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Abstract
The relationship of shoot parameters, which play a major role in transpiration, with the cracking
of soil has rarely been investigated. Such relation helps to analyse water use efficiency accurately.
This study investigated the effect of vegetation (cowpea) age on crack formation and explored any
correlation between age and cracking. The age of vegetation was expressed in the form of shoot
parameters (shoot length (SL) and leaf area index (LAI)). Crack formation was expressed in the
form of crack intensity factor (CIF). Ten experimental test pots were used to observe crack
formation on vegetated and bare soil in a greenhouse. Image analysis in the experimental pots
revealed that under drying–wetting cycles, the CIF of vegetated soil increased compared with that
of bare soil. There was an evident increase in CIF with SL growth, up to a threshold length
(400 mm), where lateral branch growth starts forming. There was no observable increase in CIF,
with further SL growth (with negligible lateral branch formation). CIF increased with LAI up to a
certain threshold value (0·56), after which the CIF was relatively the same. Two correlations have
been identified for shoot parameters (SL, LAI) with the CIF for the selected species.
Keywords: Drying-wetting cycle, Crack formation, SL, LAI, CIF, cowpea

1. Introduction
Desiccation cracking is a common phenomenon in fine grained soil, and is observed in undisturbed
soil on drying. A desiccation crack occurs when the drying induced surface tensile stress (suction)
reaches the soil tensile strength (Corte and Higashi, 1960). These cracks on the surface expose the
interior of the soil to climatic conditions (Yesiller et al., 2000). Cracks in soil have implication in
agriculture engineering (Torres et al., 2004; Gadi et al. 2016), landfill clay liner system (Costa et
al., 2013), road embankments (Gadi et al., 2016) and green infrastructure (Stovin et al., 2013;
Berretta et al., 2014; Bordoloi et al. 2015; Bordoloi et al., 2016; Vardhan et al., 2017; Bordoloi et
al., 2017a;b;c;d). Surface cracking has both positive and negative attributes in the field of
agriculture. Improved drainage during harvest of crop (Bouma et al., 1979; Yoshida and Adachi,
2003), improved infiltration (Swartz, 1966) and solute-microorganism transport (Ringrose-Voase
and Sanidad, 1996; Chertkov and Ravina, 1999) are such positive attributes of desiccation cracks
in agricultural field. However, rapid transport of water and solute through soil cracks, leads to
drought condition (Thomas and Phillips, 1979) and nutrient leaching (Coles and Trudgill, 1985)
respectively. Moreover, such cracks are the precursor for the formation of gullies, which ultimately
leads to fertile soil loss due to erosion (Ollobarren et al., 2016). Cracks also facilitate excess soil
water evaporation in agricultural fields by opening up secondary evaporation planes in its profile
(Torres et al., 2004).
The effect of cracking on landfill clay liners has garnered considerable attention in the
recent past. Clay liners are susceptible to cracking during cycles of drying-wetting, which
eventually is detrimental to the integrity of the liner (Andersland and Al-Moussawi, 1987; Albright
et al., 2006; Li and Zhang, 2010; Costa et al., 2013). Surface cracks can have marked increase of
water infiltration into the liner material and subsequently give rise to excess leachate generation

(Snow, 1969; Yuen et al., 1998; Rayhani et al., 2008; Li et al., 2011; Bordoloi et al. 2017). The
liner cover material is mostly covered with vegetation (Waugh et al., 1994), to minimize soil
erosion. The crack formation and intensity are influenced by the plant cover distribution (Johnston
and Hill, 1944; Dasog et al., 1988) and type of crop (Fox, 1964, Mitchell and van Genuchten,
1992). Upon vegetation induced transpiration, soil moisture would be further reduced through
root-water uptake, as compared to bare soil (Blight, 2003; Hemmati et al., 2012). Thus vegetation
leads to transpiration induced suction in the soil. Li et al. (2016) recently have studied the effect
of Festuca arundinacea grass on cracking on liner material. However, they have not considered
the effect of shoot parameters on crack formation in the soil. Shoot parameters (LAI, SL) greatly
affect transpiration induced suction, because of their influence on intercepted radiant energy
(Leung et al., 2015a, b; Garg et al. 2015b; Gadi et al., 2017; Hazra et al. 2017)). LAI is defined as
the one-sided green leaf area per unit ground canopy area. As far as authors are aware, rarely any
studies have been done to correlate such shoot parameters with quantitative crack parameter for
repeated drying-wetting cycles as commonly encountered due to seasonal effect and irrigation.
Quantification of crack in soil is important to model water retention, flow and balance at
surface (Arnold et al. 2005, Baer et al. 2009) of any topography. Basic measurement of cracks has
been reported in past studies. Manual measurement using a bilateral device consisting of a wire
probe to measure crack width has been devised (El Abedine and Robinson, 1971). Soil crack
distribution in situ has been measured using polythene sheets by Logsdon et al. (1990). Such
conventional manual measurement techniques are difficult to measure the highly irregular crack
network (Tang et al., 2012). Hence, digital image-processing approaches are attaining increased
acceptance in the field of soil characterization due to its non-destructive analysis and accuracy
(Macai et al., 1993; Anand et al., 2004). The widely accepted CIF approach using captured images

(Yesiller et al., 2000; Li et al., 2016) has been used extensively to measure and quantify cracks.
The CIF approach has been used in many studies (Mi, 1995; Miller et al., 1998; Yesiller et al.,
2000; Li et al., 2016; Chaduvula et al. 2017; Wang et al. 2017; Jayanthi et al. 2017) as a descriptor
of the extent of surficial cracking.
The main objective of the current work is to study the effect of vegetation age on cracking
for a plant species, cowpea. Age of vegetation was expressed in form of shoot parameters (SL and
LAI). Crack formation was expressed in form of CIF. The study explores correlations between
shoot parameters (SL and LAI) and CIF for the species. Such correlations will be helpful to design
proper drainage schemes in any terrain, analyze water use efficiency and model water balance
accurately for vegetated field.

2. Material and methods
2.1 Soil property
The soil is classified as ML, according to unified soil classification system (USCS) (ASTM
D2487-11). Grain size distribution of the soil reveal that the soil constituted mainly of silt (50 %)
and clay (25 %), followed by fine sand (19%) and medium sand (6 %). Liquid limit, plastic limit
and shrinkage limit are 41 %, 25 % and 13 % respectively. Basic physical and engineering
properties are summarized in Table .1. The determination of these properties has been determined
under the provisions of ASTM codes (ASTM D854-06; ASTM D2487-10; ASTM D698-07 and
ASTM D4318-93).

2.2 Selected plant species and germination condition
The vegetation type selected is a crop species, Cowpea (Vigna unguiculata). Cowpea is an
important crop widely cultivated by farmers in Sub Saharan countries and Asia, Africa and
America (Singh et al., 2003). Cowpea is well known for its adaptation to nutrient poor soils (Solleti
et al., 2008). The growth stage of cowpea is generally classified into three stages, namely
vegetative growth stage (30-40 days), reproductive growth stage (20 days) and physiological
maturity stage (15 days) (Mass and Poss 1988, Agyeman et al. 2014). However, the maturity time
(63 -80 days) is reported to vary due to different local climatic conditions and species (Agyeman
et al. 2014). The mature seeds of cowpea cultivar, Pusa Komal were procured from Seed
Corporation of India, New Delhi. The seeds were germinated on cotton moistened with tap water,
in petri dishes for three days in dark, at 25 0C under florescent light (140 E m-2s-1). The germinated
seedlings were transferred to the pots for conducting experiments.

2.3 Test plan
A test plan is designed to quantify and compare CIF between bare and vegetated soil in controlled
irrigation for a period of 70 days until the plant completes reproductive growth stage. Apart from
irrigation, plant parameters were subjected to natural environmental conditions. All the
experiments were conducted in a greenhouse (Fig. 1). In total, 10 pots (5 vegetated pots, 5 bare
pots) were monitored in the test duration. The seedlings of the plant species were germinated and
transplanted to the 5 pots. All the 10 pots were irrigated at a regular interval. The
evaporation/evapotranspiration rate was measured regularly and reported in later section. The SL

was measured manually and the crack surface and LAI were measured using image analysis as
discussed in a later section.

2.4 Experimental setup
The relative humidity and temperature were observed at 52 ±8 % and 26 ±4 0C, respectively. To
provide radiant energy to the legume seedlings, a provision of white fluorescent lamps capable of
emitting light with photosynthetic photon flux density of 50 µmol m-2 s-1 was mounted on top (2.5
m from floor base). The cylindrical pots used to conduct experiment were made from PVC plastic
in house. Its dimensions are 260 mm diameter and 230 mm depth with perforated base to allow
water drainage from the bottom. The soil was compacted in three equal layers to maintain a
uniform density of 1.3 g/cc (equivalent to 0.77 maximum dry density of soil) up to 185 mm from
bottom. All the 10 pots were irrigated (400 mL per pot using a watering can) regularly after 3 days
of interval as shown in Fig. 2 after transplantation. Evapotranspiration and evaporation rate of the
5 vegetated and 5 bare pots respectively was measured by observing change in weight. Fig. 2
shows the mean and standard deviation of evaporation/evapotranspiration rate after transplantation
(3 day interval). The weight change of vegetated soil pot over a drying cycle was measured using
weighing balance. The measured change in weight indicates the loss of water i.e.,
evapotranspiration. Similar to this, change in weight of bare soil over a drying cycle due to loss of
water was reported as evaporation. It is to be noted that the evapotranspiration and evaporation
rate noted in the study has been calculated for all 10 different pots individually. SL for all the
vegetated pots has been measured using a metric scale at the same 3 day interval after
transplantation. The surface crack formation and leaf area photos have been captured regularly
after 9 days interval starting from 15th day after transplantation, using image analysis as discussed

in the following section. Canon EOS 600D with lens range (18-55 mm), horizontal/vertical
resolution of 72 dpi was used to capture images under early morning ambient light. The exposure
time, focal length and ISO speed was maintained at 1/30 sec, 23 mm and ISO-640 respectively for
crack analysis. Photographs were captured carefully from the same angle (450) and height (0.75m
from floor base) using a frame with adjustable height (Fig. 3), to minimize any observational error
for CIF analysis. In case of LAI analysis, the exposure time, focal length and ISO speed was
maintained at 1/60 sec, 30 mm and ISO-400 respectively. The photographs for LAI were captured
from a fixed position (1.5m above and parallel to the floor base). It is to be noted that the
photographic conditions was maintained for all tested pots and the pictures were taken at early
morning conditions.

2.5 Procedure for analysis of CIF and LAI
In this study, the image-processing software ImageJ (Rasband, 2012), has been used to analyze
the surface crack and leaf area. The surface crack has been analyzed using the CIF parameter which
is the ratio of crack area (Ac) to the total area of soil considered (At). The ‘Ac’ and ‘At’ of drying
soil mass were determined using photographs of desiccating soil after regular interval of time (15,
24, 33, 42, 51, 60 and 69 days; at various ages of plants) from transplantation. Cracks appear darker
than remaining uncracked soil in photographs of a drying soil (Yesiller et al., 2000). This color
contrast between cracked and uncracked soil for the same photographic condition is used to
analyze CIF. For CIF analysis, the captured image is imported into ImageJ, and the digitized image
is cropped to only account for the soil surface as shown in Fig. 3. The image was cropped such
that any boundary shrinkage was excluded and only surface cracks were taken for further analysis.

In order to calculate the areas, the cropped image was transformed into binary image as shown in
Fig. 3. The pixels that are occupied by the cracks (white portion) and by the total soil surface (both
white and black) is calculated to obtain CIF of soil. To ensure equal soil surface area analyzed for
all pots, each pot was calibrated to account for equal number of pixel area. This was done by
maintaining same height and angle of captured image and it was cross checked by observing the
pixel area (accuracy of ±2%) for the soil pot. For example in Fig. 3, 560 cm2 soil area of pot (dia
= 26 cm) was calibrated to 7719028 pixels.
The LAI of the vegetated soil is obtained using color threshold technique using ImageJ. As
in the case of CIF calculation, the captured image is imported into ImageJ, and the digitized image
is cropped to only account for the plant canopy as shown in Fig. 3. To calculate the leaf area, the
cropped image was adjusted (for hue, saturation and brightness) using (Threshold Color) option in
the software (refer Fig. 3). Under this option, only those pixels are selected that fall under the leaf
color (white portion in Fig. 3). These pixels are calculated and taken into account as leaf area. The
ratio of the leaf area and total plant canopy area is used to calculate LAI. Any noise (unwanted
area) was subtracted in both measurements (CIF and LAI).

3. Result and discussion
3.1 Variation of crack intensity factor with time for both bare and vegetated soil
As shown in Fig. 4(a), the mean CIF value for bare soil increased almost from 0.93 to 3.22 up to
51 days. From 51 to 70 days, the CIF value is seen to be relatively constant. This trend has been
observed in previous literature (Tang et al., 2012; Li et al., 2016; Wang et al. 2017). The CIF
variation for bare soil has been fitted and represented in Equation 1. The R2 value of Equation 1 is

0.97. The analyzed time-lapse binary image of cracked soil for a particular bare pot has been shown
in Fig. 4(b).
CIF bare = -0.0004t2 + 0.0772t + 0.1752

(where 15 ≤ t (days) ≤ 70) ---- (1)

This increase in CIF can be attributed to repeating drying-wetting cycles as reported in
similar studies with clay (Yesiller et al., 2000; Tang et al., 2012; Li et al., 2016; Wang et al. 2017).
During the drying cycle, the soil possesses relatively high soil strength which resists cracking
(tensile) forces related to high suction. The drying spell is accompanied by shrinkage of soil which
further causes structural rearrangement of soil particles and potential breaking of bonds (Yong and
Warkentin, 1975). The subsequent wetting cycle causes decrease in soil strength. This in turn,
increases tendency of cracking in next drying cycle (Yesiller et al., 2000).
On the other hand, for vegetated soil, a similar trend has been observed in variation of CIF
for the first 33 days in all 3 vegetated pots. The mean CIF increase from 0.93 to 5 for the initial 33
days and the CIF remained relatively constant thereafter up to 70 days. The CIF values for
vegetated soil were observed to be greater than bare soil as shown in Fig. 4(a). This relative
increase of CIF values for vegetated soil can be attributed to transpiration induced suction. As
observed in Fig. 2, the evapotranspiration rate of vegetated soil is much higher than the evaporation
rate of bare soil. This results in relatively higher suction (transpiration induced) in vegetated soil
and correspondingly induces more cracks as compared to bare soil (Garg et al., 2015a, b, c; Leung
et al., 2015b). The CIF variation for vegetated soil has been fitted into a logarithmic equation and
represented in Equation 2. The R2 value of Equation 2 is 0.97.
CIF veg = -0.0047 t2 + 0.423 t - 4.56

(where 15≤ t (days) ≤ 70)

---- (2)

The time lapse crack variation for the test period in a single vegetated pot has been shown
in Fig. 4(b). The binary image representation of cracks in the pot shows that there has been an
increase in cracks till 33 days after transplantation. Thereafter the crack portions are relatively
same. This is due to CIF attaining its maximum potential earlier than that of bare soil due to
transpiration after which there is no further increase in crack surface.

3.2 Relationship between shoot parameters and CIF for vegetated soil
The SL variation throughout the experiment span has been monitored for all the five vegetated
pots up to 70 days. A linear increase in mean SL has been observed initially up to 50 days at the
vegetative stage of the plant as shown in Fig. 4. After 50 days commencing the reproductive
growth stage which is marked by flower budding, the SL growth rate decreases. This slowing down
of SL is due to energy of the plant being expended for flower growth. This has been fitted as a
second degree polynomial equation in Equation 3. The R2 value of the equation is 0.99.
SL = -0.1287t2 + 23.012t – 188.85

(where 9 ≤ t (days) ≤ 70)

---- (3)

The effect of SL on crack formation is proportional up to 33 days. With increase in SL
there is a visible increase in CIF as shown in Fig. 4. This is due to increase in transpiration due to
plant growth throughout this period. This period of plant growth is marked by preliminary growth
of lateral branches (with leaves), which take part in enhanced transpiration. After 33 days of shoot
growth (i.e. SL = 400 mm), the CIF values showed no visible increase but remain constant
thereafter. The relationship between SL and CIF for the plant species has been fitted to give a three
degree polynomial equation and represented in Equation 4. The R2 value in Equation 4 is 0.97.

CIF veg = 2E-08SL3 - 5E-05SL2 + 0.034SL - 2.79

(where 127 ≤ SL (mm) ≤762) ---- (4)

The LAI variation for the entire testing period has been measured using color threshold
analysis using ImageJ. As shown in Fig. 5(a), LAI increased from 0.24 to 0.96 with increase in
time. This LAI variation with time has been fitted in Equation 5. The R2 value is 0.99 for Equation
5.
LAI = -0.0002t2 + 0.0291t – 0.1601

(where 15≤ t (days) ≤ 70)

---- (5)

As in the case of SL, the effect of LAI on crack formation is proportional up to 33 days
after which the CIF remains relatively constant. The LAI corresponding to 33 days after
transplantation was 0.56. The relationship with LAI and CIF for the entire testing period has been
fitted in a two degree polynomial equation as shown in equation 6. The R2 value of equation 6 is
0.96.
CIF veg = -11.75 LAI2 + 20.15 LAI - 3.29

(where 0.24 ≤ LAI ≤ 0.96)

---- (6)

In this study, LAI values are found to be low for the cow pea plants (less than 1). However,
grass species may exhibit relatively higher LAI values (Garg et al., 2015b) and the equation may
not be valid for such species with higher LAI. Further studies are needed for other type of species
with higher LAI. The LAI variation for a single pot has been shown in Fig. 5(b). It is evident that
there is a gradual increase in LAI with time.

4. Summary and conclusion
The present study investigates the effect of a plant species (cowpea) age, on the cracking of soil
for repeated drying-wetting cycles. The tests were done to explore any correlations between shoot

parameters and its corresponding CIF. Based on the results and discussion, the following
conclusions have been drawn and discussed.
1) Mean CIF value for bare soil increased initially from 0.93 to 3.22 at 51 days of monitoring
for repeated drying-wetting cycles after which it remained relatively constant till 70 days.
The mean CIF value for vegetated soil increased linearly for the first 33 days, after which
there was no considerable increase in cracking. The CIF values for vegetated soil were
relatively higher than bare soil throughout the test period. This increase in crack is attributed
due to transpiration induced suction in case of vegetated soil.
2) The SL variation increases linearly with time after transplantation for the vegetative growth
period after which the growth is relatively stunted. CIF increases linearly with SL up to a
threshold value of 400 mm, marked by initiation of leaf growth in lateral branches. After
attaining SL equal to 400 mm, there was no visible increase in CIF corresponding to further
aging of plants. A correlation (Equation 4) has been given relating CIFveg with its
corresponding SL (where 127 ≤ SL (mm) ≤762).
3) The LAI variation of the plant species increases with time after transplantation. The CIFveg
increases with LAI for the plant species up to LAI equaling 0.56. The CIF value remained
relatively constant thereafter with further increase in LAI. Their correlation has been fitted
as shown in Equation 6.
The obtained correlations can be adopted while designing drainage, analyzing water use
efficiency and modeling water balance at surface for soil vegetated with cowpea. Further studies
are required on different species to explore the threshold value of SL and LAI for other plant
species. Shoot parameters such as shoot architecture, LAI (with LAI>1) needs to be incorporated
in analyzing its effect on cracking for different species. Generally, shoot parameters and its

corresponding CIF for heterogeneous vegetated soils maybe due to existence of multiple plants (as
found in nature) and may be not be similar to those found in case of the studied species. Mutual
shading, growth competition (i.e., plant-plant interaction) attributes such dissimilarity (Gadi et al.
2017). Extensive investigations need to be undertaken to measure CIF taking into account plantplant interaction, to provide CIF correlations for a heterogeneous vegetated soil.
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Table 1 Engineering properties of soil
Sl.
No
1
2

3

4

Soil property

Value

Specific gravity
Grain Size Distribution
Coarse Sand (4.75mm-2mm)
Medium Sand (2mm-0.425mm)
Fine Sand (0.425mm-0.075mm)
Silt (0.075mm-0.002mm)
Clay (<0.002mm)

2.55

Consistency Limits
Liquid Limit
Plastic Limit
Shrinkage Index
Plasticity Index
Compaction Characteristics
Optimum Moisture Content
Maximum Dry Density

0 (%)
6 (%)
19 (%)
50 (%)
25 (%)
41 (%)
25 (%)
12 (%)
16 (%)
17 (%)
1.70 ( g/cc)

Fig. 1 Overview of experimental setup placed in greenhouse.

Fig.2 Measured evapotranspiration and evaporation rate of soil along with irrigation schedule
during testing period.

Fig.3 Determination of LAI and CIF respectively by image analysis using threshold color technique.
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Fig.4 Variation of (a) CIF (bare and vegetated soil) and SL of plant with time (b) Binary image
representation of cracks (white section) with time for a single pot (bare and vegetated soil).
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Fig.5 Variation of (a) CIF (vegetated soil) and its corresponding LAI with time (b) threshold
image representation of leaf area (white portion) with time for a single pot.
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