
Ground Improvement and Ground Control 

including Waste Containment  

With Geosynthetics 

Proceeding of the All India Council for Technical Education (AICTE) 

sponsored Staff Development Programme (SDP)  

held at Guru Nanak Dev Engineering College, Ludhiana  

on 22
nd

 December, 2011 to 05
th

 January, 2012 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      Edited by  
      JN Jha, KS Gill, Harvinder Singh and Jagbir Singh 

Department of Civil Engineering 

Guru Nanak Dev Engineering College 

Ludhiana (Punjab)-141006 
 



Ground Improvement and Ground Control 

including Waste Containment  

With Geosynthetics 

Proceeding of the All India Council for Technical Education (AICTE) 

sponsored Staff Development Programme (SDP)  

held at Guru Nanak Dev Engineering College, Ludhiana  

on 22
nd

 December, 2011 to 05
th

 January, 2012 

Edited by  

JN Jha 

Professor & Head 

KS Gill 

Associate Professor 

Harvinder Singh 

Associate Professor 

Jagbir Singh 

Assistant Professor 

 

 

 

 

Department of Civil Engineering 

Guru Nanak Dev Engineering College 

Ludhiana (Punjab) 



 ii 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Published by  

Department of Civil Engineering,  

Guru Nanak Dev Engineering College, Ludhiana (Punjab), India (2011) 

 

ISBN: 978-81-921093-0-5 

 

[Geotechnical Engineering: Ground Improvement Techniques, 624-1539] 

 

The views expressed in the papers in this volume of the proceeding are those of the authors. The editors and the 

department do not accept any responsibility for the contents of the papers or for any lose or damage which might 

occur as a result of following or using data or advice given in the papers. 



Preface 

India with over 1 billion population is rapidly emerging as superpower and set itself the target of 

becoming a developed nation by the year 2020 thereby, the immediate major focus is on the 

infrastructure development. The increasing tempo of construction and decreasing availability of good 

construction site is putting pressure on civil engineers to think for methods of utilizing even the 

poorest of sites. This could be achieved either by providing special type of foundations or by 

improving the ground. Since the second alternative i.e. improving the ground is relatively easier, 

efforts have been directed toward the development of a technically viable and economically feasible 

ground improvement. Several ground improvement techniques have been developed to transform a 

weak soil into a stratum of desired strength and compressibility as per the design requirements with 

adequate safety.  

Rapid urban and industrial development pose an increasing demand for land reclamation, 

utilization of unstable and environmentally affected ground and safe disposal of waste. Many of the 

geoenvironmental challenges caused by the improper waste disposal practice in developing countries 

like India result in producing huge quantities of green house gas emissions. The resulting effect on 

climate change can be felt world over. Therefore the waste management has now become a matter of 

great concern in India and other developing nations. Increasing level of generation of waste and rise in 

pollutants level has forced India to search for new alternatives to conventional systems. Specifically, 

the hazardous and municipal solid waste management requires a proper guideline to be drawn for 

design, construction and operation of containment system (Landfills) which are the principle means 

by which waste needs to be stored. Though the landfills used to be primarily of compacted clay liners, 

the advent geosynthetics has opened up a world of opportunities. Therefore by applying well 

developed technologies and practices the waste and contaminated sites can be properly managed and/ 

or remediated.   

Therefore, the civil engineers require constant up gradation of the knowledge in the field of 

ground improvement and waste containment. The main objective of the course is to enhance and 

update the knowledge of the participants about the different ground improvement techniques used 

world over and their appropriate application considering the local conditions. Again, the participants 

will be exposed to the problem arising from the disposal of solid waste and other source of subsurface 

contamination. The participants will also be trained to the well developed practices, which are being 

used world over for possible solution of waste containment.     

Coordinators of the program express their deepest regards to All India Council for Technical 

Education (AICTE) for sanctioning Rs 7.0 lac vide file; F. No. RIFD/SDP/24/2011-12 dated 

12/08/2011 for organizing the Staff Development Program (SDP) at Department of Civil Engineering, 

Guru Nanak Dev Engineering College, Ludhiana.  

Coordinators also express regards to Director of the college, all faculty members and staff of the 

Civil Engineering Department for extending all possible help in organizing the program in the 

department and to M/s MRH Associates, Ludhiana for providing pen drives to the participants. 

                          JN Jha 

                   KS Gill                                                                       

Ludhiana                Harvinder Singh 

December, 2011         Jagbir Singh 
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Ground Improvement Techniques: Issues, Methods and 
their Selection 
 JN Jha, Harvinder Singh 

Department of Civil Engineering, Guru Nanak Dev Engineering College, Ludhiana, Punjab 

INTRODUCTION 

The best buildable lands have already gone thus one has to make the most of what is left. It is also 

expected that when the industry disperses into the interior, the population too shifts there and 

foundation technologies too shifts into these remote areas. These are generally filled up sites, 

including low lying water logged, waste lands, creek lands with deep deposits of soft saturated 

marine clays having low strength. The problem is further aggravated when design loads are high 

and the site is situated in seismic zones. The traditional foundation techniques in such a situation 

are found to cost more than the super structure and in many situations cannot be built at all. 

Therefore, when a poor ground exists at the project site, designer/builder faces with the following 

questions: 

 Should the poor ground be removed and replaced with a more suitable material? 

 Should the weak ground be bypassed laterally by changing the project‘s location or vertically 

by the use of deep foundations? or 

 Should the design of the facility (height, configuration, etc) be changed to reflect the 

ground‘s limitations? 

With the development of ground improvement, however, the designer/builder has a fourth option to 

―fix‖ the poor ground and make it suitable for the project‘s needs, instead of having to alter the 

original plans to reflect the ground‘s limitations. The new questions facing the current 

designer/builder are then: 

 Should the problematic ground at the project site be fixed instead of bypassed? 

 What are the critical issues that influence the successful application of a specific fixing tool? 

And 

 Which fixing tool should be used from the comprehensive and diversified set currently 

available in the toolbox? 

Technical, practical, economical and political factors influence the answers for the first and third 

questions. To provide credible answers, however, the second question should be answered first. In 

this paper, the critical issues, which affect the feasibility of the main ground improvement methods in 

the current state of the practice, are evaluated from design and construction points of view. Again 

the paper discusses the factors that influence the selection of a particular ground important 

technique, or a combination of techniques.  

GROUND IMPROVEMENT IN SOIL 

Ground improvement in soil has five major functions: (1) to increase the bearing capacity, (2) to 

control deformations and accelerate consolidation, (3) to provide lateral stability, (4) to form 

seepage cut-off and environmental control, and (5) to increase resistance to liquefaction. These 

functions can be accomplished by modifying the ground‘s character with or without the addition of 

foreign material. Improving the ground at the surface is usually easy to accomplish and relatively 

inexpensive. When at depth, however, the task becomes more difficult, usually requiring more 

rigorous analyses and the use of specialized equipment and construction procedures. 



  

THE STATE OF THE PRACTICE 

The soil improvement methods mostly used in the current state of the practice can be divided into 

eight main categories: 

 Densification 

 Consolidation 

 Weight reduction 

 Reinforcement 

 Chemical treatment 

 Thermal stabilization 

 Electrotreatment 

 Biotechnical stabilization 

Some methods are suitable for one type of ground while others apply to a wide range of soils. 

Table 1 presents the tentative ground important techniques used for granular and cohesive soils, 

and the main objectives of their applications. With the development of new machinery, inexpensive 

construction materials, geotechnical instrumentation techniques new methods and applications for 

ground important techniques are constantly evolving. 

GROUND IMPROVEMENT ISSUES 

Many issues affect the successful application of ground improvement; some have to be resolved by 

the designer and others by the contractor. Following is a brief description of the ground 

improvement methods on the market and the key issues that affect their application. Detailed 

discussions of the design and construction aspects of these methods can be found in Munfakh 

(1997), Munfakh (1999) and Elias et al. (1999). 

GROUND IMROVEMENT BY DENSIFICATION 

Loose granular soils are densified to increase the bearing capacity, reduce settlement, and increase 

resistance to liquefaction (Table 1). At the surface, densification is achieved by compaction with 

conventional rollers. When applied at depth, however, more complicated techniques are used, often 

requiring special equipment. 

METHOD OF APPLICATION 

Densification at depth is accomplished using the following methods: 

a) Vibrocompaction 

b) Dynamic Compaction 

c) Blasting 

d) Compaction Grouting 

In vibrocompaction, loose granular soils are densified at depth by insertion of vibrating 

probes into the ground. Compaction is achieved by impact and vibration, with or without the use of 

a water jet or compressed air, and with or without the addition of granular material. Densification 

can be achieved to up to 30 m in depth. 

In dynamic compaction, large weights are dropped repeatedly on the ground surface at a 

predetermined grid pattern. The high-energy impacts cause densification of the soil mass to depths 

from 3 to 8 m. The drop heights are usually 12 to 24 m and the drop points are several meters apart 

in a grid pattern. Sometimes, the generated craters are filled with select granular material. 

Densification by blasting is accomplished by detonation of explosives buried in the loose soils. 

The shock waves generated by the blast breaks down the initial structure of the soil and create a 

liquefaction condition that enables the soil particles to rearrange themselves in a denser packing. 
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In compaction grouting, a very stiff mortar grout is injected in the ground under relatively 

high pressure to densify loose soil formations. In general, the grout does not enter the soil pores, 

but remains in a homogeneous mass that displaces and compresses the surrounding soil. The grout 

mix consists of silty sand, cement, additives and water. 

TABLE 1: Ground Improvement methods and their main objectives 

Ground Improvement 

Method 

Type of Soil Ground Improvement Objectives 

       

Vibrocompaction        

Dynamic Compaction        

Blasting        

Compaction Grouting        

Preloading/ Drains        

Electro-osmosis        

Vacuum Consolidation        

Lightweight Fill        

Mechanical Stabilization        

Soil Nailing        

Soil Anchoring        

Micropiles        

Stone Columns        

Fiber Reinforcement        

Permeation Grouting        

Jet Grouting        

Deep Soil Mixing        

Lime Columns        

Fracture Grouting        

Ground Freezing        

Vitrification        

Electrokinetic Treatment        

Electroheating        

Biotechnical Stabilization        

Key Issues 

The key issues, which affect the effectiveness of soil densification, are: (a) the percent of fines in 

the soil, (b) the ability of the soil to dissipate excess pore water pressure, (c) the energy felt by the 

soil, (d) the presence of boulders, utilities and adjacent structures, and (e) the somewhat mysterious 

phenomenon of ageing. 

Presence of Fines: The presence of fines has a negative impact on the densification process as the 

fines act as lubricants reducing the frictional resistance between the rearranged soil particles of the 

densified mass. In vibrocompaction, for instance, a fines content of 20 percent renders the process 



  

 

Figure 1: Soil Suitable for Virbrocompaction (Mitchell, 1981) 

 

Figure 2: Strength Gain Due to Ageing  
(Debats and Sims, 1997) 

ineffective. The amount of fines in the soil also affects its drainage properties which is a key factor 

when the densified soil is in a saturated state. Figure 1 illustrates the gradation of the soils suitable 

for vibrocompaction. 

Pore Pressure Dissipation: When densification is applied to a saturated cohesionless material, a 

micro- liquefaction process takes place allowing the soil particles to rearrange themselves. If 

excessive fines or cohesive soils are present, dissipation of the excess pore water pressure 

generated by the densification process is slowed down (or maybe prevented) which affects the 

feasibility of the applied method. To safeguard against that, the pore pressure dissipation is 

facilitated by fissuring or the use of vertical drains usually located equidistant from the points of 

densification application (the points of virbroprobe penetration, weight drop, blast holes, etc). 

Level of Energy: The level of energy applied in densification can be estimated from the 

characteristics of the equipment used 

(vibrating frequency, tamper weight, 

amount of explosives, etc) and the 

configurations of application (probe 

spacing, drop height, depth of charge, 

etc). The amount of energy actually felt 

by the soil, however, is influenced by 

factors related to the ground 

characteristics, the effectiveness of the 

applied procedures and the experience of 

the equipment operator. In dynamic 

compaction, for instance, the depth of 

influence of the process is calculated 

using the weight and height of drops, and 

a soil-related empirical coefficient 

(Lukas, 1995). This depth is also influenced by other factors such as the stratigraphy of the soil, the 

degree of saturation and the way in which the weight is dropped (a crane drop is less efficient than 

a free drop). The presence of soft cohesive layers or peat has a damping effect on the dynamic 

forces penetrating the soil, and thus the 

depth of influence is reduced. 

Proximity to Structures: The presence of 

utilities and buried structures affects the 

choice of densification used and the level of 

energy applied. The impact of the process 

on adjacent structures is a major concern 

with no set criteria in present practice as to 

how close vibrocompaction or dynamic 

compaction can be implemented next to an 

existing structure. On a recent project 

involving vibrocompaction of hydraulic fill 

adjacent to a bulkhead structure, 

inclinometer data near the bulkhead 

measured horizontal deflection less than 10 

mm when the vibroprobe was 3 m away 
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from the bulkhead, increasing to more than 50 mm as the probe got within 2 m of the bulkhead. 

Therefore, a safe distance of 3 m was established for that project (Pepe, et al., 2000). 

Ageing: Densification of the soil continues for a period of several weeks after field application due 

to a little-known phenomenon called ―ageing‖. Mitchell and Solymar (1984) attribute the increase 

in strength and deformation modulus with time to the possible action of silica bonding between 

grains. Mesri et al., (1990) credit the phenomenon to the continued rearrangement of the sand 

particles during secondary compression, resulting in gradual increase in particles interlocking. 

Debats and Sims (1997) illustrate the increase in strength with time as reported for various 

applications of vibrocompaction, blasting and dynamic compaction (Figure 2), and report a strength 

increase of 35% from the second to the sixth week after a major vibrocompaction application in 

Hong Kong. On a recent project in Norfolk, Virginia, USA, a 15-30 percent increase in the relative 

density of a hydraulic fill, approximately 20 days after vibrocompaction was measured due to 

ageing. 

GROUND IMPROVEMENT BY CONSOLIDATION 

Consolidation of a soft cohesive soil improves its engineering characteristics. Both the strength and 

unit weight of the soil are increased and its hydraulic conductivity is reduced when it is 

consolidated. Unfortunately, this improvement is accompanied by a volume decrease and ground 

deformations. To mitigate the impact of these deformations on the structure, the soil is often 

preconsolidated under loads higher than the design load so that the design deformations take place 

prior to installation of the structure. 

Methods of application 

There are basically three methods of ground improvement by consolidation: 

 Preloading with or without vertical drains 

 Electro-osmosis 

 Vacuum consolidation 

Preloading is usually accomplished by placing surcharge fills. Controlled filling of tanks or 

lined ponds, electro-osmosis or vacuum consolidation are alternative means of preloading. To 

accelerate consolidation, vertical (sand or prefabricated wick) drains are often used with 

preloading. 

Consolidation by electro-osmosis is the same in many aspects as consolidation under externally 

applied stresses, except that the driving force for drainage is induced internally by an electric field. 

In vacuum consolidation, both liquid and gas (water and air) are extracted from the ground by 

suction induced by the creation of vacuum on the ground surface and assisted by a system of 

vertical and horizontal drains (Munfakh, 1999). An airtight membrane is usually placed on the 

ground surface and in peripheral trenches (Figure 3) to seal the soil from the atmosphere and allow 

the creation of the vacuum. 

 

 

Figure 3: Vacuum Consolidation 

Concept 

 

 



  

Key Issues 

The key issues associated with ground improvement by consolidation are: (a) stability during 

surcharge placement, (b) clogging of vertical drains, and (c) maintenance of the vacuum. 

System Stability: To safeguard against stability problems, the surcharge loads are often placed in 

stages with each stage added only after the soil has acquired sufficient strength under the influence 

of the previous stage to support the new load. The build up and dissipation of the excess pore water 

pressure and the accompanying soil deformations are usually monitored to pinpoint the time for 

stage placement. When electro-osmosis or vacuum consolidation is applied, no stability problem is 

anticipated and the staging requirement of preloading is eliminated. 

Clogging of Drains: Clogging of the vertical drain is a key issue affecting the feasibility of this 

system of ground improvement. A major advantage of the plastic wick drains over sand drains is 

their flexibility and ability to sustain large deformations of the consolidating cohesive soil, which 

may otherwise shear and clog the sand drains, rendering them ineffective. The hydraulic 

conductivity of the wick drains, on the other hand, is influenced by the potential crimping of the 

material when large deformations take place or clogging of the drainage channels due to an 

ineffective filter jacket. A non-wooven geotextile fabric is usually used to provide filtering and 

ensure the hydraulic conductivity of the prefabricated drains. 

Maintenance of the Vacuum: Maintaining the vacuum by providing an all-around seal is critical for 

the successful application of vacuum consolidation. Resistance of the membrane to tear during and 

after placement is an important factor affecting the ability of the system to do so. Often, the 

membrane is covered by a layer of soil or by water ponding to prevent its tear by vehicles, animals 

or birds attacks, or vandalism. A new system developed recently in France eliminated the need for 

the membrane, as the required vacuum is generated by circulation of air through a series of 

specially designed drains, installed to the depth of the layer to be consolidated (Robinet and Juran, 

1999). 

GROUND IMPROVEMENT BY WEIGHT REDUCTION 

This method of ground improvement involves reduction of the weight applied to a soft 

compressible soil by the use of lightweight fill material. The lightweight material is either used as a 

fill placed on the ground surface such as in the case of embankment construction, or as a 

replacement to an excavated native soil layer resulting in an overall reduction in the in situ stress 

acting on the soil beneath it. 

The overall benefits gained from the use of lightweight fill materials include reduced 

settlement, increase slope stability and reduced lateral earth pressure on retaining structures. A key 

benefit is the material‘s high resistance to earthquake effects (the low unit weight results in lower 

seismic inertial forces). 

Methods of Application 

The lightweight materials mostly used in geotechnical applications are listed in Table 2. Some of 

these materials are recycled; others are manufactured. The lightweight materials are placed over the 

native soil in one of three ways: 

 Spread in a loose form, then compacted 

 Cut in block forms, then stacked according to a certain arrangement, or 

 Pumped in a flowable liquid form 
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TABLE 2: Lightweight material used for ground improvement 

Fill Material Source/Process Dry Unit Weight (kg/m
3
) 

Wood fibers Sawed lumber waste 550 – 960 

Shredded tire Mechanically cut tire chips 600 – 900 

Clam shells Dredged underwater deposits 1100 – 1200 

Expanded shale Vitrified shale or clay 600 – 1040 

Fly ash Residue of burned coal 1120 – 1400 

Air-cooled slag Blast furnace material 1100 – 1500 

Flowable fill Foaming agent in a concrete matrix 335 – 770 

Geofoam Block molded expanded polystyrene 12 – 32 

 

Key Issues 

The key issues with the weight reduction method of ground improvement are usually related to; (a) 

placement of the lightweight material, (b) its longevity and long-term performance. 

Material Placement: When fly ash is wet during placement, for instance, it may become spongy 

and difficult to compact; and when dry it may become too dusty and environmentally unacceptable. 

Crushing and knitting of the shells during compaction, and contamination of the shell embankment 

with the generated fines, may significantly affect its gradation and performance. 

Longevity: Flotation of the geofoam, its susceptibility to fire and to deterioration from gasoline 

spills or insect borrowing, are long-term longevity problems that require special measures. 

Continued crushing and knitting of the shells under the influence of vehicular traffic may reduce 

the drainage potential of the embankment, thus, resulting in ponding of water at the surface; or it 

may reduce the frictional angle of the material, thus, increasing its lateral pressure on supporting 

structures. 

GROUND IMPROVEMENT BY REINFORCEMENT 

In situ reinforcement of a poor soil is accomplished by inclusion of reinforcing elements in the soil 

to improve its engineering characteristics. The soil and its reinforcing elements act in combination 

to increase the shear strength of the soil mass, reduce its settlement under the load, and improve its 

resistance to liquefaction. The reinforcing element can be either inserted in the in situ soil or placed 

in the soil mass as it is constructed. 

Methods of Application 

Reinforcing the soil is usually accomplished by one of the following methods: 

 Mechanical stabilization 

 Soil nailing 

 Soil anchoring 

 Mirco piles 

 Stone columns 

 Fiber reinforcement 



  

In mechanical stabilization, the reinforcing elements are placed between layers of compacted 

soil. Different materials (metals, polymers, geotextiles, etc) and shapes (strips, grids, sheets, rods, 

etc.) are used for reinforcement. When used for construction of retaining walls or embankment 

slopes, the reinforcing elements are usually attached to facings that retain the compacted soil at the 

face and protect the reinforcing elements from weathering effects. The types of facing used include 

precast concrete panels, cast-in-place concrete, metallic plates or baskets, geosynthetic grids or 

sheets, timber, modular blocks and rubber tires. The backfill material usually consists of granular 

soil with high frictional resistance. 

Used primarily for support of excavations and reinforcement of slopes, the concept of soil 

nailing is to place closely spaced reinforcing elements in situ to increase the shear strength of the 

soil and to restrain its displacements during and after excavation. Construction is accomplished 

using a top-down process that involves three repetitive stages: (1) excavation of a limited depth, (2) 

installation of nails and drainage and placement of a facing. The reinforcing elements (soil nails) 

are in the form of metal bars, tubes or rods. They are installed by driving, drilling and grouting, jet 

grouting, or firing (launched nails). The facing can either be built on site (shortcrete or cast-in-place 

concrete) or consist of prefabricated steel or concrete panels. When excavating below the 

groundwater table, an appropriate vertical and/or horizontal drainage system is installed behind the 

permanent facing. In the soil anchoring, prestressed soil anchors are installed in the ground to 

reinforce the soil and support vertical or inclined excavations. The anchors are attached at the 

surface to concrete panels or ―elements‖ forming what is sometimes called an element wall. As 

with soil nailing, the reinforcements and the soil form a coherent body that resists the applied loads. 

To accomplish this, the anchors are placed closer than in a typical anchored wall, and the wall‘s 

most structural elements (soldier piles, lagging, wales) are not necessary. 

When micropiles are used for soil reinforcement, these small-diameter (usually less than 300 

mm in diameter) piles are installed vertically, or in a reticulated fashion, to support excavations, 

slopes or foundations. For these applications, the piles are spaced closer than in conventional pile 

foundations and the loads are supported by a complex soil-pile structure analogous to reinforced 

concrete, where the ground represents the concrete and the micropiles correspond to the steel 

reinforcements. The micropiles are installed by drilling and grouting, displacement or jet grouting. 

Although constructed using the same equipment and procedure as vibrocompaction, stone 

columns function as reinforcement rather than densification. They are applied to soft cohesive soils 

in order to (1) increase bearing capacity, (2) reduce settlement and accelerate consolidation, (3) 

improve slope stability and control liquefaction. The presence of stone columns transforms the 

ground into a composite mass of granular cylinders with intervening native soil, providing a lower 

compressibility and higher shear strength than those of the native soil alone. The stone columns are 

installed in a variety of methods (vibroreplacement, vibrodisplacement, dynamic impaction, 

rammed columns, vibroconcreted columns, etc). 

The newest concept of earth reinforcement is a three-dimensional technique involving mixing 

of continuous polymer fibers (yarn) with granular soil to form a composite material capable of 

resisting tensile forces. Individual fibers can also be mixed with the soil to improve its strength and 

deformation characteristics. Although polyester fibers have generally been used in actual 

applications, other materials such as wood and rubber tire chips can be mixed with the soil to 

provide reinforcement. Reinforcement with these natural or processed elements, however, it still in 

the experimentation stage. In one method, the soil is mixed with yarn, seeds, fertilizers and a 
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Figure 4 : Lateral Earth Pressure Coefficient for  

Mechanically Stabilized Systems 

coagulation agent, then sprayed over the surface area of the fiber- reinforced embankment to 

provide a vegetated-reinforced facing (Liausu and Jurau, 1995) 

Key Issues 

The key issues affecting soil reinforcement are: (a) the load transfer to the reinforcing 

elements, (b) the failure surface of the reinforced soil mass, (c) the strain compatibility between the 

soil and the reinforcement, (d) the arrangement of the reinforcing elements, and (e) the durability 

and long-term behavior of the reinforcements. 

Load Transfer: In mechanical 

stabilization design, the maximum tension 

in the reinforcing element is compared to 

the tensional capacity of the 

reinforcement and the bond between soil 

and reinforcement (pull-out capacity). 

The tension in the reinforcement is 

determined from the lateral earth pressure 

in the reinforced soil layer which is 

calculated by multiplying the vertical 

earth pressure by a coefficient K ranging 

from at-rest to active depending on the 

degree of restraint imposed on the soil by 

the reinforcing elements. When an 

extensible reinforcing systems are used, 

such as those made by polymers or 

geotextiles, a substantial yield of the soil 

is allowed resulting in lateral pressures 

closer to the active case. In fully 

restrained systems using rigid reinforcing 

elements (metal strips, grids or bars), the 

soil yield is restricted and the developed 

earth pressures are closer to the at-rest 

condition at the surface, but are gradually reduced with depth to values closer to the active case. 

Figure 4 gives recommended K values for various types of mechanically stabilized earth systems 

(Munfakh, et al., 1999). 

The stress transfer between the soil and the reinforcing elements is a critical factor affecting 

reinforcement with stone columns. Because the rigidity of the column is substantially higher than 

that of the surrounding soil, a larger portion of the applied load is transferred to the stone, thus 

improving the load carrying capacity of the treated ground and reducing its settlement. The higher 

the stress ratio (ratio of stress in the stone column to that in the soil between columns), the more 

significant is the ground improvement. Generally, values of stress ratio between 2.0 and 5.0 have 

been measured with the higher values corresponding to very weak soils and very close column 

spacing; and the lower values representing stronger soils and wider spacings. Although theoretical 

solutions are available for predicting the stress ratio, (Priebe, 1976), the value usually used in the 

design is based largely on experience. For preliminary design, a stress ratio of 2.5 to 3.0 is often 

conservatively used. 



  

 

Figure 5: Knot Effect in a Reticulated Micropile 

System 

When micropiles are used for soil reinforcement, they are placed closer than with conventional 

pile design or arranged in a reticulated fashion so that the soil and the piles act as a momolithic unit 

to resist the loads. In this case, it is assumed that the stresses are distributed to the soil and the piles, 

rather than the piles alone. To achieve this, a ―knot effect‖ is assumed, by which the stress acting 

on the pile is partially transferred to nearby piles, owing to the interaction between the piles and the 

ground generated by the high bond between them. The ―knot effect‖ has been confirmed by both 

model and field tests (Lizzi, 1978; Plumelle, 1984). 

The ability of the soil-pile system to 

generate this ―knot effect‖ is dependent on 

the density and arrangement of the system. 

When a reticulated micropile system is 

used to support excavations and slopes, the 

density and configuration of the piles 

should also be selected to minimize the 

possibility of plastic flow between the 

piles. The stability against plastic flow can 

be verified by comparing the horizontal 

pressure exerted by the soil mass to the 

limit resistance developed by the arching 

effect between two adjacent piles as 

analyzed by Ito and Matsui, (1975). A 

preliminary configuration of 6 to 7 piles 

per linear meter is recommended for 

reticulated micropile walls (Figure 5) to 

allow for the generation of the ―knot effect.‖ 

Strain Compatibility: The behavior of the reinforced soil mass is influenced by the strain 

compatibility between the soil and the reinforcing elements. The influence of strain on the stress 

distribution and the failure surface in mechanically stabilized systems was discussed previously. 

The strain compatibility is also important in the selection of appropriate shear strength properties 

for the soil to be used in calculating composite soil-reinforcement strength for use in the design of 

stone columns. Compatibility controls have to be performed to ensure that no more loads is 

transferred to the column than that assigned according to the stress ratio used in the design. As the 

soil between columns experiences larger strains than those of the columns, further transfer of the 

load takes place from the soil to the columns by arching, thus, increasing the stress acting on the 

column. 
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Failure Surface: The failure surface in the reinforced soil mass usually divides the soil into two 

zones (active and resistant). This is particularly important in mechanical stabilization and soil 

nailing design in which the pull-out resistance of the reinforcing element is calculated along its 

embedded length in the resistant zone. When inextensible reinforcements are used for mechanical 

stabilization, the failure surface is assumed to be bilinear. With extensible reinforcements, that 

surface coincides with the Coulomb or Rankine active failure plane (Figure 6). For soil nailing 

design, different methods of analysis are currently used, considering failure slip surfaces that are of 

circular, log-spiral, parabolic or bilinear shapes (Munfakh et al., 1999). 

 

 

 

 

 

 

 

 

 

 

Figure 6: Failure Surface in Mechanical Stabilization (a) Inextensible Reinforcement, 

(b) Extensible Reinforcement 

Arrangement of Reinforcing Elements: When used for excavation support, the inclination of the 

reinforcing element (nail or micorpile) affects the behavior of the system. The direction of the 

reinforcement with respect to the potential failure surface plays a role in the mobilization of tension 

and shears and, thus, in the overall shears strength of the reinforced soil. Inclining the inclusions 

downwards, for instance, would lead to increased failure surface and reduced pull-out resistance. In 

a parametric study on the subject, Bang et al. (1992) presented optimum inclusion inclinations of 5-

20 degrees for which the safety factor against pull-out resistance is the highest. It was also shown 

that for shorter nail lengths, the optimum inclination angle is higher than that for longer nails. 

The length and spacing of the inclusions also affect the behavior of the reinforced-soil system. 

When the inclusion is relatively short, slippage is usually the dominant failure factor. When it is 

very long, breakage of the inclusion is most probably the cause of failure. Bang et al. (1992) shows 

gradual increases in the average measured safety factor from 1.1 to 1.8 as the nail increases in 

length from 6 m to 18 m. The factor of safety becomes constant after a certain length, however, due 

to the yielding of the inclusions. Finally, as the spacing between inclusions increases, the 

contributions of the tensile forces in the inclusions to the global stability become smaller. 

Durability of Reinforcements: The service life of a reinforced soil depends to a great extent on the 

durability of the reinforcement and, to a lesser extent, on that of the facing elements. The durability 

of metallic reinforcements is usually measured by their resistance to corrosion. That of 

geosynthetics is assessed by the resistance to hydrolysis (polyester), oxidation (polyethylene and 

polypropylene), stress cracking, biological degradation and ultraviolet light exposure all 

geosynthetics. The choice of a reinforcing system and its design are sometimes influenced by the 



  

long-term durability requirements. When geosynthetics are used for reinforcement, for instance, the 

tensile strength of the reinforcing element is divided by three reduction factors representing creep, 

installation damage and durability. Depending on the material used, the creep reduction factor 

ranges from 2 to 5, the installation damage factor from 1 to 3 and the durability reduction factor 

from 1.1 to 2.0 (Munfakh et al., 1999). 

GROUND IMPROVEMENT BY CHEMICAL TREATMENT 

Cement, lime, fly-ash, asphalt, silicate and others are used to stabilize weak soils. They generally 

bind the soil particles together, resulting in higher strength and lower compressibility. In lime 

stabilization, an ion exchange reduces the soil‘s plasticity and improves its workability. The ion 

exchange is then followed by a chemical reaction that increases the shear strength. In surface 

stabilization, the chemicals are mixed with the soil and an appropriate amount of water, and then 

compacted using conventional compaction equipment and procedures. When at depth, the 

chemicals are applied by injection, or by deep mixing methods. 

Methods of Application 

The chemical treatment methods discussed in this paper are those applied at depth. They include: 

 Permeation grouting 

 Jet grouting 

 Deep soil mixing 

 Lime columns 

 Fracture grouting 

In permeating grouting, cement, lime, bentonite or chemical grouts (silicates, etc.) fill the voids 

in the soil, resulting essentially in increased strength and cohesion and reduced permeability, with 

no change in the volume or structure of the original ground. Organic compounds or resins are also 

used for special applications. Microfine cement grout is the latest addition to permeation grouting. 

Grout additives may be used to enhance penetrability and strength, and to control setting time. 

Grouting is performed by drilling holes in the ground and injecting slurry grouts through the end of 

a casing, or through specialized equipment such as a tube-a-manchette. 

Jet grouting uses high-pressure fluids, applied through a nozzle at the base of a drill pipe, to 

erode the soil particles and mix them with cement grout as the drill bit is rotated and withdrawn, 

forming hard, impervious columns. Excess soil cuttings are carried to the surface in the form of 

waste slurry. The grouted columns can be formed vertically, horizontally or at an angle. A row of 

overlapping columns forms a wall. Jet grouting is used mainly for excavation support, 

underpinning, and tunneling and groundwater cut-off. 

The deep soil mixing technique consists of mixing in-place soils with cement grout or other 

reagent slurries using multiple-axis augers and mixing paddles to construct overlapping stabilized-

soil columns. By arranging the columns in various configurations, the system can be used for 

strengthening of weak soils, for groundwater cut-off, or liquefaction control. If needed, steel 

reinforcement is inserted in the column to provide bending resistance. When used for liquefaction 

control, the DSM system is performed in a block or lattice pattern to resist the stress from 

embankment or surcharge loading when loose cohesionless soils liquefy during seismic ground 

shaking (Figure 7). 
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Figure 7 : Lattice Pattern of columns for 

Liquefaction Control 

The lime columns method is a variation of deep soil mixing, in which unslaked quicklime is 

used in lieu of, or mixed with, the cement. The lime columns are suitable at best for stabilization of 

deep soft clay deposits. A pozzolanic reaction takes place between the lime and the clay minerals 

resulting in substantial increase in the strength and reduction in the plasticity of the native material. 

The heat generated by hydration of the quicklime also reduces the water content of the clayey soils, 

resulting in accelerated consolidation and strength 

gain. Lime columns can be used for load support, 

stabilization of natural and cut slopes, and as an 

excavation support system. 

Soil fracture grouting is the latest method in 

grouting technology developed for stabilization and 

consolidation of cohesive soils not injectable by 

conventional permeation grouting techniques. The 

method involves controlled fracturing of a soil unit 

using a fluid grout without significantly affecting the 

soil structure. Cementitius or chemical grouts are 

injected in a uniform fashion beneath structures to 

create a reinforced mass of soil and grout. 

Improvement of the soil follows three basic mechanisms: reinforcement, densification and ion 

exchange (Munfakh, 1999). Because the process requires that the soil be fractured and not 

permeated, fracture grouting can be used in all types of soil. 

 Key Issues 

Chemical treatment is influenced by the following key issues: (a) soil-grout compatibility and 

reactivity, (b) operational parameters, (c) column verticality, and (d) weathering effects. 

Soil Grout Compatibility and Reactivity: The type of grout used and the make-up of the grout mix 

are dependent on the properties of the ground. Figure 8 illustrates the compatibility of the various 

grouting techniques with the grain size ranges of the grouted soils (Elias et al., 1999). In 

permeation grouting, the principal parameter affecting permeation is the size of the intergranular 

voids, usually represented by the soil‘s coefficient of permeability. As the grout permeates through 

the ground under pressure, it displaces water and air from the voids at a rate dictated by the ground 

permeability. In homogeneous, isotropic, uniform soils, a spherical flow of grout takes place. 

Normally, however, the ground is non-uniform and the penetration depth is affected by the soil‘s 

stratigraphy. 

Although jet grouting may work in most types of soil (see Figure 8) because the initial structure 

of the soil is broken down by the jetting process, its success is nevertheless influenced by ground 

characteristics such as the size and frequency of boulders, and the presence of peat or organic 

materials. The humic acids generated by these materials may affect the hydration of the cement and 

delay, or prevent the hardening of the soil-grout mix. The presence of boulders or obstructions in 

the soil is even more limiting in the deep soil mixing method, since the columns are usually 

constructed to fixed dimensions and, thus, the cement grout cannot penetrate or engulf larger-

diameter objects as is usually done in jet grouting. Recently developed equipment, however, allow 

the use of jetting or spreadable mixing tools at the tip of the auger to enhance the grout penetration 

and increase the column diameter at a specific depth (probaha, 1998, Yang et al., 1998). 



  

In lime columns, the feasibility of stabilization and the amount of lime needed to trigger the 

pozzolanic reaction are influenced by the type of soil being treated. In general, lime stabilization is 

applied to cohesive soils (both inorganic and organic). For inorganic soils with low to medium 

plasticity, the lime content used is usually 6-8% of the dry unit weight of the stabilized soil. In 

highly plastic soils, more lime is added. When organic soils are treated, a lime content of 2 to 3 

percent is needed to neutralize the acidity of the organic matter, and the remainder of the added 

lime (10-12 percent total) is then used to trigger the pozzolanic reaction (Arman and Munfakh, 

1972). Gypsum is something mixed with unslaked lime to stabilize organic soils with high water 

content. In low-reactive clays, fly ash or kiln dust may be added to enhance the soil-lime 

pozzolanic reaction. Lime-cement mixes of equal proportions are used when higher strength is 

required. 

 

Figure 8: Range of Groutable Soils (Elias et al., 1999) 

Operational Parameters: All deep chemical treatment methods are operator-sensitive and their 

success depends on operational parameters controlled by the construction crew. Both the strength 

and the permeability of the treated mass, for instance, are influenced by the net amount of cement 

in the ground which in turn is influenced by the controlled volumes of cement, water and additives 

mixed at the grout plant or at the top of the deep mix auger. They are also influenced by the level of 

the soil-grout mixing achieved in situ. In deep soil mixing, the grout flow is usually adjusted 

constantly to accommodate varying drill speeds in different soil strata, so that the design volume of 

grout per unit volume of in situ soil is maintained. 

The diameter of the column is a function of the method of installation used and is influenced by 

a number of operating parameters, such as injection pressure, grout flow, and rod withdrawal and 

rotation rates. A triple fluid system, for instance, produces a column with a larger diameter than 

that produced by the double fluid system. For a given soil type, the slower the withdrawal and 

rotation rates, the larger the column diameter that can be achieved. The actual column diameter, 

which is particularly important when the jet grout columns are used for slope stability, can be 

verifies in the field by geophysical surveys, some of which are still in the experimental stage (van 

der Stoel and van der Blick, 2000). All the operating parameters are usually determined through 

initial field trials at the beginning of construction. 

When fracture grouting is applied, performance-type specifications are normally used and the 

grout mix is adjusted by the operator to provide the required performance. Portland cement is used 

in the grout mix, and additives are sometimes provided to control the grout gel time so that 

controlled lifting of the ground in discrete areas under the structure is provided by repeated 

injections at short intervals. A detailed, high- precision, instrumentation monitoring program is 

usually used as an integral part of the fracture grouting scheme. Continued monitoring of the 
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movements of the structure and the ground allows the contractor to adjust the grouting operation to 

suit the project‘s performance requirements. 

Column Verticality: The verticality of the constructed column is an important issue in jet grouting, 

particularly when the system is used to construct fluid barriers. When used for construction of a 

cut-off wall, multiple rows of overlapped columns are usually designed on the basis of the assumed 

permeability of the jet grouted column (a minimum overlapping of 0.3 m is usually used). When 

two adjacent columns deviate from their vertical alignments in opposite directions, the required 

column overlapping may not materialize, and voids (or windows) may develop in the jet grout wall, 

substantially increasing its hydraulic conductivity, and rendering it ineffective as a cut-off wall. 

The column‘s verticality is monitored by the operator, and the presence of windows is detected 

by a pumping test or exposure of completed columns. The verticality and overlapping of columns 

are less of an issue in deep soil mixing since the columns are constructed to fixed diameters and the 

overlapping is ensured by the construction process. 

Durability and Long-Term Performance: Although the strength of the chemically-treated soil 

increases with time until a certain age, the long-term behavior of the soil structure is influenced by 

weathering, particularly if it is continuously exposed to weathering elements such as water, wind or 

temperature. Test results on the subject show that lime-treated soils absorb less water with time 

than do untreated soils – they also dry faster. Contrary to cement stabilization, the frost heave in 

lime-stabilized soils is more than that in untreated soils, particularly if the soils are frozen within 

one month after compaction. The resistance against frost-thaw effects, however, increases rapidly 

with curing time as the strength of the stabilized soil is increased. Generally, the depth and speed of 

frost penetration are reduced with the addition of lime because the larger void ratio, generated by 

flocculation, allows less heat conduction through the soil. The resistance of the chemically treated 

soils to weathering effects is tested through durability tests involving wet-dry or freeze-thaw 

cycles. 

GROUND IMPROVEMENT BY THERMAL STABILISATION 

Although both heating and freezing can be used for ground improvement, soil heating is still in the 

experimental stage and has seen little application. Ground freezing, on the other hand, has been 

receiving wider acceptance as a temporary measure for excavation support in urban areas. 

 Methods of Application 

The thermal stabilization methods discussed in this paper are: 

 Ground freezing 

 Vitrification 

Ground freezing has two main functions: (1) to prevent groundwater seepage into excavations 

and (2) to increase the shear strength of the soil and improve its structural capacity. Two basic 

systems are usually followed in freezing: an open system where the refrigerant (liquid nitrogen or 

carbon dioxide) is lost to the atmosphere after it has absorbed energy and vaporized, or a closed-

circuit hydraulic system using a conventional mechanical plant and a circulating coolant. In either 

case, the groundwater is frozen and prevented from entering the excavation, and the shear strength 

of the soil is increased as the ice acts as a binding agent to the soil‘s particles. Ground freezing can 

be applied to a wide range of soils. 

In vitrification, the soil is electrically melted at very high temperatures, typically in the range of 

1,600 to 2,000 degrees Celsius. This is accomplished with graphite electrodes used to conduct 



  

electricity through the soil. As the soil is melting, the flowing electricity is converted into heat that 

moves outwards and melts new soil. The melted soil becomes electrically conductive and forms a 

heat-transfer medium allowing the melt to move downward and laterally through the soil. The 

inorganic portion of the soil typically breaks down into major oxide groups, such as silica and 

alumina. Upon cooling, these groups form glass and crystalline products with excellent 

environmental properties (Figure 9). 

Key Issues 

The effectiveness of thermal stabilization is influenced by the following issues: (a) the degree of 

saturation of the soil, (b) the rate of groundwater movement, (c) the creep potential of the frozen 

ground, (d) the post thawing behavior, (e) the heat transfer in the melted soil and (f) the impact of 

heat on utilities and adjacent structures. 

Degree of Saturation: Since the formed ice lenses binds the soil‘s particles to increase strength, 

partially saturated soils are weaker when frozen than fully saturated soils because less ice lenses are 

formed. Water (or slurry) is sometimes added to certain soils above the groundwater table to 

improve their frozen properties. 

 

Figure 9: Vitrification Process 

Creep of Frozen Ground: When stressed for a long time, the frozen ground may experience 

deformations and loss in the initial strength developed upon freezing. Clayey soils, for instance, 

encountered on a shaft freezing project, exhibited a radial inward creep of the order of 38 mm per 

month under the load. Granular soils at similar depths showed negligible deformations (Donohoe, 

1993). One reason for the creep is that the water adsorbed on the clay mineral‘s surface, which 

does not freeze at  

Post-thawing Behavior: Post thawing behavior of the frozen ground is still not well-understood, 

with conflicting opinions voiced regarding the potential post thawing ground settlement. Through a 

laboratory testing program performed on samples of the Boston Blue Clay, before and after one 

cycle of freezing, Swan and Green (1998) illustrate signs of disturbance of the initial structure of 

the soil due to micro cracks caused by the formation of the ice lenses, accompanied by up to 60 

percent reduction in the undrained shear strength of the soil. The measured compressibility of the 

thawed out soil was also higher than that of the untreated soil due to the disturbance caused by 

freezing. Literature also reports a 44% reduction in the undrained shear strength of the Leda clay 

after one cycle of freezing, increasing to 66% after few cycles. Through scanning electron 

microscopy, he determined that the loss of strength was due to the expansion of microfisssures 

during the pore water freezing. The post-thawing soil behavior is influenced by the freezing rate, 

surcharge loading and drainage characteristics of the treated soil. 
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Heat Transfer: The transfer of heat through the melted soil is a key issue in vitrification. The 

electric conductivity of the melted soil, and the rate in which the heat transfers through it, affect the 

extent and rate of advancement of the soil‘s melt-down. These issues are still in the experimental 

stage. 

Impact on Utilities and Structures: Because of the extreme temperature used, it is prudent that no 

objects made of metals, polymers; geotextiles, etc are present at the site or in its vicinity prior to the 

application of the electric current. The intensity and distance of heat transfer in the soil should be 

tested prior to the application of vitrification to protect against any potential negative impact on 

adjacent facilities. 

GROUNDMENT IMPROVEMENT BY ELECTROTREATMENT  

Developed mainly for remediation of contaminated sites, the electrotreatment methods apply 

electric currents in the ground to remove contaminants in an unobtrusive fashion with limited 

excavation and transport requirements and minimum environmental impacts. 

Methods of Application 

 The electrotreatment methods used in environmental geotechnology includes: 

 Electrokinetic remediation 

 Electroheating 

 Electrokineting fencing 

 Bioelectrokinetic injection 

The first method is used mainly for extraction of ionic contaminants such as heavy metals, and 

the second for removal of volatile and semi-volatile compounds. The last two methods are used to 

stabilize the contaminants in situ. Following the principle of electro-osmosis developed for 

dewatering of clayey soils, Electroheating of soils is used to enhance the removal of organic 

compounds. Although other treatment methods, such as steam injection, have been used for this 

purpose, their effectiveness has been limited as heating occurred mainly around the injection rods 

only. By applying an electric current in the soil, however, the soil and groundwater between the 

electrodes are heated homogeneously. In combination with vacuum and/or groundwater extraction, 

the heated volatile and semivolatile compounds can be removed effectively (Figure 11). 

 

                                                     

  Figure 10: Electrokinetic Remediation                          Figure 11 : Electroheating Set-up with 

           Concept (Acar et al., 1997)                                           vapor/Water Extraction (Geokinetics Int, Inc)                                                                                                                                      

When the removal of a contaminant by the electrokinetic remediation method is not feasible, 

the heavy metal can be stabilized in situ by electrokinetically injecting stabilizing agents or creating 

an electrokinetic ―fence‖ that reacts with, and immobilizes, the contaminants as the contamination 



  

plume passes through it. Electrokinetic injection can also be used to improve the engineering 

properties of non-contaminated soft clays (strength, plasticity, etc) by injecting them with ions of 

chemically stabilizing agents. The bioelectrokinetic injection functions as a nutrient transport 

system to enhance the biodegradation of toxic organic contaminants. For aerobic degradation, 

oxygen can be electrochemically generated and then swept into the system with the nutrients. 

Key Issues 

The key issues in electrotreatment are: (a) the soil‘s electrical conductivity, (b) the ionic 

characterization of the contaminants, and (c) the impact on buried objects and utilities. 

Electrical conductivity: A major advantage of the electrokinetic process is its effectiveness in low 

permeability soils since the migration of ions in the pore fluid is governed by electro-osmotic 

conductivity rather than hydraulic gradient. The success of the process, however, is influenced by 

the soil‘s buffer capacity and its level of electric conductance. A fluid in the soil‘s pores is usually 

needed both to conduct the electric field and to transport the species injected into the soil, or 

extracted from it. In partially-saturated soils, a fluid may be added to facilitate the transport of ions 

through the soil mass. The power consumption in electrotreatment methods is directly related to the 

electrical conductivity of the medium, with the electrical conductivity of saturated soil deposits 

plasticity clays (Mitchell 1981). 

Ionic Characterization of Contaminants: The electrotreatment methods discussed above do not 

work with non-ionic elemental metals. The first step in the treatment process, therefore, is to 

characterize the contaminants with respect to their ionic composition. As the electric current passes 

through the soil, the positively charged cations are attracted to the negatively charged cathode, and 

the negatively charged ions are transported to the positively charged anode. 

Impact on Buried Objects and Utilities: The electrokinetic activity in the ground may accelerate 

corrosion of buried metallic objects and non-cathodically protected utility lines. The presence of 

such obstructions may affect the level and duration of the electrotreatment. 

GROUND IMPROVEMENT BY BIOTECHNICAL STABILISATION 

This new form of ground improvement uses live biological objects (vegetation) as reinforcing 

elements. It is used for stabilization of cut or fill slopes, or construction of earth-retaining structures 

on parkland and in environmentally-sensitive areas. 

Biotechnical stabilization is economical and more environmentally friendly than other forms of 

ground improvement. The system utilizes native indigenous materials and the final product blends 

well with the landscape, providing an aesthetic advantage. Sometimes, the vegetation is combined 

with structural elements (wire mesh, geogrides, gabions, etc.) 

 Methods of Application 

The biotechnical stabilization techniques currently used include: (a) brush layering, (b) contour 

wattling, (c) reed-trench layering, (d) brush matting, (e) live staking and others. Of these, brush 

layering is the most commonly used. Detailed descriptions of these systems are available in 

literature. 

In brush layering, live, cut stems and branches are placed between layers of compacted soil to 

provide immediate reinforcement, and then secondary reinforcement occurs as a result of rooting 

which develops along the length of the buried stems. In addition to its reinforcing functions, the 

woody vegetation acts as a hydraulic drain which improves the stability of the reinforced-soil 
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system. The soil and vegetation interact in three ways: (a) friction is developed along the soil-stems 

interface; (b) artificial cohesion is generated by the growth of roots in the ground; and (c) pore-

water pressure is dissipated by evapotranspiration through the woody vegetation. 

Key Issues 

The key issues affecting biotechnical stabilization are: (a) the development of artificial cohesion in 

the ground, (b) the effects of evapotranspiration, and (c) the durability of the vegetation. 

Artificial Cohesion: The growth of roots in the ground along the length of the buried stems creates 

an artificial cohesion similar to that generated by fiber reinforcement. The shearing resistance of 

the composite soil-root material is a function of both the friction at the contact points between the 

soil grains and the roots, and the interlocking of the soil particles in the root network. As the strain 

in the soil increases, the roots are pulled together tightly around groups of soil particles increasing 

the shearing resistance of the soil. 

The additional component of the shear strength generated by the action of the roots is usually 

expressed as an artificial cohesion similar to that developed in fiber reinforcement. This apparent 

cohesion is not influenced much by the shear strength of the individual roots, but by their lengths 

and arrangement within the soil‘s matrix. This secondary component of the strength continues to 

increase with time as long as the roots of the buried stems remain alive and growing. Many reports 

in the literature illustrate the change in the artificial cohesion with depth for different root 

concentrations. 

If the artificial cohesion component of the resistance is needed to provide the required safety 

factor, temporary protection measures, such as geotextiles, wooden stakes, metal spikes, soil nails, 

etc. may be used to safeguard against initial shear failure, until the roots grow sufficiently to 

provide the additional resistance. 

Evapotranspiration: The impact of evapotranspiration of the vegetation on the stability of the 

stabilized mass can be expressed in one of two ways: (a) as a reduction in the pore water pressure 

which would result in an increased strength, or (b) as another artificial cohesion component related 

to suction. The value of the soil suction caused by the vegetation may be derived by monitoring 

tensiometers or piezometers installed in vegetated and bare portions of the reinforced slope. Coppin 

and Richards (1990) give illustrative examples of slope stability analyses using the suction effect of 

vegetation both ways (as a reduced pore water pressure, or an increased artificial cohesion). 

Durability of the vegetation: The long-term performance of biotechnical stabilization is controlled 

by the durability of its vegetative elements. This durability is enhanced by: 

 selecting vegetation suitable for the ground and the climate, 

 planting the vegetation correctly, 

 maintaining the plants regularly, 

 protecting the plants from severe weathering effects and disease, and 

 combining the vegetation with structural elements (wire mesh, geogrides etc.) 

GROUND IMPROVEMENT SELECTION 

The selection of a ground improvement method is a function usually provided by the design 

engineer. Owing to the proliferation of the available techniques on the market, the many benefits 

associated with each method and the rapidly developing nature of the ground improvement field, 

selecting the method most appropriate for a specific project is not an easy task. This selection can 



  

best be done by thorough evaluation of many factors, and with extensive reliance on intuition and 

experience. 

Factors Affecting Selection 

The key factors affecting the selection of a ground improvement method are: (a) the ground, (b) the 

groundwater, (c) construction considerations including schedule, materials, accessibility, right-of-

way, equipment and labor, (d) environmental concerns, (e) durability, maintenance and operational 

requirements, (f) contracting, politics and tradition, and (g) cost. 

The Ground: the characteristics of the soil have a major impact on the effectiveness of the ground 

improvement technique adopted. The densification and reinforcement techniques, for instance, rely 

heavily on the internal friction between the soil particles, or the friction along the soil-

reinforcement interface. These methods are, therefore, suitable for use with frictional soils such as 

sands and gravels. Some reinforcement methods, however, such as stone columns, are suitable for 

use with fine cohesive soils, and so are the consolidation methods such as preloading and vacuum 

consolidation. Strain compatibility is another factor affecting the design. When the ground is 

reinforced with extensible elements such as geotextiles, the strain required to mobilize the full 

strength of the reinforcing elements is much larger than that needed to mobilize the full strength of 

the soil. Therefore, large internal deformations usually occur and the soil design parameters are 

measured at large strains (residual strength). Obviously, these systems are less compatible with 

soils of relatively low residual strength. 

Chemical stabilization applies to a variety of soils. While permeation grouting is not suitable 

for fine- grained clayey soils, lime stabilization is suitable only in clayey soils that have enough 

silica and alumina constituents to induce the pozzolanic reaction. In jet grouting, the specific soil 

type is not as important as with other methods since the in situ structure of the soil is broken down 

by the improvement process. The effectiveness of the method, however, is influenced by some soil 

elements such as boulders and organic materials. In electrotreatment, soils with high levels of 

electric conductance produce better results. When biotechnical stabilization is used, fertile soils are 

preferred. 

The Groundwater: The level of the groundwater and the degree of saturation of the soil affect many 

techniques. In the densification method, micro-liquefaction is induced in saturated soils below the 

groundwater table. Groundwater is also needed for ground freezing, or biotechnical stabilization, to 

be effective. On the other hand, a high groundwater level may have a damaging effect on certain 

methods of ground improvement, such as soil nailing and the use of foam for weight reduction. 

Construction Considerations: Schedule, materials availability, site accessibility, equipment and 

labor considerations are important factors affecting the selection. In preloading and wick drains 

work, and to a lesser degree in lime stabilization, time is of paramount importance. When the site is 

inaccessible to heavy equipment, such as in rough mountainous terrain, a method that can be 

implemented with a minimum of equipment, such as geotextile reinforcement, is preferred. On the 

other hand, labor-intensive systems, such as vacuum consolidation and biotechnical stabilization, 

are usually not cost-effective in areas with labor shortage or strong labor union requirements. When 

low headroom does not allow the use of certain equipment, such as those required for deep soil 

mixing or stone columns installation, methods that can be implemented from remote areas, such as 

the various grouting techniques, are preferred. Right-of-way and easement requirements may affect 

the feasibility of certain methods such as mechanical stabilization and soil nailing. The impact of 

construction on nearby facilities is an important factor in the selection. The use of the economical 
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method of dynamic compaction, for instance, is precluded quite often because of its potential 

impact on existing structures and utilities. 

Material availability is an important factor in the selection. When fill material is abundant, 

preloading is a very cost-effective method of ground improvement. If the required amount of 

surcharge material is not available within a short hauling distance, an alternative preloading 

scheme, such as vacuum consolidation, can be used. If industrial by-products, such as fly ash, kiln 

dust or slag, are available in large quantities, their use for enhancing lime stabilization or for weight 

reduction may be cost-effective, as may be the use of waste materials such as shredded tires or 

wood chips. 

Environmental Concerns: The sensitivity to environmental impacts is a key factor in the selection 

process. In contaminated sites, the methods, which involve discharge of large quantities of water, 

such as vibroreplacement stone columns, vacuum consolidation and wick drains, are avoided. On 

the other hand, methods which preserve the environment, such as geotextile reinforcement and 

biotechnical stabilization, are welcome in environmentally sensitive areas such as parkland. 

Methods which allow construction of embankments with vertical faces (mechanical stabilization) 

are preferred at or near wetland. When a site is underlain by contaminated plumes, and if the 

contaminated site is to be cleaned and re-used instead of being contained, electrotreatment or 

thermal consolidation techniques may be selected. 

Durability, Maintenance, and Operational Requirements: The durability of materials used in 

ground improvement is a strong governing factor, particularly where the ground is exposed to 

heavy weathering elements. The use of metal reinforcements, for instance, is avoided near stray 

currents or in highly corrosive soils. When geosynthetics are used, they require protection from the 

effects of heat, chemicals and exposure to ultraviolet light. Although all geosynthetic materials 

degrade upon exposure to ultraviolet radiation, their reaction to other durability effects differ from 

one to another, which should be taken into account in the selection process. For instance, although 

polyester is susceptible to hydrolysis and loss of strength when in contact with water, polyethylene 

and polypropylene are not affected. On the other hand, they tend to break down upon thermal 

oxidation in the presence of heat and oxygen, contrary to the behavior of polyester. 

The effects of wet-dry and freeze-thaw cycles are particularly important in chemical 

stabilization. Extreme weather conditions such as dry heat or ice may have damaging consequences 

on biotechnical stabilization. Thus, this technique should not be selected in areas with arid or frigid 

climates, and where there is a shortage of maintenance staff that can take care of the foliage. 

The selection process is also influenced by the operational requirements of the facility. For 

instance, if there is ample time before the facility is operational, a rolling surcharge can be used. If 

the available time is relatively short, vertical drains and/or vacuum consolidation may be selected. 

To further reduce the ground improvement time, stone columns can be used, but at a relative cost 

penalty. 

Contracting, Politics, and Tradition: Contractual requirements play a role in the selection 

process. Sometimes a method preferred by the design engineer cannot be specified because it is 

patented by a specialty contractor. National politics, trade barriers, labor union requirements, and 

political influences sometimes affect the selection, as does tradition. The Buy-America Law, for 

instance, precludes the use of materials not manufactured in the U.S.A. on federally-funded 

projects. Sometimes, certain methods of construction are not recommended, simply because they 

cannot be done by local contractors or because they require certain labor skills unavailable locally. 



  

Cost: This is probably the most important factor in the selection process. If all other factors are 

satisfied, cost becomes the governing parameter. When analyzing the cost, however, the long-term 

behavior of the system and the required maintenance cost should be considered. A scheme with the 

lowest construction cost, for instance, is not necessarily the most economical if it will require 

substantial maintenance and repair costs in the future. When different schemes are close to each 

other in cost, alternative ground improvement methods may be specified. 

CONCLUDING REMARKS 

The successful application of ground improvement in soils is influenced by many technical issues 

related to the characteristics of the soil, the material added to the soil and their interaction. Other 

technical issues affecting performance are subject to the equipment and procedures used, the skills 

of the operator and external factors such as weather and proximity to existing structures. Over 30 

technical issues are covered in this paper, some of which are well studied by the industry, while 

others involve some little known phenomena. Technical, practical, economical, contractual and 

political factors affect the selection of a particular type of ground improvement for a specific site. 

The several factors discussed in this paper reflect the diversity of the ground improvement 

techniques available on the market and the complexity facing the design engineer in the attempt to 

select the most appropriate method, or combination of methods, to be applied for the project. 
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Soil Stabilization Techniques for Road Construction  
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INTRODUCTION 

Road pavements are vulnerable to soil performance because the foundation of the pavement is a 

road‘s most important element. For road engineers, finding a way to balance road performance, 

limited budgets and tightening environmental regulations is an increasing challenge. Treatments 

that improve the long-term performance of conventional pavements are becoming less and less 

cost-effective. Road budgets - especially for maintenance, seem to shrink annually, relative to the 

task at hand. Environmental regulations mandating dust control and sediment control for road 

shoulders and unpaved surfaces continue to tighten. Moreover, common amendments such as 

gravel and well-graded soil for upgrading road structures are becoming less available and 

increasingly expensive. 

Soil stabilization is the alteration of one or more soil properties, by mechanical or chemical 

means, to create an improved soil material possessing the desired engineering properties. Soils may 

be stabilized to increase strength and durability or to prevent erosion and dust generation. 

Regardless of the purpose for stabilization, the desired result is the creation of a soil material or soil 

system that will remain in place under the design use conditions for the design life of the project. 

Soils vary throughout the world, and the engineering properties of soils are equally variable. The 

key to success in soil stabilization is soil testing. The method of soil stabilization selected should be 

verified in the laboratory before construction and preferably before specifying or ordering 

materials. 

NEED FOR SOIL STABILIZATION FOR ROADS 

Long term performance of pavement structures often depends on the stability of the underlying 

soils. Engineering design of these constructed facilities relies on the assumption that each layer in 

the pavement has the minimum specified structural quality to support and distribute the super 

imposed loads. These layers must resist excessive permanent deformation, resist shear and avoid 

excessive deflection that may result in fatigue cracking in overlying layers. Available earth 

materials do not always meet these requirements and may require improvements to their 

engineering properties in order to transform these inexpensive earth materials into effective 

construction materials. This is often accomplished by physical or chemical stabilization or 

modification of these problematic soils. In situ sub grades often do not provide the support required 

to achieve acceptable performance under traffic loading and environmental demands. Although 

stabilization is an effective alternative for improving soil properties, the engineering properties 

derived from stabilization vary widely due to heterogeneity in soil composition, difference in micro 

and macro structure of soils, heterogeneity of geologic deposits, and due to differences in physical 

and chemical interactions between the soil and candidate stabilizers. These differences necessitate 

the use of site specific treatment options for stabilization. 

SOIL STABILIZATION v/s SOIL MODIFICATION 

The terms modification and stabilization can sometimes be very ambiguous. Modification refers to 

the stabilization process that results in improvement in some property of the soil but does not by 

design result in a significant increase in soil strength and durability. Modification also refers to soil 
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improvement that occurs in the short term, during or shortly after mixing, i.e., within hours. This 

modification reduces the plasticity of the soil and thus improves the consistency to the desired level 

and improves short-term strength to the desired level. Short-term is defined as strength derived 

immediately within about 7 days of compaction. Even if no significant pozzolanic or cementitious 

reaction occurs, the textural changes that accompany consistency improvements normally result in 

measurable strength improvement. On the other hand, Stabilization is the process of blending and 

mixing materials with a soil to improve certain properties of the soil. The process may include the 

blending of soils to achieve a desired gradation or the mixing of commercially available additives 

that may alter the gradation, texture or plasticity, or act as a binder for cementation of the soil. 

Stabilization occurs when a significant, longer-term reaction takes place. This longer-term reaction 

can be due to hydration of calcium-silicates and/or calcium aluminates in Portland cement or class 

C fly ash or due to pozzolanic reactivity between free lime and soil pozzolans or added pozzolans. 

A strength increase of 350 kPa or greater of the stabilized soil strength compared to the untreated 

soil strength under the same conditions of compaction and cure, is a reasonable criterion for 

stabilization. 

ADVANTAGES OF SOIL STABILIZATION 

Pavement design is based on the premise that minimum specified structural quality will be 

achieved for each layer of material in the pavement system. Each layer must resist shearing, avoid 

excessive deflections that cause fatigue cracking within the layer or in overlying layers, and prevent 

excessive permanent deformation through densification. As the quality of a soil layer is increased, 

the ability of that layer to distribute the load over a greater area is generally increased so that a 

reduction in the required thickness of the soil and surface layers may be permitted. The 

stabilization of soil for road pavements offers the following advantages: 

Improved engineering characteristics: Soil stabilization improves the engineering properties of 

the soil, e.g.: (i) strength - to increase the strength and bearing capacity, (ii) volume stability - to 

control the swell-shrink characteristics caused by moisture changes, and (iii) durability - to increase 

the resistance to erosion, weathering or traffic loading. 

Quality improvement: The most common improvements achieved through stabilization include 

better soil gradation, reduction of plasticity index or swelling potential, and increases in durability 

and strength. In wet weather, stabilization may also be used to provide a working platform for 

construction operations. These types of soil quality improvement are referred to as soil 

modification. 

Thickness reduction: The strength and stiffness of a soil layer can be improved through the use of 

additives to permit a reduction in design thickness of the stabilized material compared with an 

unstabilized or unbound material. The design thickness strength, stability, and durability 

requirements of a base or subbase course can be reduced if the particular stabilized material meets 

the specified gradation. 

Reduced maintenance requirements: Stabilization can reduce maintenance, improve soil properties 

and provide an all-weather surface. Stabilization can provide an improved surface condition 

through less dust, rutting, potholes and corrugating. 

Mixture designs should include strength criteria for evaluation of the optimum binder content. 

When a paving material is unsurfaced (i.e. no wearing course), it should have resistance to abrasion 

and raveling caused by vehicular traffic. Stabilization may be used to reduce raveling, increase skid 

resistance, or reduce dust. However, pavements that are stabilized by a cementing action cannot be 



  

maintained by routine grading and periodic reshaping. Where maintenance of the wearing surface 

is to be accomplished in this manner, the soil should be modified and not stabilized. 

METHODS OF SOIL STABILIZATION 

Over the years engineers have tried different methods to stabilize soils that are subject to 

fluctuations in strength and stiffness properties as a function of fluctuation in moisture content. 

Stabilization can be derived from thermal, electrical, mechanical or chemical means. The first two 

options are rarely used. Mechanical stabilization, or compaction, is the densification of soil by 

application of mechanical energy. Densification occurs as air is expelled from soil voids without 

much change in water content. This method is particularly effective for cohesion less soils where 

compaction energy can cause particle rearrangement and particle interlocking. But, the technique 

may not be effective if these soils are subjected to significant moisture fluctuations. The efficacy of 

compaction may also diminish with an increase of the fine content, fraction smaller than about 75 

μm, of the soil. This is because cohesion and inter particle bonding interferes with particle 

rearrangement during compaction. Altering the physio-chemical properties of fine-grained soils by 

means of chemical stabilizers/modifiers is a more effective form of durable stabilization than 

densification in these fine-grained soils. Chemical stabilization of non-cohesive, coarse grained 

soils, soils with greater than 50 percent by weight coarser than 75 μm is also beneficial if a 

substantial stabilization reaction can be achieved in these soils. In this case the strength 

improvement can be much higher, greater than tenfold, when compared to the strength of the 

untreated material. 

 The most common methods of soil stabilization for roads include: 

 Mechanical stabilization. 

 Lime stabilization. 

 Cement stabilization. 

 Lime-Fly Ash (with or without cement) stabilization. 

 Bituminous stabilization. 

 Chemical stabilization. 

 Geotextiles, fibers, prefabricated materials, etc. 

FACTORS FOR SELECTION OF STABILIZER 

In the selection of a stabilizer, the factors that must be considered are the type of soil to be 

stabilized, the purpose for which the stabilized layer will be used, the type of soil improvement 

desired, required strength and durability of the stabilized layer, cost, and environmental conditions. 

There may be more than one candidate stabilizer applicable for one soil type, however, there are 

some general guidelines that make specific stabilizers more desirable based on soil granularity, 

plasticity, or texture. Portland cement for example is used with a variety of soil types; however, 

since it is imperative that the cement be mixed intimately with the fines fraction (< .075 mm), the 

more plastic materials should be avoided. Generally, well-graded granular materials that possess 

sufficient fines to produce a floating aggregate matrix (homogenous mixture) are best suited for 

Portland cement stabilization. Lime will react with soils of medium to high plasticity to produce 

decreased plasticity, increased workability, reduced swell, and increased strength. Lime is used to 

stabilize a variety of materials including weak subgrade soils, transforming them into a ―working 

table‖ or subbase; and with marginal granular base materials, i.e., clay-gravels, to form a strong, 

high quality base course. Fly ash is a pozzolanic material, i.e. it reacts with lime and is therefore 

almost always used in combination with lime in soils that have little or no plastic fines. It has often 

been found desirable to use a small amount of Portland cement with lime and fly ash for added 
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strength. This combination of lime-cement-flyash (LCF) has been used successfully in base course 

stabilization. Asphalt or bituminous materials both are used for waterproofing and for strength 

gain. Generally, soils suitable for asphalt stabilization are the silty sandy and granular materials 

since it is desired to thoroughly coat all the soil particles. Extreme climatic conditions can also have 

an influence on the correct choice of stabilizer, inhibiting the use of some, and encouraging the use 

of other, irrespective of cost. In general, the hot arid and cold wet regions require special 

consideration. 

MECHANISMS OF SOIL STABILIZATION 

For successful soil stabilizer applications it is imperative to understand the mechanism of 

stabilization of each additive. A basic understanding of stabilization mechanisms assists the user 

agency in selecting the stabilizer or additive best suited for a specific soil not only from the 

standpoint of developing the engineering properties desired for the pavement sub-layers but also to 

minimize the risk of long-term deleterious reactions that might compromise pavement structural 

capacity or even induce disruptive volumetric changes such as sulfate-induced heave. In order to 

determine an appropriate soil-additive combination and to reduce the risk of deleterious reactions 

for a specific soil-stabilizer combination field exploration is required. For soil stabilization 

operations, the exploration process is less complex than for structural foundations as the depth of 

the influence zone is less. 

The stabilization mechanism may vary widely from the formation of new compounds binding 

the finer soil particles to coating particle surfaces by the additive to limit the moisture sensitivity. 

Therefore, a basic understanding of the stabilization mechanisms involved with each additive is 

required before selecting an effective stabilizer suited for a specific application. Chemical 

stabilization involves mixing or injecting the soil with chemically active compounds such as 

Portland cement, lime, fly ash, calcium or sodium chloride or with viscoelastic materials such as 

bitumen. Chemical stabilizers can be broadly divided in to three groups: Traditional stabilizers such 

as hydrated lime, Portland cement and Fly ash; Non-traditional stabilizers comprised of sulfonated 

oils, ammonium chloride, enzymes, polymers, and potassium compounds; and By-product 

stabilizers which include cement kiln dust, lime kiln dust etc. Among these, the most widely used 

chemical additives are lime, Portland cement and fly ash. Although stabilization with fly ash may 

be more economical when compared to the other two, the composition of fly ash can be highly 

variable. 

MECHANICAL STABILIZATION 

Mechanical stabilization is accomplished by mixing or blending soils of two or more gradations to 

obtain a material meeting the required specification. The soil blending may take place at the 

construction site, a central plant, or a borrow area. The blended material is then spread and 

compacted to required densities by conventional means. Mechanical stabilization is the 

development of natural forces of cohesion and internal friction within the existing soil. In some 

instances, the soil can be stabilized sufficiently by compaction alone. Usually, the local soil can be 

stabilized only with the addition of a reasonable amount of soil or gravel materials. Mechanical 

stabilization is used when soil or gravel materials with suitable grading and plasticity are 

unavailable locally. Mechanical stabilization involves mixing or blending two or more selected 

materials in the proportions required to modify particle size distribution and plasticity. Mixing can 

be carried out on site prior to final shaping and compaction. The alternative is to use grid rollers or 

rock crushers on site to arrive at an appropriate mix. Generally, mechanical stabilization requires 

the blending of soil and aggregates together in a well-graded (i.e., a complete range of particle 



  

sizes) mixture and compacting these to a high density. A common application of mechanical 

stabilization is the blending of a granular material lacking in fines with a sand-clay. This blending 

of the materials has the potential to improve strength, abrasion resistance, imperviousness, and 

compatibility. The following points should be observed in proportioning and blending mixtures: 

 Avoid complicated ratios, which are difficult for field control 

 Impossible to correct for grading below 75 micron sieve 

 Assure adequacy of pulverization and mixing operations 

LIME STABILIZATION 

Lime stabilization is more suitable for hot wet regions. Stabilization with lime will reduce the 

plasticity of the soil, increase its workability, reduce swell, and modify the material to provide 

optimum strength. For each type of soil there is an optimum lime content and the addition of 

further quantities in excess of the amount will adversely affect the properties of the mixture. The 

amount of lime necessary (percent by mass) to stabilize a material depends on the amount and type 

of clay mineral in the soil. The use of small amounts of lime (1 to 3 percent) may reduce the 

plasticity index and be sufficient to stabilize some soils such as clayey gravel with good grading 

but moderately high plasticity. The use of lime contents of 3 to 6 percent may result in considerable 

change in the material constitution. 

Lime, generally, reacts well with most plastic materials such as clayey sands (SC) and silty 

clays (ML). However, materials with plasticity indices lower than 10 may not react readily. Testing 

is necessary to determine the reactivity of the material to lime. The stabilized soil should retain 

some cohesion poorly graded clayey sand and gravels, when treated with small percentages of 

lime. If too much is added they can become friable (easily crumbled or pulverized) and become 

completely non-cohesive, causing failures. Consequently, base material treated with lime should 

conform to the grading requirements normally specified for untreated material. In general, all lime 

treated fine grained soils exhibit decreased plasticity, improved workability and reduced volume 

change characteristics. However, not all soils exhibit improved strength characteristics. It should be 

emphasized that the properties of soil-lime mixtures are dependent on many variables. Soil type, 

lime type, lime percentage and curing conditions (time, temperature, and moisture) are the most 

important. 

Various forms of lime have been successfully used as soil stabilizing agents for many years. 

However, the most commonly used products are hydrated high-calcium lime, monohydrated 

dolomitic lime, calcitic quicklime, and dolomitic quicklime. Hydrated lime is used most often 

because it is much less caustic than quicklime, however, the use of quicklime for soil stabilization 

has increased in recent years mainly with slurry type applications. The design lime contents 

determined from the criteria presented herein are for hydrated lime. If quicklime is used the design 

lime contents determined herein for hydrated lime should be reduced by 25 percent. However, the 

following points must also be taken into account before contemplating using lime stabilization to 

improve soil properties: 

 Stabilization of sub grades with lime is not recommended for the reduction of heaving 

where freeze-thaw cycles occur. 

 Organic matter will decrease Lime‘s effectiveness. 

 Normal range of lime is 1-1/2 to 8 percent. 

 Construction should be completed before winter, to allow for complete strength 

development. 

 Drainage must be adequate before stabilizing commences. 
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 Compact and shape to a tight finish. 

CEMENT STABILIZATION 

Portland cement can be used either to modify and improve the quality of the soil or to transform the 

soil into a cemented mass with increased strength and durability. The amount of cement used will 

depend upon whether the soil is to be modified or stabilized. Several different types of cement have 

been used successfully for stabilization of soils. Ordinary Portland cement and air-entraining 

cements have been used extensively in the past and gave about the same results. At the present 

time, sulfate resistant cement has largely replaced OPC as greater sulfate resistance is obtained 

while the cost is often the same. High early strength cement has been found to give a higher 

strength in some soils, because this type of cement has a finer particle size and a different 

compound composition than do the other cement types. 

Cement stabilization has been widely used in pavement construction. However, cement is 

usually not an appropriate stabilizing agent for the wearing course of a pavement. The cementitious 

bonds formed are not strong enough to resist the action of traffic without being protected by some 

kind of wearing surface. Also, because of the cementation, cement, unlike lime, cannot be 

reworked following initial mixing and subsequent setting and are not amenable to being reworked 

with maintenance equipment, such as graders. It can, however, be used as a sub-base stabilizing 

agent. Cement may be used to stabilize a wide range of soils, from fine-grained clays and silts to 

sandy materials. Generally, for fine grained materials, cement is used with clays or silts when the 

plasticity index (PI) is relatively low. Cement stabilization should be avoided in soils where the 

sulfate exceeds about 1%. 

The amount of cement required to improve the quality of the soil through modification is 

determined by the trial-and-error approach. If it is desired to reduce the PI of the soil, successive 

samples of soil-cement mixtures must be prepared at different treatment levels and the PI of each 

mixture determined. The minimum cement content that yields the desired PI is selected, but since it 

was determined based upon the minus 40 fraction of the material, this value must be adjusted to 

find the design cement content based upon total sample weight expressed in equation (1). 

A = 100BC                     (1) 

Where A = design cement content, percent total weight of soil 

      B = percent passing 400 micron sieve size, expressed as a decimal 

           C = percent cement required to obtain the desired PI of minus 400 micron material, 

expressed as a decimal 

However, if the objective of modification is to improve the gradation of a granular soil through 

the addition of fines then particle-size analysis should be conducted on samples at various 

treatment levels to determine the minimum acceptable cement content. 

STABILIZATION WITH LIME-FLYASH (LF) & LIME-CEMENT-FLYASH (LCF) 

Stabilization of coarse-grained soils having little or no fines can often be accomplished by the 

use of LF or LCF combinations. Fly ash, also termed coal ash, is a mineral residual from the 

combustion of pulverized coal. It contains silicon and aluminum compounds that, when mixed with 

lime and water, forms a hardened cementitious mass capable of obtaining high compressive 

strengths. Lime and fly ash in combination can often be used successfully in stabilizing granular 

materials since the fly ash provides an agent, with which the lime can react. All sand, gravel, and 

combination sand/gravel soils can be stabilized with lime-fly ash or lime-cement-fly ash 

combinations. The amount of fines in these soils should not exceed 12 percent and the Plasticity 



  

Index should not exceed 25. Thus LF or LCF stabilization is often appropriate for base and subbase 

course materials. 

Fly ash is classified according to the type of coal from which the ash was derived. Class C fly 

ash is derived from the burning of lignite or subbituminous coal and is often referred to as ―high 

lime‖ ash because it contains a high percentage of lime. Class C fly ash is self-reactive or 

cementitious in the presence of water, in addition to being pozzolanic. Class F fly ash is derived 

from the burning of anthracite or bituminous coal and is sometimes referred to as ―low lime‖ ash. It 

requires the addition of lime to form a pozzolanic reaction. 

Design with LF is somewhat different from stabilization with lime or cement. For a given 

combination of materials (aggregate, fly ash, and lime), a number of factors can be varied in the 

mix design process such as percentage of lime-flyash, the moisture content, and the ratio of lime to 

fly ash. It is generally recognized that engineering characteristics such as strength and durability are 

directly related to the quality of the matrix material. The matrix material is that part consisting of 

fly ash, lime, and minus aggregate fines. Basically, higher strength and improved durability are 

achievable when the matrix material is able to ―float‖ the coarse aggregate particles. In effect, the 

fine size particles overfill the void spaces between the coarse aggregate particles. For each coarse 

aggregate material, there is a quantity of matrix required to effectively fill the available void spaces 

and to ―float‖ the coarse aggregate particles. The quantity of matrix required for maximum dry 

density of the total mixture is referred to as the optimum fines content. In LF mixtures it is 

recommended that the quantity of matrix be approximately 2 percent above the optimum fines 

content. At the recommended fines content, the strength development is also influenced by the ratio 

of lime to fly ash. Adjustment of the lime-fly ash ratio will yield different values of strength and 

durability properties. 

BITUMINOUS STABILIZATION 

Stabilization of soils and aggregates with asphalt differs greatly from cement and lime 

stabilization. The basic mechanism involved in asphalt stabilization of fine-grained soils is a 

waterproofing phenomenon. Soil particles or soil agglomerates are coated with asphalt that 

prevents or slows the penetration of water which could normally result in a decrease in soil 

strength. In addition, asphalt stabilization can improve durability characteristics by making the soil 

resistant to the detrimental effects of water such as volume. In non-cohesive materials, such as 

sands and gravel, crushed gravel, and crushed stone, two basic mechanisms are active: 

waterproofing and adhesion. The asphalt coating on the cohesionless materials provides a 

membrane which prevents or hinders the penetration of water and thereby reduces the tendency of 

the material to lose strength in the presence of water. The second mechanism has been identified as 

adhesion. The aggregate particles adhere to the asphalt and the asphalt acts as a binder or cement. 

The cementing effect thus increases shear strength by increasing cohesion. Criteria for design of 

bituminous stabilized soils and aggregates are based almost entirely on stability and gradation 

requirements. Freeze-thaw and wet-dry durability tests are not applicable for asphalt stabilized 

mixtures. 

Bituminous stabilization is more suitable for hot dry areas. The addition of bituminous binder 

is intended to provide cohesion for non-plastic materials and to reduce water penetration through 

the soil. Bituminous stabilization is best suited to granular materials, and material that can be 

readily granulated. Bitumen stabilized material has limitations when used as the wearing course for 

pavement. Unless substantial quantities of bitumen are added, its binding action will be insufficient 

to prevent ravelling from traffic and weathering. Such higher bitumen content will usually be 



31 | Ground Improvement and Ground Control including Waste Containment with Geosynthetics  

 

 

 

uneconomical. Gravels, sandy loam (SM), sand-clays (SC) and crushed rock have been 

successfully treated using bituminous stabilization. Fine-grained soils with increasing amounts of 

material passing a 75 micron sieve can be stabilized with bitumen; however, they will require 

increasing quantities of asphalt material and increasing costs accordingly. Materials with a PI of 

less than 10 are most suited to this form of stabilization. The bituminous stabilized soils are of 

following three types: 

Sand bitumen: A mixture of sand and bitumen in which the sand particles are cemented together to 

provide a material of increased stability. 

Gravel or crushed aggregate bitumen: A mixture of bitumen and a well-graded gravel or crushed 

aggregate that, after compaction, provides a highly stable waterproof mass of subbase or base 

course quality. 

Lime bitumen: A mixture of soil, lime, and bitumen that, after compaction, may exhibit the 

characteristics of any of the bitumen-treated materials indicated above. Lime is used with materials 

that have a high PI, i.e. above 10. 

Bituminous stabilization is generally accomplished using asphalt cement, cutback asphalt, or 

asphalt emulsions. The type of bitumen to be used depends upon the type of soil to be stabilized, 

method of construction, and weather conditions. In frost areas, the use of tar as a binder should be 

avoided because of its high temperature susceptibility. Asphalts are affected to a lesser extent by 

temperature changes, but a grade of asphalt suitable to the prevailing climate should be selected. As 

a general rule, the most satisfactory results are obtained when the most viscous liquid asphalt that 

can be readily mixed into the soil is used. For higher quality mixes in which a central plant is used, 

viscosity-grade asphalt cements should be used. Much bituminous stabilization is performed in 

place with the bitumen being applied directly on the soil or soil-aggregate system and the mixing 

and compaction operations being conducted immediately thereafter. For this type of construction, 

liquid asphalts, i.e., cutbacks and emulsions are used. Emulsions are preferred over cutbacks 

because of energy constraints and pollution control efforts. The specific type and grade of bitumen 

will depend on the characteristics of the aggregate, the type of construction equipment, and climatic 

conditions. 

STABILIZATION WITH LIME-CEMENT AND LIME-ASPHALT 

The advantage in using combination stabilizers is that one of the stabilizers in the combination 

compensates for the lack of effectiveness of the other in treating a particular aspect or 

characteristics of a given soil. For instance, in clay areas devoid of base material, lime has been 

used jointly with other stabilizers, notably Portland cement or asphalt, to provide acceptable base 

courses. Since Portland cement or asphalt cannot be mixed successfully with plastic clays, the lime 

is incorporated into the soil to make it friable, thereby permitting the cement or asphalt to be 

adequately mixed. While such stabilization practice might be more costly than the conventional 

single stabilizer methods, it may still prove to be economical in areas where base aggregate costs 

are high. Two combination stabilizers are considered: lime-cement and lime-asphalt. 

Lime-cement: Lime can be used as an initial additive with Portland cement or the primary 

stabilizer. The main purpose of lime is to improve workability characteristics mainly by reducing 

the plasticity of the soil. The design approach is to add enough lime to improve workability and to 

reduce the plasticity index to acceptable levels. The design lime content is the minimum that 

achieves desired results. 



  

Lime-asphalt: Lime can be used as an initial additive with asphalt as the primary stabilizer. The 

main purpose of lime is to improve workability characteristics and to act as an anti-stripping agent. 

In the latter capacity, the lime acts to neutralize acidic chemicals in the soil or aggregate which tend 

to interfere with bonding of the asphalt. Generally, about 1-2 percent lime is all that is needed for 

this objective. 

LIME TREATMENT OF EXPANSIVE SOILS 

Expansive soils as defined for pavement purposes are those that exhibit swell in excess of three 

percent. Expansion is characterized by heaving of a pavement or road when water is imbibed in the 

clay minerals. The plasticity characteristics of a soil often are a good indicator of the swell 

potential. If it has been determined that a soil has potential for excessive swell, lime treatment may 

be appropriate. Lime will reduce swell in an expansive soil to greater or lesser degrees depending 

on the activity of the clay minerals present. The amount of lime to be added is the minimum 

amount that will reduce swell to acceptable limits. The depth to which lime should be incorporated 

into the soil is generally limited by the construction equipment used. However, 60 to 90 cm 

generally is the maximum depth that can be treated directly without removal of the soil. 

STABILIZATION WITH GROUND GRANULATED BLAST FURNACE SLAG 

Ground granulated blast furnace slag (ggbs) is a by-product from the blast-furnaces used to make 

iron. These operate at a temperature of about 1500o C and are fed with a carefully controlled 

mixture of iron-ore, coke and limestone. The iron ore is reduced to iron and the remaining materials 

form a slag that floats on top of the iron. This slag is periodically tapped off as a molten liquid and 

if it is to be used for the manufacture of ggbs it has to be rapidly quenched in large volumes of 

water. The quenching optimises the cementitious properties and produces granules similar to coarse 

sand. This ‗granulated‘ slag is then dried and ground to a fine powder in sophisticated production 

facilities, capable of processing up to half a million tonnes annually, to tightly controlled fineness. 

The ggbs powder is very-slow setting cement in its own right but, for most practical purposes, it 

needs to be activated and accelerated by alkali. 

On its own, ggbs has only slow cementitious properties and Portland cement normally 

provides the alkalinity to activate and accelerate these properties. Lime can also be used to provide 

the necessary alkali for activation. Laboratory research and field trials have confirmed that sulfides, 

as well as sulfates, are liable to cause disruptive expansion in stabilised soils. It has been shown 

that ggbs+lime combinations are practical and effective options for soil stabilization, and provide 

technical benefits. In particular the incorporation of ggbs, is very effective at combating the 

expansion associated with the presence of sulfate or sulfide in soil. Lime+ggbs stabilization offers 

other advantages for soil stabilization: 

 A slower early-rate of strength development gives considerably more time for construction 

operations. 

 There is also extra ability to self-heal, in the case of early-life damage caused by 

overloading 

 In the long-term, there is an increased strength that will improve the structural performance 

CHEMICAL STABILIZATION 

Various chemical compounds, including calcium chloride and magnesium chloride have often been 

used as stabilizers on an experimental basis, as stabilizers. The use of chemicals may possibly 

provide short-term advantages by acting as a dust suppressant and providing binding action to form 
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a hard running surface. However, the long-term advantages appear to be limited as a result of 

leaching of the stabilizer from the pavement. Because of the life expectancy, and possible adverse 

effects from using some chemicals, their use in the treatment of pavement materials is not 

recommended as a long-term solution to materials instability. The benefits and costs of using 

chemicals compared to a bituminous seal or stabilization by mechanical means or using lime or 

cement needs to be analyzed in the light of relevant experience. This experience to date appears to 

indicate that the benefits from using chemical stabilization may be short-lived due to the effects of 

leaching of the chemical from the treated material. 

In addition to the above chemicals, several proprietary brands of stabilizers are available. 

These products are generally byproducts of manufacturing processes such as pulp and wood 

processing, and to date appear to perform similarly to the chemical discussed above, particularly 

with respect to their life span and effectiveness. Nevertheless, authorities have used such products 

with varying degrees of success depending on the function to be performed or the problem to be 

overcome. 

STABILIZATION WITH GEOTEXTILES 

Geotextiles can be used over very soft soils to help spread loads through their tensile strength 

properties and thereby increase the locations load bearing capacity. Geotextiles can also act as a 

separator to prevent excess fines from penetrating a granular material placed over it or as a water 

barrier to prevent moisture from entering the pavement, whenever any cover aggregate is to be 

added to a soil containing more than 10 percent fines; a geotextile is required as a separation layer. 

Geotextiles can be used to construct various drainage layers within and next to the pavement to 

control and remove excess moisture. The use of geotextiles, especially for expedient applications, 

will facilitate trafficking over low bearing capacity soils. Geotextiles can reduce or eliminate the 

need for more conventional stabilization materials. When used for separation the geotextile should 

meet drainage or filter requirements for the local soil conditions. The geotextile openings should be 

sized to prevent soil particle movement. The geotextile must have the strength to meet survivability 

requirements related to the sub grade conditions and cover arterials. Design procedures exist where 

the geotextile is to be used as either as a water barrier or for reinforcement. To operate as a water 

barrier the geotextile must normally be coated with a bitumen material. Seams between geotextile 

sheets may be field seamed together by different methods; however, in the field, they are usually 

just overlapped a given distance to eliminate fastening problems. 

STABILIZATION USING FIBERS, AND PREFABRICATED MATERIALS 

Stabilization using fibers involves mixing hair-like fibers into the moist soil using a pulver-mixer. 

Fiber stabilization is most applicable for sands and silty sands that are classified as SW, SP, SM, 

and some SM-SC types of soils. The use of fibers in high-plasticity soils has had inconsistent 

results; therefore, their use should normally be limited to the coarse grained soil types as mentioned 

above. The fabricated materials referred to for soil stabilization include Uni-Mat, Hex-Mats, and 

any other fabricated material that can be used as a trafficking surface to support loads on a soft soil. 

STABILIZATION WITH RICE HUSK ASH AND LIME SLUDGE 

The substantial amounts of waste materials like rice husk ash and lime sludge are being produced 

by various industries throughout the country as a by-product. These materials are causing 

hazardous effects to the lands and surroundings and a great problem for their disposal. Use of this 

waste material in road construction can alleviate the problem of their disposal to great extent. In 

India, studies were conducted at IIT Roorkee for its use in stabilizing the soil mass, the results 



  

indicated that its usage having great impact on the improvement of soil properties. The study 

suggested that it is very useful for stabilizing the clayey soils. The results of the study are given 

below: 

 lt increases the liquid limit and plastic limit thereby decreasing the PI value of soil 

 It increases the unconfined compressive strength of soil. 

 It increases the soaked CBR of the soil. 

 The optimum proportioning of lime sludge and rice husk ash for maximum unconfined 

compressive strength and lowest plasticity index is 16% and 10% respectively. 

 The soaked CBR however kept on increasing at 15% and 20% rice husk ash. 

CONCLUDING REMARKS 

Soil stabilization is the alteration of one or more soil properties, by mechanical or chemical means 

to create an improved soil material possessing the desired engineering properties. Soils may be 

stabilized to increase strength and durability or to prevent erosion and dust generation. Regardless 

of the purpose for stabilization, the desired result is the creation of a soil material or soil system 

that will remain in place under the design use conditions for the design life of the project. 

Engineers are responsible for selecting or specifying the correct stabilizing method, technique, and 

quantity of material required. In India, soils vary from place to place, and the engineering 

properties of soils are equally variable. The key to success in soil stabilization is soil testing. The 

method of soil stabilization selected should be verified in the laboratory before construction and 

preferably before specifying or ordering materials. 
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Identification and classification of problematic soils  
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Department of Civil Engineering, Guru Nanak Dev Engineering College, Ludhiana, Punjab 

INTRODUCTION 

Even though the soil is a weathered product of rocks, they do not truly represent the behavior as to 

that of its parent rock. Because of different process of weathering such as physical, chemical and 

physio–chemical, the weathered derivatives of rock all together behave differently. Physically 

weathered rock mass to some an extent closely represents the parent rock materials, for instance 

gravel and sand. On the other hand, chemically weathered rock mass result in the formation of 

totally different materials such as clay. Because of the formation of new minerals, the soils such as 

clay exhibit a different characteristic with respect to change in the environmental condition. 

Needless to say, gravel and sand are regarded as a good quality material and being so they are 

suitable for any civil engineering applications, except the situation where permeability is to be 

controlled. Whereas clays, chemically weathered rock mass, show volume change behavior on the 

addition and removal of moisture content. Because of the mineralogical composition, there is a 

considerable change exist among the different clays. The dominant mineral groups present in clays 

are kaolinite, montmorillonite and Illite. In general, montmorillonite mineral enriched clays show 

poor shear strength, high compressibility, high volume change (both swelling and shrinkage) and 

low permeability, for example block cotton soil. On the other hand, kaolinite mineral enriched soil 

exhibit high shear strength, low compressibility, high permeability and low volume changes, for 

example red soil. Whereas Illitic mineral enriched soils show the behavior in between 

montmorillonite and kaolinite clays. 

Apart from weathering process responsible for the soil behavior, it is equally important that the 

natural agents are also responsible for soil to ensure a specific characteristic. If wind is the agent for 

transfer of weathered rocks, it results in aeoline deposits which are cohesionless soils such as 

gravel and the sand. If water is the agent for movement of weathered rock products, it results in the 

formation of alluvial deposit and their suitability has construction material is varying from poor to 

fair. Other deposits are glacial, marine, beach, etc. Residual deposits are the one which is not 

transported to farther distances. 

Suitability of any soil can be assessed based on its properties. The soil properties include index 

and engineering properties. The index properties are specific gravity, void ratio, liquid limit, plastic 

limit, shrinkage limit, relative density, dry density, porosity, initial water content, grains size 

distribution etc. The engineering properties are shear strength, compressibility and permeability. 

There are some specific properties of soil also a geotechnical engineer will come across called 

expansivity and shrinkage. Unlike other material, soil behaviour is influenced by many factors such 

as mineralogy, water content, void ratio, soil structure, porefliuid characteristics (Ion concentration 

, valancy of iorn , dielectric constant) , temperature, drainage, condition, strain rate, aging etc. 

Beside the complexity of understanding soil, geotechnical engineers made their best efforts to 

group the soil based on its specific response to different environmental conditions. 

With the efforts of researchers, soil can be classified as high compressible and low 

compressible, expansive & non expansive, sensitive & insensitive, high plastic & low plastic, very 

soft to stiff clay, loose and dense sand etc. In this note, the identification and classification of 



  

different soils are presented in order to classify the good and poor soil, otherwise called as 

Problematic soil.  

IDENTIFICATION AND CLASSIFICATION OF SOILS 

Liquid Limit 

Liquid limit values of soils may be described as low, intermediate, high very high or extra high 

plasticity as given below in Table 1. 

Table 1: Plasticity Classification based on Liquid limit 

Plasticity Classified as Liquid limit (%) 

Low 20 to 35 

Intermediate 35 to 50 

High 50 to 70 

Very high 70 to 90 

Extra high Over 90  

Plasticity Index 

No uniform standard is adopted in classifying degree of plasticity of soils. However, the 

classification given below in Table 2 is approximately the one which is often used and hence is 

recommended. 

Table 2: Plasticity Classification based on Plasticity Index 

Soil classified as Plasticity Index (%) 

Non – Plastic 0-5 

Moderately Plastic 5-16 

Plastic 16-35 

Highly plastic Over 35 

 

Shrinkage Limit 

Shrinkage limit of soil is on indication of not only the shrinkage potential of clays but also and 

indicative of swelling nature. Lesser the shrinkage limit higher the shrinkage potential and swelling 

potential and vice versa. These 3 can be used for classifying shrinkage nature of soil based on 

shrinkage limit.  

Table 3: Swelling and Shrinkage Classification based on Shrinkage Limit 

Classified as Shrinkage table /  

Swelling detail 

Shrinkage limit  

(%) 

Very Low <1 

Low 8 to 10 

Intermediate 11 to 15 

High 16 to 20 

Very high Over 20 

Indian Standard Classification System 

Indian Standard Classification (ISC) system adopted by Bureau of Indian Standards is in many 

respects similar to the Unified Soil Classification (USC) system. However, there is one basic 

difference in the classification of fine-grained soils. The fine-grained soils in ISC system are 
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subdivided into three categories of low, medium and high compressibility instead of two categories 

of low and high compressibility in USC system. A brief outline of Classification and Identification 

of Soils for general engineering purposes (IS: 1498-1970 is given below. ISC system classifies the 

soils into 18 groups as per Tables 4, 5 and 6. Soils are divided into three broad divisions: 

 Coarse-grained soils, when 50% or more of the total material by weight is retained on 75 

micron IS sieve. 

 Fine-grained soils, when more than 50% of the total material passes 75 micron IS sieve. 

 If the soil is highly organic and contains a large percentage of organic matter and particles 

of decomposed vegetation, it is kept in a separate category marked as peat (Pt). 

There are 18 groups of soils: ‗8‘ groups of coarse- grained, ‗9‘ groups of fine- grained and one of 

peat. Basic soil components are given in Table 4. 

1. Coarse-grained Soils: Coarse-grained soils are subdivided into gravel and sand. The soil is 

termed gravel (G) when more than 50% of coarse fraction (plus 75 is retained on 4.75 mm IS sieve, 

and termed sand (S) if more than 50% of the coarse fraction is smaller than 4.75 mm IS sieve. 

Coarse-grained soils are further subdivided as given in Table 5 into 8 groups. 

2. Fine-grained Soils: The fine-grained soils are further divided into three subdivisions, 

depending upon the values of the liquid limit: 

a. Silts and clays of low compressibility: These soils have a liquid limit less than 35 

(represented by symbol L). 

b. Silts and clays of medium compressibility: These soils have a liquid limit greater than 35 

but less than 50 (represented by symbol I). 

c. Silts and clays of high compressibility: These soils have a liquid limit greater than 50 

(represented by symbol H). 

d. Fine-grained soils are further subdivided, in 9 groups as given in Table 6  

Table 4: Basic Soil Components in ISC System 

Soil Soil components Symbol Particle size range and description 

i) Coarse 

Grained 

components 

Boulder None Rounded to angular, bulky, hard, rock, particle; 

average diameter more than 300 mm 

 Cobble None Rounded to angular, bulky, hard, rock particle; 

average diameter smaller than 300 mm but retained 

on 80 mm IS sieve 

 Gravel G 
Rounded to angular, bulky, hard, rock particles; 

passing 80 mm IS sieve but retained on 4.75 mm IS 

sieve Coarse : 80 mm to 20 mm IS sieve Fine : 20 

mm to 4.75 mm IS sieve 

 Sand S 
Rounded to angular, bulky, hard, rock particle;  

passing 4.75 mm IS sieve, but retained on 75 micron  

sieve Coarse : 4.75 mm to 2.0 mm IS sieve Medium : 

   2.0 mm to 425 micron IS sieve Fine : 425 micron to 

   65 micron IS sieve 

(ii) Fine-grained 

components 

Silt M Particles smaller than 75 micron IS sieve; identified 

by behavior, that is, slightly plastic or non-plastic 

regardless of moisture and exhibits little or no 

strength when air-dried. 



  

 Clay C 
Particles smaller than 75 micron IS sieve: identified 

by behavior, that is, it can be made to exhibit plastic 

properties within a certain considerable strength 

when air dried. 

 Organic matter O 
Organic matter in various sizes and stages of 

decomposition. 

Boundary Classifications 

Most often, it is not possible to classify a soil into any one of 18 groups discussed above. A soil 

may possess characteristics of two groups, either in particle size distribution or in plasticity. For 

such cases, boundary classifications occur and dual symbols are used. 

a. Boundary classification for coarse-grained soils  

The following boundary classification can occur for these types of soils: 

Boundary classifications within gravel group or sand group can occur. The following 

classifications are common. 

GW-GP, GM-GC, GW-GM, GW-GC, GP-GM 

SWSP, SMSC, SWSM, SWSC, SP—SM 

While giving dual symbols, first write a coarser soil then a finer soil. Boundary classification can 

occur between the gravel and sand groups such as GW—SW, GPSP, GM—SM, and GC-SC 

The rule for correct classification is to favor the non-plastic classification. For example, a gravel 

with 10% fines, Cu = 20 and Ce = 2.0 and Ip = 6 will be classified as GW—GM, and not GW—

GC.  

Table 5: Classification of Coarse – grained Soils (ISC System) 

Division Subdivision 
Group  

symbol 

Typical  

names 
Laboratory Criteria Remark 

Coarse 

grained 

soils 

(More 

than half 

of 

material is 

larger 

than 75-

micron IS 

sieve size) 

Gravel 

(G) 

(more 

than half 

of coarse 

fraction 

is larger 

than 4.75 

mm IS 

sieve) 

Clean 

gravels 

(Fines less 

than 5%) 

GW Well 

graded 

gravel

s 

Cu greater than Cc between 

1 

When fines 

are 

between 

5% to 

12%, 

border 

line 

cases 

requiring 

dual 

GP Poorly 

graded 

gravel

s 

Not meeting all gradation 

requirements for GW 

Gravels 

with 

appreciabl

e amount 

of fines 

(Fines 

more than 

12%) 

GM Silty 

gravel

s 

Atterberg 

Limits 

below A-

line or 

Ip less than 

Atterberg 

Limits 

plotting 

above A-line 

with Ip 

between 4 

and 7 are 

border-line 

cases 

requiring use 

of dual 

symbol 

GM—GC 

GC Clayey  

gravel

s 

Atterberg 

limits 

above A- 

line and Ip 

greater 

than 7 

Sand (S) 

(Mute 

than half 

of coarse 

fraction 

is smaller 

Clean 

sands 
(Fines less 

than 5%) 

SW Well- 

graded 

sands 

Cu greater than 6 Cc 

between 1 and 3 

SP Poorly

- 

graded 

sands 

Not meeting all gradation 

requirements for SW 
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than 4.75 

mm IS 

sieve) 

Sands 

with, 

appreciable 

amout of 

fines 

(Fines 
more than 
12%) 

SM silty 

sands 

Atterberg 

Limits 

below A- 

line or Ip 

less than 

4 

Atterberg's 

Limits 

plotting 

above A-line 

with Ip 

between 4 

and 7 are 

borderline  

requiring use 

of double 

symbols 

SM—SC 

 SC Clayey 

sands 

Atterber

g limits 

above A 

line with 

Ip 

greater 

than 7 

(b) Boundary classification for fine-grained soils. 

1. Within the same compressibility subdivision, such as ML-CL, ML—OL, CL-OL; CI—Ml MI—

OI, CI-OI; MH-CH, MH—OH; CH-OH. First write a coarser soil when there is a choice and then a 

finer soil. 

2. Between low and medium compressibility, such as ML—MI, CL—CI; OL-OI 

3. Between medium and high compressibility ML-MH, CI-CH, OI-OH 

4. Boundary Classification between coarse-grained and fine-grained soils. Boundary classification 

can occur between a coarse-grained soil and a fine- grained soil, such as SM-ML, SC—CL 

Table 6: Classification of Fine – grained Soils (ISC System) 

Division 
Subdivisio

n 

Group  

Symbol 
Typical 

names 

Laboratory Criteria  

(see Fig 5.6) Remarks 

 Fine- 

grained 

soils' 

(more 

than 50% 

pass 

75micron 

IS sieve) 

Low- 

compressibi

lity 

(L) (Liquid 

Limit less 

than 35%) 

ML Inorganic 

silts with 

none to 

low 

plasticity 

Atterberg 

limits plot 

below A- 

line or Ip 

less than 7 

Atterberg 

limits 

pioting 

above A- 

line with IP 

between 4 

to 7 

(hatched 

zone) ML- 

CL 

(1) Organic and 

inorganic soils 

plotted  

in the same zone in 

plasticity chart are 

distinguis-1 hed by 

odour and colour or 
liquid limit test 

after oven-drying.  

 

A  reductionin liquid 

limitafter oven-
dryingto a value 
less than 

three-fourth of the  

liquid limit before 

oven-drying is  

positive 

identification of 

organic soils. 

(2) Black cotton 

soils of India lie 

along a band partly 

above the A-line 

CL Inorganic 

clays of 

low 

plasticity 

Atterberg 

limits plot 

above A-

line and 

Ip greater 
than 7 

OL Organic 

silts of low 

plasticity 

Atterberg limits plot 

below 

A-line 

Intermediat

e 

compressibi

lity (i) 

(Liquid 

limit greater 

than 35% 

MI Inorganic 

silts of 

medium 

plasticity 

Atterberg limits plot 

below 

A-line 



  

but less 

than 50% 

CI Inorganic 

clays of 

medium 

plasticity 

Atterberg limits plot 

above 

A-line 

and partly below the 

A-line 

 

OI Organic 

silts of 

medium 

plasticity 

Atterberg limits plot 

below A-line 

High 

compressibi

lity 

 (Liquid limit 

greater than 

50%) 

MH Inorganic 

silts of 

high 

compressib

ility 

Atterberg limits plot 

below A-line 

CH Inorganic 

clays of 

high 
plasticity 

Atterberg limits plot 

above A-line 

OH Organic 

clays of 

medium to 

high 

plasticity 

Atterberg limits plot 

below A-line 

Highly 

organic 

soil 

  Pt Peat and 

other 

highly 

organic 

soils 

Readily identified by 

colour, odour, spongy 

feel and fibrous texture 

FIELD IDENTIFICATION OF SOILS 

The soils can be identified in the field by conducting the following simple tests. The sample is first 

spread on a flat surface. If more than 50% of the particles are visible to the naked eye (unaided 

eye), the soil is coarse-grained; otherwise, and it is fine grained. 

The fine-grained particles are smaller than 75 µ size and are not visible to unaided eye. The 

fraction of soil smaller than 75 µ size, that is, the clay and silt fraction, is referred to as fines. 

Coarse-grained soil: if the soil is coarse-grained, it is further identified by estimating the 

percentage of (a) gravel size particles (4.75 mm to 80 mm), (b) sand size particles, (75 µ to 4.75 

mm) and (c) silts and clay size particles (smaller than 75 µ size). Gravel particles are larger than 

4.75 mm size and can be identified visually. 

If the percentage of gravel is greater than that of sand, the soil is gravel; otherwise, it is sand. 

Gravels and sands are further classified as clean if they contain fines less than 5% and as dirty if 

they contain fines more than 12%. Gravels and sands containing 5 to 12% fines are given boundary 

classification. The fine fraction of the coarse-grained soils is identified using the procedure given 

below for fine- grained soils to determine whether it is silty or clayey. To differentiate fine sand 

from silt, dispersion test is adopted. When a spoonful of soil is poured in a jar full of water, fine 

sand settles in a minute or so, whereas silt takes 15 minutes or more. 

Fine-grained soils: If the soil is fine-grained, the following tests are conducted for identification on 

the fraction of the soil finer than the 425-micron IS sieve to differentiate silt from clay. 

a. Dilatancy (reaction to shaking) test: A small pat of moist soil of about 5 ml in volume is 

prepared. Water is added to make the soil soft but not sticky. The pat is placed in the open palm of 

one-hand and shaken horizontally, striking against the other hand several times during shaking. If 

the soil gives a positive reaction, the water appears on its surface which changes to a lively 

consistency and appears glossy. When the pat is squeezed between the fingers, the water and gloss 

disappear from the surface. It becomes stiff and ultimately crumbles. The rapidity with which water 

appears on the surface during shaking and disappears during squeezing is used in the identification 
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of fine-grained soils (Tables 7). The larger the size of the particles, the quicker is the reaction. The 

reaction is called quick if water appears and disappears quickly. The reaction is termed slow if 

water appears and disappears slowly. For no reaction, the water does not appear at the surface. 

b. Toughness test: The pat used in the dilatancy test is dried by working and remoulding until it has 

the consistency of putty. The time required to dry the pat depends upon the plasticity of the soil. 

The pat is rolled on a smooth surface or between the palms into threads of about 3 mm in diameter. 

The thread is folded and re- rolled to reduce the water is soil, due to evaporation by heat of hand, 

until the 3 mm diameter thread just crumbles. The water content at that stage is equal to the plastic 

limit and the resistance to moulding at that stage is called the toughness. After the thread crumbles, 

the pieces of the sample are lumped together and subjected to kneading until the lump also 

crumbles. The tougher the threads at the plastic limit and the stiffer the kneaded lump just before it 

crumbles, the higher is the toughness of the soil. The toughness is low if the thread is weak and the 

soil mass cannot be lumped together when drier than plastic limit. The toughness is high when the 

lump can be moulded drier than plastic limit and high pressure is required to roll the thread. The 

toughness depends upon the potency of the colloidal clay.  

Table 7: Field Identification Tests 

Test ML CL OL MI CI CI MH CH OH 

Dilatancy Quick None to 

very slow 

Slow Quick to 

slow 

None Slow Slow to 

none 

None None to 

very slow 

Toughness None Medium Low None Medium Low 
Low to 

medium 
High Low to 

medium 

Dry strength None 

of low 

Medium Low Low Medium to 

high 

Low to 

medium 

Low to 

medium 

High to 

very high 

Medium 

to high 
 

c. Dry strength test: The pat of the soil is completely dried by air drying, sun drying or oven-

drying. The dry strength is determined by breaking the dried pat and crumbling it between fingers. 

The dry strength is a measure of plasticity of the soil. The dry strength depends upon the colloidal 

fraction of the soil. The strength is termed high if the dried pat cannot be powdered at all; medium, 

if considerable pressure is required; and low, if the dry pat can be easily powdered. 

CHARACTERISTICS OF SOILS OF DIFFERENT GROUPS 

General characteristics of the soils of various groups as classified by ISC system and USC system 

are given in Table 8. The information given in the table 8 should be considered as a rough guidance 

about the engineering properties of soils. For complete information, the tests should be conducted 

and the engineering properties determined. 

Table 8: General Behavior of Soils 

Soil Group Permeability Compressibility Shear Strength Workability 

(a)  Gravels 

G

W 

GP 

G

M 
GC 

Pervious 
Very pervious 

Semi-pervious to 

impervious 

Impervious 

Negligible  

Negligible  

Negligible 

Very low 

Excellent 

Good  

Good 

Good to fair 

Excellent 

Good  

Good 

Good 



  

(b)  Sands 

S

W 

SP 

SM 

SC 

Pervious 

Pervious Semi-
pervious to 
impervious 
Impervious 

Negligible 

Very low 

Low 

Low 

Excellent 

Good  

Good 

Good to fair 

Excellent 

Fair  

Fair 

Good 

(C) Low & medium 

Plasticitysilt & 

clays 

ML, MI 

CL, CI  

OL, OI 

Semi-pervious to 

impervious 

Impervious 

Semi-pervious to 

impervious 

Medium 

Medium  

Medium 

Fair  

Fair  

Fair 

Fair 

Good to fair Fair 

(D) High- plasticity 

silts & clays 

MH 

CH  

OH 

Semi-pervious to 

impervious 

Impervious 

Impervious 

High 

High  

High 

Fair to poor 

Poor  

Poor 

Poor 

Poor  

Poor 

CLASSIFICATION OF EXPANSIVE SOILS 

Damages to structures, property and life resulting from swell-shrink characteristics of expansive 

soils have been reported from many parts of the world including India. India, Africa, Australia, 

Israel, South America and United States of America possess vast tracts covered with such soils. 

Our Black Cotton soil is an expansive soil. It extends nearly one-fifth of our country, chiefly in the 

states of Tamil Nadu. Maharashtra, Gujarat, Madhya Pradesh, Southern Uttar Pradesh, Eastern 

Rajasthan, Karnataka and parts of Andhra Pradesh. 

Most of the expansive soils found in India are black in color and are good for growing cotton. 

Hence they have acquired the name black cotton soils. .Some of these soils is reddish brown and 

yellowish grey in colors. These soils are generally found near the surface, with layer thickness 

varying from 0.5 m to 10.m, and sometime more than 10m. Typical properties of black cotton soils 

are given in Table 9. 

Once an expansive soil is encountered at the project site, the following items need to be given 

specific attention viz; 

i. Swell – shrink characteristics of soil encountered. 

ii. Thickness and depth of various underlying soil layers 

iii. Depths of significant moisture variation. 

iv. Local climate and hydrology. 

v. Floor-foundation system; ability to accommodate and tolerate the soil behavior. 

vi. Methods of improving the soil behavior. 

Table 9: Typical Characteristics of Black Cotton Soils (Expansive Soils) 

Sl.No Characteristics Normal Range of Values 

 

 

1 

22 

 

 

 

 

 

 

 

 

 

 

 

Grain size distribution 
 

 

 Gravel 
 

0 to 10%; 15 to 25% 

 Sand 

15 to 30% 25 to 

70% 

 

 Silt  

 Clay  
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 Consistency limits 8-18% 

 Liquid limit 1.6 to 2.75 

1.7  8 to 9 

0.4 to 2.4% 40  
Plastic limit 
Plasticity index Shrinkage limit 

8 to 9 

0.4 to 2.4% 40 

 Swelling pressure 8.0 kg/cm
2
 

A check list furnished in Table 10 would be useful in recognizing expansive soils in the field. If the 

answer to any of the question in the checklist is ―yes‖, soil may be expansive indicating need for 

further testing. Soil showing shrinkage cracks in dry season, can definitely be taken as expansive 

soil. Table 11 shows the classification of expansive clays based on liquid, plastic and shrinkage 

limits. These will show the classification of expansive clays based on liquid, plastic and shrinkage 

limits. In general, higher the plasticity characteristics, higher is the swelling nature provided if the 

soils are having expansive montmorillonitic mineral. 

Table 10 Checklists for Recognition of Expansive Soil 

S. No Item to be checked 
Answers 

Yes No 

 Are the soils nearby the project area known to be expansive?  
 Are there evidences of cracks in walls, curbs, sidewalks,   

 pavement etc. in nearby construction?  

 Are there shrinkage cracks in the soil (in dry season)?  

 Does the soil behave as a very sticky soil, sticking to shoes,  

 types etc. when wet?  

 If you take a lump of dry soil and try to break it between fingers, do you find 

the soil hard and difficult to break? 
 

 If you select a large lump of dry soil (say about one kg) and  

 raise it chest high and drop it on hard surface (pavement),  

does the soil stay as lump (s), without breaking up into a 
 

 number of small pieces? (Breaking of thin edges or sharp corners or 

breaking into 2 or 3-major-pieces because of existence of shrinkage cracks 

shall be discarded). 

 

 If you take (or make) a wet soil with moisture content that would permit easy 

molding with light finger pressure and then remould and roll it to threads of 

approximately 3 mm in" diameter, can a thread, a few cm. long, stand on its 

own weight when held down at one end? 

 

 If you make a uniform paste of soil and water (water content should be almost 

same as item 7 above) on the palm of your hand and strike the lower part of 

your hand against the other hand in rapid but short strokes (5 to 8 cm long) for 

10 to 15 times, does the soil look almost the same as when you started without 

shiny surface? 

 

 If you take a ball of wet soil (similar to that in item 8 above) and drop it on a 

piece of smooth, dry glass plate from a height of about 45 cm and turn the glass 

upside down (soil towards ground), slightly tilted and tap the top of the glass 

plate with your finger tips, does the soil remain stuck in the original position 

on the glass instead of falling off or sliding? 

 

Note: A‖ yes‖ answer to any of the above questions may indicate an expansive soil and a need for further testing 

and study.  



  

Table 11: Classification Expansive Soils 

% Colloids PI % SL % LL % Swelling Potential 

<15 <18 <15 <39 Low 

13-23 15-28 10-16 39-50 Medium 

20-3 1 25-41 7-12 50-63 High 

>28 >35 >11 >63 Very high  

SENSITIVE SOILS 

Some clay have a curious property called sensitivity, which means their strength in a remolded or 

highly disturbed condition is less than that in an undisturbed condition at the same moisture 

content. These highly sensitive clays are called quick clays, are found in certain areas of Eastern 

Canada, parts of Scandinavia, and elsewhere. This behavior occurs because these clays have a very 

delicate structure that is disturbed when they are remolded. The degree of sensitivity is defined by 

the parameter S1, the ratio of undisturbed shear strength to the remolded shear strength. 

S1= Sundisturbed 

        Sremoulded 

Table 12 presents two systems of classifying sensitivity based on S1 Note the difference between 

the criteria commonly used in the United States, where highly sensitive clays are rate. Shear 

failures in highly sensitive clays can be very dramatic because the strength loss makes the failure 

propagate over a wide area. This sometimes produces large flow slides. Sensitive clays also can 

recover from these strength losses through a process called thixotropic hardening. 

Table 12: Classification of sensitive soils (Holtz and Kovacs, 1981) 

Classification Sensitivity, S1 

 United States Sweden 

Low sensitivity 2-4 <10 

Medium sensitivity 4-8 10-30 

High sensitivity 8-16 30-50 

Quick >16 50-100 

Extra Quick  >100 

CLASSIFICATION OF SAND 

There is a good correlation exists between ‗N‘ value and angle of internal friction of cohesionless 

soils. The state of sandy soils can be classified as very loose, loose, medium, dense and very dense 

based on ‗ϕ‘ value or ‗N‘ value as seen is table 13. 

Table 13:  

N Denseness  

0-4 Very Loose 25° - 32° 

4-10 Loose 27° - 35° 

10-30 Medium 30° - 40° 

30-50 Dense 35° = 45° 

> 50 Very Dense > 45° 

CLASSIFICATION OF CLAYS 
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The SPT ‗N‘ value is having a good linear relationship with unconfined compressive strength of 

clays. The state of clay can be classified has very soft, soft, medium, stiff, very stiff, and hard based 

on either ‗N‘ value or unconfined compressive strength as shown in table 14. 

Table 14: Correlation between N and qu 

            N Consistency qu (kN / m
2
) 

0 - 2 Very Soft < 25 

2 - 4 Soft 25 – 50 

4 - 8 Medium 50 – 100 

8 - 15 Stiff 100 – 200 

15 – 30 Very Stiff 200 – 400 

> 30 Hard > 400 

DISPERSIVE SOILS 

Dispersion occurs in soils when the repulsive forces between clay particles exceed the attractive 

forces thus bringing about deflocculation so that in the presence of relatively pure water the 

particles repel each other to form colloidal suspensions. In non- dispersive soil there is a definite 

threshold velocity below which flowing water causes no erosion. The individual particles cling to 

each other and are only removed by water flowing with a certain erosive energy. By contrast, there 

is no threshold velocity for dispersive soil, the colloidal clay particles go into suspension even in 

quiet water and therefore these soils are highly susceptible to erosion and piping. Dispersive soils 

have a moderate to high clay material content but there are no significant differences in the clay 

fractions of dispersive and non-dispersive soils, except that soils with less than 10% clay particles 

may not have enough colloids to support dispersive piping. Dispersive soils contain a higher 

content of dissolved sodium (up to 12%) in their pore water than ordinary soils. The clay particles 

in soils with high salt contents exist as aggregates and coatings around silt and sand particles and 

the soil is flocculated. The sodium adsorption ratio (SAR) is used to quantify the role of sodium 

where free salts are present in the pore water and is defined as: 

Na 

SAR=  

with units expressed in meq/litre of the saturated extract. There is a relationship between the 

electrolyte concentration of the pore water and the exchangeable ions in the adsorbed layers of clay 

particles. This relationship is dependent upon pH value and also may be influenced by the type of 

clay minerals present. Hence, it is not necessarily constant. Gerber and Harmse (1987) considered 

an SAR value greater than 10 indicative of dispersive soils, between 6 and 10 as intermediate, and 

less than 6 as non-dispersive. However, Aitchison and Wood (1965) regarded soils in which the 

SAR exceeded 2 as dispersive. The presence of exchangeable sodium is the main chemical factor 

contributing towards dispersive behavior in soil. This is expressed in terms of the exchangeable 

sodium percentage (ESP): 

ESP =  exchangeable sodium     x 100 

 cation exchange capacity  

Where the units are given in meq/100 g of-dry clay. A threshold value of ESP of 10% has been 

recommended by Elges (1985), above which soils that have their free salts leached by seepage of 

relatively pure water are prone to dispersion. Soils with ESP values above 15% are highly 

dispersive (Bell and Maud, 1994a). Those with low cation exchange values (15 meq/100 g of clay) 

have been found to be completely non- dispersive at ESP values of 6% or below. Similarly, soils 



  

with high cation exchange capacity values and a plasticity index greater than 35% swell to such an 

extent that dispersion is not significant. 

Unfortunately, dispersive soils cannot be differentiated from non-dispersive soils by routine 

soil mechanics testing. Although a number of special tests have been used to recognize dispersive 

soils, no single test can be relied on completely to identify them (Bell and Maud, 1994a). These can 

be divided into physical and chemical tests. The former include the crumb test, the dispersion or 

double hydrometer test, the modified hydrometer or turbidity ratio test and the pinhole test. Craft 

and Acciardi (1984) found that the crumb test land the pinhole test at times yield conflicting results 

from the same samples of soil. Subsequently, Gerber and Harmse (1987) showed that the crumb 

test, the double hydrometer test and the pinhole test were unable to identify dispersive soils when 

free salts were present in solution in the pore water, which is frequently the case with sodium 

saturated soils. 

Serious piping damage to embankments and failures of earth dams have occurred when 

dispersive soils have been used in their construction (Bell and Maud, 1 994b). Severe erosion 

damage also can form deep gullies on earth embankments after rainfall. Indications of piping take 

the form of small leakages of muddy coloured water from an earth dam after initial filling of the 

reservoir. The pipes become enlarged rapidly and this can lead to failure of the dam. Dispersive 

erosion may be caused by initial seepage through an earth dam in areas of higher soil permeability, 

especially areas where compaction may not be so effective such as around conduits,, against 

concrete structures and at the foundation interface; or through desiccation cracks, cracks due to 

differential settlement or those due to hydraulic fracturing. 

In many areas where dispersive soils are found there is no economic alternative other than to 

use these soils for the construction of earth dams. However, experience indicates that if an earth 

dam is built with careful construction control and incorporates filters, then it should be safe enough 

even if it is constructed 

COLLAPSIBLE SOIL 

Collapsible soils, which are sometimes referred to as metastable soils, are unsaturated soils that 

undergo a large volume change upon saturation. This volume change may or may not be the result 

of the application of additional load. The behavior of collapsing soils under load is best explained 

by the typical void ratio-pressure plot (e against log p) for a collapsing soil, as shown in Figure 1. 

Branch ab is determined from the consolidation test on a specimen at its natural moisture content. 

At a pressure level of Pw , the equilibrium void ratio is e1. However, if water is introduced into the 

specimen for saturation, the soil structure will collapse. After saturation, the equilibrium void ratio 

at the same pressure level pw is e2; cd is the branch of e - log p curve under additional load after 

saturation. Foundations that are constructed on such soils may undergo large and sudden settlement 

if and when the soil under them becomes saturated with an unanticipated supply of moisture. This 

moisture may come from several sources, such as (a) broken water pipelines, (b) leaky sewers, (c) 

drainage from reservoirs and swimming pools, (d) slow increase of groundwater, and so on. This 

type of settlement generally causes considerable structural damage. Hence identification of 

collapsing soils during field exploration is crucial. 

The majority of naturally occurring collapsing soils are aeolin that is, wind- deposited sand 

and/or silts, such as loess, aeolic beaches, and volcanic dust deposits. These deposits have high 

void ratios and low unit weights and are cohesionless or only slightly cohesive. Loess deposits have 

silt-sized particles. The cohesion in loess may be the result of the presence of clay coatings around 

the silt-size particles, which holds them in a rather stable condition in an unsaturated state. The 
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cohesion may also be caused by the presence of chemical precipitates leached by rainwater. When 

the soil becomes saturated, the clay binders lose their strength and hence undergo a structural 

collapse. In the United States, large parts of the Midwest and arid West have such types of deposit. 

Loess deposits are also found over 1 5%-20% of Europe and over large parts of China 

 

Figure 1 Nature of variation of void ratio with pressure for a collapsing soil 

Table 15: Relation of Collapse Potential to the Severity of Foundation Problems 

(Clemence and Finbarr (1981) 

Cp(%) Severity of problem 

0-1 No Trouble  

1-5 Moderate Trouble  

5-10 Trouble 

10-20 Severe Trouble 

>20 Very Severe Trouble  

CONCLUDING REMARKS 

Stability of any civil engineering structures lies primarily with the response of soil under the 

influence of external loading. It is a must for any civil engineer to understand the type of soil and 

their engineering characteristics prior to the use of same for any applications. If there is no proper 

importance given to the soil before start of construction activities in the beginning itself, then the 

rectification of damage to the structure, because of soil movement, if any would be much higher 

than the cost of the project itself. 
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Applicability, Quality Control and Quality Assurance in 
Ground Improvement 
K S Gill, Harjinder Singh 

Department of Civil Engineering, Guru Nanak Dev Engineering College, Ludhiana 

INTRODUCTION 

Unfortunately, soils are made by nature and not by man, and the products of nature are always 

complex(Karl Terzaghi 1936).The complexity of the problem is very clear from the heterogeneous 

nature of soil both in horizontal as well as in vertical direction. The advancement in geotechnical 

engineering has provided many alternatives to deal with the problems encountered during soil 

investigation for the site selection of a particular project. Since the safety of lives and property are 

at stake, it is important to consider the geotechnical merits or demerits of various sites before the 

final decision is taken for that project. Moreover risks and costs need to be evaluated. 

Due to the lower value of land to population ratio in India, it is utmost important to utilize any 

type of land available for construction. So keeping in view the above stated problem, different 

types of ground improvement techniques are adopted to make the weak soils suitable to meet the 

minimum requirement for any particular project. The various types of ground improvement 

techniques which are commonly used are listed below. However, in this paper only the 

applicability, quality control and quality assurance are covered. 

 Improvement by vibro compaction 

 Ground improvement using vibro replacement 

 Ground improvement using deep soil mixing 

 Ground improvement using permeation grouting. 

 Improvement by increasing effective stresses. 

 Improvement by admixtures. 

 Geotechnical reuse of waste materials. 

 Weight reduction. 

APPLICABILITY OF VIBRO-COMPACTION 

This technique is used to increase the bearing capacity of foundations and to reduce their 

settlements. Another important application is to mitigate the liquefaction potential in earth prone 

areas by densification of sand. Vibro-compaction can be used to support any type of projects from 

embankment to chemical plants. Mainly this technique depends on the granular soil to be 

compacted. So far the deposits down to 65m have been improved by vibro compaction. 

QUALITY CONTROL AND QUALITY ASSURANCE 

In general quality control programme is divided into categories, namely monitoring of compaction 

parameters and post compaction testing. The compaction parameters (depth and power 

consumption) are monitored using computerized systems. 

Post-compaction testing is performed to ensure that the specifications are met. Dynamic 

penetrometer tests (DPT), standard penetration tests(SPT) and cone penetration tests(CPT) is most 

popular post compaction test. At least one week cooling period must be given after the compaction 

in order to dissipate the excess pore water pressure to initial level before compaction. 
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Limitations: Vibro-compaction technique is most effective for sands and gravels with fines 

less than 15 to 20% as shown in Figure 1. 

 

                  Figure 1.Applicable soil types for Vibro Compaction and Vibro replacement. 

APPLICABILITY OF GROUND IMPROVEMNET USING VIBRO-REPLACEMENT  

The unique characteristic of the vibro-replacement technique is that it is able to treat a wide range 

of weak soils from loose silty sands, soft marine clays, ultra soft silts and clay from mine tailings, 

garbage fill to peaty clays. The various types of structures which can be supported soil improved by 

vibro-replacement are simple earth embankments, modern expressway embankments, bridge 

approaches, high speed railway embankments, marine and offshore structures, seaport/airport 

facilities, power plant structures, chemical plants, sewerage treatment plants and large storage 

tanks. 

The basic aim of vibro replacement is to increase the stability and bearing capacity of weak 

soil as well as to restrict the settlement. In earthquake prone areas it has also been used to mitigate 

liquefaction potential. 

QUALITY CONTROL AND QUALITY ASSURANCE IN VIBRO-REPLACEMENT 

In vibro-replacement method, quality control monitoring consists of monitoring of column 

construction parameters and post construction testing. During construction, the main parameters of 

the construction process (depth, vibration energy during penetration and compaction processes and 

stone consumption) are recorded continuously as a function of time, thus ensuring the production 

of a continuous well compacted column. 

The performance of vibro stone columns is assessed using plate load tests which should be 

carried out by loading a rigid steel plate or cast in situ concrete big enough to span one or more 

columns and the intervening ground. In contrast to the more familiar load tests in piles, both the 

column and the tributary area of soil around the column are loaded. In addition, the performance of 

the treated soil to support the intended structure is evaluated based on the results of instrumentation 

such as rod settlement gauges, inclinometers, etc. 

Limitations: Vibro-replacement is applicable to a very wide range of soils (refer to Figure 1).Vibro 

stone columns are not suitable in liquid soils with very low undrained shear strength, because the 



  

lateral support may be too small .However, vibro stone columns have been installed successfully in 

ultra soft soils with undrained shear strengths between 5kPa to 15kPa.In general, the technique is 

applied to structures with high order of settlement tolerance. 

Applicability of Deep Soil Mixing: The technology of deep soil mixing can be implemented on 

wide range of weak and problematic soil types such as loose sands, soft marine clays, ultra soft 

slimes, weak silty clays and sandy silts. Typical applications include foundation s of embankment 

fill for roads, highways, railways and runways; slope stabilization, stabilization of cuts and 

excavations (Topolinicki, 2004 and Raju et.al. 2005).The DSM technology can also be used for 

vibration reduction applications and to partially reduce water paths for water tight applications. 

QUALITY CONTROL AND QUALITY ASSURANCE OF DEEP MIXING  

For both wet and dry deep soil mixing, quality control during execution is important to ensure 

uniform improvement of soil and to ascertain that the required amount of binder has been mixed 

uniformly over the entire depth of treatment .For this purpose, the mixing units are equipped with 

automated computerized recording devices to measure the real-time operating parameters such as 

depth of mixing tools, volume or weight of volume used etc. 

After allowing for sufficient curing period(typically,3 to 4 weeks), the mixed columns can also be 

tested using single/group column plate load tests, unconfined compressive strength tests on 

cored/backflow samples, visual examination of exposed columns, etc. 

APPLICABILITY OF GROUND IMPROVEMENT USING PERMEATION GROUTING 

This type of grouting is very effective in sands  gravels, coarser size materials(e.g .boulders and 

cobbles) and fissured, jointed and fractured rock formations.(refer to Figure 2). The technique is 

well suited for a wide variety of applications, such as foundation retrofitting, dam rehabilitation, 

subsidence and liquefaction mitigation etc. Applications can be categorized into the following 

general areas, site improvement, foundation rehabilitation, excavation support, ground water 

control. (Karol, 1990). 

 

                               Figure 2. Applicable soil types for Permeation Grouting 

Limitations: Permeation grouting is not suitable in cohesive soils such as silts and clays. The 

other types of grouting techniques such as fracturing grouting and jet grouting can be 

considered to improve such soils. 

APPLICABILITY OF GROUND IMPROVEMENT USING WEIGHT REDUCTION 
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This technique involves reduction of weight applied to a soft compressible soil by the use of light 

weight fill material. The overall benefits gained from the light fill materials include reduced 

settlement, increase in slope stability and reduced lateral earth pressure on retaining structures. A 

key benefit is material‘s high resistant to earthquake effects (the low unit weight results in lower 

seismic inertial forces).  

                                       Light Weight Materials used for Ground Improvement 

Fill Material Source/Process Dry Unit Weight (Kg/m
3
) 

Wood fibres Sawed lumber waste 550-960 

Shredded tyre Mechanical cut tyre chips 600-900 

Calm shells Dredged under water deposits 1100-1200 

Expanded shale Vitrified shale or clay 600-1040 

Fly ash Residue of burned coal 1120-1400 

Air-cooled slag Blast furnace material 1100-1500 

Flowable fill Foaming agent in a concrete matrix 335-770 

Geofoam Block moulded expanded 

polystyrene 

12-32 

 

QUALITY CONTROL AND QUALITY ASSURANCE IN GROUND IMPROVEMENT 

USING WEIGHT REDUCTION   

The key issues with the weight reduction method of ground improvement are to placement of the 

light weight material and its durability and long-term performance. Well planned laboratory 

experimentation is needed to optimize the use and performance of light weight materials 

.Durability can be checked in the laboratory. 

Limitations: Some of the material is susceptible to various types of problems after their placement 

in the field, e.g. geofoam can easily catch fire also deterioration can occur gasoline spills or insect 

borrowing. Continued crushing and knitting of the shells during compaction of the shells under the 

influence of vehicular traffic may reduce the drainage potential of embankment, thus resulting in 

ponding  of water at the surface and also it may reduce the frictional angle of the material, thus 

increasing the lateral pressure on the supporting structures. 

APPLICABILITY OF GROUND IMPROVEMENT USING ADMIXTURES 

Use of various admixtures such as lime, cement, fly ash and furnace slag are well understood to the 

geotechnical engineers, but recently several environmental friendly enzymes have come into the 

market such as Fujibeton, Terrazyme and Renolith etc. These materials are yet to gain popularity in 

the field of ground improvement. 

The fujibeton material, developed in Japan, is climatically stable material and suitable for 

stabilization of all types of soils. Basically, the product is an inorganic polymer that chemically 

binds with all compounds when blended with OPC in 1 to 3% by weight. The blended mix is called 

fujibeton mix. 

The technology can be advantageously used in the construction of low volume roads where 

aggregates are not available at economical rates but also for all type of soil conditions. Fujibeton 

improves CBR of the subgade and does not create shrinkage cracks and is there for highly effective 

for clayey soils. With fujibeton, a high dry density is obtained with minimum compaction, 

therefore simple and small equipments are sufficient for construction. 

Terrazyme is a natural, non-toxic, environmentally safe, bio-enzyme product that improves 

engineering properties of soil. The function of terrazyme is to minimize absorbed water in the soil 

for maximum compaction, which decreases the swelling capacity of soil particles and reduces 



  

permeability. The application of terrazyme enhances weather resistance and increases load bearing 

capacity of soils especially in clayey soils. This will provide cost effective both in the initial 

construction cost and maintenance cost of roads. This technology is also advantageous due to 

following factors. 

 Considerable improvement in the soil CBR. 

 Minimum loss of gravel due to erosion or abrasion by the traffic preserving original 

transverse section. 

 Impediment of widespread occurrence of dust from loose fine material on the road 

surface. 

Terrazyme is used in strengthening of layers of unsurfaced roads and in base layers and sub base 

layers covered with asphalt material.  Among the soils stabilized by terrazyme are sandy clay, silty 

clay, sandy silt, plastic and non-plastic clay, sandy loam, fine loam and loam mixed with clay. 

Reolith is a polymer based chemical, which is environmentally friendly and facilitates the 

bonding of soil mass. The soil-cement with renolith has a high modulus of elasticity and can disperse 

the wheel loads very effectively. It is a semi rigid material. This type of construction does not require 

surfacing for low volume roads, since the base course is stabilized. It is expected to give good 

performance with longevity and reduces maintenance costs and almost dust free environment. 

QUALITY CONTROL AND QUALITY ASSURANCE IN GROUND IMPROVEMENT 

USING ADMIXTURES 

The design concept is based on the optimization of admixture quantity for stabilization based on 

unconfined compressive strength or CBR test results determined on the given soil for different 

proportions of soil and admixtures. After the construction core can be taken and tested for unconfined 

compressive strength in the laboratory.  

Limitations: Limited research is available with soil cement and these admixtures in abroad but similar 

studies are yet to be carried out in India. 
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Construction and quality control of stabilized-soils for 
road pavements 
 Sanjiv Aggarwal,  

 Department of Civil Engineering, GZS College of Engineering & Technology, Bathinda  

INTRODUCTION 

One of the proven technologies for the use of local soil and marginal aggregates is stabilization. The 

stabilization can be mechanical or chemical and several types of stabilizing agents have proved to be 

suitable under different conditions of soil and environment. The soil stabilization techniques mainly 

include: 

 Stabilization with Cement 

 Stabilization with Lime 

 Stabilization with Bitumen 

The following paragraphs explain the detailed construction procedures and quality control practices to 

be followed to achieve desired results of soil stabilization. 

CONSTRUCTION WITH PORTLAND CEMENT 

General construction steps 

In soil-cement construction the objective is to thoroughly mix a pulverized soil material and cement in 

correct proportions with sufficient moisture to permit maximum compaction. Construction methods 

are simple and follow a definite procedure: 

1) Shape the area to crown and grade. 

2) If necessary, scarify, pulverize, and prewet the soil. 

3) Spread Portland cement and mix. 

4) Apply water and mix. 

5) Compact. 

6) Finish. 

7) Cure. 

Mixing equipment: Soil, cement, and water can be mixed in place using traveling mixing machines or 

mixed in a central mixing plant. Whatever type of mixing equipment is used, the general principles 

and objectives are the same. Some soil materials cannot be sufficiently pulverized and mixed in 

central mixing plants because of their high silt and clay content and plasticity. Almost all types of soil 

materials, from granular to fine grained can be adequately pulverized and mixed with transverse-shaft 

mixers. The exception is material containing large amounts of highly plastic clays. These clays may 

require more mixing effort to obtain pulverization. Revolving-blade central mixing plants and 

traveling pug mills can be used for non-plastic to slightly plastic granular soils. For coarse, non-plastic 

granular materials, a rotary-drum mixer can provide a suitable mix; however, if the material includes a 

small amount of slightly plastic fines, mixing may not be adequate. 

Construction: Construction with soil cement involves two steps: preparation and processing. 

Regardless of the equipment and methods used, it is essential to have an adequately compacted, 

thorough mixture of pulverized soil material and other proper amounts of cement and moisture. The 

principles governing compaction of soil-cement are the same as those for compacting the same soil 

materials without cement treatment. The soil-cement mixture at optimum moisture should be 

compacted to maximum density and finished immediately. Moisture loss by evaporation during 



  

compaction, indicated by a greying of the surface, should be replaced with light applications of water. 

Tamping rollers are generally used for initial compaction except for the more granular soils. Self-

propelled and vibratory models are also used. There are several acceptable methods for finishing soil-

cement. The exact procedure depends on equipment, job conditions, and soil characteristics. 

Regardless of method, the fundamental requirements of adequate compaction, close to optimum 

moisture, and removal of all surface compaction planes must be met to produce a high quality surface. 

The surface should be smooth, dense, and free of ruts, ridges, or cracks. Compacted and finished soil-

cement contains sufficient moisture for adequate cement hydration. A moisture-retaining cover is 

placed over the soil-cement soon after completion to retain this moisture and permit the cement to 

hydrate. Most soil-cement is cured with bituminous material, but other materials such as waterproof 

paper of plastic sheets, wet straw or sand, fog-type water spray, and wet burlap or cotton mats are 

entirely satisfactory. 

Multiple-layer construction: When the specified thickness of soil-cement base course exceeds the 

depth (usually 200 mm compacted) that can be compacted in one layer, it must be constructed in 

multiple layers. No layer should be less than 100 mm thick. The lower layer does not have to be 

finished to exact crown and grade, nor do surface compaction planes have to be removed since they 

are too far from the final surface to be harmful. The lower layer can be cured with the moist soil that 

will subsequently be used to build the top layer-which can be built immediately, the following day, or 

some time later. With mixed-in place construction, care must be taken to eliminate any raw-soil seams 

between the layers. 

SPECIAL CONSTRUCTION PROBLEMS 

(1) Rainfall: Attention to a few simple precautions before processing will greatly reduce the 

possibility of serious damage from wet weather. For example, any loose or pulverized soil should be 

crowned so it will shed water, and low places in the grade where water can accumulate should be 

trenched so the water will drain off freely. 

(2) Wet soils: Excessively wet material is difficult to mix and pulverize. Experience has shown that 

cement can be mixed with sandy materials when the moisture content is as high as 2 percent above 

optimum. For clayey soils, the moisture content should be below optimum for efficient mixing. It may 

be necessary to dry out the soil material by aeration. 

(3) Cold weather: Soil-cement, like other cement-using products, hardens as the cement hydrates. 

Since cement hydration practically ceases when temperatures are near or below freezing, soil-cement 

should not be placed when the temperature is 40 degrees F or below. Moreover, it should be protected 

to prevent its freezing for a period of 7 days after placement, and until it has hardened, by a suitable 

covering of hay, straw, or other protective material. 

CONSTRUCTION WITH LIME 

Lime stabilization methods: Basically, there are three recognized lime stabilization methods; in-place 

mixing, plant mixing, and pressure injection. 

In-place mixing: In-place mixing may be subdivided into three methods: mixing lime with the 

existing materials already a part of the construction site or pavement; off-site mixing in which lime is 

mixed with borrow and the mixture is then transported to the construction site for final manipulation 

and compaction; and mixing in which the borrow source soil is hauled to the construction site and 

processed as in the first method. 
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Plant mixing: The plant-mix operation usually involves hauling the soil to a central plant where lime, 

soil, and water are uniformly mixed and then transported to the construction site for further 

manipulation. The amount of lime for either method is usually predetermined by test procedures. 

Specifications may be written to specify the actual strength gain required upgrading the stabilized soil, 

and notations can be made on the plans concerning the estimated percent of lime required. This note 

should also stipulate that changes in lime content may be necessary to meet changing soil conditions 

encountered during construction. 

Pressure injection: Pressure injections of lime slurry to depths of 2 to 3m, for control of swelling and 

unstable soils on highways and under building sites, are usually placed on 1.5m spacing, and attempts 

are made to place horizontal seams of lime slurry at 200 300 mm intervals. The top 150 to 300 mm 

layer should be completely stabilized by conventional methods. 

CONSTRUCTION STEPS 

Soil preparation: The in-place subgrade soil should be brought to final grade and alignment. The 

finished grade elevation may require some adjustment because of the potential fluff action of the lime-

stabilized layer resulting from the fact that some soils tend to increase in volume when mixed with 

lime and water. 

Lime application: Dry hydrated lime can be applied either in bulk or by bag. The use of bagged lime 

is generally the simplest but also the most costly method of lime application. Nevertheless, bagged 

lime is often the most practical method for small projects or for projects in which it is difficult to 

utilize large equipment. For large stabilization projects, particularly where dusting is no problem, the 

use of bulk lime has become common practice. In slurry method of application either hydrated lime or 

quicklime and water are mixed into a slurry. With quicklime, the lime is first slaked and excess water 

added to produce the slurry. Dry lime can be applied two or three times faster than slurry, and it is 

very effective in drying out soil, but it produces a dusting problem that makes its use undesirable in 

urban areas. Also, the fast drying action of the dry lime requires an excess amount of water during the 

dry, hot seasons. 

Pulverization and mixing: To obtain satisfactory soil-lime mixtures adequate pulverization and 

mixing must be achieved. For heavy clay soils two-stage pulverization and mixing may be required, 

but for other soils one-stage mixing and pulverization may be satisfactory. This difference is primarily 

due to the fact that the heavy clays are more difficult to break down. 

Compaction: For maximum development of strength and durability, lime-soil mixtures should be 

properly compacted. To achieve high densities, compacting at approximately optimum moisture 

content with appropriate compactors is necessary. Granular soil-lime mixtures are generally 

compacted as soon as possible after mixing, although delays of up to 2 days are not detrimental, 

especially if the soil is not allowed to dry out and lime is not allowed to carbonate. Fine-grained soils 

can also be compacted soon after final mixing, although delays of up to 4 days are not detrimental. 

Curing: Maximum development of strength and durability also depends on proper curing. Favorable 

temperature and moisture conditions and the passage of time are required for curing. Temperatures 

higher than 40 degrees F to 50 degrees F and moisture contents around optimum are conducive to 

curing. Two types of curing can be employed: moist and asphaltic membrane. In the first, the surface 

is kept damp by sprinkling with light rollers being used to keep the surface knitted together. In 

membrane curing, the stabilized soil is either sealed with one shot of cutback asphalt at a rate of about 



  

1 litre per square metre within 1 day after final rolling, or primed with increments of asphalt emulsion 

applied several times during the curing period. 

CONSTRUCTION WITH BITUMEN 

Bituminous stabilization can involve either hot-mix or cold-mix materials. Bitumen and aggregate or 

soil can be blended in place or in a central plant. Construction procedures presented here are for cold-

mix materials mixed in place or in a central plant. Construction procedures for hot-mix hot-laid 

materials are similar to those used for asphalt concrete and applicable standard construction 

procedures should be followed when these materials are involved. Before mixing operations begin, 

the correct asphalt application rate and forward speed of the spray bar equipped mixer or asphalt 

distributor must be determined for the quantity of aggregate. Also, when using emulsified asphalt, it is 

frequently necessary to moisten the aggregate before applying the asphalt and the water application 

rate and forward speed of the water distributor must be determined. 

Control of asphalt: Asphalt is added to the aggregate from an asphalt distributor or by a travel mixer. 

Whichever method is used, close control of quantity and viscosity is required to ensure a proper 

mixture. Maintaining the correct viscosity is critical because the asphaltic material must be fluid 

enough to move easily through the spray nozzles and to coat adequately the aggregate particles: 

Cutback asphalts, and occasionally emulsified asphalts, even though already fluid, require some 

heating in order to bring them to a viscosity suitable for spraying. If the proper grade of asphalt has 

been used, and the mixing is done correctly, the cutback or emulsified asphalt will remain fluid until 

the completion of mixing. As the actual temperature of the mixture is controlled by that of the 

aggregate, care must be taken to see that mixing is not attempted at aggregate temperatures below 50 

degrees F. 

Mixing: Travel-plant mixing offers the advantage of closer control of the mixing operation than is 

possible with blade mixing. With the windrow-type travel plant, the machine moves along the 

windrow, picking up the aggregate, mixing it with asphalt in the pug mill, and depositing the mixture 

in a windrow, ready for aerating or spreading. For this type of plant, the asphalt application rate must 

be matched accurately with the width and thickness of the course, forward speed of the mixer, and the 

density of the in-place aggregate. 

Aeration: Before compaction, most of the diluents that have made the asphalt cold mix workable must 

be allowed to evaporate. In most cases, this occurs during mixing and spreading and very little 

additional aeration is required, but extra manipulation on the roadbed is needed occasionally to help 

speed the process and dissipate the excess diluents. Until the mix is sufficiently aerated, it usually will 

not support rollers without excessive pushing under the rolls. 

Spreading and compacting: With mixing and aeration completed, spreading and compacting the cold 

mix follows. Achieving a finished section and smooth riding surface conforming to the plans is the 

objective of these final two construction steps. The mixture should always be spread to a uniform 

thickness (whether in a single pass or in several thinner layers) so that no thin spots exist in the final 

mat. Mixtures that do not require aeration may be spread to the required thickness immediately after 

mixing and then compacted with pneumatic-tired vibratory or steel-tired rollers. 

QUALITY CONTROL 

Quality control is essential to ensure that the final product will be adequate for its intended use. It 

must also ensure that the contractor has performed in accordance with the plans and specification, as 
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this is a basis for payment. This section identifies those control factors which are most important in 

soil stabilization construction with cement, lime, lime-fly ash, and asphalt. 

CEMENT STABILIZATION 

Those factors which are most important for a quality control standpoint in cement stabilization are: 

pulverization, cement content, moisture content, uniformity of mixing, time sequence of operations, 

compaction, and curing. These are described in detail below. 

Pulverization: Pulverization is generally not a problem in cement construction unless clayey or silty 

soils are being stabilized. A sieve analysis is performed on the soil during the pulverization process 

with the 400 micron sieve used as a control. The percent pulverization can then be determined by 

calculation. Proper moisture control is also essential in achieving the required pulverization. 

Cement content: Cement content is normally expressed on a volume or dry weight basis. Field 

personnel should be aware of quantities of cement required per linear foot or per square yard of 

pavement. Spot check can be used to assure that the proper quantity of cement is being applied, by 

using a canvas of known area or, as an overall check, the area over which a known tonnage has been 

spread. 

Moisture content: The optimum moisture content determined in the laboratory is used as an initial 

guide when construction begins. Allowance must be made for the in situ moisture content of the soil 

when construction starts. The optimum moisture content and maximum density can then be 

established for field control purposes. Mixing water requirements can be determined on the raw soil 

or on the soil-cement mix before addition of the mixing water. Nuclear methods can be used to 

determine moisture content at the time construction starts and during processing. 

Uniformity of mixing: A visual inspection is made to assure the uniformity of the mixture throughout 

the treated depth. Uniformity must be checked across the width of the pavement and to the desired 

depth of treatment. Trenches can be dug and then visually inspected. A satisfactory mix will exhibit a 

uniform color throughout; whereas, a streaked appearance indicates a non-uniform mix. Special 

attention should be given to the edges of the pavement. 

Compaction: Equipment used for compaction is the same that would be used if no cement were 

present in the soil, and is therefore dependent upon soil type. Several methods can be used to 

determine compacted density: sand-cone, balloon, oil, and nuclear method. It is important to 

determine the depth of compaction and special attention should be given to compaction at the edges. 

Curing: To assure proper curing a bituminous membrane is frequently applied over large areas. The 

surface of the soil cement should be free of dry loose material and in a moist condition. It is important 

that the soil-cement mixture be kept continuously moist until the membrane is applied. The 

recommended application rate is 0.6 to 1.2 litre per square metre. 

LIME STABILIZATION 

The most important factors to control during soil-lime construction are pulverization and scarification, 

lime content, uniformity of mixing, time sequence of operations, compaction and curing. 

Pulverization and scarification: Before application of lime, the soil is scarified and pulverized. To 

assure the adequacy of this phase of construction, a sieve analysis is performed. Most specifications 

are based upon a designated amount of material passing the 25.4 mm 4 sieves. The depth of 

scarification or pulverization is also of importance as it relates to the specified depth of lime 



  

treatment. For heavy clays, adequate pulverization can best be achieved by pre-treatment with lime, 

but if this method is used, agglomerated soil-lime fractions may appear. These fractions can be easily 

broken down with a simple kneading action and are not necessarily indicative of improper 

pulverization. 

Lime content: When lime is applied to the pulverized soil, the rate at which it is being spread can be 

determined by placing a canvas of known area on the ground and, after the lime has been spread, 

weighing the lime on the canvas. Charts can be made available to field personnel to determine if this 

rate of application is satisfactory for the lime content specified. To accurately determine the quantity 

of lime slurry required to provide the desired amount of lime solids, it is necessary to know the slurry 

composition. This can be done by checking the specific gravity of the slurry, either by a hydrometer 

or volumetric-weight procedure. 

Uniformity of mixing: The major concern is to obtain uniform lime content throughout the depth of 

treated soil. This presents one of the most difficult factors to control in the field. It has been reported 

that mixed soil and lime has more or less the same outward appearance as mixed soil without lime. 

The use of phenolphthalein indicator solution for control in the field has been recommended. This 

method, while not sophisticated enough to provide an exact measure of lime content for depth of 

treatment, will give an indication of the presence of the minimum lime content required for soil 

treatment. The soil will turn a reddish-pink color when sprayed with the indicator solution, indicating 

that free lime is available in the soil (pH = 12.4). 

Compaction: Primarily important is the proper control of moisture-density. Conventional procedures 

such as sand cone, rubber balloon, and nuclear methods have been used for determining the density of 

compacted soil lime mixtures. Moisture content can be determined by either oven-dry methods or 

nuclear methods. The influence of time between mixing and compacting has been demonstrated to 

have a pronounced effect on the properties of treated soil. Compaction should begin as soon as 

possible after final mixing has been completed. The use of phenolphthalein indicator solution has also 

been recommended for lime content control testing. The solution can be used to distinguish between 

areas that have been properly treated and those that have received only a slight surface dusting by the 

action of wind. This will aid in identifying areas where density test samples should be taken. 

Curing: Curing is essential to assure that the soil lime mixture will achieve the final properties 

desired. Curing is accomplished by one of two methods: moist curing, involving a light sprinkling of 

water and rolling; or membrane curing, which involves sealing the compacted layer with a bituminous 

seal coat. Regardless of the method used, the entire compacted layer must be properly protected to 

assure that the lime will not become nonreactive through carbonation. Inadequate sprinkling which 

allows the stabilized soil surface to dry will promote carbonation. 

BITUMINOUS STABILIZATION 

The factors that seem most important to control during construction with bituminous stabilization are 

surface moisture content, viscosity of the asphalt, asphalt content, uniformity of mixing, aeration, 

compaction, and curing. 

Surface moisture content: The surface moisture of the soil to be stabilized is of concern. Surface 

moisture can be determined by conventional methods, such as oven-drying, or by nuclear methods. 

Surface moisture of up to three percent or more for use with emulsified asphalt and a moisture content 

of less than three percent for cutback asphalt is recommended. The gradation of the aggregate has 
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proved to be of significance as regards moisture content. With densely graded mixes, more water is 

needed for mixing than compaction. Generally, a surface moisture content that is too high will delay 

compaction of the mixture. Higher plasticity index soils require higher moisture contents. 

Viscosity of the asphalt: It is recommended that cold-mix construction should not be performed at 

temperatures below 50 degrees F. The asphalt will rapidly reach the temperature of the aggregate to 

which it is applied and at lower temperature difficulty in mixing will be encountered. On occasion, 

some heating is necessary with cutback asphalts to assure that the soil aggregate particles are 

thoroughly coated. 

Asphalt content: Information can be provided to field personnel which will enable them to determine 

a satisfactory application rate. The asphalt content should be maintained at optimum or slightly below 

for the specified mix. Excessive quantities of asphalt may cause difficulty in compaction and result in 

plastic deformation in service during hot weather. 

Uniformity of mixing: Visual inspection can be used to determine the uniformity of the mixture. With 

emulsified asphalts, a color change from brown to black indicates that the emulsion has broken. The 

control of three variables is recommended to assure uniformity for mixed-in-place construction: travel 

speed of application equipment; volume of aggregate being treated; and flow rate (volume per unit 

time) of emulsified asphalt being applied. In many cases, asphalt content above design is necessary to 

assure uniform mixing. 

Aeration: Prior to compaction, the diluents that facilitated the cold-mix operation must be allowed to 

evaporate. If the mix is not sufficiently aerated, it cannot be compacted to acceptable limits. The 

mixture is considered to have sufficiently aerated when it becomes tacky and appears to ―crawl.‖ 

Most aerating occurs during the mixing and spreading stage, but occasionally additional working on 

the roadbed is necessary. The over-mixing in central plant mixes can cause emulsified asphalts to 

break early, resulting in a mix that is difficult to work in the field. 

Compaction: Compaction should begin when the aeration of the mix is completed. It is recommended 

that rolling should begin when an emulsified asphalt mixture begins to break (color change from 

brown to black). Early compaction can cause undue rutting or shoving of the mixture due to 

overstressing under the roller. The density of emulsion stabilized bases has often been found to be 

higher than that obtained on unstabilized bases for the same compaction effort. 

Curing: Curing presents the greatest problem in asphalt soil stabilization. The rate of curing is 

dependent upon many variables: quantity of asphalt applied, prevailing humidity and wind, the 

amount of rain, and the ambient temperature. Initial curing must be allowed in order to support 

compaction equipment. This initial curing, the evaporation of diluents, occurs during the aeration 

stage. If compaction is started too early, the pavement will be sealed, delaying dehydration, which 

lengthens the time before design strength, is reached. The heat of the day may cause the mixture to 

soften, which prohibits equipment from placing successive lifts until the following day. This 

emphasizes the need to allow sufficient curing time when lift construction is employed. A 2 to 5 day 

curing period is recommended under good conditions when emulsified bases are being constructed. 

CONCLUDING REMARKS 

Even though specifications for soil stabilization are included in both MoRT&H and MoRD book of 

specifications their adoption is not getting popular, due to problems associated in attaining 

homogeneity of soil-stabilizer mix in the field and achieving the desired results. The only constraint in 

the use of the above techniques lies on the procedures adopted in the field. It is possible to popularize 



  

the use of stabilization techniques through appropriate training and capacity building of the field 

engineers. Further, development of low end technology equipment, for use in the rural roads also 

facilitates wider use of these methods. 
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 INTRODUCTION 

A landfill is a facility for the disposal of waste materials by burial and is the oldest form of waste 

treatment. Historically, landfills have been the most common methods of organized waste disposal 

and remain so in many places around the world. The national Capital Delhi generates about 6000 

tonnes of solid waste per day. This figure is likely to touch 12,750 tonnes per day by the year 2015 as 

per the recent study carried out by NEERI, Nagpur. At present only a small fraction of the collected 

solid waste like paper, plastics, metal and glass can be reused or recycled. The major part of MSW 

generated in the city goes for landfilling. At present fourteen landfill sites in Delhi have already been 

filled up. Four sites at Ghazipur (East Delhi), Bhalswa (North), Hasthal (South West) and Okhla 

(South East) are operational, though these will soon get filled up. 

WASTE INTERACTION WITH HYDROLOGIC CYCLE 

When waste is dumped on land, it becomes the part of the hydrological cycle. During rains and runoff 

of water from the surface of waste, the water infiltrate into the waste and numerous contaminants are 

taken from the waste to the adjacent areas as well as the strata below the waste by the action of the 

percolating water. This action of water, wind and reactions occurring within the waste can have 

significant impact on the adjacent environment as shown in Figure 1.  

 

Figure 1: MSW interaction with hydrologic cycle 

 

IMPACT OF OPEN DUMPING ON ENVIRONMENT 

The impact of open waste dumping on the environment is shown in Figure 2. 

http://en.wikipedia.org/wiki/Waste
http://en.wikipedia.org/wiki/List_of_solid_waste_treatment_technologies
http://en.wikipedia.org/wiki/List_of_solid_waste_treatment_technologies
http://en.wikipedia.org/wiki/Waste_disposal


  

 
Figure 2: Impact of open waste dumping on the environment 

 

CONCEPT OF LANDFILLING 

The impact of a waste dump on the environment can be minimized by isolating the waste from rest of 

the environment. This can be done through containment of the waste as shown in Figure 3. 

 
Figure 3: Concept of landfilling 

 

ENGINEERED LANDFILLS 

Landfill is a facility used for the disposal of solid waste on the surface of the earth. Engineered 

landfill (Figure 4) is a term used to a landfill designed and operated to minimize impact on the 

surrounding environment.  

 
Figure 4: Engineered landfill 
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The components of the engineered landfill are 

 Liner system  

 Leachate collection and treatment facility 

 Gas collection and treatment facility 

 Final cover system 

 Surface water drainage system 

 An environmental monitoring system 

 A closure and post closure plan 

LANDFILL PLANNING AND DESIGN  

The landfill planning and design process consists of steps enumerated below: 

a) Planning: 

Site selection criteria 

Landfill should not be constructed: 

Lake/pond                                          >200 m 

River                >100 m 

Embankment               protective embankment 

Highway               > 500 m 

Habitation                                          > 500 m 

Public Park    > 500 m 

Critical habitat                                     No 

Wetland                                               No 

Coastal regulation zone                       No 

Airport                                                > 3000 m to 20km 

Water supply well                               > 500 m 

Ground water table level                     2 m below base of land fill 

Others                                                 Local needs 

Site for development of landfill to be located preferably in areas having  

 low population density 

 low alternate land use value 

 low GW contamination potential 

 having clay content in the  sub-soil 

 

Fig. 5 Siting criteria 



  

Site investigation criteria  

o Sub Soil Investigation: type of soil, depth of GWT and    bedrock, permeability of various 

strata, strength parameters, extent of availability of liner materials 

o Ground Water / Hydro geological Investigation: Depth of GWT, GW flow direction, 

Baseline GW quality parameters 

o Topographical Investigation: To compute the earth work quantities precisely 

o Hydrological Investigation: To estimate the quantities of runoff for appropriate design of 

drainage facilities 

o Geological Investigation and Seismic Investigation: to delineate the bedrock profile 

beneath the landfill base 

Landfill layout and section 

o The layout of a landfill in plan is generally governed by the shape of the area  available 

for land filling 

o About 80% of the total area is used for placement of the waste 

o The balance 20% of the area is used for making built-up-area-office, laboratory, 

workshop, equipment shelters, weighing scale, treatment facilities for leachate, gas and 

pond for storm water detention 

o Fencing, roads, storm water drains, temporary holding areas for waste and construction 

materials and environmental monitoring facilities  

The factors to be considered for deciding the section of the landfill are given below: 

o General topography of the area 

o Depth to ground water table from the base of proposed landfill 

o Availability of liner and cover material in the nearby places 

The various types of landfills that can be constructed are listed below: 

o Below ground landfills 

o Above ground landfills 

o Slope landfills 

o Valley landfills 

A combination of the above four option can also be chosen at places depending upon the topography 

of the area. 

Evaluation of landfill capacity 

Factors to be considered are 

a) Quantity of waste and its compacted density 

b) Volume of waste 

c) Volume occupied by liner and cover (daily, intermediate, final) 

d) Volume reduction due to settlement 

e) Biodegradable waste/municipal waste may have density of 0.6 to 1.2t/cum 

f) Inorganic waste may have density of 1.2 to 1.6 t/cum      

g) Inorganic compacted waste:-5% in few years 

h) Municipal biodegradable waste:-20% in 30 years     

The estimation of landfill capacity (volume/height/area) is carried using the following steps 

1. Waste generation rate                   = W tons per year 

2. Active life of landfill                    = n years 

3. Total waste in n years (T)             = W x n tons 

4. Volume of waste(V)                      = T/density cum 

5. Volume for daily cover                  = 0.1 V 
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6. Volume for liner and final cover    = 0.2V to 0.3V 

7. Total volume(Landfill capacity)     = V+0.1V+0.25V 

8. Total area available                         = A sqm 

9. Area for infrastructure                     = 0.15 A to 0.25A  

10. Area of land filling                          = A-0.2A=0.8A 

11. Height (+depth) of landfill              = 1.35V/0.8A 

(This is a preliminary estimate on the assumption that plan dimensions are much larger than the 

height)  

Planning of phased operation 

Landfilling operation is carried out in phases due to the following reasons. 

o Progressive use of the landfill area such that at any given instant of time a part of the site may 

have a final cover, a part being actively filled, a part being prepared to receive waste and a 

part in an undisturbed state. 

o Progressive excavation of on-site fill materials and minimization of double handling. 

o Minimizes the area required for landfill operations and concentrates waste disposal activities 

within prepared areas. 

o Reduces leachate generation by keeping areas receiving waste to a minimum. 

o Enables progressive installation of leachate and gas control. 

o Allows clean surface water runoff to be collected separately. 

Phase:- Phase is the sub area of the landfill. Each phase is typically designed for a period of 12 to 18 

months. 

Cell: Cell is the sub area of phase and is used to receive the volume of waste during one operating 

period usually one day. 

Daily cover: Daily cover consists of 15 to 30 cm of native soil that is applied to the working faces in 

order to control the blowing of waste materials, to prevent rats, flies and other disease vectors 

emanating from the landfill and to control the entry of water into the landfill during operation 

Lift: Lift is a complete layer of cells over the active area of the landfill. Typically each landfill phase 

consists of series of lifts.  

Bench: Bench is a terrace which is used when the height of the landfill exceeds 15 to 20 m.  

MAIN DESIGN 

Liner system, leachate collection and treatment 

Liner system is provided to prevent migration of leachate generated inside a landfill from reaching the 

soil and ground water beneath the landfill. The function of leachate collection facility is to  

o Remove leachate contained with in the landfill by the liner system for treatment and disposal. 

o Control and minimize leachate heads with in the landfill. 

o Avoid damage to the liner system. 

Landfill liner comprise of 

o Compacted clays 

o Geomembranes 

o Geosynthetic clay liner 

o Combinations 

On a basis of review of liner systems adopted in different countries, it is recommended that for all 

MSW landfills the following single composite liner system be adopted as the minimum requirement: 



  

o A leachate drainage layer 30 cm thick made of granular soil having permeability (K) 

greater than 10
-2

 cm/sec. 

o A protection layer (of silty soil) 20 cm to 30 cm thick. 

o A geomembrane of thickness 1.5 mm or more. 

o A compacted clay barrier or amended soil barrier of 1 m thickness having permeability 

(K) of less than 10
-7

 cm/sec. 

The liner system adopted at any landfill must satisfy the minimum requirements published by 

regulatory agencies (MOEF/ CPCB). 

     Leachate collection systems consist of a leachate drainage network and leachate removal facility. 

Drainage networks comprise of coarse grained soils, perforated pipes or geotextile drainage layers. 

Drainage removal facility consists of a system of sumps, wells and pumps. The typical constituents of 

leachate are shown in Table 1. 

 

Table 1: Typical constituents of leachate from MSW landfills 

          Constituent                                                                        Range (mg/l) 

Type    Parameter    Minimum   Maximum 

 

Physical   pH     3.7    8.9 

Turbidity   30JTU                  500JTU 

Conductivity   480 mho/cm                 72500 mho/cm 

Inorganic   Total Suspended Solids  2    170900 

Total Dissolved Solids  725    55000 

Chloride    2    11375 

Sulphate    0    1850 

Hardness    300    225000 

Alkalinity    0    20350 

Total Kjeldahl Nitrogen  2    3320 

Sodium    2    6010 

Potassium    0    3200 

Calcium    3    3000 

Magnesium    4    1500 

Lead     0    17.2 

Copper    0    9.0 

Arsenic    0    70.2 

Mercury    0    3.0 

Cyanide    0    6.0 

Organic COD    50    99000 

TOC     0    45000 

Acetone    170    11000 

Benzene    2    410 

Toluene    2    1600 

Chloroform    2    1300 

Delta     0    5 

1,2 dichloroethane   0    11000 

Methyl ethyl ketone   110    28000 

Naphthalene    4    19 

Phenol    10    28800 

Vinyl Chloride   0    100 
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Biological BOD   0    195000 

Total Coliform bacteria  0    100 

Fecal Coliform bacteria  0    10 
(Source: Table compiled from data reported by Bagchi (1994), Tchobanoglous et. al. (1993) and Oweis and 

Khera (1998). Range of constituents observed from different landfills) 

The design steps for the leachate collection system are: 

o finalization of layout pipe network and sumps in conjunction with drainage layer slopes of 

2% 

o estimation of pipe diameter and spacing on the basis of estimated leachate quantity and 

maximum permissible leachate head 

o estimating the size of sumps and pump 

o design of wells/side slopes risers for leachate removal; and 

o design of a holding tank. 

It is recommended that the detailed methodology given in Sharma and Lewis (1994) be adopted. The 

alternatives to be considered for leachate management are: 

o Discharge to lined drains 

o Discharge to waste water treatment system 

o Recirculation 

o Evaporation of leachate 

o Treatment of leachate 

GAS COLLECTION AND TREATMENT 

Landfill gas can migrate laterally and potentially cause explosions. Landfills are therefore provided 

with gas collection and processing facilities. The rate of gas production varies depending on the 

operating procedure. The rate and quantity of gas generation with time, is difficult to predict. Typical 

generation rates reported in literature vary from 1.0 to 8.0 litres/kg/year. Bhide (1993) has reported 

landfill gas production rates of 6-0 cu.m. per hour from landfill sites in India having an area of 8 

hectares and a depth of 5 to 8 m. The decision to use horizontal or vertical gas recovery wells depends 

on the design and capacity of the landfill. The decision to flare or to recover energy from the landfill 

gas is determined by the capacity of the landfill site and the opportunity to sell power produced. Some 

of the typical constituents of MSW gas are shown in Table 2. 

                 Table 2 Typical constituents of municipal landfill gas 

Major Constituents                                             Constituent range 
Methane      30 to 60 % 

Carbon Dioxide      34 to 60 % 

Nitrogen      1 to 21 % 

Oxygen       0.1 to 2 % 

Hydrogen Sulphide     0 to 1 % 

Carbon Monoxide     0 to 0.2 % 

Hydrogen      0 to 0.2 % 

Ammonia      0.1 to 1 % 

Trace Constituents 

Acetone                    0 to 240 ppm 

Benzene      0 to 39 ppm 

Vinyl Chloride      0 to 44 ppm 

Toluene                    8 to 280 ppm 

Chloroform      0 to 12 ppm 

Dichloromethane                   1 to 620 ppm 

Diethylene Chloride     0 to 20 ppm 



  

Vinyl Acetate      0 to 240 ppm 

Trichloroethane                   0 to 13 ppm 

Perchloroethane                   0 to 19 ppm 

Others       Variable 

Gas outputs of 10 to 20 cum per hour (corresponding to 50 to 100 KW of energy) have been recorded 

in wells of 15 to 20 cm diameter drilled 10 m into waste at spacing of 30 to 70 m. For 1 MW output 

from a landfill site, 15 to 20 such wells are required. The gas management strategies should follow 

one of the following three plans: 

o Controlled passive venting 

o Uncontrolled release 

o Controlled collection and treatment/reuse 

Cover system 

Landfill cover is usually consists of several layers. The objective of final cover system is to improve 

surface drainage, minimize infiltration and support vegetation. The use of a geo membrane liner as a 

barrier layer is favoured by most landfill designers to limit the entry of surface water and to control 

the release of landfill gases. To ensure the rapid removal of rainfall from the final cover of the landfill 

and to avoid the formation of puddles, the final cover should have a slope of about 3 to 5%. The cover 

system adopted at any landfill must satisfy the minimum requirements published by regulatory 

agencies (MOEF/ CPCB). 

Surface water drainage  

Surface water drainage is required to ensure that 

o Rainwater runoff does not drain into the waste from surrounding area. 

o Rainfall does not generate excessive leachate. 

o Contaminated surface runoff from the operational landfill area does not enter water courses. 

o Slopes on the landfill are protected from infiltration and erosion. 

o Final cover soils are not subject to ponding or water logging. 

Slope stability 

The stability of a landfill should be checked for the following cases: 

o Stability of excavated slopes 

o Stability of liner system along excavated slopes 

o Stability of temporary waste slopes constructed to their full height (usually at the end of a 

phase) 

o Stability of slopes of above -ground portion of completed landfills 

o Stability of cover systems in above -ground landfills. 

The stability analysis should be conducted using the following soil mechanics methods depending 

upon the shape of the failure surface:  

o failure surface parallel to slope  

o wedge method of analysis  

o method of slices for circular failure surface 

o special methods for stability of anchored geomembranes along slopes  

In preliminary design of a landfill section, the following slopes may be adopted: 

o Excavated soil slopes (2.5H:1V) 

o Temporary waste slopes (3H:1V) 

o Final cover slopes (4H:1V) 
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Slopes can be made steeper, if found stable by stability analysis results. Acceptable factors of safety 

may be taken as 1.3 for temporary slopes and 1.5 for permanent slopes. In earthquake prone areas, the 

stability of all landfill slopes will be conducted taking into account seismic coefficients as 

recommended by BIS codes. 

Environmental monitoring  

Monitoring systems are required at the landfill site for 

o Gases and liquids in the vadose zone 

o Checking the ground water quality both upstream and downstream of the landfill site in the 

vadose zone 

o For air quality on the surface and at the boundary of the landfill. 

The number of monitoring stations will depend on the size of the landfill and the requirements of the 

local air and water pollution control agencies. A typical monitoring system  

o Evaluates leachate head with in the landfills 

o Leakage beneath the landfill 

o Pore gas and pore fluid quality in the vadose zone 

o Air quality in gas vents and gas treatment facility 

o Water quality in ground water monitoring wells 

o Leachate quality in leachate collection tanks and water quality in storm water drains. 

CONSTRUCTION OPERATION DESIGN 

Site development  

The following site infrastructure should be provided: 

o Site Entrance and Fencing 

o Administrative and Site Control Offices 

o Access Roads 

o Waste Inspection and Sampling Facility 

o Equipment Workshops and Garages 

o Signs and Directions 

o Water Supply 

o Lighting 

o Vehicle Cleaning Facility 

o Fire Fighting Equipment. 

Site entrance infrastructure should include: 

o A permanent, wide, entrance road with separate entry and exit lanes and gates. 

o Sufficient length/parking space inside the entrance gate till the weighbridge to 

prevent queuing of vehicles outside the entrance gate and on to the highway. A 

minimum road length of 50 m inside the entry gate is desirable 

o A properly landscaped entrance area with a green belt of 20 m containing tree 

plantation for good visual impact 

o Proper direction signs and lighting at the entrance gate 

o A perimeter fencing of at least 2m height all around the landfill site with lockable 

gates to prevent unauthorised access 

o Full time security guard at the site. 

Construction schedule 



  

The construction schedule shall plan for the following 

o The arrival sequence and time required for vehicles bringing waste to the landfill site 

o Climate and wind effect 

o Traffic on the access roads 

o Impact on adjoining areas. 

Material and equipment requirement 

A comprehensive material requirement plan for the construction of various phases of the proposed 

landfill shall be prepared in advance before the commencement of the construction work. Materials 

may be required for 

o Granular material for ground water drainage, leachate drainage blanket, gas venting and 

collection 

o Clay, sand, synthetic membrane for the liner system and final cover system 

o Suitable fill for internal and external bunds 

o Base course and sub base course materials for haul roads 

o Suitable material during site operations for daily cover 

o Suitable soils or granular or screened material for pipe work zone, drainage and protection 

layers above the barrier layer 

o Sub soil and top soil for restoration layers 

The type, size and number of equipment required will depend on the size of the landfill and 

maneuverability in restricted spaces. Typically the following equipments are required at the landfill 

site 

o For excavating, spreading and leveling operations crawler tractors/dozers are required 

o Compactors/rollers for compacting 

o Wheeled loader-back hoes for excavating, trenching, loading and short hauling 

Control of environment during landfilling operation 

Environmental monitoring is carried out in four zones   

i) On and within the landfills 

ii) In the unsaturated subsurface zone beneath and around the landfill 

iii) In the ground water zone beneath and around the landfill 

iv) In the atmosphere/local air above and around the landfill 

and the instruments required to be used for monitoring are GW samplers, leachate samplers, 

lysimeters, free drainage samplers, surface water samplers, downhole water quality sensors, landfill 

gas monitors, active and passive samplers for ambient air quality. 

Environmental control during operation is carried out to minimize the impact of the landfilling 

operation on the nearby residents. This can be done by 

 Providing screens in the active areas 

 Presence of birds at the landfill site is nuisance and it can be serious problem if the landfill is 

being constructed near the airport. This problem can be overcome by 

o Use of noise makers 

o Use of over head wires 

o Use of recording of the sounds made by birds 

 Wind-blown paper, plastics etc can be a problem at the landfill site. This can be overcome by 

o Portable screens near the operating faces 

o Daily removing the accumulated materials on the screen 
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o Dust control can be achieved by spraying water 

The problems of flies, pests, mosquitoes and rodents can be controlled by placing daily cover and by 

eliminating stagnant water. 

CLOSURE AND POST CLOSURE PLANS 

A closure and post closure plan shall be made to ensure that a landfill will be maintained for 30-50 

years in the future. 

A closure plan includes 

o Landfill cover and landscaping of the completed site. 

o Long term plans for the control of runoff, erosion, gas and leachate collection 

& treatment. 

Post closure plan includes 

o Routine inspection of completed landfill. 

o Maintenance of surface water diversion facilities, landfill surface grades, the 

condition of liners. 

o Maintenance of landfill gas and leachate collection equipment. 

o Long term environmental monitoring plan so that no contaminants is released 

from the landfill site.  

CONCLUDING REMARKS 

The paper has highlighted the planning and design considerations for the MSW landfills. By adopting 

these guidelines at a new landfill site will promote effectiveness and efficiency of municipal solid 

waste management, thereby reducing the over-all cost of planning, design, operations and 

maintenance of landfill facilities while ensuring the protection of public health and the environment.  
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Shallow and Deep Compaction for Made-up  
and In-situ Soils  
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INTRODUCTION 

Many civil engineering projects require the use of soils as ‗fill‘ material. Whenever soil is placed as 

an engineering fill, it is nearly always necessary to compact it to a dense state, so as to obtain 

satisfactory engineering properties which would not be achieved with loosely placed material. 

Compaction on site is usually effected by mechanical means such as rolling, ramming or vibrating. 

Compaction can be classified as shallow and deep. For shallow compaction especially for made-up 

soil, rollers, rammers and vibrating equipments are employed. Whereas for deep compaction of in- 

situ soils, the vibrofloation, deep dynamic compaction (dropping hammers) and basting technique are 

adopted which depends largely on depth of in-situ soils to be improved, influence of adjacent 

structures, soil condition etc., Control of the degree of compaction is necessary to achieve a 

satisfactory result at reasonable cost. In this write up, the details on various factors influencing 

compaction characteristics of soils, behavior of compacted soils and field compaction methods are 

briefly discussed. 

PROCESS OF COMPACTION 

Compaction of soil is the process by which the solid soil particles are packed more closely together by 

mechanical means, thus increasing the dry density. It is achieved through the reduction of the air 

voids in the soil, with little or no reduction in the water content. This process must not be confused 

with consolidation, in which water is squeezed out under the action of a static load. The air voids 

cannot be eliminated altogether by compaction, but with proper control they can be reduced to a 

minimum. The effect of the amount of water present in a fine-grained soil on its compaction 

characteristics, when subjected to a given compactive effort, is discussed below.  

At low moisture content the soil grains are surrounded by a thin film of water, which tends, to 

keep the grains a part when compacted (Figure.1a). The finer the soil grains, the more significant are 

this effect. If the moisture content is increased, the additional water enables the grains to be more 

easily compacted together (Figure.1b). Some of the air is displaced and the dry density is increased. 

The addition of more water, up to a certain point, enables more air to be expelled during compaction. 

At that point the soil grains become as closely packed together as they can be (i.e. the dry density is at 

the maximum) under the application of this compactive effort (Figure. 1c). When the amount of water 

exceeds that require to achieve this condition, the excess water begins to push the particles apart 

(Figure. 1 d), so that the dry density is reduced. At higher moisture contents little or no more air is 

displayed by compaction, and the resulting dry density continues to decrease.  

If at each stage the compacted dry density is calculated, and plotted against moisture content, a 

graph similar to curve A in Figure 2 is obtained. This graph is the moisture-density curve. The 

moisture content at which the greatest value of dry density is reached for the given amount of 

compaction is the optimum moisture content (OMC), and the corresponding dry density is the 

maximum dry density. 

At this moisture content the soil can be compacted most efficiently under the given compactive 

effort. The relationship between bulk (wet) density and moisture content is shown by the dotted curve 
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(W) in Figure.2. This type of plot is not generally used, except perhaps as a guide during a 

compaction test before the moisture contents are measured. 

A typical compaction curve obtained from the British Standard ‗ordinary‘ compaction test is 

shown in Figure.3 are curve A. If a heavier degree of compaction, corresponding to the Standard 

‗heavy‘ compaction test, is applied at the each moisture content, higher values of density, and 

therefore of dry density, will be obtained. The resulting moisture density relationship will be a graph 

such as curve B in Figure. 3. The maximum dry density is greater, but the optimum moisture content 

at which this occurs is lower, than in the ‗ordinary‘ test. 

OBJECTIVE OF PROPER COMPACTION 

Soils may be used as fill for number of purpose such as for refilling an excavation, or a void adjacent 

to a structure (such as behind a retaining wall); for providing a made-up ground to support a structure; 

As a sub-base for a road, railway or airfield runway; and as a structure in itself, such as an 

embankment or earth dam, including reinforced earth. Compaction, by increasing the density, 

improves the engineering properties of soils. The most significant improvements, and the resultant 

effects on the mass of fill as a whole, are summarized in Table 1. 

Table 1: Effect of Proper Compaction of Soils 

Improvement Effect on mass of fill 
Higher shear strength  

Lower compressibility  

Higher CBR value 

Lower permeability 

Lower frost susceptibility 

Greater stability 

Less settlement under state load 

Less deformation under repeated loads Less 

tendency to absorb water 

Less likelihood of frost heave  

FACTORS INFLUENCING COMPACTION CHARACTERISTICS OF SOILS 

Following are the primary factors influencing compaction of soils. 

Type of clay: Figure 4 shows the effect of clay content on the density and water content 

relationship. In general, higher the clay content (liquid limit) lower is the maximum dry density and 

higher the optimum moisture content. However for sand there is no peak in the proctor curve unlike 

clays (Figure 6).  

Compactive effort: Higher the compactive effort, higher is the maximum dry density and lesser is the 

optimum moisture content as seen from the (Figure.5). 

 

 

 

 

Figure 1: Representation of compaction 

of soil grains 



  

 
                           Figure 2 Dry density – moisture contents  

relationship for soils 

Figure 3 Dry density – moisture curves  

for various compactive effort 

  

 
 

 
 



75 | Ground Improvement and Ground Control including Waste Containment with Geosynthetics  

 

 

 

 
Figure 5: Effect of Compactive effort on dry unit weight Vs.  

Moisture-content relation 

 

 

 
Figure 6 Proctor Compaction test results on sand  

(AASHTO test designation T-99) 

Effect of Soil Structure / Water Content: Dry side of optimum assumes flocculated structure and 

wet side of optimum assumes dispersed structure. Compressibility will be lower and 

permeability will be higher on the dry side of optimum compare to wet side of optimum is 

primarily due to effect of soil structure. In Figure.7 for example, the fabric at point C is more 

oriented than at point A. Now, if the comparative effort is increased, the soil tends to become 

more oriented, even dry of optimum. Again, referring to (Figure.7), a sample at point E is more 

oriented than at point B, although the effect is less significant than dry of optimum. This change 

is shown in the variation of permeability with molding water content Figure.8a, where it can be 



  

seen that the permeability is about an order of magnitude higher when this soil is compacted dry 

of optimum than when it is compacted wet of optimum. 

Organic content: In general organic content increases in soil the maximum dry density 

decrease and OMC increases as seen in Figure 9a and 9b. 

ENGINEERING BEHAVIOUR OF COMPACTED COHESIVE SOILS 

Table 2 is a summary of the efforts of wet versus dry of optimum compaction on several 

engineering properties. The kind of compacting equipment or rollers used on a job will depend 

on the type of soil to be compacted. Equipment is available to apply pressure, impact, vibration, 

and kneading. A smooth wheel, or drum, roller supplies 100% coverage under the wheel, with 

ground contact pressures upto 380 kPa (55 psi) and may be used on all soil types except rocky 

soils types except rocky soils. The most common use for large smooth wheel rollers is for proof 

rolling subgrades and compacting asphalt pavements. The pneumatic, or rubber-tired, roller has 

about 80% coverage (80% of the total area is covered by tires) and tire pressures may be up to 

about 700 kPa (100psi). A heavily loaded wagon with several rows of four to six closely spaced 

tires is self-propelled or towed over the soil to be compacted. Like the smooth wheel roller, the 

rubber-tired roller may be used for both granular and cohesive highway fills, as well as for earth 

dam construction. Probably the first roller developed and perhaps the most common type of 

compactor used today is the sheepfoot roller. This roller, as its name implies, has many rounded 

or rectangular shaped protrusions of ―feet‖ attached to a steel durm. Sheepfoot rollers are 

usually towed in tandem by crawler tractors. Other rollers with protrusions have also been 

developed to obtain high contact pressures for better crushing, kneading and compacting of a 

rather wide variety of soils. 

 

 

 

Figure 7: Effect of Compaction on soil structure  Figure 8 (a) Change Permeability with molding water 

content (after Lambe, 1958)                                   (after Lambe, 1958) 
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Figure 8 (b) Charge in compressibility with molding water content (after Lambe, 1958) 



  

 

 

Figure 9 (a) Maximum dry unit weight Vs. Organic content for all compaction test (DAS 2006) 

 

 

 

 
 

Figure 9 (b). Effect of drying history and organic content on optimum moisture content (Das 2006)  
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Table 2: Compaction of soil properties between dry of optimum and wet of Optimum compaction 

Properties Comparison 

1. Structure  

a. Particle arrangement Dry side more random. 

b. Water deficiency Dry side more deficient; thus imbibes more water, swells 

more, has lower pore pressure. 

c. Permanance Dry side structure sensitive to change 

2. Permeability  

a. Magnitude Dry side more permeability 

b. Permanance Dry side permeability reduced much more by permeation 

3. Compressibility  

a. Magnitude Wet side more compressible in low pressure range, dry 

side in high pressure range. 

b. Rate Dry side consolidates more rapidly 

4. Strength  
a. s molded 

b. Undrained 

c. Drained Dry side much higher 
Dry side somewhat higher 

a. After saturation: 

b. Undrained 
c. Drained 

Dry side somewhat higher if swelling prevented; wet 

side can be higher if swelling permitted 
Dry side about the same or slightly greater 

A. Pore water pressure 

at Failure 

Wet side higher 

B. Stress-strain 

modulus 

Dry side much greater 

C. Sensitivity Dry side more apt to be sensitive  
* After Lambe (1958) 

Figure 10 summarizes the applicability of various types of compaction equipment as a 

function of soil type, expressed as a percentage of sand to clay. These ―zones‖ are not absolute, and 

it is possible for a given piece of equipment to compact satisfactorily outside the given zone. 

SHALLOW COMPACTION 
The degree of compaction achieved in the field by a roller will depend on several factors that 

include: 

1. Thickness of lift 

2. Area over which the pressure is applied 

3. Intensity of pressure applied to the soil 

4. Type of roller 

5. Number of roller passes 

The growth curve during the field compaction of lean clay is shown in (Figure 11). It can 

be seen that the dry unit weight of the soil gradually increases with the increase of the 

number of passes of a roller. After about eight to ten passes, the increase in 

is rather negligible. In most cases, the maximum economically attainable dry unit weight 

is achieved with about ten roller passes. 



  

 

Figure 10 Applicability of various types of compaction equipment for a given soil  

type (modified after caterpillar Tractor Co., 1977) 

 

Figure 11 Effect of number of passes on compaction of lean clay (After E.H Yoder  

―Principles of Pavement Design,‖ Wiley, New York, 1959) 

Vibratory rollers are particularly useful for compacting granular soils. Self- propelled and towed 

vibratory roller of various sizes, weights, and vibration frequencies are available. The vibrations are 

generally produced by rotating an off-center weight. Vertical vibrations can be obtained by using 

two synchronized counter-rotating weights. Figure 12 shows the compacted unit-weight profiles for 

8-fit lifts of the dune sand for 2,5,15 and 45 roller passes. For field compaction work, the 

specification requires that the granular soil be compacted to a certain minimum relative density 

at all depths. Determination of the height of each lift depends on the type of roller and the economic 

number of passes. 

CONSTRUCTION CONTROL 

The relationship between dry density and moisture content for soil subjected to a given compacitve 

effort, established by laboratory compaction tests, provides reference date for the 
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specification and control of soil placed as fill. On many projects the laboratory compaction tests 

are supplemented by field compaction trials by using the actual placing the compacting 

equipment which is to be employed for construction. 

Sometimes it is necessary to adjust the natural moisture content of a soil to a value at which 

it can be most effectively compacted, or at which it has the higher strength. The required 

moisture content, and the dry density to be achieved, can be accessed on the basis of the dry 

density – moisture content relationship derived form a laboratory compaction tests on samples taken 

from the borrow area. 

While compaction in situ needs to be of a sufficient degree to obtain the required density, it 

is equally important not to over compact fine-grained soils. Overcompaction not only is wasteful 

of effort, but should be avoided because over compacted soil, if not confined by overburden, can 

readily absorb water, resulting in swelling, lower shear strength and greater compressibility. 

Toes and sides of embankments are particularly sensitive to this effect. 

DESIGN PARAMETERS 

When the compaction characteristics of a soil are known, it is possible to prepare samples in the 

laboratory at the same dry density and moisture content as that likely to be attained after 

compaction in the field. These samples can be subjected to laboratory tests for the determination 

of their shear strength, compressibility and other engineering properties. Design parameters 

derived from these tests enable the stability, deformation and other characteristics of the fill to be 

assessed. They can also provide the basis for the initial design of an embankment or earth dam. 

More elaborate tests can be carried out on compacted samples to measure the changes of 

pore pressure due to changing conditions of applied stress. During construction, pore pressures 

can be monitored so as to ensure they do not at any time exceed certain limiting values 

established by the tests. A specification for compacted fill may require a certain ‗relative 

compaction‘ (measured in terms of dry density) to be achieved, within specified limits of 

moisture content. More usually a specification defines the maximum air avoids permitted in the 

compacted soil within the so that air voids lines can be added to the compaction test graphs. 

 DEEP COMPACTION 

Several special types of compaction techniques have been developed for deep compaction of in-

place soils, and these techniques are used in the field for large-scale compaction works. Among 

these, the popular methods are vibraflotation, dynamic compaction, and blasting. Details of these 

methods are provided in the following sections. 

VIBROFLOTATION 

Vibroflotation is a technique for in situ densification of thick layers of loose granular soil 

deposits. It was developed in Germany in the 1930s. The first vibroflotation device was used 

in the United States about 10 years later. The process involves the use of a Vibroflot (also called 

the vibrating unit), which is about 2.1m (∼7ft) logn. (as shown in Figure 13) This vibrating unit 

has an eccentric weight inside it and can develop a centrifugal force, which enables the vibrating 

unit to vibrate horizontally. There are openings at the bottom and top of the vibrating unit for 

water jets. The vibrating unit is attached to a follow –up pipe. Figure 13 shows the entire assembly 

of equipment necessary for conducting the field compaction. The entire vibroflotation compaction 

process in the field can be divided into four stages (Figure 14) 

Stage 1: The jet at the bottom of the Vibroflot is turned on and lowered into the ground 



  

Stage 2: The water jet creates a quick condition in the soil and it allows the vibrating unit to sink into 

the ground 

Stage 3: Granular material is poured from the top of the hole. The water from the lower jet is 

transferred to the jet at the top of the vibrating unit. This water carries the granular material down 

the hole. 

Stage 4: The vibrating unit is gradually raised in about 0.3 m (=1 ft) lifts and held vibrating for about 

30 seconds at each lift. This process compact the soil to the desired unit weight. 

 

 
Figure 12: Compacted unit weight for 8ft (2.44m) lift height for 2,5,15 and 45  

vibratory roller passes. (DAS 2006) 

Table 3 Types of Vibroflot Units 

Motor Type 75kW electric and  

hydraulic 

23kW electric 

a.Vibrating tip   

Length 2.1 m (7.0ft) 1.86m (6.11 ft) 

Diameter 406 mm (16 in) 381 mm (15 in) 

Weight 17.8 kN (4000 Ib) 17.8 kN (4000 Ib) 

Maximum movement 

when full 

12.5 mm (0.49 in) 7.6 mm (0.3 in) 

Centrifugal force 160 kN (18 ton) 89 kN (10 ton) 

b. Eccentric   

Weight 1.2 kN (260 Ib) 0.76 kN (170 Ib) 

Offset 38 mm (1.5 in) 32 mm (1.25 in) 

Length 610 mm (24 in) 390 mm (15.25 in) 
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Speed 1800 rpm 1800 rpm 

C.pump   

Operating flow rate 0-1.6m
3
/min (0-400 

gal/min) 

0-0.6m
3
/min (0-150 gal/min) 

Pressure 700-1050 kN/m
2
 (100-150 Ib/in

2
) 700-1050 kN/m

2
 (100- 150 Ib/in

2
) 

d.Lower follow-up 
pipe and extensions 

  

Diameter 305 mm (12 in) 305 mm (12 in) 

Weight 3.65 kN/m (250 Ib/ft) 3.65 kN/m (250 Ib/ft)  
* After brown (1977) 

 

Figure 13 Vibrofloatation Techniques 



  

 

Figure 14 Compaction process of vibroflotation 

The details of various types of Vibroflot units used in the United States are given in Table 5.5. 

Note that 23kW (30-hp) electric units have been used since the latter part of the 1940s. The 75kW 

(100-hp) units were introduced in the early 1970s. The zone of compaction around a single probe 

varies with the type of Vibroflot used the cylindrical zone of compaction has a radius of about 2m 

(=6 ft) for a 23kW (30-hp) unit. This radius can extend to about 3m (=10ft) for a 75kW (100-hp) 

unit. Compaction by vibroflotation is done in various probe spacing, depending on the zone of 

compaction. This spacing is shown in Figure 15. The capacity for successful densification of in 

situ soil depends on several factors, the most important of which is the grain-size distribution of the 

soil and the type of backfill used to fill the holes during the withdrawal period of the Vibroflot. The 

range of the grain-size distribution of in situ soil marked Zone 1 in Figure 16 is most suitable for 

compaction by vibroflotation. Soils that contain excessive amounts of fine sand and silt-size 

particles are difficult to compact, and considerable effort is needed to reach the proper relative 

density of compaction. Zone 2 in Figure 16 is the approximate lower limit of grain-size 

distribution for which compaction by vibroflotation is effective. Soil deposits whose grain-size 

distributions fall in Zone 3 contain appreciable amount of gravel. For these soils, the rate of probe 

penetration may be slow and may prove uneconomical in the long run. 

SN = 1.7 √ {3/(D50)
2
 + 1/(D20)

2
 + 1/(D10)

2
} 

Where D50, D20, D10 are the diameters (in mm) through which, respectively, 50,20, and 

10% of the material passes. 

The smaller the value of SN, the more desirable the backfill material. Following is 

backfill rating system proposed by Brown (1977) 

Range of SN Rating as backfill 
0-10 Excellent 

10-20 Good 

20-30 Fair 

3 0-50 Poor 

>50 Unsuitable 

DYNAMIC COMPACTION 

Dynamic compaction is a technique that has gained popularity in the United States for 

the densification of granular soil deposits. This process consists primarily of dropping a 
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heavy weight repeatedly on the ground at regular intervals. The weight of the hammer 

used varies over a range of 80 to 360 kN (18 to 80 kip), and the height of hammer drop 

varies between 7.5 and 30.5 m (2.5 and 100 ft). The stress waves generated by the 

hammer drops aid in the densification. The degree of compaction achieved at a given site 

depends on the following three factors: 

 

Figure 15 Probe spacing of vibroflotation 

 

 

Figure 16 Range of Grain size distribution of soil for vibroflotation 

 

1. Weight of hammer 

2. Height of hammer drop 

3. Spacing of locations at which the hammer is dropped 

Leonards, Cutter, and Holtz (1980) suggested that the significant depth of influence for 

compaction can be approximated by using the equation 

D  (1/2) WHh 

Where D = significant depth of densification (m) 

WH = dropping weight (metric ton) 

h = height of drop (m) 



  

BLASTING 

Blasting is technique that has been used successfully in many projects (Mitchell, 1970) for the 

densification of granular soils. The general soil grain suitable for compaction by blasting is 

the same as those for compaction by vibroflotaton. The process involves the detonation of 

explosive charges such as 60% dynamite at a certain depth below the ground surface in saturated 

soil. The lateral spacing of the charges varies from about 3 to 10 m (10 to 30 ft). Three to five 

successful detonations are usually necessary to achieve the desired compaction. Compaction 

up to a relative density of about 80% and up to a depth of about 20 m (60ft) over a large area can 

easily be achieve by using this process. Usually, the explosive charges are placed at a depth of about 

two-thirds of the thickness of the soil layer desired to be compacted. 

 CONCLUDING REMARKS 

Compaction of soil results in the overall improvement of made-up soil especially 

for construction of embankments, land reclamation projects, land fill design etc. Shallow 

compaction equipments can be effectively used to achieve a required density which in 

turn results is required design parameters such as bearing capacity, settlement etc. On the 

other hand, it is also possible to densify the in-situ soil through deep compaction 

equipments such as vibrofloat, blasting, deep dynamic compaction etc. The achievement of 

desired properties as required in the design, is instantaneous in compaction methods 

unlike other methods of ground improvement. 
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Ground improvement techniques-stone and lime 
columns  
 KS Gill, JN Jha 

 Department of Civil Engineering, Guru Nanak Dev Engineering College, Ludhiana 

INTRODUCTION 

Soft deposits can be found in the subsoil profile at number of places particularly along the coast in 

narrow tidal plains and swamp area. In coastal Tamil nadu these deposits occur in backwater areas 

of Kovalam, Vedaranyam, Pullicat and Pondichery. The soft clays are geologically young 

sediments, which are unconsolidated deposits with low shear strength and high compressibility. 

Further their natural moisture content is likely to be higher than liquid limit with low 'N' 

value (<5) and static cone resistance values of 200 to 1000 KN/m2. In these deposits 

conventional shallow foundation for buildings and equipments may pose problems with 

respect to sizing of foundation and foundation settlement. 

The dearth of good construction sites has forced engineers in recent times to use these 

poor sites either by providing deep foundation or by improving the ground. Methods 

developed over recent years to improve the soft soil can be effectively used so that the 

improved ground exhibits adequate bearing capacity and foundations constructed on them 

would result in settlement within the tolerable limits.  

PURPOSE OF GROUND IMPROVEMENT 

The ground improvement technique is a special method aimed at increasing bearing capacity, 

reduce compressibility, decrease permeability, modify dynamic response, and reduce the risk of 

liquefaction potential of subsoil and increase the stability of soil in slopes. 

NECESSARY DATA 

Following information of subsoil is essential to establish the need for ground improvement at a site, 

for selection of suitable method and for the design using selected method. 

a) Subsoil profile and soil characteristics up to a depth of about twice the width of the loaded area or 

up to hard strata if encountered earlier. 

b) Properties of subsoil such as index, shear strength, compressibility characteristics etc. 

c) Static or dynamic cone penetration resistance profile upto the depth of soil to be improved. 

Information with respect to nature of structure, area covered by it, intensity and nature of load and 

the permissible distortion that the structure can withstand. 

METHODS OF IMPROVING SOFT GROUND 

Ground improvement is generally achieved by anyone of the following methods: 

 Stone column 

 Lime column 

 Sand drains With preloading 

 Sand compaction piles 

 Sand pads 

 Dynamic compaction 

 Grouting etc. 



  

Among the methods indicated, stone and lime column methods are widely adopted in field, hence 

principles involved in these two methods are briefing explained. 

STONE COLUMN 

This technique has been developed very recently for improving bearing capacity and to 

reduce settlement of weak deposits like soft clays and loose sands. It has been increasingly 

adopted in India. This method involves making bore holes in the weak deposits and filling 

stone chips or gravel or mixture of these and compacting them to create a column of desired 

strength. These are constructed by adopting any one of the following methods.  

 Non-displacement Method 

 Vibrofloated Stone Column. 

Non-displacement Method 

In this method a hole of required size is accomplished either by using bailer and casing or 

using rotary drill. Initially the borehole is advanced using a bailer while its sides are 

supported by a casing. After the casing has reached the required level, sound and well-graded 

crushed stone of 75mm down size of 2 mm is placed in the borehole and casing is withdrawn 

at a certain length to ensure continuous formation of stone column. The loose charge below 

the bottom of the casing is then compacted by operating a rammer of suitable weight and fall 

within the casing, so as to obtain compaction energy of ground of 20 kN m per blow. The 

sequence of formation of stone column is shown in Figure 1.  

Vibrofloated Stone Column 

In this method a hole is formed in the weak deposit using a vibrofloat unit. The vibrofloat 

equipment comprises of a vibrofloat probe, accompanying power supply, water pump, crane 

and front - end loader as shown in Figure 2.The vibrofloat is a poker vibrator normally of 

diameter varying from 300 mm to 450 mm and about 2m to 3.5m long weighing 2 to 4 tonnes 

depending upon the size (Figure 3). 

By this method soil generally gets replaced by jetting water used with the vibro float, 

size of the hole formed can be controlled to a certain extent, by regulating intensity of 

vibration, pressure and rate of penetration of float. Diameter of holes formed vary generally 

from 0.8m to 1 .1m. After the vibrofloat has penetrated to the desired level it is gradually 

withdrawn and crushed stone is poured. During the process of withdrawal of the needle, 

vibration and jetting is continuously maintained to ensure compaction of granular fill. The 

withdrawal of the float is made in short passes, preferably of about lm to ensure proper 

compaction and uniformity along the entire length of stone column. The sequence of 

constructing the column by vibrofloat is as shown in Figure 4.  

Failure Mechanisms Of Single Stone Column 

Failure mechanism of a single stone column loaded over its area significantly depends upon 

the length of the column. For columns having length greater than its critical length (that is 

about 4 times the column diameter) and irrespective whether it is end bearing or floating, it 

fails by bulging (Figure.5 A). However, column shorter than the critical length are likely to 

fail in general shear if it is end bearing on a rigid base (Figure. 5B). and in end bearing if it is 

a floating column as shown in Figure 5 C. In practice, however, a stone column is usually loaded 

over an area greater than its own (Figure.6) in which case it experiences significantly less bulging 
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leading to greater ultimate load capacity and reduced settlements since the load is carried by both 

the stone column and the surrounding soil. 

The above failure mechanisms apply to stone columns installed in homogeneous soils. 

Practical situations may rise where isolated zones of very soft cohesive soils may result in 

significant bulging at both shallow and deep depths and hence, this should be duly 

considered wherever necessary. The failure mechanisms of stone column in non – 

homogeneous cohesive soil are as shown in Figure 7. 

Load Carrying Capacity and Settlement of Stone Column Reinforced Ground 

The stone column is essentially a system of soil reinforcement with the additional advantage 

of providing drainage path. Design of stone column reinforced ground involves two aspects.  

 Estimation of load capacity of a stone column 

 Settlement Analysis. 

Estimation of Load capacity of a stone column 

Load capacity of the treated ground may be obtained by summing up the contribution of each 

of the following components for wide spread loads, such as tankages and embankments:  

 Capacity of the stone column resulting from the resistance offered by the surrounding 

soil against its lateral deformation (bulging) under axial load, 

 Capacity of the stone column resulting from -increase in resistance offered by the 

surrounding soil due to surcharge over it, and 

 Bearing support provided by the intervening soil between the columns. 

Capacity Based on bulging of Column 

Considering that the foundation soil is at failure when stressed horizontally due to bulging of 

stone column, the limiting (yield) axial stress in the column is given by the sum of the 

following: 

σv = σrL K pcol 

σv =  (σro + 4Cu) Kpwl 

where σv  = limiting axial stress in the column when it approaches shear failure due to  

                  bulging, and 

           σrL = Initial radial stress (σro + 4Cu)  

          Cu  = undisturbed undrained shear strength of clay surrounding the column, and 

          σro  =  initial effective radial stress = K0 σro 

         K0  =  average coefficient of lateral earth pressure for clays equal to 0.6 or   

                    alternatively, as determined from the relationship Ko = 1 -sin φ  where φ  is the    

                  effective angle of internal friction of soil, and  

         σv0  =  average initial effective vertical stress considering an average bulge depth   

                   as 2 times diameter of the column (Figure 5A), that is  σroo  =γ2D 

           γ = effective unit weight of soil within the influence zone. 

   K pcol = tan2 (45˚+ φc/2)  

    φc           = angle of internal friction of the granular column material and it may vary depending 

upon angularity, surface characteristics and density of column material. As a broad guide, 

this may range from 38° to 42° depending upon the compactness achieved during. 

construction of stone  columns. 

 Yield load = σv лD
2
/4= Safe load on the column 

 Q1 = σv (л/4D
2
)/2, where 2 is a factor of safety 



  

Surcharge Effect 

The increase in capacity of the column due to surcharge may be computed in terms of increase in 

mean radial stress of the soil as follows:  

Δ σr0 = qsafe (1+2K0)/3 

Where Δ σr0 is the increase in mean radial stress due to surcharge, and qsafe is the safe bearing 

pressure of soil with the factor of safety of 2.5 (See IS 6403) 

qsafe = Cu Nc / 2.5 

Increase in yield stress of the column = K pcol Δ σr0 

Allowing a factor safety of 2, increase in safe load of column, Q2 is given by the following formula: 

Q2 = K pcol Δ σr0 As/2 

The surcharge effect is minimum at edges and it should be compensated by installing additional 

columns in the peripheral region of the facility. 

Bearing Support Provided by the Intervening Soil 

This component consists of the intrinsic capacity of the virgin soil to support a vertical load which may 

be computed as follows: 

Effective area of stone column including the intervening soil for triangular pattern 

= 0.866 S
2 

Area of intervening soil for each column Ag is given by following formula: 

Ag = 0.866 S
2
 - лD

2
/4 

Safe load taken by the intervening soil, Q3 = qsafe Ag  

Overall safe load on each column and its tributary soil = Q1 + Q2 + Q3 

NOTE: Number of columns to be provided under a structure may be obtained if the total load which the 

structure is subjected to and the reduction in settlements required considering the permissible total and 

differential settlements for it are known. 

Settlement Analysis 

The settlement of stone column treated ground may be determined by either the empirical approach or 

the concept of vertical average stress on the soft soil. In the empirical method the settlement of 

treated ground is computed as a percentage of untreated ground settlement. For a given spacing of 

stone column and strength of the soft ground, the settlement of the reinforced ground can be 

obtained from the Figure 8. In this method it is assumed that the column rests on sufficiently hard 

ground. In the reduced stress method, the settlement of the treated ground depends upon two 

parameters namely stress concentration factor, n, and the area replacement ratio, as. Factor, 'n' 

depends on the relative stiffness of the stone column and generally varies from 2 to 6 with usual 

values of 3 to 4. The area ratio, as is determined from the diameter and spacing of stone columns 

provided. Consolidation settlement St of treated ground is determined by the equation given below: 

St = βS, where β = Settlement reduction factor = 1/{1+(n-1)as} 

n = σs/ σc,  

σs  = Vertical stress in compacted stone column 

σc, = Vertical stress in surrounding soil 

as = Asc/(Asc+As) 

Asc = Area of stone column 

As = Area of soil surrounding the stone column 

LIME COLUMN 



91 | Ground Improvement and Ground Control including Waste Containment with Geosynthetics  

 

 

 

Lime has been used widely in soil stabilisation for several years and in recent times quick lime has 

found wider application particularly in stabilisation of soil soil. Lime stabilisation is achieved by two 

ways depending on nature of soil (soft or desiccated), thickness of strata, depth of strata etc. Intrinsic 

mixing of lime with clay is generally resorted to, when the thickness of layer is small and is 

available at shallow depths; whereas lime column technique is adopted at locations where soft clay 

extends to larger depth. The lime reacts with soil and increases the strength and decreases the 

compressibility of soil. These reactions are hydration, cation exchange, puzzolanic and carbonation. 

The substantial increase in strength, permeability and decrease in compressibility are mainly 

attributed to the formation of cementation products such as calcium silicate hydrate (C SH) and 

calcium aluminate hydrate (CAH) due to puzzolanic reaction. 

The stabilisation of thick deposits of soft clay by lime column or lime pile overcomes some of 

the difficulties connected with pile foundation. This method was first described by Broms and 

Boman (1975). In this method the columns made insitu by mixing un-slaked lime with soft clay are 

used to support light structures. The lime and different additives are mixed with the soil using an 

auger, thereby column of stabilised soil with 0.5m diameter and upto a length 10m are formed with 

spacing of 2 to 4 times the diameter. The shear strength of the soil is increased while the 

compressibility is reduced due to chemical action between lime and soil. Measurements indicate that 

an area stabilized with lime columns behave as a rigid block as long as the average shear stress 

along the perimeter of the block is less than the undrained shear strength of the surrounding 

unstabilised clay. 

Formation of Lime Column at Insitu 

The lime columns are formed insitu by mixing the soil insitu with unslaked lime using an auger, shaped 

like a giant eggbeater (Figure 9). Normally quick lime is added upto 10% of dry weight of soil. The 

rotation rate is 60 rpm, when the tool is pushed down into the soil corresponding to pitch of the 

inclined blades. At the required column length, the rotation is reversed and the tool is withdrawn 

gradually. While withdrawing the auger the lime is forced into the soil through a hole in the auger 

using compressed air. The auger is withdrawn slowly in order to mix the lime thoroughly with the 

soil and to compact the lime-soil mixture. The amount of lime forced into the soil is recorded as well 

as the injection pressure. The rotary table mast mounted on a special carrier is shown in Figure 

10.This equipment has a capacity to form 10m long lime column of 0.5m diameter in about 10 

minutes. 

Lime Column Applications 

Lime column act as reinforcement and drain in the soil. The reinforcing effects can be studied by 

varying the length, spacing and the diameter of lime columns. Lime columns can be used to support 

light structures as shown in Figure 11. The total as well as the differential settlements are thereby 

reduced, since the weight of the structure is transferred to deeper and less compressible strata. The lime 

columns can also be used to decrease the negative skin friction the pile which is supporting buildings 

(Figure 12) or below bridge abutments. They will carry part of the weight of the soil which otherwise 

will be transferred to the structural piles when the soil around the structure settles. Further the lime 

column also prevents the lateral displacement of soil around bridge abutments or substructure due to 

the lateral creep. Lime columns are also used in soft clay to increase the stability of slopes and to 

reduce the lateral earth pressure on sheet pile and retaining walls and in deep cuts to prevent failure 

by bottom heaving (Figure 13). 

Quantum of Lime 



  

The stabilisation effect of lime depends on the presence or absence of organic matter, clay content and 

pore fluid characteristics. If the organic content is more, the requirement of lime content is also more. 

In silt textured soil with clay fines deposited in fresh water the stabilisation effect is maximum with 

smaller quantity of lime. The stabilisation effect is retarded if the natural moisture content is very 

high. In marine clays generally 6 to 10% of lime by dry weight of soil will be adequate. 

Variation of Strength with Time 

The increase in strength of lime treated soil increases with time. One third of final strength can be 

achieved within a month of stabilisation. The fifty percent of final strength can be achieved in one year 

after the installation of lime column. The reaction of lime with clay is similar to concrete which also 

exhibits strength increase with time. The full strength of lime treated ground can be achieved 

after several years of installation. 

Design of Lime Column  

The ultimate strength of lime column depends upon natural moisture content, initial strength of soft 

clay, amount of lime content and spacing of lime columns. Eventhough the existing literature 

indicates that there is a substantial increase in shear strength of lime treated ground, the ultimate 

strength of the soil is estimated through field tests such as static cone penetration tests, screw plate 

load tests and vane shear tests. Further there is no established method to estimate the ultimate 

capacity of lime column treated ground. The design of the lime column treated ground was carried 

out based on settlement consideration rather than the strength. 

Settlement 

Differential Settlement 

Structures are primarily damaged by differential settlements. For an area stabilised with lime 

column settlement is caused by shear deformations in the unstabilised soil between columns. The 

larger part of the weight of the structure will be transferred to the surrounding soil through the 

periphery of the block enclosed by columns as shown in Figure 14. 

A small relative displacement of the block is required to mobilize the, shear strength of the soil 

along the periphery. A large deformation of the order of 50mm to 100mm is necessary to mobilize the 

shear strength of the soil below the block when the depth of soft strata below column is large. With 

time, larger part of the weight of the structure will be transferred to the bottom layer through the block 

as the soil around the block consolidates. 

The differential settlement will be small as long as the perimeter shear is less than the average 

shear strength of the surrounding soil. The perimeter shear S can be calculated from the equation given 

below, by assuming that the load transferred through the bottom of the stabilized area is negligible. 

S = {W/2(B+L)H}< Cu/FOS 

Where W= Weight of Structure 

B = Width of reinforced block 

L = Length of reinforced block 

H= Height of reinforced block 

Cu = Average undrained shear strength of surrounding soft clay 

FOS = Factory of safety, 1.5. 

α = S/GB = Cu/(FOS x GB) 

GB = equivalent Shear mod ulus of soil = {B/(B-nd)}Gc 
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When the load is unevenly distributed it is advisable to concentrate the columns at the part of 

structure with highest unit load. The load distribution below structure will depend on the relative 

stiffness of the structure with respect to the soil. The differential settlements from the shear deformation 

in the soil between columns can be estimated as shown in Figure 15. The angle change, α at the edge of 

the reinforced block will, at low stress levels, increase approximately linearly with shear stress, 'S'. 

D  = Diameter of lime column 

N  = number of column rows 

Gc = shear modulus of the unstabilised soil approximately equal to 100 Cu 

The angle change, α should be less than (tan
-1

(1/250) which is the maximum angle change most 

structures can tolerate without damage. 

Total Settlement 

Most of the structures can tolerate higher total settlements provided the settlements are 

uniformly distributed. However when the total settlement exceeds 100mm serviceability facilities 

such as water and sewer connections may begin to rupture. These difficulties can be controlled if 

settlements are taken care of during the design stage itself. The maximum settlement below the centre 

of loaded area of lime column supported ground can be calculated as below. 

The total settlement is equal to the sum of the compression of the reinforced block, h1 and 

compression of the unstabilised soil lying below the reinforced lime column block, h2 as shown in 

Figure 16. 

The compression of the reinforced block depends on the interaction between the lime column and 

the soil enclosed between the columns as well as the length of lime columns. The settlement of the 

reinforced block is generally computed in two ways. 

The deformation of the block is large so that the creep limit 'Qr' of the column is reached. 

The applied load and deformation of the block are small so that the creep limit of the column is not 

reached. 

Column has reached creep limit  

In this method settlement can be estimated by dividing the applied load into two parts q1 and q2 in 

which q1 is the part of the load resisted by the lime column and q2 is the reminder of the load carried 

by the enclosed soil as shown in Figure 17. The load q1 carried by the column is dependent on the 

creep limit, which is 0.7 Cu of column of the stabilised soil. The settlement h1 caused by the load q2 

can be calculated from the consolidation test on undisturbed samples. The reinforced layer block is 

divided into layers and the stress increase for each layer is calculated from Boussinesq equation or by 

2:1 method. 

Column has not reached creep limit  

In this method the relative stiffness of the column with respect to the enclosed unstabilised soil will 

govern the stress distribution. The settlement h1 of the reinforced block will be governed by the 

compression Modulus 'Mc' of the column material 

 h1 = qcH/Mc 

qc  = the average axial stress in the column 

H = Column length 

Mc= 300 quc for short term loading, quc = the ultimate strength of column 

Further the above equation can be modified as follows by considering that the soil between the 

columns and column settle equally. 

h1 = qH/{ρMc+(1- ρ)Ms}  



  

q = intensity of load on the foundation 

H = column length 

Mc = compression modulus of column 

 Ms = compression modulus of soil ( 250 Cu approximate or from consolidation test) =   

        = nAc/BL 

N n = total number of columns 

Ac =  Area of cross section of each column 

B =  width of reinforced block 

L = length of reinforced block 

h1 = β x consolidation settlement of untreated ground 

β = 1/{ρMc/ Ms + (1- ρ)} 

The settlement h2 of layer lying below the lime column can be determined by conventional method. 

SUMMARY 

Numerous instances arise where the soil at many sites at shallow depths are not having 

required properties to support proposed structures. In some situations, poor soil conditions 

may pose problem for the integrity of existing structures. In response to these needs special 

techniques for the in-place treatment of soils have been developed and are practical 

effectively. Among the several methods the techniques of stone column and lime column 

(Deep Mixing Method) are popular since these methods require less time to implement and 

improvement is quicker. 
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INTRODUCTION  

The decreasing availability of proper construction sites has led to the increased use of marginal ones, 

where the bearing capacity of the underlying deposits is very low. The newly emerging method is to 

remove the existing weak soil up to a shallow depth and replace it by a granular soil reinforced with 

horizontal layers of reinforcement. Further, the soil, which is replaced with reinforced soil, may be 

compacted at higher density to get the benefit of additional frictional resistance. The removed soil, if 

very weak, may be replaced with well-graded soil before reinforcing and re-compacting it. The 

determination of the ultimate bearing capacity of square footings resting on stratified subsoil is a 

complex problem. The problem of bearing capacity of layered soil has been studied among others by 

Dembicki and Odrobinski (1973), Mayerhof and Hanna (1978) and Michalowaski and Lee (1993). 

The beneficial effects of using tensile reinforcement to increase the bearing capacity of sands have 

been clearly demonstrated by several investigators (Binquet and Lee, l975a,b, Akinmusuru and 

Akinbolade, 1981, Guido et al., 1986, Dixit and Mandal, 1993, Adams and Collin, 1997 and Kumar 

and Saran, 2001, 2003a, b).  

In general, settlement is the governing criterion for designing a footing resting on weak granular 

material. Usually, for a given settlement, the load that a footing can carry is obtained either by using 

plate load test data or standard penetration test. However, a novel method proposed by Sharan (1977) 

and Prakash et al. (1984) based on constitutive laws of soil, which gives pressure settlement 

characteristics of a footing resting on soil, can also be adopted. The mathematical model proposed by 

Kondner (1963) has been used to describe the constitutive laws of soil. This method has two 

advantages — (i) it eliminates the use of costly field tests, and (ii) it gives directly the pressure-

settlement characteristics of actual footing. In the present paper the method proposed by Sharan 

(1977) and Prakash et al. (1984) based on constitutive laws of soil has been extended for drawing the 

pressure- settlement characteristics of a square footing resting on reinforced layered sand, where top 

layer of sand is reinforced with horizontal layers of reinforcement. The results of this analysis have 

been validated with the model test results.  

THEORETICAL ANALYSIS  

The analysis has been developed for studying the pressure-settlement characteristics of square 

footings resting on strong sand layer underlain by weak sand layer using non-linear constitutive laws 

of soil. Constitutive laws of soils define the mechanical behavior of soil and are of prime importance 

for analyzing almost all applied nonlinear problems of soil mechanics. The most popular model for 

describing a constitutive law is a two constant hyperbola suggested by Kondner (1963). The constants 

of this model can be obtained by performing triaxial tests on the pertaining soil simulating field 

conditions. The stress- strain behavior of sands is dependent on confining pressure. This fact has been 

taken into account in developing the analysis. The analysis is based on the following assumptions:  

1. The effect of weight of soil mass has been considered in determination of stresses. Vertical 

stress due to weight of soil has been taken equal to Po where Ps is overburden pressure of soil at 



  

any depth z of soil layer. The horizontal stress due to weight of soil has been taken equal to k0 p 

where k0 is the coefficient of earth pressure at rest.  

2. The base of the footing has been assumed smooth, as the effect of roughness on pressure 

settlement characteristics has been found to be negligible from the studies of Sharan (1977).  

3. In sands, elastic modulus (E) and Poisson‘s ratio () are dependent on confining pressure. Stress 

equations for such material are not available. Therefore, stresses in soil mass have been 

computed using theory of elasticity (Poulos and Davis, 1974) and this fact has been taken into 

account by introducing a concept of factor of safety in the analysis. Strains have been computed 

from the hyperbolic soil model defined by Kondner (1963). It will be seen later that this 

approach makes the predicted results very close to the real ones.  

Procedure for Analysis  

The procedure has been described in the following steps:  

1. The soil mass supporting the footing, of width B, is divided into a number of thin strips up to a 

depth of 4B beyond which the vertical stresses become almost negligible (Fig. I). The thickness of 

each strip is taken as 0.25 B. The normal and shear stresses at the centre of each strip of soil mass 

along the vertical section have been computed using theory of elasticity (Poulos and Davis, 1974).  

2. For considering the effect of reinforcement at each 1 layer Level, stress σx and σy has been 

modified by adding δx and δy respectively to it where:  

where:  

q is the applied pressure intensity  

B is width of footing  

Df is depth of footing  

Z is depth of lowermost layer of reinforcement below base of footing  

fe is lateral coefficient of friction between soil and reinforcement  

Mxz and Myz are non-dimensional frictional resistance factors  

A xz and Ayz are non-dimensional area factors  

The values of Mxz ,Myz, Axz and Ayz are to be taken from non-dimensional charts presented by Kumar 

and Saran (2003b) and fe = tan φf where φf is soil-  reinforcement friction angle.  

3.  The principal stresses σ1, σ2 and σ3 (Fig. 2) at a point in the soil mass have been   computed using 

the following equations of the theory of elasticity.  

 

 

Fig. 2 Principal stresses at a point and their directions, three 

dimensional  
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The value of Poisson‘s ratio has been obtained using the equation:  

                                                                                                                          (6)  

 

 

 

Kumar and Saran (2001, 2003b) proposed an equation for the calculation of ultimate bearing capacity 

of footings resting on homogeneous soil reinforced with horizontal layers of reinforcement. Similar 

equation is applicable to reinforced layered soils also. The equation may be modified as under:  

where, q r(layered) and q ur (layered)are as shown in Fig. 3.  

qur (layered) is the ultimate bearing capacity of reinforced layered soil  

dR is the depth of lower most layer of reinforcement below the base of footing.  

Nq (average) is Terzaghi‘s bearing capacity factor  

 

where, h1 and h2 are the thicknesses of top and bottom layer of soil, φ1 and and φ2 are internal friction 

angles of top and bottom layer of soil respectively.  

qr (layered) is calculated after modifying the Kumar and Saran (2001, 2003b) equation as under  

 



  

 

Pressure ratio (Pr) is defined as: Pr = q/q0,  

where q0 = the average contact pressure of a footing on unreinforced soil, at a given settlement, q = 

the average contact pressure of the same footing on reinforced soil, at the same settlement.  Here, in 

the present case, q is equal to qr (layered) and q0 is equal to qu (layered) The ultimate bearing capacity 

of unreinforced layered soil; q, (Iayer) may be calculated by any of the methods available in literature. 

Here the ultimate bearing capacity of two-layered soil, qu (layered) is calculated using Terzaghi‘s 

equation for the modified values of γaverage and φaverage.  

 

where, where, h1 and h2 are the thicknesses of top and bottom layers of soil, and are the unit weights 

of top and bottom layers of soil respectively and φaverage is taken from Eq. 8.  

The constitutive equation for the supporting soil is obtained from triaxial compression test results 

using Kondner‘s two constant hyperbola (Fig. 4). It gives the relation as below:  

The modulus of elasticity (E5) for each layer of soil has been calculated from the following equation:  

where, σu, = (σ1 – σ3), F and a and b are hyperbola constants which are the ftnctions of confining 

pressure. The values of hyperbola constants a and b shall be taken from triaxial shear test results for 

top layer of soil for Z < h1 and from triaxial shear test results for bottom layer of soil for Z> h, The 

factor F for the given load intensity q has been obtained from the following relationship:  

qulayered / q  = F, where qulayered is the ultimate bearing capacity of reinforced layered soil as obtained 

from Eq. 7 and q is the applied load intensity.  

The strain in each strip in the direction of major principal stress has been obtained from the following 

equation:  

 The strains in the direction of minor principal stress is calculated from the following relationship  

Evaluation of vertical strain  
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 The vertical settlement (Se) of any strip along a vertical section is computed by multiplying the strain 

s with the thickness of each strip Dz  

The total settlement along any vertical section is computed by numerically integrating the expression  

 The surface load intensity is varied and steps 1 to 9 are repeated. The pressure-settlement curves are 

obtained.  

EXPERIMENTAL PROGRAMME  

Model tests were conducted for square footings resting on two-layered reinforced sand. The top layer 

of well graded sand was reinforced with horizontal layers of geogrid reinforcement to get the 

maximum benefit of frictional resistance between soil and reinforcement. The soil used in the entire 

laboratory-testing program was dry sand. The sand used for bottom layer was classified as poorly 

graded sand (SP) by unified soil classification system. The other physical properties of sand as 

determined in laboratory are [Effective size (D10) = 0.11mm, Uniformity Coefficient (C u =2.09, Mean 

Specific Gravity (Gs) = 2.64, Maximum Voids Ratio (e max) = 0.898, Minimum voids ratio (e min) = 

0.52]. The sand used for top layer was well-graded sand. The other physical properties of this sand are 

[Effective size (D10) = 0.14mm, Uniformity Coefficient(C) = 4.64, Mean Specific Gravity (Gs) = 2.66, 

Maximum Voids Ratio = 0.753, Minimum voids ratio (emin) 0.4 14].  

Model footing made up of mild steel (0.225 m x 0.225 m) was used. In order to simulate the 

roughness of actual footing, the bottoms of the model footings were made rough by gluing sand paper 

and allowing it to dry for several days.  

 The size of tank was designed keeping in view the size of the footing to be tested and zones of 

influence. The inside dimensions of the tank were fixed as 1.80 m long, 1.20 m wide and 1.20 m high. 

It was made of steel channels. The sides and bottom of the tank were made up of 9 mm thick mild 

steel sheet, welded to the base framework of steel angles and plates. Vertical loads were applied to 

each model footing by a hydraulic jack. The magnitudes of applied loads were recorded with the help 

of sensitive proving ring of 50 kN capacity. In order to record the correct vertical settlement of the 

footings for each increment of load applied, two sensitive dial gauges of least count 0.005 mm were 

used and their average was taken. The dial gauges were mounted on a rigid beam by means of 

magnetic bases. To get reproducibility of soil density for various tests, the rainfall technique was 

adopted for deposition of sand. This technique is simplest and the best for the placement of sand at the 

desired density.  Firstly, a relationship was obtained between height of fall  

 of sand with its relative density by depositing sand in the tank from various heights. The density of 

sand was verified by placing containers of standard volume at different locations in the tank and 

finding the density of sand at the time of filling. The sand was filled in the tank in 100 mm layers by 

rainfall technique to achieve the uniform density.  

The results of the tests have been plotted as pressure- settlement curves and some typical results are 

shown in Fig. 5. The other test results are shown elsewhere (Walia,  

 2006) -  

VALIDATION OF ANALYSIS  



  

The comparison of experimental and predicted values of settlement at different contact pressures is 

shown in Fig. 6. It was observed that the predicted values of settlement reasonably well up to 

approximately two-third of the ultimate bearing pressure. As usually in design the settlements are for 

the working pressure intensity [ultimate bearing capacity/ 2 or 3], this approach may be used for their 

estimation with confidence. The parameters of constitutive laws of soil have been calculated after 

conducting triaxial shear tests on sand used for each layer.  

CONCLUDING REMARKS  

 An analytical procedure has been proposed to predict the pressure-settlement of square footings 

resting on reinforced layered soils, using the non-linear constitutive laws of such soils. The method 

has been devised for two layered soil system, which can be extended to more than two layers also. 

This approach, however, requires predetermination of the ultimate bearing capacity of footing on 

reinforced layered soil, which can be obtained from the proposed empirical method. Predicted and 

model test results match well up to two- third of ultimate bearing pressure. As usually in design the 

settlements are for the working pressure intensity [~ ultimate bearing capacity/2 or 3] this approach 

may be used for their estimation with confidence.  
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Figure 1: Soil below footing divided into n-strips 
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INTRODUCTION 

Use of polymeric reinforcements to improve load bearing capacity of foundation has been extensively 

reported by researchers by using different foundation material. These investigations have 

demonstrated that both the ultimate bearing capacity and settlement characteristics of the foundation 

can be improved by the inclusion of reinforcements within the fill. In reality, there are many situations 

where foundations need to be located either on the top of a slope or on the slope itself (Foundation of 

a bridge abutment or foundations constructed on hill slopes). When a footing is constructed on sloping 

ground, the bearing capacity of the footing may be significantly reduced depending upon the location 

of the footing with respect to slope. The improvement of load carrying  capacity of such loaded slopes 

is therefore one of the very important aspects of geotechnical engineering practice as such structures 

are liable to be unsafe due to slope failure.  One of the possible solutions to improve the bearing 

capacity would be to reinforce the sloped fill with the layers of geogrid. To design a footing on a 

reinforced sloped fill requires a thorough understanding of both the bearing capacity behaviour of the 

footing and mechanical behaviour of the reinforced slope. Few studies on bearing capacity behaviour 

of strip footings on a reinforced slope has been reported in the literature (Selvadurai and 

Gnanendran 1989, Huang et al. 1994, Lee and Manjunath 2000, Yoo 2001, EI sawwaf 2007, 

Alamshahi and Hataf 2009 and Mittal et al. 2009) where the investigations were conducted with 

granular soil having single slope angle ranging in between 20º to 35º. In any major geotechnical 

project the volume of soil involved is enormous and if good quality soil is not available locally than 

transportation of soil from far off borrow areas itself may incur a good amount of project cost. Even 

when the borrow soil is transported, the contractor has to ensure that the properties of the soil must 

remain consistent and if it is fine grained soil than the moisture adjustment is also necessary to avoid 

construction progress. In case the soil used is plastic than an additional problem of dimensional 

instability may be encountered. The decreasing availability of good construction site has led to the 

increased use of low lying areas filled up with industrial wastes whose bearing capacity is low. In-situ 

treatment of such industrial waste fills; in order to improve their bearing capacity with reinforcements 

is a good alternative to other conventional methods of stabilization. Many a times the industrial 

wastes (flyash, blast furnace slag etc.) also termed as an artificial soil, if available locally and found 

suitable can reduce the construction cost significantly apart from encouraging the sustainable 

development and reducing the environmental problems (Kamon and Nontananandh 1991). Therefore 

any possibility of using these industrial wastes as a structural fill material reinforced with geogrid 

layer, if found effective may ensure bulk utilization of such wastes including the reduction in 

construction cost and environmental hazards.  Disposal of fly- ash, an industrial waste coming out of 

the thermal power plants (TPPs) is a major concern and requires a large land area. Acquiring open 

lands for disposal in developing countries like India is difficult due to small land-to-population ratio. 

Flyash produced by Indian coal based TPPs is around 90x10
6
 tonnes per year  requiring an area of 265 

km
2
 as ash pond (Das and Yudbhir 2005) for safe disposal and presently  less than five percent of this 

flyash is being gainfully utilized. Flyash when used in structural fills or embankments offers several 
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advantages over borrow soils. It is light in weight, exerts less pressure on subgrade as a fill material 

and a well compacted embankment made of flyash would exert only 50% of the pressure on a soft 

subgrade as a fill of equivalent height using coarse granular borrow and again the compaction curve 

of fly- ash is relatively flat, thus implying that construction is less sensitive to compaction-moisture 

content than that of the fine grained soils commonly used as structural fill (Martin et al. 1990). Flyash 

being non-plastic will also solve the problem of dimensional instability as exhibited by plastic soils. 

Further properties of fly ash from a given source is likely to be more consistent as compared to the 

soil from natural borrow areas. Studies on bearing capacity of shallow foundation on a level flyash 

ground have been reported by Pusadkar and Ramasamy (2005), Trivedi and Sud (2005) and Bera et 

al. (2007). However, there is very limited information (Choudhary and Verma 2001) on the integrity, 

deformation and bearing capacity behaviour of reinforced flyash slopes when subjected to a vertical 

load applied to a strip footing positioned close to the slope crest. Therefore reinforced fly ash sloped 

fill is one of the possible promising areas for bulk utilization of flyash in geotechnical applications 

where the flyash will provide the bulk of the mass in the fill and the reinforcement may provide the 

necessary strength to the mass of the geotechnical system and if found effective, can provide an 

economically viable solution particularly for the road and railway embankments. But prior to 

prototype use it is essential to establish at least experimentally the influence of reinforcement in 

enhancing the behaviour of footing located near the crest of a flyash sloped fill. In view of the limited 

information available on the aforementioned problem, the present investigation aims at the 

comprehensive investigation relating to the behavior of a loaded strip footing resting on the top of a 

reinforced flyash embankment. The aim of present investigation is to find out the efficacy of a single 

geogrid layer in terms of its location and depth of embedment as well as multiple layers of geogrid at 

certain specified vertical spacing when incorporated within the body of a model fly- ash embankment 

and loaded at its top surface through the footing. Various other aspects, which can influence the 

behaviour of footings resting on the top of a slope like edge distance, slope angle, width of footing 

have also been studied for un-reinforced and reinforced cases.  

LABORATORY MODEL TESTS 

Materials  

Flyash procured from electrostatic precipitators of TISCO (Tata Iron and Steel Company Limited), 

Jamshedpur, India was used throughout the investigation. Particle size distribution of the flyash is 

shown in figure-1. The measured standard proctor density and the corresponding optimum moisture 

content (OMC) were 9.34 kN/m
3
 and 48% respectively. The value of apparent cohesion (c) and angle 

of internal friction (ϕ) were 20 kPa and 14º respectively. Commercially available polypropylene 

model geogrids 0.27 mm thick and 300 mm wide having an average tensile strength of 4.0 kN/m and 

tie-soil friction angle (ϕμ) equal to 35º were used as reinforcing elements.  

Test Tank 

The model tests were conducted in an open ended masonry tank having dimensions of 2400 mm x 310 

mm in plan and 1200 mm in depth. The tank was fitted with a 12 mm thick perspex sheet on front side 

to observe the failure mechanism during the tests. Horizontal and vertical lines were also marked on 

the perspex sheet forming a grid to measure and record the coordinates of failure surface of the slope. 

The tank was built sufficiently rigid to maintain plain strain conditions. To ensure rigidity of the front 

portion, the outer surface of the prespex sheet was braced with horizontal and vertical stiffeners made 

up of steel at equal spacing. The longitudinal sides of the tank were lined with two layers of 

transparent plastic sheets having their inner layers coated with lubricating oil in order to reduce the 



  

effect of side wall friction. The tank thus looked like a moderately deep two dimensional trench from 

one end to the other with one of its ends open for preparing the required slope for compacted flyash 

embankment. 

Preparation of Slope  

The dry flyash was weighed and then mixed with a predetermined amount of water corresponding to 

the optimum moisture content (OMC). The mixing was continued till the mix attained a uniform 

colour, after that the wet mixture was covered with polythene sheets for one hour to achieve uniform 

mixing of water with ash. Well mixed flyash was then spread into the tank in five equal layers each 

180 mm thick. In order to ensure uniform compaction of each layer a 70 kg smooth toed roller was 

passed for thirty times over a wooden plank of size 1600 mm (length) x 300 mm (width) placed on the 

flyash layer so as to attain a final compacted layer of 150mm thickness. Before placing the next layer, 

the earlier layer was scratched with knife and procedure was repeated until the desired height of 750 

mm was reached. By carefully controlling the water content and compaction a fairly uniform test 

condition was achieved throughout the test program. For standardization of compaction and checking 

the density initially few trial foundation beds were made. To verify the uniformity of test bed, 

undisturbed samples were collected from different locations of the test bed in order to determine the 

in-situ unit weight and the values were found to be almost same (coefficient of variability within 

1.5%). The placement dry density achieved by this procedure was 90 % of the standard proctor 

density. To ensure uniform moisture distribution throughout the test; specimen the compacted fly ash 

bed was left for 24 hours for moisture equilibration and the top surface was kept covered with wet 

gunny bags in order to prevent the moisture loss if any. After 24 hours; the compacted flyash bed was 

cut to desired slope with the help of a sharp edged trowel. In case of reinforced flyash slope, the 

reinforcement was placed at the desired depth within the fill (single layer as well for multiple layers; 

as the case may be) and the compaction was then continued in a similar manner until the desired 

height was reached. The length of reinforcement was kept constant throughout the test programme 

and at any given position the location of the reinforcement was such that it extended up to the face of 

the slope. 

Model footing 

The rigid foundation was modeled by footings made of good quality well-seasoned sal wood. The 

model footings of size 300 mm x 100 mm [Length (L)/Width (B) >2], 300 mm x 150 mm [Length 

(L)/Width (B) = 2] and 300 mm x 200 mm [Length (L)/Width (B) < 2] were used for conducting the 

model tests. The thickness for all the sizes of model footings was 70mm. The base of the model 

footing was made rough by cementing a thin layer of sand to it with epoxy glue. It was intended that 

the footing should have complete freedom to adjust itself to any displaced position while the load 

continue to be applied vertically. To achieve this a roller adaptor, consisting of a mild steel cylinder 

80 mm in diameter and 85 mm long were fixed on a central pinion with ball bearings acting as its axis 

and was attached to the footing. The model footing fixed with the roller adaptor was placed on the 

flyash bed with the length of the footing running the full width of the tank. The length of the footing 

was made almost equal to the width of the tank in order to maintain plain strain conditions. The two 

ends of the footing were polished smooth to minimize the end friction effects.    

Loading arrangement   

Figure-2 shows the loading arrangement of experimental set up, in which a mild steel channel of 

adjustable height was used as loading frame. Load was applied through a five-ton capacity screw jack 

and fixed (inverted) to the adjustable horizontal beam of the frame so that this beam can carry the 
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thrust developed by the jack during loading. Load was transferred to the footing through the roller-

adapter as a reaction of hinged beam thus transferring the load vertically from the jack to the footing. 

Load applied through the jack was recorded with the help of a proving ring fitted to the piston of the 

jack. The actual load applied on the footing was then obtained by equating moments of the applied 

load through the jack to that of the reaction on the footing about the hinged end of the lever. A 

schematic view of the test arrangement along with equivalent loading diagram for calculating the load 

on the footing at failure is shown in figure -3. 

Experimental procedure 

After preparing the slope, the top surface was properly leveled. The model footing fixed with roller 

adapter was then placed at the specified edge distance (De = 1B, 2B or 3B as the case may be). The 

beam was kept horizontal from the hinged end on to the footing, whereas the roller adapter acted as a 

bearing block. Now the piston of the jack was lowered to a level where sufficient space remains 

available for the cylindrical loading piece to be inserted horizontally and at right angles to the axis of 

the beam. To measure the vertical settlements two dial gauges with magnetic base and having a least 

count of 0.01 mm were fixed at either ends of the footing. After setting the proving ring and dial 

gauges to zero reading, the load was applied by rotating the jack manually at a very slow and uniform 

rate (1 mm per minute) so that the footing penetrated into the test bed at a constant rate of strain. The 

readings of proving ring as well as the deformation dial gauges were recorded for a fixed interval of 

vertical settlement. The loading of the footing was continued to be applied till the proving ring gave a 

constant reading for a fairly large settlement. The total load applied at any time on the footing is equal 

to the sum of the load applied from the jack and the reaction due to self-weight of the hinged beam in 

addition to self weight of the footing itself. From the observations of the test; finally a pressure- 

settlement curve was drawn and the ultimate bearing capacity of the footing was obtained by using 

double tangent method (Adams and Collin 1997). Each test was repeated at least twice to achieve 

some degree of confidence on the test results with a limit of repeatability approximately ± 10 % in the 

ultimate bearing capacity.  

Test parameters 

The geometry of the test configuration considered in this investigation is shown in figure- 3. Omar et 

al. (1993) based on their study reported that the effective reinforcement length was around 8.0B for 

strip footing on geogrid- reinforced sand. Yoo (2001) advocated that for optimum improvement in 

ultimate bearing capacity of strip footing on a reinforced sandy slope the Lr/B ratio (Lr=Length of 

reinforcement, B= Footing width) should be in the range of 5.5 to 7.0. The author further suggested 

that each geogrid layer be extended approximately 3.0B beyond the potential failure surface of 

unreinforced slope. Ghosh et al. (2005) reported that maximum improvement in bearing capacity is 

obtained when length of reinforcement (Lr) becomes equal to seven times footing width (B). 

Michalowski (1997) based on limit analysis approach reported that the length of reinforcement should 

be 0.65 times the slope height to prevent collapse of slope due to reinforcement rupture, pullout or 

direct sliding. Viswanadham and Kӧing (2009) while studying the response of geotextile reinforced 

slope subjected to differential settlement in a geotechnical centrifuge adopted a constant length of 

reinforcement equal to 0.85 times slope height and reported that even after inducing a differential 

settlement equivalent to 1.0m in prototype dimension, the geotextile reinforced soil structure was not 

found to experience collapse.  Therefore length of the reinforcing layer (Lr) in the present 

investigation was kept constant and is equal to 7.0B throughout the test programme thus always 

ensuring L/H ratio greater than 0.70. Sommers and Viswanadham (2009) based on their centrifuge 



  

model tests reported that the vertical spacing between reinforcement layers has a significant impact on 

the stability of reinforced slope when subjected to vertical loading and less vertical distance between 

reinforcement layers allows the slope to tolerate much greater loads. Sharma et al. (2009) based on 

their analytical study for estimating the ultimate bearing capacity of geogrid reinforced soil 

foundation for both sand and silty clay soil reported that the vertical spacing between the 

reinforcement layers should be less than 0.5B to avoid failure in real design. EI Sawwaf (2007) 

reported that to derive maximum improvement in bearing capacity, the vertical spacing between 

reinforcements should be 0.5B. Yoo (2001), Alamshahi and Hataf (2009) reported a similar trend for 

sand slope, showing a critical value of vertical spacing between reinforcing layers ranging from (0.7 

to 0.75)B. Thanapalasingam and Gnanendran (2008) based on numerical analysis reported that for 

deriving maximum improvement in bearing capacity of sloped fill due to the inclusion of multiple 

reinforcement layers (N=4), the embedment depth for the first and second layer should be at 0.25B 

and 0.5B from the ground surface whereas the embedment depth for third and fourth layer of 

inclusion shall be 1.25B and 1.5B respectively from the ground surface. Based on these reports, in the 

present investigation the embedment ratio (Z/B) for reinforced slope with single layer of 

reinforcement was varied as 0.25, 050, 1.0, 1.50, 2.0, 2.50, 3.0 while in case of multilayer 

reinforcement (N= 1 to 7) the same has been varied from 0.25 to 3.0 [(Zj /B)
 j=1 to N

 = 0.25, 050, 1.0, 

1.50, 2.0, 2.50, 3.0] depending on number of geogrid layers used as reinforcement. The depth of first 

and second layer of geogrid from the top surface of bed was kept as 0.25B; 0.50B respectively and 

thereafter the vertical spacing between the consecutive layers were maintained as 0.50B. The details 

of various test parameters considered during the investigation are given in Table-1. In total five series 

consisting of 118 model tests were performed to study the effect of various parameters on the footing 

behavior. Model tests in each series were carried out to study the effect of one parameter while 

keeping the other parameters constant. The variables considered in the investigation broadly aimed at 

(1) optimization of embedment ratio (Z/B) for single layer of geogrid (2) optimization of number of 

reinforcing layers (N) for multilayer reinforced slope, (3) optimization of the edge distance of footing 

from the crest of the slope in terms of width of footing (De/B) (4) investigating the effect of slope 

angle (β) on the load carrying capacity of such slopes, and (5) investigating the  effect of footing 

width (B) on bearing capacity. 

RESULTS AND DISCUSSION 

Bearing capacity behavior  

Since the primary objective of the experimental investigation is to evaluate the efficiency of geogrid 

reinforcement in improving the load carrying capacity of the flyash slopes; it is convenient to present 

the results of the reinforced system with respect to the corresponding results derived for the footing on 

an unreinforced slope. Initially the tests were conducted with model footings of different sizes (B= 

100, 150 and 200 mm) placed on the top of an unreinforced flyash slope at three different edge 

distance (De= 1B, 2B and 3B) from the slope crest for the two slope angles (β= 45
0
 and 60

0
) 

considered in the investigation. For reinforced slope, first the efficiency of a single geogrid layer was 

investigated in terms of its depth of embedment (Z/B= 0.25, 0.50, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0) and then 

to ascertain the influence of number of reinforcing layers (N) on the pressure-displacement response, 

multiple layers of geogrid reinforcement (N varying from 1 to 7) at specified vertical spacing‘s were 

incorporated within the flyash sloped fill. In case of reinforced flyash slope, for each specific value of 

Z/B (single layer of reinforcement as well as multilayer reinforced slope) three tests were conducted 

by placing the footing at three different edge distance (De = 1B, 2 B and 3B) from the crest of the 
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sloped fill using 100mm wide footing. To know the effect of slope angles on the pressure-

displacement response, tests were conducted for both the slope angles i.e. β= 45
o
 and 60

o
. Effect of 

footing width on the pressure-displacement response were also ascertained by conducting few model 

tests with larger footing size (B=150 and 200 mm) for the optimum conditions as obtained from above 

and has been given in table-1 for both single and multilayer reinforced slopes. In case of single layer, 

the embedment  ratio was kept constant as 1.0 and the edge distance as well as slope angle were 

varied whereas in case of multilayer reinforced slopes, tests were conducted for both the slope angles 

using optimum number of reinforcing layers i.e. N=4 at the optimum  edge distance De = 2B only. 

Since pressure-settlement ratio curves do not exhibit a definite failure point, the ultimate bearing 

pressure of the footing in all the cases was obtained from the pressure settlement ratio (q - δ) graph by 

using double tangent method (Adams and Collin 1997).  The bearing capacity improvement of footing 

on reinforced slope is represented by non-dimensional parameters called bearing capacity ratio 

(BCR). Bearing capacity ratio (BCR = qR/qo) is defined as the ratio of the footing ultimate pressure for 

reinforced slope (qR) to the footing ultimate pressure for the corresponding unreinforced slope (qo). 

The footing settlement (w) is also expressed in terms of footing width (B) as the settlement ratio (δ = 

w/B x 100%). The experimental ultimate bearing capacity values obtained from the model tests of un-

reinforced flyash slopes for various cases have also been compared with the theoretically obtained 

values. The theoretical bearing capacity of unreinforced flyash slope was calculated using the 

following methods: Meyerhof (1957) presented a theory for the determination of the ultimate bearing 

capacity of footings adjacent to a slope or on face of a slope for purely cohesive and cohesionless soil. 

The values of the bearing capacity factors Ncq and Nγq for footings on the top of a slope were 

presented as a function of the ratio of distance of footing from edge of slope and width of footing for 

different inclinations of slope and gave the following equation for determining the ultimate bearing 

capacity  

 qult = cNcq  2

1
   γB Nγq                                            (1) 

where; c  is apparent cohesion, γ unit  weight of soil, B width of footing and Ncq, Nγq resultant bearing 

capacity factors. 

Although Meyerhof‘s theory is widely used for design purpose and is well suited for 

homogeneous slopes made up of conventional soils, the theory needs to be modified for the case of 

flyash slopes owing to the high compressibility of flyash. Due to soil compressibility, there is a 

change in failure mode and flyash slopes are observed to fail in local shear mode in almost all the 

cases. To take into account the effect of soil compressibility on bearing capacity of slopes, the bearing 

capacity equation as proposed by Meyerhof [Eq. 1] was therefore modified by incorporating the soil 

compressibility factors in equation (1) as suggested by Vesic (1973) from the analogy of the 

expansion of cavities. The theoretical relation for the determination of ultimate bearing capacity of a 

strip footing resting on the top of a flyash slope in its modified form can thus be written as  

 qult = cNc q Fcc 2

1
 γ BNγ q Fγc                                                     (2) 

where; Fcc and Fγc are soil compressibility factors.  

The calculated value of Fcc and Fγc (Vesic 1973) are 0.77 and 0.892 (Appendix) respectively, 

whereas the value of Ncq and Nγq for De/B= 1.0 and β= 45º are 4.70 and 0.60 (Meyerhof 1957). 

Therefore the theoretical bearing capacity values calculated from equation (2) for 100 mm wide 

footing is 72.75 kPa. Theoretical bearing capacity values for other cases have been calculated in the 

similar manner and seem to be in good agreement with the experimental results. Table-2 shows the 



  

comparison of experimental and theoretical values of bearing capacity of unreinforced flyash slope for 

various cases.  

Typical variation of bearing pressure (q) and settlement ratio (δ) with and without soil 

reinforcement at different embedment ratio for single layer is presented in figure-4. In this series all 

the tests were performed on 100 mm wide footing placed at an edge distance; De= 1.0B from the slope 

crest at slope angle; β=45º.It can be seen from the figure-4 that the ultimate bearing pressure of the 

footing increases with the increase in embedment ratio (Z/B) up to certain value and thereafter any 

further increase in Z/B ratio actually decreases the ultimate bearing capacity of the footing. Similar 

results are obtained for other cases also. These results are highly consistent with the results reported 

by Selvadurai and Gnanendran (1989), Lee and Manjunath (2000), Yoo (2001) and Alamshahi and 

Hataf (2009)  for reinforced sand slope and Das et al. (1994) for level sand ground though the fill 

material used in the present investigation is different.  Figure-5 shows the typical variation of q verses 

δ for different number of reinforcement layers (N=1 to 7). In this case also the footing width was kept 

as 100 mm which was placed at an edge distance (De= 1B) from the slope crest at a slope angle; 

β=45º. The figure-5 clearly shows that increasing the number of reinforcing layers improves the 

bearing pressure of the footing as well as the stiffness of the foundation bed. The ultimate bearing 

capacity and the corresponding settlement ratio for the unreinforced case are 65 kPa and 8.80 

respectively, which increases to 200 kPa and 10.80 when number of geogrid reinforcement layers 

incorporated in flyash fill becomes seven. The improvement in the bearing capacity due to soil 

confinement by soil reinforcements along with increase in settlement ratio was reported by many 

investigators (Omar et al. 1993, Das et al. 1996). Again when the bearing load at ultimate settlement 

ratio for different cases are compared (Figure 5) it can be  observed that the soil confinement due to 

geogrid layer improved the bearing load of flyash slope fill of unreinforced case from 65 kPa  to 185 

kPa for reinforced case when number of geogrid reinforcement layers incorporated within the fill 

become seven. Therefore it can be concluded that in cases where excessive settlement is the 

controlling factor in determining the allowable bearing capacity, incorporation of geogrid 

reinforcement layer in flyash fill may significantly decrease the settlement ratio for the same level of 

bearing pressure. 

Effect of embedment depth  

The effect of embedment ratio (Z/B) of single layer of geogrid reinforcement was studied by placing 

it within the flyash fill at different depths from the top surface. Figure-6 shows the variation of 

bearing capacity ratio (BCR) of strip footing against the normalized depth (Z/B) at different footing 

location (De) from the slope crest for both the slope angles (β= 45ºand 60º) considered in the 

investigation. From figure-6, it is clear that improvement in bearing capacity of such slopes not only 

depends upon the embedment depth of reinforcement layer but also on the edge distance. For both the 

slope angles considered the investigation it is being observed that irrespective of edge distance from 

slope crest ,the bearing capacity ratio (BCR) increases with embedment ratio (Z/B)  up to certain 

critical value and thereafter BCR decreases with further increase in embedment ratio. From figure-6 it 

can also be seen that maximum value of BCR is obtained when the embedment ratio lies in the range 

of 0.75 to 1.0 for almost all the cases of singly reinforced flyash slopes considered in the 

investigation. Any increase in the embedment ratio (Z/B) beyond this value results in decrease of 

bearing capacity ratio. When geogrid is placed too close to the footing (Z/B < 0.5) the reinforcing 

effect of the geogrid cannot be fully mobilized due to lack of confinement. On the other hand, when 

Z/B > 1.0, the unreinforced zone directly below the footing becomes thicker and as a result a shear 

failure of the unreinforced zone is likely, thus decreasing the load bearing capacity. It would appear 
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that the plane of reinforcement acts as a plane of weakness.  Selvadurai and Gnanendran (1989), Yoo 

(2001), EI Sawwaf (2007) and Alamshahi and Hataf (2009)  in their study for reinforced sand slope 

also confirmed that there exists a critical value for embedment ratio at which maximum gain in 

bearing capacity is obtained. The reported values of Z/B for optimum benefit varied from 0.5 to 1.0 

depending upon the slope geometry, soil condition and number of geogrid layers. This can be 

explained as follows: at shallow depth under the footing both the vertical and horizontal 

displacements are greater. Maximum benefits could be obtained when reinforcement is placed at a 

depth where mobilized lateral resistance for soil displacement is highest. When the depth of geogrid 

layer increases, both lateral and vertical soil displacements in the zone between the footing and the 

geogrid layer increases, hence a shear failure of unreinforced zone is likely, thus decreasing the load-

bearing capacity. From figure-6 it can also be inferred that the location of the geogrid layer at a depth 

greater than 2 to 2.5 times the width of the footing does not lead to any significant improvement in the 

load carrying capacity. The location of the failure surface was also estimated at the end of each test 

and it was observed that the failure occurred above the geogrid particularly for the cases where the 

embedment depth (Z/B) was more than 1.5. Das et al (1994) reported the critical value of depth of 

reinforced zone as twice the footing width for level grounds of both sand and clay case. Yoo (2001) 

reported critical value of depth of reinforced zone for sand slope as 2.5 times the footing width.  

Effect of number of reinforcing layers 

In order to study the effect of number of reinforcing layers on the footing slope performance, tests 

were carried out in which all other parameters were kept constant except the number of reinforcement 

layers (N). The embedment ratio (Z/B) for multilayer reinforcement were varied from 0.25 to 3.0 [(Zj 

/B)
 j=1 to N

 = 0.25, 050, 1.0, 1.50, 2.0, 2.50, 3.0] depending on number of geogrid reinforcement layers 

(N= 1 to 7) used. Typical variation of bearing capacity ratio (BCR) with number of reinforcing layers 

(N) for 100 mm wide footing located at varying edge distances have been shown in figure-7. It is seen 

that for a given edge distance, BCR in general increases with the increasing number of geogrid layers 

(N) within the fill, however the rate of increase in BCR becomes less significant once the number of 

geogrid layers incorporated in the flyash fill are more than four. This is consistent with the previous 

studies of strip or square footing over dry sand on level ground which demonstrates that there exists 

an optimum number of geogrid layers after that the BCR almost remains constant (Omar et al. 1993, 

Das et al. 1994, Yetimoglu 1994). EI Sawwaf (2007) based on their investigations and analysis 

reported that bearing capacity improvement becomes almost constant once the number of geogrid 

layer becomes four. The increase in footing ultimate load with increasing number of reinforcing layers 

can be attributed to reinforcement mechanism derived from the passive resistance, interlocking of the 

transverse member and adhesion between the longitudinal/transverse geogrid members and the flyash. 

When restraining force exerted by reinforcement is imposed on soil elements, the reorientation of 

strain characteristics associated with the restraint of the minor principal strain of the soil elements 

occurs in the vicinity of the reinforcement (McGown et al. 1978, Tatsuoka and Yamauchi 1986). A 

part of the reinforced zone where relatively large reinforcement force has developed, behaves like a 

part of the rigid footing and transfers a major part of the footing load into a deeper zone. This 

mechanism has been described as ―deep footing effect‖ (Lee and Manjunath 2000, Huang et al. 1994). 

The mobilized passive earth resistance of soil column confined in the geogrid apertures along with the 

interlocking limit the spreading of slope and lateral deformations of soil particles. The mobilized 

tension in the reinforcement enables the geogrid to resist the imposed horizontal shear stresses built 

up in the soil mass beneath the loaded area and transfer them to adjacent stable layers of soil leading 

to a wider and deeper failure zone. Therefore soil-geogrid interaction not only results in increasing the 



  

bearing capacity due to developed longer failure surface but also results in broadening the contact area 

between soil and rigid bottom surface of the model test tank. 

Effect of footing location relative to the slope crest 

In order to study the effect of the proximity of a loaded footing to the slope crest , tests were carried 

out on strip footing resting on flyash slope at varying edge distances from the slope crest (De = 1B, 2 

B and 3B) for both unreinforced and reinforced cases. From the trial experiments it was also observed 

that ultimate bearing capacity for a given slope remains almost constant if the edge distance is 

increased beyond 3B and the footing tends to behave as if it is placed on a level ground. It is in this 

context that in the present investigation the maximum edge distance was limited to 3B so as to 

accommodate the slope effect on the bearing capacity of footing resting on the top of the slope. EI 

Sawwaf (2007) reported that if the footing is placed at a slope crest (De/B) at 2.5 or beyond, the 

bearing capacity improvement (BCI) becomes insignificant. Yoo (2001) reported decrease in degree 

of ultimate bearing capacity when De/B ratio increases from 1.5 to 3.0. From Table- 2 and 3 it can be 

observed that in general ultimate bearing capacity of footing increases with increasing edge distance 

from the slope crest for all the cases of unreinforced as well as reinforced slopes considered in the 

present investigation. Typical variation of BCR with respect to edge distance for the optimum 

conditions of single as well as multilayer reinforced slope have been presented in figure-8.From 

figure-8 it can be observed that when edge distance (De) increases from 1.0B to 3.0B, bearing capacity 

ratio (BCR) decreases from 2.015 to 1.693 for single layer of geogrid where as the decrease in BCR is 

from 2.80 to 2.284 for multilayer geogrid (N=4). This trend is similar for both the slope angles as well 

as for both reinforced and unreinforced cases. This change in bearing capacity of footing with its 

location relative to the slope crest can be attributed to soil passive resistance from the slope side and 

the reinforcement effect. When the footing is placed at sufficient distance away from the slope crest, 

the passive resistance from the slope side to failure wedge under the footing increases and geogrid 

reinforcement decreases the lateral displacement which results in wider and deeper failure zone thus 

increasing the bearing capacity load. 

Effect of Slope Angle (β)  

Results reported in the literature regarding the improvement in bearing capacity of reinforced sand 

slope (Selvadurai and Gnanendran1989, Yoo 2001, EI Sawwaf 2007, Alamshahi and Hataf 2009) are 

mostly based on model tests conducted with shallow reinforced slopes (constant slope angle β in the 

range of 20 to 35) but hardly any information regarding the load carrying capacity of steep 

reinforced slope (β≥45) is available. The steep reinforced slope if found stable under foundation 

loads can lead to many interesting benefits such as creating required usable space either at the top or 

near the toe of the slope with minimum of land acquisition (particularly useful for transportation and 

infrastructure facilities), significantly reducing the amount of fill required to construct the slope and 

possibility of eliminating the expense of costly facing elements.  In order to study the effect of steeper 

slope angle (β) on ultimate bearing capacity, all the tests in the present investigation were conducted 

for two slope angles (β) which are 45
o
 and 60

o
 respectively. From the test results shown in Table- 2 

and 3 it can be concluded that ultimate bearing capacity of footings decreases with increasing slope 

angle for both unreinforced as well as reinforced slopes and for all the edge distances considered in 

the investigation. However, one important inference can be drawn from the results; that the effect of 

slope angle on the bearing capacity is more prominent when the footing is located nearer to the crest 

i.e De= 1B or less but this effect starts diminishing as the edge distance is increased to 2B or 3B .This 

trend is similar for both unreinforced as well as reinforced fly ash slope. Manjunath and Dewaikar 



111 | Ground Improvement and Ground Control including Waste Containment with Geosynthetics  

 

 

 

(1994) studied the effect of slope angle on ultimate bearing capacity of reinforced (single layer) 

granular slope and reported that increase in slope angle decreases the bearing capacity though the 

angle considered was up to 30º only.  

Effect of footing width   

In order to study the effect of footing width on ultimate bearing capacity, tests were conducted on 

three different sizes of footings (B = 100mm, 150mm and 200mm) for both unreinforced and 

reinforced slopes. For reinforced slopes with single layer of geogrid, the embedment ratio (Z/B) was 

kept constant and is equal to 1.0 while the footing edge distance was varied from 1B to 3B.  For 

multilayer reinforced slopes the tests with larger size footings were conducted for optimum values of 

number of reinforcing layers (N=4) at an optimum edge distance De= 2B. Slope angles (β) used during 

these tests were again 45
o
 and 60

o
. As can be seen from Table-3 that for a given slope angle and edge 

distance, there is slight reduction in magnitude of ultimate bearing capacity values of reinforced 

flyash slopes with increasing footing size. Results reported earlier (Murthy and Venkatramaiah 1972 

and Bera et al. 2007) cites similar trend i.e. increase in foundation width decreases the ultimate 

bearing capacity. Again from the table it can be observed that the ultimate bearing capacity in case of 

reinforced slope for 200 mm wide footing was on an average 85% (single layer) to 90% (multilayer) 

of those obtained from 100 mm wide footing. Bauer et al. (1981) based on their experimental study 

reported that the bearing capacity factors of 600mm wide footing was 80% of those obtained from 

300 mm wide footing, when the footing was located at various locations within the granular slope.   

Scale effect 

Test results reported in the present paper are based upon the small scale laboratory model tests while 

problems encountered in the field are of prototype footings. Although the use of small scale models to 

predict the behaviour of a full scale foundation is a widely used technique and it is well known that 

due to scale effects and nature of soils especially granular soils may not play the same role in the 

laboratory models as in the prototypes. The differences occur primarily because of the differences in 

stress levels between the model tests and the prototypes and the influence of the footing width/grain 

size ratio. The stress level under the small scale model footing is much smaller as compared to that 

under a full scale footing. The low stress level in granular soils corresponds to a greater angle of 

internal friction when compared to the angle of friction at higher stress level. Therefore, the average 

shear strength mobilized along a slip line under a foundation decreases with increase in foundation 

size due to decrease in the angle of internal friction. Another factor which should be considered is the 

effect of adjacent footing and the interference of the stresses under the prototype footings (Sawwaf 

and Nazer 2005). The scale effect due to footing width/grain size ratio vanishes provided the size of 

the particle is sufficiently small as compared to the footing dimensions. However, scale effects due to 

variation in stress levels may influence the results of the model tests, but the main aim of this 

investigation is to see the reflection of soil reinforcement in the footing response particularly when the 

fill material is flyash, and not to have precise comparison between the model and prototype results as 

this can only be achieved by conducting a centrifuge study. The general trend of model study 

indicated the benefits on the behaviour of footing resting at the top of a reinforced fly ash slope and 

provides a useful basis for conducting full scale tests or centrifuge model tests leading to an increased 

understanding of the real behaviour and application of soil reinforcement particularly when fly ash is 

used as a fill material. 

Limitation 



  

Because of the predominance of silt size particle in flyash, it tends to wick water into itself, thus 

making it quite possible that the lower extremities of a fly ash embankment could become saturated, 

resulting in a loss of shear strength. It is therefore, important that the base of a fly ash embankment 

should not be exposed to free moisture, wetlands, or the presence of a high water table condition. An 

effective way to prevent capillary rise or the effects of seepage in fly ash embankments and backfills 

is the placement of a drainage layer of well-drained granular material at the base of the embankment. 

Again compacted fly ash slopes must be protected as soon as possible after being finish graded 

because, if left unprotected, they can be severely eroded. Erosion control on side slopes may be 

provided by placing from 150 mm to 600 mm of soil cover on the slopes (DiGioia et al. 1979). An 

alternative approach is to build outside dikes of soil to contain the fly ash as the embankment is being 

constructed. 

 CONCLUDING REMARKS 

The bearing capacity behavior of a strip footing resting on the top of a reinforced flyash slope was 

investigated experimentally. Results obtained from the present investigation are highly consistent with 

the results reported previously in the literature, although the fill material used in the study is flyash, an 

industrial waste, not reported earlier. Following conclusions may be drawn from the present study: 

 Flyash can be successfully used as an embankment fill material and flyash slopes could be 

made to stand at slopes steeper than the angle of internal friction of flyash. 

 The load carrying capacity of the footing resting on top of a flyash slope is low but insertion 

of a geogrid reinforcement layer at suitable location within the sloped fill considerably 

improves the load carrying capacity of footings located on such slopes. 

 The edge distance has an important bearing on the load carrying capacity of unreinforced as 

well as reinforced slopes and in general; the bearing capacity of any size of footing increases 

with increase in edge distance. 

 The bearing capacity of footing reduces with increase in slope angle for both unreinforced as 

well as reinforced slope cases. 

 The location of single geogrid layer at a depth greater than 2.5 times the footing width does 

not improve the load carrying capacity significantly. The bearing capacity ratio initially 

increases with increase in embedment ratio up to 1.0 and thereafter it decreases irrespective of 

edge distance and slope angle. However, for a given embedment ratio, BCR value show a 

reduction in magnitude with increase in edge distance. 

 The load carrying capacity of footing located on top of a reinforced flyash slope increases 

with increase in number of reinforcing layers for all the edge distances and slope angles 

adopted in the present study. However, the increase is significant up to four number of 

reinforcing layers (N = 4) and thereafter the increase is only marginal. 

 When slope angle is 45
o
, the increase in bearing capacity is significant up to an edge distance 

of 2B and for further steeper slopes i.e. β= 60
o
, greater edge distance i.e. De = 3B seems to be 

more advantageous from bearing capacity point of view. 

 Further tests on bigger model with more variables are recommended. 

 APPENDIX 

Steps for calculation of theoretical value of  Fc c and F c  (Vesic 1973) 

Step – 1:   Calculation of the rigidity index, Ir,  
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Step – 2:   The critical rigidity index Ir(cr), can be expressed as 

    

Step – 3:    If  Ir   Ir(c r),      then Fcc = Fqc = Fc = 1 

      

if Ir <  Ir(c r),    

  

Step – 4:   For   = 0,    Fcc = 0.32 + 0.12  
L

B
 + 0.60 log Ir        

and For  > 0                

The shear modulus (G) can be expressed in terms of E and  as     

The value of E was obtained from tri-axial compression test data of flyash after applying the method 

proposed by Konder (1963). The value of Poisson‘s ratio () was computed using the theory of 

elasticity 

In the present investigation E = 1010 kPa, c = 20 kPa, , γ =18kN/m
3
,  B=100 mm, L 

= 300mm, substituting these values in the above equations 

μ = 0.38, G = 366 kPa, Ir = 18.19, Ir (cr) = 28.1 [ Ir ‹ Ir (cr)] 

F c = Fqc  ,Fc c = 0.77  
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ϕ  Angle of internal friction 

ϕμ  Tie soil friction angle 

c  Apparent cohesion 

G  Shear modulus of soil 

Lr  Length of reinforcement 

B  Width of footing 

L  Length of footing 

L3  Length of loading beam 

De  Edge distance from slope crest 

H  Slope height 

Z  Embedment depth 

N  Number of reinforcing layers 

β  Slope Angle  

q  Pressure 

q‘  Effective pressure at a depth B/2 

E  Elastic modulus of soil 

μ  Poission‘s ratio   

δ  Settlement ratio 

w  Footing settlement 

qR  Footing ultimate pressure for reinforced slope 

qo  Footing ultimate pressure for unreinforced slope 

γ  Unit weight of soil 

Ncq, Nγq  Resultant bearing capacity factors 

Fcc and Fγ c Soil compressibility factors 

 

Table-1: Variables of Test programme 

Type of test Constant Parameter Variable parameter 

Un-reinforced slope  B = 100mm, 150mm, 200mm De/B = 1.0, 2.0, 3.0 

β= 45º, 60º 

Reinforced slope- Single layer 

(Lr = 7B) 

 

B = 100mm 

N =1 

Z/B =0.25, 0.50, 0.75, 1.0, 1.5, 

2.0, 2.50, 3.0 

De/B = 1.0, 2.0, 3.0 

β= 45º, 60º 

N*    = 1 

Z/B = 1.0  

B= 150mm, 200mm 

De/B = 1.0, 2.0, 3.0 

β= 45º, 60º 

Reinforced slope- Multi layer 

(Lr = 7B) 

 

B = 100mm 

Z/B = 0.25, 0.50, 1.0, 1.50, 

2.0, 2.50, 3.0 

N = 1, 2, 3, 4, 5, 6, 7 

De/B = 1.0, 2.0, 3.0 

β= 45º, 60º 

N** = 4 

De/B = 2.0 

Z/B = 0.25, 0.50, 1.0, 1.50 

B= 150mm, 200mm 

β= 45º, 60º 

*  Optimum result for single layer of geogrid reinforcement 

** Optimum result for multilayer layer of geogrid reinforcement 



  

Table-2: Comparison of Theoretical and Experimental value of Ultimate Bearing Capacity (kPa) of 

unreinforced slopes. 

Footing 

width 

‗B‘ 

(mm) 

Edge distance, De = B Edge distance, De = 2B Edge distance, De = 3B 

β= 45° β= 60° β= 45° β= 60° β= 45° β= 60° 

100 E T E T E T E T E T E T 

65.0 72.75 60.0 67.76 76.0 77.71 72.0 73.92 88.0 81.16 84.0 78.54 

E = Experimental value,  

T = Theoretical value  

Table-3: Ultimate bearing capacity (kPa) values for various cases of reinforced slopes. 

Footing 

width ‗B‘ 

(mm) 

Number 

of 

geogrid 

layer 

‘N‘ 

Embedment Ratio  

‗Z/B‘  

Edge distance 

 De = B 

Edge distance  

De = 2B 

Edge distance  

De = 3B 

β= 45° β= 60° β= 45° β= 60° β= 45° β= 60° 

100 1 

 

1.0 131.0 123.0 137.0 129.0 149.0 145.0 

150 1 1.0 119.0 109.0 128.50 123.0 141.0 136.0 

200 1 1.0 113.0 105.0 120.50 117.0 136.0 128.0 

100 4 0.25, 0.50, 1.0, 1.50 182.0 168.0 189.0 176.0 201.0 190.0 

150 4 0.25, 0.50, 1.0, 1.50 ---- ----- 185.0 171.0 ----- ------ 

200 4 0.25, 0.50, 1.0, 1.50 ----- ----- 179.0 166.0 ------ ------ 

 

 

 

Figure-1   Particle size distribution of flyash 

 

 

 

 

 

 

 

Figure -2 Experimental Set up
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Figure-4 Pressure v/s Settlement ratio at 

different embedment depth (Z/B) ratio  
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Figure -3(a) Schematic View of Test Configuration

Figure -3(b) Equivalent Loading Diagram
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Figure-5 Pressure v/s Settlement ratio for                      Figure-6 Bearing capacity ratio v/s embedment      

different number of geogrid layers                                 depth (Z/B) Ratio at different De/B and β 

 

 

 

 

 

 

 

 
 

Figure-7 Bearing capacity ratio v/s Number of          Figure-8 Bearing capacity ratio v/s Edge Geogrid 

layers at different De/B                                               distance ratio (De/B) 
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Reinforced-Soil Foundations 

Arvind Kumar,  

Department of Civil Engineering, Dr B R Ambedkar National Institute of Technology, Jalandhar    

INTRODUCTION 

Due to the decreasing availability of good construction sites, a foundation engineer today frequently 

comes across the problem of putting structures on low bearing capacity deposits. The traditional 

solutions to such situations have been – deep foundations placed through the loose soil, excavation 

and replacement with suitable soil, stabilizing with injected additives or applying the techniques for 

densification of soil. All of these methods have a certain degree of applicability, but all suffer from 

being either expensive or time consuming. The newly emerging alternate method is to remove the 

existing weak soil up to a shallow depth and replace it by the soil reinforced with horizontal layers of 

high tensile strength reinforcement. In recent years, geosynthetics like- geotextiles or geogrids and 

metal strips have replaced the traditional materials in reinforcing the soils for improvement of bearing 

capacity and settlement of soil beds.  

In the following section, a method of analysis for calculating the pressure intensity corresponding 

to a given settlement for the footings resting on reinforced soil foundation has been presented for the 

following cases: (i) Isolated strip footings (ii) Isolated rectangular footings (iii) Closely spaced strip 

footings (iv) Closely spaced rectangular footings. (v) Strip and rectangular footings on reinforced 

layered soil (vi) Eccentrically and obliquely loaded strip and rectangular footings on reinforced soil. 

The process has been simplified by presenting non-dimensional charts for the various terms used in 

the analysis, which can be directly used by practicing engineers. An approximate method has been 

suggested to find out the ultimate bearing capacity of footing on reinforced soil for each of the above 

cases. The results have been validated with small and large-scale model tests. In addition to the 

coefficient of friction between the reinforcement and soil in pull out, there are other parameters 

affecting the behavior of strip footings on reinforced sand. The parametric study has been carried out 

for number of layers of reinforcement, depth of first layer of reinforcement, vertical spacing between 

the layers of reinforcement, length of reinforcement, depth of reinforcement, tensile strength of 

reinforcement and size of footing.  

Discussion on laboratory model tests performed to study the bearing capacity, settlement and tilt 

characteristics of closely spaced strip and square footings resting on sand reinforced with horizontal 

layers of geogrid reinforcement are also presented. Interference effects on bearing capacity and 

settlement of closely spaced square footings on reinforced sand were almost insignificant in 

comparison to isolated footings on reinforced sand. Whereas, a significant improvement in the tilt of 

adjacent square footings has been observed by providing continuous reinforcement layers in the 

foundation soil under the closely spaced footings. A considerable improvement in bearing capacity, 

settlement and tilt of adjacent strip footings has been observed by providing continuous reinforcement 

layers in the foundation soil under the closely spaced strip footings. 

Many investigators have experimentally studied the behaviour of isolated footings resting on 

reinforced earth (Binquet and Lee,1975a; Akinmusuru and Akinbolade,1981,1982; Saran and 

Talwar,1981; Fragszy and Lawton,1983; Saran et al,1985; Guido et al,1985,1986; Dembicki et 

al,1986; Sridharan etal,1991; Srikantiah, 1990; Samatni et al,1989; Huang and Tatsuoka,1990; 

Mandal et al,1990,1992; Shankriah,1991; Dixit and Mandal,1993; Khing et al,1993,1994; Rao et 

al,1994; Yetimoglu et al.1994;  Adams and Collin, 1997). 



  

Binquet and Lee (1975b) were perhaps the first who proposed an analytical approach for getting 

the pressure on an isolated strip footing resting on reinforced sand corresponding to a given 

settlement, which was further modified by Murthy et al, (1993). In this paper, an analysis has been 

presented for a strip footing resting on reinforced sand. Attempt has been made to overcome the 

shortcomings in the Binquet and Lee (1975b) approach for isolated strip footings, modifying the 

assumptions made by them to more realistic ones and it was further extended to isolated rectangular 

footings and closely spaced strip, square and rectangular footings (Kumar, 1997 and Kumar and 

Saran, 2001, 2003a, 2003b, 2003c). Binquet and Lee (1975b) assumed the soil-reinforcement friction 

angle as constant for all the layers of reinforcement. Whenever, reinforcement is embedded in the soil, 

the soil-reinforcement frictional resistance depends on the mobilization of friction between soil and 

reinforcement, which, in turn depends on relative vertical movement of soil at different depths. As the 

relative movement of soil will be different at different depths, it is not reasonable to assume angle of 

interfacial friction constant for all layers of reinforcement. Further, they have assumed that the force 

developed in any reinforcement layer is inversely proportional to the number of layers of 

reinforcement. As the development of force in reinforcement will be in different proportions at 

different layer levels, this assumption also does not seem to be reasonable. Accordingly, these 

assumptions have been modified. 
 

PRESSURE RATIO 

For convenience in expressing and comparing the data, a pressure ratio term has been introduced and 

is defined as:  pr = q/q0, where 

q0 = the average contact pressure of a footing on unreinforced soil, at a given settlement,  

q = the average contact pressure of the same footing on reinforced soil, at the same settlement.  

It may be mentioned here that the pressure intensity of the footing on unreinforced soil at a given 

settlement can be obtained using standard penetration test data or standard plate load test data or using 

a method developed by Parkash et al (1984) and Sharan (1977). 

ANALYSIS 

Isolated Strip Footings (Kumar, 1997 and Kumar and Saran, 2001) 

Consider a strip footing of size B.  If the footing is loaded with uniformly distributed load of q, then 

normal and shear stresses can be calculated at any depth Z using the theory of elasticity (Poulos and 

Davis, 1974). The analysis is based on the following assumptions:  

1) The central zone of soil moves down with respect to outer zones. The boundary between the 

downward moving and outward moving zones has been assumed as the locus of points of 

maximum shear stress at every depth Z.  The location of separating planes can only be inferred 

from the location of broken ties (Binquet and Lee, 1975a) and deformation pattern of 

reinforcement after failure (Kumar, 1997). 

2) At the plane separating the downward and lateral movements, the reinforcement is assumed to 

undergo two right angle bends around two frictionless rollers and TD is vertically acting tensile 

force (Fig. 1). In a reinforcing layer embedded within the soil, the kink will form due to the 

relative movement along the plane separating the downward and lateral flow. The relative vertical 

movement decreases at deeper depths, the right angle kink in reinforcement will not form. As the 

reinforcement placement at depths beyond footing width will not be feasible from economic and 

construction considerations, assuming a right angle kink for reinforcements placed within this 
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depth is reasonable. Further, from the basic mechanics, tension in reinforcement can be 

considered equally effective in the vertical direction at right angle bends. 

3) The mobilization of friction is dependent on relative movement of soil and reinforcement. As the 

settlement of the footing at the surface causes a vertical settlement of different magnitude at 

different layer levels, settlement in this investigation has been assumed to vary in proportion to 

vertical stress at that point. This concept results in 30% of surface settlement at depth B and 

negligible settlement at depth 2B. Therefore, soil-reinforcement friction coefficient, fe, has been 

assumed to vary with depth as per the following equation: 

      fe =m.f  

      where, m =[(1-Z/B)0.7 + 0.3] for Z/B 1.0 

  m =[(2-Z/B)0.3] for Z/B>1.0 

  f = tanf,   f  is soil-reinforcement friction angle 

  

(4)  As the normal force on the lower layers of reinforcement gets affected by the load carried by the 

upper layers, for NR layers of reinforcement provided in the foundation soil, the normal force 

responsible for the development of reinforcement force has been assumed to vary in proportion 

of r1:r2:r3: ………:rNR, such that r1 + r2 + r3 +………..+ rNR  = 1 and failure has been assumed for 

various combinations of reinforcement pull out and breakage at different layer levels. 

(5) The forces evaluated in the analysis are for the same size of footing and for the same settlement 

for a footing on reinforced and unreinforced soil.  

(6) Elastic theory is applied to estimate the stress distribution inside the soil mass, as no stress 

equations are available for anisotropic non-homogeneous material like reinforced sand. However, 

it is demonstrated later that results are not affected by this assumption. 

Failure Mechanism 

Three modes of failure are possible for the reinforced soil foundations are: 

(i) Shear failure of soil above the uppermost layer of the reinforcement is possible if the depth to 

the top most layer of reinforcement is sufficiently large. Since, significant improvements can 

be obtained at lower cost, by providing the reinforcement at shallow depths, this possible 

mode of failure is unlikely in practice. 

(ii) Reinforcement pullout failure, which may occur for reinforcement placed at shallow depths 

beneath the footing with insufficient anchorage. 

(iii) Reinforcement rupture failure, which occurs in case of long and shallow reinforcement for 

which the frictional pullout resistance is more than the rupture strength. 

To evaluate the two likely failure modes, we need the expressions for driving force and resisting 

forces. In the discussions, hereafter, we describe the method to compute the driving force and 

reinforcement pullout resistance force. 

Computation of Force Developed in Reinforcement (TD)  

To evaluate the force developed in the reinforcement due to applied load on the footing, it was 

assumed that the plane separating the downward and lateral flow is the locus of points of maximum 

shear stress  xzmax at every depth Z. In Fig.1, ac and a‘c‘ are assumed separating planes. Consider 

an element ABCD at depth Z (Fig.1), which is the volume of soil lying between two vertically 

adjacent layers of reinforcement. The forces acting on the element are shown in Fig.1 for unreinforced 

and reinforced foundation soil. The force developed in the reinforcement, TD may be expressed in 

terms of pressure ratio as under 

TD = [ JZ B - IZ H ] q0 (pr-1)            (1) 



  

in which JZ  =  
B)qorq(

dx

0

X

0

Z

0


           (2) 

IZ    =  
0

maxXZ

qorq


            (3) 

TD is the force developed in the reinforcement, if there is only one layer of reinforcement in the 

foundation soil and that is placed at depth Z. The value of X0/B, JZ and IZ corresponding to Z/B values 

can be taken from non-dimensional chart (Kumar, 1997 and Kumar and Saran, 2001). H is taken 

equal to vertical spacing between the horizontal layers of reinforcement, if layers are at equal vertical 

spacing and is equal to the average of two adjacent layers, if layers are at different vertical spacing. 

The stress equations have been solved by numerical integration. 

Computation of Reinforcement-Pull-Out Frictional Resistance (Tf)  

The pull out frictional resistance shall be due to the vertical normal force on the length of the 

reinforcement, which is outside the assumed plane separating the downward and outward flow 

(Fig.1). The normal force is consisting of two components, one is due to the applied bearing pressure 

and the other is due to the normal overburden pressure of soil. The reinforcement pull out frictional 

resistance per unit length of the strip footing is, given by  

Tf = 2feLDR [MZ Bq0 pr +  (L0-X0)(Z+Df)]                                           (4)  

where, Tf is the pull out frictional resistance per unit length of strip footing at depth Z, developed due 

to the reinforcing length beyond the assumed plane ac. Df is depth of  footing below ground level.  L0 

= 0.5B + LX 

Lx = Extension of reinforcement beyond the either edge of footing. 

LDR = Linear density of reinforcement 

         = Plan area of reinforcement/Total area of reinforced soil layer 

                  = 1, for geogrid or other geosynthetic sheets covering the total soil layer     

      fe = Soil-reinforcement friction coefficient           

MZ =  
qB

dx
0L

0X

Z

             (5) 

Non-dimensional charts have been prepared for Mz at different Z/B values for Lx/B values as 0.5, 1.0, 

1.5, 2.0, 2.5 and 3.0 (Kumar, 1997 and Kumar and Saran, 2001). The stress equations have been 

solved by numerical integration.  

Isolated Rectangular Footings (Kumar, 1997 and Kumar and Saran, 2003a) 

An attempt has been made to extend that approach to an isolated rectangular footing resting on 

reinforced sand (Kumar and Saran, 2003 a). 

Computation of Driving Force (TD) 

Consider a rectangular footing of length L and width B. Figure 2 shows the plan and section of the 

assumed planes separating the downward and outward flow, which are loci of points of maximum 

shear stress at every depth Z. The location of the separating planes can only be inferred from the 

location of broken ties (Binquet and Lee, 1975a) and the deformation pattern of reinforcement after 

failure (Kumar, 1997). 
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The driving force in the x-direction is given by 

TDx = [ Jxz BL – Ixz LH ] q0{pr – 1}                   (6) 

in which,        Jxz = 
BL)qorq(

ydx)Z,y,x,q(

0

ni

1i

X

0

Z

i

 






        (7) 

Ixz        = 
L)qorq(

y)Z,X,q(

0

ni

1i

ixz






                     (8) 

Xi is the horizontal position of shear stress peak at the i
th
 element. Equations are solved by numerical 

integration and/or by summation. The Interval Xi is divided into small units of size 0.01B and the 

length of reinforcement (L+2Ly) is divided into 'n' parts, each of size y = 0.01B. Ly = extension of 

reinforcement beyond the edge of the footing in the y-direction. 

Similarly, the driving force in the y-direction is given by 

TDy = [ Jyz BL – Iyz BH ] q0{pr – 1}          (9) 

where, Jyz  is the total non-dimensional force due to applied pressure on area g'h'k'j'g' marked as 'A2', 

Fig. 4, and Iyz is the total non-dimensional shear force along g'h'. If the footing is loaded with a 

uniformly distributed load q, then these components will be: 

Jyz =
qBL

xdy)Z,y,x,q(
pk

1k

kY

0
Z  




       (10) 

Iyz        = 
qB

x)Z,Y,q(
pk

1k
kyz 



         (11) 

Yk is the horizontal position of shear stress peak at the k
th

 element. The stress equations are solved by 

numerical integration and/or by summation. The interval Yk is divided into small units of size 0.01B 

and the length of reinforcement (B+2Lx) is divided into 'p' parts, each of size x = 0.01B. Lx = 

extension of reinforcement beyond the edge of footing in x-direction. 

Computation of Reinforcement-Pull-Out Frictional Resistance (Tf) 

Considering both components over the whole area, Axz, outside the separating plane, we get 

reinforcement pull out frictional resistance in x-direction at depth Z, for a footing placed at depth Df 

as: 

Tfx = 2feLDR [Mxz q0 pr +  Axz(Z+Df)] BL                                  (12) 

where, 

Mxz = 
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Similarly, 

 

Tfy = 2feLDR [Myz q0 pr +  Ayz(Z+Df)] BL                                       (15) 

 



  

where, Myz  is  a non dimensional frictional resistance factor due to the vertical normal force on the 

plan area of reinforcement, j'e'f'k'j', marked as Axz, which is outside the assumed plane separating the 

downward and outward flow (Fig. 3) and Ayz  in non-dimensional form is: 

Myz = 
qBL
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Ayz =
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The forces TDx, TDy, Tfx and Tfy are the forces in x and y directions only. As the reinforcement would 

be pulled out simultaneously from all the directions with the application of load on the footing, the 

direction giving an average value of pressure ratio has been adopted. Thus, the direction making an 

angle of 45
0
 with x or y direction gives the average value and has been adopted for the calculation of 

pressure ratio, which coincidentally gives the results obtained by adding the forces in x and y 

directions. Total driving force is, therefore, given by 

TD  = TDx + TDy  =        1pqHBILIBLJJ r0yzxzyzxz   

=       1pqHBILIBLJ r0yzxzz        (18) 

where, Jz = Jxz + Jyz 

The total pull-out frictional resistance Tf is, therefore, given by: 

Tf = Tfx + Tfy 

= 2fe LDR      BLAADZpqMM yzxzfr0yzxz   

= 2fe LDR      BLADZpqM zfr0z        (19) 

where, Mz = Mxz+ Myz and Az = Axz + Ayz 

Charts have been prepared for Jxz, Jyz, Ixz, Iyz , Mxz , Myz, Axz and Ayz corresponding to different Z/B 

values for various values of Lx or Ly  and for L/B ratio of 1, 2 & 3 (Kumar, 1997 and Kumar and 

Saran, 2003a). 

CLOSELY SPACED STRIP FOOTINGS (Kumar, 1997 and Kumar and Saran, 2003b) 

Due to heavy loads and non-availability of good construction sites, engineers have to place the 

footings on closer spacing. Therefore, the footings in the field generally interfere with each other to 

some extent and are rarely isolated (Stuart,1962; Myslevic and Kysela, 1973; Singh et al,1973; Saran 

and Agarwal,1974; Siva Reddy and Mogaliah, 1996;Khadlikar and Verma,1977; Deshmukh,1978; 

Dembicki et al,1981; Dash,1981,1982; Patankar and Khadlikar,1981; Das and Larbi-cherif,1983; 

Graham et al,1984; Pathak and Dewaikar,1985; Verma and Saran,1987; Saran and Amir,1992; Siva 

reddy and Manjunatha,1996). 

As a lot of research work carried out on isolated footings on reinforced soil shows a considerable 

improvement in their bearing capacity and settlements, the study of closely spaced footings on 

reinforced soil is of paramount practical significance. Al-Ashou et al (1994) studied experimentally 

the effect of number of layers of reinforcement on the bearing capacity of closely spaced square and 

strip footings resting on reinforced sand. They have reported that interference between adjacent 
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square footings on reinforced sand is insignificant contrary to unreinforced sand, but it has 

pronounced effect on bearing capacity of adjacent strip footings. 

An analytical method has been presented for determining the pressure corresponding to a given 

settlement for the closely spaced strip footings resting on reinforced sand (Kumar, 1997 and Kumar 

and Saran, 2003b).  

Computation of Driving Force in Reinforcement (TD) 

Consider two strip footings, each of size B, placed at a clear spacing of S. Let both the footings are 

loaded simultaneously with uniformly distributed load of q.  The normal and shear stresses can be 

calculated at any depth Z using the theory of elasticity (Poulos and Davis, 1974) by superimposing the 

stresses induced by adjacent footings. Figure 5 shows the distribution of shear stresses beneath the 

interfering footings at a certain depth Z. Let X0 be the horizontal position of zero shear stress and X1, 

X2 be the shear stress peaks as shown in Fig. 3. With the change in spacing between the footings and 

depth beneath the footing, the values of X0, X1 and X2 change. The loci of points of maximum shear 

stress have been assumed as the surface separating the downward and lateral flow (Fig.4). The 

location of separating planes can only be inferred from the location of broken ties (Binquet and 

Lee,1975a) and deformation pattern of reinforcement after failure( Al-Ashou et al, 1994 and 

Kumar,1997).  For the reinforcement layer placed at depth lower than that corresponding to level c‘, 

the failure of reinforcement can take place along aa‘ or bb‘ or dc‘ or cc‘. At higher depths, there will 

be only one shear stress peak obtained from superposition of shear stresses under the interfering 

footings as shown at level C (Fig 3) and the reinforcement can break only along aa‘ or bb‘ (Fig.4). 

The driving force TD is given by 

TD = [JZB - IZH] q0 {pr – 1}                                                                (20) 

where, TD = TD1 + TD2 

IZ = IZ1 + IZ2   
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where Z and XZ are normal and shear stresses obtained after superposition of stresses of interfering 

footings and q is the applied load.  

The values of X0/B, X1/B, X2/B, JZ and IZ have been presented in the form of non-dimensional charts 

for various depths, expressed as Z/B, for S/B equal to 0.5,1.0,2.0,3.0 (Kumar, 1997 and Kumar and 

Saran, 2003b) 

Computation of Reinforcement-Pull-Out Frictional Resistance (Tf)   

The pull out frictional resistance shall be due to the vertical normal force on the length of the 

reinforcement, which is outside the assumed plane separating the downward and outward flow. The 



  

normal force is consisting of two components. One is due to the applied bearing pressure and the 

other is due to the normal overburden pressure of the soil. The reinforcement pull out frictional 

resistance per unit length of the strip footing placed at depth Df is, given by 

Tf1 = 2feLDR [MZ1 Bq0 pr +  (L1-X1)(Z+Df)]                                       (24) 

Tf2 = 2feLDR [MZ2  Bq0 pr +  (L2-X2)(Z+Df)]                                            (25) 

where, Tf1 is the pull out frictional resistance per unit length of strip footing at depth Z, developed due 

to the reinforcing length beyond the assumed plane dc. Tf2 is pullout frictional resistance per unit 

length of strip footing at depth Z, developed due to reinforcing length beyond the assumed plane aa. 
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 where,Z is superimposed normal stress at depth Z and q is the applied load .      

L2 = 0.5B + Lx 

  L1 = 0.5B + Lx, for discontinuous reinforcement 

      = 
2

BS
, for continuous reinforcement, S is clear spacing between the  footings 

Lx = Extension of reinforcement beyond the edge of footing on either side of footing, if the 

reinforcement is discontinuous. 

    = Extension of reinforcement beyond the outer edge of footing, if the reinforcement is 

continuous. 

fe is mobilized friction coefficient.  

Non-dimensional charts have been prepared for Mz1 and Mz2 at different Z/B values for S/B equal to 

0.5, 1.0, 1.5, 2.0 and 3.0 for continuous reinforcement, for Lx/B values as 0.5,1.0 and 1.5. Non-

dimensional charts are also prepared for discontinuous reinforcement for S/B values of 2.0 and 3.0 for 

Lx/B values of 0.5 and 1.0(Kumar, 1997 and Kumar and Saran, 2003b). The stress equations have 

been evaluated by numerical integration.   

CLOSELY SPACED RECTANGULAR FOOTINGS (Kumar, 1997 and Kumar and Saran, 

2003c) 

Kumar and Saran (2003a) approach for isolated rectangular footings have been extended to closely 

spaced rectangular footings. Consider two rectangular footings, each of length L and width B placed 

close to each other at a clear spacing of S. When both the footings are loaded simultaneously, the 

footing and the soil beneath moves in the downward direction associated with lateral flow of soil on 

either side. The downward moving zone (zone I, Fig.3) yields the value of driving force. That driving 

force is compared with the rupture strength and soil-reinforcement frictional resistance of strip length 

in the outward moving zones (zone II & III, Fig.5) to determine the pressure ratio in rupture and pull 

out failure respectively. The reinforcement layer can be continuous or discontinuous under the two 

closely spaced footings.  

Computation of Driving Force in Reinforcement (TD) 

Let each of the footing is loaded with uniformly distributed load of q. Then normal and shear stresses 

can be calculated at any point (x,y,z) using the theory of elasticity (Davis and Poulos, 1974) by 
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superimposing the stresses induced by adjacent footing. When load on the footing increases, the 

central zone of soil moves down with respect to outer zones. The boundary between the downward 

moving and outward moving zones has been assumed as the locus of points of maximum shear stress 

at every depth Z. The location of separating planes can only be inferred from the location of broken 

ties (Binquet and Lee,1975a) and deformation pattern of reinforcement after failure (Al Ashou et al, 

1994 and Kumar, 1997).  

Let Xi, X
‘
i be the horizontal position of shear stress peaks as shown in Fig.3. With the change in 

spacing between the footings, at different depth levels, the value of Xi and X
‘
i changes. The loci of 

points of maximum shear stress have been assumed as the plane separating the downward and lateral 

flow (Fig.3) and accordingly, there will be three zones (downward moving zone I and outward 

moving zones, II & III). At depth level corresponding to point c‘ shown in Fig.3 and lower than level 

of c‘, there will be two zones (downward moving Zone I and outward moving zone II). This depth is 

approximately 1.25B and 1.75B for S/B equal to 0.5 and 1.0 respectively for L/B equal to 1, 2 and 3 

and is greater than 2B for S/B equal to 2.0. These depth values are corresponding to level c‘, at and 

beyond which there will be only one shear stress peak obtained from superposition of shear stresses 

under the interfering footings. 

The driving force in x-direction, TDx may be written as  

TDx = [JxzB L - IxzH L] q0 {pr – 1}                                                                 (28) 

where, pr =q/q0 and TDx represents the driving force in x-direction when only one layer of 

reinforcement (NR =1) is provided up to depth Z. 

Ixz   = Ixz1 + Ixz2           (29) 
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where,  Z and xz are normal and shear stresses obtained after superposition of stresses of interfering 

footings and q is the applied load. The interval (Xi + X‘i) is divided into small units of size 0.01B. The 

length of reinforcement (L + 2Ly y is 

the extension of reinforcement beyond the edge of footing in y-direction. 

Similarly, the driving force in reinforcement in y-direction is given by 

TDy (Z) = [JyzB L - IyzH B] q0 {pr – 1}                                                  (33) 

TDy (Z) represents the driving force in y-direction when only one layer of reinforcement is provided 

upto depth Z 
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Equations have been solved by numerical integration. The interval Y0i is divided into small units of 

value 0.01B. The width of reinforcement Lx0 is divided into n intervals, each of width  

Lx0 = B + 2Lx, for discontinuous reinforcement 

      = B + Lx + 0.5S, for continuous reinforcement  

 Lx = Extension of reinforcement beyond the either edge of footing in x-direction, if the reinforcement 

is discontinuous. 

     = Extension of reinforcement beyond the outer edge of footing in x-direction, if the reinforcement 

is continuous. 

Y0i = The value of y at the i
th
 element corresponding to maximum value of 'yz  

'yz = Superimposed shear stress 

The values of Jxz, Jxz and Ixz, Iyz have been presented in the form of non-dimensional charts for 

various depths, expressed as Z/B, for S/B equal to 0.5, 1.0 and 2.0, for L/B = 1, 2 and 3, for various Lx 

and Ly values (Kumar, 1997 and Kumar and Saran, 2003c). H is taken equal to vertical spacing 

between the horizontal layers of reinforcement, if layers are at equal vertical spacing and is equal to 

the average of two adjacent layers, if layers are at different vertical spacing. The total driving force is, 

therefore, given by 

 TD (Z) = TDx (Z) + TDy (Z)         (34) 

Computation of Pull-Out Frictional Resistance (Tf)  

The pull out frictional resistance shall be due to the vertical normal force on the area of the 

reinforcing layer that is outside the assumed plane separating the downward and outward flow. The 

normal force is consisting of two components. One is due to the applied bearing pressure and the 

other is due to the normal overburden pressure of the soil.  

Total pull out frictional resistance in x-direction is, therefore, given by 

 Tfx = 2feLDR [Mxz q0 pr +  Axz(Z+Df)] LB                       (35)          

where, Tfx = Tfx1 +Tfx2. Tfx1 is the pull out frictional resistance at depth Z, developed due to the 

reinforcing area beyond the assumed separating plane cd. Tfx2 is pullout frictional resistance at depth 

Z, developed due to reinforcing area beyond the assumed plane ab. fe is mobilized friction coefficient.  

Mxz = Mxz1 + Mxz2          (36) 

Axz  = Axz1 + Axz2           (37) 
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Equations have been solved by numerical integration. The interval (L1-Xi) and (L2-X
‘
i) is divided into 

small units of value 0.01B. The width of reinforcement Ly0 is divided into n intervals, each of width 

 

 Similarly, TfY   = 2feLDR [Myz q0 pr +  Ayz (Z+Df)] LB                               (42) 
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 Ayz = 2.
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Equations have been solved by numerical integration. The interval Y0i is divided into small units of 

value 0.01B. The width of reinforcement (L1 + L2

0.01B.  

Non-dimensional charts have been prepared for Mxz1, Mxz2, Myz, , Axz1, Axz2 and Ayz at different 

Z/B values for S/B equal to 0.5,1.0 and 2.0 for  L/B ratio equal to 1.0, 2.0 and 3.0 (Kumar, 1997 and 

Kumar and Saran, 2003c).  

The forces TDx, TDy, Tfx and Tfy are the forces in x and y directions only. As the reinforcement 

would be pulled out simultaneously from all the directions with the application of load on the footing, 

the direction giving an average value of pressure ratio has been adopted. Thus, the direction making 

an angle of 45
0
 with x or y direction gives the average value and has been adopted for the calculation 

of pressure ratio, which coincidentally gives the results obtained by adding the forces in x and y 

directions. Total driving force is, therefore, given by 

TD  = TDx + TDy  =        1pqHBILIBLJJ r0yzxzyzxz   

=       1pqHBILIBLJ r0yzxzz        (45) 

where, Jz = Jxz + Jyz 

The total pull-out frictional resistance Tf is, therefore, given by: 

Tf = Tfx + Tfy 

= 2fe LDR      BLAADZpqMM yzxzfr0yzxz   

= 2fe LDR      BLADZpqM zfr0z        (46) 

where, Mz = Mxz+ Myz and Az = Axz + Ayz 

PRESSURE RATIO CALCULATION 

TD, is the driving force in reinforcement, if there is only one layer of reinforcement provided in the 

foundation soil at depth Z.  When, NR layers of reinforcement are provided in the foundation soil, the 

load carried by the upper layers affects the normal force on the lower layers of reinforcement. For NR 

layers of reinforcement, let the load is distributed in proportion of r1: r2:r3:……..:rNR such that r1 + r2 + 

-----------+ rNR = 1. Therefore, the driving force at different layer levels has been assumed to vary in 

proportion of r1: r2:r3:……..:rNR such that r1 + r2 + -----------+ rNR = 1. After calculation of driving force 

and soil-reinforcement frictional resistance and tensile or breaking strength of reinforcing material, 

the value of pr is computed by applying the following conditions: 

(1) The driving force in any reinforcing layer should not exceed the soil-reinforcement frictional 

resistance in that layer, i.e.  rj   TDj  Tfj where, j varies 1 to NR. 



  

(2) The driving force in any reinforcing layer should not exceed allowable breaking strength, i.e., rj  

TDj  TR where,  TR = TRx + TRy 

Distribution factors, rj‗s are assumed for distribution of driving force in NR layers. 

(3) r1 + r2 + r3 +………+ rNR = 1 

A check is applied to various combinations of reinforcement pull-out and breaking failures, each 

giving one value of pr. The smallest value is the critical pr. 

Ultimate bearing capacity of reinforced soil 

With the help of proposed analysis, one can compute the pressure intensity of footing on reinforced 

soil at a settlement , corresponding to the given pressure intensity of the same footing on 

unreinforced soil for the same settlement . Therefore, the pressure-settlement values of a footing on 

reinforced soil can be computed only up to the ultimate bearing capacity of the same footing on 

unreinforced soil. The experimental results show that this does not give the ultimate bearing capacity 

of the footing on reinforced soil. The studies by Singh.(1988), Huang and Tatsuoka (1990)  and 

Kumar (1997) show that the bearing capacity of isolated footing increases by reinforcing the soil zone 

immediately beneath the footing with footing size reinforcing layers up to depth dR and with a vertical 

spacing between the adjacent layers not exceeding 0.25B and the effect is similar to unreinforced sand  

loaded with rigid deep footing having the same depth Df = dR and is the case of Df  = dR   up to 1.0B. 

In the proposed analysis, pressure ratio (pr) becomes unity when reinforcement does not extend 

beyond the edge of footing. It shows that the effect of footing size reinforcement beneath the footing 

has not been included in the calculation of pr. Therefore, the following empirical equation is proposed 

for calculating the ultimate bearing capacity of isolated footing on reinforced soil: 

qur = qr +  dR Nq            (47) 

 where, qr and qur are as shown in Fig.6. 

 dR is the depth of lower most layer of reinforcement. 

 Nq is Terzaghi‘s bearing capacity factor 

The above equation has been validated with the model test results of Singh,(1988); Youssef (1995); 

Kumar (2003); Adams and Collin(1997) and Kumar (1997).  

Similarly, for closely spaced footings, if qr (Fig.6) is the pressure intensity of the adjacent 

footings on reinforced soil at a settlement corresponding to ultimate bearing capacity of adjacent 

footings on unreinforced soil qu, then ultimate bearing capacity of adjacent footings on reinforced soil 

qur ( Fig.6) can be obtained from :   

 qur = qr +  dR Nq q           (48) 

where, dR is the depth of lower most layer of reinforcement. Nq is Terzaghi‘s bearing capacity factor 

and q is interference factor after Stuart (1962) 

The theoretical results have been validated with the model test results of Kumar, 1997 and  

Kumar and Saran, 2003d). The values calculated match well with the experimental results. 

Closely spaced footings on reinforced sand (experimental observations; kumar 1997 and 

kumar and saran, 2003d) 

It has been reported that due to the effects of interference between the footings, the bearing capacity 

of footing increases, but there is a problem of tilting of foundations towards each other, that is, 

differential settlement. There is a need to research some solutions to overcome this problem of tilting 

due to interference. 

Khing et al (1992) and Al-Ashou et al (1994) studied experimentally the effect of interference on 

the bearing capacity of closely spaced footings resting on reinforced sand. The study of interference 

effects, tilt in particular, of closely spaced footings resting on reinforced sand appears to have 
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received little or no attention. Therefore, the study of pressure, settlement and tilt characteristics of 

closely spaced footings on reinforced soil foundations is presented. 

The results discussed in this paper are based on a total of 74 tests performed on closely spaced 

strip and square footings on geogrid-reinforced sand. The study was carried out to evaluate the effect 

of spacing between the footings, size of reinforcement and continuous and discontinuous 

reinforcement layers on bearing capacity and tilt of closely spaced footings. Figure7 shows the layout 

of continuous and discontinuous reinforcement layers under the two closely spaced footings. All the 

parameters like Lx, Ly, U, Sv and S have been explained on Fig.7. The soil used in the entire 

laboratory-testing program was poorly graded sand (SP). All the tests were run at a relative density of 

60%, which is in the medium compact density range. The angle of internal friction of sand obtained 

through drained triaxial shear tests at a relative density of 60% was 37
0
. Tensar SS20 Geogrid was 

used to reinforce the sand in the model tests. The quality control strength (Tensile strength), 

determined in accordance with BS 6906 was 20 kN/m both in transverse and longitudinal direction.  

Model footings made of mild steel were used. The sizes of footings used were 0.1 m x 0.86 m and 

0.175 m x 0.175 m. The size of the tank was designed considering the size of the largest footing to be 

tested and the zone of influence. The inside dimensions of the tank were fixed as 2.2 m long, 0.86 m 

wide and 1.2 m high. The sand was placed in the tank in 0.1m layers by rainfall technique. Whenever, 

the sand gets deposited up to the location of desired layer of reinforcement, the top surface of the sand 

was levelled and the geogrid reinforcement was placed. Again, the sand was filled over this layer in 

the tank up to the level of next reinforcement layer.  

Vertical loads were applied to each model footing by a lever arrangement, which is transferred 

through a steel shaft having a diameter of 30 mm. For each footing, two dial gauges were used for 

settlement measurements and their average was taken. Tilt was measured with specially designed and 

fabricated tiltmeters. Tiltmeters were provided with a micrometer screw with the help of which tilt up 

to an accuracy of 10 seconds could be measured. For each footing, two tiltmeters were fixed in the 

direction of footing width to measure the tilt, and their average was taken for the mean tilt of the 

footings. 

For convenience in expressing and comparing the data the term interference factor (IF) is defined 

as: 

uq
uinq

FI   

where, quin is the  average ultimate bearing capacity of two closely spaced footings on sand reinforced 

with N layers of reinforcement and qu is the ultimate bearing capacity of an isolated footing of the 

same size on the same soil and for the same number of reinforcement layers. 

The interference factor for closely spaced strip footings ranged from 1.16 to 2.7 depending upon 

the spacing and reinforcement size, which clearly shows that interference effect still exists in these 

footings. Also it can be observed that, as the clear spacing between the footings increases from 0.5B 

to 2.0B, the interference factor decreases. Khing et al (1992) have also drawn a similar conclusion. 

The interference factor in case of closely spaced square footings ranged from 1 to 1.67, depending 

upon the spacing and reinforcement size, which shows that interference effect is less pronounced in 

case of square footings. The interference factor for adjacent footings on reinforced sand for two layers 

of reinforcement at clear spacing of 1B is 1.16, for L/B=1and dr = 0.5B, from the present study, while 

its value from Al-Ashou et al (1994) results, for L/B=1 and dr=0.6B, is between 1.03 -1.17 and from 

Khing et al (1992) results, for L/B=3 and dr=0.75B, it is about 1.1. Whereas, for L/B=8.6 and dr=0.5B, 

interference factor is 2.5 from the present study and from Al- Ashou et al (1994) results, its value, for 

L/B=6 and dr=0.6B, is 1.93-2.5. Further, the test results of Al- Ashou et al (1994) showed the 

variation of interference factor as 2.5 -1.9 for strip and 1.17-1.02 for square footings with the increase 



  

in number of layers from 1 to 7 or dr=0.3B-2.1B. Khing et al (1992) also observed a decrease in 

interference factor with the increase in number of layers from 2 to 6 or dr=0.75B-2.25B. It clearly 

indicates that shape and size of footings and depth of reinforcement have a considerable effect on the 

bearing capacity of interfering footings. 

A significant effect of interference has been observed on the behaviour of tilt in closely spaced 

footings, with the provision of continuous reinforcement layers in the foundation soil. The interfering 

footings, when placed on soil reinforced with continuous reinforcement layers, tilted in outward 

direction in contrast to the interfering footings on sand reinforced with discontinuous reinforcement 

layers and unreinforced sand, which tilted in inward direction. This is believed to be due to 

interpenetrating passive zones and soil reinforcement frictional resistance, which arrests the lateral 

flow of soil. Also, the failure of reinforcement was observed due to pulling out of the reinforcement 

from the outer edge of footings. The pull out of the reinforcement cannot take place from the 

continuous edge until and unless its continuity breaks due to the rupture of reinforcement caused by 

the forces exerted by downward movement of two footings and the soil beneath the footings, after the 

application of load. As the reinforcement of high strength (relative to the applied loads) was used for 

conducting the model tests, the rupture of reinforcement did not take place.  

The variation of tilt with S/B in case of interfering strip footings, for a factor of safety of 2 and 3 

to the ultimate bearing capacity has been studied. For a single layer of continuous reinforcement, with 

outer edge extension of Lx = 1.0B, in the foundation soil, the magnitude of tilt at a factor of safety of 

3, reduces by about 70 % and 100 % for the footings placed at a spacing of S = 1B and 2B 

respectively. And the tilt magnitude increases by about 10 % for the footings placed at a spacing of S 

= 0.5B. With the provision of two layers of continuous reinforcement in the foundation soil, the tilt 

values become almost zero at a factor of safety of 2 and 3 for the footings placed at a spacing of S = 

0.5B, 1.0B and 2.0B. If the reinforcing layers are discontinued under the footings placed at a spacing 

of S =2.0B, the tilt values, at a factor of safety of 3, remain almost the same as that for the footings on 

unreinforced soil. 

In case of square footings, no tilt was observed for the footings resting on sand reinforced with 

continuous geosynthetic sheets placed at a clear spacing of S = 0.5B. With the provision of single 

layer of continuous reinforcement in the foundation soil, the magnitude of tilt reduces by about 40 % 

for S = 1.0B and by about 100 % for S = 2.0B at a factor of safety of 3. For two layers of continuous 

reinforcement, the tilt magnitude reduces by about 70% for S = 1.0B and 100 % for S = 2.0B. With 

the provision of discontinuous reinforcement, the tilt remains almost same as that for unreinforced 

case at a factor of safety of 3 for S = 2.0B. 

For cohesionless soils, allowable settlement and not the ultimate bearing capacity often governs 

the design. The bearing pressure of reinforced soil foundations at 5.0 and 7.5 % strain [defined as 

settlement () divided by footing width (B), /B] are also compared to the bearing pressure of the 

same footing without geosynthetic reinforcement. The bearing pressure in case of strip footings 

increases by about 1.6 times at settlements between 5 mm and 7.5 mm and for the footings placed at 

spacing of 0.5B on the sand reinforced with two layers of continuous reinforcement having outer edge 

extension of reinforcement as 1.0B. The overall improvement for the above case, in comparison to 

isolated footing on sand, is 200 % [from 45 to 84 and 57 to 111 at settlement of 5mm and 7.5mm 

respectively]. 

The comparison of bearing pressure values, in the case of closely spaced square footings, at 

different settlement levels shows that the bearing pressures of interfering footings and that of isolated 

footings are almost the same for the same number of reinforcement layers provided in the foundation 

soil for clear spacing between the footings as 0.5B and 2.0B. At spacing of 1B, bearing pressure of 
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interfering footing increases by about 16-20% as compared to isolated footing for the same 

reinforcement. Therefore, for the bearing capacity calculations, the closely spaced square footings 

resting on reinforced sand may be designed as isolated square footings resting on reinforced sand. The 

difference in interference effects on the behaviour of square and strip footings may be due to the 

shape factor and distribution of stresses beneath the footings. 

The study showed that the bearing capacity of adjacent small-scale footing increases by 

reinforcing the soil zone immediately beneath the footing with footing size reinforcement layers. And 

the effect is similar to unreinforced sand loaded with rigid deep footing having the same depth Df = dr, 

where dr is the depth of bottommost layer of reinforcement.  

Parametric study of footings resting on reinforced sand (kumar, 1997 and kumar and saran, 

2004) 

In addition to the coefficient of friction between the reinforcement and soil in pull out, there are other 

parameters affecting the behaviour of footings on reinforced sand. The various parameters which have 

been studied are: number of layers of reinforcement, depth of first layer of reinforcement, vertical 

spacing between the layers of reinforcement, length of reinforcement, depth of reinforcement, tensile 

strength of reinforcement, size of footing and interference effects. Parametric study has been carried 

out on field size foundations using the analytical approach proposed by Kumar and Saran (2001, 

2003a,b,c). Field tests on prototype foundations give more realistic results in any geotechnical 

engineering problem. However, economic considerations and other practical difficulties either 

eliminate the prototype tests completely or restrict their scope to a greater extent. Thus, the findings of 

such analytical study provide the useful quantitative data, which can subsequently be used to study the 

effect of important variables through prototype tests.  

The study has been carried out in terms of pressure ratio, pr. Method based on non-linear 

constitutive laws of soil, suggested by Prakash et al (1984) and Sharan
 
(1977), has been used to 

determine pressure at a given settlement for isolated footing on unreinforced soil. For interfering 

footings on soil, the same method (Prakash et al (1984) extended by Amir (1992) and Saran and Amir 

(1992) and Kumar and Saran (2003e), have been used to determine pressure at a given settlement for 

footing on unreinforced soil. The drained triaxial shear tests were conducted on sand at a relative 

density of 60%, for determining the parameters of constitutive laws. The angle of internal friction of 

sand was obtained as  = 37
0
. The soil-reinforcement-friction angle, f = 22

0
,
 
as obtained through 

pullout tests, has been used for parametric study. 

The various parameters, which have been studied, are: 

Depth of first layer of reinforcement (U/B) 

If the depth of first layer of reinforcement is kept too large, failure of the soil may take place above 

the uppermost layer of reinforcement. When the first layer of reinforcement is placed at too shallow a 

depth, because of very low normal force on the reinforcement, friction failure will reach early. Hence, 

there exists an optimum position for the placement of first layer of reinforcement. 

It is observed that, for isolated strip footings, the optimum range of U/B is 0.25 to 0.40 if more 

than one layer of reinforcement is provided and for single layer of reinforcement its value is 0.7 and 

for isolated square footings the optimum range of U/B is 0.25 to 0.40 if more than one layer of 

reinforcement is provided and for single layer of reinforcement its value is 0.6. 

For interfering strip footings, it can be observed that the optimum range of U/B is 0.25 to 0.50 if 

more than one layer of reinforcement is provided and for single layer of reinforcement its value is 0.7 



  

and from the variation of pr with U/B for different number of layers of reinforcement, for interfering 

rectangular footings, it can be observed that the optimum range of U/B is 0.25 to 0.50.  

Vertical spacing of layers of reinforcement (SV/B) 

The variation of pr with SV/B for isolated strip footings clearly indicates that the optimum range of 

vertical spacing between the horizontal layers of reinforcement is 0.10 to 0.25 and for isolated square 

footings, the optimum range of vertical spacing between the horizontal layers of reinforcement up to 

four layers of reinforcement is 0.15 to 0.25. Whereas, for 5 layers of reinforcement, optimum value is 

0.15B. 

In case of interfering strip and rectangular footings, the optimum range of vertical spacing 

between the horizontal layers of reinforcement is 0.15 to 0.25. The vertical spacing of reinforcement 

also affects the pr value because of variation in normal force on the reinforcement and due to lesser 

mobilization of friction as we go further down.  

Length of reinforcement beyond the edge of footing (LX/B) 

With the increase in length of reinforcing layer, the frictional force increases due to increase in total 

normal force on the reinforcement. With the increase in Lx/B value beyond 2.5 the rate of increase of 

pr is very small up to three layers of reinforcement. For four layers of reinforcement, pressure ratio 

increases even beyond 2.5B.It is the increase in overburden pressure on reinforcing layers, which will 

increase the soil-reinforcement frictional resistance. But, to get this benefit for field size foundations 

very high strength reinforcement is required. Further, it was observed that for field size foundation, 

for B greater than 1.0m, pr doesn't change with increase in length of reinforcement beyond the edge of 

footing for Lx/B>0.5. This is due to rupture failure of the reinforcement, which takes place earlier than 

reaching the full benefit of frictional resistance developed due to increased length of reinforcement. 

So, the length of reinforcement beyond the edge of footing shouldn't be taken more than 1B, to get 

maximum benefit. 

In case of interfering strip footings, with the increase in Lx/B value beyond 1.0 the rate of 

increase of pr is very small both for S/B=1 & 2. It is the increase in overburden pressure on 

reinforcing layers, which will increase the soil-reinforcement frictional resistance. But, to get this 

benefit for field size foundations very high strength reinforcement is required. Further, it was 

observed that for field size foundation i.e., for B greater than 1.0m, pr doesn't change with increase in 

length of reinforcement beyond the edge of footing for Lx/B>0.5. This is due to rupture failure of the 

reinforcement, which takes place earlier than reaching the full benefit of frictional resistance 

developed due to increased length of reinforcement. So, the length of reinforcement beyond the edge 

of footing shouldn't be taken more than 1B, to get maximum benefit.  

In case of isolated and closely spaced square footings, with the increase in size of reinforcing 

layer, the frictional force increases due to increase in total normal force on the reinforcement area in 

the lateral moving zone of soil. Figures show that with the increase in Lx/B or Ly/B, pr increases and 

the effect is more in case of small size footings when pullout failure is predominant. It is due to 

increase in overburden pressure on reinforcing layers, which in turn, increase the soil-reinforcement 

frictional resistance. Further, to get the full benefit of reinforcement for field size foundations, a very 

high strength reinforcement is required. Therefore, reinforcement layer having extension of 1B 

beyond the edge of footing will be practical and economical in the field. 

Number of layers of reinforcement 

In case of isolated footings, the pressure ratio increases at a very low rate after a certain layers of 

reinforcement. The mobilization of friction is dependent on relative movement of soil and 
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reinforcement. The settlement of footing at the surface causes a vertical settlement of different 

magnitude at different layer levels, which is true because in granular soils at large depths settlement 

will not be felt.  The mobilization of friction becomes almost zero at depth 2B; the reinforcement 

provided beyond 2B depth shall not contribute to increase in pressure ratio. It was observed that after 

a depth of 1.5 B is reached, the rate of increase of pressure ratio is very small. So the most beneficial 

depth up to which reinforcement is provided should be 1.5B. 

In case of interfering strip and square footings, with the increase in number of layers of 

reinforcement, the pressure ratio increases. Keeping all other parameters constant, the pr increases at a 

very slow rate after a certain number of layers. 

Depth of reinforcement 

As the mobilization of friction decreases with the increase in depth due to reduction in settlement of 

soil, the pressure ratio will not increase if the reinforcement is provided at larger depths. The 

mobilization of friction becomes almost zero at depth 2B; the reinforcement provided beyond 2B 

depth does not contribute to increase in pressure ratio. Further, it was observed that after depth of 

1.5B is reached, the increase in pr rate is very small. So, the most beneficial depth up to which 

reinforcement is provided should be 1.5B. 

Tensile strength of reinforcement 

The soil-reinforcement frictional resistance and tensile strength of reinforcement govern the pressure 

intensity of a footing on reinforced soil. When the former is too high, the rupture failure of the 

reinforcement takes place earlier, which gives the low value of pr. There is increase in average 

pressure of reinforced soil with increase in tensile strength of reinforcement, keeping all other 

parameters constant. 

Size of footing 

If all other parameters are kept same in terms of width of footing, the pr value shall be same for every 

size of footing provided the rupture failure of reinforcement doesn't take place. It was observed that 

for reinforcement having safe tensile strength of 40 kN/m the pr values are same for 0.5m and 1.0m 

footing size. For low strength reinforcement, with the increase in size of footing, the normal force 

causing frictional resistance increases and rupture failure of reinforcement takes place earlier and 

hence pr decreases. Similar trends are seen in interfering footings also. 

Field tests on prototype foundations give more realistic results in any geotechnical engineering 

problem. However, economic considerations and other practical difficulties either eliminate the 

prototype tests completely or restrict their scope to a greater extent. Thus, the findings of such 

analytical study provide the useful quantitative data, which can subsequently be used to study the 

effect of important variables through prototype tests. 

Bearing capacity of strip footings on reinforced layered soil (kumar et al. 2007a) 

Kumar and Saran (2001) proposed an equation for the calculation of ultimate bearing capacity of strip 

footing resting on homogeneous soil reinforced with horizontal layers of reinforcement. Similar 

equation is applicable to reinforced layered soils also. The equation may be modified as under: 

qur (layered) = qr (layered) + average dR Nq (average)         (49) 

where, qr (layered) and qur (layered) are as shown in Fig.6. 

qur (layered) is the ultimate bearing capacity of reinforced layered soil 

dR is the depth of lower most layer of reinforcement below the base of footing. 



  

Nq (average) is Terzaghi‘s bearing capacity factor against average 

where,  
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where, h1 and h2 are the thicknesses of top and bottom layer of soil, 1  and 2 are internal friction 

angles of top and bottom layer of soil respectively and 1 and 2 are the unit weights of top and bottom 

layers of soil  respectively. 

qr (layered)  is calculated after modifying the Kumar and Saran (2001) equation as under 

qr (layered) = qu (layered)  pr          (52) 

Pressure ratio (pr) is defined as:  pr = q/q0,  

where, q0 is the average contact pressure of a footing on unreinforced soil, at a given settlement, q is 

the average contact pressure of the same footing on reinforced soil, at the same settlement.  

Pressure ratio (pr) can be calculated by equating driving force (TD) and soil-reinforcement frictional 

resistance (Tf) for various combinations of failure of reinforcement under pull out failure or rupture 

failure of reinforcement, where TD and Tf are given by following Equations after Kumar and Saran 

(2001): 
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where, Jz, Iz, X0, Mz have been presented in the form of non dimensional charts by Kumar and Saran 

(2001). ΔH is taken equal to vertical spacing between the horizontal layers of reinforcement, Df is 

depth of foundation and fe is soil-reinforcement friction coefficient. 2L0 is the width of reinforcement 

layer. Here, in the present case, q is equal to qr(layered) and q0 is equal to qu (layered). The ultimate bearing 

capacity of unreinforced layered soil; qu (layered) may be calculated by any of the methods available in 

literature. Here, the ultimate bearing capacity of two-layered soil (qu) is calculated using Terzaghi‘s 

equation for the modified values of average and average.   

 Pressure-settlement characteristics of rectangular footings on reinforced sand 

The analysis has been developed for studying the pressure-settlement characteristics of rectangular 

footings resting on reinforced sand layer using non-linear constitutive laws of soil which define the 

mechanical behaviour of soil and are of prime importance for analysing almost all applied non-linear 

problems of soil mechanics. The most popular model for describing the constitutive laws is a two 

constant hyperbola suggested by Kondner (1963). The constants of this model can be obtained by 

performing triaxial tests on the pertaining soil. The analysis is based on the following assumptions: 

i)  The soil mass is assumed to be homogeneous, isotropic and semi-infinite medium.  

ii) The soil mass supporting the footing has been divided in to a number of layers to a  depth beyond 

which stresses becomes negligible.   

iii) The effect of weight of soil mass has been considered for the determination of stresses in soil 

mass. The vertical stress due to weight of soil has been taken equal to  Z where Z is the depth of soil 

layer. The horizontal stress due to weight of soil has been taken equal to k0  Z  where k0 is the 

coefficient of earth pressure at rest. 
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iv) The base of the footing has been assumed smooth, as the effect of roughness on pressure 

settlement characteristics has been found to be negligible from the studies of Sharan (1977). 

v)  Strains have been computed from the known stress condition using the constitutive laws of soils. 

vi) A factor of safety  ‗F‘ has been introduced so that at all stress levels the following relationship is 

satisfied i.e. 

                                 (53) 

Procedure for Analysis 

The proposed procedure for predicting pressure-settlement characteristics of rectangular footings on 

reinforced sand is described in the following steps: 

STEP 1 

The soil mass supporting the footing, of width B, is divided into a number of thin strips up to a depth 

of 4B beyond which the vertical stresses become almost negligible (Fig.8). 

The thickness of each strip is taken as 0.25 B.  

STEP 2 

The normal and shear stresses at the centre of each strip along the vertical section have been 

computed using Holl‘s equations. For considering the effect of reinforcement at each layer level, 

stresses  x  and  y  has been modified by adding x  and  y  respectively to them where 

 

  fxzxze DZAqMfBx   22        (54)       

  fyzyze DZAqMfBy   22        (55)     

            where  

q  is the applied pressure intensity 

B  is width of footing  

Df is depth of footing  

Z   is depth of lowermost layer of reinforcement below base of footing 

fe is lateral coefficient of friction between soil and reinforcement 

Mxz  and  Myz are non-dimensional frictional resistance factors  

Axz  and   Ayz  are non-dimensional area factors 

The values of Mxz , Myz , Axz , and  Ayz  is to be taken from non-dimensional charts presented by 

Kumar and Saran (2001). 

 

STEP 3 
 

The value of Poisson's ratio and coefficient of earth pressure at rest has been obtained from the 

following equation 

0

0
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 where ko  =  1-sin                                                                                    (57)
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STEP 4 

The ultimate bearing capacity of footing resting on homogeneous soil reinforced with horizontal 

layers of reinforcement was calculated with the help of an equation proposed by Kumar and Saran 

(2001, 2003 b) while the ultimate bearing capacity of unreinforced soil, qu  is calculated using 

Terzaghi‘s equation for the given values of    and   

STEP 5 

The factor ‗F‘ for the given load intensity ‗q‘ has been obtained from the equation 3.1 

STEP 6 

The modulus of elasticity (Es) has been calculated from Fig. 9 at stress levels of u/F   

where  
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where Fu 
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 ‗a‘ and ‗b‘ are hyperbola constants  

STEP 7 

The principal stresses 1, 2 and 3 and their directions w.r.t. Z-axis have been computed using 

equations of the theory of elasticity (Poulos and Davis 1974).  

STEP 8  

The principal strain in each strip in the direction of major principal stress and minor 

principal stresses is obtained from the following   equation 

1  =  
sE

1
  =  [1 - (2 + 3)]                                     (60) 

2  =  
sE

1
  =  [2 - (1 + 3)]            (61) 

3  =  
sE

1
  =  [3 - (1 + 2)]            (62) 

Modulus of elasticity is determined by using hyperbolic constants of sand. Therefore the above 

expression can be rewritten as 
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STEP 9 

 

The strain in vertical direction in each strip along the vertical section is calculated from the relation 

3

2

32
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21

2

1 coscoscos  z                              (66) 

STEP 10 

The vertical settlement (Se) of any strip along a vertical section is computed by multiplying the strain 

z  with the thickness of each strip  z  

zS ze                                     (67) 

STEP 11 

The total settlement along any vertical section is computed by numerically integrating the expression 

up to the depth of influence 


n

zt zS
0

                           (68) 

STEP 12 

The surface load intensity is varied and steps 1 to 11 are repeated to obtain pressure-settlement curves.  

 

Pressure-settlemnt characteristics of rectangular Footings on reinforced Layered Soil 

(Kumar et al., 2007) 

The analysis has been developed for studying the pressure-settlement characteristics of square 

footings resting reinforced layered soil using non-linear constitutive laws of soil. The analysis is based 

on the following assumptions 

i)  The soil mass is assumed to be consisting of different layers having different properties.  

ii) The soil mass supporting the footing has been divided in to a number of layers to a depth beyond 

which stresses become negligible. 

iii) The effect of weight of soil mass has been considered for the determination of stresses in soil 

mass. The vertical stress due to weight of soil has been taken equal to  Z where Z is the depth of soil 

layer. The horizontal stress due to weight of soil has been taken equal to k0  Z where k0 is the 

coefficient of earth pressure at rest and is equal to (1-sin ).                                                               =  

1  for Z  h1 and is  =  2 for Z  h1,        = 1 for Z  h1 and is  =  2 for Z  h1 

1,  2  are the angles of internal friction of top and bottom layer of soil respectively. 

h1 is the thickness of top layer of soil. 



  

iii) The base of the footing has been assumed smooth, as the effect of roughness on pressure 

settlement characteristics has been found to be negligible from the studies of  Sharan (1977). 

iv) Strains for each layer have been computed from the known stress condition using the constitutive 

laws of soils. 

v)  Modulus of Elasticity (Es) has been calculated for each layer. 

vi) The factor of safety  ‗F‘ has been introduced so that at all stress levels the following    

relationship is satisfied i.e. 
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Procedure for Analysis 

The procedure has been described in the section 8.1 except that  in step 4 the ultimate bearing capacity 

of reinforced layered soil is calculated using the modified form of equation proposed by Kumar and 

Saran (2001, 2003b) and Kumar et al. (2007a).  
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NOTATIONS 
SYMBOL                   DESCRIPTION 

B   Width of foundation 

dR   Depth of bottom most layer of reinforcement 

FOS   Factor of safety 

IF Interference factor 

L Length of footing 

Lx  Extension of reinforcement beyond the either edge of footing, for 

discontinuous reinforcement and extension of reinforcement beyond the outer 

edge of footing in x-direction, for continuous reinforcement  

Ly  Extension of reinforcement beyond the either edge of footing in y-direction 

NR  Number of layers of reinforcement 

qu Ultimate bearing capacity of footing on unreinforced soil 



  

qur Ultimate bearing capacity of  footing on reinforced soil 

S  Clear spacing between the footings 

SV  Vertical spacing between the reinforcement layers 

TD Driving force 

Tfx Soil-reinforcement frictional force in x-direction 

Tfy Soil-reinforcement frictional force in y-direction 

U  Depth of first layer of reinforcement from the base of footing  

Note: Additional notations are defined locally wherever they occur   
 

 

 

 

 

 



143 | Ground Improvement and Ground Control including Waste Containment with Geosynthetics  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



145 | Ground Improvement and Ground Control including Waste Containment with Geosynthetics  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 



147 | Ground Improvement and Ground Control including Waste Containment with Geosynthetics  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

average contact pressure 

a
v

e
r
a

g
e
 p

la
te

 d
e
fo

r
m

a
ti

o
n

 qu                 qr           qur     



unreinforced soil

reinforced soil
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A Review of Containment of Solid waste in Landfills 
Prashant Garg, Harvinder Singh, Puneet Pal singh 

Department of Civil Engineering, Guru Nanak Dev Engineering College, Ludhiana 

INTRODUCTIO 

Indian urban dwellers generate 0.2- 0.6 kg per person per day resulting into a national total generation 

of nearly 105,000 metric tons of solid wastes per day. The country‘s largest cities collect between 70-

90% of total wastes generated, while smaller cities and towns usually collect less than 50% (Kumar, 

2009). Uncollected wastes accumulate on the streets, public spaces, and vacant lots, sometimes 

creating illegal open dumps. Residents can also simply throw their wastes at the nearest stream or 

burn them. Uncollected wastes, and residents actions to deal with them, create pollution problems and 

pose risks to human health and the environment. The disposal problem of soild waste aggrevated 

many times due to rapid Industrialisation and excessive urbanization. The only disposal bin is ground, 

It is estimated that one million tons municipal waste occupies approximately one million square 

meters i.e. one square kilometer of land area when the waste is spread uniformly with a thickness of 

one meter.  Waste generated from various industries is given in Table 1. 

Table 1: Waste generated from various industries 

S.No. Source Approximate quantity ( Million tons per year) 

1 Mining >1200 

2 Agriculture >300 

3 Municipal 26 

4 Construction and demolition 10 

5 Coal ash from thermal Power 

Plant 

80 

6 Blast Furnance Slag 11 

7 Ferro-alloy/ Metallurgical slag 11 

8 By Product Gypsum 10 

9 Red Mud 4 

10 Other harardous solid waste 5 

11 Sewage Sludge 3 

 

The problem with disposal of waste is not only requirement of large land but it is a source of pollution 

and containments of soil beneath the waste as well as ground water as containments travel from the 

solid waste to the subsurface environment as depicted in figure 1 

 

 

                             

 

 

 

 

                                   

 

containments 

Contaminated Soil 

Contaminated ground water 
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Geotechnical Engineer have therefore new problem to tackle in minimising and controlling this 

damage. More specifically, the problem in this new area of Geoenvironmental Engineering fall into 

following four types: 

 Design and implementation of solutions for detection, control, remediation and prevention of 

subsurface  contamination. 

 Protection of uncontaminated land 

 Analysis of the fate of contaminants on and in the ground including transportation through 

geomedia and 

 Use of waste materials on and in the ground for Geotechnical construction. 

Pollution 

Municipal solid waste and industrial waste placed on or beneath the ground surface are the two most 

significant sources of subsurface contamination. During rain, water infiltrates into the waste and 

reacts physically, chemically and bilogically with the waste to produce leachate. The leachate 

infiltrate into the ground causing subsoil and ground water contamination. 

Subsurface Contamination and it’s Effects 

Contaminants, both organic and inorganic, are transported by leachate or liquid waste into the 

unsaturated subsurface soil by gravity flow. Whwn the infiltration capacity is exceeded, the fluid 

move downwards through the void space of the soil. Upon reaching the ground water, the 

contaminants mix with the grong water and spread into the saturated soil. They travel as a plume 

along with the ground water 

The most significant effect of subsurface contamination is its impact on human health through 

contamination of drinking water drawn from the ground . Disruption of drinking water supply due  to 

contamination of ground water aquifer has serious consequesces because remediation of the ground 

water quality is extremely costly and time consuming. This problem is pronounced in the areas where 

ground water is available at relatively shallow depth and the regional soil deposite has high 

permeability. Other problem associated with the subsurface contamination include increases in ground 

water salinity as well as increase soil salinity and uptake of contaminants by plant roots resulting in 

loss of soil fertility and agricultural output. 

Containment of Solid waste in Landfills 

Modern landfills are highly engineered containment systems, designed to minimize the impact of 

solid waste (refuse, trash, and garbage) on the environment and human health. In modern landfills, the 

waste is contained by a liner system. The primary purpose of the liner system is to isolate the landfill 

contents from the environment and, therefore, to protect the soil and ground water from pollution 

originating in the landfill. The greatest threat to ground water posed by modern landfills is leachate. 

Leachate consists of water and watersoluble compounds in the refuse that accumulate as water moves 

through the landfill. This water may be from rainfall or from the waste itself. Leachate may migrate 

from the landfill and contaminate soil and ground water, thus presenting a risk to human and 

environmental health. Landfill liners are designed and constructed to create a barrier between the 

waste and the environment and to drain the leachate to collection and treatment facilities. This is done 

to prevent the uncontrolled release of leachate into the environment. Society produces many different 

solid wastes that pose different threats to the environment and to community health. Different disposal 

sites are available for these different types of waste. The potential threat posed by the waste 

determines the type of liner system required for each type of landfill. Liners may be described as 

single (also referred to as simple), composite, or double liners. 



  

Single-Liner Systems 

Single liners consist of a clay liner, a geosynthetic clay liner, or a geomembrane specialized plastic 

sheeting). Single liners are sometimes used in landfills designed to hold construction and demolition 

debris (C&DD).Construction and demolition debris results from building and demolition activities 

and includes concrete, asphalt, shingles, wood, bricks, and glass. These landfills are not constructed to 

contain paint, liquid tar, municipal garbage, or treated lumber; consequently, single-liner systems are 

usually adequate to protect the environment. It is cheaper to dispose of construction materials in a 

C&DD landfill than in a municipal solid waste landfill because C&DD landfills use only a single liner 

and are therefore cheaper to build and maintain than other landfills. 

Composite-Liner Systems 

A composite liner consists of a geomembrane in combination with a clay liner. Composite-liner 

systems are more effective at limiting leachate migration into the subsoil than either a clay liner or a 

single geomembrane layer. Composite liners are required in municipal solid waste (MSW) landfills. 

Municipal solid waste landfills contain waste collected from residential, commercial, and industrial 

sources. These landfills may also accept C&DD debris, but not hazardous waste. The minimum 

requirement for MSW landfills is a composite liner. Frequently, landfill designers and operators will 

install a double liner system in MSW landfills to provide additional monitoring capabilities for the 

environment and the community. 

Double-Liner Systems 

A double liner consists of either two single liners, two composite liners, or a single and a composite 

liner. The upper (primary) liner usually functions to collect the leachate, while the lower (secondary) 

liner acts as a leak-detection system and backup to the primary liner. Double-liner systems are used in 

some municipal solid waste landfills and in all hazardous waste landfills.Hazardous waste landfills 

(also referred to as secure landfills) are constructed for the disposal of wastes that once were ignitable, 

corrosive, reactive, toxic, or are designated as hazardous by the U.S. Environmental Protection 

Agency (U.S. EPA). These wastes can have an adverse effect on human health and the environment, 

if improperly managed. Hazardous wastes are produced by industrial, commercial, and agricultural 

activities. Hazardous wastes must be disposed of in hazardous waste landfills. Hazardous waste 

landfills must have a double liner system with a leachate collection system above the primary 

composite liner and a leak detection system above the secondary composite liner. 

Leachate Collection Systems 

Integrated into all liner systems is a leachate collection system. This collection system is composed of 

sand and gravel or a geonet. A geonet is a plastic net-like drainage blanket. In this layer is a series of 

leachate collection pipes to drain the leachate from the landfill to holding tanks for storage and 

eventual treatment. In double-liner systems, the upper drainage layer is the leachate collection system, 

and the lower drainage layer is the leak detection system. The leak detection layer contains a second 

set of drainage pipes. The presence of leachate in these pipes serves to alert landfill management if the 

primary liner has a leak. Components of the liner system are protected by a layer that minimizes the 

potential for materials in the landfill to puncture the liner. This protective layer was traditionally 

composed of soil, sand, and gravel, but many landfills now use a layer of soft refuse instead of soil. 

Soft refuse consists of paper, organic refuse, shredded tires, and rubber. Individual components of the 

liner systems are described on the next page. 
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Liner Components 

Clay: To protect the ground water from landfill contaminants, clay liners are constructed as a simple 

liner that is two- to five-feet thick. In composite and double liners, the compacted clay layers are 

usually between two- and five-feet thick, depending on the characteristics of the underlying geology 

and the type of liner to be installed. Regulations specify that the clay used can only allow water to 

penetrate at a rate of less than 1.2 inches per year. The effectiveness of clay liner s can be reduced by 

fractures induced by freeze-thaw cycles, drying out, and the presenceof some chemicals. In theory, 

one foot of clay is enough to contain the leachate. The sreason for the additional clay is to safeguard 

the environment in the event of some loss of effectiveness in part of the clay layer. The efficiency of 

clay liners can be maximized by laying the clay down in four- to six-inch layers and then compacting 

each layer with a heavy roller. The efficiency of clay liners is impaired if they are allowed to dry out 

during placement. Desiccation of the clay during construction results in cracks that reduce the liner 

efficiency. In addition, clays compacted at low moisture contents are less effective barriers to 

contaminants than clays compacted at higher moisture contents. Liners that are made of a single type 

of clay perform better than liners constructed using several different types. 

Geomembranes: Geomembranes are also called flexible membrane liners (FML). These liners are 

constructed from various plastic materials, including polyvinyl chloride (PVC) and high-density 

polyethylene (HDPE). The preferred material for use in MSW and secure landfills is HDPE. This 

material is strong, resistant to most chemicals, and is considered to be impermeable to water. 

Therefore, HDPE minimizes the transfer of leachate from the landfill to the environment.  

Geotextiles: In landfill liners, geotextiles are used to prevent the movement of small soil and refuse 

particles into the leachate collection layers and to protect geomembranes from punctures. These 

materials allow the movement of water but trap particles to reduce clogging in the leachate collection 

system. 

Geosynthetic Clay Liner (GCL): Geosynthetic clay liners are becoming more common in landfill liner 

designs. These liners consist of a thin clay layer (four to six millimeters) between two layers of a 

geotextile. These liners can be installed more quickly than traditional compacted clay liners, and the 

efficiency of these liners is impacted less by freeze-thaw cycles. 

Geonet: A geonet is a plastic net-like drainage blanket which may be used in landfill liners in place of 

sand or gravel for the leachate collection layer. Sand and gravel are usually used due to cost 

considerations, and because geonets are more susceptible to clogging by small particles. This clogging 

would impair the performance of the leachate collection system. Geonets do, however, convey liquid 

more rapidly than sand and gravel.  

Vertical Barrier 

Vertical barrier have evolved over the past fifteen years into a technique that is widely applied to 

restrict the underground movement of liquid wastes and polluted ground water. Most applications are 

slurry cut off walls although there are several other techniques such as composite slurry walls and soil 

mixing walls which shows promise. Vertical barrier are used in applications both for new and for 

remediation of polluted site. Various methods used for vertical barrier are explained as below 

Soil- Bentonite Slurry Cut-Off Walls  

The soil bentonite technique has accounted by far for most of the installations of vertical barrier. In 

brief, a trench is excavated under bentonite slurry and subsequently backfilled with a blended mixture 



  

of soil and bentonite. The principle advantage of the SB wall is economy ease of continuity 

verification, flexibility in permanent backfill design and the thickness of the wall. 

Cement-Bentonite Slurry Cut-Off Walls 

The cement Bentonite (CB) technique is less commonly used method. The principal difference from 

the SB and CB technique is that a cementitious additive is mixed into the slurry, so that the slurry 

itself sets with no separate bacfilling operation required. CB provide some advantages where access is 

limited or on the job where the excavated material are unsuitable. One advantage frequently ascribed 

to CB is strength and incompressibility. 

Composite Slurry wall 

The concept of inserting a sheet of material into a slurry wall has been around for some time. There 

are examples of concrete panels and sheet piles inserted into both SB and CB walls. The greater is 

strength for lateral support and occasionally, a greater degree of impermeability. There have been 

several applications of synthetic membrane liners inserted in slurry cut off walls to provide an extra 

margin of safety and a more impervious barrier. 

Soil Mix Walls 

A technique which has been relatively recently introduced is the soil mixed wall (SMW). A special 

auger/ mixing shaft is inserted into the ground and rotated while a fluid slurry or grout is injected into 

the soil. The result is a column of treated soil. Typically a multi-shaft unit is inserted, mixing a case of 

a cut off wall; the linear arrangement is used with the first shaft redrilling the print of the last segment 

to achieve continuity. 

Other Methods 

Three other techniques see occasional application as vertical barriers for pollution containment. The 

first is pressure grouting, where a hole is drilled into the ground and a fluid injected under pressure 

into the soil or rock to permeate the voids and fissures. 

The second technique is known as jet-grouting. Once again, a hole is drilled into the ground and a 

grout pipe is placed. With this method, very high pressure small diameter jets of grout are used to 

blast and displace the soil, thereby mixing with grout. As the grout pipe is raised, it is rotated and a 

column of cemented material is formed. Adjacent columns are formed with contact between columns 

providing a continuous barrier. 

The last, and somewhat related technique, is the vibrated beam wall. A heavy I beam is driven 

into the ground with a vibratory pile hammer and then extracted as cement bentonite grout is injected 

into the resulting print of the beam and surrounding soil, The beams are driven in an overlapping 

pattern to try to achieve continuity. 
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INTRODUCTION  

Pavement structure response is very sensitive to the characteristics of the subgrade, which provides 

the support base for such pavement structure. Problems associated with pavement construction 

become more critical when the subgrade consists of expansive soils. The term expansive soils apply to 

soils that have tendency to swell/shrink when their moisture content increases/decreases. In India 

these soils cover about 0.8x10
6
 Sq. Km. area approximately one fifth of its surface area and extend 

over the states of Maharashtra, Gujarat, parts of Uttar Pradesh, Madhya Pradesh, Rajasthan, Andhra 

Pradesh and Tamil Nadu. It is therefore of utmost importance that the performance of such pavements 

is improved by adopting proper design and construction methodology. Reinforced earth technique due 

to its versatile and flexible nature has been widely used for the construction of retaining walls, 

embankments, earth dams, foundation beds for heavy structures on soft grounds, viaducts and other 

geotechnical engineering applications. However despite of its wide ranging applications in major 

geotechnical projects its application in the construction of pavements especially over poor and 

problematic subgrades is limited. Geosynthetic layer has also been used as a separator at the 

subgrade- pavement interface to prevent the entry of pavement material into the subgrade or subgrade 

material in to the pavement material (Al-qadi & Bhutta1999, Brandon et al. 1996). Swelling of 

expansive clays causes detrimental effects on buildings, buried structures road pavements etc. Dange 

and Thakarae (1996) reported that the provision of geomembrane on the top surface of expansive soil 

mass effectively restrain the heave and swell pressure of underlying expansive soil. Lesser amount of 

heave as well as swell pressure was observed for expansive clay in case of rise of water table 

condition as compared to rainfall condition. Sridharan et. al. (1987) reported that the swelling pressure 

itself that develops in all directions would mobilize the interfacial frictional force between soil and 

reinforcement due to its normal component on the reinforcement. This frictional force tends to 

counteract the swelling pressure in a direction parallel to the reinforcement and consequently reduces 

the heave. Several researchers have conducted investigations using different types of reinforcements 

and materials. Geosynthetics made from synthetic fibers like polyethylene, polypropylene, nylon, 

polyester, because of their non-biodegradable and inert character, higher strength and durability are 

preferred over other reinforcing materials in case of important highway projects. However these 

materials are expensive resulting in higher project cost and may not be environmental friendly. On the 

other hand geotextiles made from natural fibers like jute, coir, sisal, palm etc. may provide an 

economic and ecofriendly substitute to geosynthetics especially for low cost road projects in rural 

areas where they are easily available. The paper describes results of a series of CBR and swell test to 

evaluate the beneficial effects of placing a single layer of reinforcement horizontally at varying depths 

from the top surface of the subgrade soil as well as varying number of reinforcing layers for two 

different types of reinforcement namely; geogrid and jute geotextile. 

EXPERIMENTAL PROGRAMME 

Variables of study 



  

Two series of experiments were performed with specimens compacted to the maximum dry density 

and corresponding optimum moisture content. In the first series (series-A), a single layer of 

reinforcement cut in the form of a circular disc was placed horizontally at varying depths (z) from the 

top of the compacted specimen. The embedment ratio (z/d), defined as the ratio of depth of 

embedment (z) of the reinforcing layer from the top surface of the compacted specimen to the 

diameter of the loading plunger (d) was varied as 0.25, 0.50.1.0 and 1.50 respectively. In the second 

series (series-B), varying number of reinforcing discs was placed within the specimen. The number of 

reinforcing layers (N) was varied from N=1 to N= 4 and the embedment ratio (z/d) for the successive 

layers was kept as 0.25, 0.50.1.0 and 1.50 respectively. Two different types of reinforcing elements 

namely; geogrid and jute geotextile were used in the investigation. In addition tests were also 

conducted with unreinforced soil specimen.  

Materials used 

The soil used in the investigation was collected from UCIL, Jadugoda mines area of Jharkhand. The 

grain size distribution curve for the same is presented in Figure 1. Table1 and Table 2 shows physical 

properties of the soil and the reinforcing elements used in the investigation. 

 
Fig. 1 Grain Size Distribution 

Table 1 Properties of Expansive Soil 

Parameter Value 

Specific gravity 

Grain size distribution (%): 

Sand 

Silt 

Clay 

Liquid limit (%) 

Plastic limit (%) 

Plasticity index(%) 

Free swell index (%) 

Maximum dry density (kN/m
3
) 

Optimum moisture content (%) 

2.72 

 

8.0 

66 

26 

59 

34 

35 

62.50 

17.10 

18.20 

Table 2 Properties of Reinforcing Elements 

Parameter Geogrid Jute Geotextile 

Material composition Polypropylene Natural jute fiber (woven) 

Aperture size (mm) 1.47 1.49 

Thickness (mm) 0.27 3.2 

Breaking strength ( kN/m) 4.00(Average) 2.81 

Sample preparation and testing: 
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Swell potential as well as CBR tests were conducted with unreinforced as well as reinforced soil 

specimen compacted to the maximum dry density and corresponding optimum moisture content. For 

the reinforced soil specimen, reinforcement cut in the form of a circular disc of diameter 147mm i.e 

slightly less than the mould diameter (mould dia. 150mm) to avoid separation in the specimen by the 

reinforcing layer. For series-A tests, for compacting the soil into the mould, first the required quantity 

of dry soil and water for filling the mould before and after placing the reinforcement was calculated 

separately based on the maximum dry density and optimum moisture content obtained from the 

standard proctor test. The required amount of water corresponding to the optimum moisture content 

was then added with the soil and mixed thoroughly. The soil required for filling the portion of the 

mould below the reinforcing layer was then compacted in the CBR mould to the required dry density 

using static compaction. After compaction of the soil in the lower portion of the mould, reinforcement 

was placed inside the mould at the specified position and finally the remaining soil was compacted 

over it using static compaction and the top surface was made level. The same process was repeated for 

series-B specimens till the specified number of layers are placed in position within the specimen and 

finally the top surface was made level. A filter paper and a perforated metallic disc with adjustable 

stem along with an annular surcharge weight weighing 25N were then placed on the top of the 

compacted specimen. The whole mould assembly was then transferred to a soaking tank for soaking 

under water. The swell measuring device consisting of a tripod and a dial gauge was then placed on 

the top edge of the mould and the spindle of the dial gauge was made to rest over the adjustable stem 

of the perforated metallic plate. The initial dial gauge reading was recorded and the mould assembly 

was left undisturbed under water to allow soaking of the specimen for 96 hours. After 96 hours of 

soaking the final dial gauge reading was recorded in order to measure the expansion or swelling of the 

specimen due to soaking under water. The whole mould assembly was then transferred to a motorized 

load frame to conduct the CBR test. The penetration plunger was seated at the centre of the specimen 

and a seating load of 40N was applied. The dial gauge of the proving ring as well as the penetration 

dial gauge was set to zero reading prior to application of the load. The load was then applied through 

the penetration plunger at a constant rate of strain of 1.20 mm /minute and the loads were carefully 

recorded as a function of penetration upto a total penetration of 12.50 mm. Finally load- penetration 

curves were drawn for each case and corrections were applied to the load-penetration curves wherever 

required using the standard procedure. The process was repeated for all the specimens considered in 

the investigation. 

RESULTS AND DISCUSSION 

CBR tests were conducted in soaked condition for both the unreinforced as well as reinforced case. In 

order to determine swelling or expansion ratio for each specimen, initial dial reading prior to soaking 

of the specimen and final dial reading after the completion of soaking were recorded. Expansion ratio 

is defined as the ratio of change in height of the specimen to the original height expressed as 

percentage. To know the effect of reinforcement type on expansion ratio the process was repeated by 

changing the reinforcement from geogrid to jute geotextile. It is observed that insertion of horizontal 

layer of reinforcement within the specimen is effective in controlling the swelling. Swelling pressure 

that develops in all directions would mobilize the interfacial frictional force between soil and 

reinforcement due to its normal component on the reinforcement, this frictional force tends to 

counteract the swelling pressure in a direction parallel to the reinforcement and consequently reduces 

the heave. 

Figure 2.a shows the variation of expansion ratio with varying embedment ratios used in series-A 

tests for both the types of reinforcement. From Figure 2.a it is observed that in general, placing a 



  

single layer of horizontal reinforcement within the specimen is effective in controlling the swelling. It 

is also observed that there is an optimum depth of embedment for which the expansion ratio is 

minimum for a particular type of reinforcement. In the present case the optimum value of embedment 

ratio is 1.0 for both types of reinforcement. The expansion ratio is observed to decrease from 6.90% 

for the unreinforced case to 2.12% when the reinforcement is geogrid and 3.88% for jute geotextile 

respectively at optimum embedment ratio. Further the expansion ratio is less for the geogrid 

reinforcement as compared to that of jute geotextile at any given embedment ratio. 

Figure 2.b shows the variation of expansion ratio with varying number of reinforcing layers used 

in series-B for both the types of reinforcement. From Fig.2.b, it is observed that the expansion ratio 

decreases from 6.90 % for the unreinforced case to 2.48% and 4.27% for specimens reinforced with a 

single layer of geogrid and jute geotextile respectively when embedment ratio is equal to 0.25. 

Further, it can be observed that the expansion ratio decreases with increasing number of reinforcing 

layers but this decrease is only marginal in case of geogrid reinforcement but significant in case of 

jute geotextile upto N=2. For a given number of reinforcing layers the expansion ratio is lesser for the 

geogrid reinforcement as compared to that of jute geotextile. 

Figure 3.a and 3.b shows the load-penetration curves for unreinforced as well as reinforced 

specimens obtained from the CBR tests for series-A for both the types of  reinforcement. It can be 

observed from these figures that there is a marked influence of the presence of a reinforcement layer 

within the specimen as depicted by load-displacement response.  Further it is observed that Piston 

load at a given penetration is higher in all cases of reinforced specimen as compared to that of an 

unreinforced specimen and the amount of increase in the piston load depends on both the embedment 

ratio (z/d) and reinforcement type. 

Figure 4.a and 4.b shows the load-penetration curves for unreinforced as well as reinforced 

specimens obtained from the CBR tests for series-A for both the types of  reinforcement. Further it  

is observed that piston load at a given penetration is much higher in case of multilayer reinforced 

specimen as compared to that obtained in case of series-A test and the amount of increase in the 

piston load depends on the number of reinforcing layers within the specimen as well as reinforcement 

type. 

From the load-penetration curves obtained from series-A as well as series-B tests, CBR values for 

each case was calculated for 2.50 mm and 5.0 mm penetrations respectively and it was observed that 

for all the cases considered in the present investigation, CBR value corresponding to 2.50 mm 

penetration was higher than that obtained for 5.0 mm penetration. Therefore CBR values reported in 

the investigation are those of 2.50 mm penetration.  

Figure 5.a presents the variation of CBR for series-A tests for both the types of reinforcements 

used. The CBR value of the unreinforced soil corresponding to 2.50 mm and 5.0 mm penetration were 

found to be 4.52% and 4.09% respectively. At optimum embedment ratio (z/d =1.0) the value of CBR 

increased to 7.53% (2.50mm) and 6.42% (5.0mm) when reinforcement used was geogrid  and for jute 

geotextile it increased to 8.03% and 7.28% respectively for the same penetration.  

Figure 5.b presents the variation of CBR for series-B tests for both the types of reinforcements 

used. From Figure 5.b it can be observed that CBR value increases with the increasing number of 

reinforcing layers within the specimen for both types of reinforcements used. Further it can be 

observed that this increase is significant upto N=2 and thereafter it becomes marginal. 

Improvement in CBR values due to presence of reinforcement has been expressed by a 

dimensionless term California Bearing Ratio Index (CBRI) and has been defined as the ratio of CBR 

value of reinforced soil (CBRr) to the CBR value of unreinforced soil (CBRu). 

CBRI =    CBRr / CBRu 
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Figure 6.a shows the variation of CBRI with embedment ratio for series-A tests for both the types 

of reinforcement. It is observed that the extent of improvement in CBRI value is upto 78% when the 

soil is reinforced with jute geotextile having an embedment ratio equal to 1.0. Similar trend was 

observed for geogrid reinforcement also but the extent of improvement in this case was 66% at z/d 

equal to 1.0. Contrary to the swelling behavior, jute geotextile was observed to be more effective than 

geogrid in improving the strength characteristics for all cases of series-A tests. Further it can be 

observed that there is an optimum depth of embedment (z=d) where the CBRI value is maximum 

because of the improved redistribution of the load provided by the reinforcement at this particular 

depth. At a lesser depth of embedment (z/d < 0.25), the improvement the CBRI value is not 

significant. This is because of the fact that when reinforcement is placed at shallow depths, its effect 

greatly reduces due to smaller overburden and the soil mass above the reinforcement layer does not 

generate enough interface frictional resistance. On the other hand if reinforcement is placed at deeper 

depths (z > d) it again does not lead to any significant increase in the CBRI value because at deeper 

depth of embedment, vertical stress intensity reduces due to the applied load at the surface as per the 

Boussinesque equation of distribution of stress and thereby interface frictional resistance is not fully 

mobilized resulting in a decrease in the CBRI value. 

Figure 6.b shows the variation of CBRI for series-B tests for both the types of reinforcement 

used. It is observed that the extent of improvement achieved is upto 158% for reinforced case 

(geogrid) over the unreinforced specimen having four layers of reinforcing layers. Similar trend were 

observed for jute geotextile also but the extent of improvement observed was 100%. 

Similar trend is observed for all the cases considered in series-B tests. In general it can be 

observed that the extent of improvement in the CBR value i.e CBRI increases with increasing number 

of reinforcing layers within the specimen but this increase is significant only upto three layers and 

thereafter increase in CBRI is only marginal for both the types of reinforcement. This may be 

attributed to the fact that for N=3 the depth of the reinforced zone extends upto z=d and reinforcement 

placed within this zone is quite effective in mobilizing the full frictional resistance which is a function 

of the vertical stress intensity due the applied load at the surface. On the other hand reinforcement  

placed at deeper depths (z > d)  does not lead to any significant increase in the CBRI value because at 

deeper depth of embedment, vertical stress intensity due to the applied load at the surface gets 

decreased according to the Boussinesq‘s equation of distribution of stress and thereby interface 

frictional resistance is not fully mobilized. 

Increase in strength of soil due to inclusion of reinforcement within the specimen can also be 

expressed in terms of piston load ratio (PLR) defined as the ratio of maximum piston load at 12.50mm 

penetration for reinforced specimen (Lr) to the maximum piston load at the same penetration for 

unreinforced specimen (Lu). 

PLR =   Lr / Lu 

The variation of piston load ratio for series-A tests for both the types of reinforcement has been 

presented in Figure 7.a. From the figure it can be is observed that PLR increase in general for the 

reinforced specimen. The extent of increase in PLR is however dependent on embedment ratio for a 

particular type of reinforcement and vice versa. Again it can be observed that for a given embedment 

ratio, jute geotextile yields higher PLR as compared to that of geogrid and the maximum 

improvement in PLR for jute geotextile is 1.56 whereas the same in case of geogrid is 1.39. 

The variation of piston load ratio for series-B tests for both the types of reinforcement has been 

presented in Fig.7.b. The extent of increase in PLR is however observed to be dependent on number 

of reinforcing layers for a particular type of reinforcement and vice versa. Further it is also observed 



  

that for a given number of reinforcing layers geogrid yields higher PLR as compared to that of jute 

geotextile and the maximum PLR (N=4) in case of geogrid is 2.16 whereas the same in case of jute 

geotextile 1.96. 

The modulus of elasticity is usually calculated from the straight portion of the stress-strain curve 

but for most of the soils the stress-strain curve is not linear for any appreciable distance rather it is non 

linear. Therefore in the present investigation secant modulus (defined as the ratio of load in kPa at a 

penetration of 2.50mm to the penetration of 2.50mm) were determined from the load – penetration 

curve obtained for each case. 

 Figure 8.a shows the variation of secant modulus for series-A tests for both the types of 

reinforcement. As expected the secant modulus for the reinforced case is higher as compared to that 

for unreinforced case for all the embedment ratio considered in the investigation. For example; secant 

modulus for the unreinforced soil is 124.16 MPa which increased to 206.56 Mpa and 220.57 MPa for 

the soil reinforced with geogrid and jute geotextile respectively at an embedment ratio equal to 1.0. 

Figure8.b shows the variation of secant modulus for series-B tests for both the types of 

reinforcement used. In general secant modulus increases with increasing number of reinforcing layers 

within the specimen. For example; secant modulus for the unreinforced soil is 124.16 MPa, which has 

been  increased to 325.95 MPa for the soil reinforced with four layers of geogrid but the same in case 

of jute geotextile was observed to be 252.61 MPa. 

CONCLUDING REMARKS 

 Insertion of reinforcement within the expansive soil subgrade controls the swelling 

significantly. The percentage reduction in swell potential however depends on its depth of 

embedment, number of reinforcing layers and the type of reinforcement used. 

 The CBR value of the soil increases significantly when a single layer of reinforcement is 

placed horizontally within the soil. The extent of improvement depends on the type of 

reinforcement and the embedment ratio. 

 The CBR value of the soil increases significantly with increase in number of reinforcing 

layers and their relative position within the soil and type of reinforcement. 

 The stress-strain behavior of expansive soil subgrade improved considerably under static load 

condition, as evident from the secant modulus values obtained for different cases considered 

in the investigation. 

 Jute geotextile is observed to offer better reinforcing efficiency as compared to geogrid and 

therefore these can be gainfully exploited in situations like low cost road projects in rural 

areas. But any long term application of jute geotextile requires considering the possibility of 

degradation of properties over the period of time and therefore requires further study in this 

direction. 
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INTRODUCTION 

Reinforced soil is a composite construction material formed by combining soil and reinforcement. 

This material possesses high compressive and tensile strength similar, in principle, to the reinforced 

cement concrete. It can be obtained by either incorporating continuous reinforcement inclusions (for 

example, strip, bar, sheet, mat or net) within a soil mass in a definite pattern or mixing discrete fibres 

randomly with a soil fill before placement. The term ‗reinforced soil‘ generally refers to the former 

one, although it may more appropriately be called ‗systematically reinforced soil‘, whereas latter one 

is called ‗randomly distributed/oriented fibre-reinforced soil‘ or simply ‗fibre-reinforced soil‘. 

Although the reinforced soil has been in practice in crude form since the ancient times, it is being used 

more frequently in the civil engineering applications since the development of the modern form of soil 

reinforcement in 1966 by Henry Vidal, a French architect and engineer.  

In most of the current civil engineering applications, the reinforcement generally consists of 

geosynthetic sheets or strips of galvanized steel, arranged horizontally or in the directions in which 

the soil is subject to the undesirable tensile strains. Compared to the geosynthetic sheets, metal strips 

are assumed to be relatively inextensible at the stress levels experienced in civil engineering 

applications. In the early days, the metal strips were used as reinforcement, and the composite 

material so obtained was termed ‗Reinforced Earth‘ by Henry Vidal (1966, 1969) who first presented 

the concept of improving the strength of a soil mass by inclusion of reinforcements within it. The soil 

should preferably be cohesionless, characterized by high frictional properties, in order to prevent the 

slip between the soil and the reinforcement. The surface texture of the reinforcement should also be as 

rough as possible for similar reasons.  

The apparently simple mechanism of reinforced soil and the economy in cost and time have made 

it an instant success in geotechnical and highway engineering applications for temporary as well as 

permanent structures. Reinforcing soil-like materials such as coal ashes and other waste materials by 

continuous inclusions is also an economical means of improving their mechanical properties. One of 

the common applications of soil reinforcement is a reinforced soil retaining wall, which is an 

alternative to a conventional heavy concrete/brick masonry/stone masonry retaining wall (Fig. 1). 

Reinforcement improves the mechanical properties of a soil mass as a result of its inclusion. In fact, 

any reinforcement, inextensible or extensible, has the main task of resisting the applied tensile stresses 

or preventing inadmissible deformations in geotechnical structures such as retaining walls, soil slopes, 

bridge abutments, foundation rafts, etc. In this process, the reinforcement acts as a tensile member 

(Fig. 2) coupled to the soil/fill material by friction, adhesion, interlocking or confinement, and thus 

improves the stability of the soil mass.  

The concept of reinforcing soil with fibres, especially natural ones, originated in the ancient 

times. Applications of reinforced soils using clayey soils and natural fibres can be seen even today in 

the rural areas of India for making containers, ovens, toys, etc. However, randomly distributed fibre-

reinforced soils have recently attracted increasing attention in geotechnical engineering. In 

comparison with systematically reinforced soils, randomly distributed fibre-reinforced soils exhibit 



  

some advantages. Preparation of randomly distributed fibre-reinforced soils mimics soil stabilization 

by admixtures. Discrete fibres are simply added and mixed with soil, much like cement, lime, or other 

additives. Randomly distributed fibres offer strength isotropy and limit potential planes of weakness 

that can develop parallel to the oriented reinforcement as included in systematically reinforced soil. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                     (b) 

 

Figure1. An example of soil reinforcement application as an alternative to a conventional geotechnical 

structure: (a) conventional concrete/brick masonry/stone masonry wall; (b) reinforced soil retaining wall (after 

Shukla et al., 2009) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure2. Basic reinforcement mechanism resulting in increase in the stability of the soil mass (after Shukla et al. 

2009) 

Since 1966, efforts have been made to present the basic concept of soil reinforcement in different 

forms in the literature considering both inextensible and extensible types of reinforcement (Vidal 

1966, 1969; Long et al., 1972; Yang, 1972; Schlosser and Long, 1974; Hausmann, 1976; Hausmann 

and Vagneron, 1977; McGown and Andrawes, 1977; McGown et al., 1978; Jewell, 1980; Narain, 

1985) as well as fibres (Waldron 1977; Gray and Ohashi, 1983; Mahar and Gray, 1990; Shewbridge 

and Sitar, 1990; Ranjan et al., 1994a; Ranjan et al., 1996; Shukla et al., 2010). Specific aspects of soil 
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reinforcement have also been discussed in some of the books (For example, Hausmann, 1990; 

Koerner, 2005; Das, 1999; Sawicki, 2000; Shukla, 2002, 2012; Shukla and Yin, 2006).   

This chapter presents an insight into the reinforcing mechanism of the geosynthetic 

reinforcements used to reinforce soils in the form of sheets in desired directions, thus resulting in 

systematically reinforced soils. Two case studies dealing with retaining wall and road applications are 

also presented. 

REINFORCING MECHANISM 

The behavior of the soil reinforced with extensible reinforcements, such as geosynthetics, does not 

fall entirely within the concepts applicable to soils reinforced with inextensible reinforcements such 

metal strips as explained by Shukla et al. (2009). The difference, between the influences of 

inextensible and extensible reinforcements, is significant in terms of the load-settlement behaviour of 

the reinforced soil system as shown in Fig. 3 (McGown et al., 1978). The soil reinforced with 

extensible reinforcement, termed ply-soil by McGown and Andrawes (1977), has greater extensibility 

and smaller losses of post peak strength compared to soil alone or soil reinforced with inextensible 

reinforcement, termed reinforced earth by Vidal (1966, 1969). In spite of some differences in the 

behaviour of ply soil and reinforced earth, a similarity between them exists in that both inhibit the 

development of internal and boundary deformations of the soil mass by developing tensile stresses in 

the reinforcement. In other words, both the ply soil and the reinforced earth are tensile strain inclusion 

systems.  

 Fluet (1988) subdivided the reinforcement, based on its function, into the following two 

categories: 

 A tensile member, which supports a planar load, as shown in Figure 4(a). 

 A tensioned member, which supports not only a planar load but also a normal load, as shown 

in Figure 4(b). 
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Figure3. Postulated behavior of a unit cell in plane 

strain conditions with and without inclusions: (a) unit 

cell; (b) dense sand with inclusions; (c) loose sand 

with inclusions (adapted from McGown et al., 1978) 



  

 

 

 

 

 

 

 

 

 

Figure 4. Reinforcement function: (a) tensile member; (b) tensioned member (adapted from Fluet, 1988) 

Jewell (1996) and Koerner (2005) consider not two but three mechanisms for soil reinforcement, 

because when the geosynthetic works as a tensile member it might be due to two different 

mechanisms: shear and anchorage. Therefore, the three reinforcing mechanisms, concerned simply 

with the types of load that are supported by the geosynthetic, are the following: 

 Shear, also called sliding: The geosynthetic supports a planar load due to slide of the soil over 

it. 

 Anchorage, also called pullout: The geosynthetic supports a planar load due to its pullout 

from the soil. 

 Membrane: The geosynthetic supports both a planar and a normal load when placed on a 

deformable soil.  

Shukla (2002, 2004, 2012), and Shukla and Yin (2006) describe reinforcing mechanisms that take into 

account the reinforcement action of the geosynthetic, in other words, how the geosynthetic 

reinforcement takes the stresses from the soil and which type of stresses are taken by it. This concept 

can be observed broadly in terms of the following roles of geosynthetics: 

1. A geosynthetic layer reduces the outward horizontal stresses (shear stresses) transmitted from 

the overlying soil/fill to the top of the underlying foundation soil. This action of geosynthetics is 

known as shear stress reduction effect. This effect results in a general-shear, rather than a local-shear 

failure (Figure 6(a)), thereby causing an increase in the load-bearing capacity of the foundation soil 

(Bourdeau et al., 1982; Guido et al., 1985; Love et al., 1987; Espinoza, 1994; Espinoza and Bray, 

1995; Adams and Collin, 1997). Through the shear interaction mechanism the geosynthetic can 

therefore improve the performance of the system with very little or no rutting. In fact, the change in 

the failure mode as a result of reduction in shear stress is the primary benefit of the geosynthetic layer 

at small deformations. 

2. A geosynthetic layer redistributes the applied surface load by providing restraint of the 

granular fill if embedded in it, or by providing restraint of the granular fill and the soft foundation 

soil, if placed at their interface, resulting in reduction of applied normal stress on the underlying 

foundation soil (Fig. 6(b)). This is referred to as slab effect or confinement effect of geosynthetics 

(Bourdeau et al., 1982; Giroud et al., 1984; Madhav and Poorooshasb, 1989; Sellmeijer, 1990; 

Hausmann, 1990). The friction mobilized between the soil and the geosynthetic layer plays an 

important role in confining the soil. 

3. The deformed geosynthetic, sustaining normal and shear stresses, has a membrane force with 

a vertical component that resists applied loads, i.e. the deformed geosynthetic provides a vertical 

support to the overlying soil mass subject to loading. This action of geosynthetics is popularly known 

as its membrane effect (Figure 6(c)) (Giroud and Noiray, 1981; Bourdeau et al., 1982; Sellmeijer et 
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al., 1982; Love et al., 1987; Madhav and Poorooshasb, 1988; Bourdeau, 1989; Sellmeijer, 1990; 

Shukla and Chandra 1994, 1995). Depending upon the type of stresses - normal stress and shear 

stress, sustained by the geosynthetic during their action, the membrane support may be classified as 

‗normal stress membrane support‘, and ‗interfacial shear stress membrane support‘ respectively 

(Espinoza and Bray, 1995). Edges of the geosynthetic layer are required to be anchored in order to 

develop the membrane support contribution resulting from normal stresses, whereas membrane 

support contribution resulting from mobilized interfacial membrane shear stresses does not require 

any anchorage. The membrane effect of geosynthetics causes an increase in the load-bearing capacity 

of the foundation soil below the loaded area with a downward loading on its surface to either side of 

the loaded area, thus reducing its heave potential. It is to be noted that both the woven geotextile and 

the geogrid can be effective in membrane action in case of high-deformation systems. 

4. The use of geogrids has another benefit owing to the interlocking of the soil through the 

apertures (openings between the longitudinal and transverse ribs, generally greater than 6.35 mm of 

the grid known as interlocking effect (Guido et al., 1986) (Fig. 6(d)). The transfer of stress from the 

soil to the geogrid reinforcement is made through bearing (passive resistance) at the soil to the grid 

cross-bar interface. It is important to underline that because of the small surface area and large 

apertures of geogrids, the interaction is due mainly to interlocking rather than to friction. However, an 

exception occurs when the soil particles are small. In this situation the interlocking effect is negligible 

because no passive strength is developed against the geogrid (Pinto, 2004). 

 

 

 

 

 

 

 

 

(a)                                                                    (b) 

 

 

(c)                                                        (d) 

 

Figure5. Roles of a geosynthetic reinforcement: (a) causing change of failure mode (shear stress reduction 

effect); (b) redistribution of the applied surface load (confinement effect); (c) providing vertical support 

(membrane effect) (adapted from Bourdeau et al., 1982 & Espinoza, 1994); (d) providing passive resistance 

through interlocking of the soil particles (interlocking effect) 

                             

                                                

 



  

CASE STUDIES 

A geosynthetic-reinforced soil retaining wall with segmental facing panels was constructed on the 

Mumbai-Pune Expressway (Panvel bypass – package I) by the Maharashtra State Road development 

Corporation Limited, Mumbai, India. The height of the retaining wall varies from 2.5 m to 13 m. The 

design was carried out using Tie-back wedge method considering internal as well as external stability 

as per site conditions.  Tensar 40 RE, 80RE, 120 RE and 16 RE geogrids were used as reinforcements. 

Modular blocks (400 mm  220 mm  150 mm) as well as segmental panels (1400 mm × 650 mm × 

180 mm) were used as facing elements. The extensive use of the Tensar connectors gave the perfect 

connection between the wall facing panels and the Tensar geogrids. A nonwoven geotextile was used 

to wrap over the perforated pipe to allow free drainage. The construction sequences adopted were 

based on vast model experiments, experiences and technical justifications. The construction work was 

completed in the year 2001. Figure 6 shows the details of the wall at one of its cross sections, along 

with soil and reinforcement characteristics. A portion of the wall during construction stage is shown 

in Fig. 7. The retaining wall has been performing well without any noticeable problem since its 

completion. 

Shukla et al. (2004) reported the use of a geotextile layer between soil subgrade and granular subbase 

course in the national paved roadway project, about 76 km long, being undertaken in India in the 

Varanasi zone. In the whole length of the highway, the bituminous pavement construction with 

nonwoven geotextile layer at the subgrade level is proposed. This project forms a part of the Golden 

Quadrilateral connecting four metropolitan cities of India, namely, Delhi, Mumbai, Chennai and 

Kolkata with a total length of about 6000 km. The National Highway, NH-2, in Varanasi zone, lies 

broadly in flat to rolling terrain. The entire section traverses the flat flood plains of the Ganga and the 

Sone rivers. During normal monsoons the drainage does not appear to pose any serious problem. In 

urbanized areas, where the road level is generally the same as the habitation on both sides, and 

sometimes slightly lower, water flows on the pavement/shoulders. The problem is acute in all the 

urban areas. The area faces severe flood situation once in 10 to 15 years, resulting in blockage of the 

traffic. Such floods were experienced during the years 1971, 1978, 1987 and 1996. The project area is 

having tropical climate. Mean annual rainfall in the area is 1500 mm, of which 80 percent is falling 

during monsoons (Mid June to End of September). The project area is mainly covered by Indo-

Gangetic Alluvium. The soil subgrdes consist mainly of fine-grained clayey/silty materials with soil 

class CL (silty clays with low compressibility) according to Indian Standard classification (A-4 to A-6 

according to AASHTO classification system). The plasticity index of the soils is in the range of 0-

22%. However, the major soil samples tested have a plasticity index in the range of 8-14%. Soils are 

having negligible swelling characteristics. 

The carriageway, in general, is two-lane with 8.75 m (including 1.5 m shoulder) width except 

when it passes through urban centers where the width is less than 8.75 m. The shoulders are unpaved 

for most of the length of roadway and are of varying widths in the range 1.0 – 1.5 m. The height of 

embankment is generally less than 1 m. A level ground is mostly available in the urban sections. 

The polypropylene continuous filament needlepunched nonwoven geotextile (Polyfelt TS50) was 

selected to be installed at the subgrade level (see Fig. 9.10) to function as a separator and/or drainage 

medium. This geotextile is having the following properties: mass per unit area = 212 g/m
2
; thickness 

under pressure 2 kPa = 1.99 mm; tensile strength (MD/CMD) = 19.5/12.3 kN/m; Tensile elongation 

(MD/CMD) = 35/108 %; CBR puncture resistance = 2465 N; Apparent opening size < 0.075 mm; 

permittivity = 0.0198 s
-1

.  The aim was to prevent intrusion/pumping of subgrade soil particles into 

the subbase/base course. It would also intercept and carry water in its plane to side drains on either 
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side of the pavement. These two functions were intended to improve the overall performance of paved 

roadways and increase their operating life. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                                      (b) 

Figure6. Geosynthetic-reinforced retaining wall built on the Mumbai-Pune Expressway (Panvel Bypass-

Package I), India: (a) cross-section with the details of soil and reinforcement; (b) details of the drainage system 

(courtesy of Netlon India, 2001) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure7. A portion of retaining wall on the Mumbai-Pune Expressway (Panvel Bypass-Package I), India during 

its construction stage (courtesy of Netlon India, 2001) 

The pavement design was carried out for flexible pavements (bituminous pavements) without 

considering any reduction in granular layers due to presence of a geotextile layer. The design was 

based on the design traffic calculated on the basis of the traffic and axle load surveys conducted in the 

feasibility phase. The values of vehicle damage factor (VDF) for single axles adopted for the design 

were 6.83 in the direction Varanasi – Aurangabad and 9.0 in the opposite direction.  

The roadway was designed with the following typical main characteristics: 



  

 Design speed = 100 km/h 

 Number of 2-lanecarriageway = 2 

 Width of median between carriageways = 1.5 -5 m  

 Lane width = 3.5 m 

 Width of paved shoulder = 1.5 m with the same pavement as the carriageway 

 Width of earthen shoulder outside the paved shoulder = 1 m  

 Cross-slope of paved areas = 2.5% 

 Height above the flood level = 1.5 to 2.0 m 

 Minimum radius of curve = 360 m (Almost all curves are having a radius of more than 500 

m.) 

 California Bearing Ratio (CBR) of subgrade = 5.0 % 

 Design load = 150 million equivalent standard axles (ESALs) 

The construction started with excavation work at areas where the levels were higher than the 

subgrade levels. The unsuitable materials (debris, loose material, boulders, etc.), if found, were 

disposed off. Embankment works were carried out using crawler dozer, motor grader, vibration roller 

and water trucks. Prior to the filling works, batter peg markers were installed to indicate the limit of 

embankment/subgrade at regular intervals of 50 m as a guide. The suitable material obtained from 

excavation and approved borrow area was used at embankment areas by spreading the material in 

layers by using crawler dozer/motor grader not exceeding 200 mm, and compacting it to the 

maximum dry density (MDD) of 95% compaction using vibratory roller up to 500 mm below 

subgrade level. For upper portion, it was compacted up to MDD of 97% compaction. Upon 

completion of the embankment filling up to subgrade level, the side slopes were shaped and trimmed. 

The subgrade was provided a cross-slope of 2.5% prior to placement of the geotextile layer. As per 

the design calculations, four different layers were provided on the geotextile layer. The order of these 

layers from the bottom layer is as follows: 210 mm thick granular subbase course (GSBC), 250 mm 

thick wet mix macadam (WMM), 190 mm thick dense bituminous macadam (DBM), and 50 mm 

bituminous concrete (BC). 

 

 

 

 

 

 

 

(a)              (b)                                                                                                                                          

 

 

 

 

 

 

   

(c)         (d)                                   

 
Fig. 8. Construction of the National Highway, NH-2, Varanasi zone, India: (a) a geotextile layer with the 

granular subbase material being spread over it, (b) compaction of granular subbase material by the vibratory 

roller, (c) granular subbase course after final compaction by the rubber-tyred roller, and (d) finished roadway 

opened for the traffic, (after Shukla et al., 2004) 
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Figure 6(a) shows the installed geotextile layer along with the spreading operation of the granular 

subbase material over it by the motor grader. The compacted subgrade surface as well as sewn joints 

in geotextile layer can also be observed in this figure. Figure 6(b) shows the compaction of the 

granular subbase layer by the vibratory roller. The granular subbase course after final compaction by 

rubber-tyred roller is shown in Fig. 6(c).  

A portion of the roadway was completed in the end of March 2003 and opened for the traffic (see 

Figure 6(d)). It got exposed to the monsoon periods of 2003, 2004, and 2005. The roadway is 

presently functioning well structurally as well as functionally without any noticeable problem. By 

using a nonwoven geotextile layer as separation and drainage layer, pavement layers were constructed 

conveniently and economically even over poor soil subgrades. Due to the permanent separation, 

settlements and the balance of earthworks quantity were predicted more accurately. The geotextile 

layer contributed to the construction speed of the granular lifts without any local shear failure of the 

soil subgrade.  

CONCLUDING REMARKS 

The application of concept of reinforcing soils by introducing tension-resisting elements such as 

strips, bars, sheets, meshes, and fibres has become a common practice in geotechnical engineering 

projects. The flexible nature of reinforced soil mass enables it to withstand a large differential 

settlement without any major distress. In certain difficult situations, the concept of reinforced soil is 

the only valid technical solution. Although the soil reinforcing mechanism differs for different types 

of reinforcements, the soil-reinforcement friction/adhesion is fundamental to the concept of all types 

of the reinforced soil described here. The inclusion of reinforcement in a soil mass inhibits the tensile 

strains and develops the strength of the soil. If geosynthetics are used as reinforcement in a soil mass, 

they improve the strength and settlement characteristic of the soil mass by showing the following 

effects: shear stress reduction effect, confinement effect, membrane effect, and interlocking effect. 

The case studies presented in this chapter as well as those presented by Shukla (2002, 2012) and 

Shukla and Yin (2006) develop the confidence in applications of geosynthetic reinforcements for 

technically effective and/or economic solutions to many geotechnical problems.  
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INTRODUCTION 

Compaction of soils is a routine task in civil engineering construction projects (Fig. 1). In the 

laboratory, the compaction test is generally performed to obtain the values of compaction test 

parameters, namely the optimum moisture content and the maximum dry unit weight, which are 

required for achieving maximum densification of the soil with a given compaction energy per unit 

volume of the soil. In the most compaction test procedures, depending on the size of the compaction 

mould, a fraction of the soil sample having particle size larger than a specific value, say d0, is 

discarded. For example, in the standard Proctor compaction test, the soil particles coarser than 19 

mm are discarded before compacting soil in the standard 101.6 mm-diameter laboratory mould; IS270 

(Parts 7 and 8) recommends 100-mm diameter mould (BIS, 1980, 1983); AS1289.5.1.1 (Standards 

Australia, 2003) recommends 105-mm diameter mould. If the fraction removed is significant, the 

laboratory optimum moisture content and the maximum dry unit weight determined for the remaining 

soil are not directly comparable with the field values. To make laboratory values more representative, 

the following approaches can be used (Hausmann, 1990): 

(a) In the laboratory soil sample for conducting the test, the coarse fraction larger than d0, say 19 

mm, is replaced by an equal amount of material between 19 mm and the next smaller sieve size, say 

4.75 mm; 

(b) The water/moisture content and dry unit weight of the discarded coarse fraction (larger than 

d0) are estimated and the field values are computed as weighted averages of those of the discarded 

coarse fraction and of the remaining soil; or 

(c) The field optimum moisture content is calculated using water content of coarse fraction 

(larger than d0) as described above in second approach, and then the maximum dry unit weight is 

calculated assuming that the saturation of the soil in field is equal to that achieved in the laboratory 

test. This treatment is equivalent to shifting the compaction curve upward along a saturation line. It 

requires knowledge of the specific gravity 

of the soil particles. The first step is to 

calculate the saturation from the laboratory 

values of maximum dry unit weight, 

optimum moisture content and specific 

gravity of soil particles. The equivalent 

field unit weight is then computed from 

the laboratory degree of saturation, field 

optimum moisture content and specific 

gravity of soil particles. 

 

 

 

 

Figure 1. A view of the soil compaction at the canal site. 
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Assuming the coarse fraction (larger than d0) to be dry and no change in the volume of pore air after 

removal of the coarse fraction, Hausmann (1990) presented the following equation for the 

determination of the field values of the maximum dry unit weight and the optimum moisture content 

from the respective laboratory values. 

 

wcdLdF G

pp







11
                              (1) 

 

and 

LF wpw )1(                                (2) 

where, dF  is the field value of maximum dry unit weight; dL  is the laboratory value of maximum 

dry unit weight; p  is the percentage of coarser fraction (larger than d0) discarded from the soil; cG  is 

the specific gravity of discarded coarser soil particles; w  is the unit weight of water; Fw  is the field 

value of optimum moisture content; and Lw  is the laboratory value of optimum moisture content.  

In the derivations of equations (1) and (2), the assumptions of coarse fraction to be dry and no 

change in pore air volume in the remaining soil after removal of coarse fraction cannot always be 

appropriate for their field applications. Hausmann (1990) has stated that assuming zero moisture in 

the coarse fraction may lead to overestimating the field dry unit weight, which may not be desirable.  

In this chapter, the derivation of improved expressions developed by Shukla et al. (2009) is 

presented. These expressions enable more realistic estimation of compaction parameters for the field 

applications on the basis of laboratory compaction test values. 

DERIVATION OF IMPROVED EXPRESSIONS 

Figure 2 shows the phase diagrams for the field and the laboratory compacted soil samples having 

their grain size distributions as shown in Fig. 3. In Fig. 1, in addition to the weights and volumes of 

the three phases, unit weights are also shown beneath the phase labels. When the coarser fraction, 

larger than size d0 (e.g. 19 mm), is removed, it also takes away some water associated with its water 

content. In addition, there is also possibility of some change in the air void volume when the soil is 

compacted without this coarse fraction. All these are reflected in Fig. 1.  In the context of these 

figures, in addition to the notations defined in the previous section, the following notations are 

defined: 

Gf = specific gravity of the fine soil particles (smaller than d0) in the field/laboratory soil sample 

Va = volume of the air in voids of the field soil sample 

VF  = total volume of field soil sample 

VL = total volume of the laboratory soil sample 

wc = water content of the coarse soil particles in the field soil sample 

Ws = weight of the soil particles in the field sample 

Wwc = weight of the water with coarse soil particles in the field soil sample 

Wwf = weight of the water with fine soil particles in the field/laboratory soil sample
  

  = ratio of volume of the air in voids of the laboratory sample to that in the field soil sample 

wcG   = unit weight of the coarser fraction of soil particles in the field soil sample 

wfG   = unit weight of the finer fraction of soil particles in the field/laboratory soil sample  



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                                    

(b) 

 

Figure 2. Phase diagrams: (a) the field compacted sample, and (b) the laboratory compacted sample 

 

From Fig. 1(b), the laboratory dry unit weight and the water content can be obtained as 
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Figure 3. Particle size distribution of the field and the laboratory compacted samples 
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The corresponding maximum field dry unit weight can be obtained as  
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By substituting equation (6) with equation (7) into equation (5), the maximum field dry unit weight is 

obtained as 
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s

wc
c

pW

W
w                                (9) 

 

From Fig. 1(b), we get 
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Substitution of values from equations (3) and (4) into equation (10) provides 
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Substitution of equation (11) into equation (8) gives 
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Assuming 





1
, equation (12) can be expressed as 
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From Fig. 1(a), the field optimum moisture content, wF, can be expressed as 
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Using equation (4) and (9), equation (14) can be expressed as 

 

cLF pwwpw  )1(                           (15) 

Equations (13) and (15) provide improved expressions for calculating the maximum dry unit weight 

and the optimum moisture content of the field sample based on the test values obtained from the 

laboratory compaction test on the laboratory sample which does not contain soil particles larger than 

the maximum size limit of the compaction mould.  

SPECIAL CASES 

Case 1: If the removal of the coarse fraction from the field sample does not alter the volume of the air 

present in voids of the remaining soil for the laboratory test, then α = 1. For this case, equation (13) 

reduces to 
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and equation (15) remains unaltered. 

Case 2: If the removal of the coarse fraction from the field sample does not alter the volume of the air 

present in voids and the removed coarse particles are dry, then α = 1 and 0cw . For this case, 

equations (13) and (15) reduce to equations (1) and (2) respectively as presented by Hausmann 

(1990). 

CONCLUSIONS 



181 | Ground Improvement and Ground Control including Waste Containment with Geosynthetics  

 

 

 

The improved expressions proposed herein [equations (13) and (15)] require the values of the 

parameters  and wc in addition to the laboratory values of compaction parameters ( dL and wL) for 

calculating the values of the maximum dry unit weight ( dF ) and the maximum moisture content (wF) 

of the field sample. The water content (wc) of the coarse fraction removed from the soil sample for the 

test, can be determined in the laboratory as a routine test, but the appropriate value of  should be 

considered with caution. The improved expressions would be useful for the earthworks and 

developing the standards on the compaction tests for the field applications. 
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PLANNING AND MONITORING 

These two activities are essential part of any project and are so in Ground Improvement Project. Maps 

the way maps are produced have gone a lot of change. 

WHY GPS? 

Trying to figure out where you are and where you're going is probably one of man's oldest 

requirement / pastimes. Navigation and positioning are crucial to so many activities and yet the 

process has always been quite cumbersome. Over the years all kinds of technologies have tried to 

simplify the task but every one has had some disadvantage. Finally, the U.S. Department of Defense 

decided that the military had to have a super precise form of worldwide positioning. And fortunately 

they had the kind of money ($12 billion!) it took to build something really good. 

What is GPS? 

The Global Positioning System (GPS) is a worldwide radio-navigation system formed from a 

constellation of 24 satellites and their ground stations. GPS uses these \man-made stars" as reference 

points to calculate positions accurate to a matter of meters. In fact, with advanced forms of GPS you 

can make measurements to better than a centimeter. GPS receivers have been miniaturised to just a 

few integrated circuits and so are becoming very economical. And that makes the technology 

accessible to virtually everyone. These days GPS is finding its way into cars, boats, planes, 

construction equipment, movie making gear, farm machinery, even laptop computers. 

How GPS works? 

Here's how GPS works in _ve logical steps: 

1. The basis of GPS is ‗triangulation" from satellites. We're using the word ‗triangulation" very 

loosely here because it's a word most people can understand, but purists would not call what GPS 

does ‗triangulation" because no angles are involved. It's really ‗trilateration". Trilateration is a method 

of determining the relative positions of objects using the geometry of triangles. 

2. To ‗triangulate", a GPS receiver measures distance using the travel time of radio signals. 

3. To measure travel time, GPS needs very accurate timing. 

4. Along with distance, you need to know exactly where the satellites are in space. 

5. Finally you must correct for any delays the signal experiences as it travels through the atmosphere. 

Triangulating from Satellites 

The whole idea behind GPS is to use satellites in space as reference points for locations here on earth. 

By very accurately measuring our distance from three satellites we can \triangulate" our position 

anywhere on earth. The distance measurements from three satellites can pinpoint you in space, as 

explained below. 

Suppose we measure our distance from a satellite and find it to be 18,000 km. Knowing that we're 

18,000 km from a particular satellite narrows down all the possible locations we could be in the whole 

universe to the surface of a sphere that is centered on this satellite and has a radius of 18,000 km. 

Next, say we measure our distance to a second satellite and find out that it's 20,000 km away. 

That tells us that we're not only on the first sphere but we're also on a sphere that's 20,000 km from 
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the second satellite. Or in other words, we're somewhere on the circle where these two spheres 

intersect. 

If we then make a measurement from a third satellite and find that we're 21,000 km from that one, 

that narrows our position down even further, to the two points where the 21,000 km sphere cuts 

through the circle that's the intersection of the _rst two spheres. So by ranging from three satellites we 

can narrow our position to just two points in space. To decide which one is our true location we could 

make a fourth measurement. But usually one of the two points is a ridiculous answer (either too far 

from Earth or moving at an impossible velocity) and can be rejected without a measurement. 

Measuring distance from satellite  

We can find distance, if velocity and time are known to us. In the case of GPS we're measuring a 

radio signal so the velocity is going to be the speed of light. The times are going to be awfully short. If 

a satellite is right overhead the travel time would be something like 0.06 seconds. So we have to use 

very precise clocks. How do we measure travel time? To explain it let's use following analogy: 

Suppose there was a way to get both the satellite and the receiver to start playing ‗Twinkle 

twinkle little star" at precisely 12 noon. If sound could reach us from space then standing at the 

receiver we'd hear two versions of the ‗Twinkle twinkle little star", one from our receiver and one 

from the satellite. These two versions would be out of sync. The version coming from the satellite 

would be a little delayed because it had to travel more than 18,000 km. If we wanted to see just how 

delayed the satellite's version was, we could start delaying the receiver's version until they fell into 

perfect sync. The amount we have to shift back the receiver's version is equal to the travel time of the 

satellite's version. So we just multiply that time times the speed of light. to get the distance. That's 

basically how GPS works. Only instead of the ‗Twinkle twinkle little star" the satellites and receivers 

use something called a ‗Pseudo Random Code". 

Getting perfect timing 

Measuring the travel time of a radio signal is the key to GPS. An error of just one thousandth of a 

second in time, will result an error of 300 km in distance. On the satellite side, timing is almost 

perfect because they have incredibly precise atomic clocks on board. But not on receivers on the 

ground. 

Extra Measurement Cures Timing  

If our receiver's clocks were perfect, then all our satellite ranges would intersect at a single point 

(which is our position). But with imperfect clocks, a fourth measurement, done as a cross-check, will 

NOT intersect with the first three. So the receiver's computer says ‗there is a discrepancy in my 

measurements. I must not be perfectly synced with universal time". Since any offset from universal 

time will affect all of our measurements, the receiver looks for a single correction factor that it can 

subtract from all its timing measurements that would cause them all to intersect at a single point. That 

correction brings the receiver's clock back into sync with universal time, and bingo! - you've got 

atomic accuracy time right in the palm of your hand. Once it has that correction it applies to all the 

rest of its measurements and now we've got precise positioning. One consequence of this principle is 

that any decent GPS receiver will need to have at least four channels so that it can make the four 

measurements simultaneously. With the pseudo-random code as a rock solid timing sync pulse, and 

this extra measurement trick to get us perfectly synced to universal time, we have got everything we 

need to measure our distance to a satellite in space. But for the triangulation to work we not only need 

to know distance, we also need to know exactly where the satellites are. 

Satellite Positions 



  

How do we know exactly where they are? After all they're oating around 18,000 km up in space. That 

18,000 km altitude is actually a benefit in this case, because something that high is well clear of the 

atmosphere. And that means it will orbit according to very simple mathematics. On the ground all 

GPS receivers have programme into their computers that tells them where in the sky each satellite is, 

moment by moment. The basic orbits are quite exact but just to make things perfect the GPS satellites 

are constantly monitored by the Department of Defense. They use very precise radar to check each 

satellite's exact altitude, position and speed. The errors they're checking for are called ‗ephemeris 

errors" because they affect the satellite's orbit or \ephemeris". These errors are caused by gravitational 

pulls from the moon and sun and by the pressure of solar radiation on the satellites. The errors are 

usually very slight but if you want great accuracy they must be taken into account. Once the DoD has 

measured a satellite's exact position, they relay that information back up to the satellite itself. The 

satellite then includes this new corrected position information in the timing signals, it's broadcasting. 

So a GPS signal is more than just pseudo-random code for timing purposes. It also contains a 

navigation message with ephemeris information as well. With 6 perfect timing and the satellite's exact 

position, can we make perfect position calculations? No, as we are not living in vacuum. 

Error Correction 

Up to now we've been treating the calculations that go into GPS very abstractly, as if the whole thing 

were happening in a vacuum. But in the real world there are lots of things that can happen to a GPS 

signal that will make its life less than mathematically perfect. To get the most out of the system, a 

good GPS receiver needs to take a wide variety of possible errors into account. First, one of the basic 

assumptions we've been using, i.e. ‗distance is calculated by multiplying a signal's travel time by the 

speed of light" is not exactly true. But the speed of light is only constant in a vacuum. As a GPS 

signal passes through the charged particles of the ionosphere and then through the water vapor in the 

troposphere it gets slowed down a bit, and this creates the same kind of error as bad clocks. Trouble 

for the GPS signal doesn't end when it gets down to the ground. The signal may bounce o_ various 

local obstructions before it gets to our receiver. This is called multipath error and is similar to the 

ghosting you might see on a TV. Good receivers use sophisticated signal rejection techniques to 

minimise this problem. 

Problems at the satellite 

Even though the satellites are very sophisticated they do account for some tiny errors in the system. 

The atomic clocks they use are very, very precise but they're not perfect. Minute discrepancies can 

occur, and these translate into travel time measurement errors. And even though the satellites 

positions are constantly monitored, they can't be watched every second. So slight position or 

‗ephemeris" errors can sneak in between monitoring times. 

Intentional Errors 

As hard as it may be to believe, the same government that spent $12 billion to develop the most 

accurate navigation system in the world intentionally degraded its accuracy. The policy was called 

Selective Availability" or SA" and the idea behind it was to make sure that no hostile force or terrorist 

group can use GPS to make accurate weapons. Basically the DoD introduced some \noise" into the 

satellite's clock data which, in turn, added noise (or inaccuracy) into position calculations. The DoD 

may have also been sending slightly erroneous orbital data to the satellites which they transmitted 

back to receivers on the ground as part of a status message. Together these factors made SA the 

biggest single source of inaccuracy in the system. Military receivers used a decryption key to 

remove the SA errors and so they're much more accurate.  
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Turning of Selective Availability 

On May 1, 2000 the White House announced a decision to discontinue the intentional degradation of 

the GPS signals to the public beginning at midnight. Civilian users of GPS are now able to pinpoint 

locations up to ten times more accurately. As part of the 1996 Presidential Decision Directive goals 

for GPS, President Clinton committed to discontinuing the use of SA by 2006. The announcement 

came six years ahead of schedule. The decision to discontinue SA was the latest measure in an on-

going effort to make GPS more responsive to civil and commercial users worldwide. 

DIFFERENTIAL GPS 

Need of Differential GPS  

Basic GPS is the most accurate radio-based navigation system ever developed. And for many 

applications it's plenty accurate. But it's human nature to want MORE! So some crafty engineers came 

up with Differential GPS" a way to correct the various inaccuracies in the GPS system, pushing its 

accuracy even farther. Differential GPS or DGPS" can yield measurements good to a couple of meters 

in moving applications and even better in stationary situations. That improved accuracy has a 

profound effect on the importance of GPS as a re- source. With it, GPS becomes more than just a 

system for navigating boats and planes around the world. It becomes a universal measurement system 

capable of positioning things on a very precise scale. 

Working of Differential GPS 

Differential GPS involves the cooperation of two receivers, one that's stationary and another that's 

roving around making position measurements. GPS receivers use timing signals from at least four 

satellites to establish a position. Each of those timing signals is going to have some error or delay 

depending on what sort of perils have befallen it on its trip down to us. Since each of the timing 

signals that go into a position calculation has some error, that calculation is going to be a 

compounding of those errors. Luckily the sheer scale of the GPS system comes to our rescue. The 

satellites are so far out in space that the little distances we travel here on earth are insignificant. So if 

two receivers are fairly close to each other, say within a few hundred kilometers, the signals that reach 

both of them will have traveled through virtually the same slice of atmosphere, and so will have 

virtually the same errors. That's the idea behind differential GPS: We have one receiver measure the 

timing errors and then provide correction information to the other receivers that are roving around. 

That way virtually all errors can be eliminated from the system, even the pesky Selective Availability 

error that the DoD puts in on purpose. The idea is simple. Put the reference receiver on a point that's 

been very accurately surveyed and keep it there. This reference station receives the same GPS signals 

as the roving receiver but instead of working like a normal GPS receiver it attacks the equations back- 

wards. Instead of using timing signals to calculate its position, it uses its known position to calculate 

timing. It figures out what the travel time of the GPS signals should be, and compares it with what 

they actually are. The difference is an error correction" factor. The receiver then transmits this error 

information to the roving receiver so it can use it to correct its measurements. Since the reference 

receiver has no way of knowing which of the many available satellites a roving receiver might be 

using to calculate its position, the reference receiver quickly runs through all the visible satellites and 

computes each of their errors. Then it encodes this information into a standard format and transmits it 

to the roving receivers. GPS receivers don't actually transmit corrections by themselves. They are 

linked to separate radio transmitters. The roving receivers get the complete list of errors and apply the 

corrections for the particular satellites they're using. Error transmissions not only include the timing 



  

error for each satellite, they also include the rate of change of that error as well. That way the roving 

receiver can interpolate its position between updates.  

Where to get Differential Corrections? 

In the early days of GPS, reference stations were established by private companies who had big 

projects demanding high accuracy - groups like surveyors or oil drilling operations. And that is still a 

very common approach. You buy a reference receiver and set up a communication link with your 

roving receivers. But now there are enough public agencies transmitting corrections that you might be 

able to get them for free! The United States Coast Guard and other international agencies are estab- 

lishing reference stations all over the place, especially around popular harbours and waterways. These 

stations often transmit on the radio beacons that are already in place for radio direction finding 

(usually in the 300kHz range). Anyone in the area can receive these corrections and radically improve 

the accuracy of their GPS measurements. Most ships already have radios capable of tuning the 

direction finding beacons, so adding DGPS will be quite easy. Many new GPS receivers are being 

designed to accept corrections, and some are even equipped with built-in radio receivers. 

Other ways to work with Differential GPS 

Post Processing DGPS: Not all DGPS applications are created equal. Some don't need the radio link 

because they don't need precise positioning immediately. It's one thing if you're trying to position a 

drill bit over a particular spoton the ocean oor from a pitching boat, but quite another if you just want 

to record the track of a new road for inclusion on a map. For applications like the later, the roving 

receiver just needs to record all of its measured positions and the exact time it made each 

measurement. Then later, this data can be merged with corrections recorded at a reference receiver for 

a final clean-up of the data. So you don't need the radio link that you have to have in real-time 

systems. If you don't have a reference receiver there may be alternative source for corrections in your 

area. Some academic institutions are experimenting with the Internet as a way of distributing 

corrections. There's another permutation of DGPS, called \inverted DGPS," that can save money in 

certain tracking applications. Let's say you've got a eet of buses and you'd like to pinpoint them on 

street maps with very high accuracy (maybe so you can see which side of an intersection they're 

parked on or whatever). Anyway, you'd like this accuracy but you don't want to buy expensive 

\differential-ready" receivers for every bus. With an inverted DGPS system the buses would be 

equipped with standard GPS receivers and a transmitter and would transmit their standard GPS 

positions back to the tracking office. Then at the tracking office the corrections would be applied to 

the received positions. It requires a computer to do the calculations, a transmitter to transmit the data 

but it gives you a eet of very accurate positions for the cost of one reference station, a computer and a 

lot of standard GPS receivers. 

Advanced Concepts 

If you want to know where DGPS might be headed, take a look at your hand, because soon DGPS 

may be able to resolve positions that are no farther apart than the width of your little finger. Imagine 

the possibilities. Automatic construction equipment could translate CAD drawings into finished roads 

without any manual measurements. Selfguided cars could take you across town while you quietly read 

in the back seat.  

 Augmented GPS 

FAA realised the great benefits GPS could bring to aviation, but they wanted more. They wanted the 

accuracy of Differential GPS and they wanted it across the whole continent. Maybe the whole world. 
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Their plan is called the \Wide Area Augmentation System" or \WAAS," and it's basically a 

continental DGPS system. The idea grew out of some very specific requirements that basic GPS just 

couldn't handle by itself. It began with \system integrity". GPS is very reliable but every once in a 

while a GPS satellite malfunctions and gives inaccurate data. The GPS monitoring stations detect this 

sort of thing and transmit a system status message that tells receivers to disregard the broken satellite 

until further notice. Unfortunately this process can take many minutes which could be too late for an 

airplane in the middle of a landing. So the FAA got the idea that they could set up their own 

monitoring system that would respond much quicker. In fact, they figured they could park a 

geosynchronous satellite somewhere over the U.S. that would instantly alert aircraft when there was a 

problem. Then they reasoned that they could transmit this information right on a GPS channel so 

aircraft could receive it on their GPS receivers and wouldn't need any additional radios. But wait a 

second! If we've got the geosynchronous satellite already transmitting on the GPS frequency, why not 

use it for positioning purposes too? Adding another satellite helps with positioning accuracy and it 

ensures that plenty of satellites are always visible around the country. But wait another second! Why 

not use that satellite to relay di_erential corrections too? The FAA figured that with about 24 

reference receivers scattered across the U.S. they could gather pretty good correction data for most of 

the country. That data would make GPS accurate enough for \Category 1" landings (i.e. very close to 

the runway but not zero visibility) 

Local Area Augmention 

To complete the system the FAA wants to eventually establish \Local Area Augmentation Systems" 

near runways. These would work like the WAAS but on a smaller scale. The reference receivers 

would be near the runways and so would be able to give much more accurate correction data to the 

incoming planes. With a LAAS aircraft would be able to use GPS to make Category 3 landings (zero 

visibility).  

Putting GPS to work 

GPS technology has matured into a resource that goes far beyond its original design goals. These days 

engineers, scientists, sportsmen, farmers, soldiers, pilots, surveyors, hikers, delivery drivers, sailors, 

dispatchers, fire-fighters, and people from many other walks of life are using GPS in ways that make 

their work more productive, safer, and sometimes even easier. In this section you will see a few 

examples of real-world applications of GPS. These applications fall into five broad categories. 

 Location - determining a basic position 

 Navigation - getting from one location to another 

 Tracking - monitoring the movement of people and things 

 Mapping - creating maps of the world 

 Timing - bringing precise timing to the world 

Location 

Where am I?" 

The first and most obvious application of GPS is the simple determination of a position" or location. 

GPS is the first positioning system to highly precise location data for any point on the planet, in any 

weather. That alone would be enough to qualify it as a major utility, but the accuracy of GPS and the 

creativity of its users is pushing it into some surprising realms. Knowing the precise location of 

something, or someone, is especially critical when the consequences of inaccurate data are measured 

in human terms. 

Tracking 



  

If navigation is the process of getting something from one location to another, then tracking is the 

process of monitoring it as it moves along. Commerce relies on eets of vehicles to deliver goods and 

services either across a crowded city or through nationwide corridors. So, effective eet management 

has direct bottom-line implications, such as telling a customer when a package will arrive, spacing 

buses for the best scheduled service, directing the nearest ambulance to an accident, or helping tankers 

avoid hazards. GPS used in conjunction with communication links and computers can provide the 

backbone for systems tailored to applications in agriculture, mass transit, urban delivery, public 

safety, and vessel and vehicle tracking. So it's no surprise that police, ambulance, and fire departments 

are adopting GPS based system to pinpoint both the location of the emergency and the location of the 

nearest response vehicle on a computer map. With this kind of clear visual picture of the situation, 

dispatchers can react immediately and con_dently. 

Mapping 

Where is everything else?" It's a big world out there, and using GPS to survey and map it precisely 

saves time and money in this most stringent of all applications. Today, GPS makes it possible for a 

single surveyor to accomplish in a day what used to take weeks with an entire team. And they can do 

their work with a higher level of accuracy than ever before. Mapping is the art and science of using 

GPS to locate items, then create maps and models of everything in the world. And we do mean 

everything. Mountains, rivers, forests and other landforms. Roads, routes, and city streets. Endangered 

animals, precious minerals and all sorts of resources. Damage and disasters, trash and archeological 

treasures. GPS is mapping the world. Figure 7: GIS S/W in action 

Timing 

When will it all happen?" Although GPS is well-known for navigation, tracking, and mapping, it's 

also used to disseminate precise time, time intervals, and frequency. Time is a powerful commodity, 

and exact time is more powerful still. Knowing that a group of timed events is perfectly synchronised 

is often very important. GPS makes the job of \synchronising our watches" easy and reliable. There 

are three fundamental ways we use time. As a universal marker, time tells us when things happened or 

when they will. As a way to synchronise people, events, even other types of signals, time helps keep 

the world on schedule. And as a way to tell how long things last, time provides and accurate, 

unambiguous sense of duration. GPS satellites carry highly accurate atomic clocks. And in order for 

the system to work, our GPS receivers here on the ground synchronise themselves to these clocks. 

That means that every GPS receiver is, in essence, an atomic accuracy clock. Astronomers, power 

companies, computer networks, communications systems, banks, and radio and television stations can 

benefit from this precise timing. 

GIS 

A geographic information system (GIS) is a system for creating, storing, analysing and managing 

spatial data and associated attributes. It is a computer system capable of integrating, storing, editing, 

analysing, sharing, and displaying geographically-referenced information, and allows users to create 

interactive queries, analyse the spatial information, and edit data. 

WHY GIS 

Geography and the data describing it, is part of our everyday world; almost every decision we make is 

constrained, inuenced, or dictated by some fact of geography. We need to send fire fighting trucks to 

fires by the fastest available routes. The centre government often awards grants to local governments 

based on population. We study disease by identifying areas of prevalence and rate of spread, we need 

topographical information alongwith soil characteristics, in addition to other information for selection 
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of a site for any engineering project, including highway, railway, and airport. This demand for 

geographic information, which is provided by GIS. One will use GIS, if he is interested to answer 

following type of questions: 

1. What is at this location? The first of these questions seeks to _nd out 

what exists at a particular location. A location can be described in any ways using, for example, a 

place name, a post or zip code, or a geographic reference, such as latitude and longitude.  

2. Where is it? The second question is the converse of the first and requires a spatial analysis to 

answer. Instead of identifying what exists at a given location, you want to find a location where 

certain conditions are satisfied (e.g., an unforested section of land at least 2,000 square meters in size, 

within 100 meters of a road, and with soils suitable for supporting buildings). 

3. What has changed? The third question might involve both of the first two and seeks to find the 

differences within an area over time.  

4. What spatial patterns exist? This question is more sophisticated. You might ask this question to 

determine whether poor geometric design is a major cause of road accident. Just as important, you 

might want to know how any anomalies there are that don't fit the pattern and where they are located, 

or whether a partcular type of construction is responsible for failure of buildings during an 

earthquake. 

5. What if ... ? Such questions are posed to determine what happens, for example, if a new road is 

added to a network, or if a toxic substance seeps into the local groundwater supply. Answering this 

type of question requires geographic as well as other information. 

APPLICATION 

There are diverse applications of GIS. Followings are the few areas , related to Civil Engineering: 

Urban planning, Natural hazard mapping, Geo-technical Engineering, Management of water 

resources, Environmental impact resources, Real estate, Transporation Engineering, Landuse planning 

and management, Disaster management and mitigation, cartography. 

GIS SOFTWARE 

GIS software is the main method through which geographic data is accessed, transferred, transformed, 

overlaid, processed and displayed. Various software form integral components of this interface to GIS 

data. There are numerous commercial, open source and even shareware products that _ll these roles. 

Open Source GIS Software 

Most requirements that can be set for a GIS can be satis_ed with free or open-source software. 

Recently an international foundation (OSGEO) was started to support and build the highest-quality 

open source geospatial software. With the broad use of non-proprietary and open data formats such as 

the Shape File format for vector data and the Geoti_ format for raster data, as well as the adoption of 

Open Geospatial Consortium (OGC) protocols such as Web Mapping Service (WMS) and Web 

Feature Service (WFS), development of open source software continues to evolve, especially for web 

and web service oriented applications. Well-known open source GIS software includes GRASS GIS, 

Quantum GIS, MapServer, GDAL / OGR, PostGIS, uDig, OpenJUMP, gvSIG, etc. 

GRASS GIS 

Geographic Resources Analysis Support System, commonly referred to as GRASS GIS, originally 

developed by the U.S. Army Construction Engineering Research Laboratories (USA-CERL, 1982-

1995) as a tool for land management and environmental planning by the military, GRASS has evolved 

into a powerful utility with a wide range of applications in many different areas of scientific research. 



  

GRASS is currently used in academic and commercial settings around the world, as well as many 

governmental agencies including NASA, NOAA, USDA, DLR, CSIRO, the National Park Service, 

the U.S. Census Bureau, USGS, and many environmental consulting companies. The GRASS 6.0 

release introduces a new topological 2D / 3D vector engine and support for vector network analysis. 

Attributes are now managed in a SQL-based DBMS. A new display manager has been implemented. 

The NVIZ visualisation tool was enhanced to display 3D vector data and voxel volumes. Messages 

are being translated (i18N) with support for FreeType fonts, including multibyte Asian characters. 

New LOCATIONs can be auto-generated by EPSG code number. GRASS is integrated with GDAL / 

OGR libraries to support an extensive range of raster and vector formats, including OGC-conformal 

Simple Features. GRASS is a raster / vector GIS, image processing system, and graphics production 

system. GRASS contains over 350 programs and tools to render maps and images on monitor and 

paper; manipulate raster, vector, and sites data; process multi spectral image data; and create, manage, 

and store spatial data. GRASS uses both an intuitive windows interface as well as command line 

syntax for ease of operations. GRASS can interface with commercial printers, plotters, digitizers, and 

databases to develop new data as well as manage existing data. GRASS supports workgroups through 

its LOCATION / MAPSET concept which can be set up to share data over NFS (Network File 

System). Keeping LOCATIONs with their underlying MAPSETs on a central server, a team can 

simultaneously work in the same project database. Import / Export: Data formats supported by 

GRASS are 2D raster data, 3D raster data (voxels), and topological vector data (2D and 3D). Data 

Management capabilities of GRASS includes Spatial analysis, Map generation, Data visualization, 

Data generation through modelling Link to DBMS (PostgreSQL, mySQL, SQLite, ODBC etc.)  

THE FUTURE OF GIS 

Many disciplines can benefit from GIS technology. An active GIS market has resulted in lower costs 

and continual improvements in the hardware and software components of GIS. These developments 

will, in turn, result in a much wider use of the technology. GIS is also diverging into Location Based 

Services (LBS). LBS allows GPS enabled mobile devices to display their location in relation to fixed 

assets (nearest construction site or vendor dealing in building materials), mobile assets (field 

engineers, truck carrying Ready Mix Concrete) to relay their position back to a central server for 

display or other processing. These services continue to develop with the increased integration of GPS 

functionality with increasingly powerful mobile electronics (Cell phones, PDAs, Laptops). 

CONCLUSIONS 

Professionals involved in Ground Improvement can take full advantage of GPS / DGPS and GIS 

technologies, for planning, execution, monitoring, and mainteneance of their projects. Use of such 

technologies can reduce decision time. Making use of same database for all related profession, reduce 

error due to outdated data, in addition to saving of man hours. 
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INTRODUCTION 

Fly ash is a by-product, obtained from burning coal in thermal power plants. In India, generation of 

electric power had risen from 1330 MW in 1947 to 63,000 MW in 1990 and is expected to grow to 

1,05,000 MW by 2012 (Kumar et al. 2003). Of this, coal based thermal power plants account for 70% 

of electricity generation.  The coal reserves of India is estimated around 200 billion metric tons. 

Because of this, 90% of the thermal power stations in India use coal as the source material. The Indian 

coal has a low calorific value of 3000-4000 kcal/kg and a high ash content of 35-50%. To achieve the 

required energy production, a high coal fired rate is required generating greater ash residue. As a 

result, the annual production of fly ash in India has increased from 40 million tons during 1993-1994 

to 100 million tons during 2001-2002 and the current production is 170 million tons and further it is 

projected to reach, 175 million tons by 2012 which may require 40,000 hectares of land for the 

construction of ash pond. The World Bank has cautioned India that by the year 2015 disposal of coal 

ash would require 1000 square km. or one meter square of land per person. Further, the Ministry of 

Power, Government of India has projected that by the year 2031-2032 we may use 1800 million tons 

of coal thus producing 600 million tones of fly ash annually for generation of power. The current rate 

of utilization of fly ash is around 50% as against, 3-4% during early 1990‘s. Though there is 

improvement in the utilization of fly ahs still a large gap between the rate of production and utilization 

of fly ash in India needs to be bridged.  This problem is to be addressed in such a manner that, the 

entire ash produced could be converted as a resource material by utilizing it completely. Fly ash 

can be stabilized and used effectively in pavement base courses.  

Soil stabilization is the process of treatment of soils to improve or modify their engineering 

behavior. The objectives of stabilization using admixtures are to control volume stability; improve 

strength, stress-strain characteristics, permeability, and durability; and to decrease erodibility and 

compressibility of soils. The mechanism of stabilization of the two commonly used inorganic 

stabilizers namely Portland cement and lime, are similar with formation of end products calcium 

silicate hydrates (C-S-H). The short-term chemical reactions include replacement of monovalent 

adsorbed cations by Ca
++

; adsorption of Ca(OH)2 by pozzolan particles; cementation at interparticle 

contacts; and establishing a high pH (12.4) environment. In the long term, the pH causes a breakdown 

of the crystal lattice of clay and forms cementitious products. The long-term reactions continue for 

years. 

The reaction mechanism of fly ash and cement resembles with that of the reaction mechanism 

soil and cement. Fly ash is a lightweight, cohesionless material and composed of silt-sized particles. It 

is a pozzolanic material and can be stabilized with the addition of various stabilizers like cement and 

lime. A pozzolan is defined as a siliceous or siliceous and aluminous material which itself possesses little 

or no cementitious property but which, in finely divided form and in the presence of moisture, will react 

with calcium hydroxide at ordinary temperature to form compounds possessing cementitious properties. 

Pozzolanic activity is mostly related to the reaction between the reactive silica  of  the  pozzolan  and  
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calcium hydroxide, producing calcium silicate hydrate (C-S-H). The alumina in the pozzolan may also 

react in the fly ash-calcium hydroxide or fly ash-cement system, producing end products such as calcium 

aluminate hydrate (C-A-H), ettringite, gehlenite and calcium monosulphoaluminate hydrate. Hence, the 

sum of reactive silica and alumina in a pozzolan is the main indication of its pozzolanic activity. The 

pozzolanic activity of a fly ash depends also on many other factors like fineness, amount of amorphous 

matter, unburned carbon content and curing temperature. With increasing fineness the pozzolanic activity 

also increases. However, for specific surface area beyond 6000 cm
2
/g this effect is reported to be 

insignificant (Joshi and Marsh, 1987).  

Addition of stabilizers improves the strength of raw fly ashes. The other engineering benefits include 

decrease in permeability, compressibility and erodibility of the unstabilized fly ashes. The pozzolanic 

nature of fly ashes makes them highly suitable for stabilization with admixtures. The strength of cement 

stabilized fly ash is derived mainly due to formation of cementitious bonds, C-S-H and calcium 

aluminate hydrate (C-A-H) gels between the particles and the strength improves with curing 

temperature, curing period and stabilizer content. Stabilized fly ash can be utilized as pavement base 

course and sub base material depending upon the strength development.   

SCOPE AND OBJECTIVES OF THE STUDY 

The aim of the study is to investigate the strength characteristics of cement-stabilized fly ashes as 

pavement base course material conforming to the guidelines prescribed by Electric Power Research 

Institute (EPRI).  This includes arriving at a design mix of fly ash-cement mixture and carrying out 

unconfined compression (UC) tests on stabilized fly ash specimens to comply with strength criteria. 

Fly ashes obtained from the electrostatic precipitators of Rajghat and Dadri thermal power plants were 

stabilized with ordinary Portland cement. The effect of six different curing methods on the unconfined 

compressive strength of cement stabilized fly ashes was investigated. The curing methods employed 

simulate different field conditions of a pavement base course.  

The specimens with different cement contents varying from 4 to 18% were cured for 7 days to 3 

years by various curing techniques including controlled and ambient conditions. To evaluate the 

impact of seasonal curing, on the unconfined compressive strength, specimens were cured during 

summer, monsoon and winter seasons. Experiments were also conducted from which the influence of 

unit weight and molding water content on the unconfined compressive strength of specimens was 

brought out. Hence, specimens were prepared at three different molding water contents w (standard 

Proctor OMC, dry-of-OMC, wet-of-OMC) and two different dry unit weight d (standard Proctor 

MDD and 95% MDD).  

STABILIZED FLY ASH BASE COURSES 

The design of stabilized fly ash base course for pavement consists of the determination of the fly ash-

stabilizer design mix (namely, the dry unit weight, moisture content, and stabilizer content of the mix) 

and the thickness of the base course. Agencies such as the Electric Power Research Institute (EPRI) 

have specified the criteria and guidelines for the determination of the design mix. This requires 

carrying out unconfined compression tests on stabilized fly ash specimens prepared and cured as per 

standard procedures.  

The stabilizer content is the minimum amount of stabilizer for which the unconfined compressive 

strength (UCS), qu, of the specimens complies with the specified values. Table 1 summarizes the 

criteria and guidelines specified for unconfined compressive strength by some agencies. The EPRI 

design manual (Glogowski et al., 1992) provides procedures and flowcharts for the determination of 

the stabilizer content and the structural design of stabilized fly ash base courses. 



  

Table 1:  Specifications and Criteria for qu of Stabilized Base Courses [after Glogowski et al (1992)] 

Stabilizer 

 

Agency 

 

Length/Diameter 

(L/D) of specimen 

 

Curing conditions Minimum 

qu 

kPa 

 

Method 

 

Temperature 

 

Days 

 
Cement EPRI 2 (correction suggested 

for other ratios) 

Specimen wrapped 

in moisture proof 

bags. 

21 2C 7 2760-

3100
a 

 ASTM 2 Specimen kept in 

moist room of  

96% RH 

21 1.1C 7 2760
c 

 PCA L = 11.7 cm, D = 10.2 

cm (Proctor size) 

- 23C 7 3100 

Lime EPRI Same as for cement 

above. 

Same as for cement 

above. 
21 2C 28 3790-

4135
b 

 ASTM Same as for cement 

above. 

Same as for cement 

above. 
38C 7 2760

c,d 

a
Maximum recommended 7-day qu is 5500 kPa. qu must increase with time. The 28-day qu is approximately 

twice that of the 7-day qu. From durability considerations, the minimum 7-day qu after curing and vacuum 

saturation shall be 2760 kPa. 
b
qu must increase with time. From durability considerations, the minimum 28-day qu after curing and vacuum 

saturation shall be 2760 kPa. 
c
From durability considerations, the minimum 7-day qu after curing and vacuum saturation shall be 2760 kPa. 

d
Based on the premise that the 7-day qu at 38C is approximately equal to the 28-day qu at 21C. 

In the Kansai Electric Power Company‘s project, the criteria for 7-day qu for the base and sub-base were 2940 

kPa and 980 kPa, respectively.  

MATERIALS  

Bulk quantities of fly ashes in dry state were collected from the electrostatic precipitators of the 

Rajghat and Dadri thermal power stations in New Delhi, India. The chemical composition and 

physical property of the fly ashes is given in Table 2. A commercial, 53 Grade Portland cement was 

used as the stabilizer. The properties of 53 Grade Portland cement as specified by the Indian Standard 

(IS 12269: 1987) are: fineness = 225 m
2
/kg; 3-day, 7-day, and 28-day compressive strengths = 27, 37, 

and 53 MPa, respectively; initial setting time = 30 minutes; and final setting time = 600 minutes. 

Deaired water was used in the preparation of specimens.  

Table 2: Chemical Composition and Physical Properties of the Fly Ashes 

Composition or Property 

 

RA(*) 

 
DA 

 
Chemical composition (%) 

Silica (SiO2) 

Alumina (Al2O3) 

Iron Oxide (Fe2O3) 

Lime (CaO) 

Magnesia (MgO) 

Titania (TiO2) 

Soda (Na2O) 

Potash (K2O) 

Sulfates (SO3) 

Physical Property 

Specific gravity, G 

Loss on ignition, % 

Specific surface area, cm
2
/g 

 

61.21 

30.07 

4.17 

0.10 

0.40 

2.60 

< 0.01 

0.02 

< 0.01 

 

2.19 

1.40 

4020 

 

60.12 

30.16 

6.36 

1.00 

0.53 

----- 

0.06 

0.007 

0.01 

 

2.20 

0.40 

3520 

(*) after Kaniraj and Havanagi (2001) 
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EXPERIMENTAL PROGRAM 

Notation 

A large number of fly ash-cement combinations have been used in the study. For the sake of referring 

to them easily and clearly, the following notations are used to refer to the various fly ash-cement 

mixtures. Each fly ash-cement mixture is denoted by a four letter alphanumeric symbol. The first 

string of two alphabets indicates the source of fly ash. ―RA‖ stands for Rajghat fly ash and ―DA‖ 

stands for Dadri fly ash. The second string of the two numbers indicate the cement content, CC, in 

percent by dry weight of fly ash. Thus, RA-04, RA-06, RA-08, RA-10 and RA-18 denote Rajghat fly 

ash stabilized with 4%, 6%, 8%, 10% and 18% cement, respectively. Similarly, DA-04, DA-06, DA-

08, DA-10 and DA-15 indicate Dadri fly ash stabilized with 4%, 6%, 8%, 10% and 15% cement, 

respectively.  

Overview of experimental program 

The test program on cement stabilized fly ashes comprised of compaction tests and unconfined 

compression tests. Table 3 provides an overview of the entire test program on cement stabilized fly 

ashes.  

UNCONFINED COMPRESSION TESTS 

The influence of cement content CC, method of curing, and curing period t, on the unconfined 

compressive strength of the Rajghat and Dadri fly ash specimens were investigated in the study. 

Cement content varying from 4% to 18% and 4% to 15% were used. The actual curing conditions of 

the stabilized fly ash bases in the field will differ from those specified in Table 1 for the laboratory 

specimens. This will affect the strength development of the bases, their durability, and performance. 

The strength development depends on the ambient temperature and humidity. As the temperature 

increase, the rate of strength gain increases. An experimental program was carried out to study the 

influence of different curing conditions and other factors on the development of strength.  

Cylindrical specimens of size 37.7 mm diameter and 73.5 mm length were prepared and cured for 

different duration from 7 days to 3 years. Six different curing methods including controlled and 

ambient conditions were adopted. These methods designated as STD, IMM, HYD, ASTM, ATM, and 

NAT are explained in Section 6.2.  

Table 3:  Experimental Program 

Fly ash 

 

CC % 

 
 
 

 % 

 

Curing method 

 

Curing period, days 

 

Rajghat 

4, 6, 8, 10 1 0 STD, IMM, HYD, ATM 7, 14, 28, 56, 90, 180, 

360, 720, 1080 

10 

10 

1 

1 

0 

0 

NAT-SUM, NAT-MON, NAT-WIN 

ATM-SUM, ATM-MON, ATM-WIN 

14, 28, 56, 90 

14, 28, 56, 90 

18 

18 

18 

1 

0.95 

0.95 

0 

- 5.5 

+ 4 

STD, IMM, HYD, ASTM 

STD, IMM, HYD, ASTM 

STD, IMM, HYD, ASTM 

7, 14, 28, 90, 180, 360 

7, 14, 28, 90, 180, 360 

7, 14, 28, 90, 180, 360 

18 

18 

18 

18 

1 

1 

0.95 

0.95 

0 

0 

- 5.5 

+ 4 

NAT-SUM, NAT-MON, NAT-WIN 

ATM-SUM, ATM-MON, ATM-WIN 

NAT-SUM, NAT-MON, NAT-WIN 

NAT-SUM, NAT-MON, NAT-WIN 

14, 28, 56, 90 

14, 28, 56, 90 

14, 28, 56, 90 

14, 28, 56, 90 

Dadri 

4, 6, 8, 10 1 0 STD 7, 14, 28, 56, 90, 180, 

360, 720 

15 1 0 STD 7, 28 

15 

15 

0.95 

0.95 

+ 3 

+ 3 

STD 

NAT-SUM 

7, 14, 28, 56, 90 

14, 28, 56, 90 

At a minimum of 3 specimens for each combination of variables, a total of 993 specimens were made for the 

experimental program. 



  

Many times, the unit weight and water content of the compacted base courses in the field may slightly 

differ from the MDD and OMC of the material. Therefore, experiments were also conducted to study 

the effect of water content w (standard Proctor OMC, dry-of-OMC, wet-of-OMC) and dry unit weight 

d (d = 0.95 MDD, d = MDD) on the unconfined compressive strength of the Rajghat fly ash 

specimens. The details of the testing program and combination of variables used are given in Table 3. 

A minimum of three specimens was tested for each combination of variables. 

Specimen preparation  

The following procedure was adopted for the preparation of fly ash-cement specimens. The Rajghat 

fly ash specimens were prepared at MDD and OMC state and the Dadri fly ash specimens were 

prepared at 95% MDD and 85% degree of saturation. The cement content, CC has been varied from 

0.04 to 0.18 (4%-18%) in the RA-cement mixtures and from 0.04 to 0.15 (4%-15%) in the DA-

cement mixtures. 

The initial dry unit weight of fly ash-cement mixture in relation to the maximum dry unit weight 

(MDD) can be expressed as  

d =  MDD                 (1) 

Where  = 1 if the specimen is compacted at MDD state and  < 1, for the specimen compacted at 

looser than its MDD. For Rajghat fly ash-cement mixture  = 1 and for Dadri fly ash-cement mixture 

 = 0.95. 

From the known volume, V, and dry unit weight, d, of the specimen, the dry weight of fly ash-cement 

mixture Wd required for a specimen is given by 

 Wd =  MDD V                                       (2) 

Similarly, the difference between the water content and the optimum moisture content (OMC) of the 

fly ash-cement mixture, designated as  is 

 = w – OMC                    (3) 

The value of  is positive if the material is compacted on the wet side of OMC and negative when it is 

compacted on the dry side of OMC. The determination of the water content corresponding to the 

desired degree of saturation is explained later in this chapter at Section 7  From Eqs 2 and 3, the 

quantity of water, WW, required for a specimen is 

WW = Wd  (OMC   )                             (4) 

The total dry weight Wd of a fly ash-cement mixture is, 

Wd = WA + WC                   (5) 

where, WA and WC, are the weights of fly ash and cement, respectively. The cement content, CC, of a 

fly ash-cement mixture is given by WC/WA. Therefore, the total dry weight of mixture can be given as 

Wd = (1 + CC) WA                   (6) 

From Eq. 6, 

  

            (7) 

  

WC = CC WA                   (8) 

A metallic mold of 37.7 mm inner diameter and 73.5 mm long with additional detachable collars at 

both ends was used to prepare cylindrical specimens. The Rajghat fly ash was first dried under heating 

lamps at approximately 40C and the Dadri fly ash was ground lightly by hand with a pestle to 

separate the individual particles. In the preparation of specimens, first the required amounts of fly ash, 
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cement and water were calculated and measured. A few additional grams of fly ash and milliliters of 

water were taken to offset the losses during the preparation of specimens. The fly ash and cement 

were first mixed together in the dry state and then the dry fly ash-cement mixture was mixed with 

water. All mixing was done by hand and proper care was taken to prepare homogeneous mixtures. To 

ensure uniform compaction, the entire quantity of the moist fly ash-cement mixture was placed inside 

the mold-collars assembly and compressed statically in three steps alternately from the two ends till 

the specimen reached the dimensions of the mold. The specimen was extruded from the mold using a 

hydraulic jack. A minimum of three specimens was tested for each combination of variables. 

METHOD OF CURING 

To study the influence of curing conditions on strength development, the specimens were cured by the 

following methods for the required periods. The designation used to refer to these methods is 

indicated at the beginning of the description of each method. 

Method STD: The specimens extruded from the mold were closely wrapped individually in 

polyethylene bags to prevent moisture loss and placed in a desiccator A small quantity of water was 

kept at the bottom of the desiccator to maintain constant humidity (RH  100%) within the desiccator. 

The desiccator was closed with a lid and kept in a room the temperature of which was maintained at 

around 21C. This method of curing is akin to that suggested by EPRI and is designated as STD 

(standard). 

Method IMM:  The specimens were first cured for the required period by the STD method. They were 

then removed from the polyethylene bag and kept immersed in distilled water for 8-10 hours at room 

temperature of about 21C before carrying out unconfined compression test. The durability of the 

specimens is investigated in this method as the specimens become nearly saturated before the 

unconfined compression test. 

Method HYD:  The specimens were first cured for 7 days by the STD method. They were then 

removed from the polyethylene bags and kept immersed in ordinary tap water in Perspex trays for the 

remainder of the curing period at room temperature of about 21C. The tap water was kept running 

slowly and continuously so that the contaminated water in the trays due to leaching actions, if any, 

was continuously displaced. This method would simulate the conditions where pavements are 

subjected to prolonged flooding and submergence soon after their construction. 

Method ASTM:  This is same as the STD method except that here the specimens were not wrapped in 

polyethylene bags, but were exposed to the ambient constant humidity within the desiccators during 

curing. This method is akin to that of the ASTM specifications and hence designated as ASTM. 

Method ATM:  In this method, the specimens were first cured for 7 days by the STD method. The 

specimens were then removed from the polyethylene bags and kept in the open exposed to the natural 

environmental elements of heat, light, air, humidity, rain, etc., for the remainder of the curing period. 

At the end of the curing period, the specimens were kept immersed in distilled water for 8-10 hours at 

room temperature of about 21C before the unconfined compression test. This method would simulate 

the worst possible conditions where base courses not provided with proper sealing coats would get 

exposed to the atmospheric conditions. Apart from tests covering long periods of curing, experiments 

were carried out during three different seasons of the year in New Delhi namely summer (maximum 

temperature, tmax, close to and above 40C), monsoon (tmax in the range of 30-40C), and winter (tmax 

< 30C). These are designated as ATM-SUM, ATM-MON, and ATM-WIN, respectively.  



  

Method NAT:  The specimens were first cured for 7 days by the STD method. The desiccator 

containing the specimens was then kept in the open outside the laboratory for the remainder of the 

curing period. As the specimens were wrapped in polyethylene bags and placed inside the desiccators, 

they were not directly exposed to the atmospheric elements as in the ATM method. But, unlike the 

STD method, the specimens were cured under ambient temperature conditions. This method would 

simulate the curing process of properly sealed base courses under natural uncontrolled ambient 

temperatures. This method of curing was used during the summer, monsoon and winter seasons. 

These are designated as NAT-SUM, NAT-MON, and NAT-WIN, respectively. 

METHOD OF TESTING 

At the end of the curing period, unconfined compression tests were carried out on the specimens. A 

rubber membrane was stretched on the specimen and the specimen was mounted on a triaxial cell base 

with a loading cap on its top. The entire assembly was shifted to the loading frame and test was 

conducted at a deformation rate of 0.4064 mm/min. The load-deformation data was recorded to 

determine the stress-strain relationships. The post-test water content was also measured. A minimum 

of three specimens was tested for each combination of variables.  

The average unconfined compressive strength qu-av was determined by considering only the strength 

of those specimens whose individual qu values did not differ from the qu-av of the set by more than 

10%.  

DETERMINATION OF DESIGN MIXES 

A design mix is the fly ash-cement mixture that complies with the strength criteria. The strength 

criteria of EPRI were adopted for the determination of the design mixes in the present study. The 

EPRI manual suggests the following sequence of steps for the determination of design mixes. 

1. Fly ash mixed with different cement contents are to be chosen as trial mixes. 

2. The maximum dry unit weight (MDD) and optimum moisture content (OMC) of the trial 

mixes are to be determined by conducting light compaction (standard Proctor) tests.  

3. Cylindrical specimens of the trial mixes at their respective MDD-OMC states are to be 

prepared and cured by the STD method for 7 and 28 days and the unconfined   compressive 

strength is determined.  

4. Based on the results of the trial mixes, the cement content, MDD and OMC of the design mix 

that complies with the strength criteria is to be identified.  

5. The design mix is confirmed once again, by verifying the unconfined compressive strength of 

the chosen design mix after 7 and 28 days curing. 

The above guidelines prescribed by EPRI, were followed to determine the design mix of Rajghat 

and Dadri fly ashes. In case of Rajghat fly ash, the values of CC for the trial mixes were chosen as 

0.04, 0.06, 0.08, and 0.1. In a simplified procedure, no compaction tests were carried out on the trial 

mixes, but the specimens of all trial mixes were prepared at the MDD and OMC of RA. From an 

extrapolation of the trend of variation of the 7-day UCS with CC, the cement content of the design mix 

was determined as 0.18. Light compaction (standard Proctor) test was conducted on the design mix to 

determine MDD and OMC of the mixture. The compaction characteristics of the design mix are also 

shown in Fig. 1 and Table 4. Addition of cement increased the MDD and decreased the OMC of RA. 

The 7-day and 28-day average UCS of the design mix specimens prepared at the corresponding MDD 

and OMC were 3843 kPa and 7453 kPa, respectively. The design mix of RA thus complied with the 

EPRI strength criteria. The cement content (18%) determined from the experiments was also in good 

agreement with the value obtained from the flow diagram in the EPRI manual. 



199 | Ground Improvement and Ground Control including Waste Containment with Geosynthetics  

 

 

 

 
Figure 1: Light Compaction (SP) curves of the raw and Design Mixesof the Rajghat and dadri Flyashes 

Table 4 Compaction test results 

Parameter RA DA 

Raw fly ash* 

 

Design mix
a
 

 

Raw fly ash 

 

Design mix
b
 

 
MDD, kN/m

3
 

OMC, % 

10.5 

37 

11.7 

31.5 

13.8 

21 

14.5 

20.6 
*after Havanagi (1999), 

 a
CC = 0.18, 

b
CC = 0.15. 

 

Similarly, from the results of trial mixes the cement content for the design mix of Dadri fly ash was 

determined as 0.15. The compaction characteristics of the design mix are shown in Fig. 1 and Table 4. 

As in the case of RA the addition of cement increased the MDD and decreased the OMC of DA. The 

7-day and 28-day UCS of the DA design mix specimens prepared at the corresponding MDD and 

OMC were only 2399 kPa and 4528 kPa, respectively. The design mix, therefore, did not comply with 

the EPRI strength criteria. While the MDD of Dadri fly ash is significantly more than that of the 

Rajghat fly ash, its OMC is very small in comparison. As a result, the water-cement ratios were 2.07 

and 1.58, and the corresponding degree of saturation, S, were 0.78 and 0.82 for the RA and DA design 

mix specimens, respectively. It was therefore surmised that sufficient water was not available for 

hydration of cement in the DA specimens. To confirm this, specimens of DA were prepared at 

MDD and water-cement ratios of 1.9 and 2. The 7-day UCS of these specimens was 4059 kPa and 

3271 kPa, respectively, that complied with the EPRI strength criterion. However, because of the high 

water contents the specimens were very soft after compaction and there was bleeding of water during 

specimen preparation. Materials of such soft consistencies cannot be compacted in the field.  Because 

of the higher unit weight, static compaction of the DA specimens at MDD was also difficult and 

required much more force to be applied than for the compaction of the RA specimens. Keeping in 

mind the requirements of compaction in the field and the need for higher water-cement ratio, it was 

decided to prepare the DA specimens at 95% MDD and 85% degree of saturation. The water content 

corresponding to the desired degree of saturation is determined in the following way.  

RELATIONSHIP TO CALCULATE WATER CONTENT 

From the conventional multi-phase diagram representation of soil as lumped solids-liquid-gas phases 

shown in Figure 2, a relationship for the difference in the values of water content and OMC (i.e.  = 

w-OMC) can be obtained as follows.  



  

 

 

 

 

 

 

 

Figure 2: Phase diagram for fly ash-cement-water-air system 

Consider a unit volume of a compacted fly ash-cement mixture. Let the weights of fly ash, cement, 

and water in this mixture be WA, WC, and WW, respectively. Let the specific gravity of the fly ash and 

cement be GA and GC, respectively and unit weight of water be w. The cement content CC, is defined 

as 

             (9) 
The total weight of the dry materials Wd, in the fly ash-cement mixture is 

          (10) 

Since the total volume of the fly ash-cement mixture is unity, the dry unit weight d of the mixture is 

           (11) 

The water content w of the fly ash-cement mixture is 

           (12) 

The dry unit weight of the fly ash-cement-mixture, in relation to its maximum dry unit weight 

(MDD), can be expressed as 

           (13) 

The value of the constant  is less than 1 if the fly ash-cement mixture is compacted looser than its 

MDD. Similarly, the difference between the water content and the optimum moisture content (OMC) 

of the fly ash-cement mixture, designated as , is 

                     (14) 

The value of  is positive if the material is compacted on the wet side of OMC and negative when it is 

compacted on the dry side of OMC. The weights of cement, fly ash, and water can be expressed by 

Eqs 15, 16 and 17 respectively. From Eq. 4.9 

              (15)       

From Eqs 15, 10, 11, and 13 

 

 
            Flyash 

 

           Cement 

         Water 

  Air 

WW 

WC 

Wd WA 

V=1 
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         (16) 

From Eqs 14, 12, 11, and 13 

        (17) 

The degree of saturation S is 

                   (18)                             

where VW and VV are the volumes of water and voids, respectively, and are given by Eqs 19 and 20. 

        (19) 

        (20) 

In Eq. 19 and 20, w is the unit weight of water. From Eqs18, 19, 20, 16, and 15 

 S – OMC                                 (21) 

The water-cement ratio, w/c, is 

              (22)             

From Eqs 17, 15, and 16 

      (23) 

From Eq. 23 

      (24) 

For the DA specimens, using w = 9.81 kN/m
3
, MDD = 14.47 kN/m

3
, CC  = 0.15, OMC = 0.206, GA = 

2.2, GC  = 3.15, S = 0.85, and  = 0.95 in Eq.21 the value of  is calculated as  0.03 ( 3%). From 

Eq. 23, the corresponding water-cement ratio is 1.81. The design mix specimens of Dadri fly ash were 

prepared at d = 13.74 kN/m
3
 (95% MDD), w = 23.6% (S = 0.85), and CC = 0.15. Due to reduced unit 

weight, it was relatively easy to compact these specimens and there was no bleeding during 

compaction. The 7-day UCS was 3172 kPa that complied with the EPRI strength criterion. The 28-

day UCS was 3689 kPa. Even though the strength increased with time, the rate of increase was not as 

high as in the RA design mix specimens. The results show that in the determination of fly ash-cement 

design mixes, attention should be paid to the water-cement ratio also, particularly for high MDD-low 

OMC fly ashes. By appropriate selection of d and S of the mixes, it may be possible to achieve the 

required strength by providing adequate water for hydration of cement. Hanehara et al. (2001) 

investigated the effect of water-powder (cement-fly ash) ratio on the pozzolanic reaction of fly ash in 



  

cement paste. They concluded that the higher the water-powder ratio the higher is the reaction ratio of 

fly ash. The results of the present study are in agreement with this conclusion and more experimental 

studies are needed to understand the influence of water-cement ratio on the stabilization of fly ashes 

with cement. 

RESULTS AND DISCUSSIONS ON UNCONFINED COMPRESSIVE STRENGTH OF 

STABILIZED FLY ASHES 

The strength characteristics of cement-stabilized Rajghat and Dadri fly ashes with respect to effect of 

cement content, curing period, method of curing, unit weight and molding water content and the effect 

of seasonal curing on the unconfined compressive strength are presented and discussed. 

Effect of cement content, curing period and immersion of the specimens 

Rajghat Fly Ash 

Figures 3 to 6 show the axial stress-strain behavior of RA specimens stabilized with 4, 6, 8, and 10% 

cement content and cured for different curing periods by the STD method of curing. The unconfined 

compressive strength increased as the cement content increased. The unconfined compressive strength 

also increased with curing period up to a time after which it tended to decrease.  

 

Figure 3: Axial stress-strain curves for RA-04 specimens cures under STD method for different curing periods 

 

 

 

Figure 4: Axial stress-strain curves for RA-06 specimens cured under STD method for different curing periods 
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Figure 5: Axial stress-strain curves for RA-08 specimens cured under STD method for different curing periods 

 

Figure 6: Axial stress-strain curves for RA-10 specimens cured under STD method for different curing periods 

Figure 7 shows the variation of the UCS of the RA (MDD-OMC) specimens with curing period for 

different cement contents. The solid and broken lines are for the STD and IMM methods of curing, 

respectively. The UCS of the RA specimens increased as their cement content increased. For any 

cement content, the UCS increased till a certain curing period and then tended to decrease. However, 

for any cement content the rate of change in strength decreased as the curing period increased. The 

figure shows that the UCS obtained in the IMM method was smaller than that obtained in the STD 

method. The rate of increase in UCS, qu-rate, is defined as 

                                                               (25) 

where, dqu-av is the change in qu-av over curing period dt. Figure 8 shows the variation of the rate of 

increase of UCS for the RA (MDD-OMC) specimens cured by the STD method. The rate of increase 

of UCS was high till about 14 days, decreased drastically during 28-90 days and became very small 

beyond 90 days. Figure 9 shows the variation of the post-test water contents of the RA (MDD-OMC) 

specimens cured by the STD and IMM methods. The immersion of the specimens in water before the 



  

compression test increased their water contents, which probably decreased the UCS of these 

specimens. 

 

Figure 7: Effect of cement content, and the STD and IMM methods of curing on the RA specimens 

The average increase in water content varied from 9-11% in specimens with cement contents of 

4-10% while in the 18% cement content specimens it was slightly lower being about 7%. More 

hydration products would have formed at 18% cement content than at lesser cement contents as 

indicated by their relative values of UCS in Fig. 7. The hydration products would reduce the 

permeability of the material and the pore space available for water absorption. In spite of the 

reduction in strength due to immersion, the 18% cement content specimens cured by the IMM method 

also complied with the EPRI strength criteria. The effect of immersion of the specimens on their 

strength in relation to the strength obtained in the STD method can be 

 

Figure 8: Variation of rate of increase of UCS with curing period 
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Figure 9: variation of post-test water content of the RA (MDD-OMC) specimens with curing period 

quantitatively estimated by computing the ratio R, defined as 

        (26) 

where, qav-t = average UCS at period t, and qav-t(STD) = average UCS at the same period in the STD 

method. The average of all the values of R for the IMM method of curing and the other statistical 

quantities are given in Table 5. The average loss of strength due to immersion was about 11%. 

Dadri Fly Ash  

Figure 10 shows the variation of the UCS of the cement-stabilized DA specimens, cured by the STD 

method, with curing period. The variation is similar to that observed in the RA specimens in Fig. 7. 

 

Figure 10: Variation of the UCS of DA specimens with curing period 

Effect of unit weight and water content 

Figure 11 shows the variation of the UCS with curing period for the 18% cement stabilized RA 

specimens of different unit weights (MDD, 0.95 MDD) and water contents (OMC, dry-of- OMC, wet-

of-OMC). A decrease in unit weight reduced the UCS of the specimens. The decrease was more when 



  

there was a reduction in the water content also. In respect of the effect of immersion of the specimens 

in water before the compression test, Fig. 11 shows the same trend as in Fig. 7 that the immersion 

reduced the UCS of the specimens. All specimens prepared at 95% MDD had the same amount of fly 

ash and cement. But, the specimens with higher initial water content (wet-of-OMC) developed a 

higher UCS than the corresponding specimens of lower initial water content (dry-of-OMC). The 

higher water-cement ratio of the wet-of-OMC specimens might have been favorable for the hydration 

of cement and consequent development of higher strength as was observed in the determination of the 

DA design mix also. The average water content of the MDD-OMC specimens, after immersion, was 

about 34%. It was about 3% more for the specimens prepared at 95% MDD irrespective of their initial 

water contents. Thus, the average increase in the water content of the dry-of-OMC and wet-of-OMC 

specimens was about 15% and 7%, respectively. The EPRI strength criteria were satisfied in all 

combinations of unit weight and water content in both the STD and IMM methods of curing. But, 

because of the qualities of higher UCS and lesser water absorption, the compaction of fly ash-cement 

mixtures at wet-of-OMC appears to be a better option than compacting them at dry-of-OMC. 

Figure 11: Effect of unit weight and water content of UCS of RA-18 specimen 

Effect of the methods of curing 

Figure 12 shows the variation of the UCS of the 18% cement stabilized RA specimens with curing 

period for the STD, ASTM, and HYD curing methods. The influence due to changes in unit weight 

and water content is also brought out in this figure. Figure 13 shows similar variation of UCS for 

the RA specimens whose cement content varied from 4-10% and were cured by the STD, IMM, HYD, 

and ATM methods. According to Figs 12 and 13, the highest UCS was obtained generally in the STD 

method of curing. The differences between the UCS of the specimens cured by the STD method and 

other methods were minimum in the case of ASTM method. The ASTM method produced a slightly 

lower UCS than the STD method. The closeness of the UCS values in these two methods is 

presumably due to the almost identical ambient temperature and humidity conditions that prevailed 

during curing in these two methods. The HYD method of curing generally produced lower values of 

UCS than the ASTM method. The continuous submergence of the specimens probably leached out 

some cement or cemented components. Despite this, the 18% cement content specimens cured by the 

HYD method satisfied the EPRI strength criteria. Figure 13 shows that the strength developed was the 

least in the ATM method of curing where the specimens were exposed to the atmospheric elements of 

light, temperature, rain, and humidity. Due to evaporation of moisture in these specimens adequate 

water might not have been available for the hydration of cement. The immersion of the specimen in 

water before the compression test would weaken the specimens further. This shows the need for 
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applying proper sealing coats at the top and bottom of cement stabilized fly ash base courses so that 

the moisture is retained and the base courses continue to gain strength with time due to hydration of 

cement. 

 

Figure 12: Influence of the methods of curing on the UCS of RA-18 specimens 

 

Figure 13: Influence of the methods of curing on the UCS of MDD-OMC RA specimens (Cc= 4.10%) 

A quantitative comparison of the strength developed in each method of curing vis-à-vis the STD 

method can be obtained by computing the ratio RM, defined as 

     (27) 

where, qav-t = average UCS at period t in a particular method of curing, qav-t(STD) = average UCS at the 

same period in the STD method of curing, and qav-7(STD) = 7 day average UCS in the STD method of 

curing. Equation 27 was used in the case of the HYD and ATM methods as the specimens were cured 

for the first 7 days by the STD method. However, in the case of the ASTM method Eq. 26 was used as 

the specimens were cured from the beginning by the ASTM method. The average of all the values of 

RM for different methods of curing and the other statistical quantities are given in Table 5. The results 

show that the ASTM method of curing gave UCS closer to the STD method, as the average value of 

RM was closer to unity and the variability in results was the least among all the methods of curing. The 



  

ATM method of curing not only gave much lower UCS than the STD method (the average value of 

RM was very small) but also there was a large variability in the results due to the uncontrolled 

variations in the curing conditions. 

Table 5 Average values of ratio RM and statistical quantities for RA specimens 

 Method of curing 

Quantities 

 

IMM* 

 
HYD

 

 

ASTM* 

 
ATM

 

 

Average RM 

Average deviation 

Standard deviation 

Variance 

Coefficient of variation 

95% Confidence Interval 

0.887 

0.096 

0.119 

0.014 

0.134 

0.032 

0.754 

0.258 

0.338 

0.114 

0.448 

0.097 

0.929 

0.068 

0.091 

0.008 

0.098 

0.046 

0.235 

0.135 

0.179 

0.032 

0.762 

0.062 

         *RM = R calculated by Eq. 4.28. 

RM calculated by Eq. 4.29 

Figure 12 shows that the influence of unit weight and water content explained previously with respect 

to the STD and IMM methods (Fig. 11) is true in the case of HYD method of curing also. A reduction 

in unit weight decreased the UCS, while at the same unit weight an increase in water content 

increased the UCS. For a quantitative estimate of the influence of unit weight and water content, the 

values of the ratio RW defined in Eq. 28 were calculated. 

     (28) 

where, qav-t(-w) = average UCS at period t for a particular unit weight and water content, and qav-t(MDD-

OMC) = average UCS at the same period for the MDD-OMC specimens. The average values of RW for 

RA specimens stabilized with 18% cement and the other statistical quantities are shown in Table 6. 

The variability in the results was small. The decrease in the UCS due to reduction in unit weight was 

about 6-7% more in the dry-of-OMC specimens than in the wet-of-OMC specimens. 

Table 6: Average values of RW and statistical quantities for RA specimens 

 Unit weight and water content 

 95% MDD & dry-of-OMC 95% MDD & wet-of-OMC 

 

Quantity 

 

STD, IMM, HYD, 

ASTM 

 

NAT-SUM, NAT-

MON, 

NAT-WIN 

 

 STD, IMM, HYD, 

ASTM 

 

NAT-SUM, 

NAT-MON, 

NAT-WIN 

 Average 

RW 

Average deviation 

Standard deviation 

Variance 

Coefficient of 

variation 

95% Confidence 

Interval 

0.747 

0.055 

0.074 

0.005 

0.099 

0.030 

0.709 

0.070 

0.095 

0.009 

0.135 

0.054 

0.813 

0.062 

0.075 

0.006 

0.092 

0.031 

0.784 

0.057 

0.069 

0.005 

0.088 

0.039 

The values are for CC = 18% only. 

Effect of the methods of curing adopted during the climatic seasons 

Figure 14 shows the influence of the NAT-SUM, NAT-MON, and NAT-WIN methods of curing on 

the development of UCS with time for the RA-18 specimens. In these methods, the specimens were 

first cured by the STD method for 7 days in the laboratory at controlled temperature of about 21C 
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and then in the natural temperature conditions during the summer, monsoon, and winter seasons, 

respectively. The influence of unit weight and water content on UCS was also studied in these 

methods of curing and the results of these tests are also shown in Fig. 14. The influence of the ATM-

SUM, ATM-MON, and ATM-WIN, methods of curing on UCS is also shown in Fig. 14. In these 

methods, the specimens were first cured by the STD method for 7 days in the laboratory at controlled 

temperature of about 21C and then kept exposed directly to the natural atmospheric conditions of 

heat and humidity during the summer, monsoon, and winter seasons, respectively.  

 

The results of the STD method of curing are also shown in Fig. 14 for a visual comparison of the 

strengths obtained in other methods of curing with that obtained in the STD method. For a 

quantitative comparison, the values of the ratio RS defined in Eq. 29 were calculated. 

     (29) 

where, qav-t(S) = average UCS at period t in a particular method of curing in a season. The average 

values of RS and the other statistical quantities are shown in Table 7. The results in Fig. 14 and Table 

7 show that the strength was generally more than that obtained in the STD method of curing when the 

ambient temperature was higher than the STD method and the loss of moisture was prevented during 

curing, as was the case in the NAT-SUM and NAT-MON methods. The increase in strength was more 

during summer than monsoon because of the higher temperature in summer. On the contrary, the 

specimens cured by the NAT-WIN method developed significantly lower strengths, as the ambient 

temperature was lower than that in the STD method.  

 

 

 



  

Table 7: Average values of RS and statistical quantities for RA specimens
a 

Quantities 

 

Method of curing 

NAT-SUM 

 

NAT-MON 

 

NAT-WIN 

 

ATM-SUM 

 

ATM-MON 

 

ATM-WIN 

 

Average 

RS 

Average deviation 

Standard deviation 

Variance 

Coefficient of variation 

95% Confidence 

Interval 

1.415 

0.171 

0.222 

0.049 

0.157 

0.145 

1.076 

0.267 

0.376 

0.141 

0.349 

0.246 

0.209 

0.489 

0.562 

0.316 

2.685 

0.367 

0.533 

0.030 

0.034 

0.001 

0.064 

0.038 

0.617 

0.165 

0.182 

0.033 

0.294 

0.206 

-0.038 

0.104 

0.117 

0.014 

-3.101 

0.133 

The values are for CC = 18% only. 

According to Hanehara et al. (2001) the pozzolonic reaction highly depends on the curing temperature 

and the higher the temperature the higher is the reaction ratio. In tropical countries such as India, the 

average daily temperature is more than 30C for most part of the year. It may therefore be expected 

that in these places the cement stabilized base courses in the field would develop higher strengths than 

that determined in the STD method in the laboratory. In such cases, for gainful utilization of the 

effects due to higher temperature and to avoid development of very high strength in the field, it may 

be necessary to adopt strength values less than those specified in the EPRI manual or the curing 

temperature in the laboratory may be increased. This would decrease the cement content of the design 

mixes and make the adoption of cement stabilized fly ash base courses more cost-effective. Figure 14 

and Table 7 further show that the ATM method of curing gave much lower UCS than the STD 

method irrespective of the curing season. Even here, the influence of temperature on strength 

development was evident as the average values of RS for the ATM-SUM and ATM-MON methods of 

curing were more or less the same, but significantly more than that for the ATM-WIN method. 

CONCLUDING REMARKS 

A laboratory experimental study was carried out to investigate the effect of cement content, curing 

period, controlled and uncontrolled ambient conditions of curing, unit weight, and water content, on 

the development of the strength of cement-stabilized class F fly ashes obtained from Rajghat and 

Dadri thermal power stations with reference to their use as pavement base courses.  X ray diffraction 

analysis and scanning electron microscopic studies were also carried out on the cement-stabilized fly 

ashes. The following are the main conclusions. 

 In the determination of fly ash-cement design mixes for pavement base courses, attention 

should be paid to the water-cement ratio also, particularly for the high MDD-low OMC fly 

ashes. By appropriate selection of dry unit weight and degree of saturation of the mixes, it 

may be possible to achieve the required strength by providing adequate water for hydration of 

cement. More experimental studies are needed to understand the influence of water-cement 

ratio on the stabilization of fly ashes with cement. 

 For any cement content, the unconfined compressive strength increased till a certain curing 

period and then tended to decrease. However, for any cement content the rate of change in 

strength decreased as the curing period increased. The rate of increase in strength was high till 

about 14 days, decreased drastically during 28-90 days and became very small beyond 90 

days. 

 The immersion of the specimens in water before the unconfined compression test increased 

their water contents and decreased their strength. The increase in water content depended on 

the cement content. The average increase in water content varied from 9-11% in specimens 
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with cement contents of 4-10% while in the 18% cement content specimens it was 7%. The 

average loss of strength due to immersion was about 11%. 

 A decrease in unit weight reduced the UCS of the specimens. The decrease was more when 

there was a reduction in the water content also. The lower water content specimens also 

absorbed more water upon immersion. When the fly ash-cement mixture are compacted at 

lesser than MDD values, because of the qualities of higher strength and lesser water 

absorption, compacting these mixtures at wet-of-optimum moisture content appears to be a 

better option than compacting them at dry-of-optimum moisture content. 

 The UCS of the specimens depended on the method of curing. The differences between the 

UCS of the specimens cured by the STD method and the other methods were minimum in the 

case of ASTM method. The ASTM method produced a slightly lower UCS than the STD 

method. The HYD method of curing generally produced lower values of UCS than the ASTM 

method. The strength developed was the least in the ATM method of curing where the 

specimens were exposed to the ambient atmospheric elements of light, temperature, rain, and 

humidity. 

 Studies made by curing the specimens in the uncontrolled ambient temperature conditions of 

the summer, monsoon, and winter seasons showed that the strength was generally more than 

that obtained in the STD method of curing when the ambient temperature was higher than the 

STD method and the loss of moisture was prevented during curing, as was the case in the 

NAT-SUM and NAT-MON methods. The increase in strength was more during summer than 

monsoon because of the higher temperature during these seasons. On the contrary, the 

specimens cured by the NAT-WIN method developed significantly lower strengths than the 

STD method, as the ambient temperature was lower than that in the STD method. 

 EPRI manual recommends the fly ash-cement specimens to be cured at 21C. In tropical 

countries such as India, the average daily temperature is more than 30C for most part of the 

year. It may therefore be expected that in these places the cement stabilized base courses in 

the field would develop higher strengths than that determined in the STD method in the 

laboratory. In such cases, for gainful utilization of the effects due to higher temperature and to 

avoid development of very high strength in the field, it may be necessary to adopt strength 

values less than those specified in the EPRI manual or the curing temperature in the 

laboratory may be increased. This would decrease the cement content of the design mixes and 

make the adoption of cement stabilized fly ash base courses more cost-effective. 
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NOTATION 

The following notation is used in the paper. 

CC = cement content, % 

GA = specific gravity of fly ash  

GC = specific gravity of cement 

DA = Dadri fly ash 

MDD = maximum dry unit weight, kN/m
3
 

OMC = optimum moisture content, % 

qu-av = average UCS, kN/m
2
 

RA  = Rajghat fly ash 

S = degree of saturation 

UCS = unconfined compressive strength, kN/m
2
 

w = water content, % 

 = d/MDD 

d = dry unit weight of fly ash-cement mixture, kN/m
3
 

w = unit weight of water, kN/m
3 
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Application of Geosynthetics in Civil Engineering 
Projects: Indian Scenario 
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INTRODUCTION 

Geosynthetics are a planar product manufactured from a polymeric material (polypropylene, 

polyester, polyethylene, polyamide, PVC, etc) or natural materials and are used with soil, rock, earth, 

or other geotechnical-related material as an integral part of a civil engineering project, structure, or 

system. Products, based on natural fibres (jute, coir, cotton, wool, etc.) may be called as geonaturals 

and are also used especially in temporary civil engineering applications. Such products have a short 

life span when used with earth materials due to their biodegradable characteristics, and therefore, they 

have not many field applications as geosynthetics have.  

In manufacturing geosyntheic products, elements such as fibers or yarns are combined into planar 

textile structures. The general generic term geosynthetics encompass variety of products depending 

upon its characteristics and functions. A geotextile is a permeable geosynthetic made of textile 

materials. Geogrids are primarily used for reinforcement as they are formed by a regular network of 

tensile elements with apertures of sufficient size to interlock with surrounding fill material. 

Geomembranes are low permeability geosynthetics used as fluid barriers. Geotextiles and related 

products such as nets and grids can be combined with geomembranes and other synthetics to take 

advantage of the best attributes of each component. These products are called geocomposites, and 

they may be composites of geotextile-geonets, geotextile-geogrids, geotextile-geomembranes, 

geomembrane-geonets, geotextile-polymeric cores, and even three dimensional polymeric cell 

structures.  

Geotextile type is determined by the method used to combine the filaments or tapes into the 

planar textile structure. The vast majority of geotextiles are either woven or nonwoven. Stiff geogrids 

with integral junctions are manufactured by extruding and orienting sheets of polyolefins. Flexible 

geogrids are made of polyester yarns joined at the crossover points by knitting or weaving, and coated 

with a polymer. 

Geosynthetics has enormous potential to be used in various conditions to replace the conventional 

construction practices. The potential areas are subgrade stabilisation, ground improvement, slope 

stabilisation, reinforced earth, landfill lining and capping system, retaining walls, erosion and scour 

protection measures of river banks. However, since thirty years of inception of these materials, it has 

not find place to be used in all the potential areas. The present paper deals with present status of 

application of geosynthetics in various civil engineering projects in India and its future scope. The 

limitations and barrier in utilisation of this material with recommendations to overcome it is also 

discussed in this paper.  

FUNCTIONS AND APPLICATIONS 

Geosynthetics have following primary functions: 

Separation 

 If the geosynthetic has to prevent intermixing of adjacent dissimilar soils and/or fill materials during 

construction and over a projected service lifetime of the application under consideration, it is said to 

perform a ―separation‖ function. The geosynthetic product Geotextile sare used for the purpose. 



  

Geotextile is a planar, permeable, polymeric textile product in the form of a flexible sheet. Currently 

available geotextiles are classified into the following categories based on the manufacturing process:  

 Woven  Geotextile  

 Nonwoven Geotextile  

 Knitted Geotextile  

 Stitched Geotextile  

Woven geotextiles are made of monofilament, multifilament, or fibrillated yarns, or of slit films and 

tapes. Although the weaving process is very old, nonwoven textile manufacture is a modern industrial 

development. Synthetic polymer fibers or filaments are continuously extruded and spun, blown or 

otherwise laid onto a moving belt. Then the mass of filaments or fibers are either needle punched, in 

which the filaments are mechanically entangled by a series of small needles, or heat bonded, in which 

the fibers are welded together by heat and/or pressure at their points of contact in the nonwoven mass. 

A knitted geotextile are produced by interlooping one or more yarns (or other elements) together with 

a knitting machine, instead of a weaving loom. Stiched geotextile are that in which fibres or yarns or 

both are interlocked/bonded by stitching or sewing.  

Figure 1shows that the geotextile layer prevents the intermixing of soft soil and granular fill, 

thereby keeping the structural integrity and functioning of both materials intact. 

 

Figure 1: Geotextile as a separator 

In many geosynthetic applications, especially in roads, rail tracks, shallow foundations, and 

embankments, a geosynthetic layer is placed at the interface of soft foundation soil and the overlying 

granular layer. In such a situation, it becomes a difficult task to identify the major function of 

reinforcement and separation. Separation can be a dominant function over the reinforcement function 

when the ratio of the applied stress (s) on the subgrade soil to the shear strength (c
u
) of the subgrade 

soil has a low value (less than 8), and it is basically independent of the settlement of the reinforced 

soil system (Christopher, 1985)  

Filtration   

A geosynthetic may function as a filter that allows for adequate fluid flow with limited migration of 

soil particles across its plane over a projected service lifetime of the application  

Figure shows that a geosynthetic allows passage of water from a soil mass while preventing the 

uncontrolled migration of soil particles. When a geosynthetic filter is placed adjacent to a base soil 

(the soil to be filtered), a discontinuity arises between the original soil structure and the structure of 

the geosynthetic. This discontinuity allows some soil particles, particularly particles closest to the 

geosynthetic filter and having diameters smaller than the filter opening size to migrate through the 
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geosynthetic under the influence of seepage flow. The design of geotextile filter is based on two 

criteria based upon its retention of base material and permeability. 

Soil Retention Criterion 

 O95  < α Dw  

O95 = Apparent opening size of geotextile  

α   = 0.5 to 5.0 (a constant) 

Dw = Representative soil particle size 

       = D90 for unidirectional flow 

       = D15 for cyclic flow 

Permeability Criterion 

• Less critical applications and less severe conditions 

Kgt  > Ksoil  

• Critical applications and severe conditions 

   Kgt > 10 Ksoil  

Geosynthetic filter is capable of replacing of conventional massive granular filter which is likely to be 

clogged frequently during service life of structure. A comparision of geotextile filter with granular 

filters are given in Table 1. 

Table 1: Comparison between granular filter and geotextile filter 
Granular Filters 

• Quality control difficult 

• Installation difficult 

• Discontinuities 

• Frequent clogging  

• Large volume of granular material  

• Intimate contact with surface 

 

Geotextile Filters 

• Assured quality with proper selection 

• Easy installation 

• Continuity 

• Clogging over long interval 

• Conserves granular material 

• Requires surface preparation prior to laying  

 The geotextile filters finds application in earthen dams, embankments, engineered landfill etc.  

Drainage 

If a geosynthetic allows for adequate fluid flow with limited migration of soil particles within its 

plane from surrounding soil mass to various outlets, it is said to perform the drainage function. Figure 

2 shows that the geosynthetic layer adjacent to the retaining wall collects water from the backfill and 

transports it to the weep holes constructed in the retaining wall.  

It should be noted that while performing the filtration and drainage functions, a geosynthetic 

dissipates the excess pore water pressure by allowing flow of water in plane and across its plane. 

 

Figure 2: Drainage function of geosynthetic 



  

The geocomposite in combination of geotextile (filter action) and geonet (drainage function) can be 

used for this purpose. It also takes care for load dispersion, too. 

Reinforcement 

A geosynthetic performs the reinforcement function by improving the mechanical properties of a soil 

mass as a result of its inclusion. When soil and geosynthetic reinforcement are combined, a composite 

material, ‗reinforced soil‘, possessing high compressive and tensile strength (and similar, in principle, 

to the reinforced concrete) is produced. In fact, any geosynthetic applied as reinforcement has the 

main task of resisting applied stresses or preventing inadmissible deformations in geotechnical 

structures. In this process, the geosynthetic acts as a tensioned member coupled to the soil/fill material 

by friction, adhesion, interlocking or confinement and thus maintains the stability of the soil mass 

(Vidal, 1978).  

Geogrid are used for reinforcing the soil. It is a planar, polymeric product consisting of a mesh or 

net-like regular open network of intersecting tensile-resistant elements, called ribs, integrally 

connected at the junctions. The ribs can be linked by extrusion, bonding or interlacing and resulting 

geogrid are respectively called extruded geogrid, bonded geogrid and woven geogrid. An extruded 

geogrid produced by the longitudinal stretching of a regularly punched polymer sheet, and therefore it 

possesses a much higher tensile strength in the longitudinal direction than the tensile strength in the 

transverse direction.A geogrid produced by stretching in both the longitudinal and the transverse 

directions of a regularly punched polymer sheet, and therefore it possesses equal tensile strength in 

both the longitudinal and the transverse directions. 

A reinforced earth (RE) technique are mostly used in approaches of fly over where restricted 

width for embankments is available for construction and the face of wall has to remain nearly vertical. 

The practice of RE wall completely eliminates the use of costly retaining walls used for the purpose. 

Saving of the order of 25-50% has been reported where ground conditions are unfavourable and 

suitable backfill materials are locally available (Schlossser and Long, 1973; Jones, 1985). Figure 3 

depicts various components of RE wall.  The stability of RE structure depends upon the adequate 

development of friction bond between soil and reinforcement which will depend upon composition, 

gradation, density of fill material and characteristics of geosynthetics (Christopher, 1990). 

Cohesionless soil compacted to densities that results in volumetric expansion during shear are ideally 

suited for RE structures (Saran, 2006). On the other hand, cohesive fill material develops short term 

instability in structure on account of development of pore water pressure, creep behaviour and frost 

action (Mc Kittrick, 1978). The use of geotextiles as reinforcing elements started in the early 1970‘s 

because of concern over possible corrosion of metallic reinforcement. The maximum heights of 

geosynthetic reinforced walls constructed till date is less than 20 m, whereas steel reinforced walls 

over 40 m high have been built (Holtz, 2001). 

 

Figure 3: Various components of RE wall. 
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Barrier  

Geomembrane are used as impermeable barrier in liner and cover of an engineered landfill. It is a 

planar, relatively impermeable, synthetic sheet manufactured from materials of low permeability to 

control fluid migration in a project as a barrier or liner. The materials may be polymeric or asphaltic 

or a combination thereof. The natural or compacted clay liners are unable to provide required level of 

environmental protection for migration of leachate in sub-soil condition or require greater thickness 

for this purpose. The use of geomembrane as a suplimentary barrier provides an economical means to 

meet the regulatory standard. It can be used in many forms like GCL (geosynthetic clay liner), HDPE 

(high density poly ethylene), LDPE (low density poly ethylene) depending upon the requirement. An 

engineered landfill provides the opportunity to use the geosynthetics in all its functions at different 

places. A typical use of geosynthetics in engineered landfill in its various forms and function are 

depicted in Figure 4. 

 Protection 

A geosynthetic provides surface stabilization when it is placed on a soil surface to restrict movement 

and prevent dispersion of surface soil particles subjected to erosion actions of rain and wind, often 

while allowing or promoting growth of vegetation. Conventional design of cementing the banks is not 

an economical solution due to Hydraulic pressure of the soil. Geotextile gabions, tubes and bags are 

used for the purpose of erosion control of river banks and sea shore. 

 

Figure 4: Schematic diagram of landfill system showing geosynthetics components 

(After Koerner, 2001) 

PRESENT STATUS OF GEOSYNTHETIC TECHNOLOGY IN INDIA 

In spite of all the improvement in geosythetic materials day by day and also its testing facility in the 

laboratory, this material had not find its use to its full potential due to lack of confidence and 

awareness.  In India, the use of geosynthetics had gained confidence in mostly two areas namely RE 

wall construction and engineered landfill applications.  

With rapid development in highway sectors, a net of flyovers are being constructed in almost all 

the cities to cope up with burgeoning pressure of traffic requirements. In almost all the cases RE wall 

construction has replaced the conventional embankments with retaining wall. Now a day, the use of 

waste material is being promoted as a fill material in RE structures. Coal ash/pond ash is a promising 

back fill material to be used in RE structures as the strength of reinforced fly ash is considerably high 

(Gupta, 1995). Compaction of fly ash bed in layers is done with vibratory rollers at OMC. However, it 

may lose their strength considerably upon submergence (Boddu, 2002; Shankar, 2003). Therefore, a 



  

proper drainage must be ensured in RE construction with coal ash as fill material. First geogrid 

reinforced wall with coal ash as fill has been constructed for approach embankment of Okhala bridge, 

New Delhi and traffic was opened on this bridge in 1996. Length of embankment was 59 m and 

height varied from 5.9 m to 7.8 m. Total quantity of fly ash utilised in the embankment was 2700 

cum. The performance of the bridge is found to be good. Hanuman Setu (1997) and Sarita Vihar fly 

over (2001) approach construction are another examples which gives confidence in use of reinforced 

coal ash embankments. 

There are municipal solid waste (MSW) dumps in almost all the major Indian cities but in 

unplanned manner. Now, due to increasing environmental awareness, engineering landfills are being 

planned and constructed in metropolitan cities and other important cities to take care of sub-soil and 

ground water contamination. Similarly, hazarduous landfills are being created by private investment 

to take care of industrial effluents load on commercial basis. , Hazarduous waste dump facilities exists 

in Nimbua (Punjab), Baddi (H.P), Ankaleshwar (Gujrat), Pune (Maharashtra), Cochin (Kerla) and 

more will be coming in other industrial hubs. The geosynthetic materials have a big role in the 

construction of landfills. In the landfills, Geosynthetic products are used to perform all its functions 

viz separation, drainage, fluid barrier, reinforcement etc. 

The use of geosynthetic in all the other potential areas viz. road and rail track construction, river 

protection works, retaining walls, earthen dams, foundations and underground structure are sporadic 

due to lack of confidence. In desert triangle area i.e. Bikaner, Jaisalmer and Barmer districts of 

Rajasthan state where dune sand (fine uniformly graded sand) exists, problem of intruding the 

granular layers in prepared subgrade exists, resulting in more consumption of granular materials and 

wavy surface. The stabilisation of dune sand with additives and binders had been tried number of 

times but became cost prohibitive. An intrusion of geotextile layer at the interface of subgrade sand 

and granular materials as a separator could be more economical. The same thing happens in railway 

track over over soft ground. The recommended approach for designing, selecting, and specifying 

geosynthetics is no different than what is commonly practiced in any geotechnical engineering design. 

First, the design should be made without geosynthetics to see if they really are needed. If conventional 

solutions are impractical or uneconomical, then design calculations using reasonable engineering 

estimates of the required geosynthetic properties are carried out. Most appropriate and economical 

geosynthetics is selected, consistent with the properties required for its design functions, ability to 

survive construction, and its durability. Testing and properties evaluation of the geosynthetic is 

necessary. Finally, design with geosynthetics is not complete until construction has been satisfactorily 

carried out. Therefore, careful field inspection during construction is essential for a successful project.  

BARRIERS IN USE OF GEOSYNTHETICS  

 Non-avilability of BIS standard on geosynthetic materials and standard code of practice for 

use of geosynthtic. Still ASTM standards/British codes are being followed in India. 

 Very few standard laboratory facilities for testing of geosynthetic materials in our country. 

 Most often claim of performance by the manufacturer of the material do not fall in line with 

laboratory testing results and could not be observed in the actual field performance. 

 Non-awareness among field engineers and hence they try to resist the use of something new 

for them in the field. 

 Geosynthetic materials not being included in regular course curricula at undergraduate level 

in the most of technical institutions. 
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The geosynthetic materials have a lot of potential to be used in civil engineering projects. Though the 

use of geosynthetic materials has got well recoginition in the construction of embankments and 

landfills, other areas are still lacking. Some confidence building measures could be adopted by 

imparting requisite knowledge at undergraduate level and organising short term courses training for 

field engineers. Formulation of standard code of practice for Indian conditions is utmost requirement 

and testing facility may be enhanced to be accessible for every user at reasonable distance. 
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Ground Improvement and Ground Control including Waste Containment  
with Geosynthetics 

India with over 1 billion population is rapidly emerging as superpower and set itself the target of 

becoming a developed nation by the year 2020 thereby, the immediate major focus is on the 

infrastructure development. The increasing tempo of construction and decreasing availability of 

good construction sites is putting a pressure on the civil engineers to think for methods of 

utilizing even the poorest of sites. Moreover, rapid urban and industrial development pose an 

increasing demand for land reclamation, utilization of unstable and environmentally affected 

ground and safe disposal of waste. Many of the geoenvironmental challenges caused by the 

improper waste disposal practice in developing countries like India result in producing huge 

quantities of green house gas emissions. Increasing level of generation of waste and the rise in 

pollutants level has forced India to search for new alternatives to conventional systems. The 

advent of geosynthetics has opened up a world of opportunities. Several ground improvement 

techniques have been developed to transform a weak soil and/or waste and contaminated sites 

into a stratum of desired strength and compressibility as per the design requirements with an 

adequate safety. Therefore, the civil engineers need a continuous updating of their knowledge in 

the field of ground improvement and waste containment. The main objective of this course is to 

enhance and update the knowledge of the participants about the different ground improvement 

techniques used world over and their appropriate application considering the local conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Guru Nanak Dev Engineering College, Ludhiana is the oldest engineering college in North India; 
established in the year 1956 by the Nankana Sahib Education Trust (NSET). The NSET was founded in 
the memory of the most sacred temple of Nankana Sahib, birth place of Guru Nanak Dev Ji. Shiromani 
Gurdwara Parbandhak Committee (SGPC), Amritsar, a premier organisation of universal brotherhood, 
was the main force behind the mission of Removal of Economic Backwardness through Technology. The 
college is an ISO 9001-2008 certified institute having all the courses accredited by the National Board of 
Accreditation (NBA). 
 

Department of Civil Engineering offers academic programs leading to the award of degree in 
B.Tech; M.Tech and Ph.D. degree by the Punjab Technical University, Jalandhar. The Department is a 
QIP centre of AICTE for pursuing research leading to PhD in the Civil Engineering and is well known in 
the region for imparting consultancy services to various Government, Semi Government and private 
organisations. 

                                                                                                                           


