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ABSTRACT
The presence of vegetation in the upper layer of vadose zone results in complex moisture dynamics
(soil-plant-atmosphere interaction) due to the combined effects of transpiration and soil water
evaporation. Unsaturated soil-root composite hydraulic properties, transpiration and soil water
evaporation and effect of plant parameters (i.e., leaf area index (LAI), grass density, shoot length
(SL) and stomatal conductance) on soil property are keys for understanding this complex moisture
dynamics. Plant parameters and unsaturated soil properties were not considered holistically by
previous researchers to understand soil-plant-atmosphere interaction. The main objective of this
study is to explore the soil-plant-atmosphere interaction by considering the soil (cracks, suction
and hydraulic conductivity) and plant parameters (vegetation density, LAI and stomatal
conductance) together. Effect of crop and non-crop species growth on crack intensity factor (CIF)
were investigated in the current study. In addition, effect of plant parameters on evapotranspiration
induced suction was numerically analyzed. It is evident that large number of sensors are usually
installed to monitor the suction in geotechnical infrastructure. Therefore, a non-intrusive and
economical technique was developed to differentiate the 1) mix grass cover under tree shade
(MUT); 2) mix grass cover under self-shade (MUS) and 3) mix grass cover without shade (MWS)
in relatively large areas. Changes in stomatal conductance and surface area of vegetation at high
suction ((high suction; > 100 kPa) were rarely investigated previously. Hence, effect of suction on
stomatal conductance and surface area was investigated in this study. Furthermore, spatial and
temporal heterogeneity of hydraulic conductivity in green space was rarely focused. Field
monitoring was conducted in an urban green space to understand the spatial and temporal
heterogeneity of surface hydraulic conductivity during the life period of mix grass. It is known that
suction and surface hydraulic conductivity are interpreted from soil surface water content. Noni
TH-2613_156104019

invasive and cost effective technique is vital to interpret soil surface water content. Therefore,
colour analysis technique was demonstrated to interpret soil surface water content. This study on
soil-plant-atmosphere interaction helps to analyze the performance of green infrastructure
accurately. Correlations were found between shoot parameters (SL, LAI, vegetation density) and
CIF for the selected crop and non-crop species. Numerical analysis revealed that changes in shoot
and root parameters could alter the suction by 11 % - 300 %. In addition, time required to attain
wilting point was found to depend on plant parameters. Two new relationships i.e., Stomatal
conductance characteristic curve (SCCC) and surface area characteristic curve (SACC) were
found. The elementary hypothesis of spatial uniformity of surface hydraulic conductivity during
life span of mix grass was not found to be true from the present study. The spatial and temporal
heterogeneity of surface hydraulic conductivity was found mainly due to non-uniformity in grass
growth and tree shade.
Keywords: soil-plant-atmosphere interaction, cracks, suction, hydraulic conductivity, vegetation
density, leaf area index, stomatal conductance, green infrastructure
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CHAPTER 1 INTRODUCTION
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The use of vegetation is recognized as an eco-friendly solution for stabilizing slope, river bank,
landfill covers and accelerate ground water recharge through urban areas (Stokes et al., 2009;
Leung et al., 2015a; Liang et al., 2017). The implications of vegetation in geotechnical and
ecological infrastructure (i.e., green infrastructure) are shown in Fig. 1.1. Bioengineered slope
refers to the use of any form of vegetation, as an engineering material to reduce soil erosion,
increase shear strength and enhance slope stability (Leung et al., 2015b). Urban green space (i.e.,
lawns and parks) promotes health, psychological activity and physical well-being of urban
residents (Wolch et al., 2014). In addition, it features multiple benefits for infiltrating storm water
and conveying it to a water course or reuse (Garg et al., 2015b, c). Extensive schemes were
implemented to increase urban green space and has been acknowledged as eco system justice issue
(Wolch et al., 2014; Villeneuve et al., 2012). The surface layer of landfill cover system is mostly
covered with vegetation (Waugh et al., 1994), to minimize soil erosion.
The layer of soil above the ground water level, which is partially saturated or unsaturated,
is termed as the vadose zone. The zone constituting the top portion of the vadose zone, where the
roots of plant grow comprises root zone (Stephens, 1995). Within root zone, the complex moisture
dynamics (soil-plant-atmosphere interaction) occur due to the combined effects of transpiration
and soil water evaporation. The appraisal of soil-plant-atmosphere interaction requires
interdisciplinary approach combining properties of unsaturated soil mechanics and plant
parameters. In unsaturated soil mechanics, crack formation, suction and hydraulic conductivity are
essential properties to understand water flow in soil. On the other hand, canopy parameters (i.e.,
vegetation density, leaf area index (LAI) and stomatal conductance) are vital parameters to analyze
evap-otranspiration. These parameters from unsaturated soil mechanics and plant physiology are

2
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interdependent and their correlation is essential for the understanding of soil-plant-atmosphere
interaction.
Previous studies have not integrated the plant parameters and unsaturated soil properties to
understand soil-plant-atmosphere interaction. In addition, vegetation growth was rarely considered
to analyze the performance and stability of green infrastructure. Furthermore, effect of seasonal
variation on vegetation growth was also not taken into account in previous studies. The
understanding of relationship between soil and canopy parameters help to devise drainage schemes
in urban green space and analyze the stability of geotechnical infrastructure accurately. This need
for accurate understanding of soil-plant-atmosphere interaction has motivated this research work.
Surface area covered by vegetation varies spatially in green infrastructure (Casper and
Jackson, 1997). Heterogeneity of surface area exposed to photosynthetically active radiation is
commonly grouped into four categories. Those are green grass under light, green grass under self
shade, green grass under tree shade and completely wilted grass (Boardman, 1977). Large number
of high capacity tensiometers or water potential sensors and moisture content sensors are usually
installed to monitor the spatial heterogeneity of suction in green infrastructure (Garg et al., 2015c).
This may not be economical in relatively large areas. Hence, development of non- destructive,
feasible and economical technique is essential to devise optimal instrumentation plan in relatively
large areas. In addition, surface hydraulic conductivity and evapotranspiration induced suction in
green infrastructure in large areas are interpreted from soil surface moisture content. However,
large number of moisture content sensors could not be installed in relatively wide areas. Then,
periodic maintenance of sensors would not be feasible during long-term monitoring (Bhatt et al.,
2016). Therefore, development of non- destructive,

3
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Evapotranspiration

Typical landfill cap cover profile (after
Pitanga et al., 2010)

Urban green space

(i) Maintenance of green infrastructure
(ii) Performance analysis of green infrastructure

Soil-plant-atmosphere interaction

Unsaturated
soil mechanics

Interdisciplinary approach

???

Cracks, suction and hydraulic conductivity

?

Plant
physiology

Vegetation density, Leaf area index and
stomatal conductance

Interaction
Fig. 1.1 Importance of understanding the soil-plant-atmosphere interaction
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feasible and economical technique is essential to measure soil surface water content in green
infrastructure.
Effect of vegetation (mix grass and cowpea) growth on crack formation was explored to
understand the correlation between growth and cracking. Experimental test pots were used to
observe crack formation on vegetated and bare soil. A systematic parametric study is conducted
considering three different scenarios to explore simultaneous effects of soil hydraulic properties
and plant root as well as shoot properties on suction induced in soil-root composite. This is
conducted considering three different scenarios: effect of root properties during the absence of
transpiration (Scenario 1); individual effect of only root properties (root distribution function (Rdf)
and root area index (RAI); Scenario 2) in the presence of evapotranspiration; and combined effects
of canopy (LAI) and root properties (Rdf and RAI) in the presence of evapotranspiration (Scenario
3). Colour analysis technique was demonstrated to differentiate (i) mix grass cover under tree
shade (MUT); (ii) mix grass cover under self-shade (MUS); and (iii) mix grass cover without shade
(MWS). Mix grass species in a compacted soil mass (important for bioengineering) subjected to
drought stress (suction > 100 kPa) to investigate relationship among evapotranspiration induced
suction, stomatal conductance and surface area. A new colour analysis technique was
demonstrated to interpret soil surface water content. The brightness variation of soil samples was
quantified using the change in mean gray value of the images. Field monitoring has been conducted
for a year (life period of mix grass) in a green space to understand the spatial and temporal
heterogeneity of surface hydraulic conductivity in mix vegetation.
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CHAPTER 2 REVIEW OF LITERATURE
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2.1 General
The understanding of soil-plant-atmosphere interaction needs interdisciplinary approach
combining properties of unsaturated soil mechanics and plant parameters. Surface cracks, suction
and infiltration are important properties of unsaturated soil. On the other hand, vegetation density,
leaf area index and stomatal conductance are essential plant parameters. Previous studies related
to crack formation, suction and hydraulic conductivity in vegetated soil were highlighted in this
section. In addition, the gaps that need to be addressed between unsaturated soil mechanics and
plant parameters were presented.

2.2 Crack formation in vegetated soil
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), landfill cover system (Costa et al., 2013; ), road
embankments and green infrastructure (Stovin et al., 2013; Berretta et al., 2014; Bordoloi et al.
2015; Bordoloi et al., 2017; Vardhan et al., 2017). 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, 2004), 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
7
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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 cover has garnered considerable attention in the recent
past. Landfill cover is 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; Ni et al., 2020).
The landfill 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 landfill cover. However, they have not
considered the effect of shoot parameters on crack formation in the soil. Shoot parameters (LAI,
SL and vegetation density) greatly affect transpiration induced suction, because of their influence
on intercepted radiant energy (Leung et al., 2015a, b; Garg et al. 2015b). LAI is defined as the onesided green leaf area per unit ground canopy area. Vegetation density is defined as the proportion
of the surface area covered by the vegetation in the considered area. As far as authors are aware,
rarely any studies have been done to correlate such shoot parameters with quantitative crack
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parameter for repeated drying-wetting cycles as commonly encountered due to seasonal effect and
rainfall.
Quantification of cracks 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; Yesiller et al., 2000). 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.
Ratio of crack area to the total area of soil surface is referred as CIF. The CIF approach has been
used in many studies (Mi, 1995; Miller et al., 1998; 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.

2.3 Effect of plant parameters on suction induced in vegetated soil
Evapotranspiration is a process of the sum of evaporation from soil surface and transpiration
through root water uptake. It is a process through which soil-root composite induces suction.
Suction governs the shear strength of vegetated slope. The shear strength equation can be written
as
τ = c ′ + σ′ tanϕ′ + (ua − uw ) tan φb
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(2.1)

where, c ′ is effective cohesion parameter, σ′ is effective stress, ua − uw is suction induced in
rooted soil, ϕ′ is friction angle with respect to changes in 𝜎 ′ when (ua − uw ) is held constant, 𝜑 𝑏
is friction angle with respect to changes in (ua − uw ) when 𝜎 ′ is held constant.
In addition, suction influences the hydraulic conductivity in urban green infrastructure (i.e., green
roofs, biofilters, vegetated landfills, slopes, urban landscape (lawns). Hence, understanding suction
induced in soil-root composite is important to assess the runoff, ground water recharge (Leung et
al., 2015a), erosion and slope stability (Lee et al., 2005; Ng et al., 2015b; Liu et al., 2016; Feng et
al., 2017).
It is evident that, plant canopy properties (LAI) and root properties (root distribution
function (Rdf) and root area index (RAI)) affect evapotranspiration induced suction (Ng et al.,
2015b; Garg et al., 2015b; Liu et al., 2016; Feng et al., 2017). Definition of LAI was included in
section 2.2. RAI is the ratio of root surface area to soil surface area surrounded by roots. Ratio of
root area index of the considered plant to the maximum root area index is termed as normalized
root area index. Ratio of root depth of the considered plant to the maximum root depth is referred
as normalized root depth. Distribution of RAI in root zone is represented with Rdf. Roots may
influence the suction induced in soil-root composite during the absence of transpiration also
(Leung et al. 2015b). In addition to these, transpiration reduction function (α (ψ, r, z)) enable the
researchers to understand the ratio of actual to potential transpiration rate with respect to the
suction (Garg et al., 2015a). α (ψ, r, z) physically shows the plant’s ability to adjust its capability
of water uptake according to the suction induced in soil-root composite (Garg et al. 2015a). Feddes
et al. (1978) formulated the α (ψ, r, z) by connecting anaerobiosis point (ψ1), wilting point (ψ3) and
one empirical parameter (ψ2), which indicates maximum water uptake (α (ψ, r, z) = 1). Garg et al.
(2015a) shows that, ψ1, ψ2 and ψ3 varies with change in species type.
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Garg and Ng (2015) investigated the effect of soil density on transpiration induced suction.
In their study, coupled effects of root distribution change and soil hydraulic properties change was
investigated. Although coupled effects were considered, soil-root composite water retention curves
(SRCWRCs) and hydraulic conductivity were not incorporated. Bare soil water retention curves
(SWRCs) and their derived hydraulic conductivities were adopted, which are found to be
dissimilar to SRCWRCs (Leung et al., 2015b). Differences between LAIs (i.e., canopy properties)
and their effect on evapotranspiration induced soil suction was also not considered. In addition,
transpiration reduction variation with type of species was not considered. In most of the
geotechnical engineering studies (Eaton and Giles, 2009; Lin et al., 2010; Leung and Ng, 2013;
Zhu and Zhang, 2015a; Kokutse et al., 2016) related to suction induced in soil-root composite,
combined effects of Rdf and LAI are rarely considered. In addition, wilting point attaining time for
non-crop species was also very rarely investigated. Lower the time taken to reach wilting point,
signifies shorter duration of vegetation effects on performance of green infrastructure. This has
not yet been considered while designing or analyzing performance of engineered green
infrastructures.
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Fig. 2.1 Computed suction profile of soil-root composite subjected to transpiration (simulation
ID: 85U30; after Garg and Ng (2015) and illustration of proposed SIZ index

Fig. 2.1 shows the computed suction profile of soil-root composite subjected to
transpiration. SIZ can be seen at 0.55 m depth, which is 1.1 times of the root depth. SIZ implies
the depth up to which, variation of suction with respect to initial condition is notable i.e., greater
than 1 kPa due to evaporation or infiltration. It can also be observed that, potential transpiration
was assigned at the surface. However, potential evapotranspiration boundary may be appropriate,
which has been rarely assigned by previous researchers. In this study, potential evapotranspiration
was assigned at the surface. In addition to SIZ, a new parameter (Evaporation dominant zone;
EDZ) was defined in this study for improving quantification of suction profiles. Suction can reach
very high value in the region near to the surface. It may be due to drying out of the superficial soil
12
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where the hydraulic conductivity is too low. Soil moisture in deeper region could not seep upwards
due to such low hydraulic conductivity. This signifies region in vegetated soil, dominated by
relatively higher suctions induced due to evaporation. This region is indicated as EDZ. Depth of
EDZ and SIZ may increase or decrease with time. As far as authors aware, rarely any study has
investigated the temporal variation of suction profile, EDZ and SIZ. These parameters will help in
analyzing green infrastructure performance and in decision making or instrumentation planning
for monitoring of green infrastructures.

2.4 Design of instrumentation plan in vegetated soil
Recent studies (Panda et al., 2017a, b) state that, development of non-invasive and cost effective
techniques is vital for present scenario of civil engineering. Such techniques reduce the
complexities involved in development of sustainable technology. Colour is an optical perception
characteristic of human being (Cook et al., 1985). Colour is described through various categories
such as violet, indigo, blue, green, yellow, orange and red (Smith and Guild, 1993). These
categories are related to wavelength of the light, which is reflected from the objects. Physical
properties such as light absorption and emission spectra govern the reflection (Al-Azzawi, 2006a,
b). Normally, mix grass under tree shade (MUT) appears dark green. Whereas, mix grass under
self-shade (MUS) and mix grass without shade (MWS) appear medium green and light green
respectively (Oren-Shamir et al., 2001). MUT, MUS and MWS have great implications in planning
instrumentation for measuring suction in green infrastructure.
Suction is generally measured by installing the instrumentation in vegetated soil (Garg et
al., 2015b). Previous researchers (Garg et al., 2015b; Leung and Ng, 2016; Leung et al., 2015;
Leung and Ng, 2013; Gonzalez-Ollauri and Mickovski, 2015; Song et al., 2017) conducted field
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monitoring to understand the suction variation in vegetated soil by installing instruments.
However, tree shade or self-shade of vegetation rarely considered for instrumentation planning. In
any vegetated soil, suction induced in root zone depends on various atmospheric parameters such
as relative humidity (Ng et al., 2016), air temperature and intercepted radiant energy in form of
photosynthetically active radiation (PAR; Leung et al., 2015b). However, PAR may not intercept
vegetation cover of green infrastructures due to tree shade or self-shade (Boardman, 1977). In such
case, suction induced due to evapotranspiration would be very low (Garg et al., 2015b; Poë et al.,
2015). This low suction can further influence hydraulic conductivity (Garg et al., 2015b) i.e., water
balance of green infrastructure.
Recent study (Leung et al., 2015a) shows that, spatial and temporal variation of mix grass
growth would be highly heterogeneous in green infrastructure. Hydraulic conductivity was also
found to vary spatially and temporally corresponding to vegetation growth. It was observed that,
difference between hydraulic conductivity of mix grass cover under shade and not under shade can
be up to 400 %. One of the reasons for this was reported to be suction difference between mix
grass cover under shade and not under shade. This shows, a thorough understanding the spatial
heterogeneity of mix grass cover under shade is essential to devise an instrumentation plan. Such
instrumentation plan could capture the spatial heterogeneity of suction accurately. However, any
technique to differentiate and quantify the mix grass under shade and without shade was not
demonstrated previously. Furthermore, proportion of mix grass cover under shade could change
with time in green infrastructure (Garg et al., 2015b). Additional instruments may need to be
installed, according to change in proportion of mix grass under shade with time. Hence, it is vital
to develop and demonstrate a non-invasive technique to differentiate grass under shade and without
shade, which can be valid for season change also.
14
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Colour analysis technique was previously used by hydrologists, agriculturalists and
ecologists (Philipp and Rath, 2002; Congalton, 1991). It was found to be an efficient, low-cost and
non-invasive image processing technique. Working principle of colour analysis involves
differentiation or quantification of objects on the basis of their colour or spectral reflectance by
processing the image (Guyer et al., 1986). Colour analysis was adopted by hydrologists to
categorize buildings, water bodies, forests, agricultural lands and other types of land cover in
satellite images. These are commonly categorized on the basis of spectral reflectance of land cover
(Joseph, 2005). Commercially available remote sensing tools (ArcGIS, ERDAS IMAGINE,
Geomatica etc.) were widely used for such categorization on the basis of spectral reflectance.
However, most of them are large scale studies. Furthermore, satellite images mainly capture the
canopy of trees and top view of land cover (Joseph, 2005). Hence, the area under the tree canopies
in urban areas or forests could not be categorized using satellite images.
Colour analysis technique was used by agriculturalists and ecologists to differentiate
plant/soil (Andreasen et al., 1997), crop/weed (Strothmann et al., 2017), living/dead plant (Meyer
and Neto, 2008), diseased/healthy leaves (Johannes et al., 2017) and human/plant in field (Campos
et al., 2016), and for automatic seedling transplantation system (Lin et al., 1994). Such
differentiation was done based on hue variation, in majority of the agricultural and ecological
studies. Hues refer to the pure colours of visible light in electromagnetic spectrum i.e., violet,
indigo, blue, green, yellow, orange and red (Russ and Russ, 2007). As far as authors are aware,
MUT, MUS and MWS were rarely differentiated in previous studies. Such differentiation requires
categorization of brightness of hue (i.e., brightness of green colour for vegetation).
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2.5 Effect of suction on plant parameters
Most of the previous researchers (Lehmann et al., 1998; Czarnes et al. 2000; Pollen-Bankhead and
Simon 2010) used tensiometers to measure suction in vegetated soil. The restricted suction
measurement range of tensiometer (1-100 kPa) is not suitable for soils having relatively high silt
or clay content (Gallage and Uchimura, 2010; Abhijit et al., 2013). This translates to the fact that
low range of suction measurement may not be helpful to study the suction developed in the root
zone for drought condition. It is worth noting that the green infrastructure is subjected to intense
and frequent droughts (Garg et al., 2015a). As a result of water deficit, relatively high suction (>
1500 kPa) occurs in the root zone (Garg et al., 2015a). Therefore, measurement of higher range of
suction than what can be recorded using tensiometer is a pressing need for studying green
infrastructure. A few researchers have measured suction induced in root zone under drought
conditions (Garg et al., 2015a) for studying the response close to the wilting point (in general =
1500 kPa; Feddes, 1982; Garg et al., 2015a). However, there are not many studies that integrate
the evapotranspiration induced suction response in root zone with plant parameters, which is
invariably necessary to understand the abiotic stress response of plants in green infrastructure.
Stomatal conductance is one of the crucial plant parameters, which governs the
evapotranspiration through vegetation in green infrastructure (Wong et al., 1979). PenmanMonteith equation was proposed by Monteith (1965) to show the relation between
evapotranspiration and stomatal conductance. Stomatal conductance is the measure of rate of
carbon dioxide uptake or water loss through stomata of leaf. This can be demonstrated using
mechanism of opening and closing of stomata (plural form of stoma). Transpiration occurs as long
as stoma open and it stops when stoma is closed (Tipple and Pagani 2007). Light and health
conditions of mix grass exist in green infrastructure were found to be highly heterogeneous
16
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spatially. This spatial heterogeneity is usually grouped into three categories of mix grass. Those
three categories are green grass under sun light (GGL), green grass under self-shade (GGS) and
completely wilted grass (CWG), respectively.
It is evident that partial or complete closure of stomata occurs in mix grass due to water
stress (high suction; Tobin and Kulmatiski, 2018). As a result of stomatal closure, stomatal
conductance of the leaf varies (Tipple and Pagani 2007; Jarvis and Mansfield 1981) and would
also depend on parts of the day (i.e., morning, afternoon and evening; Lo Gullo et al., 2005; Beadle
et al., 1985). There are not many studies that deals with the variation of stomatal conductance with
evapotranspiration induced suction (specifically range of suction > 100 kPa). Surface area of
vegetation is another key parameter to estimate suction induced due to evapotranspiration in green
infrastructure (Garg et al., 2015b, c; Ng et al., 2016). It is well known that surface area of mix
grass decreases with time due to shrinkage of grass during drying period (Anjum et al., 2011). The
surface area variation with increase in suction was rarely quantified previously. A recent study
(Garg and Ng, 2015) shows that suction induced due to relatively large vegetation surface area
could be 10 times higher than that of small surface area of vegetation cover. Hence, incorporation
of stomatal conductance and surface area of vegetation is deemed necessary for analyzing
evapotranspiration induced suction in green infrastructure projects.

2.6 Interpretation of soil surface water content
Soil surface water content affects the interaction between earth surface and atmosphere
significantly. Interaction between earth surface and atmosphere includes exchange of mass and
energy between surface of the earth and atmosphere (Deardorff, 1977). Surface water content
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influences the partition of net radiation into latent heat and sensible heat (Famiglietti et al., 1998).
This partition is the primary factor for cloud formation (Kuo, 1965). Models developed for
numerical analysis of cloud formation consist of surface water content (Chen and Avissar, 1994).
In addition, surface water content governs the evaporation. A large number of models were
developed to estimate the evaporation using surface moisture content (Chanzy and Bruckler, 1993;
Camillo and Schmugge, 1984; Bernard et al., 1986; Choudhury and Monteith, 1988). Furthermore,
such evaporation induces suction near to the surface (Gasmo et al., 1999). This suction affects the
infiltration and runoff that occur due to precipitation (Hino et al., 1988). Hence, accurate
measurement of surface water content is important to understand soil-plant-atmosphere
interaction.
A significant number of reliable approaches were developed to measure surface water
content by previous researchers. Those were mainly remote sensing (Jackson, 1993; Engman and
Chauhan, 1995; Kumar et al., 2018; van der Schalie et al., 2018) and ground based methods
(Schmugge et al., 1980). In addition, satellite-based unmanned air vehicle (UAV) was developed
by Van de Vyvere and Desenfans (2016) to measure surface water content of soil. Although remote
sensing is a non-intrusive technique, resolution of observations is relatively high (Büyüksalih and
Jacobsen, 2006; Habib et al., 2007). Therefore, accuracy of the obtained observations would be
relatively low. Furthermore, remote sensing could not capture the ground information in highly
urbanized zones (Kumar et al., 2018). Ground-based methods include gravimetry, neutron
scattering, gamma attenuation and composite dielectric approach (Reynolds, 1970; Zreda et al.,
2008; Reginato and Van Bavel, 1964; Roth et al., 1990). However, ground-based methods are
economically infeasible to measure surface water content in very large areas. This is because
ground-based methods require large number of instruments and labor force. These shortcomings
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in previously developed approaches show the importance of a non-intrusive, feasible and cost
effective approach to measure surface water content. It has to be noted that the reflection
phenomenon was widely used by the previous researchers to categorize rocks and minerals
(McCord et al., 1970; McCord et al., 1974; Clark, 1999; Tilley, 2010; Lau et al., 2017). Spectral
reflectometry is the commonly adopted method to understand the reflectance of various minerals
(Clark, 1999).
Few studies (Gómez-Robledo et al., 2013; Min and Huy, 2008; Yoshimoto et al., 2011;
Peters et al., 2011; Sills et al., 2017) demonstrated non-intrusive colour analysis techniques to
identify the surface water content on the basis of the reflection phenomenon in dry and wet soil.
Fig. 2.2a and b shows the typical illustration of the reflection phenomenon in dry and wet medium
(i.e., soil in this study). Light enters from one medium to another at air-water interface. As light
rays incident on air-water interface, they undergo both reflection and refraction. Light rays cannot
enter the soil particle, which is an opaque medium. Therefore, it is important to note that no
refraction occurs at the soil particle and air interface. Hence, a major proportion of the incident
light is reflected from the dry soil (see Fig. 2.2a; Al-Azzawi, 2006).
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Fig. 2.2 Reflection phenomenon in (a) Dry soil and (b) Wet soil
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Dry soil appears relatively bright due to this phenomenon. In case of the wet soil, light rays enter
from air to water and refraction can be observed at the air-water interface (Fig. 2.2b). This refracted
light incidents on water-soil interface and gets reflected. Similarly, several reflections may occur
and the reflected light rays may reach the water-air interface. At this interface, light enters from a
denser medium to a rarer medium. Due to this, light may reflect back to water medium depending
on the angle of incidence. Such phenomenon is known as total internal reflection (see Fig. 2.2b;
Al-Azzawi, 2006). Fewer light rays are reflected from the surface of wet soil because of the
existence of reflection, refraction and total internal reflection, thereby making it appear relatively
darker. This difference in brightness between dry soil and wet soil is the basis of a non-intrusive
colour analysis technique.
Majority of the soil colour analysis approaches suggested by previous researchers are valid
for controlled light conditions in laboratories (Gómez-Robledo et al., 2013; Min and Huy, 2008;
Yoshimoto et al., 2011). Controlled light conditions refer to the presence of uniform light intensity
over the entire selected soil domain. Incandescent lamps were used in previous studies to ensure
controlled light conditions. However, light conditions could not be controlled manually in
relatively large areas. It is evident that colour contrast occurs within the selected soil domain under
uncontrolled light conditions. This is due to spatial heterogeneity of light intensity in the soil
domain (Al-Azzawi, 2006). In addition, light intensity varies with time during the period of day
light (Baker and Steemers, 2014). Hence, previous colour analysis approaches may not be
applicable for monitoring surface water content in relatively large areas under natural light
conditions. Recent studies (Peters et al., 2011; Sills et al., 2017) have demonstrated the colour
analysis approach to differentiate the degree of saturation (DOS; i.e., from 5 % to 100 %) of
transparent porous media (quartz and oil mixture) under uncontrolled light conditions. However,
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soil is an opaque medium. As a result, correlation developed by Sills et al. (2017) would not be
applicable to differentiate the surface water content of partially transparent or opaque moist soil.
In addition, colour was analyzed at only one DOS between 40 % and 85 % in case of coarse quartz
and oil mixture in their approach. Furthermore, DOS below 40 % was not considered for colour
analysis of fine quartz and oil mixture. These shortcomings in previous studies show that novel,
cost effective and feasible colour analysis approach needs to be developed to differentiate the soil
surface water content under uncontrolled light conditions.

2.7 Spatial and temporal heterogeneity of surface hydraulic conductivity in urban space
vegetated with deciduous species
Surface hydraulic conductivity of vegetated soil governs the ground water recharge, moisture
content in vadose zone and stability of green infrastructure (Garg et al., 2018; Garg et al., 2019).
In addition, surface hydraulic conductivity influences long term performance of green
infrastructure (Garg et al., 2015 a, b, c). Surface hydraulic conductivity in vegetated soil was
studied extensively by previous researchers (Mitchell et al., 1995; Huat et al., 2006; Leung et al.,
2015). Few researchers show that surface hydraulic conductivity may increase due to presence of
roots (Van Noordwijk et al., 1991). Whereas, decrease in hydraulic conductivity was found in
some other studies (Gish and Jury, 1983). Although effect of roots was explored, variation of
surface hydraulic conductivity in mix vegetation has been rarely studied. In addition, change in
hydraulic conductivity with growth of vegetation was also rarely explored. Mix grass growth is
usually expressed in terms of vegetation density. Various atmospheric parameters such as, rain
fall, temperature and relative humidity influence the vegetation growth (Boisvenue and Running,
2006). In addition, growth response of deciduous species and evergreen species would be
dissimilar (Smith et al., 2001). Generally, deciduous species are widely used in green
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infrastructure. The effect of growth dynamics of grass on surface hydraulic conductivity was rarely
studied by previous researchers. Spatial heterogeneity of hydraulic conductivity in mixed
vegetation was investigated by a recent study. However, the surface hydraulic conductivity
variation during entire life period of the selected species was not explored previously. It is known
that growth rate varies with change in distance from trunk of the tree. Any effect of this
dissimilarity on surface hydraulic conductivity was also not studied previously. Furthermore, long
term field monitoring was rarely conducted to consider the seasonal effect on vegetation. Most of
the numerical modelers (De Silva et al., 2008; Deb et al., 2013; Zhu and Zhang, 2015a, b; Garg
and Ng, 2015) presume that hydraulic conductivity around trunk of the tree is axi-symmetric.
However, validity of this assumption during entire life period of deciduous species was rarely
investigated.

2.8 Summary and critical appraisal of literature review
The reviewed literature indicates that there are not many studies exploring the crack formation,
suction and hydraulic conductivity in vegetated soil. In addition, cracks induced in vegetated soil
were rarely related with canopy parameters such as LAI and vegetation density. This relationship
is vital to analyze the water use efficiency and model the water balance at surface for vegetated
soil. Commercially available sensors are usually installed to interpret suction in vegetated soil.
However, non-intrusive and economical technique to devise instrumentation plan was not
developed previously. Suction induced in vegetated soil was studied extensively by previous
researchers. Nevertheless, relationship between suction and canopy parameters were rarely
studied. This relationship is vital for numerical modelers and scientists to analyze the performance
of green infrastructure accurately. It is evident that presence of roots may increase or decrease the
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hydraulic conductivity. Although hydraulic conductivity was studied by previous researchers,
spatial and temporal heterogeneity of vegetation growth in green space was rarely considered in
previous studies. In addition, effect of spatial and temporal variation of vegetation growth on
hydraulic conductivity was also rarely explored previously. Spatial and temporal variation of
hydraulic conductivity is vital to devise drainage schemes in the green infrastructure. Furthermore,
remote sensing is mainly used non-intrusive method to interpret soil surface water content.
However, the resolution of satellite images used to interpret soil surface water content would be
relatively low. Hence, such interpretation may not be accurate.

2.9 Objective and scope of the study
The main objective of this research work is to explore the soil-plant-atmosphere interaction by
laboratory, field and numerical studies considering plant parameters and unsaturated soil
parameters together. The following are various scopes of this study to achieve the objective:
1. Quantification of cracks induced in vegetated soil.
2. Numerical analysis of effect of plant parameters on evapotranspiration induced suction.
3. Demonstration and validation of non-intrusive colour analysis technique to quantify the spatial
heterogeneity in mix grass cover.
4. Investigate the effect of evapotranspiration induced suction on plant parameters.
5. Demonstration and validation of non-intrusive colour analysis technique to interpret soil surface
water content.
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6. Investigation of spatial and temporal heterogeneity of surface hydraulic conductivity in urban
space vegetated with mix grass.
2.10 Organization of the thesis
This thesis consists of eleven chapters. Chapter 1 deals with the introduction of the
problem and motivation behind this research work. Chapter 2 describes the previous
literature related to the soil-plant-atmosphere interaction and the background information of soil
and plant parameters leading to the scope of the attempted research. In chapter 3 and 4, crack
formation in soil vegetated with crop and non-crop species are presented. Effect of plant
parameters on suction induced in vegetated soil was analyzed numerically and shown in chapter
5. Demonstration and validation of a novel colour analysis technique to devise instrumentation
plan in vegetated soil is presented in Chapter 6. Chapter 7 explains the influence of suction on
canopy parameters. Chapter 8 demonstrates the colour analysis technique to interpret soil surface
water content. Chapter 9 details the spatial and temporal heterogeneity of surface hydraulic
conductivity in a green space. Chapter 10 summarizes the conclusions, limitations and future scope
of the present study.
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CHAPTER 3 CRACK FORMATION IN SOIL VEGETATED
WITH CROP SPECIES

TH-2613_156104019

3.1 General
This chapter presents the effect of vegetation (cowpea) growth on crack formation for exploring
correlation between plant growth and cracking. Growth of vegetation was expressed in terms of
shoot parameters (shoot length (SL) and leaf area index (LAI)). Crack formation was expressed in
form of crack intensity factor (CIF). Experimental test pots were used to observe crack formation
on vegetated and bare soil in greenhouse. Ratio of crack area to the total area of soil surface is
referred as CIF. The one-sided green leaf area per unit ground canopy area is referred as LAI.

3.2 Material and methods
3.2.1 Soil property
Red soil is selected for investigation, which is commonly found in subtropical regions (Narayana
and Babu, 1983; Wang et al., 2004; Huang et al., 2010). Soil was collected from a hill site in north
east region in India. 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 of the soil are summarized in Table 3.1. These properties were determined
by following the provisions stated in ASTM codes (ASTM D854-06; ASTM D2487-10; ASTM
D698-07 and ASTM D4318-93).
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Table 3.1 Engineering properties of red soil
Sl. No

Soil property

1

Specific gravity

2

Grain Size Distribution

Value
2.55

Coarse Sand (4.75mm-2mm)

0 (%)

Medium Sand (2mm0.425mm)

6 (%)
19 (%)

Fine Sand (0.425mm0.075mm)

50 (%)

Silt (0.075mm-0.002mm)

25 (%)

Clay (<0.002mm)
3

4

Consistency Limits
Liquid Limit

41 (%)

Plastic Limit

25 (%)

Shrinkage Index

12 (%)

Plasticity Index

16 (%)

Compaction Characteristics
Optimum Moisture Content
Maximum Dry Density
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17 (%)
1.70 ( g/cc)

3.2.2 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 (first 30-40 days), reproductive growth stage (next 20 days) and
physiological maturity stage (last 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 matured 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 μE m-2s-1). The
germinated seedlings were transferred to the pots for conducting experiments.

3.2.3 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. 3.1). 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
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was measured manually and the crack surface and LAI were measured using image analysis as
discussed in later section.

Fluorescent
lamp
Thermometer

Relative humidity
measurement
Vigna
unguiculata

230 mm

260 mm

Fig. 3.1 Overview of experimental setup placed in greenhouse
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3.2.4 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 were 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. 3.2 after transplantation. Evapotranspiration and evaporation rate of 5
vegetated and 5 bare pots were measured by observing change in weight. Fig. 3.2 shows the mean
and standard deviation of evaporation/evapotranspiration rate after transplantation (3 day interval).
It is to be noted that the evapotranspiration and evaporation rate noted in the study was 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 were captured regularly after 9 days interval starting from 15th day after transplantation.
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. 3.3), to minimize any observational error for CIF
analysis. In case of LAI analysis, the exposure time, focal length and ISO speed was maintained
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at 1/60 sec, 30 mm and ISO-400 respectively and the photographs were captured from a fixed
position (1.5m above and parallel to the floor base).

Etr

Er

Time marked by budding of flowers
and high lateral branch growth

160
140

100
80
60

120

100
80
60

40
20

160
140

Transplantation time

120

180

40
Irrigation

Evaporation rate, Er
(ml/day)

Evapotranspiration rate, Etr
(ml/day)

180

Irrigation

20

0

0
0 6 12 18 24 30 36 42 48 54 60 66 72 78
Time after transplantation, t (days)

Fig. 3.2 Measured evapotranspiration and evaporation rate of soil along with irrigation schedule
during testing period

3.2.5 Procedure for analysis of CIF and LAI
In this study, the image-processing software ImageJ (Rasband, 2011), 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
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soil mass were determined using photographs of desiccating soil at regular interval of time (15,
24, 33, 42, 51, 60 and 69 days; at various ages of plants) after transplantation. Cracks appear darker
than remaining uncracked soil in photographs of a drying soil (Yesiller et al., 2000). This colour
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. 3.3. 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. 3.3. 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. 3.3, 560 cm2 soil area of pot
(diameter = 26 cm) was calibrated to 7719028 pixels.
The LAI of the vegetated soil is obtained using colour 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. 3.3. To calculate the leaf
area, the cropped image was adjusted (for hue, saturation and brightness) using (Threshold Colour)
option in the software (refer Fig. 3.3). Under this option, only those pixels are selected that fall
under the leaf colour (white portion in Fig. 3.3). 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).
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450

Digital Camera

1.5m

2.5m

Light source

Tested set of
vegetated pots

Frame with
adjustable height
Floor base

White portion (leaf area) representing
selected area of pixels

Schematic representation of photographic
conditions for pots

Original Image

Filtered Image

Analysis of CIF

Original Image

Filtered Image

Analysis of LAI

Fig. 3.3 Determination of LAI and CIF respectively by image analysis using threshold colour technique
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Calculation of LAI
by threshold color
technique

3.3. Results and discussion
3.3.1 Variation of CIF with time for both bare and vegetated soil
As shown in Fig. 3.4(a), the mean CIF value for bare soil increased 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 by Eq. 3.1 with an R2 value of 0.97. The
analyzed time-lapse binary image of cracked soil for a particular bare pot has been shown in Fig.
3.4(b).
CIF bare = -0.0004t2 + 0.0772t + 0.1752

(where 15 ≤ t (days) ≤ 70)

(3.1)

This increase in CIF can be attributed to repeated 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 (Tang et
al., 2012). The subsequent wetting cycle causes decrease in soil strength. This in turn, increases
tendency of cracking in next drying cycle (Yesiller et al., 2000).
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. 3.4(a). This relative increase of CIF values for vegetated soil can
be attributed to transpiration induced suction. As observed in Fig. 3.2, the evapotranspiration rate
of vegetated soil is much higher than the evaporation rate of bare soil.
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R² = 0.99
CIF veg = -0.0047 t2 + 0.43 t - 4.56
R² = 0.97
CIF bare = -0.0004t2 + 0.0772t + 0.1752
R² = 0.97
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CIF (Vegetated Soil)
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Fig. 3.4 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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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 using a polynomial equation and
represented in Eq. 3.2. The R2 value of Eq. 3.2 is 0.97.
CIF veg = -0.0047 t2 + 0.423 t - 4.56

(where 15≤ t (days) ≤ 70)

(3.2)

The time lapse crack variation for the test period in a single vegetated pot has been shown
in Fig. 3.4(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.

3.3.2 Relationship between shoot parameters and CIF for vegetated soil
The SL variation throughout the experiment 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 vegetation
stage of the plant as shown in Fig. 3.4. The SL growth rate decreases after 50 days. 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 (Eq. 3.3). The R2 value of the equation is 0.99.
SL = -0.1287t2 + 23.012t – 188.85

(where 9 ≤ t (days) ≤ 70)

(3.3)

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. 3.4. This is due to increase in transpiration due

37
TH-2613_156104019

10

LAI
1

LAI = -0.0002t2 + 0.0291t - 0.1601
R² = 0.9906

9

0.9

CIF veg = -0.0047 t2 + 0.43 t - 4.56
R² = 0.97

8

0.8
0.7

Transplantation time

7

6
5
4

3

0.6
0.5
0.4

0.3
Time marked by budding of flowers
and high lateral branch growth

2

0.2

1

0.1

0

0
0

10
20
30
40
50
60
70
Time after transplantation, t (Days)

Mean leaf area index, LAI

Mean crack intensity factor, CIF (%)

CIF (Vegetated Soil)

80

(a)

t = 15 days

t = 24 days

t = 33 days

t = 42 days

t = 69 days

(b)

Fig. 3.5 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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to plant growth throughout this period. This period of plant growth is marked by preliminary
growth of lateral branches (with leaves), which contributes to enhanced transpiration. After 33
days of shoot growth (i.e. SL = 400 mm), the CIF values showed no visible increase but remained
constant thereafter. The relationship between SL and CIF for the plant species has been fitted to
give a third degree polynomial equation and represented by Eq. 3.4. The R2 value in Eq. 3.4 is
0.97.
CIF veg = 2E-08SL3 - 5E-05SL2 + 0.034SL - 2.79

(where 127 ≤ SL (mm) ≤762)

(3.4)

The LAI variation for the entire testing period has been measured using colour threshold
analysis using ImageJ. As shown in Fig. 3.5(a), LAI increased from 0.24 to 0.96 with increase in
time. This LAI variation with time is given by Eq. 3.5. The R2 value is 0.99 for Eq. 3.5.
LAI = -0.0002t2 + 0.0291t – 0.1601

(where 15≤ t (days) ≤ 70)

(3.5)

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 was
represented by a second degree polynomial equation (eq. 3.6). The R2 value of equation 3.6 is 0.96.
CIF veg = -11.75 LAI2 + 20.15 LAI - 3.29

(where 0.24 ≤ LAI ≤ 0.96)

(3.6)

In this study, LAI values are found to be low for the cowpea 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. 3.5(b). It is evident
that there is a gradual increase in LAI with time.
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3.4. Summary and conclusion
The present study investigates the effect of a plant species (cowpea) growth, 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. The CIF values for vegetated soil were relatively
higher than bare soil throughout the test period. This increase in crack was attributed to
transpiration induced suction in case of vegetated soil. 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 growth (up to
762 mm) of plants. The CIF increases with LAI for the selected species up to LAI equaling 0.56.
The CIF value remained relatively constant thereafter with further increase in LAI. Correlations
were developed to relate the CIF with SL and LAI. The obtained correlations can be adopted while
designing drainage, analyzing water use efficiency and modeling water balance at surface for soil
vegetated with cowpea.
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CHAPTER 4 CRACK FORMATION IN SOIL VEGETATED
WITH NON-CROP SPECIES
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4.1 General
This chapter presents effect of mix grass (non-crop species; Axonopus Compressus and Cynadon
Dactylon) growth on crack formation. Growth of mix grass was expressed in terms of vegetation
density. The vegetation density (VD) is defined as the ratio of the two dimensional vegetation area
to the two-dimensional total area in consideration. Crack formation was expressed in form of crack
intensity factor (CIF). Experimental test pots were used to observe crack formation on vegetated
and bare soil.

4.2 Material and methods
4.2.1 Test plan, setup and instrumentation
The engineering properties of the selected soil are discussed in section 3.2.1. Two test series were
conducted in compacted soil with and without vegetation; plant characteristics (vegetation density)
and soil properties (suction, CIF) were determined. Mix grass, which is a combination of two grass
species namely, Axonopus Compressus and Cynadon Dactylon were selected for the study. The
selection was based on its (i) wide spread existence in subtropical regions (Sun and Liddle 1993;
Avilés-Nova et al., 2008), (ii) drought tolerance ability, which is suitable for low maintenance and
erosion control (Eusebius et al., 2002) and (iii) the recognition of its significant ornamental and
eco-friendly values for land and slope rehabilitation and reforestation (Singh et al., 2013). It should
be noted that the selected species are non-crop species and supplementary nutrients are not needed
for growth. Rhizomes of both species were collected from nearby green space.
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All dimensions are in mm.
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Top view of bare and vegetated columns
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Fig. 4.1 Schematic representation of experimental setup used to measure CIF and vegetation density
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Fig. 4.1 shows the schematic setup of the vegetated soil column along with a control bare
column. 27 columns (24 and 3 with and without vegetation respectively with diameter 300mm
adhering to minimum representative elementary volume requirements for desiccation; (Li and
Zhang, 2010) and height 250mm) were fabricated in-house. The MPS-6 sensors (Meter, 2016a)
were installed to measure suction as shown in Fig. 4.1. Dummy tubes were placed during
compaction at the locations of suction sensors. The diameter of these tubes is relatively less as
compared to sensors, to ensure the tight contact between soil and instruments after installation.
Soil sample was compacted statically to a targeted dry density of 1.56 g/c.c (i.e., equivalent
to relative compaction of 90 %). Relative compaction refers to the percentage ratio of the adopted
dry density for sample preparation to the maximum dry density determined by the standard Proctor
compaction test. The selected relative compaction is commonly adopted for embankment
construction (Li et al., 2016). A vertical force of 60 kN was applied to statically compact the soil
(Reddy and Jagadish, 1993). The final height of the sample is 170mm from base. A perforated
PVC base plate was attached to the mould to allow drainage. A filter paper was placed on base
plate to prevent loss of soil particles from mould. In addition, the inner surface of the mould was
coated with lubricant to reduce interface friction between soil and PVC. The soil was compacted
in three different layers of equal thickness.
Three rhizomes of both species were collected from nearby grassland and transplanted to
central portion of soil column (20 mm depth) for enabling equal probability for growth. The
compacted soil columns for both series were then exposed to environmental conditions within a
steel frame with a transparent roof. The transparent roof protected the columns from natural
rainfall, while allowing daily sunlight and wind. The meteorological parameters were measured
by a micro-climate monitoring system (MCMS, METER Group, USA) which was placed adjacent
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to the columns with a radial distance of 1.2 m. The steel frame is equipped with an adjustable
sprinkler and digital camera mount system. The camera was used to monitor the CIF and vegetation
density evolution with time. The measured meteorological parameters were also used to estimate
potential evaporation and evapotranspiration rate (Penman, 1948; Monteith, 1965).

4.2.2 Test procedure
Monitoring of the aforementioned parameters for both test series was done for a period of 73 days
from transplantation. Initially, all columns were daily irrigated (500 ml) for allowing vegetation
growth until the 18th day when rhizome developed into grass leaves (3-4 in number for each
species). Further on, the plants were water stressed and irrigation was done at an interval of 7 days
by providing 1000 ml of tap water. The sensors were placed at 4-cm depth to capture the near
surface suction as well as suction induced by root water uptake as previously stated in the literature
(Ng et al., 2014) for grass species. Drying of soil in the 7-day interval naturally results in
desiccation cracks in both bare and vegetated soil. The maximum crack in each drying cycle and
corresponding vegetation growth was quantified by CIF and vegetation density respectively by the
colour threshold technique. The approach for obtaining CIF and vegetation density is depicted
schematically in Fig. 3.3. To obtain clear CIF data for the vegetated columns, the vegetation shoot
was cut off entirely from 3 vegetated columns at the end of each drying cycle.
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4.3 Results and discussion
Fig. 4.2a shows the evolution of desiccation cracks with time and vegetation density (at 32, 46, 60,
67 and 73 days) in the form of CIF for both bare and vegetated soil. All the parameters in this
study are measured at the end of each drying cycle and reported with their mean and standarderror of the mean. It is seen that up-to 3rd cycle the cracks in both bare and vegetated soil are seen
to be of similar magnitude where vegetation density growth is relatively less (12.23 ±1.3 %) (Fig.
4.2b). Thereafter, the crack magnitude increases for the bare soil in comparison to vegetated soil.
There is considerable variation in the CIF values at the end of 4th cycle where CIF exhibited by
bare soil is considerably higher than vegetated soil. Bare soil CIF increases up-to 2.65±0.56 at the
end of the 6th cycle (60 days) and becomes constant thereafter. A CIF potential for the same soil
and irrigation patterns have reported (in chapter 3) a maximum CIF of 3.15 for a compaction
condition of 0.8 MDD. However, in the case of vegetated soil, there is barely any increase in CIF
after vegetation density of 40 % and 6th drying cycle (DC). This is contrary to the case of the same
vegetated soil where crop species Vigna unguiculata was grown. It was reported that maximum
CIF is almost double than that for bare soil (see chapter 3) due to the species’ high transpiration
rate. However, for another grass species Festuca arundinacea, CIF of vegetated soil was found to
be lower (0.36 %) than that of bare soil (1.03 %) (Li et al., 2016). Additionally, Fig. 4.2c showcases
the effect of vegetation density on CIF for the current vegetation type and it is seen that an average
vegetation density of 40 % for the current species restricts the CIF up-to 2.1 ± 0.03. Fibrous root
growth beneath the soil surface restricts and reinforces the propagation of crack planes in soil by
the “bridge effect” similar to the case of fiber reinforced soil (Zhou et al., 2009; Loades et al. 2010;
Tang et al. 2007). Thus, during later DCs where roots start to propagate throughout the soil it is
expected that root propagation potentially restricts the CIF value. However, Vigna unguiculata
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consists tap root system (Kang et al., 1985; Kahn and Stoffella, 1991; Burridge et al., 2016). Unlike
fibrous root system, tap roots would not be propagated horizontally. Hence, soil vegetated with
Vigna unguiculata induces higher CIF than bare soil.
It is contentious in literature whether grass species restrict desiccation by root bridge-effect
(Zhou et al., 2009) or promote cracks by restricting self-healing and high transpiration induced
suction (Ng and Leung, 2012, Sinnathamby et al., 2014). To study this, it is important to know the
suction variation in both bare and vegetated soil as well as understand the transpiration rate of the
plant-species itself. At first, the matric suction monitored at 40 mm depth from the surface for both
vegetated and bare soil is shown in Fig. 4.3. It is seen that for the first 5 cycles, the suction exhibited
by vegetated soil is relatively more than bare soil. However, in the last 3 cycles of monitoring the
suction exhibited by both bare and vegetated soil is seen to be relatively same. This is probably
explained by the growing grass canopy that is intercepting the radiant energy of sun from reaching
the soil surface and consequently decreases surface evaporation (Garg et al., 2015c). In general,
vegetated columns experienced more if not less range of suction throughout the monitoring period
and still showcased less CIF as compared to bare soil. Hence, for this mixed grass species and
allied conditions, the role of transpiration induced suction in promoting cracks is probably not
significant.
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Fig. 4.2 Variation of (a-b) CIF (both bare and vegetated soil) and vegetationd density during the monitoring period; and corresponding
(c) CIF-vegetation density relationship
48
TH-2613_156104019

Fig. 4.3 Suction response for bare and vegetated soil during the study with schematic representation of intercepted radiant energy by
vegetation density increase
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4.4 Summary and conclusion
This study monitors and explores the effect of vegetation growth of two native grass-species on
soil desiccation parameters (CIF, matric-suction). The desiccation parameters of vegetated soil
were compared with that of bare soil for an early plant establishment period of 73 days. It is seen
that the grass species helped reducing (≈ 20 %) the maximum CIF of the bare soil. This was
attributed to bridge effect caused by root growth. A threshold vegetation density growth of 40 %
restricts further increase in CIF for the native mixed species. This was due to the interruption of
radiant energy falling on the soil by plant canopy. The induced suction due to transpiration is
probably not enough to exude further cracks as compared to bare soil. Unlike the non-crop species,
CIF induced in soil vegetated with crop species was higher than that in bare soil. This was
attributed to the relatively low root tensile strength and tap root system of crop species. The
obtained correlations can be adopted while analyzing seepage and modeling stability of slope
vegetated with the selected grass species.
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CHAPTER 5 MODELING SOIL-PLANT-ATMOSPHERE
INTERACTION: EFFECTS OF PLANT PARAMETERS ON
ROOT ZONE SOIL SUCTION

TH-2613_156104019

5.1 General
Vegetation canopy and root properties are known to affect evapotranspiration, which may in turn
influences soil suction (or matric potential) and hence, performance of green infrastructure (slopes,
landfill covers, biofilters). In previous field and laboratory studies, since these effects are coupled,
any understanding of its effect on soil suction and performance of green infrastructure becomes
difficult. The objective of this study is to numerically investigate the combined effects of canopy
(leaf area index (LAI)) and root properties (root distribution function (Rdf) and root area index
(RAI)) on suction induced in soil-root composite under three different scenarios [i.e., influence of
(1) roots under the absence of transpiration; (2) only root properties (i.e., Rdf and RAI) for same
LAI and (3) combined effect of Rdf and LAI]. LAI is defined as the one-sided green leaf area per
unit ground canopy area. The ratio of root surface area to soil surface area surrounded by roots is
termed as RAI.

5.2. Methodology
5.2.1. Finite element model
The root water uptake around a Schefflera heptaphylla plant is assumed as an axi-symmetrical
problem. Therefore, axi-symmetric of Richards equation coupled with sink term (Eq. 5.1) was
used in this study (Deb et al., 2013). Richards equation in such form is broadly accepted by the
scientific community and widely verified with respect to existing numerical models and reported
as appropriate (Deb et al., 2013). Commercial finite element package “HYDRUS-2D” was used
to numerically solve (simulate) the Richards equation coupled with sink term. Previous researchers
(Šimůnek et al., 2012) validated the “HYDRUS” extensively and model simulations were found
to agree with the measurements in unsaturated soil.
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𝜕𝜃
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𝜕

= 𝜕𝑧 [𝐾

𝜕𝛹
𝜕𝑧

1 𝜕

𝜕𝛹

𝜕𝐾

] + 𝑟 𝜕𝑟 [𝑟𝐾 𝜕𝑟 ] − [ 𝜕𝑧 ] − [𝛼(𝜓, 𝑟, 𝑧)𝑆𝑝 ]

(5.1)

where,
θ = volumetric water content (m3/m3),
t = time (hours),
z = vertical coordinate (m),
r = radial coordinate (m)
K = unsaturated hydraulic conductivity (m/ hour),
ψ = suction (kPa),
α (ψ, r, z) = Transpiration reduction function (varies between 0 and 1),
Sp = Potential water uptake over root zone (hour-1),
[α (ψ, r, z) Sp] = Sink term.
The model domain is assumed to be isotropic and homogeneous to simulate the evapotranspiration
in this study. Bacteria and fungi have been shown to influence the root water uptake and drought
tolerance (Parke et al., 1983). In addition, root growth dynamics and activity vary with time and
effect the root water uptake (Linderman, 1988). Furthermore, salinity and temperature could alter
root water uptake (Aroca et al., 2011; Pardossi et al., 1992; Aroca et al., 2001). However, these
factors were not considered in present study. Recent studies related to geotechnical engineering
(Ng et al., 2015a. b, c; Liu et al., 2016; Feng et al., 2017) show that, microbe, root architecture and
gas interaction could influence the root water uptake. However, such interaction was not
considered in present study.
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5.2.2 Finite element mesh and boundary conditions
A flat ground vegetated (rooted) with single plant was considered for analysis. Its finite element
structured mesh along with boundary conditions is shown in Fig. 5.1. The flat ground is 10 m wide
and 5 m deep. The selected dimensions are sufficient enough to minimize any boundary effects.
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Mesh for bare soil
(size = 0.065m)
A
Potential evapotranspiration boundary

Free drainage
A’

10m

Fig. 5.1 Axi-symmetric finite element mesh and boundary conditions
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5m

No Flux

No Flux

Mesh for root zone
(size = 0.001m)

Symmetric axis A-A’

Root zone (0.1 m by 0.08 m)

The root zone of the single tree was specified beside the vertical symmetric axis (A-A’; Fig. 5.1),
just below the surface. Root water uptake is simulated by applying sink term within the root zone
(De Silva et al., 2008). Potential evapotranspiration was used as the upper water flow boundary
conditions i.e., atmospheric boundary condition. The potential evapotranspiration (PET) is divided
to potential transpiration (𝑇𝑝 ) and potential evaporation (𝐸𝑝 ) by using Beer-lambert law based on
the LAI (Varado et al., 2006), as shown in Eq. 5.2 and Eq. 5.3
𝑇𝑝 = 𝑃𝐸𝑇(1 − exp(−𝑘 ∗ 𝐿𝐴𝐼))
𝐸𝑝 = 𝑃𝐸𝑇(exp (−𝑘 ∗ 𝐿𝐴𝐼)

(5.2)
(5.3)

where:
k = constant that governs the extinction of radiation by leaves.
k was found to be 0.75 by experimental measurements for Schefflera heptaphylla (Leung et al.,
2015b). PET was considered to be 1.5 mm/ day. In order to implement atmospheric boundary
condition, limiting value of maximum allowable suction provided is 50000 kPa. This is obtained
using relation between soil suction and relative humidity (Richard, 1965) for north east India under
normal environmental condition (70.21 ± 2.26 %; Singh, 2009). No flux was specified along the
side boundaries. Free drainage condition is specified at the bottom boundary. The numerical model
represents the field condition, when water table lies far below the considered domain in vadose
zone. Free drainage boundary condition has been assigned at the bottom boundary to simulate such
field condition (Watson, 1966; Hillel et al., 1972; Take et al., 2015; Ng and Leung, 2011; Ng et
al., 2011; Leung et al., 2016). Free drainage represents the unit total head gradient.
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Fig. 5.2 (a) Fitted soil water retention curves (SWRCs) and soil root composite water retention
curves (SRCWRCs; after Leung et al. (2015b)) and (b) deduced hydraulic conductivity using van
Genuchten (1980) approach
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5.2.3 Input properties of bare soil, soil-root composite and plant
5.2.3.1 Hydraulic properties of bare soil and soil-root composite
Water retention curves for bare soil and soil-root composite were fitted from experimental results.
These experiments were conducted by Leung et al. (2015b), on completely decomposed granite
(CDG i.e., clayey sand with gravel) specimen, corresponding to a degree of compaction of 80 %.
Reference bulk density is 1.69 g/c.c. Saturated hydraulic conductivities for rooted and bare soil are
5.79×10-8 m/sec and 1.7×10-7 m/sec, respectively. Unsaturated hydraulic conductivity functions
were deduced from drying water retention curves, using approach suggested by van Genuchten
(1980). Fitted Water retention curves and deduced hydraulic conductivity functions were shown
in Fig. 5.2 and their parameters are shown in Table 5.1.

Table 5.1
A summary of fitting coefficients for SWRCs and SRCWRCs using van Genuchten (1980)
equation (after Leung et al., 2015b)
Soil type

𝜽𝒔
[m3/m3]

𝜽𝒓

𝜶

n

m

[m3/m3]

[m-1]

[-]

[-]

Bare soil

0.345

0.01

2.2

1.52

0.342

Vegetated soil

0.350

0.01

1.5

1.42

0.296

θs = Saturated volumetric water content
θr = Residual volumetric water content
α = related to inverse of air entry value
m, n = parameters related to pore size distribution
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5.2.3.2 Canopy and root characteristics
Root lateral extent of 0.08 m and depth of 0.1 m, respectively, are adopted. These values were
typically found for matured Schefflera heptaphylla grown, in CDG soil with a DoC of 80 % (Leung
et al., 2015b). Although root depth is low, suction in such case was reported to effect the infiltration
of green infrastructure (Leung et al., 2015a; Garg et al., 2017a,b,c) and erosion of vegetated soil
(Lee et al., 2005; Zhu and Zhang, 2015b).
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0.7
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1
Fig. 5.3 Measured Rdfs corresponding to different leaf area index (LAI) values (after Garg et al.
2015a)

Previous studies demonstrated the canopy area and root distributions for various types of
vegetation (Garg et al., 2015a, b). However, transpiration reduction function was measured and
presented corresponding to the actual LAI and Rdf of Schefflera heptaphylla by Garg et al., (2015a)
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recently. Hence, transpiration reduction function, LAI and Rdf are adopted from Garg et al. (2015a)
for present study. Rdfs corresponding to different LAIs used for analysis are shown in Fig. 5.3. Rdfs
proposed by Feddes et al. (1978) and Prasad (1988) were adopted in previous studies to understand
the suction induced in soil-root composite (Zhu and Zhang, 2015a, b). Hence, uniformly
distributed and linearly decreasing Rdf were adopted as reference. The main focus of the present
study is to investigate the combined effects of canopy (LAI)) and root properties (Rdf and RAI) on
suction induced in soil-root composite. Hence, the selected LAI and Rdf values are found to be
sufficient for objective of present study. Garg et al., 2015a shows that, ψ1, ψ2 and ψ3 vary with
change in species type (details of ψ1, ψ2 and ψ3 can be seen in section 2.3). In their study, ψ1, ψ2 and
ψ3 were found to be 1 kPa, 90 kPa and 1500 kPa. ψ1, ψ2 and ψ3 were not found to vary significantly
with change in LAI between 1.0 and 3.5 (Garg et al., 2015a). Hence, same transpiration reduction
function was considered for all LAI values.

5.2.4. Analysis plan and procedures
Three series of simulations were conducted to systematically investigate three scenarios as shown
in Table 5.2. Two simulations were conducted to investigate the first scenario. These illustrate the
effect of roots on suction induced in soil-root composite, during the absence of transpiration. Water
retention curve (SRCWRC) and hydraulic conductivity used for soil-root composite are different
from those of bare soil (see Fig. 5.2). For second scenario, three simulations were conducted to
analyze the effect of change in only Rdf on suction induced in soil-root composite due to
evapotranspiration. Three types of Rdfs i.e., uniformly distributed along the depth of root zone
(Feddes et al., 1978); linearly decreasing root distribution from top to bottom along the depth of
root zone (Prasad, 1988); and Nonlinear Rdf (Garg et al., 2015a) are considered as shown in Table
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5.2. LAI was kept same as 1.5. These simulations of second scenario help to understand the
importance of change in Rdf on suction induced in soil-root composite due to evapotranspiration.

Table 5.2
Numerical analysis plan to study effects of canopy and root properties on suction induced in soilroot compositea

Scenario

1. Influence
of roots in the
absence of
transpiration
2. Influence
of root
properties
with same
LAI

3. Influence
of root
properties and
LAI

a

Numerical
simulation
IDb, c

Water
retention
curve
considered

LAI

S1-B

SWRC

N

N

1.50

N

S1-A

SRCWRC

1.0

Nonlinear

1.50

0.00

S2-U

SRCWRC

1.5

Uniform

0.49

1.01

S2-L

SRCWRC

1.5

Linearly
decreasing

0.49

1.01

S2-C

SRCWRC

1.5

Nonlinear

0.49

1.01

S3-1.0

SRCWRC

1.0

Nonlinear

0.71

0.79

S3-1.5

SRCWRC

1.5

Nonlinear

0.49

1.01

S3-2.0

SRCWRC

2.0

Nonlinear

0.33

1.17

S3-2.5

SRCWRC

2.5

Nonlinear

0.23

1.27

S3-3.0

SRCWRC

3.0

Nonlinear

0.00

1.50

S3-3.5

SRCWRC

3.5

Nonlinear

0.00

1.50

Root
Evaporation
distribution
(mm/day)

Transpiratio
n (mm/day)

N- Not considered

b

S1- scenario 1; S2- scenario 2; S3- scenario 3; B- bare soil; R- soil-root composite; A- soil-root
composite under the absence of transpiration; U- uniform root distribution in root zone (Feddes et
al. (1978)); L- Linearly decreasing root distribution along the rooting depth from top to bottom
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(Prasad, 1988); C- Curvilinear root distribution in root zone (nonlinear root distribution; Garg et
al., (2015a))
c

In numerical simulation ID of scenario 3 (i.e., S3-1.0, S3-1.5, S3-2.0, S3-2.5, S3-3.0 and S3-3.5),
the numbers 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 represents leaf area index (LAI), respectively.

Third scenario consists of three simulations, for investigating the combined effect of change in
LAI and Rdf. In this analysis variation in both LAI and Rdf is considered. This scenario specifies
the importance of LAI and its corresponding Rdf consideration. Initial suction (initial condition)
for the domain was taken as 50 kPa at 0 hours of time for all the simulations.

5.3. Results and discussions
5.3.1 Effect of roots on suction induced in soil-root composite during the absence of transpiration
(scenario 1)
Fig. 5.4 shows the computed suction profiles at cross section A-A’ (see Fig. 5.1) for scenario 1
simulations (S1-B and S1-A) for a period of 10 hours of evaporation. Suction variation has been
plotted to compare suction profile only up to 0.2 m depth. This is because variation of suction
below depth of root zone (0.1 m) is negligible with respect to initial condition. After 10 hours,
suction for both cases at surface (0 m depth) has increased 50,000 kPa due to evaporation. A nearly
constant suction profile below 0.015 m depth was observed. This may be due to negligible change
in soil moisture due to the absence of transpiration. This depth represents EDZ, which is same for
both cases. In this case, depth of SIZ is also 0.015 m. Although suction profiles seems to be similar,
computed suction for case S1-A is found to be slightly higher (1 % to 20 %) than that of S1-B
within 0.01 m depth from surface. The reason for such difference between computed suctions may
be attributed to dissimilar hydraulic properties of bare soil and soil-root composite (Leung et al.,
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2015b). The findings implies that during unfavorable conditions of root water uptake (i.e., abiotic
stress; Aroca et al., 2011), any influence of roots is only near surface. However, below root depth,
such influence is negligible.
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Fig. 5.4 Effect of roots on suction profile under the absence of transpiration

63
TH-2613_156104019

5.3.2 Effect of root properties on suction induced in soil-root composite (scenario 2)
Fig. 5.5a shows the computed suction profiles at cross section A-A’ (see Fig. 5.1) for simulations
corresponding to scenario 2 i.e., S2-U (uniform Rdf), S2-L (linearly decreasing Rdf) and S2-C
(Non-linear Rdf). These were simulated for 10 hours of drying. Depths of EDZ and suction value
at surface are highlighted in the figure. Midpoint of root zone depth (i.e., 0.05 m), depth of
maximum RAI and maximum rooting depth (i.e., 0.1 m) are also marked for reference. Depth of
EDZ can be identified from the large difference between suction values within and below the EDZ
(i.e., 695 – 49571kPa). In addition, it can also be identified from the suction profile trend in cases
of curvilinear and uniformly distributed Rdfs. Suction profile trend of S2-U and S2-C within EDZ
is not found to be consistent with trend of Rdfs.
Value of suction at depth of maximum RAI in case of S2-L is higher than that of S2-U and
S2-C. Such finding is also consistent with that observed by Garg and Ng (2015). Within 0.044 m
depth, suction is observed to be higher for linearly decreasing Rdf as compared to other two Rdfs.
Below this depth, higher suction is found in case of non-linear Rdf than linearly decreasing Rdf and
uniform Rdf. This is because roots are mostly concentrated near surface for linearly decreasing Rdfs
whereas, it is mostly concentrated at subsurface for non-linearly decreasing Rdfs.
Depth of SIZ for uniform Rdf and non-linear Rdf is observed to be 11 % and 13 % higher
than that of linearly decreasing Rdf. This implies that species with uniform or nonlinear root
distribution are more relevant for providing stabilization of slopes at deeper depths than species
with linearly decreasing root distribution. Hence, SIZ is likely to be one of the crucial parameters
in governing the depth of slip surface for slope instability. Fig. 5.5b shows the temporal variation
of depth of EDZ and its corresponding suction. Depth of EDZ is found to increase with time. This
indicates the movement of drying front toward deeper depths during drying. It also implies that
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with time, the influence of soil moisture loss through evaporation can be dominant even at deeper
depths, where roots are present. Depth of EDZ for S2-U and S2-C is observed to be 1.08 to 3 times
higher than that of S2-L. However, interestingly, suction at the depth of EDZ is found to be 1.39
to 2.71 times higher in case of S2-L, as compared to S2-U and S2-C. This is obvious for the case
of S2-L, where the combined effects of evaporation and maximum root density is more than that
of other two cases within EDZ. Unlike in Fig. 5.4, suction at the end of EDZ remained higher than
50 kPa (initial condition) for all types of Rdfs, due to transpiration. This implies that in long term
(with time), the magnitude of soil suction in case of S2-L will not only be higher than other Rdfs
near surface but also at deeper depths. It implies that in long term, drying front in case of S2-L
will propagate downward at lower rate but with higher soil moisture loss. This has implications
especially in case of landfill covers, where it is not advisable to have deeper drying front but rather
higher suctions near shallower surface. Similarly, for erosion resistance, it is more advisable to
have higher resistance (suction) near surface than a moderate suction at deeper depths. Depending
on the engineering problem, it is important to select species with particular type of root
distribution.
Fig. 5.5c compares the suction profiles at cross section A-A’ (see Fig. 5.1) at the end of
respective wilting point attaining time periods between cases, S2-U, S2-L and S2-C. The time to
reach wilting point was first attained by linearly decreasing Rdf (i.e., 4.90 hours), followed by
uniform Rdf (i.e., 9.40 hours) and non-linear Rdf (i.e., 10.75 hours). This observation implies that
there might be a concern of long term performance of vegetation and hence infrastructure (slope,
biofiltration, landfill cover) while using species with linear root distribution as compared to that
of uniform and non-linear root distribution. This also implies that frequent irrigation supply may
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be required for smooth maintenance of green infrastructure with species corresponding to linear
root distribution.
Depths of EDZ of S2-U (nearly 0.015 m) and S2-C (nearly 0.013 m) are found to be higher
than that of S2-L (nearly 0.008 m). Non-linear Rdf is observed to induce higher suction within 70
% of the rooting depth, than linear and uniform Rdfs. This suggests that non-linear Rdfs is highly
suitable for stabilization of slope against failures at deeper depths. Root density distribution is an
important parameter that can influence stability of slope at deeper depths. Depths of SIZ of uniform
Rdf, linearly decreasing Rdf and non-linear Rdf are 0.108 m, 0.093 m and 0.109 m, when the wilting
point was attained.
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Fig. 5.5 Effect of Rdfs on (a) suction profile at time t = 10 hours, (b) temporal variation of depth
of EDZ and its corresponding suction and (c) suction profile at time t= wilting point attaining time

5.3.3 Influence of canopy and root properties on suction induced by soil-root composite
(scenario 3)
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Fig. 5.6a shows the computed suction profiles at cross section A-A’ (see Fig. 5.1), for the
simulations i.e., S3-1.0, S3-1.5, S3-2.0, S3-2.5, S3-3.0 and S3-3.5 of third scenario. These were
analyzed for 10 hours of drying. Suctions induced in soil-root composite with three different LAIs
and their corresponding Rdfs were compared. Depth of EDZ can be identified from the large
difference between suction values within and below the EDZ (119 – 15343kPa; for evaporation >
0). In addition, it can also be observed from the suction profile trend of S3-1.0, S3-1.5, S3-2.0, S32.5, S3-3.0 and S3-3.5. Suction profile trend within EDZ is not found to be consistent with Rdfs.
Despite higher evaporation in case of LAI of 2.5 than that of LAI of 3.0 and 3.5, suction induced
at surface is observed to be lower in former than latter. This shows that effect of excess
transpiration in case of LAI of 3.0 and 3.5 dominates the influence of higher evaporation due to
LAI of 2.5. Highest suction at surface is found to be induced in case of LAI = 1.0, among the six
LAI values.
It can also be seen from Fig. 5.3 that though RAI decreases with increase in LAI, still
higher suctions was found for case with higher LAI. This difference in suction can be explained
by the fact that, influence of higher LAI is able to dominate the effect of greater RAI. Any variation
in depth of SIZ due to change in LAI was not found to be significant. This implies that as compared
to Rdfs, LAI seems to have negligible impact on depth of SIZ. This suggests that the depth of slip
surface for slope may not be influenced by change in LAI. Fig. 5.6b shows the temporal variation
of depth of EDZ and its corresponding suction values. The depth of EDZ is found to decrease with
increase in LAI. It is observed to be negligible for LAI = 3.0 and 3.5. It can also be observed that,
suction at depth of EDZ is increasing with increment in LAI. Suction at depth of EDZ for LAI of
1.5 - 3.5 is observed to be 1.13 - 5.25 times higher than that of LAI=1.0 at the end of 10 hours.
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One of the reasons for these variations can be, difference in evaporation values among three
different LAIs (see Table 5.2; Tratch, 1996).
Fig. 5.6c compares the suction profiles at cross section A-A’ (see Fig. 5.1), for simulations
of third scenario (i.e., S3-1.0, S3-1.5, S3-2.0, S3-2.5, S3-3.0 and S3-3.5) when wilting point was
attained. Soil-root composite covered with relatively low leaf area (i.e., LAI = 1.0) is observed to
reach wilting point earlier than others, near the surface. This may be due to the higher evaporation
for LAI = 1.0 (see Table 5.2; Tratch, 1996). However, it can be observed from the suction values
that, soil-root composite with maximum leaf area (i.e., LAI = 3.5) reaches wilting point earlier
than others at depth of maximum RAI. One reason for this may be relatively higher transpiration
undergone by greater RAI below the surface. Furthermore, LAI = 2.5 induces higher suction than
LAI = 3.0 and 3.5 below 0.06 m depth, within the root zone.
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Fig. 5.6 Effect of canopy (LAI) on (a) suction profile at time t = 10.0 hours, (b) temporal variation
of depth of EDZ and its corresponding suction and (c) suction profile at time t = wilting point
attaining time
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5.4 Summary and Conclusions
This study investigates the canopy and root properties effect on suction induced in soil-root
composite using a systematic parametric study under three different scenarios. In addition to SIZ,
a new parameter (Evaporation dominant zone; EDZ) was proposed in this study to improve the
understanding of suction profile. Scenario 1 confirms that, soil-root composite induces 1 % – 20
% higher suction than bare soil when transpiration was absent. This was attributed to change in
water retention properties due to roots. It is evident from scenario 2 that, value of suction at depth
of maximum RAI in case of linearly decreasing Rdf is higher than that of uniformly decreasing Rdf
and non-linear Rdf. However, depth of SIZ for uniform Rdf and non-linear Rdf was 10 % and 11 %
higher than that of linearly decreasing Rdf. Furthermore, depth of EDZ for uniformly decreasing
Rdf and non-linear Rdf is 1.08 to 3 times higher than that of linearly decreasing Rdf. Although
linearly decreasing Rdf and uniform Rdf attain wilting point early, non-linear Rdf induces relatively
high suction within 70 % of the rooting depth. This was due to long exposure of non-linear Rdf to
evapotranspiration. Scenario 3 reveals that depth of SIZ was not influenced by change in LAI. One
of the reasons for this may be, less difference among Rdfs of three different LAIs. Influence of
higher LAI dominates the effect of greater RAI on suction induced in soil-root composite. Depth
of EDZ decreases with increase in LAI. Soil-root composite covered with relatively low leaf area
(i.e., LAI = 1.0) reaches wilting point earlier than others (i.e., LAI = 1.5 – 3.5), near the surface.
Whereas, LAI = 3.5 reaches wilting point earlier than others at the depth of maximum RAI.
Overall, results of present study reveal that, consideration of the variation in canopy and
root properties enables the root water uptake modelers to understand the variation in suction
explicitly. Furthermore, results obtained by such consideration help modelers to analyze
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subsequent infiltration, runoff and erosion, which usually occurs at shallower depths in green
infrastructures
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CHAPTER 6 A NOVEL COLOUR ANALYSIS TECHNIQUE TO
QUANTIFY THE SPATIAL HETEROGENEITY IN MIX GRASS
COVER

TH-2613_156104019

6.1 General
The spatial heterogeneity of mix grass species in the selected site was categorized into three
different portions i.e., 1) mix grass cover under tree shade (MUT); 2) mix grass cover under selfshade (MUS) and 3) mix grass cover without shade (MWS). Field monitoring was conducted for
about six months to validate the colour analysis technique. A java based image analysis tool ImageJ
was used for colour analysis. Lab colour space is adopted for the present study, which identifies
the spatial heterogeneity of mix grass cover based on lightness variation of green colour.

6.2 Materials and Methods
6.2.1 Site description
Location of selected site for validation of colour analysis technique (i.e., Pongamia pinnata tree
vicinity) is shown in Fig. 6.1. This tree vicinity is located in front of the academic building in IIT
Guwahati campus. The tree vicinity consists of mix grass cover on a flat ground. Mix grass cover
consists of Cyperus, Poaceae and Bauhinia purpurea species. Cyperus, Poaceae and Bauhinia
purpurea species were selected based on their (i) wide availability in urban areas of sub-tropical
regions (Jim and Lui, 2001; Vaio et al., 2005; Ghosh et al., 2003) and also (ii) drought tolerance,
which may be appropriate for slope stabilization and land rehabilitation (Allen, 1986; Reubens et
al., 2011). In this study, field monitoring was conducted on mix grass cover in the tree vicinity.
This field monitoring is intended to better understand the proportion of mix grass cover variation
in the tree vicinity.
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Fig. 6.1 Location of the selected site for the current study
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6.2.2 Soil properties
Ten disturbed soil samples were collected from four different locations i.e., five samples from right
side of tree stem and another five were collected from left side of tree stem. Among these ten
samples, five samples were collected within 2.5 m radial distance from tree stem and remaining
five were collected in between 2.5 m and 5 m radial distances from tree stem. Field tests were
conducted to determine soil density according to procedure outlined in literature (ASTM D4914,
2016). Soil dry density (𝜌𝑑 ) is defined as the mass of soil solids (Ms) per unit volume (V). It was
found that in situ dry densities of the four soil samples varied between 1319 kg/m3 and 1367 kg/m3,
with an average value of 1343 kg/m3. The average in situ dry density of soil is approximately equal
to 78.4 % of the maximum dry density. The average contents of gravel (particle size D0 ≥ 2 mm),
sand (particle size 0.063 mm ≥ D0 ≤ 2 mm), silt and clay (particle size D0 ≤ 0.063 mm) are found
to be 0 %, 98 % and 2 %, respectively. According to the Unified Soil Classification System
(USCS), the soil in the tree vicinity is classified as poorly-graded sand (SP; ASTM D2487, 2010),
based on the measure particle size distribution.

6.2.3 Overview of test site comprising mix grass cover in tree vicinity
Fig. 6.2a shows overview of the tree vicinity with mix grass cover. It can be seen from Fig. 6.2b
that tree vicinity is categorized into five rectangular areas. This categorization is aimed to quantify
the spatial variation of shoot growth. The rectangular areas are of 6 m long and 1 m wide.
Dimension of rectangular areas (6 m by 1 m) are considered based on visual observation, within
which shoot length appears to be less variable. Non-uniform shoot length and shredded leaves can
be observed over the tree vicinity.
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Fig. 6.2 (a) Overview of tree vicinity with Cyperus and Poaceae species and (b) categorization
of selected site for measuring shoot growth in the tree vicinity
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6.2.4 Instrumentation on the vegetated soil in the tree vicinity
A commercial camera model CANON EOS 600D was used to capture mix grass cover images
with lens range 18-55 mm and horizontal/vertical resolution of 72 dpi. The exposure time, focal
length and ISO speed were maintained at 1/30 sec, 23 mm and ISO-640 respectively. Resolution
of camera is 18 megapixels. Images were captured by keeping a constant angle (15°) between base
of tree stem and lens of camera. Camera was fixed at a height of 2m to avoid any observational
errors. Constant number of pixels was achieved for all captured images by maintaining same
height, angle, exposure time, focal length and ISO speed. Constant number of pixels in the images
is essential to compare the colour analysis results of captured images accurately (Feirra and
Rasband, 2012).
It should be noted that the angle of incidence of sun rays on the selected site varies from
morning to evening (Solanki, 2015). It implies that proportions of MUT, MUS and MWS would
change with time. Hence, only one observation in a day may not be sufficient enough to design
the instrumentation plan. However, the main focus of the present study is to develop a working
knowledge on the usage of colour analysis technique and understand its validity with seasonal
change. Hence, only one particular time of the day was chosen in the present study. Each image
analyzed in this study was captured when the radiant energy during the day was maximum.
Maximum radiant energy indicates that the angle of incidence of the light rays on the ground is
close to 90° (Keane, 2014). Less difference among the angles of incidence while capturing the
images would assure accurate comparison of results (Feirra and Rasband, 2012; Keane, 2014).
Shoot length is measured using a scale, which had a least count of 1 mm.
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6.2.5 Field monitoring programme
The field monitoring programme to study the temporal variation of mix grass proportion was
conducted from 1st January 2016 to 30thJune 2016 under natural atmospheric variations. It is clear
that mix grass cover proportion and shoot growth are spatially uncertain (Philipp and Rath, 2002).
A micro climate monitoring system (MCMS) was used to monitor the atmospheric parameters:
rainfall depth, air temperature, wind speed, relative humidity and net radiation. Fig. 6.3 shows
monthly rainfall depth data during the monitoring period. It can be observed that lowest rainfall
depth of 5 mm occurred during February and highest rainfall depth of 275 mm occurred during
April. Rainfall depths of January, February and March are much lower than those in April, May
and June. This clearly shows that the first three months of observation period (i.e., January,
February and March) implies relatively lower water content availability in vegetated soil, which
correspond to the dry period. The three-month period of April, May and June, which implies
relatively high available water content in vegetated soil can be referred as wet period. Temperature
was found to vary between 9 ˚C and 36 ˚C during monitoring period.
Three categories of green colour i.e., dark green, medium green and light green can be seen
in the tree vicinity which are shown in Fig. 6.6. Dark green indicates the proportion of MUT,
medium green indicates the proportion of MUS and light green indicates the proportion of MWS.
Mix grass proportion was determined by processing captured mix grass cover images using
ImageJ.
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Fig. 6.3 Monthly rainfall depths in the study area during the monitoring period

Fig. 6.4 Schematic view of (a) RGB, (b) HSB and (c) Lab colour spaces (after Russ and Russ,
2007)
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6.2.6 Colour Analysis
RGB, HSB and Lab are widely used colour spaces in green infrastructure studies to differentiate
vegetation cover on the basis of colour. Colour space is a mathematical model, which describes
colour as a finite ordered list of elements (Russ and Russ, 2007). RGB colour space describes
colour as chromaticities (percentage of hues; Fig. 6.4(a)) of red (R), green (G) and blue (B).
However, it is a device-dependent colour space. Colour produced in device dependent colour space
depends on parameters (i.e., R, G and B; Russ and Russ, 2007) and the device used for display.
Unlike RGB, HSB (Hue saturation Brightness; Russ and Russ, 2007) and Lab colour spaces
replicate the human perception of colour. HSB colour space represents RGB colour model in
cylindrical coordinates (see Fig. 6.4(b)). In HSB colour space, H represents the type of colour i.e.,
violet, indigo, blue, green, yellow, orange and red. It ranges between 0° and 360°. S represents
colourfulness of object or area with respect to brightness i.e., proportion of white added to the pure
colour. B represents brightness. S and B range from 0 % and 100 %. In Lab colour space (Fig.
6.4(c)), L represents Lightness, which ranges between 0 % and 100 % brightness, a extends
between two opponent colours red and green and b axis represents from blue to yellow. ImageJ is
adopted to process the images using various colour spaces (Ferreira and Rasband, 2012). ImageJ
displays 256 segments for the parameters in various colour spaces i.e., R, G, B, H, S, B, L, a and
b. Colour of image is characterized using these 256 segments.
Lab colour space is adopted for the present study to investigate the spatial heterogeneity of mix
grass cover. This is because spatial heterogeneity of mix grass can be identified by the difference
in lightness among mix grass cover. In general, HSB colour space can also be used to identify the
lightness difference. However, HSB categorizes the difference in lightness between light green
and dark green using 42 segments, whereas Lab colour space categorizes it using 123 segments
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(Ferreira and Rasband, 2012). This shows that, Lab colour space is appropriate for present study
as compared to other colour spaces. In addition, colour differentiation of entire mix grass in the
selected area is found to be possible in Lab colour space. Hence, Lab colour space is adopted for
this study.

Import image
into Image J

Crop the image to the required dimensions

Quantify the total area of the cropped image in pixels

Select the suitable colour space for image segmentation

Categorize the mix grass cover using scales of colour space parameters

Quantify the area of each category of mix grass cover in pixels

Calculate the ratio of various categories of mix grass to the total
area of cropped image

Stop

Fig. 6.5 Flow diagram to differentiate various colours of mix grass
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(a)
Dark green
(MUT)

(b)
Medium green
(MUS)

Histograms of L, a and
b for all pixels in
image

Scale for
categorization of L,
a and b
(c)

Light green
(MWS)

(e)

(d)

Fig. 6.6 Procedure for (a) measuring the area of selected portion in image and (b) categorization of mix
grass i.e., (c) MUT, (d) MUS and (e) MWS

85
TH-2613_156104019

(b)

(a)

(c)

(d)

(e)

Fig. 6.7 Overview of (a) original image captured at the end of April, (b) cropped image and processed images for determination of area
of (c) MUT, (d) MUS and (e) MWS
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6.2.7 Colour Analysis Procedure
Fig. 6.5 shows the flow chart of colour analysis procedure. Fig. 6.6 shows the colour analysis
procedure in ImageJ. Processed images of MUT, MUS and MWS can be seen in Fig. 6.7. The
captured images were imported into ImageJ and digitized (see Fig. 6.7 (a)). Thereafter, digitized
images were cropped to only account the desired portion or size (6m length and 5 m wide; see Fig.
6.7 (b)) of vegetation cover. Area in pixels of cropped image was quantified using area
measurement option. This measure option and window showing quantified area in pixels can be
seen in Fig. 6.6 (a). MUT, MUS and MWS can be differentiated by using the lightness variation
of the green colour. The lightness difference among those is shown in Fig. 6.6. In order to quantify
surface area occupied by MUT, MUS and MWS separately, the mix grass cover is categorized
using colour threshold option (see Fig. 6.6 (b)). This option enables ImageJ to display the
histogram of L, a and b values for the all pixels of image. ImageJ displays 256 values of L, a and
b parameters, which are marked in Fig. 6.6 (c). This shows that L, a and b parameters are
categorized using a scale of range 0-255.
The three categories of mix grass can be identified separately by adjusting the values of L,
a and b on scales marked in Fig. 6.6c. For the mix grass cover in the selected site, ranges of a and
b values were found be 0-134 and 154-255, respectively. Within the lightness scale of green (L),
values between 20 and 91 are found to indicate dark green i.e., MUT (Fig. 6.6c), whereas, medium
green i.e., MUS is found to be in the range of 92-162 (Fig. 6.6 d). MWS is observed to be indicated
by L values ranging from 163 to 233 (Fig. 6.6 e). The processed images for three types of mix
grass cover i.e., MUT, MUS and MWS occurred in the month of April as shown in Fig. 6.7 c, d
and e (red portion). These pixel values of selected mix grass covers are converted into area and
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taken into account as surface area covered by the respective type of mix grass. Proportions of
MUT, MUS and MWS were quantified using following formulae.
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑀𝑈𝑇

Proportion of MUT (%) = 𝑇𝑜𝑎𝑡𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑒𝑑 𝑥 100
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑀𝑈𝑆

Proportion of MUS (%) = 𝑇𝑜𝑎𝑡𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑒𝑑 𝑥 100
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑀𝑊𝑆

Proportion of MWS (%) = 𝑇𝑜𝑎𝑡𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑒𝑑 𝑥 100

(6.1)
(6.2)
(6.3)

6.3 Results and discussion
6.3.1 Mix grass cover variation during monitoring period
Fig. 6.8a – f show the overview of surface area variation in selected site during monitoring period.
It can be seen that, minor area of selected site in tree vicinity is covered with vegetation during
initial stage (see image captured in January, 2016; Fig. 6.8a). Fig. 6.8b (Image captured on 28th
February 2016) shows yellow shredded leaves with relatively low vegetation growth in February.
Fig. 6.8c (31st March 2016) shows vegetation regrowth and greening during March. Majority
region of selected site is observed to be covered densely by vegetation at the end of April (Fig.
6.8d). Growth of Bauhinia purpurea species is also found during April. This reveals additional
growth of new vegetation species, which were not present during dry period. Mix grass growth is
observed to continue during May and June, which can be observed from Fig. 6.8e and Fig. 6.8f.

88
TH-2613_156104019

31-01-2016

28-02-2016

(a)

(b)

30-04-2016

31-03-2016
(c)

(d)

30-06-2016

31-05-2016
(f)

(e)

Fig. 6.8 Vegetation cover at the end of six consecutive months: (a) 31 January 2016 (b) 28 February
2016 (c) 31 March 2016 (d) 30 April 2016 (e) 31 May 2016 (f) 30 June 2016
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6.3.2 Temporal variation of shoot growth and mix grass proportion
6.3.2.1 Comparison of average shoot growth among various rectangular areas in the vicinity of
tree
Fig. 6.9 shows the variation of average shoot length in the various rectangular areas in the tree
vicinity. Three types of species i.e., Cyperus, Poaceae and Bauhinia purpurea are considered for
measuring average shoot length. It can be observed that, no significant spatial heterogeneity of
shoot growth is found during dry period. Average shoot length is found to vary between 5 mm and
15 mm during dry period. Unlike dry period, shoot length is found to be higher in rectangular areas
at greater radial distances from tree stem as compared to that in rectangular areas nearer to the tree
stem. This may be attributed to presence of tree roots and tree shading at near distance from tree
stem. Root growth would be slow when mix grass root system overlap with tree roots (Casper and
Jackson, 1997). Lack of photosynthetically active radiation, which occurs due to tree shading
effect may also be a reason for relatively less shoot growth rate near tree stem (Fitzpatrick and
Kirkman, 1995).
Fig. 6.10 (a) and (b) show shoot growth rate variation with time in rectangular areas at 0.2
m and 4 m due to occurrence of various rainfall depths. Shoot growth rate is observed to change
with rainfall depth variation. Average shoot growth rates in rectangular area at 0.2m longitudinal
distance from tree stem are found to be 5mm/month, 3mm/month, 7mm/month, 49mm/month,
70mm/month and 60mm/month during January, February, March, April, May and June,
respectively. Average shoot growth rates in rectangular area at 4 m longitudinal distance from tree
stem are found to be 40mm/ month, 20mm/month, 60mm/ month, 184mm/month, 334mm/month
and 280mm/month during January, February, March, April, May and June, respectively. These
results show that, greater shoot growth rate is found during the months in which, relatively high
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rainfall depths occurred over majority of monitoring period. This may be attributed to increase in
available water content due to raise in rainfall depth. This trend is not found to hold true during
April. This may be due to regrowth of vegetation in the tree vicinity during April.

Fig. 6.9 Comparison of shoot length among various rectangular areas over six months of the
observation period
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(a)

(b)
Fig. 6.10 Average shoot growth rate variation with change in rain fall depth in rectangular areas
at (a) 0.2 m longitudinal distance from tree stem and (b) 4 m longitudinal distance from tree stem,
during monitoring period
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6.3.2.2 Comparison among various types of mix grass proportions occurred during monitoring
period
Fig. 6.11 depicts the mix grass proportions variation with respect to change in rainfall depth.
Rainfall depth is considered instead of month of observation in the horizontal axis for the better
interpretation of results. Total mix grass proportion is found to vary between 13 % and 97 %. Only
two types of mix grass cover i.e., MWS and MUT are found during dry period. The reason for the
absence of MUS during dry period is very low shoot length (i.e., 5mm to 15mm). Maximum mix
grass proportion (49 %) is found at the end of March during dry period. One reason for this may
be, rainfall depth in March is higher than that in January and February.
The proportion of MWS is found to vary between 12 % and 47 % during dry period.
Proportion of MWS is observed to increase with rainfall depth increment during dry period. In
addition to the low rainfall depth, shredding of leaves during February is also a reason for relatively
low proportion of MWS occurred at the end of February. Furthermore, relatively high proportion
of MWS was found at the end of March due to regrowth of mix grass. MUT proportion varies
between 0.2 % and 2.0 % during dry period. Lowest proportion of MUT is found at the end of
February during which, shredding of leaves occurred. MUT proportion is found higher at the end
of March as compared to that at the end of January and February. This may be due to tree leaves
regrowth and relatively high rainfall depth during March.
All the three types of covers i.e., MUS, MWS and MUT can be observed during wet period.
Ranges of MUS, MWS and MUT are found to be 45 % - 53 %, 37 % - 49 % and 2 % - 3 % during
wet period. MUS variation is not found to be consistent with rainfall depth or shoot length. At the
end of May, MUS proportion is found 2 % higher than that at the end of April. However, at the
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end of June, MUS proportion is found 10 % lower than that at the end of May. Unlike during dry
period, trend of variation of MWS proportion is not observed to be effected by change in rainfall
depth. However, MWS is found to increase with shoot growth during wet period. MUT is found
to increase with shoot growth during wet period. This is due to growth of tree leaves. Such increase
in tree leaves widens the area under shading.

F J
a Mar

Ju M
ay

A

Ja- January; F- February; Mar- March; A- April; May- May; Ju- June
Fig. 6.11 Comparison among three types of mix grass proportions during the monitoring period
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6.4 Summary and Conclusions
Low cost non-invasive technique (colour analysis) was demonstrated to differentiate the MUT,
MUS and MWS in the selected site. Lab colour space was suitable for this differentiation. Reason
for this is, higher number of segments (i.e., 123) can be identified between light green and dark
green using lightness parameter (L) of Lab colour space. “a” lies between two opponent colours
red and green. Whereas, “b” lies between blue to yellow. ImageJ displays 256 segments for L, a
and b. Ranges of L values for MUT, MUS and MWS lie within 20 - 91, 92 - 162 and 162 – 233.
The ranges of “a” and “b” for three categories of mix grass are 0 – 134 and 154 – 255, respectively.
Ranges of MUT, MUS and MWS proportions during monitoring period lie within 0.2 % - 3.0 %,
0 % - 53 % and 12 % - 49 %. Only two types of mix grass cover i.e., MWS and MUT exist during
dry period. Proportions of MWS and MUT increase with rise in rainfall depth during dry period.
Lowest proportions of MWS and MUT were found at the end of February. In addition to relatively
low rainfall, shredding of leaves is also a reason for these lowest proportions. Unlike dry period,
three types of areas i.e., MUS, MWS and MUT were observed during wet period. MUS proportion
variation trend was not consistent with rainfall depth or shoot growth. Proportions of MWS and
MUT increase with shoot growth during wet period. This was due to tree leaves growth, which
continues with time.
The obtained results help numerical modelers to better understand the non-uniformity in
vegetation cover exposed to PAR for simulation of flow through green infrastructure. Drones
(unmanned air vehicles) can be programmed with colour analysis technique to differentiate and
quantify the MUT, MUS and MWS in relatively large areas. Such fusion helps to avoid the human
interference on the site while capturing images regularly. In addition, drones programmed with
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colour analysis technique could be remotely connected to automatic mix grass mower. This helps
to establish efficient and cost effective unmanned landscape maintenance system.
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CHAPTER 7 EFFECT OF HIGH SUCTION ON PLANT
PARAMETERS

TH-2613_156104019

7.1 General
This chapter focuses on suction induced in root zone of mix grass used in green infrastructure.
Most of the previous studies focused on evapotranspiration induced suction < 100 kPa measured
using tensiometers. For investigating the drought condition necessitate suction data > 100 kPa. It
was noted that the response of plant parameters such as stomatal conductance and surface area
were not considered holistically with root zone evapotranspiration induced suction. This chapter
presents the effect of evapotranspiration induced suction on stomatal conductance and surface area
for a mix grass species used in green infrastructure subjected to drought stress for suction > 100
kPa.

7.2. Materials and methods
7.2.1 Soil properties
The engineering properties of the selected soil were described in section 3.2.1.

7.2.2 Selected plant species and transplantation condition
Mix grass, which is combination of two species namely, Axonopus Compressus and Cynadon
Dactylon were selected for the study. The description about these species and transplanting
condition is stated in section 4.2.1.

7.2.3 Experimental setup and instrumentation
7.2.3.1 Soil sample preparation
Test setup used to demonstrate the measurement of stomatal conductance and surface of mix grass
is schematically portrayed in Fig. 7.1. The experimental setup consists of a cylindrical PVC (poly
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vinyl chloride) mould of 300mm diameter and 250mm length with prefabricated holes at sides to
accommodate suction and moisture content sensors. The locations of the instrumentation can be
seen in Fig. 7.1. Soil excavated from nearby hill site was compacted up-to 170 mm height in three
layers corresponding to 0.9 MDD as per previous literature for grass species (Ng et al., 2014; Li
et al., 2016). The procedure of compaction is explained in section 4.2.1.

7.2.3.2 Installation of instrumentation
Dummy tubes were placed during compaction at the locations of VWC and suction sensors. The
tubes of relatively less diameter as compared to sensors were inserted to ensure contact between
soil and instruments after installation. Two MPS-6 sensors (METER Group, USA) were installed
at diametrically opposite ends at a depth of 40mm to capture the suction (range of 9-10000 kPa)
induced due to root water uptake. In addition, a tensiometer (UMS BMGH, 2016) was installed to
capture the suction range below 9 kPa. A moisture content sensor (SM 200; Delta-T devices, 2006)
was installed diametrically opposite to tensiometer. The minor gap between sensor and soil was
backfilled with soil to prevent the preferential flow. A layer of anabond adhesive was applied in
the clearance between sensor and PVC at the predrilled holes. The MPS-6 sensors were connected
to EM 50 data logger (METER Group, USA) for data logging. Tensiometer and SM 200 were
connected to GP2 (Goodchild et al., 2014) and DL-6 data loggers (Delta-T devices, 2013),
respectively. Soil root composite water retention curve was obtained using measured suction and
VWC.
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All dimensions are in mm.
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Fig. 7.1 Schematic representation of experimental setup used to measure area of vegetation cover, suction, volumetric water content (VWC)
and stomatal conductance
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Fig. 7.2 Weather condition during the test period

7.2.3.3 Environmental conditions during plant growth
The specimen was placed under transparent roof and exposed to natural environmental condition
during monitoring period. Transparent roof was arranged to avoid effect of natural precipitation
during monitoring period while the mould is subjected to drying. Controlled irrigation was applied
using a sprinkler system to nurture the mix grass. A digital camera with a detachable frame was
mounted above the PVC mould to obtain the images of mix grass periodically. Mix grass was
transplanted to the pot after the installation of instruments. Vegetated pot was irrigated regularly
for a period of 72 days. The irrigation period was maintained at 4 day interval to ensure the suction
below the wilting point reported by previous researchers (1500 kPa; Feddes, 1982). Area of green
grass cover (live grass cover in the pot) was found to reach inner area of pot at the end of 73 days.
Thereafter, mix grass cover was exposed to evaporation until it completely wilts. Methodology to
quantify the surface area of grass cover has been explained in section 2.5. The meteorological
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parameters such as solar radiation, air temperature and air relative humidity were monitored using
micro-climate monitoring system (MCMS, METER Group, USA). Meteorological parameters
observed during test period are shown in Fig. 7.2 (explained in next section).

7.2.3.4 Camera settings for capturing images of mix grass cover
A commercially available camera (CANON EOS 600D) was mounted on a detachable frame above
the PVC mould to capture the images of mix grass cover periodically. The lens range and
horizontal/vertical resolution were maintained at 18-55 mm and 72 dpi. The focal length, ISO
speed and exposure time were maintained at 23mm, ISO-640 and 1/30sec respectively. Resolution
of camera model is 18 megapixels. Images were captured from same height (400mm) using an
adjustable frame (see Fig. 7.1). Maintenance of same focal length, ISO speed and exposure time
and height minimizes observational errors, and enable constant number of pixels. In order to
compare the image analysis results accurately, constant pixel area is essential. Images were
captured in ambient light during measurement period of stomatal conductance.

7.2.3.5 Measurement of stomatal conductance
GGL, GGS and CWG were categorized by visual observation to measure stomatal conductance. It
is evident that, large number of leaves are available for testing. Measurement of stomatal
conductance for all existing leaves in pot requires relatively long duration. In such case, measured
stomatal conductance could not be compared accurately (Pietragalla and Pask, 2012). Hence, five
locations of each category were selected for measurement of stomatal conductance using leaf
porometer (METER Group, USA). Stomatal conductance refers to ratio of flux density and the
water vapor concentration difference between surrounding and leaf surface (Pietragalla and Pask,

102
TH-2613_156104019

2012). Leaf is clamped to the open chamber in leaf porometer. Relative humidity gradient is
developed between surroundings of chamber and leaf surface. Leaf porometer calculates stomatal
conductance from the relative humidity gradient. A standard procedure (METER Group, USA)
was adopted for the calibration of leaf porometer. The instrument was calibrated using a known
conductance value of filter paper moistened with distilled water. The accuracy of the leaf
porometer was found to be around 90 %. As the stomata is sensitive to physical alteration, any
physical stress or human contact with the leaf is avoided as much as possible. Measurements were
performed quickly, as the porometer usage may alter surface of leaf.
Variation in relative humidity, temperature and radiant energy is found to be very low
during 10:00 A.M. - 12:00 A.M. Hence, stomatal conductance and surface area was monitored
under ambient light during this time period. Relative humidity, temperature and radiant energy are
observed to be 79 % ± 4 %, 31°C ± 2°C and 33 MJ m-2 d-1 ± 6 MJ m-2 d-1 (see Fig. 7.2). It must be
noted that light, relative humidity and temperature would change with time (Koyama and
Takemoto, 2014). Changes in light, relative humidity and temperature affect stomatal conductance
and surface area of mix grass ((Bytnerowicz and Fenn, 1996; Bytnerowicz et al., 2003; Mooney et
al., 1983). As a result of change in stomatal conductance and surface area, the correlations
developed in present study may not be same for different environmental conditions. The main
focus of present study is to explore the high evapotranspiration induced suction in soil root
composite and, changes in stomatal conductance and surface area of canopy at higher suctions.
Hence, measurements taken at only one point of time suffice the purpose of the study. It is evident
that, age of grass effects the stomatal conductance (Buchanan‐Wollaston et al., 2005; Lee et al.,
2011). Hence, the mix grass of relatively less age difference was considered for the measurement.
In addition, mix grass wilts gradually (McGechan, 1990). Therefore, measurement of stomatal
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conductance for a single leaf could not be possible during entire monitoring period. Leaf
considered for stomatal conductance measurement has been changed when the mix grass at
selected location approaches wilting point.

7.2.3.6 Quantification of surface area of GGL, GGS and CWG
Colour analysis procedure to differentiate and quantify the surface area covered by GGL, GGS
and CWG is shown in Fig. 6.6 (chapter 6). It is known that fewer shoots exist below the mix grass.
As the captured images are two dimensional, the surface area of above mentioned fewer shoots
could not be categorized. Surface area of shoots below the mix grass was found to be 6 % - 7 %
of total surface area of mix grass. Surface area of shoots below the mix grass could be relatively
high in case of few species. In such case, analysis of two dimensional images may not suffice the
purpose. Hence, three-dimensional images are required to quantify and categorize the mix grass
accurately. 3D lidar imaging could be the possible solution to capture the high resolution threedimensional images (Omasa et al., 2006).

7.3. Results and discussions
7.3.1 Gradual wilting of mix grass cover during monitoring period
Fig. 7.3 shows the water retention curve of soil root composite (SRCWRC). Water retention curve
was fitted using van Genuchten (1980) model. Fitting coefficients related to curvature (α) and pore
size distribution (n) were found to be 0.27 and 1.45, respectively. VWC is observed to reduce
noticeably from about 30 % to 7 % with increase in suction by 90 kPa from 8 kPa. Volumetric
field capacity is found to be 24 %-26 %. It refers to the VWC held in soil after excess water drained
away due to gravity. Suction corresponding to volumetric field capacity is observed to be around
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11 kPa. Fig. 7.3a-f shows the gradual wilting of mix grass with respect to suction during
monitoring period. Visibly identifiable change is not found in surface area covered by green grass
up to 103 kPa (see Fig. 7.3 (a-c)). Noticeable change in surface area covered by green grass at
suction values beyond 103 kPa can be seen. Completely wilted grass is observed over major region
at suction around 2431 kPa.
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Fig. 7.3 Measured and fitted soil root composite water retention curve (SRCWRC) and pictorial view of gradual wilting of mix grass when it
was subjected to continuous drying
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7.3.2 Stomatal conductance variation during monitoring period
7.3.2.1 Comparison of stomatal conductance measured at various suction values
Fig. 7.4 shows the average stomatal conductance at the selected locations of GGL and GGS.
Stomatal conductance is observed to vary between 681 m mol m-2 s-1 and 0 m mol m-2 s-1. Stomatal
conductance of GGL and GGS is observed to increase with rise in suction from 1 kPa to 6±1 kPa
during monitoring period. Stomatal conductance of GGL and GGS is observed to increase by 54
% and 101 % with 5 kPa rise in suction. It can also be observed that, peak stomatal conductance
occurs near to the suction corresponding to volumetric field capacity. Relatively less stomatal
conductance at low suction can be explained on the basis of oxygen available in soil root
composite. Low suction represents the situation, when oxygen available in pores of soil root
composite is very limited due to high saturation (Raes and Deprost, 2003). In such case, stomatal
conductance would be relatively low (Thomas et al., 2016). Thereafter, stomatal conductance is
found to decrease up to suction around 1340 kPa. Such decrease is observed to be around 90 % for
GGL and GGS. Furthermore, stomatal conductance variation is observed to be relatively low
(around 21 %) with increase in suction from 1340 kPa to 2431 kPa. This is due to relatively low
available water content. Stomatal conductance is observed to be zero at suction around 2431 kPa.
This suction value can be termed as typical wilting point for the selected combination of grass
species. Wilting point was reported to be 1500 kPa by Feddes (1982). In addition, a recent study
(Garg et al., 2015a) also presented the wilting point for Schefflera heptaphylla according to Feddes
(1982). However, results of the current study show that, stomatal conductance values and wilting
point may vary for different species. Predicted stomatal conductance values were presented in a
recent study (Tobin and Kulmatiski, 2018) corresponding to a wide range of suction (1-500 kPa).
However, applicability of the predicted stomatal conductance was not presented in the context of
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soil type or density in their study. In addition, stomatal conductance was not monitored from
anaerobiosis point to wilting point for the selected non-crop species.
Decrement in stomatal conductance due to increase in suction from 6 kPa to 2431 kPa can
be explained using phenomena of partial and complete stomata closure. Partial and complete
closure of stomata occur when plant is subjected to drought stress (i.e., large suction). A plant
hormone i.e., abscisic acid, which exists in guard cell mediates the adaptation of mix grass to
drought stress through partial and complete closure of stomata (Tipple and Pagani 2007). Abscisic
acid changes the pH and concentration of Ca2+, Cl- and K+ in leaf to respond drought (Wilkinson
and Davies, 1997). These changes cause partial closure of stomata and increase the suction in leaf
(Pei et al., 2000; Munimesa et al., 2015). This partial closure of stomata results in less stomatal
conductance. It can be observed from Fig. 7.4 that, partial closure of stomata occurs typically at
suction between 6 kPa and 1340 kPa. Further water loss through stomata at very large suction and
less available water content damages the chloroplast and guard cells. Hence, major number of
stomata exist in leaf will be completely closed and results in very low stomatal conductance. Such
low stomatal conductance can be observed between 1340 kPa and 2431 kPa. Stomatal conductance
becomes 0 when stomata system is completely damaged at suction around 2431 kPa.
Stomatal conductance of mix grass under light is observed to be 19 % - 64 % higher than
that under shade up to suction around 1340 kPa. This can be attributed to difference in stomata
opening corresponding to radiant energy variation (Gross et al., 1996). Stomata closes partially
under the presence of low light for photosynthesis (Miyazawa et al., 2005). Stomata opens
completely in the presence of adequate radiant energy (Schymanski and Zwieniecki 2013).
Difference between stomatal conductance of GGL and GGS is minimal beyond the suction value
of 1340 kPa. Stomatal conductance of GGL is observed to be only 2 % - 4 % higher than that of
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GGS at suction beyond 1340 kPa and below the wilting point. Reason for this may be complete
closure of major number of stomata exist in GGL as well as GGS due to large suction. This shows
that, effect of suction dominates the influence of light when suction lies between 1340 kPa-2431
kPa. Previous studies (Ackerson, 1980; Bréda et al., 1993; Tardieu and Simonneau, 1998; Gomes
et al., 2004; Warren, 2008) show that decrease in stomatal conductance by 95 % is possible due to
water stress in soil.

7.3.2.2 Establishment of correlation between stomatal conductance and suction
Visual assessment suggests that the stomatal conductance-suction relation mirrors water retention
curve at suction values beyond 7 kPa (see Fig. 7.3 and Fig. 7.4). A new model was proposed to
characterize the relationship between stomatal conductance and suction:
SC (Ψ) = 𝑠𝑐𝑚𝑖𝑛 +

𝑠𝑐𝑚𝑎𝑥 −𝑠𝑐𝑚𝑖𝑛
[1+(𝑎𝑠𝑐 (𝛹))𝑛𝑠𝑐 ]

1−

1
𝑛𝑠𝑐

(7.1)

SC (Ψ) = stomatal conductance corresponding to suction (mol m-2 s-1/mol m-2 s-1)
𝑠𝑐𝑚𝑎𝑥 = maximum stomatal conductance (mol m-2 s-1/mol m-2 s-1)
𝑠𝑐𝑚𝑖𝑛 = minimum stomatal conductance (mol m-2 s-1/mol m-2 s-1)
𝑎𝑠𝑐 is related to the suction corresponding to peak stomatal conductance (𝑎 >0)
𝑛𝑠𝑐 = fitting coefficient associated with the curvature (n>1)
All the fitting parameters are tabulated in Table 7.1. It should be noted that the fitting
parameters are valid for the suction range beyond the corresponding suction of peak stomatal
conductance. The curves fitted can be referred as stomatal conductance characteristic curve
(SCCC). It must be noted that drought response of various evergreen or deciduous vegetation may
be dissimilar to that of the species tested in preset study (Smith et al., 2001; Niinemets and
Valladares, 2006).Therefore, SCCC may also vary for various evergreen or deciduous species.
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Table 7.1 A summary of fitting coefficients for correlating stomatal conductance and suction
using a novel approach
SCCC
Upper limit [mol m-2 s- Lower limit [mol m- asc [kPa1
2 -1
1
/mol m-2 s-1]
s /mol m-2 s-1]
]

m [-]

R2 (%)

GGL

0.91

0.08

0.08

1.45

0.31

98

GGS

0.63

0.07

0.10

1.39

0.28

98

GGL
Stomatal conductance (m mol m-2 s-1)

nsc [-]

GGS

GGL (fitted)

GGS (fitted)

700
600
500

400
Wilting point
(Feddes et al. 1978)
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Wilting point
(present study)

200

100
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1
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100
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Fig. 7.4 Effect of suction on stomatal conductance
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7.3.3 Surface area variation during monitoring period
7.3.3.1 Comparison of normalized surface area of mix grass cover at various suction values
Surface areas of entire mix grass, GGL, GGS and CWG were obtained in pixels using Image J.
Thereafter, it was normalized by maximum surface area of entire mix grass cover for better
representation. Fig. 7.5 shows the variation of normalized surface area of entire mix grass cover,
GGL, GGS and CWG with respect to suction. Normalized surface area of entire mix grass is
observed to vary between 1.00 and 0.38. Normalized surface area of entire mix grass cover is
observed to increase with rise in suction from 1 kPa to 6 kPa. This is due to growth of mix grass.
Thereafter, normalized surface area of entire mix grass is observed to decrease with increase in
suction up to 3642 kPa. Reason for such decrease is shrinkage of mix grass when it is exposed to
continuous evapotranspiration (Chartzoulakis et al., 2002; Scoffoni et al., 2011). Normalized
surface area of GGL is found to vary between 0.00 and 0.79. Normalized surface area of GGL is
observed to increase with suction from 1 kPa to 18 kPa. This is due to growth of new leaves of
mix grass. However, normalized area of entire mix grass is not found to increase between 6 kPa
and 18 kPa. Reason for this is increase in normalized area of wilted grass due to shrinkage of
existing mix grass. Normalized surface area of GGL is found to decrease with increase in suction
from 18 kPa to 3624 kPa. Normalized surface area of GGL is observed to reach 0.00 at suction
around 3624 kPa. Range of normalized surface area of GGS is found to be 0.00-0.18. Normalized
surface area of GGS is found to decrease with increase in suction up to around 3013 kPa. Although
green grass exists, normalized surface area of GGS is found to be 0 at 3013 kPa.
Variation in normalized surface area of entire mix grass and three categories of mix grass
is observed to be relatively low (i.e., within ±15 %) up to 138 kPa. Reason for this can be explained
on the basis of favorable suction range for root water uptake. Feddes (1982) reported that, root
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water uptake could be significant between 5 kPa to 100 kPa. Such high root water uptake implies
more vegetation growth (Sharp and Davies 1985). Large decrease (around 47 % and 66 %) in
normalized surface areas of entire mix grass cover and GGL can be observed with increase in
suction from 138 kPa to 2431 kPa. In addition, large increase in CWG (around 31 %) also can be
observed due to increase in suction from 138kPa to 2431 kPa. Reason for these may be increase
in water stress and reduction in root water uptake. Normalized surface area of entire mix grass is
found to decrease by 2 % with increase in suction from 2431 kPa to 3624 kPa. Whereas, any
variation was not found in normalized surface area of CWG within 2431 kPa-3624 kPa. Unlike
GGL and CWG, difference between maximum and minimum normalized surface area of GGS is
relatively low i.e., 18 %. Reason for such low difference is decrement in normalized surface area
of mix grass due to shrinkage (Jeong et al., 2013). Previous research (Jeong et al., 2013) shows
that surface area change observed in the current study could be possible due to continuous drying.
In addition, suction variation with time was monitored during drying period in vegetated soil
widely (Somma et al., 1998; Wu et al., 1999; Vrugt and Hopmans 2001; Javaux et al., 2008).
However, normalized surface area decrement was not correlated to the suction in their studies.
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Fig. 7.5 Effect of suction on normalized surface area of entire mix grass cover, GGL, GGS and CWG

7.3.3.2 Establishment of correlation between normalized surface area of mix grass and suction
Visual assessment advises that the trend of variation of normalized surface area of grass-suction
relation also emulates water retention curve (see Fig. 7.3 and Fig. 7.5). A new equation is proposed
to describe the normalized surface area of grass-suction relation:
ns (Ψ) = 𝑛𝑠𝑚𝑖𝑛 +

𝑛𝑠𝑚𝑎𝑥 −𝑛𝑠𝑚𝑖𝑛
[1+(𝑎(𝛹))𝑛 ]

1−

(7.2)

1
𝑛

ns (Ψ) = normalized surface area corresponding to suction (m2/m2)
𝑛𝑠𝑚𝑎𝑥 = maximum normalized surface area (m2/m2)
113
TH-2613_156104019

𝑛𝑠𝑚𝑖𝑛 = minimum normalized surface area (m2/m2)
𝑎 is related to the suction corresponding to maximum normalized surface area (𝑎 >0)
n = fitting coefficient associated with the curvature (n>1)
All the fitting parameters are tabulated in Table 7.2. The curves fitted can be referred as
SACC. It must be noted that small increase in surface area up to 18 kPa was not considered by the
fitted curve. It is known that drought response of evergreen or deciduous vegetation may be
dissimilar to that of the species tested in preset study (Ackerly, 2004; Hallik et al., 2009; Bartlett
et al., 2012). In addition, change in colour of evergreen or deciduous vegetation would be
dissimilar to that of species monitored in the current study (Damesin and Rambil, 1995; Rambal,
1993; Werner et al., 1999). Therefore, SACC varies for various evergreen or deciduous species.
Previous studies (Quan and Liang, 2017; Beckett et al., 2017; Herbel et al., 1972) show that soil
texture affects the stomatal conductance and surface area. Hence, soil type may also influence the
SCCC and SACC.

Table 7.2 A summary of fitting coefficients for correlating normalized surface area of mix grass
and suction using a novel approach
SACC
Upper limit
(pixels/pixels)

Lower limit
(pixels/pixels)

α [kPa-1]

n [-]

m [-]

R2 (%)

Entire mix
grass

1

0.38

0.006

1.83

0.453

95

GGL

0.74

0.05

0.005

2.70

0.63

98

GGS

0.17

0.04

0.113

1.26

0.21

87

CWG

0.39

0.05

0.001

-1.41

1.71

94
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7.4. Summary and Conclusions
This study aimed to investigate the variation of suction, stomatal conductance and surface area
when mix grass is subjected to drought stress. Stomatal conductance increases with raise in suction
from 1 kPa to 6±1 kPa (i.e., around the suction corresponding to volumetric field capacity). This
increase was attributed to oxygen raise in pores of soil root composite. Stomatal conductance
decreases by 90 % due to increase in suction from 6 kPa to 1340 kPa. This was due to partial
closure of stomata. Stomatal conductance variation is relatively less (around 21 %) with increase
in suction between 1340-2431 kPa. This was attributed to complete closure of major number of
stomata exist in leaf. Stomatal conductance becomes 0 at 2431 kPa (i.e., wilting point) due to
damage of stomata system. Stomatal conductance of GGL is 2 % - 64 % higher than that of GGS
at suction below 2431 kPa. This may be due to partial closure of stomata under ow light.
Change in normalized surface area of entire mix grass, GGL, GGS and CWG was relative
low (within ±15 %) with increase in suction up to 138 kPa. Normalized surface areas of entire mix
grass and GGL decrease drastically (by 47 % and 66 %) with increase in suction from 138 kPa to
2431 kPa. Normalized area of CWG increases significantly (by 31 %) with increase in suction
from 138 kPa to 2431 kPa. Normalized surface areas of entire mix grass and GGL decrease by
only 2 % with rise in suction from 2431 kPa to 3642 kPa. Whereas, normalized surface area of
CWG remains reasonably constant between 2431 kPa and 3642 kPa. Decrement in normalized
surface area of GGS was relatively low (i.e., 18 %) before it reaches to 0 at 3013 kPa. Two novel
relationships i.e., SCCC and SACC were developed to estimate the evapotranspiration and
numerical analysis of suction induced in green infrastructure accurately.
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CHAPTER 8 ASSESMENT OF SOIL SURFACE WATER
CONTENT USING LIGHT REFLECTION THEORY

TH-2613_156104019

8.1 General
A novel colour analysis technique was demonstrated to assess soil water content under spatially
non-uniform light condition. Six series of tests were conducted to analyze the colour of red soil at
various surface water contents. In addition, six measured dry densities on the compaction curve
were selected to validate the proposed colour analysis technique. Soil was compacted to the desired
state of compaction in a small mould. Images of soil samples were captured using a commercially
available camera model (NIKON COOLPIX L29). The brightness variation of soil samples was
quantified using the change in mean gray value of the images.

8.2 Materials and Methods
8.2.1 Soil properties
The engineering properties of the selected soil is discussed in section 3.2.1. Measured compaction
curve for red soil is shown in Fig. 8.1. Fig. 8.2 shows the typical SWRC of red soil selected for
the present study. The curve encapsulates three distinct zones: zone of saturation, zone of
desaturation and residual zone. These zones consist of three types of soil-air-water interfaces
(shown in Fig. 8.2; Fredlund and Xing, 1994). Zone of saturation represents the absence of air in
the voids of soil matrix. Due to the absence of air, continuous water phase can be observed in the
voids of soil matrix (see A; Fig. 8.2). Suction corresponding to the gravimetric water content at
which, air enters is termed as air entry value. Air entry value is the starting point of desaturation
(see B; Fig. 8.2).
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A- Flocculated structure (allows quick drainage; Lambe and Whitman, 2008)
B- Transition from flocculated to dispersed structure (allows relatively higher strength;
Lambe and Whitman, 2008)
C- Dispersed structure (allows slow drainage; Lambe and Whitman, 2008)
*

Points on the curve indicates the measured dry density and their corresponding water
contents. Selected dry densities are 1.57g/c.c, 1.60 g/c.c, 1.69 g/c.c, 1.73 g/c.c, 1.68 g/c.c
and 1.63 g/c.c
*

Change in water content may alter brightness, which can be identified on a gray scale

Fig. 8.1 Measured compaction curve of red soil using standard proctor compaction test
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A, B and C shows the three types of soil-air-water interface, which occur at different points
on SWRC (Lambe and Whitman, 2008)
A - Continuous water phase
B - Discontinuous water phase
C - Continuous air phase
- Water film (of thickness around 2 x 10 -5 mm) adhered to the soil particle (hygroscopic
water content), which can be removed only by oven drying (Leung et al., 2015)
Fig. 8.2 Soil water retention curve of red soil (SWRC)

Unlike the zone of saturation, discontinuous phases of air and water occurs in the zone of
desaturation. Residual zone represents the water content and suction values at which, the rate of
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desaturation is very low. Generally, two types of continuous air phase occur within this zone (see
C; Fig. 8.2). The first type occurs when the water present in the voids of soil matrix is very low.
Another type occurs, when the water in the voids is absent and only hygroscopic water is present
around the surface of the soil (Barbu et al., 2004). Hygroscopic water refers to the water which is
freely adsorbed from atmosphere that adheres to the surface of a soil particle. It can be removed
only by oven drying (Barbu et al., 2004). Hygroscopic water content of the selected soil is observed
to be 3 % - 5 %.

8.2.2 Test plan
In this study, six series of tests were conducted at degree of saturation (DOS) of 15 %, 30 %, 45
%, 60 %, 75 % and 90 % to demonstrate the colour analysis method. These tests are intended to
differentiate the surface water contents in three zones of SWRC (see Fig. 8.2) on the basis of
brightness variation. In addition, soil compacted at six dry densities was tested at selected DOS to
validate the demonstrated colour analysis method. Measured dry densities on compaction curve
were adopted for validation. This validation accounts the three different structures that exist in
compacted soil (see Fig. 8.1). Flocculated structure of soil particles usually allows the quick
drainage of water through soil pores in the subgrades (Lambe and Whitman, 2008). Dispersed
structure allows less drainage. Dispersed structure of soil particles is usually preferred on land fill
liners so as to minimize infiltration of water from rainfall (Lambe and Whitman, 2008). The soil
on bare and vegetated slopes is compacted at maximum dry density for acquiring greater strength
(Leung et al., 2015b). Furthermore, density of soil in agricultural fields and urban areas vary
widely (Lambe and Whitman, 2008).
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Fig. 8.3 Variation in gravimetric water content with change in degree of saturation (DOS) for soil
compacted at various dry densities
The calculated gravimetric water contents are presented at various dry densities and DOS
in Fig. 8.3. DOS at measured dry densities (highlighted in Fig. 8.1) in the compaction curve are
observed to be 45 %, 60 %, 80 %, 91 %, 94 %, 95 % and 98 % respectively. Lowest gravimetric
water content of 3% can be observed corresponding to 1.73 g/c.c dry density and 15 % DOS.
Whereas, highest gravimetric water content of 22 % can be seen corresponding to 1.57 g/c.c dry
density and 90 % DOS.
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8.2.3 Design and development of experimental setup
Schematic representation of the experimental setup is presented in Fig. 8.4. In order to capture
images from the top, a commercially available camera model (NIKON COOLPIX L29) was
attached to the top of a holding stand. Resolution of camera is 16.1 effective megapixels. Moist
soil was compacted to the desired dry density using a rammer in a mould of 92 mm diameter and
15 mm depth. Thereafter, compacted soil sample was placed parallel to the camera at a distance of
1.2 m on plane table. This distance is sufficient enough to adopt in the field for capturing images
as well. In addition, same distance and angle were maintained between camera and soil sample for
all samples to avoid observational errors. It is evident that light intensity varies over a wide range
(i.e., 0-60000lux; Baker and Steemers, 2014). The images were captured under ambient light. The
average light intensity was found to be 167 lux during test period. The light intensity was measured
using a commercially available light measurement instrument (Metravi 1331 Digital Lux Meter).
A white paper was placed below the mould containing soil sample to account the colour contrast
within the soil sample. Equalization of colour contrast with respect to a reference (i.e., white paper)
avoids the errors that occur due to light intensity variation. In addition, it helps to adopt the
proposed colour analysis technique for various engineering applications.

8.2.4 Colour analysis procedure
8.2.4.1 Gray scale image
Gray scale image is an image, which illustrates only brightness of the reflected light. Gray scale
images are black and white images. However, these are dissimilar to binary images. In a binary
image, only two colour values exist i.e., black and white. Whereas, a gray scale image shows many
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shades of gray in between black and white (see Fig. 8.4). Gray value is determined using red (R),
green (G) and blue (B) values from RGB (red green blue) colour space (Russ and Russ, 2007).
Red, green and blue are added in the RGB colour space to produce various colours. Gray value of
a pixel in a digitized image with a coordinate (R, G, B) in the colour space can be found using eqs
8.1 and 8.2, which are shown in Fig. 8.4. Pure green is perceived as the brightest of three colours
i.e., red, green and blue, by the human eye. Pure blue is darker than pure green and pure red. Hence,
green (G) receives highest weight and blue (B) receives least weight when colours are not weighted
equally. Colours are not weighted equally in present study for taking brightness difference among
the colours into account. In this gray scale, black has a value of 0 and white has a value of 255,
which can be seen Fig. 8.4. The other gray values fall between 0 and 255 (Ferreira and Rasband,
2012; Pérez and Pascau, 2013).

8.2.4.2 Quantification of Gray value
ImageJ is a java based program, which quantifies the average gray value (mean gray value) of the
selected pixels of a digital image (Pérez and Pascau, 2013). The pictorial view of procedure for
quantification of mean gray value can be seen in Fig. 8.4. The image was imported into ImageJ
and cropped to take the required portion of image into account. The desired portion is selected on
the soil surface using “rectangular selection” option. Mean gray value of all pixels in each selected
area was quantified using “histogram” option (see the cropped ImageJ window in Fig. 8.4). This
option first separates the selected portion of the image into individual pixels. Thereafter, gray value
of each pixel would be quantified using eq 8.1 and displayed as a histogram. In the histogram,
horizontal axis shows the possible discrete gray values and vertical axis represents the normalized
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number of pixels observed for each gray value. Mean gray value was quantified by dividing the
weighted sum of number of pixels in each gray value by total number of pixels. It can be seen from
gray scale that higher the brightness, more the mean gray value obtained (see Fig. 8.4).
The presence of non-uniform light intensity within the soil domain can be observed from
the locations pointed with L1, L1, L2, L3, L4, L5, L6, L7 and L8 on white paper. Hence, effect of
light intensity variation needs to be quantified first in the terms of gray value. Mean gray value at
locations L1, L1, L2, L3, L4, L5, L6, L7 and L8 are found to be 215, 224, 231, 230, 229, 215, 216
and 218, respectively. The difference between mean gray values at various locations (i.e., L1 to
L8) is referred to as colour contrast. It must be noted that colour contrast should be avoided to
understand the change in mean gray value (i.e., brightness) solely due to variation in surface water
content. The equalization method has been adopted to avoid effect of colour contrast within the
soil sample due to spatial heterogeneity of light intensity. The soil sample is categorized into eight
sectors (see S1 to S8 in Fig. 8.4) on the basis of colour contrast observed at various locations (L1L8) on white paper. It should be noted that the colour of the paper is white. Mean gray value of
pure white paper would be 255 (This has been discussed in “gray scale image” subsection using
Fig. 8.4). The mean gray values of soil in eight sectors were equalized using the pure white paper
(i.e., mean gray value of 255) as reference. The relation used to calculate the equalized mean gray
value for a portion selected in S1 has been shown below
𝐸𝑞𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝑚𝑒𝑎𝑛 𝑔𝑟𝑎𝑦 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑖𝑛 𝑆1 =
𝑚𝑒𝑎𝑛 𝑔𝑟𝑎𝑦 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑖𝑛 𝑆1 + (𝑚𝑒𝑎𝑛 𝑔𝑟𝑎𝑦 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑝𝑢𝑟𝑒 𝑤ℎ𝑖𝑡𝑒 𝑝𝑎𝑝𝑒𝑟 −
𝑚𝑒𝑎𝑛 𝑔𝑟𝑎𝑦 𝑣𝑎𝑙𝑢𝑒 𝑎𝑡 𝐿1)

(8.3)

In order to minimize random errors, three different portions of equal pixel area were selected
within each sector for quantification of equalized mean gray values. Average of the equalized mean
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gray values of these three portions was reported as the sector’s mean gray value. Mean gray values
of the eight sectors were in turn averaged and considered as the mean gray value of entire sample.
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3

Fig. 8.4 Determination of mean gray value for moist soil using colour analysis technique
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(8.1)
(8.2)
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(v)

(vi)
DOS = 15 %
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Fig. 8.5 Pictorial view of samples tested to obtain gray values for various surface water contents
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8.3 Results and Discussions
8.3.1 Comparison of gray values obtained at the selected surface water contents
Soil samples tested at various dry densities are shown in Fig. 8.5. Brightness difference can be
seen with the change in gravimetric water content and dry density. Brightness of all samples was
quantified in terms of mean gray value of the image. Mean gray value variation with respect to
change in gravimetric water content of red soil compacted at six selected dry densities has been
presented in Fig. 8.6. Mean gray values are observed to vary between 27 and 87. Average mean
gray value for oven dried red soil is found to be 95, which is marked in Fig. 8.6. Mean gray value
is found to decrease with increase in gravimetric water content. Such decrease in mean gray value
can be attributed to decrease in brightness with increase in gravimetric water content of the sample.
Gravimetric water content increase causes higher refraction and total internal reflection (see Fig.
2.2b). A trend line was fitted using polynomial (Eq. 8.4) for mean gray value variation with DOS.
R2 value of Eq. 8.6 is observed to be 97 %.
Maximum mean gray values (corresponding to the water content of 3 - 4 %) are found to
be 117 % to 160 % higher than those of minimum mean gray values (corresponding to the water
content of 17 - 22 %). Difference between maximum and minimum mean gray values for the soils
compacted at similar DOS is observed to vary between 13 % and 44 %. Lowest mean gray value
is found for soil compacted to 1.57 g/c.c. Apart from the lowest mean gray value, any other trend
of variation is not found between dry density and mean gray value of soils compacted at same
DOS (see Fig. 8.6). One reason for this may be, difference between the considered dry densities is
very less.
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In saturation and desaturation zone, mean gray value is observed to decrease by 14 % - 27
% with 3 - 4 % increase in gravimetric water content. Whereas, only 3 % - 9 % decrease in mean
gray value is found with such increase in gravimetric water content within the residual zone. This
low decrease can be explained using soil-air-water interface. It can be observed that (Fig. 8.2), the
water content in residual zone is near to hygroscopic water content. Hygroscopic water content
indicates the absence of water in voids of soil matrix and presence of water film of thickness near
to 2 x 10-5 mm around the soil particles (Punmia and Jain, 2005). Hence, variation in mean gray
value would be mainly due to change in thickness of the film around the soil particles. Whereas,
main reason for such difference in saturation zone is the change in volume of water within the
voids.
Previous studies (Min and Huy, 2008; Yoshimoto et al., 2011) also showed the trend of
variation observed in Fig. 8.6. Variation in the mean gray value of soil corresponding to change in
water content of silt and sand was studied by Yoshimoto et al. 2011 under controlled light
conditions. In their study, mean gray value of the silt and sand was found to vary between 98 and
155. Unlike present study, R, G and B values were weighted equally by Yoshimoto et al. 2011 to
obtain gray value. Yoshimoto et al. 2011 shows that gray value of soil increases by 46 – 53 % due
to 60 % decrease in DOS. However, gray value at DOS beyond 60 % was not measured in their
study. Min and Huy, 2008 used colour number (Cn) to quantify the brightness variation due to
change in water content of sand. Colour number of various shades of gray lies between 0 and 255.
Typically, the two ends are white (255) and pure black (0), respectively. Min and Huy, 2008 found
that the difference between colour numbers of fully saturated and dry sand would be around 37 %
under controlled light conditions. However, any replicates were not considered by Min and Huy,
2008 to measure colour number for the tested samples. It can be observed from results of the
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present study and Yoshimoto et al. 2011 that soil type affects the gray value. Hence, correlations
obtained in the current study are applicable to the selected red soil. As the main focus of the present
study is to demonstrate and validate the novel colour analysis approach, only one type of soil was
considered.
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𝑀𝑒𝑎𝑛 𝑔𝑟𝑎𝑦 𝑣𝑎𝑙𝑢𝑒 = −0.0007𝑤 4 + 0.0546𝑤 3 − 1.2855𝑤 2 + 7.7548𝑤+67.686 (8.4)
𝑅 2 = 97%
- Average mean gray value of oven dried soil
Fig. 8.6 Comparison of obtained gray values at various soil surface water contents
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8.4 Summary and Conclusions
A novel colour analysis technique was demonstrated and validated to differentiate the surface
water content of compacted soil. This is different from previous methods, all of which are only
valid under the controlled light conditions. The proposed technique has the potential to be applied
for uncontrolled light conditions and large areas. An experimental setup was designed and
developed to establish the correlation between surface water content and mean gray value (from
colour analysis) for the compacted soil. Mean gray value decreases with the increase of gravimetric
water content for the soil considered in this study. Mean gray value decreases by 14 % to 27 %
with every 3 - 4 % increase in gravimetric water content within the saturation and desaturation
zones. A decrease of 3 % and 9 % in mean gray value occurs with such rise in the residual zone.
Based on the results, an empirical model was developed for establishing soil surface water content
as a function of mean gray value. The colour analysis technique and the obtained relation can be
programmed with the UAV to quantify the surface water content. Such programming helps to
monitor surface water content of large as well as densely urbanized areas at a low cost.
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CHAPTER 9 SPATIAL AND TEMPORAL HETEROGENEITY
OF SURFACE HYDRAULIC CONDUCTIVITY IN A GREEN
SPACE

TH-2613_156104019

9.1 General
In this chapter, the spatial and temporal heterogeneity of hydraulic conductivity in an urban space
vegetated with deciduous species is presented. Field monitoring was conducted in the green space
for one year. The monitoring period is intended to understand the spatial variation of hydraulic
conductivity during the vegetation growth period and gradual wilting period. The green space was
categorized into 170 grids to monitor vegetation density and surface hydraulic conductivity.
Changes in hydraulic conductivity were interpreted with spatial and temporal heterogeneity of
vegetation density.

9.2 Materials and Methods
9.2.1 Site description
Fig. 6.1 shows the location of the selected green space. The green space consists mix grass i.e.,
Poacea and Bauhinia purpurea. In addition, Pongamia pinnata trees exist in the selected site. Field
monitoring was conducted in the green space (at IIT Guwahati). The field monitoring program is
devised to understand the spatial heterogeneity of mix vegetation density and surface hydraulic
conductivity.

9.2.2 Soil properties
The engineering properties of the soil in the selected site is discussed in section 6.2.2.
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9.2.3 Overview of the green space
Bauhinia

purpurea

is

widely

recognized

as

anti-inflammatory,

thyroid

hormone

regulating and antidiabetic agent (Zakaria et al., 2007). In addition, Cyperus, Poacea, Bauhinia
purpurea and Pongamia pinnata were considered on the basis of their (i) water stress tolerance
ability (Cheplick, 2004; Cai et al., 2007), (ii) landscaping values (Bouldin et al., 2004; Arifin and
Nakagoshi, 2011) and (iii) wide spread occurrence in semi-arid regions (Leishman and Westoby,
1994). The green space is categorized into five concentric half circles to quantify the spatial
variation of grass growth. Spatial heterogeneity in vegetation growth and shredded leaves can be
observed in Fig. 9.1. Radii of these half circles are 1 m, 2 m, 3 m, 4 m and 5 m, respectively. These
radii is selected based on visual observation. The depth of ground water table was found to be
around 6 m (WRIS; http://www.india-wris.nrsc.gov.in/wris.html).

Fig. 9.1. Overview of the green space selected for testing
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Fig. 9.2. Categorization of green space into small grids for monitoring spatial heterogeneity of
vegetation cover and surface hydraulic conductivity

9.2.4 Instrumentation used in the green space
Fig. 9.2 portrays the typical layout of 170 grids, where mix vegetation density and surface
hydraulic conductivity were quantified. The grid size was selected based on trial measurements of
vegetation density and hydraulic conductivity. Maximum area of the grid is 0.25 m2.
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Fig. 9.3. (a) Measurement of surface hydraulic conductivity in the green space; and (b) Overview
of mini disk infiltrometer (MDI; after Bordoloi et al., 2017)

The images of mix grass have been captured in ambient light using commercially available
unmanned air vehicle (UAV; DJI Phantom). Resolution of the camera attached to the UAV is 12
megapixels. Maximum service sealing level of UAV is 6 km above the sea level. The height of the
existing tree canopies in the site is around 2.4 m. Hence, relatively low elevation of UAV was
maintained to capture images. Hydraulic conductivity was measured using mini disk infiltrometer
(MDI; METER Group, USA). Fig. 9.3 shows the surface hydraulic conductivity measurement in
the green space. MDI consists upper and lower chambers. Suction is regulated in the top chamber.
Water infiltrates into the soil through the sintered disk in the lower chamber. Flow throw
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macrospores such as desiccation cracks is eliminated by the suction controlled flow. Suction in the
upper chamber can be controlled between 0.5 cm and 6 cm, based the texture and void ration of
soil (Zhang, 1997).

9.2.5 Field monitoring programme
The field monitoring programme was devised to understand the spatial and temporal variation of
vegetation density and hydraulic conductivity in green space. Field was monitored from 2nd
January 2016 to 31st Dec 2016. It is known that vegetation density and hydraulic conductivity
vary spatially. Hence, these were monitored at 170 grids (see Fig. 9.2). Weather parameters such
as relative humidity, rainfall depth, net radiation and air temperature were monitored using microclimate monitoring system (MCMS, METER Group, USA). Variation in monthly rainfall depths
during the monitoring period are shown in Fig. 9.4. It can be seen that rainfall depth varies from
as high as 275 mm during month of April to 5 mm during month of February. Relatively low
rainfall depth was found during January, February, March, August, October and December.
Therefore, this duration was referred as dry period. The remaining six months duration was termed
as wet period.
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Fig. 9.4. Variation in monthly rainfall depth during monitoring period

9.2.6 Design of non-destructive image analysis approach to quantify the vegetation density in the
green space
9.2.6.1 Camera settings for capturing photographs of grass in green space
Procedure of image analysis is shown in Fig. 3.3 and 4.2. Observational errors were eliminated by
capturing images in ambient light. In addition, constant ISO speed, exposure time and focal length
were maintained during image capturing. This helps to maintain the same pixel area for all the
images. Same pixel area is needed to compare the image analysis results accurately. ISO speed,
exposure time and focal length were maintained at ISO-640, 1/8000 sec and 35 mm, respectively.
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9.2.6.2 Image analysis using ImageJ
Step by step procedure to quantify the vegetation density using ImageJ was shown in Fig. 4.2.
Image is imported into ImageJ. The desired grid size is cropped from the imported image.
Thereafter, grass and soil are differentiated using adjustable colour scales of R, G and B. Area of
the grid and grass cover in the grid are quantified using “measure” option. The procedure shown
in Fig. 4.2 was repeated to quantify vegetation density in 170 grids.

9.2.6.3 Surface hydraulic conductivity measurement in the green space
Good contact between sintered disk and ground was maintained to ensure axi-symmetric flow.
Generally, Air bubbles accumulate in the sintered disk during measurement. These bubbles were
removed by boiling the sintered disk repeatedly. Hydraulic conductivity was measured at the
desired locations in three successive days at the end of every month. Water is allowed to infiltrate
through sintered disk at a preset suction. Suction value was adopted according to guidelines of
Zhang (1997). Cumulative depth of infiltrated water was plotted with respect to time. Infiltration
rate was calculated using Eq. 9.1
𝐼 = 𝑎𝑡 + 𝑏√𝑡

(9.1)

where:
a, b = coefficients used for fitting
t = time
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The near saturated hydraulic conductivity (i.e., surface hydraulic conductivity) is approximated
from Eq. 9.2
𝑎

𝑘=𝐴

(9.2)

Where:
“A” = Parameter deduced from Van Genuchten (VG) parameters of SWRC, suction and
radius of the sintered disk

𝐴=

𝐴=

11.65(𝑛0.1 −1)exp [2.92(𝑛−1.9)𝛼ℎ]
(𝛼𝑟)0.91

11.65(𝑛0.1 −1)exp [7.5(𝑛−1.9)𝛼ℎ]
(𝛼𝑟)0.91

;

;

For n > 1.9

(9.3)

For n < 1.9

(9.4)

where:
n and α = the VG parameters of soil vegetated with grass,
r = the disk radius,
h = applied suction
The parameters of water retention curve (i.e., α and n) of bare soil were adopted from Carsel and
Parrish (1988). It should be noted that SWRC parameters of the bare soil and vegetated soil may
be dissimilar. The main focus of the current study is to understand the effect of spatial and temporal
heterogeneity of vegetation density on surface hydraulic conductivity. Therefore, SWRC
parameters of bare soil suffice the need.
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9.3 Results and discussions
9.3.1 Grass cover change during monitoring period
Fig. 9.5(a) – (l) show the changes in grass surface during monitoring period. It can be seen that
surface area of grass is relatively low during January. Thereafter, gradual wilting of grass was
found during February. In addition, shredded tree leaves were also observed in the site at the end
of February. Regrowth of vegetation was observed during March. Relatively small surface area of
green grass can be seen in the image captured at the end of March. Unlike previous months, dense
grass cover can be seen at the end of April. Only Poacea growth was observed during first three
months. Whereas, Bauhinia purpurea growth was also found during April. Simultaneous growth
of Poacea and Bauhinia purpurea was observed to continue from May to October (see Fig. 9.5 e –
j). Thereafter, gradual wilting of grass was found. Significant proportion of wilted vegetation can
be seen in Fig. 9.5 k. Grass was found to wilt completely at the end of December (see Fig. 9.5 l).
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(i)

(j)
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30-11-2016
(l)
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Fig. 9.5. change in mix grass cover at end of each month during monitoring period, i.e., (a) 31 st
Jan’ 2016; (b) 28th Feb’ 2016; (c) 31st Mar’ 2016; (d) 30th Apr’ 2016; (e) 31st May’ 2016; (f) 30th
Jun’ 2016; (g) 31st Jul’ 2016; (h) 31st Aug’ 2016; (i) 30th Sep’ 2016; (j) 31st Oct’ 2016; (k) 30th
Nov’ 2016; (l) 31st Dec’ 2016
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9.3.2 Variation of vegetation density in the site
Spatial and temporal heterogeneity of vegetation density in the green space is shown in Fig. 9.6 a,
c, e, g, i, k, m, o, q, s, u and w. Contour plots have been used to demonstrate the spatial and
temporal heterogeneity of vegetation density. The difference between maximum and minimum
grass densities has been categorized into eight different ranges, which can be seen in the colour
scale. Tree at the center of the edge has been marked as reference to discuss the variation in
vegetation density and surface hydraulic conductivity.
Vegetation density is observed to change between 0.001 m2/ m2 and 1.000 m2/ m2 in first
six months. Variation of vegetation density is observed to be less significant in grids near to the
tree trunk as compared to those away from the tree trunk. This can be observed from the number
of vegetation density ranges that exist in the contour. Spatial heterogeneity is relatively low during
February due to presence of shredded leaves. Spatial variation of vegetation density shows the
non-uniformity in mix grass growth during first six months. Vegetation density in annuli at higher
distance from center was found to be greater. This trend is found during the absence of shredded
leaves. Relatively less vegetation density near the tree stem may be attributed to the growth
competition between tree roots and mix grass roots. Unlike other months, vegetation density in the
annuli near to the center is relatively high as compared to that in other annuli at the end of February.
This is due to existence of shredded leaves. Vegetation density is found to increase substantially
(i.e., 17 % - 590 %) during April in all the grids. Any relation between vegetation density and
rainfall depth was not found. Although trees exist at 3 m lateral distance from the center, vegetation
density near to the tree trunks is observed to be relatively high during April, May and June. This
is due to the growth of Pongamia pinnata plants during April, May and June. Unlike first six
months, vegetation density is observed to be 1.000 in last six months.
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9.3.3 Spatial heterogeneity of surface hydraulic conductivity
Fig. 9.6b, d, f, h, j, l, n, p, r, t, v and x show the spatial heterogeneity of surface hydraulic
conductivity in the green space during monitoring period. The difference between maximum and
minimum grass densities have been categorized into eight different ranges, which can be seen in
the colour scale. Unlike the vegetation density, surface hydraulic conductivity is found to vary
spatially during entire monitoring period. In addition, hydraulic conductivity on right side and left
side of the center are found to be dissimilar during first three months at longitudinal distance
beyond 2 m from the center. Thereafter, such considerable dissimilarity was not found at
longitudinal distance beyond 2 m from the center in various annuli. Hydraulic conductivity is not
found to vary with change in radial distance during first three months. Whereas, variation in
hydraulic conductivity with change in radial distance from the center was found in next nine
months. Hydraulic conductivity is found to be relatively low in first six months as compared to
that during next months. These observations imply that hydraulic conductivity around the tree
vicinity is not axi-symmetrical, which is commonly presumed in numerical modeling of flow
through green space (Deb et al., 2013; Garg and Ng, 2015).
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Fig. 9.6. Spatial heterogeneity of vegetation density and hydraulic conductivity at the end of: (a)
& (b) January 2016; (c) & (d) February 2016; (e) & (f) March 2016; (g) & (h) April 2016; (i) &
(j) May 2016; (k) & (l) June 2016; (m) & (n) July 2016; (o) & (p) August 2016; (q) & (r) September
2016; (s) & (t) October 2016; (u) & (v) November 2016; (w) & (x) December 2016
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9.3.4 Effect of vegetation density on surface hydraulic conductivity
Hydraulic conductivity is observed to vary between 1.40 × 10-6 m/s and 2.78 × 10-6 m/s in the right
side of the center over major region where vegetation density lies between 0.000 m2/m2 and 0.125
m2/m2 at the end of January. Hydraulic conductivity in small region at right side of tree stem is
observed to vary between 0.01 × 10-6 m/s to 1.40 × 10-6 m/s. This may be attributed to relatively
less vegetation density (i.e., around 0.001 m2/m2). Hydraulic conductivity is observed to vary
between 2.78 × 10-6 m/s and 4.17 × 10-6 m/s where vegetation density lies between 0.125 m2/m2
and 0.750 m2/m2 at the end of January. Trend of variation of hydraulic conductivity at the end of
February and March is similar to that of January. Difference between hydraulic conductivities
through higher and lower vegetation density is observed to be 31 % - 99 %. This may be due to
the difference between preferential flow rates around the roots (Nieber and Sidle, 2010).
Hydraulic conductivity is observed to increase by only 51 % due to 0.57 m2/m2 rise in
vegetation density during first three months. Whereas, hydraulic conductivity is observed to
increase by 296 % with the above-mentioned change in vegetation density during April. The
difference between rates of increase in hydraulic conductivity can be attributed to presence of
shredded leaves and wilted grass during February and March. Decomposition of shredded leaves
and wilted grass reduces the hydraulic conductivity (Neris et al., 2013). In addition, considerable
increase in hydraulic conductivity at the end of April can also be attributed to substantial increase
in vegetation density during April (van Noordwijk et al., 1991). Unlike to previous three months,
hydraulic conductivity is observed to rise by 31 - 66 % with 0.142 – 0.571 m2/m2 increase in
vegetation density at the end of April, May and June. This may be due to the absence of
decomposition of wilted grass during April, May and June. In addition, any change in hydraulic
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conductivity is not found within 2 m longitudinal distance from center. This may be due to less
shoot growth rate.
Hydraulic conductivity at longitudinal distance greater than 1.4 m is observed to increase
with shoot growth at the end of July, August and September. However, the rate of increase is
relatively low during these months. The increase in hydraulic conductivity with shoot growth is
found to be 19 % - 49 % at grids within 2 m longitudinal distance from center. Whereas, such
increase is found to be 16 % - 76 % in the grids at longitudinal distance greater than 2 m. Greater
shoot growth rate at grids away from center may be reason for relatively high hydraulic
conductivity. Unlike the trend up to September, any change in hydraulic conductivity is not found
over major region during October and November. This can be attributed to very low shoot growth
rate during October. In addition, mix grass in 63 % of the surface area was partially wilted at the
end of November. Any growth of grass was not observed during November. Therefore, change in
hydraulic conductivity was not found during November. Partial wilting was identified from the
shrinkage of grass.
Unlike the previous two months, substantial increase in hydraulic conductivity at grids near
to the tree trunks can be observed during December. This may be due to wilting of grass in entire
area. Grass wilting implies the shrinkage of roots and increase in the gap between roots and soil
surrounding the root. Therefore, hydraulic conductivity was considerably increased over entire
region during December. This increase in various annuli is found to be 33 - 39 %.
Previous researchers show that 33 - 296 % increase in hydraulic conductivity could be
possible due to presence of vegetation. This increase in hydraulic conducted was attributed to the
preferential flow at the interface between root and surrounding soil (van Noordwijk et al., 1991;
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Nieber and Sidle, 2010; Ghestem et al., 2011). In addition, Jiménez et al., 2006 and Neris et al.,
2013 also show that infiltration slows down (up to 50 %) due to decomposition of leaves and roots.
However, spatial heterogeneity of hydraulic conductivity during entire life period of deciduous
species was not studied previously. Shoot longevity of mix grass and its effect on surface hydraulic
conductivity were revealed in present study.

9.4 Summary and Conclusions
Present study investigated the spatial and temporal heterogeneity of surface hydraulic conductivity
in green space vegetated with deciduous species (i.e., Poaceae and Bauhinia purpurea). Field
monitoring was conducted during the entire life period (i.e., around one year) of the selected
species. Considerable spatial heterogeneity of vegetation density occurs during first six months
(from January to June). Thereafter, vegetation density remains 1 m2/m2 until the plants wilt. Grass
growth would not be uniform in the green space. Vegetation density at higher radial distance from
the stem of the tree would be 33 % – 296 % greater than that near the tree stem. This was attributed
to shade of the tree and growth competition between tree roots and grass roots. When shredded
leaves and wilted grass are present during regrowth of grass, hydraulic conductivity increases by
only 51 % due to 0.57 m2/m2 rise in vegetation density (i.e., during February and March). Whereas,
hydraulic conductivity increase would be up to 66 % - 296 % during the absence of shredded
leaves and wilted grass (at the end of April). Relatively less increase in hydraulic conductivity
could be attributed to decomposition of leaves. Hydraulic conductivity remains unchanged when
shoot growth is very less and grass is partially wilted during October and November. However,
hydraulic conductivity increases by 33 - 39 % when the grass was completely wilted (i.e., at the
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end of December). This was due to shrinkage of grass roots, which increases the gap between root
and surrounding soil. The obtained spatial and temporal heterogeneity contours of hydraulic
conductivity can be used to numerically model the runoff and ground water recharge accurately.
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CHAPTER 10 CONCLUSIONS, LIMITATIONS AND FUTURE
SCOPE OF THE STUDY
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10.1 Conclusions
This research was initiated to explore the soil-plant atmosphere interaction in green infrastructure.
The combined effects of plant and soil parameters in understanding the crack formation, suction
and hydraulic conductivity were investigated. Following are the important conclusions observed
from the systematic laboratory, field and numerical studies.
1. CIF in soil vegetated with crop species is higher than that of bare soil. CIF increases with shoot
growth, up to a threshold length (400 mm), where lateral branch growth start forming. There
was no observable increase in CIF, with further shoot growth. CIF increases with LAI up to a
certain threshold value (0.56), after which the CIF remains unchanged. Two correlations were
proposed for shoot parameters (SL, LAI) with the CIF for the selected species.
2. Unlike crop species (i.e., cowpea), grass species helped reducing the maximum CIF of the bare
soil by 20 %. A threshold vegetation density growth of 40 % restricts further increase in CIF
for the native mixed species and progressively intercepts the radiant energy falling upon the
soil.
3. Soil-root composite induces 1 % to 20 % higher suction than bare soil when transpiration was
absent. Depth of SIZ for uniform root distribution function (Rdf) and non-linear Rdf is 10 %
and 11 % higher than that of linearly decreasing Rdf. Depth of EDZ for uniformly decreasing
Rdf and non-linear Rdf is 1.08 to 3 times higher than that of linearly decreasing Rdf. Influence
of LAI on depth of SIZ is minimal. Depth of EDZ decreases with increase in LAI.
4. Lab colour space is suitable for the differentiation of mix grass cover under tree shade (MUT),
mix grass cover under self-shade (MUS) and mix grass cover without shade (MWS). Range of
L values for MUT, MUS and MWS lie within 20 - 91, 92 - 162 and 162 – 233. a and b ranges
155
TH-2613_156104019

were found to be 0 – 134 and 154 - 255 for three categories of mix grass. Ranges of MUT,
MUS and MWS proportions are 0.2 % - 3.0 %, 0 % - 53 % and 12 % - 49 %.
5. Trend of variation of stomatal conductance is consistent with that of suction from anaerobiosis
point (near to 0 kPa) to volumetric field capacity (6±1 kPa). Thereafter, stomatal conductance
decreases with increase in suction and reaches 0 mol m−2 s−1 at 2431 kPa. Change in normalized
surface area of mix grass would be relatively low (within ±15 %) with increase in suction up
to 138 kPa beyond which it varies drastically (by 31 % - 68 %) with increase in suction from
138 kPa to 3642 kPa. Two new relationships i.e., SCCC and SACC were proposed.
6. Mean gray value decreases with increase in surface water content. Decrement in mean gray
value was more significant (i.e., 14 – 27 %) in saturation and desaturation zones of SWRC as
compared to that in the residual zone (i.e., 3 - 9 %) with 3 – 4 % increase in surface water
content. Correlation between mean gray value and surface water content was established for
the red soil.
7. Hydraulic conductivity varies spatially during entire life period (one year) of mix grass.
Hydraulic conductivity increases by 33 - 296 %, due to rise in vegetation density.
Decomposition of shredded leaves and wilted grass reduce the hydraulic conductivity by 48
%. Hydraulic conductivity increases by 33 - 39 % due to wilting of grass.

10.2 Major contributions of this research
1. The correlations between plant parameters and crack intensity factor were obtained. These can
be adopted to analyze the integrity of landfill cover system, nutrient leaching and infiltration
through green space.
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2. Unlike previous studies, actual parameters of canopy and root parameters were considered to
numerically investigate suction. The scientific community can consider the variations in the
parameters highlighted in this study.
3. A non-intrusive and economical colour analysis technique to differentiate and quantify the mix
grass under tree shade, mix grass under self-shade and mix grass without shade was developed.
4. Two new correlations (i.e., stomatal conductance characteristic curve and surface area
characteristic curve) were proposed. These can be incorporated into VADOSE/W and
HYDRUS to analyze the evapotranspiration induced suction accurately.
5. A non-intrusive and economical colour analysis technique to interpret soil surface water
content was successfully demonstrated in this study.
6. Spatial and temporal heterogeneity of plant growth and hydraulic conductivity during life
period of mix grass was found. The obtained variations can be adopted to estimate runoff and
ground water recharge accurately.

10.3 Limitations and future scope of this research
1. Further studies are required on different species to explore the threshold value of SL, LAI and
vegetation density 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.
2. Advanced 3-dimensional soil-root composite system can improve modeling LAI and root
distribution on suction induced in soil-root composite. Future studies are required to
understand the effect of soil root composite water retention curves (SRCWRCs) variation
corresponding to change in Rdf and LAI on suction induced in soil root composite.
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3. Temporal heterogeneity of proportions of MUT, MUS and MWS in green infrastructures can
be observed for an entire day light period (i.e., at various points of time during the day).
Probabilistic approach can be used to assess the requirement of number of suction sensors
according to the obtained temporal variation of MUT, MUS and MWS.
4. Further studies are required to explore the diurnal variation of stomatal conductance and surface
area of mix grass during continuous drying period. In addition, influence of soil and vegetation
types on SCCC and SACC needs to be investigated.
5. The colour analysis technique and the obtained relation can be programmed with the UAV to
quantify the surface water content. Such programming helps to monitor surface water content
of large as well as densely urbanized areas at a low cost. Further studies are required to
establish the correlation between surface water content and colour in terms of other types of
soils.
6. It must be noted that plants would regrow in the selected urban space. The decomposition of
wilted grass may alter the regrowth dynamics of mix grass. Further studies are required to
explore the effect of plant regrowth on spatial heterogeneity of vegetation density and surface
hydraulic conductivity.
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