is 16 % to 20 %. Each range in water content at

crack initiation may be due to heterogeneities of the soil or to an

odd suction–saturation distribution within the soil mass (average

water content measured values are different from local values).

These values do not confirm that the air-entry value is the suction

at which crack initiates. Clearly the stress field plays a role because,

depending on the thickness, water content at crack initiation is

different.

From the image analysis carried out on the specimens during

the experiments (Lakshmikantha, Prat, and Ledesma 2009, 2012),

it was observed that after reaching a certain stage during the dry-

ing process no major cracks initiated or propagated that resulted

in a new crack surface, marking the end of severe cracking. This

stage is reached when a further increase of the tensile stress does

not result in the nucleation of new cracks. Fig. 19 shows the

FIG. 18 Relation of cracking moisture content and desiccation rate
coefficient for rectangular specimens of the third series.
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relationship between the desiccation rate coefficient and the

moisture content at the end of the severe cracking stage corre-

sponding to the third series of tests. This moisture content at

the end of the severe cracking stage follows similar trends as

the cracking moisture content.

CRACK PATTERN CHARACTERISTICS

The investigation into the pattern structure of the crack network

as it evolves during drying was performed using a method pre-

viously developed by Lakshmikantha, Prat, and Ledesma (2009).

The method yields several parameters that can be used to char-

acterize the crack network: the number of cells into which the

specimen is divided, the average area of those cells, their aspect

ratios, the average crack width, the crack density factor or CDF

(Miller, Mi, and Yesiller 1998), etc. The summary of the results of

the image analysis is given in Tables 1–4 for the four series,

respectively.

The crack density factor is used to characterize the extent of

surface cracking. It is defined as the ratio of total crack area to the

total virgin surface area of the drying specimen. The results shown

in Table 2 indicate that for the second series of tests, the single fac-

tor influencing the crack density factor is the specimen’s thickness

(average values are CDFð2Þ
10 = 8.63% and CDFð2Þ

15 = 13.50%).

Similar conclusion can be made from the third series of tests shown

in Table 3 (average values are CDFð3Þ
10 = 10.2% and CDFð3Þ

20 =
13%). The difference between the CDF values of the 10-mm-thick

specimens of the second and third series of experiments can be

attributed to the different initial moisture contents and desiccation

rates.

Some selected images of the specimens corresponding to the

third series were analyzed to obtain an overall picture of the

crack evolution and of the main stages of crack formation such

as crack initiation, severe cracking period, rate of crack growth,

and end of cracking. These can be evaluated from the moisture

content loss and crack density factor versus time curves depicted

in Fig. 20.

Regarding friction at the specimen–container interface,

Corte and Higashi (1960) concluded from their tests that less

friction results in smaller areas of the cracked cells. Similarly,

Groisman and Kaplan (1994) concluded that crack formation

was reduced with less friction. The effect of friction was investi-

gated in the present work only with circular specimens; the con-

clusion was that friction did not affect the CDF of the final crack

pattern (20.58, 19.92, and 20.21 % for smooth, circular grooves,

and square grid, respectively). However, it did have an effect on

the number of cells (25, 19, and 12, respectively) and on the aver-

age area of the cells (12.64, 17.82, and 25.62 cm2, respectively).

The smooth surface offered the least friction, whereas the square

grids offered the greatest.

The average area of the cells can serve as a substitute for

the crack spacing measurement and has been adopted as the

characteristic measure instead of the commonly used crack

spacing, which is perhaps an easier variable to measure in

strip-like specimens. However, for large circular and rectangular

specimens with nominal surfaces as large as 1 m2 and with thou-

sands of cracks, the average area of the cells represents a quali-

tatively better crack pattern, whereas the spacing between cracks

becomes difficult to determine because cracks are seldom

parallel.

The average crack width is also affected by the thickness.

Table 2 shows that in Series 2 the average crack widths are wð2Þ
10 =

1.10mm and wð2Þ
15 = 2.92mm for the 10- and 15-mm-thick spec-

imens, respectively; for the third series (Table 3), wð3Þ
10 = 1.90mm

and wð3Þ
20 = 5.09mm for the 10- and 15-mm-thick specimens. The

average crack width also depends on the specimen size—it is

larger for specimens with a smaller nominal area.

Finally, it is well known that there are only three types of

regular polygons (triangles, squares, or hexagons) that can pro-

duce a regular tessellation in the Euclidean plane (Grünbaum and

Shephard 1977, 1987). For all of them, the relation in the log – log

space of Fig. 21 between the area of a cell (A) and the length of the

crack per unit area (lC) has the linear form log A = B − 2 log lC

(Corte and Higashi 1960), where B is a term that depends on the

polygon type. This relation is independent of the size of the cells.

Fig. 21 illustrates that the experiments performed in the present

work are in acceptable accordance with this linear relation for a

uniform tessellation and with other tests found in the literature

(Ávila 2004; Corte and Higashi 1960).

FIG. 19 Relation of moisture content and desiccation rate coefficient
at the end of severe cracking for rectangular specimens of the
third series.
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SEQUENTIALITY OF CRACK FORMATION

A large variety of morphologies of crack patterns can be found in

nature. In many cases, the cracks or joints form a closed network

and divide a two-dimensional surface into distinct domains. Very

different mathematical, physical, biological, or social processes

give rise to two-dimensional space-dividing patterns. Examples

include the Voronoi tessellation of randomly distributed points

(Aurenhammer, Klein, and Lee 2013; Voronoi 1908), the two-

dimensional soap froth confined between glass plates, the reticu-

lum formed by cracks in thin layers, the cellular structure of

two-dimensional living tissue, the leaf ventilation, or the division

of large geographical areas by roads, streets, or political borders.

FIG. 20

Moisture loss and crack density factor with
time for specimens A0–A4.
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These networks have a well-known common property expressed

by Euler’s theorem, which states that in the plane each domain

has, on average, six neighbors. For many cellular networks, it fol-

lows that the average number of sides per cell is also six.

The existence of a sequence in the crack formation was first

reported from experimental studies in desiccating latex gels

(Bohn 2005) and starch–water mixtures (Bohn, Pauchard, and

Couder 2005; Bohn et al. 2005). However, no attempt has been

made until recently (Costa, Kodikara, and Shannon 2013;

Lakshmikantha, Prat, and Ledesma 2013) to study experimentally

the existence of such a sequence in the cracking of soils.

Identification of the cracking sequence requires continuous

time images of the evolving crack pattern as the soil dries, as

was routinely carried out during the present investigation. For

simplicity, only the A0-20 specimen is discussed, although the

same process was observed in all specimens tested. The final crack

pattern is shown in Fig. 22a, where the shaded cells are the ones in

which the cracking sequence is being monitored. The time evo-

lution of these cells is shown in the remaining images of Fig. 22b–i,

which illustrate the process of successive crack formation that

divides the surface into cells. The first image (Fig. 22b), taken

99 hours after the test started, shows a crack initiating nearly

at the center of the cell. In the second image (Fig. 22c), taken

at 103 hours, the crack in the earlier image has fully grown

and is already reaching the cell’s boundary cracks. It is interesting

to notice that the crack divides the cell in half and that there are

no other cracks anywhere else inside the cell. This newly formed

crack intersects the cell’s boundary cracks at right angles and is

more or less perpendicular to the longest boundary cracks. From

this point, crack formation within the two newly formed cells will

proceed separately without influencing each other.

Focusing now on the bottom half-cell at the third image

(Fig. 22d), taken at 107 hours, two cracks can be seen dividing

the cell into three more subdomains, which can be seen fully

formed in the fourth image (Fig. 22e), taken at 111 hours, labeled

2, 4, and 5, respectively. At the same time, the top half-cell is split

by a crack into two new cells, labeled 1 and 3. Further, a new

secondary crack can be seen at 115 hours in Fig. 22f at the middle

of cell number 1, resulting in two new subcells, labeled 11 and 12.

At 119 hours, Fig. 22g shows that cells 2, 3, and 4 have also split by

secondary cracks into two cells each, 21/22, 31/32, and 41/42,

respectively. Finally, the image shown in Fig. 22h, taken at 131

hours, shows a split of cells 21 and 32 by tertiary cracks into

the new cells 211/212/213 and 321/322, respectively. There is

no significant change between the latter image and the image

(Fig. 22i) taken at 135 hours, which is almost identical to the final

crack pattern shown in Fig. 22a, indicating that no more cracking

occurred in this section of the specimen after that time.

Sequential cracking is a recurrent and natural phenomenon in

drying soils where the cracks form and evolve driven by changes in

material strength because of natural heterogeneities, or because of

cycles of stress increases and decreases following seasonal

FIG. 21 Relation between length of cracks and average area of
cracked cells.

FIG. 22 Temporal evolution of the crack formation, indicating its
successive sequential nature: (a) final crack pattern
corresponding to a section of the 20-mm-thick A0 specimen;
(b) crack pattern at 99 hours; (c) crack pattern at 103 hours;
(d) crack pattern at 107 hours; (e) crack pattern at 111 hours;
(f) crack pattern at 115 hours; (g) crack pattern at 119 hours;
(h) crack pattern at 131 hours; (i) crack pattern at 135 hours.
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environmental changes (Costa, Kodikara, and Shannon 2013).

Usually sequential cracking results in patterns that are semidy-

namic or quasistatic when considered in a relative frame of elapsed

time from their formation. For example, the domains formed by

soap bubbles usually attain equilibrium in a very short time and are

dynamic, constantly redistributing or repositioning themselves to

maintain the equilibrium, leading to near-hexagonal patterns. In

contrast, crack patterns formed in drying soils attain equilibrium

relatively slowly depending on the rate of desiccation. This crack

formation is not dynamic because there is no rearrangement of the

domain shape and, normally, the size of the domains remain fixed

in time, leading to near-orthogonal patterns.

Three important processes can explain the sequential nature

of cracking in soils: (1) stress generation that is larger than the

tensile strength; (2) the direction of the stress generation; and

(3) the stress redistribution in the vicinity of or inside the newly

formed domain. If the drying soil mass is sufficiently large, all

three processes can occur simultaneously in different subdivided

domains. Several factors are responsible for stress generation in a

drying soil. First, soils are not continuous, homogeneous, or iso-

tropic materials, and their granular nature is the main cause for

stress generation. Also, soils are usually two- or three-phase sys-

tems with pore fluid and gas being the main constituents of the

complex pore system in the soil matrix. Because of these factors,

weak points or points of possible crack nucleation exist in the soil

structure. These points are randomly distributed throughout the

soil matrix, and the strength at these points varies depending

upon the time evolution of cracking. The crack nucleation process

itself also has a random component. In drying soils, stress gen-

eration is primarily caused by desiccation and a resistance to free

shrinkage. Usually the shrinkage is not uniform over the drying

surface, and this differential shrinkage results in differential stress

generation at different points. The stresses at certain points may

reach the soil strength earlier than at others, resulting in crack

nucleation wherever the strength has been reached. Thereafter,

cracks grow according to the direction of the principal stresses.

Conclusions

The results of the experiments have shown the coupling between

specimen thickness, desiccation rate, and cracking moisture

content in the formation and propagation of cracks. The main

parameters that control cracking are the size, thickness, and as-

pect ratio of the specimen, and especially the boundary conditions

(shape of the boundary and type of the soil-boundary interface).

The surface area of the specimen and its thickness both affect

the desiccation rate but in opposite ways: a larger area results

in a higher desiccation rate, while a larger thickness results in

a smaller desiccation rate.

Crack initiation happens when the specimen is saturated or

near saturation. If a significant volume change occurs and there

are displacement restrictions (because of the geometry and boun-

dary conditions or because of material inhomogeneities), the de-

formation field ceases to be homogeneous and eventually

cracking develops when a failure condition is satisfied.

The tests in the environmental chamber have shown that

cracks can start either at the top, bottom, or at both surfaces

of the specimen and that cracks can propagate with inclined paths

along the vertical cross section. Cracks can also initiate within the

soil mass, instead of at the surface of the specimen. The mecha-

nism responsible for the initiation at the top surface is usually

desiccation, while the cracks starting at the bottom surface

may be a product of curling or syneresis processes or both.

The presence of a crack also affects the suction because cracks

increase the rate of desiccation. The suction profiles during the

initial stages of the desiccation showed that the drying front

moves from the periphery toward the center and from top to bot-

tom. The extent of cracking throughout the specimen was larger

with a smooth bottom interface than with a rough one. This was

more noticeable at the bottom surface.

The image analyses conducted on all tests clearly showed

that the formation of cracks in drying soils is sequential. The

cracking sequence provides much information that helps ex-

plain the way in which crack patterns are formed. Stepping back

from the final crack pattern, knowledge of the sequential order

makes it possible to trace the changing stress states during the

process of cracking.

The role of specimen size and boundary (shape, interface)

suggests the need for tests with larger specimens, with carefully

designed soil–boundary interfaces, and with improved measure-

ments, especially at the specimen–atmosphere interface where

evaporation takes place. These tests would be fundamental for

developing models that are able to predict the formation and

propagation of cracks in natural soils under drying conditions,

having useful applications in agriculture, water management,

waste disposal, and construction in general.
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