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Abstract

Soil cracking is a common physical property in Vertisols containing a high percentage of
expansive clays of type 2:1, this phenomenon is accompanied by some morphological
features such as Gilgai and silken sides as a result of the expansion and contraction that
occurs to the soil after periods of wetting and drying. These soils are called inverted soils
due to the occurrence of self-mixing because of rising apart of the soil to the top after the
soil expansion phenomenon occurs. Some of these expansive clays have a high ability
to hold water, as water films are generated on the internal and external surfaces of the
layers of minerals that compose them, giving these soils a high property of expansion
and plasticity. Under conditions of drought and high temperatures, water is lost from
between the layers of clay minerals, which leads to shrinking the soil and causing it to
crack. The cracks width and depth are proportional to quantity and type of the prevailing
mineral, organic matter, calcium carbonate and other binding materials, Cracks can be
reduced by improving soil structure and aggregates through the addition of soil
amendments such as agricultural gypsum, organic matter, animal waste, and previous
crop residues. Cracks can also be reduced using agricultural practices such as reduced
tillage, water management, and modern irrigation methods, however, the study of
cracks, directions and their impact on different land uses has not been well-documented
or studied with regards to water and nutrients movement, and its transfer through these
cracks. Therefore, this review aims to collect the literature and studies related to the
subject of soil cracks, their causes, consequences and the mechanics of their formation
in addition to the methods followed and appropriate in their management.
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1. Introduction

Soil cracking is a characteristic feature
of Vertisols soils, which are clayey soils that
expand with moisture and contract during
dry periods, forming cracks of varying depth
and width depending on the type and
guantity of expansive clays, especially thick
clays (68). This shrinkage and swelling
makes managing these soils difficult (78).
Vertisols are sometimes called black soils
(82), The colors of these soils range from
gray or red to dark black based on the kind
of parent material and the surrounding
environment (59 and 17). The most common
are "Black Earths" in Australia (74), "Black
Gumbo" in east Texas, "Black Cotton" in
east of Africa, and "turf soil" or "vlei soils"
in the south of Africa. The primary regions
with a high concentration of Vertisols are
east of Australia, the Deccan Plateau in
India, Most of Southern Africa, South
America, most of south of America and
eastern China, in addition to small and
scattered areas of many countries in the
world (77 and 38), including Irag (6).
Cracks affect the development and
properties of soil to the point that it enters
the highest level of soil classification, as it is
considered an order within the USDA soil
classification (36). Vertisols are naturally
covered with grasslands, savannas, or grassy
woodlands (4), and the heavy clay texture
contains more than 35% clay, and the
unstable behavior due to the turning and
self-mixing of the materials of these soils
makes it difficult for many species of trees
and forests to grow in them (9). Vertisols are
rich in Smectite and Montmorillonite clay
minerals, which have shrinkage and
expansion property (84). When these soils
dry, they form deep and wide cracks from
the surface to the bottom, ranging from 15-
200 cm (11 and 88). Different morphometric
composition is very common in such soils
with expansive minerals and the high
swelling and shrinkage potential of soils
containing these expansive minerals leads to
the formation of wide and deep cracks,
where the cracks are closed after rainfall or
irrigation (87 and 7), when these soils get
wet, the clay minerals expanded and create

high pressure inside the soil body, this
internal  pressure results in  distinct
aggregates in the surface soil and flat soil
masses in the subsoil (84).

Vertisols are capable of rapid expansion
and naturally shrink throughout the drying
without allowing air to enter; on the other
hand, many non-Vertisols also display
expansive soil behavior (82 and 5). For
example, the sodic alluvial soils of the
Pampas region of Argentina exhibit similar
behavior to Vertisols in terms of expansion
but differ in that they expand as a result of
air entrained in the soil after flooding (84
and 60). Volume changes occur upon drying
or rewetting in all soils with high organic
matter and/or clay content. In fact, crack
development observed in fine sandy soils at
larger volumes than in clay soils (57, 48 and
88).

[80] stated that most studies focused on
the soil phenomenon of expansion and
shrinkage and its effect on the development
of cracks, as well as, its effect on the process
of infiltration, while there are few studies
focused on the morphology and distribution
of these cracks (47). The process of cracking
in the soils are complex that has many
causes and affected by internal and external
factors, that is difficult to study or trace its
effects due to the occurrence of some
phenomena, resulting from the expansion or
shrinkage of soils (41), causing distinctive
morphological  features of  Vertisols,
including the development of micro-
topography on the soil surface such as
Gilgai, silken sides (43 and 40). The depth
and width of soil cracks associated with the
kind and quantity of clay minerals (16), the
quantity and pattern of rainfall, as well as
the kind and density of vegetation cover that
associated with frequently of drought (39
and 37). In addition, the state of soil
moisture, temperature, wet/dry cycles, and
pressure of the air affect the state and
position of cracks (18). Moreover, the
characteristics of Vertisols cracks may vary
depending on the properties of the soil itself,
the local climate, topography (13), crop
patterns, cultivated plants (14), and soil
management practices (69).



[47]explained that when temperatures
rise and there is no availability of irrigation
water or rain, clay soils begin to dry out and
lose water from between the layers of
minerals that make them up (79). Causing
the soil to shrink by an amount greater than
or equal to the volume of water lost (49 and
84). The volume of the decrease recorded at
49% in some clay soils in the Netherlands.
[95] also indicated that when the soil dries,
great physical stresses are imposed on the
soil aggregates, causing a continuous
shrinkage in the volume of the soil to the
extent of a tension of 15 bars. [51] stated
that soil cracking occurs due to the soil
being exposed to drought following heavy
rain or irrigation.

[91] showed that the soil clod
boundaries ridges are weak and easily
separated from each other when the soil
dries and shrinks, as soil cracks follow the
boundaries of these ridges, and new cracks
can form between natural ridges when
drought increases (62). During long dry
seasons, dry plant debris, harvest residues
and dust fall into the wide cracks beneath
the ground, where these cracks fill up .When
rain falls and the soil expands and swells,
this puts pressure on the materials in the
cracks and on the sides of the cracks,
eventually lifting the soil upwards, causing a
surface  morphological terrain  called
“Gilgai” (21). The process of expansion and
upward movement of soil ridges causes
friction between the faces of the ridges with
neighboring ridges (24), causing these faces
to be polished, which are called
"Slickensides", the incorporation of soil
particles at roughly the crack's depth,
frequently preventing the development of a
B-horizon (2).

Cracks develop in heavy clay soils that
contain significant amounts of expansive
minerals during the dry season, these silicate
minerals are in the form of thin sheets that
stack on top of each other, and when the soil
moistened, water makes its way between
these plates and causes them to expand (63),
when the soil dries, the silicate plates
collapse on each other and cause the soil to

shrink, because the bonds holding the
silicate molecules together are not strong
enough to maintain this expanding structure.
When the soil moistened again, the same
process is repeated; causing the soil
structure to expand and the cracks to close
(55). [61] reported an inverse relationship
between the density of clay cracks and their
depth, as the density of cracks decreases
with increasing depth of these cracks. [8]
showed that physical changes such as
(expansion, shrinkage, cracking and crack
closure) in expansive clay soils that occur
during and after a rainstorm have a
significant impact on the movement of
surface water or its penetration into the soil
body (42).

2. Impact of cracks and fissures on soil
management and uses

[26] indicated that soil cracks provide
free paths for the movement of water, salts
and nutrients away from the root spread
area. Soil cracks have an impact on the
physical characteristics of the soil (56), as
well as the flow of air and water through the
soil and their movement to the subsurface
soil and groundwater, these eventually
affected the soil's hydrological (24 and 66).
The depth, width and density of cracks also
play an important role in the rapid loss of
moisture in cracked soil, and the physical
movement of cracking may tear plant roots
and expose small growing roots, which
reduces the plant's ability to absorb water
and nutrients (73). Additionally, deeper and
wider cracks sometimes limit the efficient
use of available resources for crop
production and thus these soils need
sustainable management (71).

[44] stated that soil cracking increases
the low effect of temperature on plant roots,
leading to an increase in symptoms of
phosphorus deficiency because phosphorus
called an energy element, and the plant
consumes it quickly to confront the stress it
is exposed to under these conditions (78).

Soil cracks have both beneficial and
negative impacts on the wuse and
management of Vertisols. As cracks
develop, the area of open surface exposed to



the atmosphere increases, and the amount of
vapor from crack edges could match or
surpass that of the surface soil (67 and 94).
This leads to rapid drying of the soil, as the
crack network develops, fine roots adjacent
to the cracks are cut off, which leads to
additional stress on the growing crop to
absorb water and nutrients (67). In flat lands,
the soil may suffer from a lack of ventilation
due to water saturation and poor drainage. In
field practices for managing cracking in
Vertisols soils, farmers are concerned with
keeping the soil from drying out excessively
and reducing the temperature of wetness
during the thaw process (44). The
development and occurrence of cracks able
to display good control in irrigated soils, but
in rainy conditions, it becomes more
difficult in the early stages of plant growth.
However, as plant growth increases (58), the
growing plants form a surface cover that
reduces the occurrence of cracking (32).
Leaving residues on the surface after harvest
reduces surface evaporation; this prevents
soil from drying out quickly and cracking
(20). In natural pasturelands, overgrazing
should be avoided because it leads to soil
drying and thus cracking (13).

Cattle and sheep that graze on Vertisols
may get damages if their hooves or feet fall
into cracks that have developed during dry
spells, and ungulates do not like to move on
these soils when they are flooded (21). In
addition to the negative effects of these soils
from an agricultural perspective (27), the
shrinkage and swelling of Vertisols can
cause many problems for roads, buildings
and structures built on them (98).

The benefits of the crack network
represented in storing water efficiently at the
beginning of rainfall because it provides
rapid entry of water, especially in areas with
scarce rainfall (33). In the Caribbean,
sugarcane roots have been found to grow
and concentrate where soil, air, and water
interactions are good near the walls of
former cracks. (25). Additionally, (91)
observed that in Syria, roots of wheat grow
more readily on the walls of internal cracks
than on sandy soil. Cracks can be sign as a
sign of the soil's rejuvenation, especially in

compacted soils (21). These soils have poor
permeability when filled with water, making
them suitable for growing rice (55), but it is
difficult to adopt rain-fed agriculture in
these soils as they are extremely sticky when
wet and extremely rigid when dry. However,
these soils are interested in Australia
because they do not suffer from a
phosphorus shortage (20).

3. Factors affecting soil cracks
3.1. Effect of moisture content and
dominant clay mineral

The process of drying out clay soils is
closely associated with the formation of
cracks because the soil loses water
continuously and becomes dry during this
time (52). Many factors, including decreased
water phases, high temperatures, dry
periods, a decline in vegetation cover, or the
absence of plant remains on the soil surface,
might cause this process (58).

The creation of soil crack patterns can
also be greatly influenced by a variety of
soil characteristics, including clay mineral
composition, amount of clay present (3),
bulk density, organic carbon, cation
exchange capacity (CEC) (51), thickness
and size of soil layers, boundary conditions
and cycles of wetting\drying, etc. (68). The
main factor influencing a soil's ability to
separate after drying is its texture; the more
colloid the soil contains, the more uniform
its texture is, and the more likely it is to
crack after drying. Simultaneously, a larger
colloid content causes the soil to expand
more while wet and to dry out more as it
dries (65). Similar behaviors and effects on
the creation and growth of cracks are seen
by  adsorption  monovalent  cations,
particularly sodium (51). Shrinkage cracks
are more prevalent and develop during
drying in  soils  containing  high
Montmorilloniteic clay compared to lllite
(4). Initial areas of weakness in the soil mass
are wherever cracks appear, which decreases
the soil's overall mechanical durability and
increases the compressibility of the
aggregates and the bulk of the soil (4). The
shape of the cracks and their networks
mostly determines the hydraulic



characteristics of clay soils, as the size of the
cracks (length, width and depth) (68). Water
and dissolved materials move through the
soil profile at different rates and speeds
depending on the degree of crack twisting,
and the arrangement and connectivity of
cracks control the flow pathways, which in

effect control the materials' diffusion within
the soil body (86). Cracks can affect the
water capacity (HC) of soil and the
infiltration rate of rainwater or irrigating
water in the soil body, increasing soil
holding capacity will reduce the soil's
shearing strength (44) (Flg 1).

Fig. (1) Cracks in Vertisols 2 om wide and 40 cm-deep

[44] investigated the impact of soil type
and soil moisture on cracking using
laboratory tests, they combined Kaolin and
Montmorillonite in varying amounts to
create four soil samples, which they then
repeatedly wet and dried. Their findings
showed that when the moisture content
reduces from 44.1% to 43.4%, cracking
forms more slowly (65), and when it drops
from 43.4% to 33.3%, cracks form more
quickly. At this point, the cracks' opening
width could grow from 2.7 to 6.1 mm.
Based on these results, three stages are
distinguished in their classification of the
crack formation process: the first, precursor,
and stable state periods. The first stage of
slow cracking is caused by a reduction in the
water content of the exposed soil surface
alone (85). When evaporation occurs from
the soil sample's surface as well as the crack
perimeter (predecessor stage), the crack
becomes more severe and noticeable, the
development of cracks is sluggish and tends
to attain a steady state when the soil
sample's moisture content and the
surrounding conditions are balanced (64).

3.2. Effects of Cropping and Paddling

According to (97), among the most
important factors controlling cracking of
Vertisols soils in rice fields are pond
formation, agricultural practices, and water
management. Since these practices are
useful for sustainable management in such
fields (58), they also have direct practical
ramifications and solutions, they also
observed in their research that, (1)
Evaporation from rice grown in rows causes
parallel (29), straight cracks to emerge
throughout the rows at the middle of the row
spacing, (2) As the space between the rice
rows gets bigger, the cracks width increases,
and (3) The development of straight cracks
along the rows is facilitated by the
frequency of ponding (fig. 2).

[6] reported that excessive moisture and
high compaction on the soil surface produce
larger, deeper cracks, and the breadth and
depth of the cracks in these soils can be
decreased by managing the soil by adding
organic matter and gypsum at a rate of 10
Mg ha™. Studies by (72 and 15) indicated
that cracks develop in the elevated areas
between crop rows, and attributed this to the
fact that cracks occur at the junction of
points of lower resistance with areas of



higher moisture content. [12] conducted an
analysis on the impact of crop spacing on
crack patterns and observed that when the
space between crop rows increases, the
cracks become bigger, [91] ascribed the
formation of cracks among rows of crops to
the soil consolidation caused by crop roots.
In a lab experiment, (97) observed that
bidirectional water circulation between crop
rows increases the formation of inter-row
cracks, and they supported their results with

numerical simulations of effective moisture
tensile stress. Their results showed that
cracks occurred in the middle of the inter-
row spaces due to water absorption by the
plants, and they reported that the pattern of
cracks varied depending on the time of field
drying because the rate of transpiration
varies with the stage of crop growth (10).
Based on a study by (56), when soil is
mechanically formed, cracks are wider
under foot or wheel pressure.

| Fig. (2) cracks in the rice field

3.3. Effects of Management and
Tillage Practices

Soil cracks play an important role in
agricultural farming systems because they
allow water to resupply in insufficiently
porous soils shortly after rainfall (76, 90 and
, 93), and water loss from the crack by
evaporation increases Along the front edge
of the crack (74 and 95). As the crack width
and length increase, Heat, solutes, air, and
water in the soil all rise (Novak, et al.,
2000), thus improving the yield of crops
(28), and the potential in light of
groundwater contamination (13, 10 and 45).
Agricultural gypsum reduces soil cracks by
binding clay particles together, thus
improving soil structure. This increases
water permeability, enhances aeration, and
breaks down dense soil structures (92 and
7). Field operations, tillage, and the
application of organic residue can all alter

the patterns of soil cracks. According to a
field experiment carried out in India, lantana
(Lantana spp.) continuously applied to
farmland within a wheat-rice cultivation
cycle decreased surface area and crack
density by 19%-37% and 36%-76%,
respectively (14). The type of plants
cultivated additionally impacts the formation
of cracks since roots of plants play a major
role in compaction of the soil and retention
of humidity., thus affecting soil shrinkage
(21, 37 and 61).

Soil tillage affects the physical
properties of soils close to cracks. As an
example,  excessive  tillage  reduces
exchangeable calcium, CEC (13), and
calcium carbonate equivalent (48), increases
organic carbon (SOC) (21), and has a higher
plasticity limit in the vicinity of roots than in
the rest of the soil body away from cracks
(44). There are often differences in soil



properties between the soils adjacent to
cracks and the rest of the soil body in
intensively tilled soils, but there are no
differences between them in pasture and
low-tillage soils, due to the presence of
stable biopores in pasture and low-tillage
soils (45). Additionally, cracks can enhance
soil structure and make drainage and water
infiltration easier (48 and 62), root
distribution (64, 79 and 83), soil OM, and
nutrients in the soil profile (27, 18, 8 and
88).

Sustainable soil management is applied
to improve soil quality in Vertisols by
planting crop varieties that increase and
increase dryness and cracking of soil, like
wheat (Triticum aestivum L.) (73), like
Safflower  (Carthamus tinctorius L.)
subsequent to irrigated cotton (Gossypium
hirsutum L.) (49 and 64). Additionally, soil
cracking makes it easier for nutrients (67),
insecticides (68), and herbicides to enter the
soil (64 and 70). Because of their critical
role in management processes (30), the
physical and chemical properties of soils
associated with cracks differ significantly
from those of soils far from cracks within
the soil body (72 and 18).

4. Significance of Cracks for Water
Movement and Distribution within the
soil

Water penetration into Vertisols soils
and its redistribution after rainfall or
irrigation is influenced by the distribution,
width and depth of cracks (13, 10, 9).
Naturally, water can reach a depth of nearly
50 centimeters through the soil's surface,
and water can only reach deeper layers
through cracks in the soil, where moisture is
distributed along the sides of the cracks (7).
Excessive moisture depletion in these areas
leads to accelerated and extended cracking,
more moisture loss through evaporation and
plant absorption, and thus drier and harder
surfaces around the crack area (53).
Maximum root presence is observed next to
cracked surfaces (4), due to the possibility of
low bulk density and higher moisture
content in nearby areas of cracks, which
encourages root penetration.

Vertisols exhibit variation in the
frequency and distribution of cracks and
interpenetrating pores (96). Crop
productivity is impacted by the quick
evaporation of soil crack moisture from the
surface during the post-rainy season, this
process is important in scheduling irrigation
because the presence of cracks increases the
crops' requirements for irrigation during the
initial irrigation scheduling (89 and 95).
According to (88), more than 12% of the
water required by rain-fed crops produced in
Vertisols evaporates during the winter from
non-irrigated agricultural soils. [1] reported
that the reason for the differences in the
pattern and distribution of cracks is caused
by the moisture content, clay content, and
clay mineral quality of the soil. Soil cracks
help the movement of water, dissolved
materials and gases preferentially into the
soil body, and water is lost through
evaporation (30). Water use efficiency is
decreased by the cracks because they
increase the surface area exposed to the
atmosphere, which increases water losses
through evaporation and preferred flow. In
the Sudanese Gezira region, rainfall that
accumulates up in the soil substrate during
the soaking process permits the rapid
movement of significant quantities of water
into deeper layers before cracks seal (99).
According to some studies, this procedure
known as "bypass flow" or "short circuiting"
(20), negatively affects crop production.
Along with the possible loss of nutrients,
this process also leaves the soil bed
irregularly wet around cracks, the soil
matrix unsaturated, and moisture unable to
penetrate below the crop root zone (15), as
well as water loss from deep, wide cracks
that evaporated more readily, decreasing the
crops availability of water (11 and 18).

In a study on Vertisols soils in northern
Iran, (50) found that there was an 60%
reduction in water use efficiency (WUE)
when the crack width grew from 3 to 25
mm. [35 and 46] found that in broken soils,
preferred flow is the primary factor causing
water loss, low water usage efficiency, and
problems with crop productivity and
seedling emergence and growth. (100).



According to (19), there are differences in
the dynamics of preferential flow under
conventional and nonconventional
agricultural management techniques, as well
as a relationship between preferential flow
and the soil matrix close to the cracks. [59]
observed that in dry soils, where cracks are
filled upon irrigation, preferential flow is
reduced, thus being one option to reduce
water requirements in later stages. In a
weighing lysimeter under cracked soil, [78]
assessed the effects of
macropores/preferential flow and crack
dynamics, they found that, despite surface
runoff under the cracks, there was no
drainage in the soil column during the first
three of the six irrigation operations.
Additionally, they noticed that soil cracks
remained open in the subsurface layers for
preferential flow despite their closure at the
soil surface. In the case of flood irrigation,
cracks recur in the same previous locations,
while their locations change in the case of
rainfall, which is what (2) and (7) found.

5. Cracks Measurement

Limited information is available on the
measurements of cracks (length, width and
vertical depth) in situ or in the field. There
are several methods for measuring crack
area and extent. [79 and 84] measured the
coefficient of overall variation in Rajasthani
Vertisols  through  investigating  the
dimensions of cracks and their horizontal
extensions, [93 and 81] also created a
guantitative index system based on the idea
of crack geometry and network analysis,
these indices are useful for evaluating the
intricate details of the network structure of
soil cracks. There are five classifications for
the values of the morphological indices of
cracks: fragile, tiny, mild, extreme, and very
intense. In order to investigate the cracking
phenomenon, [74] established the crack
intensity  factor, which serves as a
description of the degree of surface
cracking. They also proposed an image
processing  technique. = Comprehensive
techniques for crack characterization based
on resistance, ultrasound, computing

technology, flow of fluids, an ultrasound,
theoretical calculations, and optical image
analysis were also categorized by (74). [90]
employed the principles of stereo photo
science to derive three-dimensional crack
pattern properties from two-dimensional
measurements.

One method for measuring crack size
is by the amount of sand needed to fill the
crack (12). In order to determine the overall
expansion coefficient and surface area using
crack parameters like width, length and
depth, [23] devised equations that assume a
triangle shape:

(1) Total volume of cracks V= 0.5
wdl

(2) Total area of the crack surface SA
=>2cl

Where d= refers for the average depth
of a crack. (m), I= average crack length (m),
and c= coefficient of dependence on w and
d, which estimated as follows:

(3) c=0.5w2 + d21/2

6. Management of Heavy Cracking
Clays

Tillage and cultivation systems,
nutrient management and soil water
management are particularly relevant in
heavy, cracked clay soils (Vertisols) found
in arid tropical and subtropical regions (31).
Soil water management is closely related to
soil management, especially in these
regions, poor internal drainage and slow
hydraulic conductivity lead to waterlogging
of the soil (67). Due to the specific
characteristics of these soils, tillage
operations are carried out within a narrow
range of moisture in soil. When the soil is
wet, it becomes sticky, and the plow sticks
to it during plowing (54), when dry, it forms
large, clumps, hard and difficult to till (45).
Despite the availability of nutrients in these
soils, they sometimes suffer from fertility
problems due to the low availability of
phosphorus and micronutrients  under
sustainable high-input systems (1).These
soils have micro-topography called Gilgai,
which is formed as a result of expansion and
contraction in addition to cracking of these



soils (31) These soils are also characterized
by the phenomenon of continuous mixing or
turning, there is a constant need to benefit
from rainwater for use by the crop, and
surface drainage must be provided to avoid
waterlogging of the soil, when cracks are
closed and infiltration rates slow down (54).
There are some benefits to soil cracking,
including creating drainage channels in
heavy clay soils, allowing air to move
deeper into the soil, and incorporating
organic matter into the subsurface soil (92),
but these benefits are insignificant compared
to the negative impact that contractile clay
has on water loss, root damage and reduced
crop yields (88). In a study conducted by
(70) to investigate the effect of basalt fiber
and various pozzolanic additives (lime, fly
ash, and silica fume) on desiccation cracking
behavior, the additives used proved effective
in reducing cracking. Crack areas decreased
when lime was added, and continued to
decrease when fly ash or silica fume was
added with lime. The results demonstrated
that additives can be an effective solution
for preventing desiccation cracks in clayey
soils. In order to determine the causes and
effects of cracking techniques in Vertisols
soils, some research be conducted on such,
which can be summarized below:

* Understand the characteristics of
cracked soils.

* Determine the quantity of nutrients and
water lost through cracks and the
impact it has on the productivity of
crops.

* Determine physical parameters such as
deformation process, sheer strength,
penetration resistance, bulk density
and aggregate stability of soil adjacent
to cracks.

* Understand the tendency and continuity
of the crack network.

« Evaluate the degree of crop yield losses
from cracking and root damage for
various agricultural products and soil
types.

» Establish sustainable soil management
techniques through investigation that
reduce the occurrence of cracks and
increase crop yields.

» Evaluate the efficacy of organic
fertilizers  and  soil-conditioning
substances (such as residues of crops,
gypsum, biofertilizers, and FYM) in
the field to reduce the occurrence of
cracks and enhance the physical
properties of the soil through
aggregate formation.

* Develop general models to predict and
estimate the occurrence of cracks in

soils.
7. Cracked Soil Management
Procedures

Heavy clay soil cracking is a common
problem on farms, and treating these cracks
and their negative effects is necessary to
maintain plant growth and agricultural
fertility. To reduce soil cracking in arid
regions, a few steps can be taken, including:

1- Frequent irrigation: To keep the soil
from drying up and reduce cracking
without drying, a sufficient quantity of
water must be added to it on a regular
basis.

2- Using gray water: Water used in homes
for daily activities can be used for
irrigation, instead of using other water
sources, especially if this water is
limited.

3- Choosing appropriate soil types:
choosing soil types that tolerate drought
and have a high ability to retain
moisture.

4- Afforestation of the area: Trees and
plants provide moisture to the soil and
help stabilize and cohesion, which
reduces the degree of cracking.

5- Dissolving salts in the soil: Salts in the
soil may increase the cracking, so they
should be dissolved by purifying the
water before irrigation, or adding
organic feed to the soil.

6- Soil Covering: Different covers can be
used to cover the soil, such as plant
leaves, crop residues, straw, stones or
some plants to maintain soil moisture,
reduce evaporation rate and reduce
cracking.

7- Use dry, coarse soil, straw or sawdust to
close cracks in the field.



8- Deep plowing: Deep plowing should be
done periodically to maintain soil
quality and repair soil cracks.

9- Use of organic materials: such as
organic fertilizer or green manure can
be added to the soil, as these materials
help increase the moisture content and
maintain soil structure.

10- Use of modern irrigation techniques:
Modern irrigation techniques such as
drip irrigation, sprinkler irrigation and
regular irrigation can be used to provide
adequate moisture for plants without
wasting water.

8. Conclusions

Soil cracks in Vertisols are mainly
caused by the expansion and shrinking of
clay minerals 2:1, affecting soil aggregates,
water and air movement. The severity of

References

1. Abdulridha A. N. and S. Kh. Essa
(2023). Use of organic matter and sand in
improving properties of some soils of holy
karbala  governorate  affected by
phenomenon of cracking. Iragi Journal of
Agricultural ~ Sciences,54(1):268-  281.
DOI: 10.36103/ijas.v54i1.1699

2. Abebayehu, W. (2017). A review on
Vertisol management, challenges and
future potential for food self-sufficiency in
Ethiopia. J Biol Agriculture and
Healthcare, 7 (17) 115-127.

3. Albrecht, B.A. and Benson C.H. (2001).
Effect of Desiccation on Compacted
Clays, J. Geotech. Geoenviron. Eng.,
ASCE 127(1), 67-75. DOI:
10.1061/(ASCE)1090-0241

4. Al-Jaff B.O. and S.K. Essa (2020).
Effect of plant coverage on mineralogical
changes of mica in Rhizosphere. Iraqi
Journal  of  Agricultural  Sciences
51(1):493-499.

DOI: 10.36103/ijas.v51i1.948

5. Amin, P., M. A. Ghalibaf and
M.Hosseini  (2025).  Soil  surface
subsidence time series modeling of an area
with Aridisols and Vertisols complex
using surveying and drone imagery in
Central Iran. Dokuchaev Soil Bulletin.
DOI: 10.19047/0136-1694-2025-122-62-

10

cracks depends on mineral composition and
quality and quinttity of organic matter.
Applying soil amendments and adopting
proper tillage and irrigation practices can
effectively reduce cracking. Further studies
are needed to better understand crack
behavior and its impact on soil productivity.

9. Disclaimer (Artificial Intelligence)

Authors hereby declare that NO
generative Al technologies such as Large
Language Models (ChatGPT, COPILOT,
etc.) and text-to-image generators have been
used during the writing or editing of this
manuscript.

10. Competing Interests
Authors have  declared
competing interests exist.

that no

88

6. Al-Nasse, Y. H. and M. D. Agha (2024).
Role of gypsum stone to improve some
physical and Hydrological properties of
heavy soil and vyield of sunflower
Helianthus annuus L., Tikrit J. Agri. Sci.,
24(3) 102-109. DOI: 10.25130/tjas.24.3.9

7. Al-Nasser, Y. H. and Kh. A. Al-Khalid
(2020). The behavior and pattern of soil
cracks and its managements in Vertisols,
Mesopotamia J. of Agric, 46 (2)68-76.
DOI:_10.33899/magrj.2020.126766.1030

8. Al-Shatib, M. A., Chen, G., Bennett, J.
M. and Jensen, T. A. (2021). Monitoring
the behaviour of Australian Vertosols in
response to the shrink—swell characteristic
and cotton picker traffic. Soil Research, 59
(4) 396-405. DOI: 10.1071/SR20222

9. Atique, S. and M. Sanchez (2011).
Drying Analysis of Cracking Behavior of

Soil, 2nd International Conference on
Environmental Science and Technology.
IPCBEE, 6, 66-69, IACSIT Press,
Singapore.

10.Arnold, J.G., Potter, K.N., King, K.W.
and Allen, P.M. (2005). Estimation of
Soil Cracking and the Effect on Surface
Runoff in a Texas Blackland Prairie

Watershed”, Hydrological = Processes,
19(3) 589603. DOI:10.1002/hyp.5609.



https://doi.org/10.36103/ijas.v54i1.1699
https://doi.org/10.1061/(ASCE)1090-0241(2001)127:1(67)
https://doi.org/10.1061/(ASCE)1090-0241(2001)127:1(67)
https://doi.org/10.36103/ijas.v51i1.948
https://doi.org/10.25130/tjas.24.3.9
https://doi.org/10.33899/magrj.2020.126766.1030
http://dx.doi.org/10.1071/SR20222

11.Attom, M. F., S. A. Tagieddin and T.
Mubeideen (2000). Shear Strength and
Swelling Stabilization of Unsaturated
Clayey Soil Using Pozzolanic Material.
ASCE, Reston, VA, USA, Geotechnical
Special Publication, 99, 275-288. DOI:
10.1061/40510(287)1

12.Bagnall, D., Morgan, C.L.S., Molling,
C.C., Heilman, J.L. and Moore, G.W.,
(2019). Testing a water redistribution
model in a cracked vertisol at two scales.
Vadose Zone J. 18, 1-11. DOL:
10.2136/vzj2018.09.0173

13.Bandhyopadhyay, K.K., Mohanty, M.,
Painuli, D.K., Mishra, A.K., Hati, K.M.,
Mandal, K.G Ghosh, P.K,
Choudhary, R.S. and Acharya, C.L.
(2003). Influence of tillage practices and
nutrient, management on crack parameters
in a vertisol of central India. Soil Till.
Res., 71, 133-142. DOI: 10.1016/S0167-
1987(03)00043-6

14.Bhushan, L andP. K. Sharma (2016).
Long-term effects of lantana (Lantana spp.
L.) residue additions on soil physical
properties under rice-wheat cropping: I.
Soil consistency, surface cracking and
clod formation. Soil & Tillage Res.,
65(2)157-167. DOI:  10.1016/S0167-
1987(01)00279-3

15.Bianchi, S.R., M. Miyazawa., E.L.
deoliveira., and. M.A. Pavan (2008).
Relationship between the mass of organic
matter and carbon in the soil.Brazilian.
Archives of Biology and Technology. 51
2 263-268. DOI:10.1590/S1516-
89132008000200005

16.Bouajila, K. and M. Sanaa (2011).
Effects of organic amendments on soil
physico-chemical and biological
properties. J. Mater. Environ. Sci. 2 (51),
485-490

17.Cajuhi, T., Ziefle, G., MaBmann, J.,
Nagel, T. and Yoshioka, K. (2024).
Modeling Desiccation Cracks in Opalinus
Clay at Field Scale with the Phase-Field
Approach. InterPore  Journal, 1(1),
ipj260424—7. DOI: 10.69631/ipj.v1ilnr8

18.Cakir, R. (2019). Water holding
properties and soil water types in fine
textured Vertisol soils of Thrace region in

11

Turkey. Polish Journal of Soil Science, 52
(2), 247.
DOI: 10.17951/pjss.2019.52.2.247
19.Chaduvula, U., Viswanadham, B.V.S.
and Kodikara, J. (2022). Centrifuge
model studies on desiccation cracking
behaviour of fiber-reinforced expansive
clay. Geotext. Geomembr. 50, 480-497.
DOI: 10.1016/j.geotexmem.2022.02.001.
20.Chaudhary, R.S., J. Somasundaram,
K.G. Mandal and K.M. Hati (2018).
Enhancing water and phosphorus use
efficiency through moisture conservation
practice sand optimum  phosphoru
application in rainfed maize-  chickpea

system in Vertisols of central India.
Agric.Res. DOI:10.1007/s40003-018-
0316-8

21.Costa, J.L., Aparicio, V., Cerda, A.
(2015). Soil physical quality changes
under different management systems after
10 years in the Argentine humid pampa,
Solid Earth Vol. 6, No. 1, pp. 361-371.
DOI: 10.5194/sed-6-2615-2014

22.Cutts, E. (2024), Cracking soils could
accelerate climate change, Eos, 105,
DOI:10.1029/2024E0240205.

23.Dasog, G. S. and G. B. Shashidhara
(1993). Measurements of cracking
intensity in a vertisol under different crop
cover, Soil Science. 156, 424-428.

24.Dinka T.M. and Lascano, R.J., (2012). A
Technical Note: Orientation of Cracks and
Hydrology in a Shrink-Swell Soil, Open J.
Soil Sci., 2, 91-94,
DOI: 10.4236/0jss.2012.22013

25.El Halim A.A and A.A El Baroudy
(2014). Influence addition of Fine
Sawdust on the Physical Properties of
Expansive Soil in the Middle Nile Delta,
Egypt, J. Soil Sci. Plant Nutr. 14(2).
DOI:10.4067/S0718-95162014005000038

26.FAO, (1995) FAO Food and Nutrition
Series, No. 27.

27.Fattah, M. A., S. H. Khurshid and R. A.
Ahmad (2018). Soil Cracking Depth as
Influenced by Soil Physical Properties.
JZS, Special Issue, 2ndint. Conference of
Agricultural Sciences. DOl:
10.17656/j25.10657



https://doi.org/10.1061/40510(287)19
https://doi.org/10.1061/40510(287)19
https://doi.org/10.2136/vzj2018.09.0173
https://doi.org/10.2136/vzj2018.09.0173
https://doi.org/10.1016/S0167-1987(03)00043-6
https://doi.org/10.1016/S0167-1987(03)00043-6
https://doi.org/10.1016/S0167-1987(01)00279-3
https://doi.org/10.1016/S0167-1987(01)00279-3
https://doi.org/10.1590/S1516-89132008000200005
https://doi.org/10.1590/S1516-89132008000200005
https://doi.org/10.69631/ipj.v1i1nr8
http://dx.doi.org/10.17951/pjss.2019.52.2.247
http://dx.doi.org/10.5194/sed-6-2615-2014
http://dx.doi.org/10.4236/ojss.2012.22013

28.Gargiulo, L, G Mele and F. Terribile
(2015). The role of rock fragments in
crack and soil structure development: a
laboratory experiment with a Vertisol.
Europ. J. Soil Sci. 66 (4), 757-766. DOI:
10.1111/ejss.12263

29.Gombos, M., Tall, A., Kandra, B.,
Constantin, A. & Pavelkova, D. (2023).
Changes in crack width on the surface of
heavy soils during drought, determined by
precise measurement and
calculation. Journal of Hydrology and
Hydromechanics, 71(4) 369-381. DOI:
10.2478/johh-2023-0034

30.Gray, C.W. and Allbrook, R. (2002).A
relationship between shrinkage induces
and soil properties in some New Zealand
soils, Geoderma. 108(3-4) 287-299.
DOI: 10.1016/S0016-7061(02)00136-2

31.Hamadjida G., L. M. Bitom, T. J.
Pierre, ..... and D.L. Bitom (2022).
Pedo-geochemistry of Vertisols under
Tropical Seasonally Contrasted Climate,
Northern Cameroon: Implications for
Vertisolization. Earth Sciences,; 11(4):
171-193.DOI: 10.11648/j.earth.202211

32.Hamzehpour, N. and Marcolli, C.
(2024). Soil crust development on playa
surfaces of Lake Urmia and its controlling
factors: New insights to combat dust
sources. CATENA, 237(8). DOI:
10.1016/j.catena.2023.107799

33.Heckel, G. and Wahab, R. (1996). Soil
stabilization utilizing alternative waste
materials. Proceedings of the 4th Materials
Engineering Conference, ASCE,
Washington, DC, pp. 318-327.
DOI: 10.4236/0jce.2020.101006

34.Herlin H. J ., Joseph P. A., lsaac
Manuel R. and Praveena Katharine S.
(2025). Impact of Different Soil Moisture
Regimes under Alternate Wetting and
Drying (AWD) on the Growth and Yield
of Wetland Paddy. Int. J.Environ. Clim.
Change. 15(3):236-243. Available from:
https://journalijecc.com/index.php/IJECC/
article/view/4769.

35.Hu, W., H. W. Chau, W. Qiu and B. Si
(2017). Environmental controls on the
spatial variability of soil water dynamics

12

in a small watershed. J. Hydro. 551, 47-
55. DOI: 10.1016/j.jhydrol.2017.05.054
36.Huawang, S. (2009). Application of

Unascertained Measure to Classification

of  Expansive  Soils, International
Collogquium on Computing,
Communication, Control, and

Management, ISECS, pp. 57-60, China.
DOI: 10.1109/CCCM.2009.5268038

37.Hubner, L. (2019). Vegetation in semi-
arid areas as a direct meso andmacro
climatic factor: first evidence of duplicate
climate protective effect of large scale
afforestation? Environ. Sustain. Clim.
Change, 1(3) 1-6.

38.IUSS Working Group, WRB (2022).
World Reference Base for Soil Resources.
International soil classification system for
naming soils and creating legends for soil
maps. 4th edition. International Union of
Soil Sciences (IUSS), Vienna, Austria.

39.Jarallah, R. S. and S. K. Essa (2017).
The study of corn cobs and gypsum
adding in some physical characters and
organic matter of cracking soils from
middle of Irag. AL-Qadisiya Journal for
Agriculture  Sciences, 7(2), 118-127.
DOI: 10.33794/gjas.Vol7.1ss2.34

40.Jin, T., W. Zhao, L. Zhou (2024). Gilgai
Microtopography Enhances Groundwater
Recharge in the Gobi Desert, Water
Resources, 51(3)221-228, DOI:
10.1134/S0097807823600638

41.Khurshid, Sh. A. (2020). Perdition of
crack porosity from other easily soil
properaties  using ridge  regression
analysis. J. Zankoy Sulaimani-A, 22(1)
159- 168. DOI:10.17656/jzs.10782

42.Khurshid, Sh. H. (2010).
Characterization of cracked soils and
strategies for their management in
Sulaimani Governorate, PhD dissertation,
University of Sulaimani, Sulaimani.

43.Lei, Z.L., T. Shen, R. Ma, D. Fan, Y. Zh
ang and Y. Zha (2020). Development of
cracks in soil: An improved physical
model. Geoderma, 366, DOl:
10.1016/j.geoderma.2020.114258

44.Li, L., Wu K, Hu Z, Xu Y and Zhou D.
(2017).  Analysis of developmental
features and causes of the ground cracks



https://scholar.google.ca/citations?view_op=view_citation&hl=en&user=wB1ZiDUAAAAJ&citation_for_view=wB1ZiDUAAAAJ:Tyk-4Ss8FVUC
https://scholar.google.ca/citations?view_op=view_citation&hl=en&user=wB1ZiDUAAAAJ&citation_for_view=wB1ZiDUAAAAJ:Tyk-4Ss8FVUC
https://scholar.google.ca/citations?view_op=view_citation&hl=en&user=wB1ZiDUAAAAJ&citation_for_view=wB1ZiDUAAAAJ:Tyk-4Ss8FVUC
https://doi.org/10.1111/ejss.12263
https://doi.org/10.1111/ejss.12263
https://doi.org/10.2478/johh-2023-0034
https://doi.org/10.2478/johh-2023-0034
http://dx.doi.org/10.1016/S0016-7061(02)00136-2
https://www.researchgate.net/scientific-contributions/Gouban-Hamadjida-2149546638
https://www.researchgate.net/publication/362209364_Pedo-geochemistry_of_Vertisols_Under_Tropical_Seasonally_Contrasted_Climate_Northern_Cameroon_Implications_for_Vertisolization?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InByb2ZpbGUiLCJwYWdlIjoic2VhcmNoIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/publication/362209364_Pedo-geochemistry_of_Vertisols_Under_Tropical_Seasonally_Contrasted_Climate_Northern_Cameroon_Implications_for_Vertisolization?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InByb2ZpbGUiLCJwYWdlIjoic2VhcmNoIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/publication/362209364_Pedo-geochemistry_of_Vertisols_Under_Tropical_Seasonally_Contrasted_Climate_Northern_Cameroon_Implications_for_Vertisolization?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InByb2ZpbGUiLCJwYWdlIjoic2VhcmNoIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/publication/362209364_Pedo-geochemistry_of_Vertisols_Under_Tropical_Seasonally_Contrasted_Climate_Northern_Cameroon_Implications_for_Vertisolization?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InByb2ZpbGUiLCJwYWdlIjoic2VhcmNoIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://doi.org/10.4236/ojce.2020.101006
http://dx.doi.org/10.1109/CCCM.2009.5268038
https://www.researchgate.net/profile/Lorenz-Huebner?_sg%5B0%5D=WQWcLxtT9M1q3gWPMPiAUF5vKW1G_V1OQu3O2SaDsWUWynsODMsNQMtbcrOlEKtzhbwIATc.UiPROAjD1QCyhLNFQxuHdKqGldWU2B6rb3Uf9oDmDvnOL4WeOKkZz5myqTuLGy37m2EKmPw2Pf-XdH9AGOpGXA&_sg%5B1%5D=Evbd8xSVH1agEG7hDNkF9nELJ1toN0ssvCXtUXETl6S7bTgSmcYQdVxtGXodIjnNdMD0oCw.tDx6YirYLsN72ludd1xaFWgewPHMVSGGaLLEDhGLsI1GZyvrs50ahPXlZS7hgMn5v8sI5SG3OalWWFBWkFjSXw&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
http://dx.doi.org/10.33794/qjas.Vol7.Iss2.34
http://dx.doi.org/10.17656/jzs.10782
https://doi.org/10.1016/j.geoderma.2020.114258
https://doi.org/10.1016/j.geoderma.2020.114258

induced by oversized working face mining
in an aeolian sand area. Environ Earth Sci.
76(3):135. DOI: 10.1007/s12665-017-
6452-9

45.Lopez-Bellido R., V Mufoz-Romero , F.
J. Lopez-Bellido and L. Ldpez-Bellido
(2016). Crack  formation in a
mediterranean rainfed Vertisol: Effects of
tillage and crop rotation. Geoderma.
281(1)127-132. DOI:
10.1016/j.geoderma.2016.07.001

46.Luo Y., J. Zhang, Z. Zhou and C.
Victor (2023). Modelling preferential
flow induced by dynamic changes of
desiccation cracks: A comparative
numerical. Geoderma 433:1-21. DOI:
10.1016/j.geoderma.2023.116471

47.Maulood. Y. I. (2015). Control of Cracks
due to Drying Shrinkage of an Expansive
Soil Using Different Drying Mechanisms
and Filler Additive, Zanco J. Pure &
Applied Sci. 27(1) 31-40.

48.Miller, W. L., A. S. Kishng, C. L. S.
Morgan (2015). Vertisol Morphology,
Classification, and Seasonal Cracking
Patterns in the Texas Gulf Coast Prairie.
Soil Horizons, 51(1) 10-16, DOI:
10.2136/sh2010.1.0010

49.Mohanty, M., Bandyopadhyay, K.K,
Painuli, D.K., Ghosh, P.K., Misra, A.K.
and Hati, K.M. (2006). Water
transmission characteristics of a vertisol
and water use efficiency of rainfed
soybean (Glycine max (L.) Merr.) Under
sub soiling and manuring, Indian institute
of soil sci. Indian council of agricultural
res., Nabibagh, Berasia road, Bhopal
462038, MP, India.
DOI: 10.1016/j.still.2006.06.002

50.Mostafazadeh-Fard B, F. Jafari, S.
Mousavi and M. Yazdan (2010). Effects
of irrigation water management on yield
and water use efficiency of rice in cracked
paddy soils. Austr. J. Crop Sci., 4(3):136-
141.

51.Nahlawi, H. and Kodikara, J.K. (2006).
Laboratory experiments on desiccation
cracking of thin soil layers, Geotech.
Geol. Eng., 24, 1641-1664.
DOI:10.1007/s10706-005-4894-4

52.Navar, J.J., Mendez, R., Bryan, B., and

13

Kuhn, N.J. (2001). The contribution of
shrinkage cracks to bypass flow during
simulated and natural rainfall experiments
in northeastern Mexico, Canadian J. of
soil science. DOI: 10.4141/S00-047

53.Nicolas, A J., C. L. Ping and J. C.F.
Tedrow (2023). Cold region soils: Part 1l
— Genesis and classification. Encyclopedia
of Soils in the Environment (Second
Edition), 4: 263-279. DOI: 10.1016/B978-
0-12-822974-3.00097-5

54 Nyasapoh, J. A., S. Adiku, D.
Maccarthy and S. A., Yanore (2022).
Mode of Biochar Application to Vertisols
Influences Water Balance Components
and Water Use Efficiency of Maize (Zea
mays L.). West African Journal of Applied
Ecology

55.0mer, M.E. and Mohd, R.T. (2011).
Cracks in Soils Related to Desiccation and
Treatment, Australian Journal of Basic
and Applied Sciences, 1080-1089,
Malaysia, DOI: 10.3390/polym14071318

56.0midi, G. H.; J. C. Thomas, and K. W
Brown (1996). Effect of desiccation
cracking on the hydraulic conductivity of
a compacted clay liner. Water Air and Soil
Pollution, 89:91-103
DOI:10.1007/BF00300424

57.0zso0y G. and E. Aksoy (2007).
Characterization, classification and
agricultural usage of vertisols developed
on neogen aged calcareous marl parent
materials. J. Biol. Environ. Sci., 2007,
1(1), 5-10

58.Painuli, D.K., M. Mohanty, N.K. Sinha
and A.K Misra (2017). Crack formation
in a swell- shrink soil under various
managements. Agric Res. 6, 66-72. DOI.
10.1007/s40003-016-0241-7

59.Pal, D.K. (2017). Cracking Clay Soils
(Vertisols): Pedology, Mineralogy and
Taxonomy. In: A Treatise of Indian and
Tropical ~ Soils.  Springer,  Cham.
D0i:10.1007/978-3-319-49439-5_2

60.Pathak, P., R. Sudi, S.P. Wani
and K.L. Sahrawat (2013). Hydrological
behavior of Alfisols and Vertisols in the
semi-arid zone: Implications for soil and
water management. Agricultural Water



https://doi.org/10.1007/s12665-017-6452-9
https://doi.org/10.1007/s12665-017-6452-9
https://www.researchgate.net/scientific-contributions/Rafael-J-Lopez-Bellido-49467251?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InByb2ZpbGUiLCJwYWdlIjoicHJvZmlsZSIsInByZXZpb3VzUGFnZSI6InByb2ZpbGUiLCJwb3NpdGlvbiI6InBhZ2VDb250ZW50In19
https://www.researchgate.net/publication/305844581_Crack_formation_in_a_mediterranean_rainfed_Vertisol_Effects_of_tillage_and_crop_rotation?_sg%5B0%5D=s9yvZnz6KmP9GXkmnZTkYAZ415Y3EZ0AAFW-NTW7Zq37xb8Ek98dlqpMbiChjyRx83EesZNKNQI8ua-v0fhjPkrorlLL88tjQjyKQn_G.sJZlU5Wp4HWaJTDTxv86tLub_mjoIK4cvkHr3WnpRJ7BlkiUyf7203ALkv8v6mzZRJB9YPIOYBiarO4JQe8iXQ&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InByb2ZpbGUiLCJwYWdlIjoicHJvZmlsZSIsInByZXZpb3VzUGFnZSI6InByb2ZpbGUiLCJwb3NpdGlvbiI6InBhZ2VDb250ZW50In19
https://www.researchgate.net/publication/305844581_Crack_formation_in_a_mediterranean_rainfed_Vertisol_Effects_of_tillage_and_crop_rotation?_sg%5B0%5D=s9yvZnz6KmP9GXkmnZTkYAZ415Y3EZ0AAFW-NTW7Zq37xb8Ek98dlqpMbiChjyRx83EesZNKNQI8ua-v0fhjPkrorlLL88tjQjyKQn_G.sJZlU5Wp4HWaJTDTxv86tLub_mjoIK4cvkHr3WnpRJ7BlkiUyf7203ALkv8v6mzZRJB9YPIOYBiarO4JQe8iXQ&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InByb2ZpbGUiLCJwYWdlIjoicHJvZmlsZSIsInByZXZpb3VzUGFnZSI6InByb2ZpbGUiLCJwb3NpdGlvbiI6InBhZ2VDb250ZW50In19
https://www.researchgate.net/publication/305844581_Crack_formation_in_a_mediterranean_rainfed_Vertisol_Effects_of_tillage_and_crop_rotation?_sg%5B0%5D=s9yvZnz6KmP9GXkmnZTkYAZ415Y3EZ0AAFW-NTW7Zq37xb8Ek98dlqpMbiChjyRx83EesZNKNQI8ua-v0fhjPkrorlLL88tjQjyKQn_G.sJZlU5Wp4HWaJTDTxv86tLub_mjoIK4cvkHr3WnpRJ7BlkiUyf7203ALkv8v6mzZRJB9YPIOYBiarO4JQe8iXQ&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InByb2ZpbGUiLCJwYWdlIjoicHJvZmlsZSIsInByZXZpb3VzUGFnZSI6InByb2ZpbGUiLCJwb3NpdGlvbiI6InBhZ2VDb250ZW50In19
https://www.sciencedirect.com/journal/geoderma
https://www.sciencedirect.com/journal/geoderma/vol/281/suppl/C
https://doi.org/10.1016/j.geoderma.2016.07.001
https://doi.org/10.1016/j.geoderma.2016.07.001
https://www.researchgate.net/profile/Yi-Luo-luoyi?_sg%5B0%5D=aA3mLVBy9I7YYpOP53r67NIfURrPr3m7NdhpiyxwDzLvLQYYAoa_Cc8CeGUwsGBc3y63RX0.QDizmx5WT--w6AAoALCbk70gSKubnV933CraasbJxeo3sYXqhiUGPP36br-tUZ2pJGQPrjcTotLHJMjJZdiMcw&_sg%5B1%5D=p6N-sweFDAII3iAprxj8k8GwGX9AJA3_sHoBs1aLmRrGNykOqkdfrjSAbrsaqO17HUgnWeY.0k3V7TivhJe02fMnfE0qge1LAMHzmIuV924tcE4sYZZZw_B4bChMIVeLFZxKPaCY9MfPZga-Zm8ROVM7GXdKNQ
https://www.researchgate.net/scientific-contributions/Jia-Ming-Zhang-2188058949?_sg%5B0%5D=aA3mLVBy9I7YYpOP53r67NIfURrPr3m7NdhpiyxwDzLvLQYYAoa_Cc8CeGUwsGBc3y63RX0.QDizmx5WT--w6AAoALCbk70gSKubnV933CraasbJxeo3sYXqhiUGPP36br-tUZ2pJGQPrjcTotLHJMjJZdiMcw&_sg%5B1%5D=p6N-sweFDAII3iAprxj8k8GwGX9AJA3_sHoBs1aLmRrGNykOqkdfrjSAbrsaqO17HUgnWeY.0k3V7TivhJe02fMnfE0qge1LAMHzmIuV924tcE4sYZZZw_B4bChMIVeLFZxKPaCY9MfPZga-Zm8ROVM7GXdKNQ
https://www.researchgate.net/profile/Zhi-Zhou-24?_sg%5B0%5D=aA3mLVBy9I7YYpOP53r67NIfURrPr3m7NdhpiyxwDzLvLQYYAoa_Cc8CeGUwsGBc3y63RX0.QDizmx5WT--w6AAoALCbk70gSKubnV933CraasbJxeo3sYXqhiUGPP36br-tUZ2pJGQPrjcTotLHJMjJZdiMcw&_sg%5B1%5D=p6N-sweFDAII3iAprxj8k8GwGX9AJA3_sHoBs1aLmRrGNykOqkdfrjSAbrsaqO17HUgnWeY.0k3V7TivhJe02fMnfE0qge1LAMHzmIuV924tcE4sYZZZw_B4bChMIVeLFZxKPaCY9MfPZga-Zm8ROVM7GXdKNQ&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/scientific-contributions/Chikhotkin-Victor-2188116473?_sg%5B0%5D=aA3mLVBy9I7YYpOP53r67NIfURrPr3m7NdhpiyxwDzLvLQYYAoa_Cc8CeGUwsGBc3y63RX0.QDizmx5WT--w6AAoALCbk70gSKubnV933CraasbJxeo3sYXqhiUGPP36br-tUZ2pJGQPrjcTotLHJMjJZdiMcw&_sg%5B1%5D=p6N-sweFDAII3iAprxj8k8GwGX9AJA3_sHoBs1aLmRrGNykOqkdfrjSAbrsaqO17HUgnWeY.0k3V7TivhJe02fMnfE0qge1LAMHzmIuV924tcE4sYZZZw_B4bChMIVeLFZxKPaCY9MfPZga-Zm8ROVM7GXdKNQ&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/scientific-contributions/Chikhotkin-Victor-2188116473?_sg%5B0%5D=aA3mLVBy9I7YYpOP53r67NIfURrPr3m7NdhpiyxwDzLvLQYYAoa_Cc8CeGUwsGBc3y63RX0.QDizmx5WT--w6AAoALCbk70gSKubnV933CraasbJxeo3sYXqhiUGPP36br-tUZ2pJGQPrjcTotLHJMjJZdiMcw&_sg%5B1%5D=p6N-sweFDAII3iAprxj8k8GwGX9AJA3_sHoBs1aLmRrGNykOqkdfrjSAbrsaqO17HUgnWeY.0k3V7TivhJe02fMnfE0qge1LAMHzmIuV924tcE4sYZZZw_B4bChMIVeLFZxKPaCY9MfPZga-Zm8ROVM7GXdKNQ&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/journal/Geoderma-0016-7061
https://acsess.onlinelibrary.wiley.com/authored-by/Miller/Wesley+L.
https://acsess.onlinelibrary.wiley.com/authored-by/Kishn%C3%A9/Andrea+Sz.
https://acsess.onlinelibrary.wiley.com/authored-by/Morgan/Cristine+L.+S.
https://acsess.onlinelibrary.wiley.com/authored-by/Morgan/Cristine+L.+S.
https://acsess.onlinelibrary.wiley.com/toc/2689713x/2010/51/1
https://doi.org/10.2136/sh2010.1.0010
https://doi.org/10.2136/sh2010.1.0010
http://dx.doi.org/10.1016/j.still.2006.06.002
http://dx.doi.org/10.4141/S00-047
https://experts.umn.edu/en/persons/nicolas-a-jelinski
http://dx.doi.org/10.1016/B978-0-12-822974-3.00097-5
http://dx.doi.org/10.1016/B978-0-12-822974-3.00097-5
https://www.researchgate.net/publication/361567227_Mode_of_Biochar_Application_to_Vertisols_Influences_Water_Balance_Components_and_Water_Use_Efficiency_of_Maize_Zea_mays_L?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InByb2ZpbGUiLCJwYWdlIjoic2VhcmNoIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/publication/361567227_Mode_of_Biochar_Application_to_Vertisols_Influences_Water_Balance_Components_and_Water_Use_Efficiency_of_Maize_Zea_mays_L?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InByb2ZpbGUiLCJwYWdlIjoic2VhcmNoIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/publication/361567227_Mode_of_Biochar_Application_to_Vertisols_Influences_Water_Balance_Components_and_Water_Use_Efficiency_of_Maize_Zea_mays_L?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InByb2ZpbGUiLCJwYWdlIjoic2VhcmNoIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/publication/361567227_Mode_of_Biochar_Application_to_Vertisols_Influences_Water_Balance_Components_and_Water_Use_Efficiency_of_Maize_Zea_mays_L?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InByb2ZpbGUiLCJwYWdlIjoic2VhcmNoIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://doi.org/10.3390%2Fpolym14071318
https://www.sciencedirect.com/author/57203082701/suhas-pralhad-wani
https://www.sciencedirect.com/journal/agricultural-water-management

Management, 118: 12-21. DOI:
10.1016/j.agwat.2012.11.012

61.Paul, R., K.Karthikeyan, D. Vasu, P.
Tiwary and P. Chandran (2021). Origin
and mineralogy of nano clays of Indian
Vertisols and their implications in selected
soil properties. Eurasian Soil Science,
54(4),572-585.
DOI: 10.13140/RG.2.2.16852.01922

62.Pierre, T. J., Primus, A. T., ...... and
Lucien, B. D. (2019). Characteristics,
classification and genesis of Vertisols
under seasonally contrasted climate in the
Lake Chad Basin, Central Africa. Journal
of African Earth Sciences, 150, 176-193.
DOI: 10.1016/j.jafrearsci.2018.11.003

63.Prat, P.C, Ledesma, A,
Lakshmikantha, M.R. (2006). Size
Effect in the Cracking of Drying Soil. In:
Gdoutos, E.E. (eds) Fracture of Nano and
Engineering Materials and Structures.
Springer, Dordrecht. DOI: 10.1007/1-
4020-4972-2_682.

64.Pulido, M., M., L. Helwig
W.M.  Cornelis (2014b).  Visual
examinations and soil physical and
hydraulic properties for assessing soil
structural quality of soils with contrasting
textures and land uses. Soil Tillage Res.
140:20-28.DOl:
10.1016/j.still.2014.02.009

65.Pulido, M.M., Gabriels, D., Cornelis,
W., Lobo, D. (2015). Comparing
aggregate stability tests for soil physical
quality indicators, Land Degradation and
deployment. 26(8) 843-852.
DOI: 10.1002/Idr.2225

66.Ralaizafisoloarivony N, A. Degré, B.
Mercatoris, A. Leonard, D. Toye and R.
Charlier (2019). Assessing soil crack
dynamics and water evaporation during
dryings of agricultural soil from reduced
tillage and conventional tillage fields. 30,
59; DOI:10.3390

67.Reeve, M.J., Hall, D.G.M., and Bullock,
P (2006). The effect of soil composition
and environmental factors on the
shrinkage of some clayey British soils,
European J. of soil sci. 31(3) 429-442.

DOI: 10.1111/j.1365-
2389.1980.th02092.x

14

68.Rozalina, S.D. and Yanful, E.K. (2012).
Factors affecting the shear strength of
mine tailings/clay mixtures with varying
clay content and clay mineralogy”,
Engineering Geology, 125,11-25.DOI:
10.1016/j.engge0.2011.10.013

69.Ruan, R., Zhang, Z., Tu, R,, ........ and
Chen, H. (2021). Variable responses of
soil pore structure to organic and
inorganic fertilization in a Vertisol. Int.
Agrophys, 35, 221-225.
DOI: 10.31545/intagr/140885

70.Saran, O. and Demirtz, A. (2025).
Strength  Improvement and  Crack
Mitigation in Clay Soil Using Basalt Fiber
and Pozzolanic Additives. Geotechnical
and Geological Engineering, 43(7). DOI:
10.1007/s10706-025-03346-1

71.Schad, P. (2023). World Reference Base
for Soil Resources—Its fourth edition and
its history. J. Plant Nutr. Soil Sci.
186:151-163. DOI:
10.1002/jpIn.202200417

72.Shah, A.N., Tanveer, M., Shahzad, B.,
Yang, G., Fahad, S., Ali, S., Bukhari,
M.A., Tung, S.A., Hafeez, A. and
Souliyanonh, B. (2017). Soil compaction
effects on soil health and
cropproductivity: an overview. Environ.
Sci.  Pollution  Res.,  24(11)1-12.
DOI: 10.1007/s11356-017-8421-y

73.Sharma, P. K., T. S. Verma, and R. M.
Bhagat (1995). Soil structural
improvements with addition of lantana
Camara biomass in rice-wheat cropping,

Soil use and management, 11, 199-
203. DOI: 10.1111/j.1475-

2743.1995.th00956.x

74.Shi, Y., K. J. Davis, F. Zhang and C. J.
Duffy, and X. Yu (2015). Parameter
estimation of a physically-based land
surface hydrologic model using an
ensemble Kalman filter: A multivariate
real-data experiment. Advances in Water
Resources, 83, 421-427.
DOI: 10.1016/j.advwatres.2015.06.009

75. Sivapullaiah, P. V.,
A. Sridharan, K.V. Bhaskar Raju
(2000). Role of amount and type of clay in
the lime stabilization of soils, Proc. Inst.
Civ. Eng.: Ground Improv., 4(1) 37-45.



https://www.sciencedirect.com/journal/agricultural-water-management
https://www.sciencedirect.com/journal/agricultural-water-management/vol/118/suppl/C
https://doi.org/10.1016/j.agwat.2012.11.012
https://doi.org/10.1016/j.agwat.2012.11.012
http://dx.doi.org/10.13140/RG.2.2.16852.01922
http://dx.doi.org/10.1016/j.jafrearsci.2018.11.003
https://doi.org/10.1007/1-4020-4972-2_682
https://doi.org/10.1007/1-4020-4972-2_682
http://dx.doi.org/10.1002/ldr.2225
http://dx.doi.org/10.1111/j.1365-2389.1980.tb02092.x
http://dx.doi.org/10.1111/j.1365-2389.1980.tb02092.x
http://dx.doi.org/10.31545/intagr/140885
https://link.springer.com/article/10.1007/s11356-017-8421-y
https://doi.org/10.1111/j.1475-2743.1995.tb00956.x
https://doi.org/10.1111/j.1475-2743.1995.tb00956.x
http://dx.doi.org/10.1016/j.advwatres.2015.06.009

DOI: 10.1680/grim.2000.4.1.37
76.Smiles, D. and P. A. C. Raats (2005).
Hydrology of Swelling Clay Soils, In: M.
G. Anderson, Ed., Encyclopedia Hydro.
Sci., Wiley, Chichester, England, Chapter
67, 1011-1026.
DOI: 10.1002/0470848944.hsa071
77.S0il Survey Staff (2022). Keys to Soil
Taxonomy 13th edition. USDA Natural
Resources Conservation Service.
78.Somasundaram J. and A. K. Patra
(2018). Cracks and Potholes in Vertisols:
Characteristics, Occurrence, and
Management, Advances in Agronomy.
DOI:_10.1016/bs.agron.2018.01.001
79.Somasundaram, J., Chaudhary, R.S.,
Lakaria, B.L., Saha, R., Sinha, N.K.,
Singh, R.K., P. Jha, R.K. Singh, A.
SubbaRao (2014). Pot-hole formation and
occurrence in black vertisols of central
and western India. Agric. Res. 3(1), 87—
91. DOI: 10.1007/s40003-014-0098-6
80.Somasundaram, J., R. Lal, N. K. Sinha,
R. Dalal, A. Chitralekha, R. S.
Chaudhary and A. K. Patra (2018).
Chapter Three - Cracks and potholes in
Vertisols: characteristics, occurrence, and
management. Advances in Agronomy,
149, 93-159. DOI:
10.1016/bs.agron.2018.01.001.
81.Stirling, R. A, C. T. Davie and S.
Glendinning (2013). Numerical modeling
of desiccation crack induced permeability,
18th International Conference on Soil
Mechanics and Geotechnical Engineering,
pp. 813-816, Paris.
82.Taboada, M.A , R.S Lavado, G Rubio,
D.J Cosentino (2001). Soil volumetric
changes in natric soils caused by air
entrapment following seasonal ponding
and water table rises. Geoderma, 101(3—

4)49-64. DOl: 10.1016/S0016-
7061(00)00089-6

83.Tamfuh, P. A, E. Temgoua, V.L.
Onana, P. Wotchoko, F.O. Tabi, D.

Bitom (2018). Nature and Genesis of
Vertisols and north Cameroon
management experience: A Review. J.
Geoscienc. & Geomatics. , 6(3), 124-137.
DOI: 10.12691/jgg-6-3-3

15

84.Tamfuh, P.A., E. D. Woumfo, E.
Temgoua, A. Boukong and D. Bitom
(2018). Moisture content, moisture-related
properties and agricultural management
strategies of the Benuefloodplain vertisols
in North Cameroon. Afric, J. Agric. Res.
13(33) 1730-1746. DOI:
10.5897/AJAR2018.13349

85.Tang, Ch. C., Y. Cui, B. Shi, A. M.
Tang and C. Liu, (2011). Desiccation and
cracking behaviour of clay layer from
slurry state under wetting-drying cycles,
Geoderma, Elsevier, 166, 111-118.
DOI: 10.1016/j.geoderma.2011.07.018

86.Tang, Ch., Bin, Sh., Liu, Ch., Zhao, L.,
and Wang, B. (2008). Influencing factors

of geometrical structure of surface
shrinkage cracks in clayey soils,
Engineering geology. 101(3-4), 17.

DOI: 10.1016/j.engge0.2008.05.005

87.Tang, Ch. C., Y. Cui, B. Shi, A. M.
Tang and C. Liu, (2011). Desiccation and
cracking behaviour of clay layer from
slurry state under wetting-drying cycles,
Geoderma, Elsevier, 166, pp.111-118.
DOI: 10.1016/j.geoderma.2011.07.018

88.Teshale, E. (2023). Problems Associated
with Physical and Chemical Properties of
Vertisols and Management Options in
Agriculture A: Review. Science Research,
11(5), 97-103.
DOI:10.11648/j.sr.20231105.11

89.Van Leeuwen, J.P., Lehtinen, T., Lair,
G.J., Bloem, J., ........ and de Ruiter,
P.C., (2015). An ecosystem approach to
assess soil quality in organically and
conventionally managed farms in Iceland
and Awustria, Soil. 1, pp. 83-101.
DOI: 10.5194/soil

90.Vogel, H.-J., H. Hoffmann and K. Roth
(2005). Studies of crack dynamics in clay
soil: I. Experimental methods, results, and
morphological guantification.
Geoderma,125(3-4)  203-211. DOl:
10.1016/j.geoderma.2004.07.009

91.White, R. G. and J.A. Kirkegaard
(2010). The distribution and abundance of
wheat roots in a dense, structured subsoil
— implications for water uptake. Plant,
Cell and Environment33, 133-148. DOI:
10.1111/1.1365-3040.2009.02059.x



https://doi.org/10.1680/grim.2000.4.1.37
http://dx.doi.org/10.1002/0470848944.hsa071
https://www.sciencedirect.com/science/article/pii/S0065211318300014
https://www.sciencedirect.com/science/article/pii/S0065211318300014
https://www.sciencedirect.com/science/article/pii/S0065211318300014
https://www.sciencedirect.com/bookseries/advances-in-agronomy
https://doi.org/10.1016/bs.agron.2018.01.001
https://doi.org/10.1016/bs.agron.2018.01.001
https://doi.org/10.1016/bs.agron.2018.01.001
https://doi.org/10.1016/S0016-7061(00)00089-6
https://doi.org/10.1016/S0016-7061(00)00089-6
http://dx.doi.org/10.1016/j.geoderma.2011.07.018
http://dx.doi.org/10.1016/j.enggeo.2008.05.005
http://dx.doi.org/10.1016/j.geoderma.2011.07.018
http://dx.doi.org/10.5194/soil-1-83-2015
https://www.sciencedirect.com/journal/geoderma
https://www.sciencedirect.com/journal/geoderma/vol/125/issue/3
https://doi.org/10.1016/j.geoderma.2004.07.009
https://doi.org/10.1016/j.geoderma.2004.07.009

92.Wubie, A.A. (2015). Review on Vertisol
Management for the Improvement of Crop
Productivity in Ethiopia. Journal of
Biology, Agriculture and Healthcare.
5(12):92-102.

93.Xiong, D., Y. Long, D. Yan, X. Lu, Z. Ji
and H. Fang (2009). Surface morphology
of soil cracks in Yuanmou Dry-hot Valley
Region, Southwest China.J. Mt. Sci. 6,
373-379. DOI:__10.1007/s11629-009-
1059-6

94.Yan, J., Chen, X. Chen, Y. Cia, F.
Cheng and T. Fan (2021). A review of
genetic classification and characteristics of
soil  cracks, 13(1)1509-1522. DOI:
10.1515/9e0-2020-0315

95.Yang, T., Xing, X., Fu, W. and Ma, X.
(2022). Performances of evaporation and
desiccation cracking characteristics for
attapulgite soils. Journal of Soil Science
and Plant Nutrition, 22 (2) 503-2519.
DOI: 10.1007/s42729-022-00823-x

96.Yesiller, N., Miller, C.J., Inci, G. and
Yaldo, K. (2007). Desiccation and
cracking behavior of three compacted
landfill liner soils. Engineering Geology,

16

57:105-121.
7952(00)00022-3

97.Yoshida, S. and K. Adachi (2001).
Effects of cropping and puddling practices
on the cracking patterns in paddy fields.
Soil Sci. Plant Nu tr., 47 (3), 519-532.
DOI: 10.1080/00380768.2001.10408416

98.Yu. H, Z. Ling, X. Wu.,.... H. Zang
(2025).  Classification of  cracking
potential for clayey soils based on cyclic
wet-dry  tests. Environmental Earth
Sciences, 84(8). DOI: 10.1007/s12665-
025-12210-7

99.Zhang, F., Zhang, L.W., Shi, J.J. and
Huang, J.F. (2014) Soil Moisture
Monitoring Based On Land Surface
Temperature-Vegetation  Index  Space
Derived from MODIS Data. Pedosphere,
24, 450-460. DOI:__ 10.1016/S1002-
0160(14)60031-X

100. Zhang, C., Y.Wang, X. Jia, M. Shao a
nd Z. An (2020). Variations in capacity
and storage of plant-available water in
deep profiles along a revegetation and
precipitation gradient. J. Hydr., 581. DOI:
10.1016/j.jhydrol.2019.124401

DOI: 10.1016/S0013-



http://dx.doi.org/10.1007/s42729-022-00823-x
http://dx.doi.org/10.1016/S0013-7952(00)00022-3
http://dx.doi.org/10.1016/S0013-7952(00)00022-3
http://dx.doi.org/10.1080/00380768.2001.10408416
https://www.sciencedirect.com/author/23981451700/minganb-an-shao
https://www.sciencedirect.com/author/57196890224/zhisheng-an
https://doi.org/10.1016/j.jhydrol.2019.124401
https://doi.org/10.1016/j.jhydrol.2019.124401

