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Abstract 

SWCC of Unsaturated Tropical Weathered Residual Soils Appropriate for a Range 
of Index Properties Using Pressure Plate Apparatus. 

 
Tropical weathered residual soils are used as construction material for a different 

type of works in an unsaturated state. Several researchers have studied these soils to 
establish the theoretical framework for their conditions. The techniques of prediction of the 
behavior of unsaturated soils are constantly under review. In geotechnical engineering 
practice soil water characteristics curve (SWCC) is a constitutive relationship useful for 
interpreting the response of unsaturated soils more reasonably. Various in-situ and/or 
laboratory tests can be used to measure directly the discrete points of the SWCC. Such 
direct measurements are, however, costly and time-consuming due to high standards for 
equipment and procedural control and limits in testing apparatus. Therefore, in this study; 
index property and pressure plate tests were first conducted for the representative number 
of soil samples excavated (depth < 2.0 m) along the stretch of the road under construction 
around Bahir Dar called Gonbat. These are to develop the design SWCC representative for 
the tropical weathered residual soil in the region. Moreover, the fitting performance of 
existing SWCC fitting models to the measured suction versus water content data points 
was studied. Therefore, from the experimental and curve-fitting model comparison studies; 
it is concluded that: the index property test results and classification soils indicate that the 
entire soil in the region is either sand with gravel or/and gravel with sand soils dominated, 
and are evaluated very good for a sub-base (selected fill) material substitute. The pressure 
plate test results from the two specimens tested are closely reproducible, and it is 
concluded that the model developed by van Genuchten (1980) and Fredlund-Xing (1994) 
lead a comparably fit best for the measured drying front SWCC data points for both types 
of soils. The Fredlund-Xing (1994) model, however, allows for the best-fit of unimodal 
soil data from an extremely low suction to an upper limiting suction value of 1,000,000 
kPa and are suggested to fit the limited discrete data points measured in laboratory and 
determine the required design parameters and further unsaturated soil property functions 
from the SWCC curve for these unsaturated soils. From the developed SWCC, the air entry 
value, residual suction initial and residual water content computed from both fitting models 
for sandy soils are relatively larger than for gravel soils. The air-entry and residual 
suction/value determined from Fredlund-Xing (1994) SWCC fitting model from the initial 
drying curve for both types of soils/sandy and gravel soils are larger than the values 
computed by van Genuchten (1980) SWCC fitting model.   
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1.2. PREVIOUS STUDY FINDINGS 

1.2.1. Theoretical Framework 
Although a significant portion, if not the majority, of conditions encountered in 

geotechnical engineering practice, involves unsaturated soils, particularly in tropical 

regions, the traditional analysis and design approach has been to assume the limiting 

conditions represented by either completely dry or completely saturated soils (Fredlund 

et.al, 1994; Clifton et.al, 1999). The primary motivation for this assumption is that 

measuring the properties of soils containing only one fluid phase (i.e., either air or water) is 

vastly easier than that of soils containing two fluid phases (i.e., both air and water). The 

primary justification for the assumption is that the approach usually is conservative. For 

example, the shear strength of a water-saturated soil is lower than the shear strength of the 

same soil at the same void ratio under unsaturated conditions. However, several 

considerations within the past decade or so warrant a reassessment of this approach.  

First, the assumption of saturated soil conditions is simply not appropriate in some 

applications, such as in evaluating the heave of foundations on swelling or expansive soils. 

Second, advances in technology continue to improve our ability to measure, characterize, 

and predict the properties, behavior, and performance of unsaturated soils. Third, the ever-

increasing costs associated with construction make the continued reliance on conservatism 

less economically appealing. As a result, the motivation for applying the principles of 

unsaturated soil mechanics to geotechnical engineering problems where unsaturated soil 

conditions prevail is increasing (Zapata et.al, 2001).The traditional classical approach of 

characterization of the engineering properties of unsaturated soils for geotechnical design 

practiced in TWR soils in these regions is treating unsaturated soils as if it is a saturated or 

a completely dry soil based on the conventional linear or saturated soil mechanics 

principles. However, these approaches as explained above are having several negative 

consequences.  

Consequently measuring, modeling, and predicting unsaturated soil property 

functionsii (USPF) such as shear strength versus suction, permeability versus suction, etc. 

demand an advanced laboratory testing equipment/apparatus capable of measuring higher 

suction. For example, a solid understanding of shear strength behavior is required for 

addressing numerous engineering problems where the stability of a given soil mass under 
 

iiUSPF - Unsaturated Soil Property Functions  
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soil sample from different TWR dominated soil areas excavating test pits. Hence, the aim 

of this research is first to characterize the soil based on index properties and for the range of 

index properties, pressure plate tests have been carried to develop the design SWCC. The 

suction corresponding to gravimetric water content is determined from the pressure plate 

test. By using these values, the soil-water characteristic curve is developed. For the 

developed curve, evaluation of the previous empirical models for best fitting performance 

is evaluated and discussed in detail.  

1.3. STATEMENT OF THE PROBLEM 

Unsaturated soils are soils that have pores that are filled with both water and gas 

(usually air) and contractile skin, unlike saturated soils where the voids are filled entirely 

with water. Many tropical soils exist in an unsaturated state due to soil water deficits 

induced by the tropical climate. While many tropical regions can have high rainfall, this can 

be offset by even greater evaporation and transpiration which removes water from the soil. 

For this scenario, the groundwater table can be at significant depths (i.e. perhaps greater 

than 10 m) which means that the zone of soil involved in engineering and construction 

operations will be above the water table and potentially unsaturated. In unsaturated 

conditions, the water phase is held in the soil by a negative pressure (or suction). The effect 

of suction is very important in understanding how the soil will behave in an engineering 

context.  

Suction affects shear strength behavior and also controls volume changes in 

response to wetting and drying. The fact that soil is unsaturated also has a significant effect 

on the water permeability (hydraulic conductivity) and shear strength characteristics and 

many more USPF of TWR soils. In this regard even though, some studies were made in 

southern parts of Ethiopia, the nature and characteristics of unsaturated TWR soils of 

northern Ethiopia have so far not considered. Moreover, the experimental determination of 

Unsaturated Soil Property Functions (USPF) in the laboratory is a challenging costly task 

that is unpractical for common geotechnical applications. Moreover, the assumption of 

saturated soil state is simply not appropriate in some applications, such as in evaluating the 

heave of foundations on swelling or expansive soils. Therefore, for reasonable prediction of 

USPF, an indirect prediction or estimation approach of USPF is currently suggested. 

Moreover, for the indirect estimation/prediction of USPF, the SWCC of soil in addition to 

the saturated soil characteristics is found significantly helpful. Using an appropriate testing 
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wetting, by rain or other means, they can expand or collapse with serious consequences for 

cost and safety. Therefore, the mechanics and engineering of unsaturated soils need to be 

placed into a logical framework for civil engineering analysis and design. The laboratory 

and field testing and the research that is the logical basis of this modern approach to safe 

construction in these complex geomaterials need to be elaborated. 

2.3.1. Theoretical Framework of Unsaturated Soils 
A theoretical framework for unsaturated soil mechanics has been established over 

the past two decades. The constitutive equations for volume change, shear strength, and 

flow through unsaturated soil have become generally accepted in geotechnical engineering. 

The measurement of soil parameters for the unsaturated soil constitutive models, however, 

remains a demanding laboratory process. For most practical problems, it has been found 

that approximate soil properties are adequate for analysis. Hence, empirical procedures to 

estimate unsaturated soil parameters would be valuable (Fredlund et al, 1995) 

The SWCC has become a valuable tool for the estimation of unsaturated soil 

property functions, USPF, in geotechnical engineering practice. At the same time, 

indiscriminate usage of the estimation techniques for unsaturated soils can lead to 

erroneous analytical results and poor engineering judgment. Soils that undergo significant 

volume changes as soil suction is changed constitute one situation where erroneous 

estimations can occur. In particular, it is the evaluation of the correct air-entry value for the 

soil that has a significant effect on the estimation of subsequent USPFs (Fredlund, 2006). 

There are many geotechnical and geo-environmental engineering problems where 

unsaturated soils are encountered. An understanding of the hydraulic-mechanical behavior 

of the unsaturated soils is of great value in ensuring a proper engineering design. SWCC 

plays a key role in applying unsaturated soil mechanics in engineering practice. The suction 

versus volumetric water content, gravimetric water content or degree of saturation is 

referred to as the SWCC or the water retention curve (Yvonne Lins, 2009). 

This study defines the characteristics of a residual material and then proceeds to 

describe how the SWCC laboratory results can be properly interpreted with the assistance 

of a curve. Two laboratory data sets are presented and used to illustrate how the test data 

should be interpreted in the case of tropically weathered residual soils. There have also 

been developments in the design of SWCC laboratory equipment with the result that both 

overall volume change and water content change can be monitored when measuring SWCC 
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less than 5 kPa and 100 kPa and greater than 1000 kPa respectively. The suction pulls the 

soil particles together and gives the soil considerable cohesive strength in a dry state.   

2.5. SUCTION MEASUREMENT 
There are a number of different techniques for suction measurement and control. 

These measuring techniques include tensiometer, psychometer, filter paper, suction plate, 

pressure plate, osmotic control, vapor control, etc. Their suitability varies according to the 

range of suctions operating.    

2.5.1. High Capacity Tensiometers 

High capacity tensiometers one of direct laboratory measuring technique which is a 

high capacity device now allow measurements up to about 2 MPa. The first device was 

reported by Ridley and Burland (1993) who demonstrated a cavitation pressure of 1250 

kPa. Further devices are now available with higher cavitation pressure in excess of 2 MPa. 

2.5.2. Filter Paper 

Filter paper is a highly controlled material that has a closely defined suction-water 

content relationship. Therefore, by allowing suction to equalize between the soil and a 

piece of filter paper, the water content of the filter paper can be determined and hence 

related to suction. These methods can also be used to give an indication of suction in the 

range of 1 kPa to 100 kPa. The technique can be used to obtain both total and matric 

suction. 

2.5.3. Psychrometer 
A psychrometer is a device for measuring relative humidity by measuring the 

difference in temperature between wet and dry junctions. Thermocouple and transistor 

psychrometers are a type of psychrometers. These can be used for a 200 kPa to 20 MPa 

range of suction. 

2.5.4. Porous Block Sensors 

Porous Block Sensors provide an indirect measurement of suction by determining 

the water content of porous block when buried in the soil. The sensor blocks need time 2 

days up to 3 weeks to reach in suction equilibrium. This makes them unsuitable for use in a 
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rapidly changing moisture environment. The water content of the block can be determined 

by measuring its electrical conductivity, thermal conductivity or dielectric permittivity. 

2.5.5. Pressure Plate Apparatus 
Pressure plate techniques can be used to control suctions up to 1.5 MPa (based on 

the axis translation technique) depending on the air entry value of the ceramic used (some 

device is limited to below 500 kPa). Hence, this research study focuses on the pressure 

plate technique to experiment on tropically weathered residual soil for measurement of 

suction and develop primary drying front soil water characteristics curve with limiting 

laboratory gravimetric water content versus suction. 

2.5.6. Vapor Control 

The vapor control technique is based on controlling the relative humidity (RH) 

surrounding the soil sample. The sample reaches equilibrium with its surroundings by 

vapor transfer. Vapor control uses different solutions of salts or acids of known 

concentration to control suction imposed and can be used for imposing higher suction 

ranges greater than 400 MPa to higher.   

2.5.7. Osmotic Control 

In the osmotic control technique, a semi-permeable membrane is used to separate 

the soil from an aqueous solution of polyethylene glycol (PEG). The value of suction 

depends on the concentration of the PEG solution. The soil sample simply is immersed in 

PEG solution which is semi-impermeable. The semi-impermeable membranes used are 

permeable to salts and so allow control of matric suction. 

2.6. SOIL WATER RETENTION BEHAVIOR/SOIL WATER CHARACTERISTIC CURVE 
(SWCC) 

2.6.1. Definition and Description 
For a given unsaturated soil, the amount of water relative to the amount of air in the 

soil pore space is related to the radius of the curvature of the water. The lower the water 

content, the smaller the radius of curvature, and the higher the soil matric suction. As the 

soil is composed of a range of pore sizes, the pores will drain at different capillary 

pressures. The SWCC relationship is non-linear and takes on a more or less sigmoidal 

curve shape. 


















































































































