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ABSTRACT 

Tree roots play a major role in ground and slope stabilization by increasing the strength 

and stiffness of the soil positively. When evaluating how vegetation affects ground 

improvement, tree roots are the primary factor because that they improve the strength 

of the soil with the help of their mechanical properties and provide the additional soil 

suction by the root water uptake.  

Previous studies, however, focused on the mechanical and hydraulic impacts of tree 

roots separately when evaluating the impact of vegetation, which failed to yield 

reliable results because suction influences on mechanical characteristics of tree roots. 

Recent laboratory research has shown that the mechanical interactions between roots 

and soil, such as root tensile strength and root cohesiveness, are suction-dependent. 

There are still significant gaps in knowledge regarding the effects of suction and root 

concentrations on root reinforcement despite these extensive previous research. This 

study investigated the influence of matric suction on root reinforcement of the Alstonia 

macrophylla with Sri Lankan Silty Sand using large-scaled direct shear tests.  

Cohesion due to root reinforcement of the Alstonia macrophylla should theoretically 

equal to the difference between the apparent cohesion of reinforced and unreinforced 

shear strength in saturated samples. This value was 2.99 kN/m2 when RAR, dry 

biomass of roots per unit volume of soil, and total leaf area of the plant were 6.22 x 

10-3 %, 0.575 kg/m3 and 1195 cm2 respectively. However, the cohesion due to root 

reinforcement of the Alstonia macrophylla is slightly increased with the matric suction 

in the Sri Lankan Silty Sand as per the research outcomes.  
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Chapter 1 

1 INTRODUCTION 

1.1 General 

Bioengineering solutions are usually recommended as a complementary technique 

combined with geosynthetic reinforced soil retaining walls, gabions, concrete crib 

walling, timber crib, retention and drainage (Barker, 2001; Martin, 2001; Martin et al., 

2001). Engineers typically anticipate that it takes 5–10 years before the roots of plants 

produced using bioengineering procedures have improved the strength of the soil 

sufficiently in heavily populated urban regions where rapid ground improvement 

techniques are necessary. Nonetheless, bioengineering methods have benefits for 

Australia, Southeast Asia, and other tropical areas where deforested highland sites with 

significant landslide risk and soft soil formation are extremely sensitive to 

precipitation. If the tree can be introduced in these areas, it can reduce the moisture 

content of soil and increase the soil suction. The bioengineering technique of using 

vegetation to stabilize the ground is typically more cost-effective than using other 

traditional techniques. A cost comparison between geo-structure (vegetation) and 

traditional civil structure elements has been made by Noraini & Ghani (2001). They 

concluded that bioengineering slope stabilization methods are at least 80% cheaper 

than conventional methods of slope stabilization like rock gabions. 

The purpose of vegetation is to stabilize slopes by mechanically strengthening soils 

through root systems and hydrologically reducing soil water content through 

transpiration and precipitation interception (Ziemer, 1981; Greenway, 1987; Mulyono 

et al., 2018).  Figure 1.1 illustrates the hydrological and mechanical components of the 

vegetative contribution. 

According to the above summarization, tree roots play a major role in ground and slope 

stabilization by increasing the strength and stiffness of the soil positively. When 

evaluating how vegetation affects ground improvement, tree roots are the primary 

factor because they: (a) strengthen the soil through their mechanical properties; (b) 
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dissipate excess pore water through the shorter paths.; and (c) increase suction by the 

root water uptake. 

 

Figure 1.1: Hydro mechanical effects of vegetation on slope stabilization ( modified 

after Mulyono et al., 2018) 

1.2 Description of Problem 

Influences of tree roots on bioengineering solutions such as slope stabilization involve 

mechanical (root reinforcement) and hydrological (evapotranspiration) effects 

(Greenway, 1987; Pollen-Bankhead & Simon, 2010). Previous studies, however, 

considered the mechanical and hydraulic behavior of tree roots separately when 

evaluating the impact of vegetation, which failed to yield reliable results because 

mechanical properties of tree roots depend on suction. Most of centrifuge modeling 

studies (e.g., Eab et al., 2015; Ng et al., 2014) simulated the roots using artificial 

materials such as cellulose acetate, polyester fibers, or fishing line. The results of those 

tests might not accurately reflect how real plant roots behave on slopes as these 

synthetic materials are less sensitive to moisture than actual plant roots. 

However, the coupled behavior of root reinforcement and root water uptake has been 

tried to model by previous researchers, but these models are very complicated. 

Therefore, the investigation was carried out to recognize the effect of the soil suction 

on the root reinforcement in this study. 
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1.3 Objectives and Scope of the Study 

This empirical model can be easily used by Sri Lankan practicing engineers. Therefore, 

this will greatly impact ground improvement and slope stabilization works in Sri 

Lanka. Moreover, the above-mentioned deliverables in this research can be developed 

for the different soil and ground conditions with different tree species. 

This study mainly consists of laboratory and field experiments to achieve the fallowing 

main two objectives. 

 Objective 01 - Studying behavior of unsaturated Sri Lankan Semi-Costal 

Sandy soil using Soil Water Characteristic Curves (SWCCs) 

 Objective 02 - Investigating the influence of suction on root reinforcement of 

the Alstonia macrophylla with Sri Lankan Silty Sand 

The specific deliverables which are used to achieve objective 01 as fallows, 

 Developing Soil Water Characteristic Curves (SWCCs) for the 

selected soil by using a few instrumentations 

 Developing SWCCs for the selected soil according to prediction 

models 

 Evaluating the reliability of the prediction models for selected soil 

comparing the experimental model 

 Recalculating the values of modal parameters for the most reliable 

prediction models 

The specific deliverables which are used to achieve objective 02 as fallows, 

 Preparation of test specimens 

 Developing large-scale direct shear testing setup 

 Conducting direct shear tests for soil samples with and without tree 

roots for different levels of the matric suction 

 Analyzing the test results to investigate the influence of the soil 

suction on the root reinforcement of the plant. 
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The studies of the selected soil type and tree plant were initially conducted as per the 

standard. The mechanical and hydrological behavior of the selected plant were 

measured by fulfilling the below sub deliverables, 

 Plant selection 

 Evaluating volume ratio between volumes of the soil and roots 

 Observing the suction variation of the soil sample with and without a 

plant against the time 

 Developing an empirical correlation between the root water uptake 

and total area of leaves of the tree plant 

 Quantifying the root volume 

1.4 Organization of the Thesis 

Chapter 1 is the introduction 

Chapter 2 is a literature review. The basic idea and the application of unsaturated soil 

mechanics are initially discussed. After that, the introduction of the Soil Water 

Characteristic Curve is discussed under the indirect measurement of unsaturated soil. 

Furthermore, the development of the SWCC is discussed with experimental and 

analytical procedures. For the second part of Chapter 2, the broad introduction to 

employing tree roots for ground improvement is discussed with cohesion due suction 

and root reinforcement. After that, the proposed model for ground improvement with 

vegetation are presented in Chapter 2. Furthermore, the basic introduction of the root 

system and root water uptake are discussed.  

Chapter 3 includes the experimental methodology used to determine the basic soil 

properties of the selected soil type including specific gravity test, liquid and plastic 

limit test, particle size distribution, and organic content test. The soil classification 

conducted according to the Unified Soil Classification System is discussed in the latter 

part of the chapter.  

Chapter 4 explains the study of the mechanical and hydrological behaviors of the 

selected plant. The reasons which caused to the selection of plant are initially 

discussed. After that, evaluating the volume ratio between volumes of the soil and 

selected roots is discussed to understand the growth pattern and rate of the roots. 
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Furthermore, the suction variation of the soil with and without tree roots against the 

time is discussed. The empirical correlation between the root water uptake and total 

leaf area is also discussed in this chapter.  

Chapter 5 mainly describes the developing methods of SWCC using experimental and 

analytical procedures. Then, this chapter presents the SWCC for the selected soil type 

which is developed according to the experimental (pressure plate apparatus, moisture, 

and suction sensors, and WP4C) and analytical (prediction models of Arya & Paris, 

1981; Aubertin et al., 2003; Wang et al., 2017) procedures. Further, the reliability of 

the prediction models is discussed in this chapter comparing the experimental results.  

Chapter 6 explains the influence of matric suction on root reinforcement. This chapter 

initially described the sample preparation for the shear tests, developing a large-scale 

direct shear testing setup. The latter part of the chapter presents the test results and 

observations of the 24 large-scale direct shear tests which can be used to confirm the 

statement that “The mechanical interactions between roots and soil, such as root tensile 

strength and root cohesiveness, are suction-dependent” proposed by previous 

researchers. 

Chapter 7 concludes the conclusions and recommendations for future works. 
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Chapter 2 

2 LITERATURE REVIEW 

2.1 General 

The basic soil mechanics are mostly encountered with saturated soil, including 

saturated sand, silts, and clays. However, various soil materials in engineering practice 

are encountered whose behavior needs to be inconsistent with the theories of 

traditional, saturated soil mechanics. Most soils that do not behave according to 

traditional saturated soil mechanics are unsaturated soils (i.e., water and air in the 

voids). It is necessary for the excavation, remolding, and compacting processes. 

Within the parameters of traditional soil mechanics, it has been hard to anticipate the 

behavior of unsaturated soils. Therefore, an overview of unsaturated soils is presented 

in the first half of this chapter with a discussion of the main aspects of unsaturated 

soils named, an introduction to unsaturated soil mechanics, needs for unsaturated soil 

mechanics, basic state variables for unsaturated soils, measurement and estimation of 

basic state variables of unsaturated soils, and unsaturated soil properties.  

There are mainly two ways to quantify the unsaturated soil properties, including direct 

and indirect measurements. The challenging issue is to develop accurate prediction 

models for the behavior of the unsaturated soil using direct measurements to reflect 

the actual unsaturated soil properties. Therefore, a brief introduction about the Soil 

Water Characteristic Curve is made in this chapter as an indirect measurement that can 

describe the behavior of the unsaturated soil. Furthermore, the experimental and 

analytical methods are discussed that are used to develop the SWCC.  

The strength of the subsurface soil influences the stability of many engineering 

designs. Many geotechnical applications, such as lateral earth pressures, bearing 

capacity, slope stability, etc., rely on the shear strength of the soil. Many engineered 

designs are built on unsaturated soil. Because of that, quantifying the shear strength of 

the unsaturated soil is a main aspect of the site investigation. Therefore, this chapter 

also has been included with the theoretical models that can be used to quantify the 

shear strength of unsaturated soil. 
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As the bioengineering solutions, the tree roots improve the shear strength of 

unsaturated soil, including (a) the mechanical strengthening provided by root 

reinforcement with main root, and (b) hydrological strengthening with the matric 

suction of soil generated by the root water uptake. In the latter part of this chapter, the 

above processes are reviewed which promote the shear strength of the unsaturated soil 

with vegetation.  

2.2 Unsaturated Soils 

2.2.1 Unsaturated Soil Mechanics 

Soils are naturally formed with solids and voids and the void spaces may be filled with 

water, air, and both. As per the filling material, the soil can be divided into two 

categories: saturated soils, where all voids are filled with water; and unsaturated soils, 

where the voids are partially filled with water. The foundation of classical soil 

mechanics was laid in saturated soils with water and solid in two phases. 

An unsaturated soil has three phases and they are (1) solids, (2) water, and (3) air as 

per the Figure 2.1. However, the specialty of the unsaturated soil is the existence of a 

fourth phase and that is named as air-water interface or the contractile skin (D. G. 

Fredlund & Morgenstern, 1977). The contractile skin creates a permanent barrier 

between the water and air phases by acting like a thin membrane interwoven 

throughout the voids of the soil. The water content, volume, and shear strength of the 

unsaturated soil can alter as a result of modifications to the contractile skin.  

 

Figure 2.1: Unsaturated soil structure 
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2.2.2 Need for Unsaturated Soil mechanics 

“Why has not a useful science developed and thrived for unsaturated soils” is a valid 

question. A superficial study might make one believe that such a science is 

unnecessary. However, this becomes a real case when the problems are caused by 

expansive soil. According to Jones & Holtz (1973), swelling and shrinking soils alone 

cause at least $2.3 billion in damages to homes, roads, buildings, and pipelines per 

year in the United States, which is more than twice as much damage as is caused by 

floods, hurricanes, tornadoes, and earthquakes combined. The expansive soil is a 

hidden disaster. Sometimes, a practical science has not been well developed for 

unsaturated soils due to two reasons (D. G. Fredlund, Ranhardjo, et al., 2012b). First, 

there did not appear to be an adequate science with a theoretical basis, and second, it 

would not seem to have been a procedure for recovering money for the engineer's 

services. Certainly, studying the unsaturated soil behavior should develop as a suitable 

technique. Such a system must be (1) applicable, (2) affordable to implement, (3) 

theoretically sound, and (4) conceptually similar to traditional saturated soil 

mechanics.  

Several applications in the construction sector heavily rely on unsaturated soil 

behavior. The expansive clays are used as a filling material in earth dam construction. 

When soil is unsaturated, engineers should give more attention to the behavior of the 

unsaturated soil. In addition, a key aspect of the design of an earth dam, slope stability, 

is evaluated as a safety factor. A change in the safety factor may be related to a change 

in the shear strength. The unsaturated condition of filling soil is a good indicator of the 

increment of the shear strength of the soil. 

Natural slopes always affect by changing environment. Undisturbed soil samples are 

taken from potential failure surfaces that are above the groundwater table while 

investigating the stability of a natural slope. The potential failure surface can pass 

through the unsaturated soils as per the above. This makes it essential to understand 

unsaturated soil mechanics when analyzing the natural slope stabilization.  

Vertical excavations are often used to install a foundation or a pipeline. The soil type, 

the depth of the excavation, the amount of precipitation, the depth of tension cracks, 
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etc., can cause the failure of these excavations. The excavations should be done above 

the groundwater table with negative pore-water pressures. The pore water pressure 

temporally decreases with the excavation of the soil for the trench; due to that, the 

shear strength of the soil is increased. The pore water pressures in the back slope may 

gradually rise with time and lose the shear strength. 

Furthermore, the unsaturated soil mechanics should be applied to analyze the shallow 

foundation's bearing capacity, ground movements involving expansive soils, soil cover 

systems, capillary breaks, etc. 

2.2.3 Basic State variables of Unsaturated Soils 

The state of stress in the soil can be used to characterize the mechanical behavior of 

the soil. Certain combinations of stress variables of the soil can be referred to as stress 

state variables. Net normal stress (σ-ua), matric suction (ua-uw), and pore-air pressure 

(ua) are the independent normal stresses of the equilibrium for the soil structure. The 

matric suction and net normal stress are the two independent stress variables for 

unsaturated soil.  

2.2.4 Measurement and Estimation of Basic State Variables of Unsaturated 

Soils 

Soil suction is the state variable with the greatest influence on unsaturated soil 

mechanics. It is the general term that can be used to describe total suction, matric 

suction, and osmatic suction. Another primary state variable of unsaturated soil is the 

volumetric or gravimetric water content. A combination of these two variables can be 

referred to as SWCC, a function used to evaluate the characteristics of unsaturated soil. 

A detailed introduction of the SWCC is discussed under upcoming titles. 

Soil suction can be measured using relative humidity immediately adjacent to the water 

surface and is called “total suction”. The summation of the matric and osmatic suction 

is the total suction. The definitions of the above three suction are as fallow, 
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2.2.4.1 Matric Suction 

Surface tension leads to the formation of a meniscus at the soil-air interface, which 

decreases the water vapor pressure. Because when vapor pressure falls and turns more 

negative, there is an indirect relationship between the radius of the meniscus curvature 

and the matric suction. The magnitude of the radius of curvature and, consequently, 

the matric suction pressure is determined by the size of the soil pores and the size of 

the soil particle. When the degree of saturation decreases, correspondingly decreases 

the vapor pressure.  

Equation [2.1] uses capillary forces to describe the matric suction. The capillary rise 

is caused by the attractive forces and surface tension between the water molecules and 

soil ions in the absorbed water as shown in Figure 2.2.  

𝑢𝑎 − 𝑢𝑤 = 𝜌𝑤𝑔ℎ𝑐 =
2𝑇𝑠

𝑅𝑠
 

[2.1] 

 

Figure 2.2: Formation of the matric suction with capillary force 

2.2.4.2 Osmatic Suction 

Osmotic suction is a considerable component of the total soil suction which develops 

when dissolved ions in water cause a reduction in soil vapor pressure and humidity. 

The theoretical relationship between the matric and osmatic suction can be expressed 

as fallowing Equation [2.2] (D. G. Fredlund, Ranhardjo, et al., 2012a), 

𝜓 = (𝑢𝑎 − 𝑢𝑤) + 𝜋 [2.2] 
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Where, 

 𝑢𝑎 − 𝑢𝑤 = Matric Suction in kPa 

𝑢𝑎= Pore air pressure in kPa 

𝑢𝑤= Pore water pressure in kPa and 

 𝜋 = Osmatic suction in kPa 

And, few instruments which can be used to measure the above three components are 

included in Table 2.1 (Fredlund, Ranhardjo, et al., 2012). 

Table 2.1: Suction measurement devices 

Name of Device Suction Component 

Measured 

Range, kPa Comments 

Psychrometers 

(Peltier type) 

Total 100 to 8000 Constant-temperature 

environment required 

Filter paper Total Entire 

range 

May measure matric 

suction when in good 

contact with moist soil 

Tensiometers Negative pore-water 

pressure or matric 

suction when pore-sir 

pressure is 

atmospheric 

0-90 Difficulties with cavitation 

and air diffusion through 

ceramic cup 

Null-type pressure 

plate (axis 

translation) 

Matric 0-1500 Range of measurement is a 

function of the air-entry 

value of ceramic plate 

Thermal 

conductivity sensors 

Matric 10-1500 Indirect measurement using 

variable-pore-size ceramic 

sensors  

Pore fluid squeezer Osmatic Entire 

range 

Used in conjunction with 

phychrometer or electrical 

conductivity measurements  
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2.2.5 Unsaturated Soil Properties 

The execution of unsaturated soil mechanics has been expedited by estimating 

unsaturated soil property functions, which introduces a novel philosophical framework 

(or paradigm). Determining prediction models for characterizing unsaturated soil 

properties that accurately reflect the actual unsaturated soil properties is a difficult 

task. Figure 2.3 illustrates how many general approaches can be used to determine the 

property functions of unsaturated soil.  

 

Figure 2.3: Determination of unsaturated soil property functions 

The direct measurements of the unsaturated soil testing in the laboratory becomes very 

cost and labour consuming task in many engineering projects (D. G. Fredlund, 

Ranhardjo, et al., 2012b). Other approaches for implementing unsaturated soil theories 

in practice have been suggested wherein, the SWCC is used along with saturated soil 

parameters to estimate unsaturated soil properties (D. G. Fredlund, 1996). 

2.3 Soil Water Characteristic Curve (SWCC) 

The mechanical and hydraulic properties of unsaturated soils are predicted using the 

Soil Water Characteristic Curve (SWCC) initially developed in agriculture science to 

represent the water storage capacity of a specific material (D. G. Fredlund & 

Ranhardjo, 1993). SWCC represents the relationship between degree of saturation and 

matric suction. The degree of saturation can be replaced by gravimetric or volumetric 
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water content. SWCC depends on the soil mineralogy, grain, pore-size distribution, 

porosity, surface tension, texture, fabric, particle shape, wetting-drying cycles, contact 

angle, and entrapped air (Alves et al., 2020).  

The SWCC has three phases, namely, 1) the capillary saturation zone (boundary effect 

zone), 2) the desaturation zone (transition zone), and 3) the residual saturation 

zone(residual zone), as shown in Figure 2.4 (D. G. Fredlund & Ranhardjo, 1993). The 

soil remains saturated even when the pore water is in tension due to capillary forces in 

the capillary saturation zone. This zone ends at the air entry value of the soil; which 

air starts to enter the soil. In the desaturation zone, the water is displaced by air within 

the pores, and the zone ends with residual water content where a larger suction is 

required to remove the additional water. In the residual saturation zone, the water is 

strongly adsorbed onto the soil particles and flows as vapor. 

 

Figure 2.4: Phases for the SWCC (after Fredlund and Rahardjo, 1993) 

The SWCC can be developed by conducting experimental procedures with pressure 

plate apparatus, tensiometers, filter paper, moisture, suction sensors, etc. Mahannopkul 

& Jotisankasa (2019) experimentally developed the SWCC for clayey sand in Southern 

Thailand using three types of equipment varying according to the matric suction value. 

Isopiestic Humidity Control has been used for matric suction values ranging from 103 

to 105 kPa, whereas tensiometer ranges from 10-1 to 102. The Pressure Plate has 
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covered the range in between. Croney & Coleman (1954) observed the behavior of 

incompressible and compressible soils by developing SWCCs using the pressure plate. 

Developing SWCC using the apparatus mentioned above are time and labor-

consuming task. Gee et al., (1992) introduced the chilled mirror or dew-point method 

to measure the total suction in the medium to high suction range using the water 

activity meter. 

Moreover, this device was further developed as WP4C- Dew Point PotentiaMeter 

(ASTM D6836-02(2008)E2), which measures water suction quickly, precisely, and 

consistently. Hence, WP4C can be used to develop the SWCC. Although WP4C is 

convenient equipment, the development of SWCC utilizing this instrument is rare in 

the literature. Thus, verifying the results obtained from WP4C using other apparatus 

will increase the reliability of the output.  

Furthermore, prediction models have been developed to estimate the SWCC by using 

basic soil properties such as grain size distribution, void ratio, and densities due to the 

complex retention behavior of soils. Arya & Paris, (1981), Haverkamp & Parlange, 

(1986), Arya & Dierolf, (1989),  Fredlund M.D. (2000), Aubertin et al., (2003), and 

Wang et al., (2017) developed different models to predict the SWCC. However, the 

models are based on different theories and fundamentals. As a result, they have some 

restrictions and may yield inconsistent findings. Alves et al. (2020) focused on 

evaluating the performance of prediction models using 19 particle size distribution 

curves (PSD) using Arya & Paris, (1981b), Arya & Dierolf, (1989), Aubertin et al., 

(2003) and  Wang et al., (2017).   

2.3.1 Developing SWCC using Experimental Procedures 

This section describes the details of the pressure plate apparatus, WP4C, and moisture 

and suction sensors.  

2.3.1.1 Pressure Plate Apparatus 

The pressure plate apparatus manufactured by SoilMoisture Equipment Cooperation 

can be used to develop the SWCC of soil by following the pressure plate test (ASTM 

D2325). The main elements of the pressure plate apparatus are the high-air-entry 
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ceramic disk and pressure chamber as shown in Figure 2.5. The ceramic plate should 

always be in contact with water in a compartment below the disk and maintained in a 

saturated condition. This apparatus can be used with a high matric suction range (i.e., 

up to 1500 kPa). Soil specimens are placed on the ceramic plate and pressurized with 

the desired matric suction such that it does not exceed the air entry value of the ceramic 

plate. The water starts draining through the disk due to the applied pressure, and at the 

equilibrium stage, the soil specimen has reached the desired matric suction. The 

corresponding volumetric water content can be obtained at this stage by measuring the 

weight of the specimen. The SWCCs have been developed using pressure plate 

apparatus in many countries (D. G. Fredlund & Ranhardjo, 1993). 

 

Figure 2.5: Component of pressure plate apparatus 

2.3.1.2 WP4C 

WP4C can be used to determine the SWCC in an extensive range. It uses the dew point 

chilled mirror technique to measure the soil suction and consists of a sealed chamber 

with a fan, a photoelectric cell, a mirror, and an infrared thermometer, as shown in 

Figure 2.6. 

The soil specimen can be prepared in plastic container or stainless steel ensuring the 

soil does not spill and contaminate the sample chamber. The specimen is then put 
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inside the chamber, where it is thermodynamically adapted to the surroundings. A 

Peltier cooling device can be used to bring a mirror's surface temperature down to the 

dew-point temperature while the fan speeds up the equilibration process. The first 

indication of condensation on the mirror is discovered by a photoelectric cell. The dew 

point temperature is determined by using a thermocouple, and it is the temperature at 

which condensation forms on the mirror. The chamber temperature considered the 

same as the temperature of the soil specimen at equilibrium, is measured using an 

infrared thermometer. The above mentioned two temperatures are used to calculate the 

vapor pressure above the soil specimen in the chamber and the saturated vapor pressure 

at the same temperature. Finally, the total suction of the specimen is calculated using 

Kelvin's equation. 

 

Figure 2.6: WP4C instrument 

The total suction of a sample is the sum of matric and osmatic suction. The osmatic 

suction can be approximately determined by measuring the electrical conductivity 

(EC) of the saturation extract of the soil. The osmatic suction of the saturation extract 

is computed using Equation 2.3, and the osmatic component of the water suction is 

calculated using Equation 2.4. 

Ψ𝑂𝑆(𝑀𝑃𝑎) = −0.036𝐸𝐶(𝑑𝑠 𝑚)⁄  [2.3] 

Ψ𝑂 = Ψ𝑂𝑆 (
𝜃𝑠

𝜃
) [2.4] 

2.3.1.3 Moisture and Suction Sensors 

Volumetric moisture content is measured as a voltage reading in moisture sensors, and 

the voltage reading depends on the soil. Therefore, calibration should be conducted for 
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the soil to develop the relationship between the moisture content and voltage reading 

for each sensor. The continuous field measurements of matric suction can be measured 

using TEROS 21 suction sensor, a maintenance-free matric suction sensor designed 

for the long term. 

2.3.1.4 Van Genuchten’s model 

The SWCCs developed using experimental procedures can be fitted according to Van 

Genuchten's (VG) model using Equation [2.5] (van Genuchten, 1980).  

𝜃 = 𝜃𝑟 +
𝜃𝑠 − 𝜃𝑟

[1 + (𝛼|ℎ|)𝑛]𝑚
 [2.5] 

Where, 

 𝜃 = volumetric moisture content, 

 h = matric water suction (kPa), 

 𝜃𝑠 = soil saturated   moisture content, 

 𝜃𝑟 = soil residual moisture content, 

 𝛼 = scale parameter inversely proportional to mean pore diameter (cm−1), and 

 n and m  = shape parameters of soil water characteristics, m = 
𝑛−1

𝑛
, 0 < m < 1. 

2.3.2 Developing SWCC by using Prediction models 

2.3.2.1 Arya and Paris model (1981) 

Arya and Paris model generate the SWCC curve using the soil's particle size 

distribution (PSD) (Arya & Paris, 1981a). The particle density and the bulk density are 

also used as inputs in the model. The cumulative PSD is divided into n fractions, and 

each segment's pore size is determined. The pore volume of each fraction (Vvi) is 

calculated according to Equation [2.6]. 

𝑉𝑣𝑖 =  
𝑊𝑖

𝜌𝑝
 e  (i = 1,2,3…..n) [2.6] 



18 

 

The accumulated volumetric water content (θvi) stored up to the fraction i is given by 

Equation [2.7], 

𝜃𝑣𝑖 = ∑
𝑉𝑣𝑖

𝑉

𝑛
𝑖=1  = ∑ 𝑉𝑣𝑖𝜌𝑑𝑟𝑦

𝑛
𝑖=1  [2.7] 

Where, 

Wi = solid mass per unit sample mass in the ith particle-size range, 

 ρp = particle density,  

e = void ratio, and 

ρdry = dry density.  

A mean volumetric water content corresponding to its midpoint for a given particle 

size range, can be calculated by using Equation [2.8], 

θvi
* = 

𝜃𝑣𝑖+ 𝜃𝑣𝑖+1

2
 [2.8] 

The matric suction (ua - uw) is estimated as Equation [2.9], 

(ua - uw) = 
2𝑇𝑠

𝑟𝑖
 [2.9] 

Ts = surface tension 

ri = mean pore radius  

ri is related to the mean particle radius (Ri) by Equation [2.10].  

(ua - uw) = 
2𝑇𝑠

𝑟𝑖
 [2.10] 

Where ni is the number of particles, to account for the non-spherical nature of the 

particles, an empirical parameter α has been introduced. The authors suggest a value 

between 1.35-1.40 for α. Change in α produces a translation of the entire SWCC along 

the matric suction axis. α can be obtained by an iterative method such that the value of 

|ln (ua - uw) measured - ln (ua - uw) calculated | becomes minimum.  
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2.3.2.2 Aubertin et al. (2003) 

The primary soil properties of soil are used to predict SWCC in this method (Aubertin 

et al., 2003). The degree of saturation (Sr) is computed as the Equation [2.11], 

Sr = 
𝜃

𝑛
 = Sc + Sa

* (1- Sc) [2.11] 

Where, 

θ = matric suction 

Sc = degree of saturation associated with capillary forces 

Sa* = degree of saturation caused by the adhesion and Sa* is computed as the Equation 

[2.12], Equation [2.13], Equation [2.14] and Equation [2.15],  

if, Sa < 1  Sa*= Sa   else, Sa =1                 [2.12] 

Sa = ac CѰ 

(
ℎ𝑐𝑜
Ѱ𝑛

)
2/3

𝑒
1
3 (

Ѱ

Ѱ𝑛
)

1
6

 

[2.13] 

CѰ = 1 - 
ln (1+(

Ѱ

Ѱ𝑟
)

ln (1+(
Ѱ0
Ѱ𝑟

)
 

[2.14] 

Sc = 1 – [(
ℎ𝑐𝑜

Ѱ
)
2

+ 1]m  * exp [ -m (
ℎ𝑐𝑜

Ѱ
)
2

]    
[2.15] 

Where hco is the equivalent capillary rise, m: pore size distribution parameter of the 

model, ac is the adhesion coefficient; Ѱ𝑛 is a normalization parameter. Ψ0 is suction at 

complete dryness and Ψr is residual suction. For granular materials, ac is proposed as 

0.01 by the authors and m= 1/Cu. Different equations are presented for hco depending 

upon the coarse and clayey nature of the soil. hco for granular material is determined 

by parameters Cu, e, D10.  

2.3.2.3 Wang et al. (2017) 

SWCC is developed based on Van Genuchten's water retention model and basic soil 

properties (Wang et al., 2017). The degree of saturation is measured using Equation 

[2.16] in this method. α is a parameter related to air entry value, and n is a parameter 
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associated with the slope of the water retention curve where n, α is dependent on Cu 

and D60. Also, two different constants C1, C2 are introduced, which depend on the 

soil material. The authors have proposed 1.07 & 12.07 for C1, C2, respectively.  

S = [ 1+ (
u𝑎 − u𝑤

𝛼
)n ]1/n – 1   [2.16] 

2.3.3 The available literature on the comparison of prediction models 

Different research has focused on comparing the available prediction models with 

experimental data to evaluate the reliability of the prediction models. Alves et al. 

(2020) focused on evaluating the performance of prediction models for the coefficient 

values proposed by the authors (Arya & Paris, (1981b), Arya & Dierolf, (1989), 

Aubertin et al., (2003) and  Wang et al., (2017)) using 19 glass beads varying in particle 

size distribution,  density and porosity. The goodness of fit of the models was evaluated 

using regression analysis and it was found that  Wang et al., (2017) predictions were 

more accurate as it was originally been developed for sands. Further, Arya & Paris, 

(1981b), and Arya & Dierolf, (1989) predictions overestimated the matric suction.  

2.4 Shear strength of unsaturated soil 

The strength of the underlying soil affects the safety of many engineering designs. 

Many geotechnical applications depend on the shear strength of the soil including 

bearing capacity, lateral earth pressures, slope stability, etc. Many engineered designs 

are built on unsaturated soil. Because of that, it is important to quantify the shear 

strength of the unsaturated soil and the changes in shear strength that might occur due 

to water infiltration into the soil. Theories for the shear strength of unsaturated soil are 

also based on the basics of saturated soil. The net normal stress (σ-ua) and the matric 

suction (ua-uw) can be used to characterize the stress state in the case of unsaturated 

soil. 

2.4.1 Shear strength of saturated soil 

The Mohr-Coulomb failure criterion and the effective stress variable can be used to 

describe the shear strength of a saturated soil (Terzaghi, 1936) as the Equation [2.17], 
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𝜏𝑓𝑓 = 𝑐′ + (𝜎𝑓 − 𝑢𝑤)𝑓 tan𝜙′ [2.17] 

Where:  

𝜏𝑓𝑓 is the shear stress plane at failure, 𝑐′ is the effective cohesion, which is the shear 

strength intercept when effective normal stress is equal to zero, (𝜎𝑓 − 𝑢𝑤)𝑓 is the 

effective normal stress at failure, 𝜎𝑓𝑓 is the total normal stress at failure, 𝑢𝑤𝑓 is the 

pore-water pressure at failure, and 𝜙′ is the effective angle of internal friction. 

 

Figure 2.7: Shear failure envelop for saturated condition (after Fredlund and 

Rahardjo, 1993) 

As shown in Figure 2.7, Equation [2.17] defines a linear relationship between shear 

strength and effective stresses. The line tangent to the Mohr circles is commonly 

defined as a failure envelope because it represents possible combinations of shear 

stress and effective normal stress on the failure plane at the failure. The slope of the 

failure envelope refers to the effective angle of internal friction, and the intercept of 

the line is called the effective cohesion, c’.  

As per the above, Extensions to the concepts and mathematical equations used for 

shear strength theories for saturated soils have been proposed for theories of shear 

strength for unsaturated soil. Bishop (1959) has extended Tergazi’s principle of 
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effective stress for saturated soil to provide an equation for the shear strength of the 

unsaturated soil, as shown in Equation [2.18]. 

𝜏′ = 𝑐′ + (𝜎𝑛 − 𝑢𝑎)𝑡𝑎𝑛𝜙′ + (𝑢𝑎 − 𝑢𝑤)𝜒𝑡𝑎𝑛𝜙′ 

 

[2.18] 

Where 𝜏′ is the shear strength of unsaturated soil, 𝜎𝑛 − 𝑢𝑎 is the net normal stress, 

𝑢𝑎 − 𝑢𝑤 is the matric suction, and 𝜒 is a parameter proportional to degree of saturation. 

The value of 𝜒   has been varied from 1 to 0 to reflect the  transformation from a fully 

saturation to a totally dryness. Furthermore, there is a number of researchers found 

theoretical and experimental limitations for quantifying the parameter 𝜒. The effective 

friction angle and cohesion of the unsaturated soil are similar to the values of the 

saturated soils. 

Mohr-Coulomb failure equation for the saturated soils was extended for the 

unsaturated soils by Fredlund et al. (1978) as the Equation [2.19]. 

𝜏′ = 𝑐′ + (𝜎𝑛 − 𝑢𝑎) tan𝜙′ + (𝑢𝑎 − 𝑢𝑤)𝑓1 [2.19] 

Where 𝜎𝑛is the total normal stress on the failure plane at failure, and 𝑓1is the soil 

property function defining the relationship between shear strength and soil suction, the 

derivative of which gives the instantaneous rate of change in shear strength with 

respect to soil suction. Other variables have same meaning as the above. 

Depending on the outcomes of the experiments, the form of Equation [2.19] enables 

the shear strength envelope for matric suction to be either linear or curved. Measured 

share strength envelopes are frequently curved over a broad range of matric suction 

values. The 𝑓1 tends to a value equal to the tangent of the effective friction angle of the 

saturated soil (i.e. tan 𝜙′) under low matric suction values less than the air-entry value 

of the soil. Then, the shear strength envelops gradually curved up to residual suction 

condition. At high suction values greater than the residual soil suction, 𝑓1 has become 

zero for several soils with varying silt and clay content (Nishimura & Fredlund, 2001) 

A linear equation of the shear strength for an unsaturated soil can be formulated as the 

equation [2.20] (Fredlund et al., 1978). 
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𝜏′ = 𝑐′ + (𝜎𝑛 − 𝑢𝑎)𝑡𝑎𝑛𝜙′ + (𝑢𝑎 − 𝑢𝑤)𝑡𝑎𝑛𝜙𝑏 [2.20] 

Where, 

𝑐′ = effective cohesion 

(𝜎𝑛 − 𝑢𝑎) = net normal stress state on the failure plane at failure,  

𝑢𝑎 = pore-air pressure on the failure plane at failure,  

𝜙′ = angle of internal friction,  

(𝑢𝑎 − 𝑢𝑤)= matric suction on the failure plane at failure, and  

𝜙𝑏 = showing the rate of shear strength growth in relation to a change in matric suction 

Figure 2.8 shows that Mohr circles corresponding to failure conditions can be plotted 

in three dimensions for an unsaturated soil using two stress state variables (𝜎𝑛 − 𝑢𝑎) 

and (𝑢𝑎 − 𝑢𝑤) as abscissas. The envelope slopes at angles of 𝜙′ and 𝜙𝑏, respectively.  

 

Figure 2.8: Shear failure envelop for unsaturated soil (after Fredlund and Rahardjo, 

1993) 
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Many researchers concluded that the shear strength of the unsaturated soil and matric 

suction has a linear relationship, whereas (Gan & Fredlund, 1988) and (Escario & Juca, 

1989) found that the above relationship is non-linear. However, Equation () can be 

used for both cases. 

The changing shear strength of an unsaturated soil depend on the moisture content of 

the soil sample. It reflects the relation between the SWCC and shear strength. Using 

this conclusion, a general non-linear function predicted by S. K. Vanapali et al. (1996) 

and Fredlund et al. (1996)  is given in Equation [2.21] 

𝜏′ = [𝑐′ + (𝜎𝑛 − 𝑢𝑎)𝑡𝑎𝑛𝜙′] + [(𝑢𝑎 − 𝑢𝑤)Θ𝑘𝑡𝑎𝑛𝜙𝑏 [2.21] 

Where, 

𝑘 = fitting parameter, and 

Θ = normalized water content = 
𝜃𝑤

𝜃𝑠
 

Fredlund & Xing, (1994) have proposed Equation [2.22] that can be used to obtain the 

best fit SWCC in terms of a, n, m parameters. 

𝜃𝑤(𝜓) = 𝜃𝑠 [1 −
ln (1 +

𝜓
ℎ𝑟

)

ln (1 +
106

ℎ𝑟
)
]

[
 
 
 

1

ln {exp(1) + (
𝜓
𝑎)

𝑛

}
𝑚

]
 
 
 

 

 

[2.22] 

Where, 𝜓 is the soil suction, 𝜃𝑤 is the volumetric water content, 𝜃𝑠 is the saturated 

volumetric water content, 𝑎 is the suction related to the inflection point on the curve, 

𝑛 , 𝑚 , and ℎ𝑟 are the soil parameters related to the slope at the curve, residual water 

content, and volumetric water content respectively. 

Vanapali et al., (1996) proposed another equation to estimate the shear strength of the 

unsaturated soil as shown Equation [2.23]. 

𝜏′ = 𝑐′ + (𝜎𝑛 − 𝑢𝑎)𝑡𝑎𝑛𝜙′ + (𝑢𝑎 − 𝑢𝑤) [
𝜃𝑤 − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟
] 𝑡𝑎𝑛𝜙′ 

[2.23] 
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Where 𝜃𝑤  is the volumetric water content, 𝜃𝑟 is the saturated volumetric water content 

, and 𝜃𝑠is the residual volumetric water content. 

Equation [2.21], Equation [2.23], and the other two proposed models were tested by 

Vanapali & Fredlund (2000) on three distinct soils, and they discovered that they can 

be applied to all types of soil with a suction range of 0–15000 kPa. 

2.5 Shear strength of the soil with tree roots 

Some attempts have been made over the past few decades to extend the theories about 

the bioengineering aspects of vegetation with geotechnical engineering, which affect 

to the increment of soil stiffness, stabilize slopes, and limit erosion. While earlier 

research studies mainly concentrated on quantifying the impact that vegetation has on 

soil shear strength, none adequately described and quantified factors that might be used 

in the design. The absence of proper information regarding the quantification and 

design approaches has also been the biggest obstacle to the more widespread 

application of this technology in practice. 

As the bioengineering solutions, the tree roots improve the shear strength of 

unsaturated soil, including (a) the mechanical strengthening provided by root 

reinforcement with main root, and (b) hydrological strengthening with the matric 

suction of soil generated by the root water uptake. The majority of previous studies 

that measure the mechanical improvement impact of tree roots are mostly based on 

empirical equations, and frequently these equations only concentrate on specific tree 

species or conditions (Docker & Hubble, 2008). The experimental interpretation of 

these equations restricts the applicability of early study findings in this area. It is also 

challenging to adapt these equations to represent other settings. Furthermore, most of 

these research studies conducted to quantify the effect of root reinforcement in slope 

stabilization have been mainly focused on saturated conditions(Docker & Hubble, 

2001, 2008). Moreover, many studies only considered the mechanical behavior of tree 

roots, ignoring the implications of transpiration on the pore water pressure. Indraratna 

et al. (2006) introduced most of these missing theories by estimating the matric suction 

caused by root water uptake. However, the coupled effect of root reinforcement, and 
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root water uptake has been tried to model by previous researchers and these models 

are very complicated (Pallewaththa, 2019). 

2.5.1 Root Reinforcement 

Tree roots can increase the shear strength as the apparent cohesion develops due to 

root reinforcement. Dobson & Moffat (1995) and Docker & Hubble (2001) said that 

the shear strength is increased due to the apparent cohesion provided by smaller roots 

less than 20mm diameter while larger and stiffer roots increase the shear strength using 

the ability of anchoring. According to test results of experiments conducted by 

Operstein & Frydman (2000) and Docker & Hubble (2001), the influence in soil 

friction angle caused by tree roots is negligible when the presence of active roots or 

the drainage condition of the soil has not been considered. Wu et al. (1979), Waldron 

& Dakessian (1981) and Docker & Hubble (2009) have described the mechanical 

strengthening generated by root reinforcement (delta S) in saturated conditions. A root 

model was developed to theoretically explain the behavior of roots under a shearing 

action by Warden 1979 and Wu et al. 1981. However, Docker & Hubble (2001) said 

that there was a 50% difference between the results from using this model and actual 

data because of oversimplification of the root system. 

As per the Waldron (1981), since the friction angle remains unchanged, S can be 

applied directly to the coulomb equation, as illustrated in Equation [2.24]. 

𝜏 = 𝑐 + ∆𝑠 + 𝜎𝑁𝑡𝑎𝑛𝜙 
[2.24] 

Figure 2.9 represent the behavior of Mohr-coulomb envelopes in reiforced and 

unreiforced soils 
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Figure 2.9: Mohr-coulomb envelopes in reinforced and unreinforced soils with 

circles describing failure by (a) slippage and, reinforcement rupture (after Hausmann, 

1976) 

Wu et al. (1979) initially developed a simplified model for cohesion due to roots, 

which is as Equation [2.25]. 

Δ𝑠 = 𝜎𝑡 (
𝐴𝑅

𝐴
) (sin 𝜃 + cos 𝜃 tan𝜙) [2.25] 

 

Where, 

 𝜙  = the angle of friction of the soil 

𝜃  = the angle of shear distortion in the shear zone 

𝜎𝑡 = the mobilized tensile stress of root fibers developed at the shear plane 

(
𝐴𝑅

𝐴
) = the root area ratio 

Figure 2.10: Failure pattern of the roots (after Waldron, 

1977) 
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𝐴𝑅 = the root area, and 

 𝐴 = total area of soil 

This model merely assumes that the tensile strength of roots is completely mobilized 

during failure because it does not consider slipped or pulled out roots form the soil 

prior to failure. 

The roots with different diameters and properties tend to gradually fail at different 

strains and stresses according to the fiber bundle model developed by Schwarz et al. 

(2010). Therefore, the average ratio between the mobilized tensile stress of roots and 

the tensile strength of root (TR) in this study was about 0.4 varied according to plant 

species and moisture condition.  

Furthermore, Docker & Hubble (2001) conducted in situ field shear tests for 

Casuarina galuca, Eucalyptus amplifolia, Eucalyptus elata and Acasia floribunda to 

capture the relationship between the Δs and RAR and reported the following Equation 

[2.26], [2.27], [2.28], and [2.29]. 

𝑆𝑟 = 60.61𝑅𝐴𝑅 − 1.78 
[2.26] 

𝑆𝑟 = 38.12𝑅𝐴𝑅 − 0.85 

 
[2.27] 

𝑆𝑟 = 47.44𝑅𝐴𝑅 − 0.07 

 
[2.28] 

𝑆𝑟 = 116.43𝑅𝐴𝑅 − 8.25 

 
[2.29] 

Nevertheless, these empirical relationships are limited because RAR is the only 

variable. These do not consider the effect of suction generated through the root water 

uptake. As per the above empirical and theoretical relationships, measuring the 

quantity of the roots is very important to capture the reinforced effect of the roots.  

2.5.1.1 Spatial distribution of roots 

The root water uptake and suction are significantly influenced by the spatial 

distribution of roots. When assessing the vegetation's contribution to soil stabilization, 

many scholars claimed that the distribution of roots has a substantial bearing. 
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Moreover, the mechanical failure is influenced by the size and shape of the root 

system. 

2.5.1.2 Root systems 

Roots serve various purposes, such as anchoring plants, absorbing water, minerals, and 

nutrients, synthesizing numerous vital substances, including growth regulators, and 

storing food in root crops (Kramer, 1995). The various tree species have various root 

systems that have affected the properties of the soil. There are two root systems, as 

shown in Figure 2.11, which are categorized according to distribution pattern of the 

root system. 

 

Figure 2.11: Root Distribution (a) main roots system (b) fiber roots system 

According to Lynch (1995), Ghestem et al. (2011) and Leung et al. (2015), there are 

various root architectures as per the Figure 2.12 which are useful for geotechnical 

concepts of the vegetated environment. 

According to Kramer (1995), environmental factors that influence the growth of tree 

roots include, 

 Water content in the soil 

 soil texture and structure 

 aeration, moisture, pH, temperature, and salinity of the soil. 

 presence of hazardous substances like lead, copper, and aluminum. 

 competition with other plants; and 

 presence of fungi, bacteria, and animals that inhabit the soil.  
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The impact of various soil compaction levels on the spiral distribution of soil is 

depicted in Figure 2.13. 

 

Figure 2.12: Various root systems 

 

Figure 2.13: Root system of young barley plants with different bulk densities 

(Modified after Gilmen (1980)) 

A normal spiral distribution of the root system requires a healthy gas exchange in the 

soil, but this gas exchange is impacted by poor structure. According to Kramer (1995), 
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low oxygen levels would lead to poor root type, and low nitrogen levels would restrict 

legumes' ability to fix nitrogen in their roots. The optimum temperature must be 

maintained for the greatest possible spatial distribution of trees. Figure 2.14 

demonstrates the impact of temperature on the structure of the root system. 

 

Figure 2.14: Root growth pattern and shape of potato seedlings with the impact of the 

root zone temperature (modified after Sattelmacher et al. ,1990) 

2.5.1.3 Quantification of the root system 

Measuring the root system is very important to identify the quantity and structure of 

the root system. The root systems can be quantified by using excavation, auger, glass 

wall, profile wall, and monolith. These techniques require a lot of time and labor 

compared to the utilization of radioactive traces (Böhm, 1980).  

2.5.1.4 Root Area Ratio 

The percentage of a total cross-sectional soil area taken up by roots is known as the 

"root area ratio." When directly compared to the cross sectional area in the shear plane, 

the root area ratio plays a significant part in the root fibers' contribution to the shear 

strength. The root area ratio, which fluctuates with depth, is difficult to quantify on a 

plane perpendicular to the direction of root growth. When measured in a parallel plane, 

it is easy to observe and represents an average of the root fiber contribution in the soil.  
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2.5.1.5 Dry biomass of the roots per unit volume 

Apiniti (2017) has directly measured the root contents in terms of “root biomass per 

soil volume”. The specimen was disassembled once the saturated permeability test was 

finished and the final soil moisture content was found. The remaining soil with roots 

was washed and passed through sieve #18 to find the roots. Then, the exposed root 

was dried in an oven at 1050C recommended by Böhm (1980), to determine the dry 

biomass of roots. Using this mass, the dry biomass per unit soil volume was measured. 

2.6 Suction effect of the tree roots 

The soil suction can be rapidly increased with moisture reduction of the soil due to the 

root water uptake. Most mature trees may create soil suction up to 30 MPA, and Pinus 

radiate can absorb from the ground a water content equivalent to its weight in one day 

(Fahati et al., 2007). Rate of transpiration of the tree is the primary factor that affects 

the root water uptake. It depends on the physiology of the tree and environmental 

parameters. Most previous research only studied and observed the root water uptake 

behavior.  

The temperature, humidity, wind speed and moisture condition of the soil are the 

environmental parameters that affect the transpiration rate. There are several equations 

to calculate the transpiration rate using various correlations with the factors affecting 

transpiration. 

Green (1992) introduced the equation for the rate of transpiration as shown in Equation 

[2.30], 

𝑇𝑝 = ∑𝑓𝑖

[
 
 
 𝑠𝑅𝑛,𝑖 +

0.93𝜌𝑎𝐶𝑝𝐷𝑎

𝑟𝑎,𝑖

𝑆 + 0.93𝛾 (2 +
𝑟𝑠,𝑖
𝑟𝑎,𝑖

)
]
 
 
 

𝑖

 

[2.30] 

Where, 

𝑓𝑖 = fractional of each leaf expressed in terms of the total leaf area of the canopy, 

 𝑅𝑛,𝑖 = net radiation flux density absorbed by each leaf, 

 𝐷𝑎 = vapour pressure deficit of air, 
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 𝑟𝑎,𝑖 = boundary layer resistance of each leaf, 

 𝑟𝑠,𝑖 = stomatal resistance of each leaf, 

 𝑆 = slope of saturation vapour pressure curve at the ambient air temperature 

 𝛾 = psychometric constant, 

 𝜌𝑎 = air density, and 

 𝐶𝑝 = specific heat capacity of air at constant pressure. 

Iskandar (1978) introduced an equation for the root water uptake by considering the 

rate of transpiration as shown in Equation [2.31], 

𝑆 =
𝑇. 𝐿(𝑧). 𝑘

∫ 𝐿(𝑧). 𝑘. 𝑑𝑧
𝑧𝑚𝑎𝑥

0

 [2.31] 

Where, 

𝑇 = transpiration rate per unit of the soil surface area, 

 𝐿(𝑧) = length of root per unit soil volume, 

 𝑧𝑚𝑎𝑥 = maximum depth of the root zone, and 

 𝑧 = depth below the soil. 

Indraratna et al. (2006) developed a relationship for root water uptake based on the 

potential transpiration of a tree and the reduction factors due to soil suction as shown 

in Equation [2.32]. 

𝑆(𝑥, 𝑦, 𝑧, 𝑡) = 𝑓(𝜓)𝐺(𝛽)𝐹(𝑇𝑝) 

 
[2.32] 

Where, 

 𝑓(𝜓) computed using Feddes et al. (1974) and 𝐹(𝑇𝑝) = factor related to the potential 

transpiration by referring to the relationship developed by Nimah & Hanks (1973). 

Further, the rate of root water uptake is affected by the condition of the surrounding 

soil (moisture content of the soil). Feddes et al. (1976) suggested the model for root 

water uptake subject to soil moisture content as the following figure 2.15. 
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Figure 2.15: Variation of rate of root water uptake as per volumetric water content 

(modified after Feddes et al., 1976) 

Moreover, hydraulic conductivity of the soil and water potential difference between 

the roots and the soil affected the root water uptake. 

Gardner (1960) carried out a quantitative study on root water uptake and developed 

the following Equation [2.33] to quantify the root water uptake, 

𝑆(𝑥, 𝑦, 𝑧) = 𝑏. (𝛿 − 𝜓 − 𝑧). 𝑘. 𝛽(𝑥, 𝑦, 𝑧) 

 
[2.33] 

Where, 

 𝑆(𝑥, 𝑦, 𝑧) = rate of root water uptake, 

 𝑏 = a constant, 

 𝛿 = water potential of roots, 

 𝜓 = soil suction, 

 𝑧 = depth below soil surface, 

 𝑘 = unsaturated hydraulic conductivity, and 

 𝛽(𝑥, 𝑦, 𝑧) = root density as the length of root per unit of soil volume. 

Whisler et al. (1968) suggested a linear relationship for S(x,y,z) with Equation [2.34]. 
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𝑆(𝑧) = 𝑓(𝛽). 𝑘. (ℎ𝑝 − ℎ𝑠) 

 
[2.34] 

Where, 

 𝑓(𝛽) is root density function, 

 ℎ𝑝 is water potential of roots, and 

 ℎ𝑠 is water potential of soil 

Hillel et al. (1976) proposed a relationship to predict the root water uptake as the 

following Equation [2.35], 

𝑆 =
(𝜃𝑠𝑜𝑖𝑙 − 𝜃𝑝𝑙𝑎𝑛𝑡)

(𝑅𝑠𝑜𝑖𝑙 − 𝑅𝑝𝑙𝑎𝑛𝑡)
 [2.35] 

Where 𝜃𝑠𝑜𝑖𝑙, 𝜃𝑝𝑙𝑎𝑛𝑡 are the hydraulic heads of the plant, and 𝑅𝑠𝑜𝑖𝑙, 𝑅𝑝𝑙𝑎𝑛𝑡 are resistance 

to the water flow in soil related to hydraulic conductivity 

According to the above findings, root system, spatial distribution of roots, and soil 

suction also, affect to the root water uptake as well as the mechanical properties of the 

soil. 

2.7 Summary 

Vegetation (i.e., tree roots) is the best way to improve the shear strength of unsaturated 

soils. Tree roots can increase the shear strength of the soil as the mechanical strength 

provided by root reinforcement and suction provided by root water uptake. Several 

theoretical and empirical models have been captured the root reinforcement effect and 

suction effect separately. Most attempts to calculate root reinforcement's impact have 

been performed under saturated conditions. Furthermore, the increment of soil suction 

due to the vegetation, has been proven in many studies, and this impact has been well 

captured in theoretical models. However, the coupling effect of the mechanical and 

hydrological features of the tree roots should be captured to identify the accurate 

behavior of the tree roots on the improvement of the soil strength. 
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Chapter 3 

3 BASIC SOIL STUDY AND PLANT SELECTION 

3.1 Basic soil study 

In this chapter, the basic properties of selected soil type are presented. Furthermore, 

the soil classification of the soil according to the Unified Soil Classification System 

(USCS) is included in this chapter. Moreover, the test results of proctor compaction 

test and in-situ density test are presented in this chapter. This soil sample was collected 

from Katunayaka area in Sri Lanka. The soil barrow area is shown in Figure 3.1. 

 

Figure 3.1: Soil Barrow area 
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Table 3.1 summarizes the results of basic soil testing conducted according to ASTM 

standards, and the PSD curve of the soil is shown in Figure 3.2. The sample dry density 

was considered 1500 kg/m3 (i.e., 80% of maximum dry density) for experimental 

procedures. Furthermore, the proctor compaction curve is illustrated in Figure 3.3. 

Detailed study of the selected soil is included in Annex 1. 

Table 3.1: Summary of the basic soil properties 

Parameter Results Test Conducted 

Percentage of gravel 0.3% 

ASTM D422-63 

Percentage of sand 87.8% 

Percentage of fines 11.9% 

Coefficient of uniformity (Cu) 6 

Coefficient of curvature (Cc) 1.36 

Liquid Limit 17.5% ASTM D4318-83 

Plasticity Index Nearly zero ASTM D4318-83 

Specific gravity  2.67 ASTM D854-83 

Organic content 1.28% ASTM D2974 - 71 

*Average in-situ density ( kg/m3) 1520  ASTM D1556 

Maximum dry density ( kg/m3) 1919 
ASTM D698 

Optimum moisture content 6.8% 

        *The Average in-situ density was measured at the barrow site  
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Figure 3.2: Particle size distribution 

 

Figure 3.3: Standard proctor compaction curve 
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Soil classification was conducted according to “Unified Soil Classification System”. 

Therefore, the soil was classified as SW-SM (well graded sand with inorganic silt) 

and the summary of the calculation are presented in the Table 3.4. Furthermore, the 

selected soil can be named as Sri Lankan semi-costal silty sand. 

Table 3.2: Summary of the soil classification 

Step 

No. 

Description Calculations Remarks 

1 

Percentage of coarse 

grained particles 
88.1% 

Coarse Grained 

Soil 

Percentage of fine 

grained particles 
11.9% 

2 

Percentage of gravel 

particles 
0.3% 

Sandy Soil (First 

letter – S) 

Percentage of sand 

particles 
87.8% 

3 

Percentage of fine 

grained particles 11.9% 

5-12% Fines, 

Therefore, dual 

symbol was used 

4 

Coefficient of 

uniformity  
𝐶𝑢 =

𝐷60

𝐷10
=

0.42

0.07
= 6 

Cu=6 and 

1<Cc<3, 

Therefore, well 

graded soil(SW) Coefficient of 

curvature 𝐶𝑐 =
𝐷30

2

𝐷60 × 𝐷10

=
0.22

0.42 × 0.07
= 1.36 

5 

LL and PI LL=17.5% and PI nearly 

zero  

(it did not show the plastic 

region) 

Inorganic silt 

(SM) 

3.2 Plant selection 

The main objective of this research is to identify the influence of the matric suction on 

the root reinforcement in the vegetated soil. Therefore, a root system should be 

introduced in the above-selected soil type classified as well graded Silty Sand to 
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arrange the main direct shear testing procedure. The main factors were considered for 

the plant selection as fallows, 

 Familiarity with the selected soil type 

 Survivability in any environmental conditions 

 Root system 

 Growing pattern and rate of the roots 

 Hydrological behavior of the tree root in the selected soil type with respect to 

the time 

 Mechanical properties of the roots   

According to the familiarity with the selected soil type, five tree plant species were 

collected from the soil barrow area, including Swietenia mahogany (Mahogany Tree), 

Adenanthera pavonina (Madatiya Tree), Alstonia macrophylla (Attonia Tree), 

Terminalia catappa (Kottamba Tree), and Artocarpus heterophyllus (Jackfruit Tree) 

as shown in Figure 3.4.  

 

Figure 3.4: Initially selected tree plants 

From above, Alstonia macrophylla is a very survivable tree in any environment and 

widespread tree species in Sri Lanka. Because of that, this tree species is used to 

arrange the research methodology. After that, other selected tree species recommended 

for slope stabilization according to National Building Research Organization can be 

tested according to the proposed methodology. 
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Chapter 4 

4 STUDYING MECHANICAL AND HYDROLOGICAL 

PROPERTIES OF Alstonia macrophylla 

4.1 General 

This chapter describes the growing pattern and rate of the Alstonia macrophylla. Then, 

the hydrological behavior of the tree was studied by observing the suction variation of 

the soil with and without roots. Furthermore, the mechanical properties and 

quantification of the tree roots are discussed. The empirical correlation between the 

root water uptake and total leave area of the tree was also captured under this title. 

4.2 Evaluating the volume ratio between the soil and roots 

This study was carried out to identify the growing pattern and rate of Alstonia 

macrophylla in the above selected soil condition. Sample bags were filled with the 

same quantity of soil with maintaining a similar density. Then, collected Alstonia 

macrophylla plants with the same growing condition were grown in the prepared soil 

sample and maintained with the same moisture and environmental conditions. Once 

30 days, the roots were extracted from a selected sample and the volume of the roots 

was measured using the water displacement method. The summary of the test results 

is presented in Table 4.1 and the growing pattern and rate of the tree plant can be 

observed with the time in Figure 4.1. 

 

Figure 4.1: Observation for growing pattern and rate of Alstonia macrophylla 
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Table 4.1: Summary of observation for evaluating volume ratio between soil and tree 

roots 

Feature 

Dimensions / Number of 

23/01/2022 23/02/2022 23/03/2022 

Total height of plant 

(with root) (cm) 

65 82 90 

Height of plant (cm) 32 46 49 

Length of main root (cm) 14 - - 

Number of leaves 15 17 19 

Volume of the soil (cm3) 36192 36191.15 36191.15 

Volume of the roots 

(ml/cm3) 

24 29 30 

Volume ratio (%) 0.066 0.080 0.082 

The required duration of the growing plant in the main testing procedure was decided 

according to the above observations. 

4.3 Observing the suction variation of soil sample with and without a plant 

against the time 

4.3.1 Variation of the matric suction in soil sample with time 

The soil was initially compacted to replicate the field dry density of 1500 kg/m3 and 

made fully saturated condition. After that, the matric suction sensor installed to the 

sample. The matric suction was monitored within two weeks as per Figure 4.2. As per 

the observations, the maximum suction was 57.88 kPa achieved in the soil sample 

within the above duration. The experiment was conducted at a controlled temperature 

(26-320C) according to Figure 4.3 and humidity level (70-72%) in order to minimize 

the impact of environmental fluctuations on the suction measurements. 
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Figure 4.2: Variation of matric suction in soil sample within two weeks 

 

Figure 4.3: Variation of environmental temperature within two weeks in above test 
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4.3.2 Variation of the matric suction with respect to time in soil sample with 

plant 

 

Figure 4.4: Variation of matric suction in soil sample with plant within two weeks 

 

Figure 4.5: Variation of environmental temperature within two weeks in above test 
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After four months from preparing soil sample with a tree plant, the matric suction 

sensor installed to the sample. The matric suction was monitored within two weeks as 

per Figure 4.4. As per the observations, the maximum suction was 1048.57 kPa 

achieved in the soil sample within the above duration. According to Figure 4.5, the 

experiment was conducted at a controlled temperature (26-320C) and humidity level 

(70-72%) in order to minimize the impact of environmental fluctuations on the suction 

measurements as the above mentioned test. 

The suitability of Alstonia macrophylla for the main test procedure can be recognized 

according to the outcomes of the above two tests because it improved the matric 

suction of the soil sample by a significant value within a short time period. 

4.4 Developing an empirical correlation between the root water uptake and 

total area of leaves of the tree plant 

As per Section 2.6, the root water uptake of the tree depends on the physiology of the 

tree and environmental parameters. The root water uptake (Sp) and total leaf area 

(TLA) of the tree plant were measured for the several tree plants in the same 

environmental condition to capture a relationship between the parameter as mentioned 

earlier when other parameters are constant which influence the root water uptake.  

Biddle (1998) concluded although photosynthesis process uses water, less than 1% of 

the water required by a plant is incorporated into sugar or forms part of the cell content. 

Reminder of more than 99% is lost via transpiration from the leaves. Therefore, it is 

assumed that the amount of water lost by transpiration is the same as the amount of 

root water uptake at a given time. Because of that, the rate of root water uptake can be 

measured approximately by rate of transpiration. A Potometer as shown in Figure 4.6 

was used to measure the rate of transpiration instead the root water uptake of the tree. 

Therefore, a photometer was developed to measure the root water uptake per Figure 

4.7. 
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Figure 4.6: Schematic diagram of potometer 

 

Figure 4.7: Developed potometer 

The total leaf area was measured by mapping each leaf on the graph sheets as presented 

in Figure 4.8. 

 

Figure 4.8: Method to obtained the total leaf area 
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The test was conducted in controlled environment with 75-85% humidity and 26-320C 

environmental temperature. The summary of the test results is shown in Table 1 of 

Annex 2 and the empirical correlation between the two parameters then can be 

obtained as the figure 4.9.  

 

Figure 4.9: Relationship between the root water uptake and total leaf area  

This relationship was also used to determine the root water uptake of the plants which 

were used in main direct shear tests. Furthermore, The R square value was obtained 

0.9594. 

4.5 Summary 

Alstonia macrophylla is a very survivable tree in any environment and widespread 

tree species in Sri Lanka. Because of that, this tree species is used to arrange the 

research methodology. It is evaluating the volume ratio between the soil and roots that 

study was carried out to identify the growing pattern and rate of Alstonia 

macrophylla in above selected soil condition. The suitability of the selected plant for 

the main test procedure could be identified according to the observation of the suction 

variation because it improved the matric suction of the soil sample from a significant 

value within short time period. The empirical relationship between the root water 

uptake and total leaf area of Alstonia macrophylla plant as fallowing Equation [4.1] 

and it can be also used to determine the root water uptake of the plants which were 

used in main direct shear tests. 

Sp = 0.0098(TLA)-2.4826 

 
[2.33] 

Sp = 0.0098(TLA) - 2.4826

R² = 0.9594
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Chapter 5 

5 OBJECTIVE 01 - STUDYING THE BEHAVIOR OF 

UNSATURATED SRI LANKAN SEMI-COSTAL SILTY SAND 

USING SWCC 

5.1 General 

Soil Water Characteristic Curve (SWCC) is one of the indirect methods to study the 

behavior of unsaturated soil. This study presents the SWCC for Sri Lankan semi-

coastal silty sand developed using chilled mirror dew-point technique, WP4C and 

compared the performance of a few prediction models. The SWCC was also developed 

experimentally using the pressure plate and suction-moisture sensors, to verify the 

results obtained using the WP4C. The fitted curve was developed using Van 

Genuchten's (VG) model. The prediction models of Arya and Paris (1981), Aubertin 

et.al (2003), and Wang et al. (2017) were used to compare the performance with the 

model parameters suggested by the authors. Further, suitable values for the model 

parameters are proposed for reasonably accurate models by using the least square 

method. 

5.2 Flow Chart for the Objective 1 
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5.3 Development of SWCC using experimental methods 

The experimental procedure that was followed to develop the SWCC using the 

pressure plate, suction-moisture sensors, and WP4C is discussed in this section. All 

experiments were conducted in the drying path and the sample dry density was 

considered as 1500 kg/m3.   

5.3.1 Pressure plate 

Twelve samples were prepared in the retaining rings (refer to Figure 5.1) with an 

internal diameter of 47mm and a height of 10 mm. The sample was compacted to 

desired dry density using the proposed compactor and the collar (Figure 5.1). The air 

pressure (ua) was applied to the apparatus from 100 kPa to 300kPa, and water pressure 

(uw) was maintained at 100 kPa. Therefore, the specimens were brought to equilibrium 

under matric suction values from 0 to 200 kPa. The detailed experimental procedure 

is described in section 2.3.1.1  

 

Figure 5.1: Component of the pressure plate test 

The values of matric suction and calculated volumetric moisture content for each trails 

using pressure plate are shown in table 5.1.  

 

(a) (b) (c) 

(d) 
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Table 5.1: Summary output obtained from pressure plate apparatus 
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1 100 100 0 21.22 48.08 47.09 3.827 5.740 

2 110 100 10 21.19 46.83 46 3.345 5.018 

3 120 100 20 18.67 45.52 44.59 3.588 5.382 

4 140 100 40 21.21 47.37 46.49 3.481 5.222 

5 160 100 60 19.3 45.24 44.37 3.470 5.205 

6 180 100 80 21.19 44.78 44.05 3.193 4.790 

7 200 100 100 20.17 45.27 44.46 3.335 5.002 

8 220 100 120 18.65 42.2 41.5 3.063 4.595 

9 240 100 140 18.66 43.43 42.69 3.079 4.619 

10 260 100 160 19.31 44.08 43.37 2.951 4.426 

11 280 100 180 19.3 40.03 39.48 2.725 4.088 

12 290 100 190 13.21 30.72 30.22 2.939 4.409 

5.3.2 WP4C 

The samples were prepared in stainless steel sample cups to ensure quick equilibrium 

at sample temperature and kept at half the height of the sampler to reduce the 

possibility of spilling sample material and contaminating the sample chamber. The 

WP4C was allowed to warm up for a 15 to 30 min period to achieve reliable readings. 

The instrument was calibrated using the 0.50 mol/kg KCl salt standard before the 

experiment. Furthermore, the sample and block temperature (Ts-Tb) difference was 

maintained between -0.5 and 0. The detailed experimental procedure is described in 

section 2.1.2. and Figure 5.2 shows a few steps of the test procedure. The results shown 

in Table 1 of Annex 3 were obtained in the range of 0 to 300 MPa for the total suction. 
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Figure 5.2: Testing procedure of EC test of the soil 

The osmatic suction of saturated soil extract should be calculated to obtain the osmatic 

suction for each trail as per the section 2.3.1.2. Saturated moisture content for selected 

soil type was calculated using Equation 5.1 as 29.2%, 

𝑤 =
𝑆 (

𝐺𝑠𝛾𝑤

𝛾𝑑
− 1)

𝐺𝑠
 

[5.1] 

However, extracting water from the saturated soil sample was not an easy task. 

Therefore, a relationship was developed between the electrical conductivity (ECsoil) of 

soil extract and gravimetric moisture content (GMC) as per Figure 5.3 to estimate the 

EC of the saturation extract of the selected soil. The developed relationship is shown 

in Equation [5.2] with 94.1% of accuracy.  

𝐸𝐶𝑠𝑜𝑖𝑙 = −0.0826(𝐺𝑀𝐶) + 150.94 [5.2] 

 

Make a soil-

water mixture 

Extract water from 

the mixture 

Determine the EC 

of extract 
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Figure 5.3: Relationship between the average electrical conductivity of soil extract 

and moisture content 

From above relationship, 

Electrical conductivity of saturated soil extract (GMC=29.2%) = 148.53 μs/cm 

Ψ𝑂𝑆(𝑀𝑃𝑎) = −0.036𝐸𝐶(𝑑𝑠 𝑚) = −0.036 × 148.53 × 10−3⁄ = −0.00535 𝑀𝑃𝑎 

Specimen calculation for osmatic suction for given conditions. 

Ψ = Ψ𝑂𝑆 (
𝜃𝑠

𝜃
) = −0.00535 × (

0.438

0.128
) = −0.0183 𝑀𝑃𝑎 

Summary of the results obtained using the WP4C instruments is shown in Table 5.2. 

Table 5.2: Summary of the results obtained using the WP4C instrument 

Volumetric  

moisture  

content (%) 

Total 

Suction 

(kPa)  

Osmatic 

Suction 

(kPa) 

Matric 

Suction 

(kPa) 

24.606 5 4.44 0.56 

19.488 10 7.88 2.12 

12.402 20 12.02 7.98 

8.465 140 27.68 112.32 

5.709 270 41.05 228.95 

4.921 370 47.62 322.38 

4.331 1240 54.11 1185.89 

2.165 5510 108.22 5401.783 

1.772 8850 132.27 8717.734 

ECsoil = -0.0826(GMC) + 150.94

R² = 0.941
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5.3.3 Moisture and Suction Sensors 

The matric suction of the soil sample was measured using TEROS 21 suction sensor. 

The three moisture sensors were initially calibrated by observing the voltage readings 

of three moisture sensors and volumetric moisture content for each trail as the Table 

5.3. The proctor mold was used to prepare the compacted soil samples. The calibration 

graphs for all three moisture sensors with calibration equation are shown in Figure 5.4, 

5.5 and 5.6. 

Table 5.3: Test reading of the moisture and suction sensors 

Volumetric 

Moisture  

content (VMC) 

(%) 

Voltage reading (V) 

Moisture  

Sensor 1 

Moisture  

Sensor 2 

Moisture  

Sensor 3 

7.0635 2.4457 2.4283 2.3464 

10.5042 2.1320 2.0190 2.0977 

15.0595 1.8082 1.8306 1.7683 

19.7558 1.5733 1.5331 1.4468 

26.1884 1.2077 1.2425 1.1734 

31.2614 1.0381 1.0884 1.0314 

19.6156 1.7195 1.7461 1.5607 

 

 

Figure 5.4: Calibration chart for moisture sensor 1 

VMC = -17.036V + 47.514
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Figure 5.5: Calibration chart for moisture sensor 2 

 

Figure 5.6: Calibration chart for moisture sensor 3 

The soil setup was prepared in a wooden box with internal dimensions of 300 mm (W) 

×300 mm (L) ×300 mm (H). Then, the suction-moisture sensors were installed at a 

depth of 150mm as shown in Figure 5.7 and continuous data were obtained for four 

months using the sensors. 

VMC = -18.067V + 49.176
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Figure 5.7: Installation moisture and suction to the soil sample and test procedure 

5.3.4 Curve fitting 

The data obtained from the above instruments were utilized to develop the SWCC 

curve using the VG model. The values of 𝜃𝑠, 𝜃𝑟  were calculated as 0.438 and 0.025, 

respectively in this study. The values of  𝛼, n parameters of the VG model were 

estimated by using the least square method. Moreover, the range of the above 

parameters was considered according to the studies of Parker et al., (1985) and Shao 

& Horton, (1998), where 𝛼 was set within 0-1 cm-1 and n was between 1 and 10. 

5.4 Development of SWCC using prediction models 

SWCC was developed using the models suggested by Arya & Paris, (1981); Aubertin 

et al., (2003); Wang et al., (2017). First, the curves were developed using the values 

of modal parameters which was recommended by the authors for granular soil. Table 

5.4 indicates the values proposed by the authors for the modal parameters of three 

different models.  

According to the studies discussed in section 2.3.2, it can be observed that the main 

reason for the deviations is that the values of modal parameters proposed by the authors 

which rely on the soil type. Hence, the values of model parameters were recalculated 

for the selected soil by reducing the deviation between the experimental and analytical 

results. The recalculation was carried out according to the least square method. 
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Table 5.4: Modal coefficient values recommended by the authors for granular soil 

5.5 Results and Discussion 

5.5.1 Development of SWCC using experimental methods 

The experimental results were obtained using chilled mirror dew-point technique, 

WP4C in the range of 0 to 104 kPa and these results were verified using the pressure 

plate and suction-moisture sensors. The 5-bar pressure plate produced results for 

matric suction in the range of 0 to 200kPa whereas moisture-suction sensors covered 

the 7 to 365kPa within 4 months. It was observed that results obtained using WP4C 

have a slight deviation compared to the results of the pressure plate and suction-

moisture sensors. This could be due to the minor variation in the dry density of soil 

samples used in the testing with the WP4C. However, maintaining the dry density of 

the prepared soil samples at 1500 kg/m3 was a difficult task due to the height of the 

prepared samples was low. Accordingly, the experimental results obtained from all 

three instruments was used to develop SWCC of the selected soil as the Figure 5.8. 

Then the fitted SWCC was developed using the VG model and that also shown in 

Figure 5.8. The curve equation of the VG model is represented in Equation [5.2]. 

𝜃 = 0.025 + 0.375 [
1

1 + (0.0845|ℎ|)1.561
]
0.3592

 
[5.2] 

Where h is the suction matric head in cm. This soil type's corresponding α and n values 

were derived as 0.0845 and 1.561, respectively.  

Model Parameter Recommended values 

Arya-Paris (1981) α 1.38 

Aubertin et.al (2003) ac 0.01 

Wang et al. (2017) C1 1.07 

C2 12.07 
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Figure 5.8: Experimental results and fitted curve for experimental results 

5.5.2 Development of SWCC using prediction models 

Figure 5.9 represents the SWCCs developed using the model parameters mentioned in 

Table 5.5. It was observed that the curve developed using the Arya-Paris model (1981) 

has significantly differ from the experimental fitted curve. This could be because the 

Arya-Paris (1981) model is directly related to the particle size distribution; therefore, 

it follows the shape of the particle size distribution. Further, the matric suction and the 

volumetric water content are calculated separately using the PSD. The number of data 

points of the curve relies on the sieve sizes used in the experiment. Therefore, the 

calculated matric suction values ranged from 0 to 5000 kPa, and most of the data points 

were less than 100kPa for this soil. Moreover, the VG-fitted model lies between the 

matric suction values of 0.6 to 8700 kPa. Therefore, only a limited set of data can be 

used for the comparison yielding unreliable predictions. On the other hand, the models 

developed by Aubertin et.al (2003) and Wang et al. (2017) can be used for a wider 

range of matric suction, allowing for a comparison that produces accurate predictions. 

The deviations obtained from prediction models are listed in Table 5.5.  
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Table 5.5: SSR values for the models with modal parameters proposed by authors 

Model 

Values proposed by Authors 

Parameter 
Parametric 

value 
SSR 

Arya-Paris (1981) α 1.38 Incomputable 

Aubertin et.al (2003) ac 0.01 0.1605 

Wang et al. (2017) 
C1 1.07 

0.0513 
C2 12.07 

 

Figure 5.9: Developed SWCCs according to the prediction models using modal 

parameters proposed by authors for granular soils 

This study was further extended by recalculating the values of model parameters for 

Aubertin et.al (2003) and Wang et al. (2017) models such that the SSR among the VG-

fitted curve and the models became the least. As per the above-mentioned reasons, 

Arya-Paris (1981) model was excluded from this study.  
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Predictions of Aubertin et al. deviated from the experimental results for matric suction 

values less than 3 kPa. The parametric values obtained for this soil type are listed in 

Table 5.6 with the deviations, and Figure 5.10 shows the SWCC developed for the 

proposed values of model parameters.  

Aubertin et.al (2003) and Wang et al. (2017) models produced SWCC of reasonable 

accuracy even with the coefficients proposed by the authors. Further, the coefficients 

presented in Table 5.6 can be used for this soil type to obtain the SWCC of higher 

accuracy. Moreover, Wang et al. produced the best prediction model for the Sri Lankan 

silty sand. 

 

Figure 5.10: Developed SWCCs using prediction models using derived values of 

modal parameters 
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Table 5.6: Derived values for modal parameters and SSR values 

 

5.6 Summary 

This study presented the SWCC for Sri Lankan coastal silty sand developed using 

chilled mirror dew-point technique, WP4C and compared the performance of a few 

prediction models. The SWCC was also developed experimentally using pressure plate 

and suction-moisture sensors to validate the findings from the chilled mirror dew-point 

technique, WP4C. The performance of the prediction models by Arya and Paris 

(1981), Aubertin et al. (2003), and Wang et al. (2017) was evaluated. 

According to the verification obtained using the pressure plate and suction-moisture 

sensor, WP4C (chilled mirror dew-point meter) can produce results quickly, precisely, 

and consistently in a wider range of total suction. Therefore, the chilled mirror dew-

point technique with WP4C instrument can be recommended as a convenient 

experimental method to develop the SWCC for Sri Lankan silty sand. However, 

samples need to be handled carefully to preserve the basic soil properties (i.e., dry 

density) as the original soil due to the challenges involved in collecting/preparing soil 

samples. The experimentally fitted curve was developed using Van Genuchten's (VG) 

model and the corresponding α and n values were derived as 0.0845 and 1.561, 

respectively for the selected soil.   

Prediction models were firstly developed using the values of model parameters 

proposed by the authors for granular soils. Aubertin et al. (2003) and Wang et al. 

(2017) predictions were more accurate than Arya and Paris (1981) model as the 

comparison between the experimental results. In addition, the values of model 

parameters of Aubertin et al. (2003) and Wang et al. (2017) were recalculated specially 

for the Sri Lankan silty sand such that the deviation between experimental and 

analytical SWCC became the minimum. Accordingly, the ac value of the Aubertin et 

al. (2003) model was evaluated as 0.0327 and the C1, and C2 values of the Wang et al. 



61 

 

(2017) model was determined as 0.44,6.77 respectively for this soil type. The above 

deviation of Wang et al. (2017) model with the experimentally fitted curve was 4.17 

E-12 for the proposed model parameters.  

As the sum up, he chilled mirror dew-point technique, WP4C can be utilized to 

produce SWCC experimentally, however, the Wang et al. (2017) model is more suited 

to analytically generate SWCC for the Sri Lanka silty sand with values of the model 

parameters suggested above. Nevertheless, the values of model parameters of Wang et 

al. (2017) model proposed by the authors also produce the SWCC with reasonable 

accuracy for the selected soil. 
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Chapter 6 

6 OBJECTIVE 02 – INVESTIGATING THE INFLUENCE OF 

SUCTION ON ROOT REINFORCEMENT OF Alstonia 

macrophylla WITH THE SEMI-COASTAL SRI LANKAN 

SILTY SAND 

6.1 General 

Influences of tree roots on bioengineering solutions such as slope stabilization involve 

mechanical (root reinforcement) and hydrological (evapotranspiration) effects 

(Greenway, 1987; Pollen-Bankhead & Simon, 2010).  

As stated in section 2.5 , the shear strength of unsaturated root-reinforced soil (𝜏𝑓) can 

be expressed as the following Equation 6.1. 

𝜏𝑓 = 𝑐′ + 𝑐𝑟 + 𝑐𝑠 + (𝜎𝑛 − 𝑢𝑎) tan𝜙′ [6.1] 

Where, 

𝑐′=effective cohesion intercept of saturated non-reinforced soil 

𝜙′=effective angle of friction of saturated non-reinforced soil 

𝜎𝑛=normal stress 

𝑢𝑎=pore air pressure which is normally zero for the case of root-soil 

composite 

𝑐𝑟=cohesion due to root reinforcement 

𝑐𝑠=cohesion due to suction 

The unsaturated soil mechanics concept can be used to calculate the cohesion due to 

suction (cs) as the following Equation 6.2 (Bishop, 1959; D. G. Fredlund & Ranhardjo, 

1993; Lu & Likos, 2006). 

𝑐𝑠 = (𝑢𝑎 − 𝑢𝑤)𝜒𝑡𝑎𝑛𝜙′ = (𝑢𝑎 − 𝑢𝑤)𝑡𝑎𝑛𝜙𝑏 = (𝑢𝑎 − 𝑢𝑤) [
𝜃𝑤−𝜃𝑟

𝜃𝑠−𝜃𝑟
] 𝑡𝑎𝑛𝜙′ [6.2] 

Wu et al. (1979) initially developed a simplified model for cohesion due to roots, 

which is as Equation 6.3. 
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𝑐𝑟 = 𝑡𝑟(sin 𝜃 + cos 𝜃 tan𝜙) [6.3] 

All parameters have the same meaning described previous sections. If the soil becomes 

saturated, the cs will be cancelled, and cr will become an important component.    

Previous studies to quantify the increase in shear strength were conducted in saturated 

conditions only considering the mechanical effect of root reinforcement (Wu et al., 

1979; Waldron & Dakessian, 1981; Docker & Hubble, 2009). Further, for instance, 

most of the previous researchers (such as Jotisankasa et al., 2014; Rahardjo et al., 

2014) considered that the tensile strength of the roots and any additional shear strength 

produced by the root cohesion were independent of suction and would remain constant 

over time. Most of centrifuge modeling studies (e.g., Ng et al., 2014; Eab et al., 2015) 

simulated the roots using artificial materials such polyester fibers, cellulose acetate, or 

fishing line. The results of those tests might not accurately reflect how real plant roots 

behave on slopes as these synthetic materials are less sensitive to moisture than actual 

plant roots. 

Moreover, other previous studies carried out in the field to capture the vegetated-

induced suction effect of the tree roots on the strength of the soil (e.g. Fatahi et al., 

2009; Leung & Ng, 2013; Ng et al., 2013). Even through the above, these studies did 

not explicitly quantify how suction affected mechanical root reinforcement. Recent 

laboratory research has shown that the mechanical interactions between roots and soil, 

such as root tensile strength and root cohesiveness, are suction-dependent (Jotisankasa 

& Taworn, 2016; Gonzalez-Ollauri & Mickovski, 2017).  

There are still significant research gap regarding the effects of suction on root 

reinforcement despite these extensive previous research. This study investigated the 

influence of soil suction on root reinforcement of the Alstonia macrophylla with the 

selected soil using large-scaled direct shear tests. This chapter initially described the 

sample preparation for the shear tests, developing a large-scale direct shear testing 

setup. The latter part of the chapter presented the test results and observations of the 

24 large-scale direct shear tests. 
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6.2 Flow chart for the objective 1 

 

6.3 Sample Preparation 

15 specimens were prepared only with soil, and another 15 specimens were prepared 

with soil and plant, as shown in Figure 6.1. The wooden boxes (figure 6.2) with 

internal dimensions 300mm (W) x 300mm (L) x 300mm (H) were used for specimen 

preparation.  Sample size was selected as per the investigation of the rate of root 

growing. The heavy wooden rammer and collar which are shown in Figure 6.2, were 

used to compact the soil in the wooden boxes as the two layers. The soil dry density 

was maintained as 1500 kgm-3 which was comparable to the typical in-situ dry density 

of the barrow region. Every sample was prepared using equivalent compaction with 

13% of initial gravimetric moisture content. 
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Figure 6.1: Sample preparation 

 

Figure 6.2: Sample compaction procedure (a) wooden compactor, (b) collar, and (c) 

wooden box 

6.4 Developing large-scaled direct shear testing setup 

A large-scaled direct shear testing setup was proposed and developed to conduct the 

shear testing. The main concerns of the design, were the mold size (Figure 6.3), and 

varied normal loads. The 3D and 2D presentations of the developed testing setup is 

shown in Figure 6.4. The relative drawing is in Annex 4 for further reference. 
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Figure 6.3: Proposed large-scale mold 

 

Figure 6.4: Large-scaled direct shear testing setup (a) proposed setup and  

(b) developed setup 

This setup was designed and developed by following mechanism and technique of the 

standard direct shear testing apparatus to measure the reaction of the applied horizontal 

force as the shear force. The steel mold was prepared as L angles for easy handling. 

Furthermore, the steel balls were used to reduce the contact area between the lower 

and upper half of the mold. As Figure 6.4, the roller wheels were introduced to make 

smooth shear displacement with minimal friction force. Figure 6.5 presents the 

proposed and developed main component of the direct shear testing setup.  
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Figure 6.5: Developing stage of large-scale direct shear testing setup (a) test rig, (b) 

supporters, (c) mold, and (d) load plate 

The vertical and horizontal forces were applied to the sample with the support of a 

hydraulic jack and manual jack, respectively. The applied load was measured using 

load cells. Further, horizontal and vertical settlements were captured and stored using 

the settlement gauges with the data logger. All these settlement gauges and load cells 

were calibrated prior to the direct shear testing as the fallowing Figure 6.6, 6.7, and 

6.8. 

 

Figure 6.6: Calibration chart for horizontal settlement gauge 
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Figure 6.7: Calibration chart for vertical settlement gauge 

 

Figure 6.8: Calibration chart for load cell 

The shear strength parameters obtained for dry and fully saturated soil samples by 

using developed setup were validated with the results obtained from standard direct 

shear testing apparatus. The summary of the test results was included in Table 6.1 and 

failure envelops for both instruments were present in Figures 6.9 and 6.10. 

Table 6.1: Validation of large-scale direct shear testing setup 

Testing apparatus/ setup 

Shear strength parameters 

for dry soil with 1500 kgm-3 

density 

Shear strength parameters 

for fully saturated soil (V. 

Mc.=0.44) with 1500 kgm-3 

density 

Friction Angle 

(0) 

Cohesion 

(kN/m2) 

Friction Angle 

(0) 

Cohesion 

(kN/m2) 

Standard direct shear testing 

apparatus 
43 3.51 42 0.89 

Developed large scaled direct 

shear testing setup 
41 5.64 41 2.21 
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Figure 6.9: Developed Failure Envelops using standard direct shear testing apparatus   

 

Figure 6.10: Developed Failure Envelops using large-scale direct shear testing setup 

According to the above results, the selected soil type had a relatively higher value of 

effective friction angle. A SEM test was conducted to capture texture of soil particles. 
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y = 1.0356x + 3.5451

R² = 0.9964

y = 0.9654x + 0.8925

R² = 0.9972

0.00

20.00

40.00

60.00

80.00

100.00

120.00

0 50 100 150

S
h
ea

r 
st

re
ss

 (
k
P

a)

Normal stress (kPa)

Developed Failure Envelops using standard direct 

shear testing apparatus  

V.Mc. = 0

V.Mc. = 0.44

Linear (V.Mc. = 0)

Linear (V.Mc. = 0.44)

y = 0.867x + 5.6367

R² = 0.9993

y = 0.8625x + 2.2133

R² = 0.9963

0

5

10

15

20

25

30

35

0 10 20 30 40

S
h
ea

r 
st

re
ss

 (
k
P

a)

Normal stress (kPa)

Developed Failure Envelops using large-scale 

direct shear testing setup

V.Mc. = 0

V.Mc. = 0.44

Linear (V.Mc. = 0)

Linear (V.Mc. = 0.44)



70 

 

and river sand to find the reason behind the relatively high friction angle. The summary 

of the output of SEM test were presented in Table 6.2 (more clear images were added 

in Annex 5). According to that, relatively high angularity of the particles was observed 

as per the particles of quarry dusk and river sand. That would be a reason for the above 

mentioned behavior of the semi-coastal silty sand. 

Table 6.2: Comparative study for the texture of the soil particles 

 

6.5 Conducting Direct shear tests 

12 soil samples with plants with the same growing qualities were selected for direct 

shear testing, after the same environmental condition was maintained on 30 samples 

during the four months. A root-reinforced soil specimen was tested under 4 different 

suction values which was selected as 0kPa, 10kPa, 20kPa and 150kPa and three tests 

were carried out for each suction value considering 10kPa, 20kPa, and 30kPa 

vertical/normal stresses. Moreover, 12 additional tests on unreinforced direct shear 

specimens were performed for comparison. 

Above mentioned developed large 300 mm x 300mm x300mm the shear box was used 

to carry out the test. The soil specimen with tree roots was transferred to shear box 

from the wooden box with minimal disturbance to the specimen. After that, the mold 

was easily installed to the direct shear testing setup with the helps of the trolley 

contained the roller wheel tray, as shown in Figure 6.11. Furthermore, the easy 
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removal method of the side board of the wooden boxes convened to sample 

installation.  

 

Figure 6.11: Trolley with a roller wheel tray 

Then, the suction sensor was installed to the soil specimen with a depth which can 

reach the shear plane, as shown in Figure 6.12a. The specimens were allowed several 

days to achieve the required level of suction. As illustrated in Figure 6.12b, a vertical 

sand pile with a 15 mm diameter was installed inside the shear box to measure the 

width of the shear zone.  

 

Figure 6.12: Sample installation (a) sensor installation, (b) sand pile installation 

The direct shear tests were then conducted at each suction level at three different 

normal stress values (10kPa, 20kPa, and 150kPa) as per Figure 6.13; 2.5 mm per 

minute was used to shred the specimen. All tests relevant to each suction level and 
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normal stress were repeated on the specimens without tree roots in order to quantify 

the shear improvement of the soil brought by those roots. 

 

Figure 6.13: Conducting direct shear testing 

After the test, the following factors were also measured those are important parameters 

to evaluate the effect of root reinforcement in geotechnical applications because they 

have been considered most of the models and concepts that previous researchers 

proposed. 

 The amount root present in the shear plane measured as RAR-Root Area 

Ratio 

 The amount of root present in the shear box as dry bio mass of root per unit 

volume the soil 

 The failure pattern of a root 

 Height of the shear zone 

 Total Leaf Area and height of the plant  
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6.6 Results and Discussion 

The shear stress vs. shear displacements test result for four different matric suctions 

with three different normal stresses in case with root and without roots are graphically 

represented in Figure 6.14, 6.15, 6.16, and 6.17. 

 

Figure 6.14: Shear Stress vs. Shear Displacement for 0 kPa Matric Suction 

 

Figure 6.15: Shear Stress vs. Shear Displacement for 10 kPa Matric Suction 
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Figure 6.16: Shear Stress vs. Shear Displacement for 20 kPa Matric Suction 

 

Figure 6.17: Shear Stress vs. Shear Displacement for 150 kPa Matric Suction 
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value at the shear plane, dry biomass of the roots per unit soil volume, total leaf area 

of the plant and the width of the shear zone. 

According to observed values of RAR, dry biomass of roots per unit volume of soil, 

and total leaf area for each tested plant, the similarity of tree plants was identified again 

as the visual inspection carried out before direct shear testing. The average values of 

RAR, dry biomass of roots per unit volume of soil, and total leaf area for each tested 

plant were 6.22 x 10-3 %, 0.575 kg/m3 and 1195 cm2, respectively. After that, a 

theoretical value of cr (discussed in section 6.1) was calculated as the difference 

between the reinforced and unreinforced peak shear stresses under three different 

vertical stresses for each matric suctions when the other shear strength parameters were 

referred to in the same condition. The results are presented in Table 6.3. 

Table 6.3: Summary of the test results 
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10/0.15 
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Table 6.4: cr value calculated as the difference between the reinforced and 

unreinforced peak shear stresses under three vertical stresses for each matric suctions 

 

Furthermore, the failure envelops were obtained for each case with and without tree 

roots as per Figure 6.18, 6.19, 6.20, and 6.21. The results are summarized in Table 6.4 

with their accuracy level. 

 

Figure 6.18: Failure Envelops for 0 kPa matric Suction(Saturated condition) 
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Figure 6.19: Failure Envelops for 10 kPa Matric Suction 

 

Figure 6.20: Failure Envelops for 20 kPa Matric Suction 
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Figure 6.21: Failure Envelops for 150 kPa Matric Suction 

 

Table 6.5: Failure envelops for each case 
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be equal to the cohesion due to root reinforcement (cr). The values of observed cr are 

present in Table 6.5. 

Table 6.6: Calculated cr values using failure envelops 

 

Finally, the summary of the results for observed cr for each matric suction value by 

using two different methods is presented in Table 6.6. 

Table 6.7: Summary of the observed cr values following both approaches 

 

The effective shear strength parameters of the selected soil type can be obtained using 

the unreinforced direct shear tests carried out under saturated conditions. As per above 

observations, the effective friction angle and effective cohesion of the selected soil 

type were 410 and 2.21 kN/m2 respectively. The friction angle of each case has varied 

between the 400 to 430 which is approximately equal to the effective friction angle of 

the selected soil. According to the kind of literature, the effective friction angle of soil 

does not change significantly with the improvement of the matric suction and the root 

reinforcement. That statement confirms with test results of this research again with the 

observation.  
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Furthermore, the cohesion due to soil suction (cs) should be equal in reinforced and 

unreinforced situations during the same level of matric suction. As the above, the 

cohesion due to root reinforcement (cr) can be calculated by two different methods; 

(01) as the difference between the reinforced and unreinforced peak shear stresses 

under three different normal stresses for each matric suctions; and (02) the difference 

between the apparent cohesion of reinforced and unreinforced failure envelops of each 

matric suction. These observed cr values which were calculated both ways for all trails 

should be equal to the difference between the apparent cohesion of reinforced and 

unreinforced shear strength in saturated samples of 2.99 kN/m2. According to the 

summary in Table 6.7, the cr values have slightly increased with matric suction in both 

ways. This observation also confirms the finding of Jotisankasa and Taworn, 2016; 

Gonzalez-Ollauri and Mickovski, 2017; Yildiz et al., 2018. 

Finally, it can be concluded that the cohesion due to root reinforcement of the Alstonia 

macrophylla is slightly increased with the matric suction in the Sri Lankan Silty Sand.  

6.7 Summary 

The tree roots influence the bioengineering solutions such as slope stabilizations in 

mechanical (root reinforcement) and hydrological (soil suction) ways. Many studies 

only considered the mechanical behavior of tree roots, ignoring the implications of 

transpiration on the pore water pressure. Furthermore, other previous studies were 

carried out in the field to capture the vegetated-induced suction effect of the tree roots 

on the strength of the soil. However, previous researchers have tried to model the 

coupled effect of root reinforcement and soil suction, but these models are very 

complicated. 

Moreover, recent laboratory research has shown that the mechanical interactions 

between roots and soil, such as root tensile strength and root cohesiveness, are suction-

dependent. Therefore, this study investigated the influence of matric suction on root 

reinforcement of the Alstonia macrophylla with selected soil using large-scaled direct 

shear tests by varying the soil suction. 

The effective friction angle and cohesion of the selected soil type were 410 and 2.21 

kN/m2 respectively with 1500 kg/m3 dry density of the soil. The friction angle of each 
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case has varied between the 400 to 430 which is approximately equal to the effective 

friction angle of the selected soil. As the first observation, the effective friction angle 

of the soil does not change significantly with improvement of the matric suction and 

the root reinforcement. 

Cohesion due to root reinforcement (cr) of the Alstonia macrophylla should 

theoretically equal to the difference between the apparent cohesion of reinforced and 

unreinforced shear strength in saturated samples. This value was 2.99 kN/m2 when 

RAR, dry biomass of roots per unit volume of soil, and total leaf area of the plant were 

6.22 x 10-3 %, 0.575 kg/m3 and 1195 cm2 respectively. As per the observations, the 

cohesion due to root reinforcement of the Alstonia macrophylla is slightly increased 

with the matric suction in the Sri Lankan Silty Sand.  
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Chapter 7 

7 CONCLUSION AND RECOMMONDATION 

7.1 General Summary 

Vegetation aims to stabilize slopes by mechanically strengthening soils through root 

systems and hydrologically reducing soil water content through transpiration and 

precipitation interception.  Tree roots mechanically and hydrologically increase the 

strength of the soil as the important component of the vegetation. Previous studies, 

however, focused on the mechanical and hydraulic impacts of tree roots separately 

when evaluating the impact of vegetation, which failed to yield reliable results because 

suction influences on mechanical characteristics of tree roots. Therefore, this study 

aimed at investigating the influence of suction on the mechanical behavior of the 

Alstonia macrophylla roots in the Sri Lanka Silty Sand. Chapter 1 introduced and 

described the nature of this study. Chapter 2 was a comprehensive and insightful 

literature review of previous studies related to this study. The unsaturated behavior of 

the soil was reviewed in the first half of this chapter by presenting the comparative 

study between the experimental and analytical methods which were used to develop 

the SWCC. In the second half of this chapter, the broad discussion was carried out 

about the employment of tree roots for ground improvement by following the effect of 

root reinforcement and soil suction. Chapter 3 explained the laboratory experimental 

procedures used to determine the basic soil properties of the selected soil type. Further, 

this selected soil was classified as well graded silty sand. Chapter 4 explained the study 

of the mechanical and hydrological behaviors of the selected plant. The suitability of 

Alstonia macrophylla for the main test procedure could be identified according to the 

observation of the experiments conducted under this title. Chapter 5 presented the 

SWCC for the selected soil type which is developed according to the experimental 

(pressure plate apparatus, moisture and suction sensors, and WP4C) and analytical 

(prediction models of Arya and Paris (1981), Aubertin et.al (2003), and Wang et al. 

(2017) procedures. Chapter 6 described the influence of matric suction on root 

reinforcement by conducting several large scaled direct shear tests. 
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7.2 Specific Conclusion 

7.2.1 Most reliable experimental and analytical procedures which can be used 

to SWCCs for Sri Lanka Silty Sand. 

This study presented the SWCC for Sri Lankan coastal silty sand developed using 

chilled mirror dew-point technique, WP4C and a comparison between the performance 

of a few prediction models. The SWCC was also developed experimentally using a 

pressure plate and suction-moisture sensors in order to validate the findings from the 

chilled mirror dew-point technique, WP4C. The performance of the prediction models 

was evaluated by using Arya and Paris (1981), Aubertin et al. (2003), and Wang et al. 

(2017). According to the verification obtained using the pressure plate and suction-

moisture sensor, WP4C can produce results quickly, precisely, and consistently in a 

wider range of total suction. Therefore, the chilled mirror dew-point technique, WP4C 

can be recommended as a relatively convenient experimental method to develop the 

SWCC for sandy soil. However, samples need to be handled carefully to preserve the 

basic soil characteristics. Prediction models were firstly developed using the values of 

model parameters proposed by the authors for sandy soil. Aubertin et al. (2003) and 

Wang et al. (2017) predictions were more accurate than Arya and Paris (1981) model 

when they were compared with the developed experimental SWCC. In addition, the 

values of the model parameters of Aubertin et al. (2003) and Wang et al. (2017) models 

were recalculated such that the deviation between experimentally generated SWCC 

and model-developed SWCC was became as the minimum. As per the results, the 

Wang et al. (2017) model is more suited to generate SWCC analytically for this soil 

type. 

7.2.2 Identified components of the increase in the shear strength of root 

permeated soil, during direct shear testing 

Number of 24 successful vegetated and non-vegetated specimens were tested under 

the four distinct degrees of suction and three different applied stresses in this study to 

mainly investigated the influence of matric suction on root reinforcement of the 

Alstonia macrophylla with Sri Lankan Silty Sand using large-scale direct shear tests.  
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For instance, the majority of previous research (such as Jotisankasa and Mairaing, 

2014; Rahardjo et al., 2014; Ni et al., 2018) considered that the tensile strength of the 

roots and any additional shear strength produced by the root cohesion were 

independent of suction and would remain constant over time. However, the cohesion 

due to root reinforcement of the Alstonia macrophylla is slightly increased with the 

matric suction in the Sri Lankan Silty Sand as per the observations of this study. 

The influence of the matric suction on the root reinforcement can be defined as an 

increment of the shear strength due to an integrated root-suction system. Therefore, 

the following three components related to root permeated soil can be expressed as 

fallows, 

∆𝜏𝑅= increase in shear strength due to the effect of root reinforcement only (in a 

saturated condition) 

∆𝜏𝐶= increase in shear strength due to an integrated root- suction system. 

∆𝜏𝑆= increase in shear strength due to increased soil suction from tree transpiration. 

7.3 Recommendations for future works 

This study has presented the development of the SWCC using WP4C experimentally 

for only Sri Lankan coastal silty sand. Therefore, the reliability and applicability of the 

chilled mirror dew-point technique, WP4C has only been checked with unsaturated 

Silty Sand; It is therefore suggested that, this experiment should be performed with 

various soil types. 

In addition, the SWCCs were developed according to Arya and Paris (1981), Aubertin 

et.al (2003), and Wang et al. (2017) for the Sri Lanka Silty Sand. Therefore, the 

reliability of the prediction models was only checked by using above-mentioned 

models and soil type; It is suggested that this comparison should be carried out with 

the different models and soil type. 

The large-scale direct shear tests were conducted only considering the above-selected 

soil type and root reinforcement of Alstonia macrophylla. Therefore, the influence of 

the suction was only captured on the root reinforcement of the Alstonia macrophylla; 

It is therefore suggested that, this experiment can be conducted for various tree species 
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and soil types. Then, the statement that “there is an influence of the matric suction of 

the soil on the root reinforcement” can be strongly proved with a significant database. 

It is strongly suggested that, the mathematical model with user friendly interface can 

be proposed to quantify the influence of the matric suction on the root reinforcement 

by using gathered experimental data in this research. 
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 Annexes 

ANNEX 1 – BASIC SOIL STUDY 

Specific Gravity of the Selected Soil Type  

This test was carried out according to the ASTM D854-83 standard by using a density 

bottle with the soil sample passing through 0.425 mm sieve and pycnometer (Figure 

1) with original soil sample. Equation [1] was used to calculate the specific gravity of 

the soil for both procedures. A correction was utilized to adjust the results at a 

reference temperature (T=20°C) using the equation [2] 

 

Figure 1: Pycnometer 

𝐺𝑠 =
(𝑀2 − 𝑀1)

(𝑀4 − 𝑀1) − (𝑀3 − 𝑀2)
 

[1] 

Where, M1 – Mass of Bottle, M2 – Mass of Bottle and Soil, M3 – Mass of Bottle, Soil 

and Water and M4 – Mass of Bottle full of water only 

𝐺𝑠,20 = 𝐺𝑠 × 𝐾 
[2] 

K is the temperature correction factor 

Observations and results of the specific gravity test are represented in the Table 1 and 

Table 2 respectively.  
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Table 1: Observation of specific gravity test 

Water temperature = 290C 

Testing  

Procedure 

Soil  

Specimen 

No 

Bottle 

No. 

Mass of 

Bottle, M1 

(g ) 

Mass of 

Bottle  

+ Soil, M2 

(g) 

Mass of 

Bottle  

+ Soil + 

Water, M3 

(g) 

Mass of 

Bottle  

full of 

water only, 

M4 

(g) 

Using 

Density  

Bottle with 

soil sample 

passing 

0.425 mm 

sieve 

1 1 29.94 37.31 85.92 81.32 

2 2 27.08 34.57 82.99 78.36 

3 3 29.19 35.81 87.16 82.94 

4 4 27.39 32.58 84.54 81.33 

Using 

Pycnometer 

1 1 508.35 559.21 1832.80 1805.50 

2 2 420.28 472.73 1462.00 1431.70 

 

Table 2: Summary of the results of specific gravity test 

Testing  

Procedure 

Soil  

Specimen 

No 

Specific 

Gravity  

at  290C Water  

temperature 

Specific 

Gravity  

at  200C 

Water  

temperature 

Using Density  

Bottle with soil 

sample passing 

0.425 mm sieve 

1 2.66 2.65 

2 2.62 2.61 

3 2.76 2.75 

4 2.62 2.62 

Using 

Pycnometer 

1 2.16 2.15 

2 2.37 2.36 

 

Specific gravity of soil sample was considered as following values, 

𝐺𝑠 = 2.67 
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𝐺𝑠,20 = 2.66 

Particle Size Distribution Analysis  

There are two test procedures were conducted to present particle size distribution of 

the selected soil according to ASTM D422-63 standard and these were as follow, 

 Sieve analysis for particle sizes larger than 0.075 mm in size – wet sieve 

analysis (Figure 2) 

 Hydrometer analysis for particle sizes smaller than 0.075 mm in size 

 

Figure 2: Wet sieving process 

The observations and results of the sieve analysis and hydrometer test are represented 

in Table 3 and Table 4 respectively.  

 

 

 

 

 

 

 

 

 



95 

 

Table 3: Particle size distribution 

Particle Size Distribution - Sieve Analysis 

Client:             

Project:             

B. H. Number: Depth: 

Total Mass of the Sample:1000g 

Weight of dry soil sample after wet sieving through No. 40 (0.075 mm) = 881.2g 

Sieve 

Size 

(mm) 

Mass 

of  

Sieve 

(g) 

Mass of 

Sieve + 

Soil (g) 

Mass of 

soil 

Retained 

(g) 

% 

Retained 

Cumulative 

%  

Retained 

% Sieve 

Analysis 

12.700 555.7 555.7 0.0 0.0 0.0 100.0 

10.000 1020.0 1020.0 0.0 0.0 0.0 100.0 

4.750 890.2 892.8 2.6 0.3 0.3 99.7 

3.350 492.6 494.5 1.9 0.2 0.4 99.6 

2.360 481.4 484.9 3.5 0.4 0.8 99.2 

2.000 542.1 544.9 2.8 0.3 1.1 98.9 

1.180 400.5 441.1 40.6 4.1 5.1 94.9 

0.600 410.4 627.2 216.8 21.7 26.8 73.2 

0.425 457.0 611.9 154.9 15.5 42.3 57.7 

0.300 367.2 489.1 121.9 12.2 54.5 45.5 

0.150 412.9 672.2 259.3 25.9 80.4 19.6 

0.075 404.4 481.3 76.9 7.7 88.1 11.9 

pan 364.7 483.5 118.8 11.9 100.0 0.0 
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Table 4: Hydrometer test 

 

 

Hydrometer Analysis of Soils 

Project: 

Weight of Sample (g) 50 T © 29 

Hydrometer Type   Gs 2.67 

Hydrometer No   K 0.01223 

Meniscus Correction Cm 0.5 a 1 

Dispersing Agent Correction Cd 2 Cylinder No:   

Bore Hole No.: Depth of Sample: Date: 

Day Time 

Time After Start 
Time 

(min) 

Temp.  

© 

R'H RH =  

R'H + 

Cm L (L/T)0.5  

D 

 (mm) 

R =  

RH-

Cd 

%  

Finer Modified Hours Minutes Seconds 

09 Dec. 11.08 am 0 0 30 0.5 29 10 10.5 14.6 5.40 0.066 8.5 17 8.84 

09 Dec. 11.09 am 0 1 0 1 29 8 8.5 14.9 3.86 0.047 6.5 13 6.76 

09 Dec. 11.10 am 0 2 0 2 29 7 7.5 15.1 2.75 0.034 5.5 11 5.72 

09 Dec. 11.12 am 0 4 0 4 29 7 7.5 15.1 1.94 0.024 5.5 11 5.72 

09 Dec. 11.13 am 0 5 0 5 29 7 7.5 15.1 1.74 0.021 5.5 11 5.72 

09 Dec. 11.16 am 0 8 0 8 29 7 7.5 15.1 1.37 0.017 5.5 11 5.72 

09 Dec. 11.23 am 0 15 0 15 29 7 7.5 15.1 1.00 0.012 5.5 11 5.72 

09 Dec. 11.38 am 0 30 0 30 29 7 7.5 15.1 0.71 0.009 5.5 11 5.72 

09 Dec. 12.08 am 1 0 0 60 29 7 7.5 15.1 0.50 0.006 5.5 11 5.72 

09 Dec. 01.08 pm 2 0 0 120 29 6 6.5 15.25 0.36 0.004 4.5 9 4.68 

09 Dec. 03.08 pm 4 10 0 250 29 5 5.5 15.4 0.25 0.003 3.5 7 3.64 

10 Dec. 11.08 am 24 0 0 1440 29 5 5.5 15.4 0.10 0.001 3.5 7 3.64 
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Plasticity Characteristics of Soils  

Liquid limit test was planned to conduct using the Casagrande apparatus and 

penetration method according to ASTM D4318-83. The test was unsuccessful with the 

Casagrande apparatus due to the difficulty during the sample preparation. Therefore, 

the liquid limit for the selected soil type was obtained by conducting the penetration 

test as shown in Figure 3 and the observation of the test is shown in Table 5. However, 

the liquid limit of soil has been considered as 17.5% as shown in Figure 4. The plastic 

limit test could not be conducted because of the difficulty that occurred with 

remolding. According to the visual inspection, this soil type can be categorized as the 

Sandy soil. Therefore, it was assumed that the soil did not behave in plastic range and 

the plastic index was considered zero. 

 

Figure 3: Penetration test 

Table 5: Observation of penetration test 

Can 

No 

Initial 

Reading 

Final 

Reading 
Penetration  

(mm) 

Weight 

of  

Can (g) 

Weight 

of  

Can +  

Wet 

Soil (g) 

Weight 

of  

can + 

Dry 

Soil (g) 

Moisture  

Content 
Div. (mm) Div. (mm) 

S1 10 1.0 96 9.6 8.6 10.3 28.36 26.43 0.12 

S2 25 2.5 156 15.6 13.1 9.75 34.25 31.07 0.15 

S3 20 2.0 174 17.4 15.4 9.34 30.85 27.93 0.16 

S4 7 0.7 253 25.3 24.6 9.51 44.45 38.9 0.19 
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Figure 4: Result of penetration test 

Organic Content  

This test was conducted according to ASTM D2974-71 and observation are as fallows, 

Dry Weight of Porcelain pan = 22.43g 

Weight of oven dry soil sample with porcelain pan = 49.67g 

Weight of oven dry soil sample = 27.24g 

Weight of soil sample dried by furnace with porcelain pan = 49.32g 

Weight loss of sample after putting furnace = 0.35g 

𝑇ℎ𝑒𝑟𝑒𝑓𝑜𝑟𝑒, 𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑠𝑜𝑖𝑙 = (
0.35

27.24
) × 100 = 1.28% 
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Proctor Compaction test 

According to the proctor compaction test results, maximum dry density of the selected soil type was 1918.88 kg/m3 at 6.77% optimum 

moisture content. The observed results are included in Table 6. 

Table 6: Proctor compaction test 

Trial  

Number 

Mass of  

mould 

(kg) 

Mass of 

mould 

 + Soil 

(kg) 

Moisture 

can No 

Mass of 

wet  

soil + can 

(g) 

Mass 

of dry 

soil + 

can (g) 

Mass 

of 

can 

(g) 

Avg. 

moisture 

content 

(%) 

Bulk 

density 

(kg/m3) 

Dry 

density 

(kg/m3) 

1 4.305 6.041 1 48.7 47.8 10.3 2.40 1838.98 1795.88 

2 4.305 6.115 2 60.2 58.3 9.6 3.90 1917.37 1845.38 

3 4.305 6.183 3 72.2 69.2 9.9 5.06 1989.41 1893.61 

4 4.305 6.19 4 86.1 82.4 10.2 5.12 1996.82 1899.48 

5 4.305 6.239 5 123.3 116.1 9.7 6.77 2048.73 1918.88 

6 4.305 6.25 6 76.1 71.2 9.3 7.92 2060.38 1909.25 

7 4.305 6.227 7 38.7 34.8 9.6 15.48 2036.02 1763.15 
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In-situ Density test 

The in-situ density test was followed for the soil barrowed area and the average in-situ density was measured with 1521.94 kgm-3. The 

test results with the observation are shown in Table 7 

Table 7: In-situ density test 

Density measurements Moisture content measurements 

MC 

Bulk 

density 

(kgm-3) 

Dry 

density 

(kgm-3) 

Can  

Number 

Can 

weight(g) 

Can 

volume  

(cm3) 

weight 

of wet 

soil(g) 

Can  

number 

Can  

weight 

(g) 

weight 

of 

 wet 

soil(g) 

weight 

of  

dry 

soil(g) 

1 96 100 249.36 1 20.19 41.18 40.73 0.021908 1533.6 1500.721 

2 104 100 258.75 2 17.94 45.64 45.1 0.019882 1547.5 1517.332 

3 96 100 248.67 3 14.68 35 34.56 0.022133 1526.7 1493.642 

4 96 100 251.73 4 14.55 44.37 43.71 0.022634 1557.3 1522.833 

5 96 100 256.78 5 17.76 38.45 38.03 0.02072 1607.8 1575.162 
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ANNEX 2 – EMPERICAL CORELATION BETWEEN THE ROOT WATER UPDATE AND TOTAL 

LEAF AREA 

 

Table 01: Summary of results 

Date 
Starting  

time 

Finishing  

time 

Temperature 

(0C) 

Humidity 

 (%) 

Height 

of  

the tree 

(cm) 

No of  

leaves 

Total 

area  

of leaves 

(cm2) 

Avg. rate of  

transpiration 

(mm/min) 

21/09/2022 13:30 16:00 26-32 75-85 25 5 277 0.354 

22/09/2022 13:34 16:00 26-32 75-85 25 6 491 0.610 

4/10/2023 13:10 16:00 26-32 75-85 25 7 502 1.901 

5/10/2022 13:00 16:00 26-32 75-85 25 8 559 3.140 

17/10/2022 13:00 16:00 26-32 75-85 25 9 613 3.766 

18/10/2022 6:00 16:00 26-32 75-85 25 10 682 4.123 
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ANNEX 3 – DEVELOPMENT OF SWCC 

Table 01: Observations of WP4C instrument 

Cup  

Number 

Weight 

of  

empty 

cup 

(g) 

Weight 

of cup  

+ wet 

soil 

(g) 

Weight 

of cup  

+ dry 

soil 

(g) 

Total 

Suction 

(kPa)  

Temp. 

(0C) 

Filling 

volume 

(mm3) 

Bulk 

Density 

(kg/m3) 

Gravimetric  

moisture  

content 

Dry 

Density 

(kg/m3)  

Volumetric 

moisture 

content 

(%) 

1 24.79 34.18 32.58 5 31.4 5079.98 1848.43 0.2054 1533.47 31.496 

2 24.63 33.96 32.45 10 31.6 5079.98 1836.62 0.1931 1539.38 29.725 

3 24.77 33.47 32.48 20 31.9 5079.98 1712.61 0.1284 1517.72 19.488 

4 24.49 32.56 32.13 140 31.9 5079.98 1588.59 0.0563 1503.94 8.465 

5 24.79 32.75 32.46 270 29.9 5079.98 1566.94 0.0378 1509.85 5.709 

6 24.79 32.56 32.31 370 29.9 5079.98 1529.53 0.0332 1480.32 4.921 

7 24.79 32.75 32.53 1240 29.9 5079.98 1566.94 0.0284 1523.63 4.331 

8 24.72 32.5 32.39 5510 29.9 5079.98 1531.50 0.0143 1509.85 2.165 

9 24.52 32.01 31.92 8850 29.9 5079.98 1474.42 0.0122 1456.70 1.772 
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ANNEX 4 – DEVELOPMENT OF LARGE-SCALE DIRECT 

SHEAR TESTING SETUP 

Developed large-scale direct shear testing setup 
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ANNEX 5 – SEM TEST RESULTS 

Quarry dusk 

Particle size range – 4.75 – 1.18 mm 

 

Particle size range – 1.18 – 0.425 mm 
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Particle size range – 0.425 – 0.075 mm 

 

Semi-coastal Silty Sand  

Particle size range – 4.75 – 1.18 mm 
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Particle size range – 1.18 – 0.425 mm 

 

Particle size range – 0.425 – 0.075 mm 
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River sand 

Particle size range – 4.75 – 1.18 mm 

 

Particle size range – 1.18 – 0.425 mm 
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Particle size range – 0.425 – 0.075 mm 

 

 

 

 

 




