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ABSTRACT 

 
This research presents a cost effective and environmental friendly chemical solution to 
stabilize fine sand against excessive pore water pressure generation during an undrained  
loading condition. Seven additives were chosen to find suitable sand additive 
combinations for stabilization purpose. Series of consolidated undrained triaxial tests 
and unconfined compression tests were conducted on different sand additive 
combinations on specimen size of 38.1 mm diameter and 76.2 mm height prepared by 
the moist tamping method using 10% moisture content. Curing was done by spraying 
water at an equal time interval. During triaxial test back pressure, saturation was done 
and pore pressure parameter B value was kept between 0.90~0.95. A preliminary test 
program was conducted before starting the stabilization phase. A group of samples with 
relative density  50% were prepared with fine sand and 5% of seven different additives, 
namely ordinary Portland cement(OPC), Portland cement(PC), bentonite, gypsum, 
lime, slag and fly ash to observe the individual performance of additives. Almost 50 
unconfined compression tests were conducted on 7, 14 and 28 days cured samples and 
7 consolidated undrained triaxial were conducted on 28 days cured samples. From the 
test results, it was observed that cement mixed samples exhibited the highest strength 
and lowest pore water pressure in all curing ages. Bentonite and gypsum mixed samples 
showed good strength and less pore water pressure after 28 days curing. Lime, slag and 
fly ash treated samples showed very poor strength and high pore water pressure in all 
curing ages. On stabilization phase considering the future availability of fly ash in 
Bangladesh it was attempted to utilize fly ash to stabilize fine sand. To stabilize fine 
sand another group of samples with relative density 25% were prepared with sand and 
combinations of different percentage of additives as (slag, lime, fly ash and Portland 
cement). It was observed that sand treated by increasing the percentage of fly ash 
decreased the strength of samples and generate more pore water pressure. To reduce 
pore water pressure slag, lime and Portland cement were added and the observation was 
addition of Portland cement was more effective than the addition of lime and slag. 
Because only 7% to 14% Porlant cement increased the strength of sand-fly ash sample 
a lot and decreased pore water pressure while the percentage of fly ash is high. On the 
basis of test results, suitable combinations as sand combined with 20% fly ash and 7% 
PC and sand combined with 40% fly ash and 14% PC were proposed for improving 
loose sandy deposits against liquefaction and other possible hazards.  
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Chapter 1 

INTRODUCTION 

 

1.1    General 

The increasing population of Bangladesh demands rapid expansion of cities. New 

areas are being developed by filling lowlands with dredge fill material, which is 

mostly silty fine sand. Loose fills, such as those placed without compaction, are very 

likely to be susceptible to liquefaction and the resulting damage could be severe. 

Many research works have been conducted on this problem [Rashid (2000); Rahman 

(2004); Ahmed (2005); and Rizvi (2014)]. 
 
From the Geotechnical engineering point of view, ground improvement may be 

defined as to increase shear strength, reduce compressibility and permeability of soil 

depending on the specific needs of a given project at a given site. Engineering 

behavior and performance of the soil are effectively improved by various ground 

improvement techniques developed over the last century.  
 
Ground improvement techniques reduce the hazard associated with an earthquake, 

particularly those associated with liquefaction in earthquake prone areas. Several 

studies have been conducted to stabilize fine sand using various additives like cement, 

lime, bentonite and fly ash [Hasan (2002); El Mohtar et al. (2014); Porcino et al. 

(2015); Keramatikerman and Chegenizadeh (2017); and Gallagher and Mitchell 

(2002)].  
 
The overall aspect of this research work was to find out a cost effective and 

environment friendly additive combinations for stabilization of fine sand.  

1.2    Background and Present State of the Problem 

Rapid urbanization in developing countries like Bangladesh is invading the area of 

cities to provide basic requirements (habitation, employment opportunity etc.) of  the 

huge number of people coming from rural areas. Low lands, lakes, ponds and even 

rivers are being filled to develop infrastructures. In our country, this filling is done 

with locally available river sands which are vulnerable to earthquake. Stabilization is 

one of the most economical and desirable methods for improving the strength, 

durability and resistance of deformation of both in situ and reclaimed soils.  
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Again about 36,806 m3 of fly ash are produced annually in Bangladesh due to 

dumping from thermal power plants alone, and is estimated to reach an alarming 

2,68,969 m3 volume by Tamim et al. (2013), resulting in alarming environmental 

degradation, which needs to be addressed urgently. Recycling of fly ash has been 

under active consideration, and reusing it as an additive for improving the liquefaction 

has also drawn attention of many scholars [Prabakar et al. (2004)].  
 
Winterkorn and Fang (1975)  defined soil stabilization as the collective term for any 

physical, chemical or biological methods, employed to improve certain properties of a 

natural soil to make it serve adequately an intended engineering purpose. The 

different uses of soil demand various requirements of mechanical strength and 

resistance to environmental forces.  
 
Ismail et al. (2002) carried out triaxial tests on specimens treated with various 

cementing agents, including Portland cement, gypsum, and calcite. Their results 

showed that despite having the same unconfined compression strength (qu) and 

density, the effective stress paths and post-yield response of these materials might be 

significantly different, mainly because of the different volumetric response of the 

cemented granular materials during shear. 
 
Rotta et al. (2003) performed a lab-scale study to simulate the formation of 

cementation in a soil matrix at different depths in a sedimentary deposit. In this 

experiment, isotropic unconfined compression tests were carried out of artificially 

cemented specimen with Portland cement.  
 
1.3    Objectives 

 
The overall objective of the present research is to stabilize fine sand with various 

additives. The specific objective includes: 

i) To establish the strength-deformation characteristics and pore-pressure    

distribution of the selected fine sand using various additives such as fly ash, 

lime, slag, gypsum, bentonite, ordinary Portland cement and Portland  cement. 
 

ii) To compare the characteristics of different stabilized fine sand to select the    

suitable additive. 
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1.4    Methodology 

The methodology or experimental design of the research work: 
 
i) Sandy soils dredged from the Padma River were collected from CNB Ghat 

Faridpur, Bangladesh. Additives such as ordinary Portland cement, Portland 

cement, fly ash, lime, slag, and gypsum were collected from Bashundhara 

Cement Factory in Dhaka, Bangladesh. Bentonite was collected from a local 

market in Dhaka. 
 

ii) A series of laboratory test were conducted on collected sand samples and 

additives according to ASTM standard to determine their index properties. 
 
iii) Test specimens of size 76.2 mm in height and 38.1 mm in diameter were 

prepared using the moist tamping method. 10 percent water was mixed with dry 

samples during sample preparation and soil was compacted in three equal 

layers by a light weight wooden hammer delivering number of blows 

(determined by trials) to each layer to achieve the targeted density. 
 
iv) A series of unconfined compression tests were conducted on a group of 

stabilized samples and consolidated undrained triaxial tests were conducted 

both for sand and stabilized samples to determine the strength-deformation 

characteristics and pore pressure development. Based on the test results 

optimum content of stabilizers were suggested with sand against liquefaction 

and other possible hazards. 

1.5    Thesis Layout 

The complete research work for achieving the stated objectives is divided into a 

number of chapters so that it becomes easier to understand the chronological 

development of the work. Briefly the contents of each chapter are presented below: 
 
Chapter One describes the background of this study and objectives. Finally the 

organization of the thesis is summarized in this chapter  
 
Chapter Two presents a literature review summarizing what is currently understood 

about the effects of natural and artificial cementation on soil behavior and previous 

works on improving static liquefaction susceptibility of sandy soil. 
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Chapter Three discusses the materials, methods and experimental setup that was used 

in the laboratory testing stage specially unconfined compression test and monotonic 

triaxial test of stabilized and unstabilized fine sand. 

Chapter Four presents the results from unconfined compression test and monotonic 

triaxial test and discussion of results. 
 
Chapter Five presents the overall conclusions from this research study, which was 

obtained from the tests that were conducted, along with recommendations for future 

research on improving fine sand. 



                                                                                                                                

 

Chapter 2 

LITERATURE REVIEW 

 

2.1    General 

 
There are two major weaknesses of fine sand lack of shear strength and another is its 

susceptibility of liquefaction due to static and dynamic loading when it gets saturated 

in loose condition. To stabilize fine sand by increasing shear strength and decreasing 

the pore pressure generation several studies have been conducted using various 

additives [Rashid (2000); Rahman (2004); Ahmed (2005); and Rizvi (2014)]. It is 

evident that earth structures, such as embankments, highways, airport runways, dams 

or reclamation appurtenances require soils with sufficiently good engineering 

properties such as low plasticity, high bearing capacity, low settlements, etc. In the 

early days, engineers could avoid unsuitable site or unsuitable construction material 

source whenever the required condition did not fulfilled.  
 
Nowadays, as engineers are concerned about the stability of the soil under 

construction, they are also worried about the economics of the stabilization method. In 

the developing countries, considering the conventional construction materials that are 

being adopted in the country today, there appears to be an ample scope for exercising 

further economy by the way of incorporating locally available materials and adopting 

the soil stabilization technique to the maximum extent possible. 
 
In this chapter stabilization of soil, performance of seven additives for soil 

stabilization, the causes of static liquefaction their identification and consolidated 

undrained triaxial test is discussed briefly. 

2.2    Soil Stabilization 

According to Khan (1989) stabilization is considered as a technique that is applied 

only when there is a particular and obvious deficiency in a material. The deficiencies 

are mainly associated with inadequate strength or stiffness, excessive sensitivity to 

changes in moisture content, high permeability, poor workability and tendency to 

erode [Shahriar et al. (2016) and Shahriar et al. (2018)]. Stabilization is also a means 

by which an engineer can better command a situation by altering the properties of 

materials to optimize benefits. Hence the concept of stabilization should extend 

beyond the remedial type treatment to be a general tool applied to design and 
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construction. There are a number of methods of soil stabilization for improving the 

physical and engineering properties. Undoubtedly, the most widely applied methods 

involve the use of inorganic cementation bonds between the particles in the soil 

system. Full use of the potential of stabilization requires an awareness of the various 

methods available, their preferred applications and limitations, their properties and 

means of evaluation and their constructive requirements. One of the relevant factors 

affecting the selection of the most suitable method of stabilization is the type of soil to 

be treated other factors are additives. 
 
Soil stabilization aims at improving soil strength and increasing resistance to 

softening by water through bonding the soil particles together, waterproofing the 

particles or combination of the two [Sherwood (1993)]. Usually, the technology 

provides an alternative provision structural solution to a practical problem. The 

simplest stabilization processes are compaction and drainage (if water drains out of 

wet soil it becomes stronger). The other process is by improving gradation of particle 

size and further improvement can be achieved by adding binders to the weak soils 

[Rogers and Glendinning (1996)]. Soil stabilization can be accomplished by several 

methods. All these methods fall into two broad categories [FM5-410 (2012)] as 

described below. (i) Mechanical stabilization (ii) Chemical stabilization. 

i) Mechanical stabilization  

Under this category, soil stabilization can be achieved through physical process by 

altering the physical nature of native soil particles by either induced vibration or 

compaction or by incorporating other physical properties such as barriers and nailing. 

Mechanical stabilization is not the main subject of this review and will not be further 

discussed.  

ii) Chemical stabilization  

Under this category, soil stabilization depends mainly on chemical reactions between 

stabilizer (cementitious material) and soil minerals (pozzolanic materials) to achieve 

the desired effect. Chemical stabilization method is the fundamental of this thesis. 

Through soil stabilization, unbound materials can be stabilized with cementitious 

materials (cement, lime, fly ash, bitumen or a combination of these). The stabilized 

soil materials have a higher strength, lower permeability and lower compressibility 
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than the native soil. The method can be achieved in two ways, namely; (i) In situ 

stabilization and (ii) Ex-situ stabilization. Note that, stabilization not necessarily a 

magic wand by which every soil properties can be improved for better. The decision 

to technological usage depends on which soil properties have to be modified. The 

chief properties of soil which are of interest to engineers are volume stability, 

strength, compressibility, permeability and durability [Ingles and Metcalf (1972); 

Sherwood (1993); Euro Soil Stab (2002)]. For a successful stabilization, a laboratory 

test followed by field tests may be required in order to determine the engineering and 

environmental properties. Laboratory tests, although may produce higher strength 

than corresponding material from the field, but will help to assess the effectiveness of 

stabilized materials in the field. Results from the laboratory tests, will enhance the 

knowledge on the choice of binders and amounts [Euro Soil Stab (2002)].  

2.3    Components of Chemical Stabilization 

Soil stabilization involves the use of stabilizing agents (binder materials) in weak soils 

to improve its Geotechnical properties such as compressibility, strength, permeability 

and durability. The components of stabilization technology include soils and soil 

minerals and stabilizing agent or binders (cementitious materials). These are hydraulic 

(primary binders) or non-hydraulic (secondary binders) materials that when in contact 

with water or in the presence of pozzolanic minerals reacts with water to form 

cementitious composite materials. The commonly used binders are: 

i) Ordinary Portland Cement 

ii) Portland Cement 

iii) Lime 

iv) Fly Ash 

v) Slag 

vi) Bentonite 

vii) Gypsum 

 
2.3.1    Ordinary Portland Cement  

According to Hausmann (1990) the most common used additive for soil stabilization 

is ordinary Portland cement. Cement is the oldest binding agent since the invention of 

soil stabilization technology in 1969‟s. It may be considered as a primary stabilizing 

agent or hydraulic binder because it can be used alone to bring about the stabilizing 
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action required [Sherwood (1993); Euro Soil Stab (2002)]. Cement reaction is not 

dependent on soil minerals, and the key role is its reaction with water that may be 

available in any soil [Euro Soil Stab (2002)]. This can be the reason why cement is 

used to stabilize a wide range of soils. Problems may be encountered with soils which 

contain excessive amounts of organic matter, sulfates, or salts. Whether sulfate-

resisting cements are of benefit or not is disputed. Additives such as retarding agents 

could be appropriate where a delay in compaction after mixing is expected. Lime 

addition assists comminution and mixing with cement, while calcium chloride has 

been used in the presence of organic matter. Fly ash may partially replace cement and 

act as a filler. Soils with cement admixtures are generally termed cement-stabilization 

or simply cement-treated. Mitchell (1976) reserves the name soil-cement for hardened 

mixtures of Portland cement, soil, and water that contains sufficient cement to pass 

the ASTM- PCA durability (wet-dry and freeze-thaw) tests. 

2.3.1.1    Soil-Cement Water Reactions 

The reaction of cement and water forms cementitious calcium silicate and aluminate 

hydrates, which bind soil particles together. The hydration releases Ca(OH)2, slaked 

lime, which in turn may react with components of the soil, such as clay minerals.  

While hydration occurs immediately upon contact of cement and water, secondary 

reactions are slower and may go on for many months, similar to soil-lime interaction. 

Because the primary reaction (hydration) is independent of the soil type, cement 

stabilization is effective for a wide range of soils. Difficulties are usually only 

encountered with highly organic soils or coarse gravels. If the latter need stabilization 

at all, additional granular admixtures may assist. With fine-grained soils, limits of 

applicability may be imposed by the difficulty of mixing, particularly with wet, highly 

plastic clays (liquid limit > 40%); in such a situation, treatment with quicklime may 

be more advantageous.  

2.3.1.2    Engineering Benefits of Cement Stabilization 

Major gains in the cement treatment of soils are 

i) Increased strength and stiffness 

ii) Better volume stability (less moisture sensitivity, control of frost heave) 

iii) Increased durability 
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2.3.1.3    Density and Plasticity 

Kezdi (1979) reports that cement treatment may slightly increase the proctor 

maximum dry density of sands and highly plastic clays, but that of silts may be 

decreased; small changes in the optimum moisture content also occur. Cement 

reduces the plasticity index of a cohesive soil. Whether this is mainly due to an 

increase in the plastic limit or a reduction of the liquid limit depends on the type of 

soil. 

2.3.1.4    Strength 

The strength of cement-stabilized cohesionless soil increases with higher densities. 

For cohesionless soils with and without cement, water content and method of 

compaction are also important. Other factors, such as the time elapsed between 

mixing and compaction, length of curing, temperature, humidity, and specimen size 

should also be considered when comparing laboratory test results. 

2.3.1.5    Swelling and Shrinkage 

Even small additions of cement to an expansive subgrade soil significantly reduce 

shrinkage and swell, generally below 1%, cement also provides stability against 

freeze-thaw cycles and repeated wetting and drying.  

2.3.1.6    Cracking 

Cracking of cement-treated pavement layers take place initially because of hydration 

of the cement and drying of the soil. Later, traffic may induce fatigue cracking. Both 

types of cracking are considered in the design of a pavement incorporating stabilized 

layers. 

2.3.2    Lime  

According to Hausmann (1990) lime provides an economical way of soil stabilization. 

Lime modification describes an increase in strength brought by cation exchange 

capacity rather than cementing effect brought by pozzolanic reaction [Sherwood 

(1993)]. In soil modification, as clay particles flocculate, transform natural plate like 

clay particles into needle like interlocking metallic structures. Clay soils turn drier and 

less susceptible to water content changes [Rogers and Glendinning (1993)]. Lime 

stabilization may refer to a pozzolanic reaction in which pozzolana materials react 
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with lime in the presence of water to produce cementitious compounds [Sherwood 

(1993); Euro soil Stab (2002)]. 

For engineering, soil modification, lime is used in the form of quicklime, CaO, or 

hydrated lime, Ca(OH)2. A third version of lime, CaCO3, is used for agricultural 

purposes only. 

Quicklime (calcium oxide) is delivered in the form of a coarse-grained powder with a 

bulk density of 0.85 to 1.05 t/m3. It reacts quickly with water, producing hydrated or 

slaked lime, generating considerable heat, and causing a volume increase:    

                                   CaO +H2O → Ca (OH)2 + 65.3 kJ/mol                                 (2.1) 

On a construction site, the slaking process typically creates clouds of steam. 

Quicklime must be handled with care; it will burn exposed skin when moisture is 

present. It may also cause corrosion of equipment. Slaked lime is used in the form of a 

fine powder with a bulk density or 0.45 to 0.6 t/m3 or as a slurry with a water content 

of 80% to 100%. 

Quicklime is more cost-effective than slaked lime in terms of handling and transport. 

Impurities such as silica, alumina, or carbonates may reduce the reactivity of 

commercial lime but are not harmful. Dolomitic lime, which contains significant 

amounts of magnesium oxide, is not as effective as calcium lime. 

2.3.2.1    Hydration 

Quicklime will immediately react with the water in the soil. This drying action is 

particularly beneficial in the treatment of moist clays. In the placement of lime 

columns and layers, the heat generation and expansion of the lime further enhance the 

consolidation effect. 

2.3.2.2    Cementation 

Cementation is the main contributor to the strength of the stabilized soil. The higher 

the surface area of the soil, the more effective is this process; note that lime is not 

suitable for improving clean sands or gravels. Cementation is, however, limited by the 

amount of available silica. Increasing the quantity of lime added will increase strength 

only up to the point where all the silica of the clay is used up; adding too much lime 
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can actually be counterproductive. This is in contrast to stabilization with cement, 

where strength continues to improve with the amount of admixture. 

2.3.2.3    Evaluation of Soil Reactivity 

Lime is primarily used for the treatment of clayey soils. It is not very effective for 

cohesionless soils unless other materials are also added, such as fly ash, furnace slag, 

or other pozzolans. A soil where lime treatment leads to cementation is termed a 

“reactive” soil. According to Dunlop (1977) a reactive soil will give CBRs in excess 

of 100 or unconfined strengths higher than 0.86 MPa after lime treatment. Less 

reactive are illites, kaolinites and chlorites. Despite this knowledge, it is still prudent 

to carry out conventional laboratory soil testing in order to evaluate the reactivity of a 

particular material, rather than rely on physicochemical index properties, such as 

surface area and exchange capacity. 

A quick indication of the soil response to lime can be gained from measuring the 

penetration resistance of a compacted sample of the original and treated soil with a 

proctor needle. This may, however, not be very helpful in identifying soils with 

relatively low reactivity [Dunlop (1977)].  

Another test consists of submerging a specimen of treated and untreated soil in the 

water. If the original soil disintegrates, but the lime additive helps to maintain its 

shape, then some cementation must occur and the soil is at least partially reactive. 

Practical lime admixture ranges from 2 to 8%. Optimal and or most-economical mixes 

should be determined using the appropriate performance–related laboratory 

procedures, such as the CBR or Texas triaxial tests. Moist curing for 28 days before 

testing is desirable, but in industry CBR samples may only be cured for 1 to 4 days 

prior to soaking and testing. 

2.3.3    Fly Ash  

According to Hausmann (1990) fly ash is a byproduct of coal fired electric power 

generation facilities; it has little cementitious properties compared to lime and cement. 

Most of the fly ashes belong to secondary binders; these binders cannot produce the 

desired effect on their own. However, in the presence of small amounts of activator, it 

can react chemically to form a cementitious compound that contributes to improved 
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strength of soft soil. Fly ash is readily available, cheaper and environment friendly. It 

is a solid waste product created by the combustion of coal; it is carried out of the 

boiler by flue gases and extracted by electrostatic precipitation or cyclone separators 

and filter bags. Its appearance is generally that of a light to dark gray powder of 

predominantly silt size. Ash removed from the base of the furnace is termed bottom 

ash or boiler slag. It is coarser than fly ash, ranging in size from fine sand to gravel. 

As much as a quarter of the ash produced may be bottom ash. 

Bottom ash serves well as structural fill and in road construction. Fly ash used as a 

partial replacement for cement in concrete because of its pozzolanic properties; it is 

also the form of ash, which has the greatest potential for use in ground modification. 

In 1986 some 65 to 70 million metric tons of fly ash were produced in the United 

States alone. Only 15 to 20% of this massive amount was used constructively; less 

than half of that was used in the manufacture of concrete. The rest is pumped in slurry 

from into lagoons or is conditioned by the addition of 10 to 15% water and disposed 

of as more or less engineered landfill. Making more productive use of fly ash would 

have considerable environmental benefits, reducing land, air, and water pollution. 

Increased use as a partial cement or lime replacement would also represent a savings 

in energy (fly ash has been called a high-energy waste material). Besides using fly ash 

alone as a structural fill material, scope exists for employing techniques of ground 

modification to find more medium-to high-volume applications in the following ways: 
 

i) Add cement or lime to stabilize the fly ash. 

ii) Stabilize soils with cement-lime-fly-ash mixes. 

iii) Use fly ash in the containment of toxic wastes. 
 

The Electric Power Research Institute has produced a comprehensive design manual 

for the use of fly ash in structural fills and highway embankments and for subgrade 

stabilization and land reclamation [EPRI (1986)]. 

2.3.3.1    Properties of Fly Ash 

Fly ash is a heterogeneous material. Factors affecting the physical, chemical and 

engineering properties of fly ash include: 

i) Coal type and purity. 

ii) Degree of pulverization. 
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iii) Boiler type and operation. 

iv) Collection and stockpiling methods. 
 

There is no single chemical or physical property which gives a reliable indication of 

the pozzolanic reactivity of fly ash. Cementitious calcium silicate and calcium 

aluminosilicate hydrates are formed when the glassy components of the fly ash 

(3Al2O3. SiO2 or “mullite”) reacts with water lime. Critical to the pozzolanity of fly 

ash are conditions such as 

i) Amount of silica and alumina in the fly ash. 

ii) Presence of moisture and lime.  

iii) Fineness of the fly ash (surface area). 

iv) Low carbon content. 
 

The degree of self-hardening of ash is also highly dependent on the ash‟s density, 

temperature, and age. 

ASTMC618 distinguishes between class F and class C fly ash. Class F fly ash is 

normally produced from burning anthracite or bituminous coal; it has pozzolanic 

properties, which means that it will react with lime to form cementitious compounds. 

Class C fly ash is normally produced from burning subbituminous or ignite the coal; 

in addition to being pozzolanic, it has cementitious properties of its own.  

2.3.3.2    Engineering Properties of Fly Ash 

The specific gravity of the ash particle ranges from 1.9 to 2.5, which is below that 

normally measured for soil solids. Some of the ash particles may actually float if they 

consist of hollow glass spheres (cenospheres); these have numerous industrial 

applications. The average grain size D50 of fly ash is likely to be in the range of 0.02 

to 0.06 mm. Fly ash is neoplastic and, in a dry state as collected, completely 

cohesionless. This lack of cohesion makes nonhardening fly ash, highly erodible. In a 

moist, unsaturated state, surface tension of the pore water gives fly ash an apparent 

cohesion; if and when a pozzolanic reaction occurs, considerable unconfined 

compressive strength is observed, increasing with age. The friction angle as measured 

in consolidated drained triaxial tests is typically on the order of 30o, but values as low 

as 20o and as high as 40o have been reported. 
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As a guide, compacted ash may have a dry density anywhere between 1.2 and 1.9 t/m3 

and a corresponding optimum moisture content ranging from 30 down to 15%; 

however, more extreme values are also reported in the literature, such as ɣdmax = 0.7 

t/m3 and wopt = 60%. Low compacted density points to a potential advantage in the use 

of fly ash as backfill or an embankment material: low unit weight means low 

overburden pressure and, combined with a high friction angle, also low earth 

pressures Hausmann (1990). 

2.3.3.3    Fly Ash Stabilized with Lime, Cement and/or Aggregate 

The use of mixtures of lime (L) or cement (C) and fly ash (F) with aggregate (A) 

giving LFA, CFA or LCFA bases or subbases for pavements is relatively well 

established in moist countries. Guideline for design and construction were given by 

Barenberg (1974) and others. Many local authorities have published criteria for the 

incorporation of pozzolanic materials with cement or lime in aggregate layers, either 

rated as bound or unbound layers, e.g., depending on whether their indirect tensile 

strength is above or below 80kPa [NAASRA (1986)]. 

To build a subbase or base course with lime or cement-stabilized ash lone is not yet 

common, but this is one of the high-volume ash applications being promoted by ash 

producers. 

2.3.3.4    Soils Modified with Fly Ash and Cement or Lime 

For cohesionless soils or soils with very low plasticity (plasticity index < 10), cement 

will be more effective than lime, either alone or when combined with fly ash. For 

more plastic soils, either cement or lime may be added with fly ash. Only a soil testing 

program can indicate optimal mixes and relative economies. Fly ash could also serve 

as a filler in the bituminous stabilization of coarse-grained materials. 

Stabilization of a sandy road base with a fly-ash cement mix, rather than cement 

alone, creates a less-permeable stiffer layer. This may result in reduced long-term 

maintenance. Initial financial benefits depend on local material and transport costs. It 

has also been demonstrated that cement-fly ash–sand or cement-fly ash-gravel 

mixtures shrink less than soil-cement mixtures [Natt and Joshi (1984)]. Greater 

shrinkage is observed in these combinations if the cement is replaced by lime 

[Hausmann (1990)]. 
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2.3.3.5    Fly Ash in Bangladesh-Source of Concern  

According to [Tamim et al. 2013] the total fly ash produced in Bangladesh by thermal 

power plants is still concentrated in Barapukuria Thermal Power plant due to its lone 

existence. Fly ash produced is dumped in a dry embankment of capacity 183,000MT, 

which is already two-third filled with 2012. Each passing year, an additional 52,000 

MT of fly ash is being added. But this is only the present scenario. 

The Government of Bangladesh plans to build 6 more Thermal power Plants, out of 

which two have already gained momentum. While the 250 MW Barapukuria power 

plant (phase-2) is on tendering stage, the 1300 MW Rampal Power Plant in Khulna is 

under construction. The Barapukuria Power plant (phase-2) will run on coal from 

Barapukuria Coal field ex-tracts, whereas the proposed Rampal thermal Power plant 

will derive its fuel from coal imported from India joint collaboration with NTPC 

[Hashim (2013)]. 

If the available fly ash data is linearly interpolated, the annual production of fly ash 

will rise to 3.77x108 kg annum from 2018 onwards, considering that only a total of 3 

specified power plants will be in production. 3.77x108 kg of fly ash will occupy nearly 

268969 m3 volume under loose condition. 

For a densely populated country like Bangladesh, where on an average 1142 people 

reside per square kilometer population density data [Jan (2010)], this volume of fly 

ash (approximately268969 m3) is an astronomical amount to dispose of. Analogically, 

268969 m3 translates to fill-in 11 international standard football fields one story 3 m 

high per year. Already the dry embankment used as a dumping site for fly ash has 

been two-third full and procurement of a new disposal site is a necessity. Inadequate 

laws to govern fly ash disposal aggravates the situation. No specific law governs 

criteria for fly ash disposal. In contrast, our neighboring country, India, is quite 

concerned about this potential problem. The Ministry of Environment and Forest 

(MoEF) issued a regulation for progressive utilization of fly ash. According to this 

law, all coal based thermal power plants must utilize 100% of fly ash produced within 

a stipulated  time limit, which varies from 9 years to 15 years, depending on the 

tenure of operation of the power plant [Gazette of India (1999)]. Unfortunately, such 

type of legislation is still absent in Bangladesh, causing neglect of power plant, 

authorities  initiate fly ash utilization strategies.  



                                                                                                                                       

16 

 

2.3.4    Blast Furnace Slag  

Slag is the byproduct in pig iron production. The chemical compositions are similar to 

that of cement. It is, however, not cementitious compound by itself, but it possesses 

latent hydraulic properties which upon addition of lime or alkaline material the 

hydraulic properties can develop [Sherwood (1993) and Åhnberg et al. (2003)]. 

Depending on the cooling system Sherwood (1993) itemized slag in three forms, 

namely: 

i)  Air-cooled slag hot slag after leaving the blast furnace may be slowly cooled 

in open air, resulting into crystallized slag which can be crushed and used as 

aggregate. 

ii)  Granulated (merit 5000) or palletized slag Quenching (i.e. Sudden cooling 

with water or air) of hot slag may result in formation of vitrified slag. The 

granulated blast furnace slag or Merit 5000 (commonly known in Sweden) 

are a result of the use of water during quenching process, while, the use of air 

in the process of quenching may result in formation of palletized slag. 

iii)  Expanded slag. Under certain conditions, steam produced during cooling of 

hot slag may give rise to expand slag. 
 

Today there is a global interest in utilizing slag for civil engineering applications due 

to the huge amount of slag that is produced and its problematic disposal. In 

Geotechnical engineering, slag has been used extensively in the stabilization of clay 

soils. However, it is difficult to find published research on the use of slag on its own 

for stabilizing sandy soil. When slag makes contact with water, it reacts like Portland 

cement; however, it needs more time to achieve a full reaction, which is why it is 

sometimes mixed with a chemical activator, [Ouf (2001)] stated that the longer 

reaction time of slag allows extra time for stabilization work in the field. Matsuda et 

al. (2008) argued that granulated blast furnace slag could be used in Geotechnical 

applications for liquefaction resistance because its shear strength increases with time. 

Additionally, they added that its Geotechnical characteristics (high internal friction 

angle, light weight and high permeability) make it useful for the backfilling of quay-

wells, sand mats, and lightweight embankments. Several studies have reported that the 

shear strength of slag-stabilized sandy soil can be increased by using chemicals to 

activate the slag [Park et al. (2014); Rabbani et al. (2013)]. 
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2.3.5    Bentonite 

It was shown by Georglannou et al. (1990) that the liquefaction tendency increases 

with an increasing clay content. El Mohtar et al. (2013) observed higher pore water 

pressure in sand mixed with 3% and 5% bentonite than in clean sand, along with 

higher shear strength with an increasing curing time. Tang et al. (2013) and Gratchev 

et al. (2006) reported that liquefaction susceptibility decreases as the bentonite content 

reaches > 10% and  >11%, respectively. Wei and Yang (2014) investigated the effect 

of the fines shapes in the static behavior of sand-fine mixtures. They found that 

liquefaction susceptibility is more pronounced after adding rounded fines than after 

adding angular fines.  

2.3.6    Gypsum 

Due to the increasing popularity of cement stabilized soils, there has been a growing 

interest in the behavior of both naturally and artificially cemented samples. As there 

are considerable costs and technical difficulties associated with the extraction and 

storage of high-quality, naturally structured soils, researchers have been testing 

artificially cemented samples [Ismail et al. (2002)]. Gypsum plaster is an attractive 

cementing agent because of its rapid setting and ease of use. Its use to create 

artificially cemented sands and soft rocks has been widely reported [Huang and Airey 

(1998) and Ismail et al. (2002)]. Gypsum cemented sands behave similarly to other 

artificially cemented sands, however, they have been found to demonstrate higher 

creep rates than other natural and artificial weak rocks. When plaster is mixed with 

clays structured samples with significant strength and stiffness are created[Le (2017)]. 

2.4    Soil Stabilization According to Previous Studies  

To stabilize fine sand by increasing shear strength and decreasing the pore pressure 

generation several studies have been conducted using various additives [Barenberg  

(1974); Dunlop (1977); Hasan (2002);  Kujala (1983); Matsuda et al. (2008); Mitchell 

(1976); Mohtar (2014); Park et al. (2014); Porcino et al. (2015); Sherwood (1993); 

Kalita and Sing (2009); Kalita and Sing (2010)]. The Author Kalita,  published more 

than four research paper on his PhD thesis. A comprehensive laboratory investigation 

was conducted by Kalita (2011) to fulfill his thesis work. 
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In the PhD research work of Kalita (2011) the characteristics of two soils, a fine-

grained residual latheritic soil (red soil) and granular river bank sand (Brahmaputra 

sand) blended with a low-calcium fly ash and ordinary Portland cement was studied 

through a systematic series of compaction tests, direct shear tests, CBR tests, 

unconfined compression tests and triaxial consolidated drained tests. Depending on 

the type of test, the maximum amount of soil replaced with fly ash by weight ranged 

from 50% to 90%. The amount of cement added was up to a maximum of 3% to 5% 

by weight of the soil-fly ash mixes. This provided a wide range of gradation and 

texture of the mixes compacted specimens of the mixes were cured up to 28 days, 

based on the maximum dry unit weight obtained from the compaction tests, the 

specimens for the remaining tests were prepared. The strength tests were conducted 

on the compacted specimens without saturating them. Direct shear tests were carried 

out only on specimens of sand and sand-fly ash mixes. 
 
The specific gravity of the sand is 2.71 and its grain size distribution curve is shown 

in Figure 2.1. The sand can be classified as SP (Poorly graded) fine sand. The specific 

gravity of the fly ash is 2.08, which is substantially lower in comparison to soil. 

Again, the specific gravity of the cement is 3.08, which is more in comparison to that 

of the soil. Specimens for unconfined compression test and consolidated drain tests 

were prepared to achieve their respective maximum dry densities using a simple 

miniature static compaction tool. Specimens were about 225 mm in height and 

diameter 38 mm. All specimens were cured at room temperature inside desiccators at 

constant relative humidity 100%. 



                                                                                                                                       

19 

 

 
Figure 2.1: Grain size distribution curve of sand sample used in Kalita (2011)  

Light proctor compaction tests were performed to determine the maximum dry unit 

weight (MDD) and optimum moisture content (OMC) for the soil, soil-fly ash, soil-

cement and soil-fly ash-cement mixes. The MDD and OMC values were then used to 

prepare specimens for other tests such as unconfined compression tests, California 

bearing ratio tests and triaxial tests to determine the strength properties. 
 
Some test results collected from the PhD thesis of Kalita (2011) related to this 

research work are presented in Table 2.2. It can be noted from the collected results 

that although sand and fly ash mixtures exhibited very poor unconfined compressive 

strength (UCS) and deviatoric strength, but with the addition of a few percentages of 

cement increased strength a lot. Another observation is  increasing the percentage of 

fly ash decreased the strength of samples if the amount of cement not increased. 

Again, it can be observed that sand combined with cement and fly ash showed better 

strength than sand combined with only cement     
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Table 2.1: Some test results related to this thesis work collected from Kalita (2011) 
 

Mixes 

7 days curing 14 days curing 28 days curing 

UCS  
(kPa) 

 

Deviatoric 
strength 

(kPa) 

UCS 
(kPa) 

Deviatoric 
strength 

(kPa) 

UCS 
(kPa) 

Deviatoric 
strength 

(kPa) 

S+20FA 5.97 500 10.87 557 11.92 623 
S+35FA 24.15 541 30.09 576 67.44 646 
S+50FA 48.23 571 56.23 600 91 662 

 
S+1C 18.98 522 24.96 553 29.88 601 
S+2C 35.99 574 39.86 633 69.74 725 

S+3C 73.66 643 95.25 677 105.4 826 
 

S+20FA+1C 73.31 635 81.1 729 101 1020 

S+20FA+2C 77.01 773 112.1 1003 165 1142 

S+20FA+3C 202.37 1045 369.11 1261 600 1713 
 

S+35FA+1C 123.8 572 134.19 708 139 815 
S+35FA+2C 229 728 253.79 845 270 1052 
S+35FA+3C 318.07 994 474.44 1064 762 1289 

 
S+50FA+1C 154.24 623 173.31 651 196 791 
S+50FA+2C 260.04 750 358.67 826 487 999 
S+50FA+3C 412.02 962 673.89 1226 814 1542 
Notes: S= Sand, FA= Fly ash, C= Cement, UCS= Unconfined compressive strength 

2.5    Liquefaction 

Liquefaction is typically characterized by generation of excess pore pressure under 

undrained loading. The tendency of loose sands to densify under drained loading is 

well known. When loose sands are saturated and loaded under undrained conditions, 

the tendency to densify causes an increase in pore pressure, leading to a decrease in 

effective confining pressure. This lowers the strength of the soil, causing it to liquefy. 

Based on the mechanism of deformation, liquefaction can be divided into flow 

liquefaction and cyclic mobility.  
 
According to Kramer (1996) flow liquefaction can occur when the shear stress 

required for static equilibrium of a soil mass is greater than the shear strength of the 

soil in its liquefied state. It can occur both static and cyclic loading Figure 2.2 and 2.3 
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are showing some damages due to flow liquefaction. Once triggered, the soil 

experiences large deformation, which may seem sudden and are catastrophic.  

Cyclic mobility, on the other hand, can occur when the shear stress required for static 

equilibrium of a soil mass is less than the shear strength of soil. It can only occur 

under cyclic loading.  

 

Figure 2.2: Flow failure in Highway Fill, Lake Merced, 1957 Daly City Earthquake 

     
Figure 2.3: Collapse of Buildings during the 1964 Nigata Earthquake 
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2.5.1    Liquefaction Susceptibility 

Not all soils are susceptible to liquefaction. There are several criteria by which 

liquefaction susceptibility can be judged, these include historical, geological and state 

criteria. Youd and Perkins (1978) has addressed the liquefaction susceptibility of 

various types of soil deposits by assigning a qualitative susceptibility rating based 

upon general the depositional environment and geologic age of the deposit. The 

relative susceptibility rating has been shown in Table 2.3, it is seen that recently 

deposited relatively unconsolidated soils such as the Holocene-age river channel, 

flood plain and delta deposits and uncomplicated artificial fills located below the 

groundwater table have high to very high liquefaction susceptibility, sands and silty 

sands are particularly susceptible to liquefaction. Silts and gravel are also susceptible 

to liquefaction, and some sensitive clay has exhibited liquefaction type strength losses 

[Updike et al. (1988)]. Permanent ground displacement due to lateral spreads or flow 

slides and differential settlement is commonly considered a significant potential 

hazard associated with liquefaction. The initial step of the liquefaction hazard 

evaluation is to characterize the relative liquefaction susceptibility of the soil/ 

geologic conditions of a region or sub-region. Susceptibility is characterized utilizing 

geologic map information and the classification system presented by Youd and 

Perkins (1978) as summarized in the table below. 

The geologic maps typically identify the age, depositional environment and material 

type for a particular mapped geologic unit. Based on these characteristics, a relative 

liquefaction susceptibility rating (e.g.very low to very high) is assigned from the table 

below for each soil type. Mapped areas of geologic materials characterized as rock or 

rock-like are considered in the analysis to present no liquefaction hazard. Liquefaction 

susceptibility maps produced in certain regions may alternatively be utilized in the 

hazard analysis. 
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Table2.2: Liquefaction susceptibility of sedimentary depositsYoud and Perkins(1978) 
 

 
Types of 
deposit 

General 
distribution of 
cohesion-less 
sediment in 

deposits 

Likelihood that cohesionless sediments when 
saturated would be susceptible to liquefaction (by 

age of deposits) 
 
 
 

< 500    
years 

Holocene 
  Pleistocene Pre- 

Pleistocen
e 
 

(a) Continental Deposits 
River Channel Locally variable Very high High Low Very Low 

Flood Plain Locally variable High Moderate Low Very Low 
Alluvial Fan 
and Plains Widespread Moderate Low Low Very Low 

Marine Terraces 
and Plains Widespread Unknown Low Very Low Very Low 

Delta and Fan-
Delta Widespread High Moderate Low Very Low 

Lacustrine and 
Playa Variable High Moderate Low Very Low 

Colluviums Variable High Moderate Low Very Low 
Talus Widespread Low Low Very Low Very Low 
Dunes Widespread High Moderate Low Very Low 
Loess Variable High High High Unknown 

Glacial Till Variable Low Low Very Low Very Low 
Tuff Rare Low Low Very Low Very Low 

Tephra Widespread High High Unknown Unknown 
Residual soils Rare Low Low Very Low Very Low 

Sebka Locally Variable High Moderate Low Very Low 
(b) Coastal Zone 

Delta Widespread Very High High Low Very Low 

Estuarine Locally variable High Moderate Low Very Low 
Beach-Large 

Waves Widespread Moderate Low Very Low Very Low 

High Wave 
Energy Widespread Moderate Low Very Low Very Low 

Light Wave 
Energy Widespread High Moderate Low Very Low 

Lagoonal Locally variable High Moderate Low Very Low 

Fore Shore Locally Variable High Moderate Low Very Low 

(c) Artificial 
Uncompacted 

Fill Variable Very  
High Unknown Unknown Unknown 

Compacted Fill Variable Low Unknown Unknown Unknown 
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2.5.2    Geomorphological Information 

Deposits prone to liquefy may be roughly identified based on geographical 

information. Table 2.4 shows such chart in which liquefaction susceptibilities are 

ranked for various geomorphological conditions [Yasuda (1988)]. Sites on a 

reclaimed fill or an abandoned river channel show high susceptibility, while sites on a 

hill do not. Although rough and unstable only for preliminary estimation, the method 

may effectively be used for micro-zoning purposes, and for selecting sites within a 

large area for which more detailed investigation is planned. 

Table 2.3 Liquefaction susceptibility based on geomorphological unitsYasuda (1988) 

Liquefaction potential Geomorphological unit 

High Reclaimed fill, present and old river beds, young 
natural levee, interdune lowland 

Moderate Lowlands other than above: fan, nature levee, sand 
dune, flood plain, beach 

Low Terrace, hill, mountain 

2.5.3    Soil Characteristics 

As a general guide, the characteristics of liquefiable soils are presented in Table 2.4 

Rao (2003). The liquefaction susceptibility can be estimated based on the soil 

properties given in the Table 2.2 by comparing existing soil properties. 

                Table 2.4: Vulnerable soil properties for liquefaction Rao (2003) 

Properties Vulnerable soil properties 
Mean size, d50 (mm) 0.02 to 1.00 
Fine content (d < 0.005 mm) > 10% 
Uniformity coefficient, Cu < 10 
Relative density, Dr < 75% 
Plasticity index, Ip < 10 
Intensity > VI 
Depth < 15m 

2.6    Monotonic Loading and Flow Liquefaction  

According to Kramer (1996) the condition at the initiation of flow liquefaction can be 

seen most easily when the soil is subjected to monotonically increasing stress. 

Consider, for example, the response of an isotropically consolidated specimen of very 

loose, saturated sand in un-drained, stress-controlled triaxial compression Figure 2.4. 
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Immediately prior to un-drained shearing (point A), the specimen is in drained 

equilibrium under an initial effective confining pressure, σ'3, with zero shear stress 

(Figure 2.4 a, b) and zero excess pore pressure Figure 2.4 (c). Since its initial state is 

well above the SSL the sand will exhibit contractive behavior. When un-drained 

shearing begins, the contractive specimen generates positive excess pore pressure as it 

mobilizes shearing resistance up to peak value (point B) that occurs at a relatively 

small strain. The excess pore pressure at point B is also relatively small; the pore 

pressure ratio, ru= uexcess /σ'3c, is well below 1.00. At point B, however, the specimen 

becomes unstable, and because it is loaded under stress-controlled conditions, 

specimen collapse (the axial strain may increase from less than 1% to more than 20% 

in a fraction of a second). As the specimen strains from point B to C, the excess pore 

pressure increases dramatically. At and beyond point C, the specimen is in the steady 

state of deformation and the effective confining pressure is only a small fraction of the 

initial effective confining pressure. This specimen has exhibited flow liquefaction 

behavior; the static shear stress required for equilibrium (at point B) was greater than 

the available shear strength (at point C) of the liquefied soil. Flow liquefaction was 

initiated at the instant it becomes irreversibly unstable (i.e. At point B).       

Figure 2.4: Typical behavior of sandy soil under undrained static load Kramer (1990)                    

2.7    Evaluation of Undrained Monotonic Triaxial Test Results 

Liquefaction is a phenomena involving a significant reduction in effective stress; it is 

accompanied by excessive strain and a build-up of pore water pressure when saturated 
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soils are subjected to undrained static loading or cyclic loading [Castro (1969); El 

Mohtar et al. (2013); Hird and Hassona (1990); Jafarian et al. (2013); Vaid and 

Sivathayalan (2000); Verdugo and Ishihara (1996); Yamamuro and Lade (1997)]. The 

criteria for liquefaction failure can be divided into two main groups depending on the 

type of loading: flow liquefaction and cyclic mobility. Flow liquefaction produces the 

most devastating effects of all liquefaction types, and massive instabilities are termed 

„flow failures‟ [Kramer (1996); NRC (1985)]. The flow failure mechanism requires a 

triggering method to initiate the liquefaction and undrained strain-softening 

Sadrekarimi (2014). Liquefaction flow failures have been investigated extensively by 

many researchers, and various analysis methods, procedures, and terminologies have 

been proposed Kramer (1996). Based on the results of previous studies, the response 

of cohesionless soils with different densities under monotonic undrained loading can 

be classified into three different types: liquefaction, limited liquefaction, and non-flow 

behavior. Liquefaction is characterized by a rapid reduction in deviatoric stress that 

occurs after the peak point in the stress-strain curve and continues until reaching the 

criteria (σ3 = 0 or σ1–σ3 = 0). In non-flow behavior, the sand exhibits an increase in 

effective stress and a decrease in excess pore water pressure during shearing until the 

critical state. A limited flow response occurs in medium to loose sands when the 

strength of the sand decreases after the peak value in the stress-strain curve and is 

followed by increases in strength and decreases in pore water pressure at 

approximately large strains as shown in Figure 2.5  

In the mid-1960s, Gonzalo Castro, a student of Casagrande, performed an important 

series of undrained, stress-controlled triaxial tests. Castro observed three different 

types of stress-strain behavior depending upon the soilstate. Dense specimens initially 

contracted, but then dilated with increasing effective confining pressure and shear 

stress. Castro called this behavior “liquefaction”-it is also commonly referred to as 

flow liquefaction. Medium dense soils initially showed the same behavior as the loose 

samples, but, after initially exhibiting contractive behavior, the soil “transformed” and 

began exhibiting dilative behavior. Castro referred to this type of behavior as “limited 

liquefaction” as shown in Figure 2.6 
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      Figure 2.5: Monotonic triaxial loading response (Vaid and Sivathayalan, 2000) 

 

 
Figure 2.6: Liquefaction, Limited liquefaction and dilation in monotonic loading tests 

Castro (1969) graph of (a) Strain vs Stress (b) Strain vs Pore pressure (c) 
Mean principal stress p' vs Shear stress q' 
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Again to explain the behavior of non-plastic silt due to static undrained loading, 

Yamamuro and Lade (1998) illustrated five types of behavior, namely, static 

liquefaction, temporary liquefaction, stable, temporary instability and instability as 

shown in Figure 2.7. On the other hand Ishihara (1995) illustrated five types of 

behavior, namely, „Flow types or Contractive‟ and „Non-flow type or Dilative‟ as 

shown in Figure 2.8 

 

     Figure 2.7: Static liquefaction, temporary liquefaction, stability, temporary             
instability and unstable behavior [Yamamuro and Lade (1998)] 

 Figure 2.8: Classification of the undrained behavior of sandy soils based on  
contractiveness and dilativeness Ishihara (1995) 
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2.8    Consolidated Undrained (CU) Triaxial Test 

In this study several consolidated undrained triaxial tests were conducted. This test is 

very much helpful to identify the pore water pressure generation in undrained 

condition. The detail about this test is described below. 

2.8.1    Need and Scope of Triaxial Test 

To find the shear strength parameters  of soil for effective stress analysis CU triaxial 

test is recommended for all types of soil including cohesive and cohesionless soils. 

Pore pressure evolution within the soil mass can also be studied in CU tests, along 

with the stress-strain response of soil. 

2.8.2    Concept 

In CU test, drainage is allowed during application of confining pressure (σc) and the 

specimen is fully consolidated by allowing drainage and it is ensured by observing 

that no further drainage occurs after sufficient time under the applied pressure. The 

specimen is then allowed to shear when consolidation is over. During that stage, 

drainage line is closed and the soil sample is sheared by application of deviator stress 

(σd; at failure: σd = σf). uf is the pore pressure generated within the soil specimen due 

to deviator stress at failure. The CU triaxial test provides the shear strength 

parameters for total stress analysis (c, φ) as well as effective stress analysis (c', φ'). 

2.8.3    Theory 

CU test is carried out on all types of soils. Drainage is allowed only during the 

isotropic consolidation, thus allowing the specimen to consolidate. At the end of 

consolidation, there will be no excess pore water pressure, and the specimen is ready 

for shearing. When the additional vertical stress (Δσ) is applied, drainage is not 

allowed, and thus the specimen is loaded under undrained conditions at the 

appropriate strain rate (0.05% per min to 1% per min; clayey soil to sandy soils 

respectively). During the undrained loading, development of excess pore water 

pressure is measured continuously throughout the loading. Figure 2.9 shows the 

various phases of the CU triaxial test 
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Figure 2.9: Various phases of consolidated undrained triaxial test 

The above sketch shows the three various phases of CU triaxial testing; sampling 

stage, Isotropic loading stage (application of confining pressure, σ3), shearing stage 

(application of deviator stress, σd). Total stress, pore pressure and effective stresses 

are shown at each phase of CU triaxial testing in the given diagram. ur is the residual 

pore water pressure entrapped inside the soil specimen after its collection from soil 

site using UDS (undisturbed specimen) tube. σv and  σh are the vertical and horizontal 

stresses respectively, acting on the soil specimen during CU triaxial testing. A is the 

pore pressure parameter due to the shear deformation of the soil specimen. Residual 

pore pressure (ur) is contained inside the specimen during the sampling stage, which 

gets dissipated when drainage valves are open during the saturation process (CO2) 

saturation, water saturation and application of back pressure. After acquiring the 

saturation value (B) more than 0.95 (which correspond to 95% saturation of soil 

specimen), the confining pressure is applied for isotropic consolidation and generated 
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pore water pressure due to confining pressure also dissipates since drainage valves are 

kept open during the consolidation stage. Thus pore pressure shows zero during 

second stage, isotropic loading stage (u=0). Shearing stage is started after the 

consolidation process is over. Shear deformation stage of isotropically consolidated 

soil specimen shows excess pore pressure, which exhibit the pore pressure evolution 

within the soil mass due to load subjected to specimen at an applied strain rate. 

2.8.4   Triaxial Setup 

Figure 2.10 shows the basic parts of triaxial machine  and their names given below: 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.10: Modified triaxial cell for measurement of unsaturated shear strength 
                     Thu et al. (2006) 

(i)     Loading ram 
 (ii)    Top port 
(iii)    Load cell 
(iv)    Coarse corundum disk 
(v)     Lucite cylinder 
(vi)    High air entry disk 
(vii)   To pore-water pressure control & volume indicator 
(viii)  Pressure Transducer 
 (ix)     High air entry disk. 
 (x)      O-rings 
 (xi)     Pore-air pressure control 
 (xii)    Pedestal 
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2.8.5    Specimen Preparation for Triaxial Test 

Sample preparation has much concerned laboratory testers of sands for many years. In 

particular, studies in the mid-1970s showed how specimen preparation markedly 

affected the cyclic strength of sands. There are now many different methods of sample 

preparation, with minor differences in detail between laboratories. Much of the 

concern with sample preparation has been its major effect on the behavior of the 

sample during the test. Ladd (1977) pointed this very clearly of cyclic resistance in 

triaxial tests. Since then, many other workers, in particular Vaid and Thomas (1995) 

have shown that liquefaction under monotonic loading is markedly affected by soil 

fabric and stress path to failure. This is because the method of specimen preparation 

determines the structure, or fabric, of the sand. These aspects have been tested in a 

thorough program of experimentation on Erksak 333/0.7 sand, reported in Been et al. 

(1991). However, for the CSL determination, this is not a major concern. The critical 

state is reached only after the initial structure has been destroyed, and the sample 

reaches a very different particle arrangement at large strains. The main concern for 

specimen preparation in the CSL testing is therefore that uniform samples are 

obtained at predetermined void ratios. Moist tamping is the easiest method of sample 

preparation to achieve a full range of densities and is therefore described in detail. 

2.8.6    Moist Tamping Method 

Moist tamping uses a moisture content of about 5% to 10%, which in capillary forces 

between the sand grains and allows bulking of the sand to low densities not 

achievable with wet or dry samples. The effective stress induced in the sample by the 

capillary forces also helps to keep the sample shape once the split mold is removed. 

The sample is prepared in minimum six or more equal layers of equal density. 

The first step in specimen preparation is to calculate the target void ratio of the test 

and then work back to the target preparation void ratio based on estimates of volume 

changes during saturation and consolidation. From the target void ratio and the size of 

the specimen mold, the dry density and dry weight of sand of the sample is calculated. 

The most useful equation needed here is the relationship between void ratio and dry 
density:                       

                                                         1+e = Gs(
d

w



 )                                                  (2.2) 
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And therefore if ɣd is expressed in units of water density (1000 kg/m3), the equations 
are  

                                              e = 
d

sG


-1    and    ɣd = 
)1( e

Gs


                                                       (2.3) 

 
Once the target dry weight of the sample has been computed, the specimen is 

prepared as follows: 

i)       Pre weight three or more equal portion of oven-dried sand material (i.e. one 

third or more of the calculated total dry sample weight) into three preparation 

dishes. 

ii)       Mix the material in each dish with distilled water to give a moisture content  

of about minimum 5% or more. 

iii)  Tamp the first layer into the membrane-lined mold. A technique is needed to 

ensure that the layer is not over compacted; it should end up being exactly 

one-third or more of the sample height. Before tamping, the stop is adjusted 

so that the tamping foot stops at exactly the top of the layer. The entire all 

portions of the sample are placed in the mold, and the sample layer is gently 

tamped until the tamper hits the stop at every stroke. 

iv)  Scarify the top of the tamped layer gently to avoid a smooth planar surface 

between layers. 

v)       Repeat the layer deposition and tamping process until all layers are formed. 

2.8.7    Testing Procedure 

The saturated porous stone disc of diameter same as the sample will be on top of the 

pedestal of triaxial testing machine and the circular filter paper of the same size will 

be placed over the disc. The specimen will be placed on top of the filter paper. The 

filter paper with porous stone will be placed on top of the specimen to allow two-way 

drainage. The latex membrane will be stretched in the membrane stretcher and placed 

on the soil specimen. O rings will be placed at the top and bottom of platens of the 

soil specimen to prevent the cell water from entering into the specimen. 
 
The triaxial cell will be placed over the base and tightened with screws. The cell will 

be then filled with water and a small confining pressure of about 10 kPa will be 

applied to hold the specimen in place. 
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The soil specimen will need to be completely saturated before isotropic consolidation 

phase. 

The saturation process consists of three steps: i) CO2 saturation, ii) Water saturation, 

iii) Back pressure application.   

CO2 will be applied continuously for minimum 3-6 min from the bottom of the 

specimen and then will be allowed to go out of the specimen from the top. CO2 

replaces the air in the void spaces of the specimen which gets easily dissolved in the 

water present within the specimen. The CO2 flushing process will be repeated 4-5 

times to ensure better saturation. 

Water saturation will be done by supplying water from the bottom of the specimen 

and will be allowed to go out of the specimen from the top to do proper water flushing 

of the specimen. The water used for flushing need to be distilled & de-aired water. 

The force saturation will be performed by applying cell pressure and the back 

pressure at constant increments with a constant difference between these two 

pressures. The sample will be allowed to saturate for some time (10-20 min) after 

each increment of cell pressure and the back pressure. This increase should be 

followed by a check for the saturation value (B), also known as Skempton‟s pore 

pressure parameter. It is important to note that cell pressure always will be higher than 

back pressure. The sample will be said to be fully saturated if the B value greater than 

0.95 can be acquired. It has been recognized that the soil resistance to liquefaction 

increases as the degree of saturation decreases. Ishihara et al. (2002) has shown that 

the resistance to liquefaction increased as much as twice that fully saturated samples 

when the degree of saturation reduced to 90%.  

The isotropic consolidation stage will be started by applying confining pressure. 

During the consolidation stage, drainage valve will be kept open and the volume 

change will be measured until no change in volume will be observed (when primary 

consolidation will be over). 

In the consolidated undrained (CU) triaxial test, no drainage will be allowed during 

shearing stage and pore pressure will be measured throughout the test using the pore 

pressure transducer. 
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The machine will be set in motion at an appropriate strain based on the soil type. Data 

acquisition system (DAQ) will be attached to the computer and various transducers of 

triaxial system, which will record the data with the help of triaxial CU software. The 

experiment will be stopped at around 15% axial strain.   

2.9    Summary 

In this chapter soil stabilization, additives which are used for soil stabilization, their 

effectiveness and characteristics have been discussed. Additive combinations and 

their suitability also have been presented in this review. A detail discussion also has 

been presented about fly ash. Fly ash is the most environmentally friendly additive 

their properties, availability in Bangladesh and their use in soil stabilization have been 

discussed in detail. A brief discussion about liquefaction susceptibility, the 

relationship between flow liquefaction and monotonic loading also has been 

presented. In the last section detail theory about the monotonic triaxial test, sample 

preparation, test results interpretation has been presented based on previous research 

work.    



 

 

Chapter 3  

EXPERIMENTAL PROGRAM AND METHODOLOGY 

 

3.1    General 

Seven additives were used in this research work to find out suitable sand-additive 

combinations to stabilize fine sand so that it can withstand more compressive load and 

can generate less pore water pressure during undrained loading. Sand sample was 

collected from CNB ghat Faridpur, Bangladesh and additives were collected from a 

Cement factory and local market in Dhaka, Bangladesh. To identify the characteristics 

of the sand sample several tests were conducted. Several tests also were conducted for 

additives and sand additive combinations. Finally, to find out the strength-

deformation and pore water pressure characteristics a series of unconfined 

compression test and consolidated undrained triaxial tests were conducted. This 

chapter presents the detail collection procedure of sand and additives. It also presents 

a description of all kinds of property identification test and the preparation procedure 

of samples for shear strength test. Finally a detail description of shear strength test has 

been presented in this chapter. 

3.2    Experimental Plan 

In this study a detail experimental plan was prepared before starting the experiments. 

This experimental plan has been presented in Table 3.1. Here the name of all 

experiments which were conducted in this research work with their ASTM references 

has been presented. This table also presents the number of tests conducted and names 

of experimental ingredients.  It can be observed from this table that two types of test 

were conducted in this research work Property identification test and shear strength 

identification tests.  
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 Table 3.1: Test scheme to determine the properties of sand and additives 

Properties Name of Tests ASTM 
reference 

Test 
performed 

on the 
samples 

Number 
of tests 

   
   

   
   

   
   

  P
ro

pe
rty

 Id
en

tif
ic

at
io

n 
Te

st
s 

Soil classification  
(USCS) 

ASTM D 
2487  Sand 

 
1 
 

Specific gravity test ASTM D 854 

Sand, 
additives 
and sand-
additive 
mixtures 

25 

Wash sieve  
ASTM D 422-

63, D 1140 
Sand       1 Grain size analysis 

Hydrometer analysis test Sand and all 
additives 8 

Minimum index density 
ASTM D 

4253 

Sand and 
sand-

additive 
mixtures 

18 Maximum index density 

 
Sh

ea
r S

tre
ng

th
 

 Id
en

tif
ic

at
io

n 
Te

st
 

 

Unconfined compression 
test 

ASTM D 
2166 

Sand-
additive 
mixtures 

 
 

48 
 
 
 

Consolidated undrained 
triaxial test 

ASTM D 
4767  

Sand and 
sand-

additive 
mixtures 

17 
 

3.3    Materials Used 

To stabilize fine sand total seven additives were used in this experimental program 

among them ordinary Portland cement, Portland cement, fly ash, lime, slag and 

gypsum were collected from Bashundhara Cement Factory in Dhaka, Bangladesh and 

bentonite was collected from local market. Fine sand was collected from CNB ghat 

Faridpur, Bangladesh. Some sample pictures of sand and all these collected additives 

are shown in Figure 3.1. Some basic properties of all additives as their color, classes, 

price and manufacturing country has been presented in Table 3.2.     
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Figure 3.1: (a) Ordinary Portland Cement (b) Portland Cement (c) Lime (d) Fly ash 
(e) Slag (f) Gypsum (g) Bentonite (h) Fine Sand. 

 

                                    Table 3.2: Additives used in this study   

 

 

 

Additives 
Name Color Typical class Price 

(BDT/Ton) 
Manufacturing 

Country 
Collection 

source 

Fly Ash Dark 
gray 

Class F (less 
than 

20%lime) 
2750 India 

   
   

   
 

B
as

hu
nd

ha
ra

  C
em

en
t 

Fa
ct

or
y,

 D
ha

ka
 B

an
gl

ad
es

h.
 

Slag White Blast furnace 3400 Japan 
Lime White - 2900 Vietnam 

Gypsum White - 3100 Oman 

PC Gray - 8000 Dhaka, Bangladesh 

OPC Gray - 8400 Dhaka, Bangladesh 

Bentonite Light 
brown - 6000 China 

Local market, 
Dhaka, 

Bangladesh 
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3.3.1    Sample Collection 

Sand sample was collected from the CNB ghat (Latitude: 230 37′ 54.12′′ and 

Longitude: 890 51′ 18.92′′) Faridpur city in Bangladesh located on the map shown in  

Figure3.2. CNB ghat is just beside the Padma River shown in Figure 3.3. Dredging 

sand is brought by large boat and stored as shown in Figure 3.4 CNB ghat is very 

much well known in the Faridpur city for its huge amount of sand supply. This 

location was chosen for many reasons, one of them is dredge fill sand is available 

here. 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.2: Location of CNB ghat in Faridpur city on geological map of Bangladesh 

 

 
Figure 3.3: Location of CNB ghat shown in the Google map satellite view 
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(a) Transportation                                              (b) Storing 

Figure 3.4: Sand transportation and storing process 

3.3.2    Chemical Properties of Collected Materials 

The chemical properties of additives provided by Bashundhara Cement Factory and 

chemical properties of Bentonite and sand are presented in Table 3.3. 

Table 3.3: Chemical properties of sand and additives 

Chemical 
Constituent 

Chemical Properties provided by Bashundhara 
Cement Factory, Dhaka, Bangladesh 

Properties collected 
from manufactured 

company 
Fly Ash 

(%) 
Lime 
(%) 

Slag 
(%) 

Gypsum 
(%) 

  OPC 
(%) 

PC 
(%) 

Bentonite 
(%) 

SiO2 58 0.2 33.9 3.43 21.9 - 69 
Al2O3 27.5 0.08 15.4 0.08 5.0 - 13.33 
Fe2O3 7.48 0.22 0.745 0.13 3.36 - 2.09 
TiO2 0.84 - - - 0.32 - - 
CaO 1.69 51.8 42.5 24.1 63.8 - 2.83 
MgO 0.88 1.40 5.21 1.89 2.04 1.93 3.38 
K2O 0.32 - - - 0.58 0.57 - 
Na2O 0.54 - - - 0.07 0.09 1.93 
SO3 0.17 - 0.0574 42.8 2.15 2.30 - 
P2O5 0.50 - - - 0.11 - - 
MnO - - - - 0.12 - - 

Cl - - - - 0.01 0.02 - 
LIO - - - - - 0.48 - 
Total 
Alkali - - - - 0.46 0.47 - 
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3.4    Methodology     

To determine the soil properties sieve analysis and specific gravity identification test 

was conducted. To identify the particle size less than 0.074 mm for sand sample and 

additive hydrometer analysis test was conducted. Maximum and minimum dry density 

analysis tests were conducted to identify the sample relative density. In this section 

the detail of all experiments is described.   

3.4.1    Determination of Soil Properties 

Sieve analysis on experimental soil sample was achieved according to ASTM D 422-

63, D 1140-00. Sieve analysis was performed to obtain the particle size distribution of 

the soil sample and this method only covers appropriate measurement of particle size 

distribution greater than 0.074 mm. From grain size distribution curve soil 

description, Mean grain size, uniformity coefficient, Coefficient of curvature and 

Fineness modulus were identified.  

Specific gravity (Gs) test of soil is mainly used in calculating the phase relationship of 

the soils, such as the density of the soils and degree of saturation. The specific gravity 

of the test specimens is an essential parameter in calculating density of the soil. In this 

experiment, specific gravity of the soil sample, additives and soil additive mixture 

were determined according to ASTM D 0854-02, (standard test methods for specific 

gravity of soil by water pycnometer). In this research work specific gravity test  was 

conducted for sand sample and all seven additives. The name of all additives used in 

this research work is ordinary Portland cement, Portland cement, lime, slag, fly ash, 

bentonite, and gypsum. Specific gravity test also were conducted for several sand 

additives mixtures and later those mixtures were used to prepare samples for shear 

strength analysis test. The list of samples specific gravity test was conducted is shown 

in Table 3.4.  

The maximum dry density (ɣdmax) of the sand and additives mixed sand was calculated 

according to ASTM D 4253, (standard test method for maximum index density and 

unit weight of soils using a vibratory table), which is one of the most commonly used 

methods for the determination of the maximum density of cohesion less soils 

containing the maximum amount of fines less than 15 percent. Minimum dry density 

(ɣdmin) of the soils was calculated according to ASTM D 4253, (standard test methods 
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for minimum index density and unit weight of soils and calculation of relative 

density). Method-A was used to calculate minimum index density presented in the 

specification. The oven dry sample was used in calculating both maximum and 

minimum density. The list of samples maximum and minimum dry density test was 

conducted is shown in Table 3.4 

Table 3.4: List of samples, specific gravity and density test were conducted 

 

As it is not possible to obtain precise measurements of particle size distribution of 

soils finer than 0.074 mm by mechanical sieve alone, hydrometer analysis was 

performed for experimental sand and also for all experimental additives. Hydrometer 

analysis is a widely used method of obtaining the distribution of soil particle size of 

0.074 mm to around 0.001 mm. Hydrometer analysis was performed according to 

ASTM D 422. Around 50 g of dry soil and also for additives finer than 0.074 mm was 

extracted from representative sample and additives by sieving through No.200 sieve 

Ingredients of test samples Specific gravity 
(Gs)  

Maximum and 
minimum dry density  

OPC √ X 
PC √ X 

Bentonite √ X 
Gypsum √ X 

Slag √ X 
Lime √ X 

Fly ash √ X 
Sand √ √ 

Sand+5%OPC √ √ 
Sand+5%PC √ √ 

Sand+5%Bentonite √ √ 
Sand+5%Gypsum √ √ 

Sand+5%Slag √ √ 
Sand+5%Lime √ √ 

Sand+5%Fly Ash √ √ 
Sand+10%Fly Ash √ √ 

Sand+5%Fly Ash+2%Slag √ √ 
Sand+5%Fly Ash+5%Slag √ √ 
Sand+5%Fly Ash+5%Lime √ √ 
Sand+20%Fly Ash+2%PC √ √ 
Sand+20%Fly Ash+5%PC √ √ 
Sand+20%Fly Ash+7%PC √ √ 
Sand+40%Fly Ash+5%PC √ √ 
Sand+40%Fly Ash+10%PC √ √ 
Sand+40%Fly Ash+14%PC √ √ 
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for hydrometer analysis. Hydrometer sample was soaked for 12hours in 125cc sodium 

hexa-meta-phosphate solution and mixed thoroughly using a mixture machine before 

taking hydrometer readings. The test was done very carefully to avoid any source of 

uncertainty.  

3.4.2    Determination of Shear Strength Parameter  

The main purpose of this research work was to observe the strength deformation and 

pore water pressure of sand-additive mixtures to identify some suitable mixtures 

which can withstand  high compressive load generate less pore water pressure. To 

fulfill this objective several specimens of 38.1mm in diameter and 76.2 mm in height 

were prepared with different sand-additive combinations. In this section a detail 

description of these sample preparation and their curing process has been discussed.   

3.4.2.1    Specimen Preparation for Shear Strength Test 

Three kinds of procedure used for preparing samples of sand for laboratory tests. They 

are moist placement (wet tamping) method, dry deposition method and water 

sedimentation method. In this study, the moist placement method was used to prepare 

all specimens. At first the soil was sieved with #16 sieve so that rubbish materials 

were removed. Then the soil was oven dried at a temperature of 105oC for about 24 

hours, and then cooling was done at room temperature. In the preparation of all types 

of additive mixed samples, first required amount of air-dried soil and additives were 

measured and mixed together in dry state after that distill water was mixed so that the 

water content became 10% of dry weight. Mixing was done by hand and proper care 

was taken to prepare homogeneous mixtures at each stage of mixing. The specimens 

were formed by using the wet tamping method in a split mold with a wooden tamping 

rod 203 mm height and 22 mm diameter. The inner diameter of the mold is 38.1 mm 

and height 76.2 mm Figure 3.5 is showing mold and other necessary accessories to 

prepare samples. Soil specimens used in this study were of 38.1mm in diameter and 

76.2 mm in height. To prepare all sample wet mixture was compacted in several equal 

layers by a tamping rod with some blows to each layer to achieve the targeted relative 

density. Number of layers and number of blows per layer were determined by trials. 

In order to obtain a uniform density throughout the specimens the compaction method 

of specimen preparation suggested by Ladd (1978) was used. Some prepared 

specimens are shown in Figure 3.6. After preparing all samples they were stored in 
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humidity chamber at 24o C and curing was done by spraying water at an equal time 

interval. Humidity chamber is shown in Figure 3.7. 

 

Figure 3.5: Sampling instruments (a) Measuring jar (b) Unconfined mold (c) Wash  
bottle (d) Knife (e) Tamping rod 

 
 

Figure 3.6: Some specimens prepared for shear strength tests 
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Figure 3.7: Humidity chamber used for storage of prepared specimens 

3.5    Shear Strength Test 

A detail discussion about unconfined compression tests and consolidated undrain 

triaxial tests has been presented in this section. The detail about sand-additive 

mixtures their combination percentage, number of tests conducted, their curing days 

and relative densities also has been presented in Table 3.5. From this table it can be 

seen the number of consolidated undrained triaxial test is less than unconfined 

compression test. Samples which exhibited more pore water pressure in triaxial test 

compressive strength tests were not conducted for those samples as it would not 

exhibited greater compressive strength. Again consolidated undrain triaxial test was 

more time consuming than compressive strength to identify the performance of 

samples. Again the variation of relative density also can be found from Table 3.5. As 

it was one of the research purpose to identify additive performance treating them 

equally some specimens were prepared with  relative density 50%.  To stabilize the 

sand, loose sand or samples with relative density 25% was treated using different 

additive combinations to observe their performance.      
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Table 3.5:  Test scheme to determine the shear strength and pore water pressure 

Test 
Name Test combinations Curing 

days 
Number 
of tests 

Relative 
density 

(%) 

Confining 
pressure 

(kPa) 
U

nc
on

fin
ed

 C
om

pr
es

si
on

 T
es

t Sand+5%OPC 7,14&28 2,2,2 

50 

 
 
 
 

Sand+5%PC 7,14&28 2,2,2 
Sand+5%Lime 7,14&28 2,2,2 
Sand+5%Slag 7,14&28 2,2,2 

Sand+5%Fly Ash 7,14&28 2,2,2  
 

N/A 

Sand+5%Bentonite 7,14&28 2,2,2 
Sand+5%Gypsum 7,14&28 2,2,2 

Sand+20%Fly Ash+5%PC 28 1 

      
     25 
 

Sand+40%Fly Ash+5%PC 28 1  
Sand+40%Fly Ash+10%PC 28 1 
Sand+20%Fly Ash+2%PC 28 1 
Sand+20%Fly Ash+7%PC 28 1 

 Sand+40%Fly Ash+14%PC 28 1 
 
 
 

Total=48  

   
C

on
so

lid
at

ed
 U

nd
ra

in
ed

 T
ria

xi
al

 T
es

t 
  

Sand - 1 50 
 

100 
Sand - 1 

200 

Sand - 1 25 
Sand+5%OPC 28 1 

50 

Sand+5%PC 28 1 
Sand+5%Lime 28 1 
Sand+5%Slag 28 1 

Sand+5%Gypsum 28 1 
Sand+5%Bentonite 28 1 
Sand+5%Fly Ash 28 1 
Sand+10%Fly Ash 28 1 

25 

Sand+5%Fly Ash+2%Slag 28 1 
Sand+5%Fly Ash+5%Slag 28 1 
Sand+5%Fly Ash+5%Lime 28 1 
Sand+20%Fly Ash+2%PC 28 1 
Sand+20%Fly Ash+7%PC 28 1 
Sand+40%Fly Ash+14%PC 28 1 

 Total=17  
 

3.5.1    Unconfined Compression Test  

Sand was mixed with 5% of seven different additives. Mixed additives were fly ash, 

lime, slag, bentonite, gypsum, OPC and PCC. Sample preparation detail is explained 

in section 3.4.2.1 the unconfined compression test was performed to compare the 

behavior of 7 different additives when mixed with sand. Tests were conducted 7, 14 

and 28 days after curing and under axial load like a concrete cylinder crushing test as 

shown in Figure 3.8. Specimens were compressed at a rate of 1.50 mm/min. The 
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loading frame consists of two metal plates. The top plate is stationary and is attached 

to the load-measuring device. The bottom plate is raised and lowered by means of 

crank on the front of loading frame. After the soil sample has been placed between the 

plates, the bottom plate is gradually raised, the resistance provided by the stationary 

top plate applies an axial force to the sample. The loading frames in the laboratory can 

be operated by both hand and electric motor.  Loads were measured with a calibrated 

probing ring or an electronic load cell. Vertical deformations were measured with a 

dial gauge; the dial gauge was attached to the top plate and measured the relative 

movement between the top and bottom plates. All tests were performed by strain-

controlled method, in which load was applied at a constant rate of strain or 

deformation. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 3.8:  Experimented sample after compressive loading 
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3.5.2    Monotonic Triaxial Test 

Monotonic triaxial tests were performed on specimens of stabilized sand and 

unstabilized sand. The triaxial machine system used is shown in Figure 3.9, which 

consists of the following components: Triaxial cell, loading frame with computer-

control platen, two computer control flow pumps to control the chamber pressure and 

back pressure. Various transducers are mounted in the system for measuring the axial 

load, confining pressure, pore-water pressure and axial strain. The excess pore water 

pressures were measured at the bottom of each specimen for the monotonic triaxial 

test. In monotonic test the actuator gives a static axial stress, which is called 

deviatoric stress. All tests were conducted at an axial strain rate 0.5 mm per minutes, 

maximum axial strains 15% (ASTM D 4767-11). The triaxial apparatus permits 

axisymmetric states in compression loading. Cylindrical specimens, with a height: 

diameter ratio of at least 2:1, were subjected to axisymmetric loading in this test. In a 

“consolidated undrained” triaxial test sample is not allowed to drain. The shear 

characteristics are measured under undrained conditions and the sample assumed to 

be fully saturated. 

 

 

Figure 3.9: Schematic diagram showing the different parts of triaxial apparatus 
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The first step of the specimen installation in the triaxial cell was to set a rigid porous 

stone and a filter paper of a diameter equal to the specimen at the bottom platen of the 

base plate. Then the specimen was removed from the split mold with extreme caution 

and placed on the porous stone. Another porous stone and filter paper was placed at 

the top of the specimen before placing the top platen. In both cases, filter paper was 

placed in-between specimen and porous stone as shown in Figure 3.10 below. 

Following this, the soil specimen was sealed in water tight, rubber membrane with O-

ring, securely fitted into the grooves in the sides of the top and bottom platens and 

specimen drainage lines were attached with locking nut at bottom platen. Next the 

triaxial cell, top cap and loading piston were fixed with locking nuts and the cell 

assembly was then placed into the triaxial loading frame and the cell was completely 

filled with de-aired water. Then triaxial software that operates the system was started 

and a confining pressure of 20 kPa was applied before starting initial saturation. 

In order to improve the initial saturation of the specimens, carbon dioxide (CO2) was 

allowed to flow from the bottom through the top of all specimens at a low pressure 10     

kPa in order to replace the air inside the specimen’s pores. This was done because 

CO2 has a much higher solubility in water than air, allowing a higher degree of 

saturation to be reached at lower back pressure.  

Figure 3.10: Sample placement in triaxial cell 
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The percolation of CO2 was continued for a period of 30 minutes and which was 

allowed to push out trapped air within the specimen voids. Once a stream of nearly 

pure CO2 was found to be flowing out of the specimen, the flow of CO2 was stopped, 

and a tank of de-aired water was attached to the drainage line on the bottom platen. 

The de-aired water was then percolated from the bottom through the top of the 

specimen by gravitational force in order to increase the degree of saturation and 

percolation was continued to replace all CO2 from specimen’s pores. Once the desired 

volume (approximately 100 ml) of de-aired water had flowed through the specimen, 

the drainage valves on the cell were closed and the de-aired water line removed. The 

drainage line was then connected to the pore pressure line. Further steps were 

controlled by machine, which include back pressure, saturation, consolidation and 

static loading. Before starting the test it was ensured that the output drainage valve 

was close and specimen drainage valves were open.   

Back pressure, saturation was performed after initialization to ensure the stable 

condition of the whole system and to set-up an effective stress that required during 

back pressure saturation. Initialization phase was continued for 20 minutes, where 

confining pressure was kept constant that was applied before initial saturation and a 

sample pressure of 10 kPa was applied, while maintaining an effective stress of 10 

kPa. Following initialization, the specimen was then saturated with de-aired water 

using back pressure saturation. The back pressure was increased gradually while 

maintaining the effective confining stress of 10 kPa. This function pushed a specified 

amount of de-aerated water into the specimen at a specified constant rate. The back 

pressure was raised in small increments. This process was continued until the pore 

pressure parameter B (B=Δu/Δσc, where, Δu is a change in specimen pore pressure 

and Δσc is a change in confining pressure) reached a value of 0.95 or greater was 

achieved [Ishihara et al. (2002)]. 

The objective of the consolidation phase is to allow the specimen to reach equilibrium 

in a drained state under the effective consolidation stress for which a test is required. 

Following saturation, the specimens were isotropically consolidated to an effective 

confining pressure of 100 kPa for sand and 200 kPa for sand and sand with additive 

mix. To consolidate the specimen isotropically, the chamber pressure was increasing 

at a constant rate until the difference between the chamber pressure and the back 

pressure reached a value equal to the desired consolidation effective pressure while 
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the applied back pressure was kept constant. At the end of the consolidation it was 

ensured that the pore pressure parameter B remains unchanged.    

After consolidation, the specimens were sheared in undrained condition. For CU tests, 

it is recommended that the time of failure should be five times of t50 to ensure pore 

pressure equalization through the specimen Baxter (2000) where t50 is the time to 50% 

consolidation as observed from the consolidation stage. For the present study, a time 

to failure between five to seven times of t50 was selected. The strain at failure was 

estimated as 5% of axial strain (as observed from UC tests). In case of additive mixed 

the specimens were loaded at a constant strain rate 0.5 mm/min. One of the specimen 

after shear is shown in Figure 3.11.           

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                      Figure 3.11: Photograph of a specimen after shear phase 
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3.6    Summary 

In this study fine sand was selected to determine their strength-deformation 

characteristics and pore water pressure generation while mixed with different 

additives. The list of things discussed in this chapter have been presented below. 
 

(i)  This chapter presents the detail about the sand sample collection and                                                                            

property analysis tests conducted to identify their characteristics.  

(ii)  This chapter also presents the detail about additives their collection sources,           

physical and chemical properties, their price, sources of collection, and 

classes.  

(iii)  The list of samples their detail on which several tests were conducted is  

shown. 

(iv)  The detail of sample preparation and curing process for shear strength test is 

described.  

(v)  The detail about shear strength tests, unconfined compression test and 

consolidated undrained triaxial test has been presented in this chapter.   
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Chapter 4 

RESULTS AND ANALYSIS 

 

4.1    General 

The main objective of this study is to find suitable sand-additive mixtures which can 

withstand large compressive load and can generate less pore water pressure during 

undrained loading. Another objective is to present strength-deformation and pore 

water pressure generation of sand with seven different additives treating all additives 

same way. This chapter presents the experimental results of soil property tests and 

Hydrometer analysis test of all additives and sand. Series of unconfined compression 

(UC) test results and consolidated undrained (CU) triaxial test results and their 

discussion have been presented in this chapter. Based on the test results effects of 

some parameters as relative density, curing time and additive percentage have been 

discussed. The strength comparisons and pore water pressure generation of sand-

additive treated samples in different curing days has been made. A detail comparison 

has also been made for all sand-additive treated samples for different additive 

percentage and relative density. Finally, some suitable combination of sand additives 

has been suggested on the basis of detail results.    

4.2    Soil Properties 

The soil properties of the collected sample obtained from laboratory investigations are 

described in this section. The grain size distribution curve of soil sample is presented 

in Figure 4.1. Soil properties are shown in Table 4.1. From Table 4.1 it is seen that the 

specific gravity of the soil sample collected from CNB ghat is 2.66. In Figure 4.1, it 

has been found that the soil is poorly graded having a coefficient of uniformity 

cu=2.25 and coefficient of curvature cc=1.14. The USCS classification is SP (Poorly 

graded sand). The value of fineness modulus is 1.82 which indicates that it is fine 

sand. The silt content percentage of the sand is 10.5%. The maximum and minimum 

dry density test result shows that the minimum dry density of sand is 12.25 kN/m3 and 

the maximum dry density of sand is 15.38 kN/m3.  
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Figure 4.1: Grain size distribution curve of sand sample 

 
Table 4.1: Soil properties of sand sample 

 

 

 

 

 

 

 

 
 
Several dry density tests and specific gravity tests were conducted to prepare samples 

in different relative density to conduct shear strength test. The list of samples on 

which maximum and minimum dry density test were conducted and test results are 

shown in Table 4.2.  
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Diameter (mm) 

Property Value 
Soil classification (USCS) SP 

Silt content% 10.5 
Specific gravity (Gs) 2.66 

Mean grain size D50 (mm) 0.21 
Uniformity coefficient (Cu) 2.25 

Coefficient of curvature (Cc) 1.14 
Fineness modulus (FM) 1.82 (Fine sand) 

Minimum dry density (kN/m3) 12.25 
Maximum dry density (kN/m3) 15.38 
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 Table 4.2: Properties of sand, additives and sand-additive mixtures 

Ingredients of test samples 
Specific 
gravity 

(Gs) 

Maximum 
dry density 

(ɣdmax) 
(kN/m3) 

Minimum 
dry 

density 
(ɣdmin) 

(kN/m3) 

Dry 
density 

ɣd 
(kN/m3) 

OPC 3.30 - - - 
PC 3.34 - - - 

Bentonite 2.50 - - - 
Gypsum 2.32 - - - 

Slag 2.85 - - - 
Lime 2.82 - - - 

Fly ash 2.25 - - - 
Sand 2.66 15.38 12.25 12.94 

Sand+5%OPC 2.74 16.37 13.43 14.60 
Sand+5%PC 2.75 15.58 12.74 13.92 

Sand+5%Bentonite 2.71 15.48 12.35 13.52 
Sand+5%Gypsum 2.78 15.58 12.35 13.62 

Sand+5%Slag 2.95 15.38 12.45 13.72 
Sand+5%Lime 2.68 15.28 12.45 13.62 

Sand+5%Fly Ash 2.69 15.58 12.45 13.72 
Sand+10%Fly Ash 2.74 15.58 12.35 13.03 

Sand+5%Fly Ash+2%Slag 2.83 15.78 12.45 13.12 
Sand+5% Fly Ash+5%Slag 2.75 15.87 12.54 23.03 
Sand+5%Fly Ash+5%Lime 2.85 15.78 12.45 13.13 
Sand+20%Fly Ash+2%PC 2.68 16.17 12.25 13.03 
Sand+20%Fly Ash+5%PC 2.49 16.37 12.54 23.03 
Sand+20%Fly Ash+7%PC 2.62 16.46 12.54 13.33 
Sand+40%Fly Ash+5%PC 2.53 22.93 12.05 13.52 
Sand+40%Fly Ash+10%PC 2.56 2332 12.05 13.52 
Sand+40%Fly Ash+14%PC 2.59 23.52 12.35 13.82 

4.3    Grain Size of Sand and Additives 

Hydrometer analysis was performed for experimental sand and also for all 

experimental additives since it is not possible to obtain precise measurements of 

particle size distribution of soils finer than 0.074 mm by mechanical sieve alone. The 

hydrometer graph of collected seven additives and sand sample is shown in Figure 

4.2, which shows that the settlement time and the amount of fine particle of bentonite 

is greater than all other ingredients. Hydrometer analysis graph of bentonite is much 

flatter than all other samples. Settlement time and particles smaller than 0.01mm are 

greater for all other additives than sand.  
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         Figure 4.2:  Grain size distribution curve of sand and other additives 

4.4  Unconfined Compressive Strength (UCS) of Sand-5%Additive Treated    

Specimens of Different Curing Period 

An extensive unconfined compression testing program was carried out on the 

experimental fine sand treated with 5% each of seven additives namely ordinary 

Portland cement, Portland cement, bentonite, gypsum, lime, slag, and fly ash. The 

moisture content was kept 10% and relative density 50%, also curing was done for 7, 

14 and 28 days for all samples. For same mixtures tests were conducted for two 

samples so that the variation of test results could be identified, these samples were 

denoted from Figure 4.3 to Figure 4.5 as S1and S2. The main objective of this 

unconfined compression testing program was to observe the behavior and 

performance of these seven additives so that suitable additives can be chosen to 

stabilize fine sand. These test series also were conducted to examine the effect of 

different additives in short-term and long-term changes in material behavior, 

particularly the stress-strain response, stiffness, ductility and peak strength and to 

observe the change in material behavior and the effects of time-dependent 

solidification reactions and consequent changes in densities.  
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Figure 4.3 and Table 4.3 present the unconfined compression test results of sand 

treated with 5% of seven different additives after seven days curing. It can be seen 

that the stress values of most of the specimens continue to increase with strain and no 

noticeable peak value is observed as OPC and PC treated soil specimens showed.  The 

stress-strain characteristics of other treated specimens except for OPC and PC treated 

specimens are quite similar for this curing period. Another thing can be easily 

observed from the figure is that  7 days curing did not significantly affect the overall 

stress-strain characteristics of the specimens except for OPC and PC treated 

specimens. It is also noticeable that the failure strain remains within a narrow range 

varying between 2.5% to 5% for all other treated specimens except for Bentonite 

specimens its failure strain is 4%. It also can be noticed that all specimens showed 

ductile nature except OPC and PC treated specimens. 

 

 
 
Figure 4.3: Typical stress-strain behavior of sand treated with 5% of different 

additives cured for 7 days  
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The unconfined compressive strength (UCS) values and corresponding failure strains 

of the sand-additive treated samples are summarized in Table 4.3. The UCS of the 

samples ranges from 15 to 40 kPa for all treated specimens except for OPC and PC 

treated samples the highest UCS of OPC is 472 kPa and for PC is 200 kPa for 

sample1 (S1) and 216 kPa for sample 2 (S2).   
 

Table 4.3: Stress-strain values of sand-additive mixtures after 7 days curing 
 

 
Samples combination 

 

7days curing 
Sample 

(S1and S2) 
σucs 

(kPa) 
 

        (%) 

Sand+5% OPC S1 472 3.0 
S2 472 3.0 

Sand+5% PC S1 200 4.0 
S2 216 4.0 

Sand+5%Bentonite S1 38 4.0 
S2 40 4.0 

Sand+5% Gypsum S1 22 3.0 
S2 29 3.0 

Sand+5% Fly Ash S1 16 2.5 
S2 13 2.5 

Sand+5% Slag S1 12 5.0 
S2 17 3.0 

Sand+5% Lime S1 15 6.0 
S2 16 4.0 

   Notes: σucs = Unconfined compressive strength, εucf  = Failure strain 
 
Figure 4.4 shows the stress-strain curve of specimens after fourteen days curing. It 

can be noted that the peak stress of the bentonite treated specimens steadily increased 

with the increase in curing time from 7 days to 14 days. The gypsum treated sample 

also gained some peak stress, but it is not so noticeable. The peak stress 

characteristics of all other treated samples are very much similar to 7 days curing time 

also for this increasing curing period. Another thing can be easily observed from the 

figure is that this 14 days curing has no significant effect on the overall strain 

characteristics of the specimens. The failure strain remains within a narrow range 

varying between 2% to 3% for all specimens. It also can be noticed that all specimens 

showed ductile nature except OPC, PC and bentonite treated specimens.  
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Figure 4.4: Typical Stress-Strain behavior of sand treated with 5% of different   
additives cured for 14 days 

 
The maximum unconfined compressive strength (UCS) values, corresponding failure 

strains and increasing percentage of UCS value after increasing curing time  from 7 to 

14 days of sand-additive treated samples are summarized in Table 4.4. The 

observation from the table is amount of compressive strength of the samples steadily 

increased with the increase of curing time from 7 to 14 days. The amount of strength 

gained upon curing by the OPC treated soil sample is only 31 kPa, but PC treated soil 

samples gain 181 kPa strength. Curing effect on bentonite mix sample was very high 

as its liquid limit is also very high > 100 it gained 113 kPa strength. Lime, fly ash, 

gypsum and slag mix samples, gained strength after 14 days curing accordingly 3 kPa, 

1 kPa, 10 kPa and 2 kPa strength which are comparatively very low than PC and 

bentonite mix samples. 14 days curing couldn’t improve their strength much. 

Although OPC mix samples didn’t gain any remarkable strength by increasing the 

curing time, but it gained its maximum UCS value among all other additive mix 

samples within only 7 curing days and which was 478 kPa and after 14 curing days it 

was 478 kPa. PC mix samples also gained much greater value after 7 days curing 

which was 216 kPa and became 397 kPa after 14 days curing  and its curing effect 

was much more noticeable.  
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Table 4.4: Stress-strain values of sand-additive mixtures after 14 days curing 
 

Samples combination Sample 
(S1and S2) 

σucs 
(kPa) (%) 

Strength increase 
after 14 days 
curing (kPa) 

Sand+5% OPC S1 478 3.0 31 
S2 503 3.0 

Sand+5% PC S1 397 2.5 181 S2 371 2.5 

Sand+5%Bentonite S1 153 2.0 113 S2 150 2.0 

Sand+5% Gypsum S1 39 2.0 10 S2 35 2.0 

Sand+5% Fly Ash S1 17 2.5 1 S2 17 2.5 

Sand+5% Slag S1 17 2.0 2 S2 19 2.0 

Sand+5% Lime S1 19 2.5 3 S2 18 2.5 
  Notes: σucs  = Unconfined compressive strength, εucf  = Failure strain 
 
Figure 4.5 shows the stress-strain curve for specimens after 28 days curing. It can be 

noted that the peak stress of the gypsum treated soil samples steadily increased with 

the increased in curing time from 14 days to 28 days. Gypsum mix samples gained 

some peak stress after 14 days curing, but it was not so noticeable. The peak stress 

characteristics of fly ash, slag and lime treated soil samples did not show any 

remarkable increase after increasing of curing times. Another observation from the 

figure is that this increasing 28 days curing did not significantly affect the overall 

strain characteristics of the samples except for Bentonite treated soil samples. The 

failure strain remains within a narrow range varying between 1.5% to 4% for all 

treated samples except for bentonite mix samples which is 6%. It also can be noticed 

that almost all specimens showed ductile nature except OPC, PC and gypsum mix 

specimens. The most noticeable thing is that although curing days were increased 

from 7 to 14 days and 14 to 28 days, but the peak unconfined strength of fly ash, slag 

and lime mix samples almost remain same and curing could not improve their 

performance. 
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Figure 4.5: Typical stress-strain behavior of sand treated with 5% of different 
additives cured for 28 days 

 
The UCS values, corresponding failure strains and increasing percentage of UCS 

value after increasing curing time from 14 to 28 days and 7 to 28 days of sand-

additive treated samples are summarized in Table 4.5. Observation from the figure is 

that the  compressive strength of the samples steadily increased more or less with the 

increase of curing time from 7 to 28 days for all additive treated samples. The total 

amount of strength gained upon curing time by OPC treated, sample is 115 kPa and 

PC treated sample gained 215 kPa strength. Bentonite treated samples gained the 

maximum strength among all other treated soil samples which is 216 kPa. Gypsum 

mixed samples also gained very high strength which is 102 kPa. Fly ash and slag and 

Lime treated samples, gained 4 kPa, 5 kPa and 12 kPa strength from 7 to 28 days of 

curing which is very less compared to other treated samples. Although OPC mix 

samples didn’t gain any remarkable strength by increasing the curing time, but it 

gained its maximum UCS value among all other additive mix samples. 
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Table 4.5: Stress-strain values of sand-additive mixtures after 28days curing 
 

 
Samples combination 

 

     28 days curing strength  
Strength increase 

after 28 days 
curing (kPa) 

Sample 
(S1and 

S2) 

  σucs 
(kPa)  (%) 

Sand+5% OPC S1 587 3.0 115 
S2 581 3.0 

Sand+5% PC S1 378 2.0 215 S2 431 2.0 

Sand+5%Bentonite S1 238 6.0 216 S2 256 6.0 

Sand+5% Gypsum S1 131 1.5 102 S2 124 2.0 

Sand+5% Fly Ash S1 18 2.0 4 S2 20 2.0 

Sand+5% Slag S1 19 1.5 5 S2 22 1.5 

Sand+5% Lime S1 28 4.0 12 S2 26 2.5 
        Notes: σucs  = Unconfined compressive strength, εucf  = Failure strain   
The maximum UCS values of all sand-additive treated samples for all curing periods 

are shown in Figure 4.6. The figure is presented as a bar chart so that the overall 

behaviour of all sand-additive treated samples can be understood at a glance. In this 

experiment the additives percentage was kept similar, so that the performance of all 

additives can be understood by treating them equally and their deficiencies and 

strengths can be observed. From this figure it can be observed that the OPC and PC 

treated samples gained the maximum UCS. OPC treated sample (S1) gained 587 kPa 

strength and  PC treated sample (S2) gained 431 kPa after 28 days curing. Bentonite 

and gypsum mix samples also gained noticeable strength after curing for 28 days, 

which are 256 kPa gained by bentonite sample (S2) and 131 kPa gained by gypsum 

treated sample (S1). The UCS gained by fly ash, lime and slag treated samples are 

very much negligible maximum UCS gained after 28 days curing by fly ash sample 

(S2) is only 20 kPa and UCS gained by slag sample (S2) and lime sample (S2) are 

only 22 kPa and 28 kPa curing couldn’t improve their condition.  
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Figure 4.6: Unconfined compressive strength (UCS) values of all sand-additive samples in different curing days 
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4.5  Monotonic Triaxial Test Results of Sand-5%Additive Treated Specimens of 

28 Days Curing Period 

Triaxial tests and unconfined compression tests were conducted on same type of 

treated samples with same sand-additive combinations. Among all type of triaxial test 

(consolidated undrain) is more time consuming and it is also more time consuming for 

additive mix samples due to saturation and consolidation timing during test, triaxial 

tests were conducted only for specimens 28days cured. In this triaxial testing program 

confining pressure was kept 200 kPa for all samples. Samples used for triaxial test 

were prepared using the same method as used for UCS sample preparation discussed 

in “sample preparation for shear strength test” in chapter 3 (also relative densities kept 

50% and moisture content 10%). In this section, the results of tests conducted on 

specimens prepared in seven different combinations, were analyzed. The main 

objective of this experimental section was to observe the effect of different additives 

on the deviatoric stress, pore water pressure generation and stress path of samples and 

also to compare their influence on unconfined compression tests and triaxial tests. In 

this section triaxial test results and the detail discussion has been presented. 

Figure 4.7 shows the stress-strain response, where the deviatoric stress or stress 

difference is assigned to the vertical axis (σ1-σ3) and axial strain is plotted on the 

horizontal axis. All sand-additive mixed samples were treated equally so that their 

undrained strength can be compared. It can be observed in this figure is that at 

Dr=50%, 28 days of curing time and 200 kPa confining pressure seven mixtures 

exhibited strain-hardening behavior where the deviator stress always goes up with 

increasing shear strain such a state is called “strain-hardening” type and referred to as 

being “dilative or non-flow type” It is also observed in (Chapter Two) of Figure 2.5, 

Figure 2.6 (a) and in Figure 2.7 discussion shows that, the rate of increasing 

deviatoric stress with respect to strain is higher for the dense specimen. Cement OPC 

and PC mixtures exhibited high deviatoric strength. Bentonite and gypsum mixtures 

also exhibited high strength than slag, lime and fly ash treated soil samples.   
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Figure 4.7: Static triaxial test results of sand and 5% of 7 different additives showing 
the variation of  deviator stress 

The rate of increasing stress as well as the attainment of peak strength in all 

specimens can also be verified from the development of pore water pressure. Figure 

4.8 shows the excess pore water pressure generated in sand-additive mixtures. Except 

for sand-fly ash mixture initially the excess pore water pressure increases at a very 

low strain of around 2 percent axial strain and decreases for further axial strain. For 

sand-fly ash mixture, excess pore pressure increases with increasing axial strain up to 

2 to 4 percent axial strain, after that it becomes steady. Increasing excess pore water 

pressure is constructive behavior for expressing the soil behavior proposed and 

decreasing is dilative behavior Rees (2010). These effects could be connected to the 

function of fines in improving the sand fabric by increasing the particle connections. 

Moreover, the chemical components and curing time may play significant roles in 

reducing the liquefaction potential of the mixtures. These findings are consistent with 

previous studies, which have shown that fines have a significant effect on the static 

behavior of fine sand.  
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Figure 4.8: Static triaxial test results of sand and 5% of 7 different additives showing 
the variation of strain vs pore water pressure 

The effective stress path of sand-additive mixtures with 50% relative density is shown 

in Figure 4.9. The effective stress paths of all mixture samples are seen to deviate 

upwards from phase transformation point, increasing the strength which is termed as 

stable behavior compared to Figure 2.7 and 2.8 shown in Chapter Two. 

  
Figure 4.9: Static triaxial test results of sand and 5% of 7 different additives showing 

the variation of stress paths 
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4.6  Comparisons of UCS and Triaxial Test Results of Sand-5%Additive Treated 

Samples 

The maximum values of UCS, deviatoric strength and final pore water pressure has 

been presented in Figure 4.10. All results have been presented as a bar chart so that 

the comparison of results can made easily. Specimens were prepared by maintaining 

the same procedure, ingredients and quantity for both types of experiments so that the 

variation of these type of two test results can be identified. It can be seen from this bar 

chart that samples which are showed high compressive strength also showed high 

deviatoric strength. Another observation is the rate of strength gain decreased with the 

increase of pore water pressure. In this Figure it can be seen that OPC mix samples 

showed the highest compressive and deviatoric strength 586 kPa and 879 kPa and the 

lowest negative pore water pressure -49 kPa. On the other hand fly ash mix samples 

showed low compressive and deviatoric strength which are 20 kPa and 381 kPa and 

highest pore water pressure which is 112 kPa. The observation from the results 

showed in this figure is higher the compressive strength or deviatoric strength lower 

the pore water pressure.   

 
Figure 4.10: Comparisons of maximum UCS, deviatoric strength and final pore    

water pressure of sand-5% different additive treated samples 
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4.7    Stabilization of Sand Sample Using Different Additives       

Several consolidated undrain triaxial test results have been discussed in this section 

which were conducted to stabilize collected sand sample. To start this stabilization 

process at first sand sample was taken to its loose or unstable condition. Three triaxial 

tests were conducted to unstabilized sand sample using two types of confining 

pressure and by increasing and decreasing relative density. 

Stabilization was conducted maintaining the relative density and confining pressure 

on which sand sample was unstabilized and showed more pore water pressure. 

Several additive and their combinations were used to stabilize fine sand. Tests results 

of the previous section was very much effective chosen additives and their 

combination. The main objective of this research work was to choose suitable 

environment friendly and cost effective additives for this stabilization process. To 

fulfill this objective fly ash was chosen for stabilization and it was the main goal to 

utilize this as much as possible due to its future availability in Bangladesh and cost 

effectiveness. 

Several triaxial tests also were conducted by increasing the amount of fly ash but as it 

did not work effectively other additives were also treated with samples and finally 

some suitable sand additive combinations were found out which generate less pore 

water pressure and high compressive and deviatoric strength.  

In this stabilization process and unstable process of sand sample the specimens used 

were same as specimens used in the previous sections for UCS and triaxial test except 

their relative density and curing period was different.  

4.7.1    Unstabilization of Sand Sample 

The amount of stability of fine sand and sand-additive mixtures were identified by 

UCS, triaxial strength and generation of pore water pressure. As fine sand almost 

have no UCS, three consolidated undrain triaxial tests were conducted to identify its 

stable and unstable condition. The results of triaxial tests on fine sand with variable 

density and confining pressure are presented in Figure 4.11 and in Figure 4.12. Figure 

4.11 representing the stress-strain relationships of fine sand in different confining 

pressure and in different relative density reveals that samples with 50% relative 

density and under initial confining pressure of 200 kPa showed greater deviatoric 
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stress than the sample under initial confining pressure of 100 kPa. The samples with 

25 and 50 percent relative density exhibited the dilative behavior as discussed and 

showed in (Chater two Figure 2.7). These type of behavior are termed “stable” by 

Yamamuro and Lade (1998).  

 

 

Figure 4.11: Stress-strain and Stress ratio response of fine sand in different relative 
density and confining pressure  
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Again for sand samples, the greater the confining pressure, the more rapidly the pore 

pressure was generated as Figure 4.12 shows negative pore pressure for 100 kPa 

confining pressure and positive pore pressure for 200 kPa confining pressure. For 

samples with 25 and 50 percent relative density initially the pore water pressure 

reached the peak point at 3.5 and 2.6 percent axial strain respectively, later the excess 

pore water pressure decreased.  

 

          
Figure 4.12: Pore water pressure and A-factor response of fine sand in different 

relative density and confining pressure  
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Figure 4.13: Stress paths from triaxial tests performed on fine sand specimens in 

different relative density and pore water pressure 
 
Excess pore water pressure changing point is denoted as phase transformation point , 

which can be shown in Figure 4.13. Samples with relative density 50% got the phase 

transformation point rapidly.  
 
In case of the specimen with relative density 25%, the maximum principal effective 

stress ratio and peak deviatoric stress occur at the same strain. When relative density 

and confining pressures increased, they yield differently, and the maximum principal 

effective stress ratio generally occurs at a strain smaller than the strain corresponding 

to peak deviator stress. Since maximum principal effective stress ratio is referred to as 

the maximum obliquity of the failure plane, this criterion is used to define failure. 

The CU tests results defined by this failure criterion are summarized in Table 4.6. It 

can be observed from this table that loose sand sample with relative density 25% and 

200 kPa confining pressure exhibits less deviatoric stress 397 kPa and more pore 

water pressure108 kPa than sample with relative density 50% and 200 kPa confining 

pressure which exhibit more deviatoric stress 454 kPa and less pore water pressure 83 

kPa.  
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Again sand samples behaved differently with same relative density 50%, but different 

confining pressure. Sample with 100 kPa confining pressure exhibit  less deviatoric 

stress 363 kPa and less pore water pressure 24 kPa but sample with 200 kPa confining 

pressure exhibit more deviatoric stress 454 kPa and more pore water pressure 83 kPa. 

For all test results related to sand sample it can be observed that sand sample is 

comparatively unstable at relative density 25% and 200 kPa confining pressure  on its 

loose condition as it generates more pore water pressure and less deviatoric stress. 

Table 4.6: Triaxial test results of fine sand of different density and confining pressure 

Notes: A-factor = Change in excess pore water pressure /change in deviator stress 

4.7.2    Sand Sample Treated With Fly Ash, Lime and Slag 

It was observed in the previous section that fine sand was unstabilized in 25% relative 

density and 200 kPa confining pressure as it showed its maximum pore water pressure 

and deviatoric stress in this condition. To improve the unstabilized condition of fine 

sand with cost effective additive, fly ash was treated with fine sand and its percentage 

was increased. As the addition of fly ash percentage more unstabilzed the condition of 

fine sand, lime and slag were also added to stabilize its condition but overall the 

outcome was not satisfactory and few percentage of cement was added. Finally the 

unstabilized condition of fine sand was improved by the addition of cement. The 

detail results of all experiment with the addition of cement with fine sand will be 

discussed in the next section. In this section the detail results of sand-fly ash mixtures 

and results of sand-lime-slag mixtures and their discussion have been presented.  

The deviatoric stress and stress ratio corresponding to axial strain response obtained 

from the CU test of fly ash-lime-slag mix on 200 kPa confining pressure and with 

relative density 25% is shown in Figure 4.14. Specimens for these tests were cured for 

28 days. It can be readily observed from the figure that addition of fly ash, lime and 

slag couldn’t show any positive effect on samples peak strength, stiffness and 

Sample 
Relative 
density 

(%) 

Confining 
Pressure 

(kPa) 

Deviatoric 
stress at 
failure 
(kPa) 

Axial 
Strain at 
Failure 

(%) 

Stress 
ratio at 
Failure 
(σ1'/σ3') 

 

Pore 
water 

pressure 
at Failure 

(kPa) 

A-
factor 

at 
failure 

Sand 50 100 363.0 2.6 5.77 24 0.07 
Sand 50 200 454.2 3.9 4.88 83 0.18 
Sand 25 200 397.4 7.5 5.32 108 0.27 
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brittleness. From the comparison of graph it can be noted that replacement of sand by 

fly ash, lime and slag did not affect the stress-strain characteristics much. In fact the 

peak strength and strain at failure is slightly reduced while the brittleness is 

marginally altered accompanied by a noticeable change in the initial stiffness of the 

treated material. Further addition of fly ash, lime and slag transform the brittle nature 

of the soil into an extremely ductile one, accompanied by a marked increase in the 

failure axial strain. From the stress ratio curve corresponding to strain it is observed 

that when lime, fly ash and slag is added, the maximum principal effective stress ratio 

generally occurs at a strain larger than the strain corresponding to peak deviator stress. 

Since maximum principal effective stress ratio is referred to as the maximum 

obliquity of the failure plane, this criterion is used to define failure.  

  

 
Figure 4.14: Stress-strain and stress ratio response of fine sand treated by fly ash, 

lime and slag 
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The pore pressure curves plotted in Figure 4.15 shows the pore water pressure 

generation of sand-fly ash-lime-slag treated samples. It can be observed from this 

figure that with the increased of strain, the pore water pressure of  samples initially 

increase and reached at the maximum value just before attaining the maximum 

effective principal stress ratio and then remain on the positive side. 

 

 

Figure 4.15: Pore water pressure and A-factor response of fine sand treated by fly 
ash, lime and slag 
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The above pore pressure behavior can be interpreted from the point of relative 

contribution of the cohesive and frictional components of the stress-strain response. 

As loading started, first the cementation bonds are gradually broken that causes the 

localized structures to collapse. But as drainage is prevented, this results in an 

increase in the pore water pressure. With further increase in strain, inter-particle 

friction did not mobilize. As a result the pore water pressure increases and remain 

same as the soil approaches to failure. This can be attributed to the fact that as the 

material becomes less cemented and resistant to deformation, the tendency for both 

the initial compression and dilation decreases and hence the effect on pore water 

pressure results.  

The stress path in Figure 4.16 for the specimens treated with lime, fly ash and slag on 

the other hand, behaves in a different way. The stress path remains steep and inclined 

slightly towards the right until lime and slag was added with sand-fly ash mixtures as 

soon as these two ingredients treated the condition became worse and stress paths are 

simply moving to the left. 
 

 
Figure 4.16: Stress paths from triaxial tests performed on fine sand treated by fly ash, 

lime and slag 
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The CU tests results of sand treated with fly ash, lime and slag explained by failure 

criterion are summarized in Table 4.7. The observation from this table is that sand 

treated with 5 and 10% fly ash exhibited more deviatoric stress than sand treated with 

lime-fly ash or slag-fly ash combinations it means the addition of slag and lime made 

the condition of fine sand more vulnerable. It is showed in Table 4.7 that (sand+5%fly 

ash) and (sand+10%fly ash) treated samples showed 368 kPa and 348 kPa deviatoric 

stress, which is less than the sand sample, but much greater than sand-fly ash-lime and 

sand-fly ash-slag samples  again, these two samples showed failure strain which is 

greater than the sand sample which is 10.5%. Pore water pressure generated by these 

two samples also much greater than sand sample. (sand+5%fly ash+2%slag) sample 

showed the lowest deviatoric stress, which is 215 kPa and maximum pore water 

pressure which is 169 kPa. Its axial strain is also highest among all samples which is 

11.5 % and stress ratio and A-factor is also high 7.94 and 0.78.  

Overall the observations from the test results are that the addition of fly ash, lime and 

slag could not improve the condition of fine sand. Increasing the percentage of fly ash 

more unstabilized the condition of fine sand more that’s why the amount of fly ash 

was stopped increasing. Later lime and slag was added, but the amount was not 

sufficient and not increased as these are not available and also costly.  

Table 4.7: Triaxial test results of fine sand treated with fly ash, lime and slag 

 Notes:    A-factor = Change in excess pore water pressure /Change in deviatoric stress 

 

 

Sample 

Deviatoric 
stress at 
failure  
(kPa) 

Axial 
strain at 
failure 

(%) 

Stress 
ratio at 
failure 
(σ1'/σ3') 

 

Pore 
water 

pressure 
at failure 

(kPa) 

A-
factor 

at 
failure 

Sand 397 7.5 5.32 108 0.27 

Sand +5%Fly Ash 368 10.5 5.72 122 0.33 
Sand+10%Fly Ash 348 8.5 5.64 125 0.36 

Sand+5%Fly Ash+2%Slag 215 11.5 7.94 169 0.78 

Sand+5%Fly Ash+5%Slag 282 8.5 5.03 130 0.46 

Sand+5%Fly Ash+5%Lime 251 8.5 6.23 152 0.60 



77 
 

4.7.3    Sand Sample Treated with Fly Ash and Portland Cement 

A series of undrain monotonic triaxial tests were conducted on sand-fly ash-lime-slag  

mixtures to evaluate their  effect of treating fine sand which has been discussed in the 

previous section. The clean fine sand was treated with two different fly ash content 

(5% and 10%) based on the dry weight of the sand. Samples were tested under 

Dr=25%, 28 days curing time and initial confining pressure of 200 kPa. It can be 

readily observed from the Figure 4.14 to Figure 4.16 that addition of fly ash and 

increasing the fly ash amount significantly influenced the overall behavior of fine 

sand. Peak strength and stiffness decreased and pore water pressure increased with 

increasing amount of fly ash. As fly ash could not improve the strength of fine sand 

and also could not decrease the generation of pore water pressure some percentage of 

slag and lime was added with fly ash and also some series of consolidated undrained 

triaxial test were conducted with same relative density, confining pressure and curing 

days. Table 4.7 showed that addition of lime and slag percentage with fly ash which 

also couldn’t improve the condition of fine sand as the percentage was not so high due 

to insufficient CaO and increasing the amount of fine particles, condition became 

worse. As the main goal of this thesis was to improve the fine sand in a cost effective 

and environment friendly way, no more lime and slag was added with fly ash and it 

was replaced by a few percentage of Portland cement which has been discussed in this 

section. 

The deviatoric stress, stress ratio, pore water pressure, A-factor corresponding to the 

axial strain response and stress paths obtained from the CU triaxial test on sand-fly 

ash-cement mixtures for 200 kPa confining pressure Dr=25% and 28 days after curing 

time is shown in Figure 4.17 to Figure 4.19 and in Table 4.8. It can be readily 

observed from the Figure 4.17 that addition of fly ash and cement significantly 

influences the overall behavior of the material. Peak strength, stiffness and brittleness 

of the fine sand show remarkable changes as a consequence of the combined effects 

of ash and cement. The brittleness is marginally altered accompanied by a noticeable 

change in the initial stiffness of the treated material. The peak strength and stiffness of 

the new material are significantly increased with the increase in the amount of cement 

also fly ash. Another observation from stress ratio-stain curve is that when the cement 

is added they yield significant difference, and the maximum principal effective stress 

ratio generally occurs at a strain smaller than the strain corresponding to peak  
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Figure 4.17: Stress-strain and stress ratio response of fine sand treated with Fly Ash, 
and Portland cement 

deviatoric stress. Mix (sand+40%FA+14%PC) showed the highest values of 

deviatoric stress. While the mixture of (sand+20%FA+2%PC) showed the lowest 

values. The findings are consistent with previous studies, which have shown that fines 

and chemical reactions have a significant effect on the static behavior of sandy soil. 
 
The pore water pressure curve plotted in Figure 4.18 shows that the behavior of the 

only sand sample and less amount of fly ash and cement mix samples are different. 

With the increase in strain, the pore pressure of this kind of samples initially increases 

and reaches the maximum value just before attaining the maximum effective principal 
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other hand sand sample treated with more percentage of fly ash and cement shows 

rapid increase at the initial stage of loading and after attaining the peak value, also 

decreases sharply and becomes negative. 

The above pore pressure behavior can be interpreted from the point of relative 

contribution of the cohesive and frictional components of the stress-strain response. 

As loading started, first the cementation bonds are gradually broken that causes the 

localized structures to collapse. But as drainage is prevented, this results in an 

increase in the pore water pressure. With further increase in strain, inter-particle 

friction is progressively mobilized that created a tendency for the soil to dilate. As a 

result, the pore water pressure decreases as the soil approaches fail.  

 

 

Figure 4.18: Pore water pressure and A-factor response of fine sand treated with fly 
ash and Portland cement 
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It also can be noted from A-factor in Figure 4.18 that the large range of pore water 

pressure generated for the sand-fly ash-Portland cement treated samples depending on 

the quantity of cement and fly ash added to the samples. The magnitude of change is 

found to be greater when more cement and fly ash is added to the mix. This can be 

attributed to the fact that as the material becomes more cemented and resistant to 

deformation, the tendency for both the initial compression and dilation increases and 

hence the effect on pore water pressure results.     

The stress path for the fly ash and cement mix samples almost behaves in the same 

way except the specimen treated with less amount of cement. The stress path remains 

steep and inclined towards the right. At low percentage of cement the stress path 

simply moves to the left indicating strain softening. 

 

Figure 4.19: Stress paths from triaxial tests performed on fine sand treated with fly 
ash and Portland cement 

Table 4.8 presents the results of sand treated with fly ash, lime, slag and cement. 
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this table that the sample which exhibits less deviatoric stress shows high axial strain, 

pore water pressure and A-factor. As (Sand+5%Fly Ash+2%Slag) sample is showing 

the lowest deviatoric stress, which is 215 kPa and highest axial strain 11.5% and 

highest pore water pressure 169 kPa. So the main observation from this table is that 

the sample which is strong in their behavior exhibited more deviatoric stress 

comparatively shows less axial strain, less Pore water pressure and A-factor.   

Table 4.8: Triaxial test results of sand treated with fly ash, lime, slag and cement 

Notes: A-factor = Change in excess pore water pressure /Change in deviatoric stress 

4.7.4  Unconfined Compressive Strength and Triaxial Strength of Sand-Fly Ash-

Portland Cement Treated Samples 

Sand-fly ash-Portland cement mix specimens on which triaxial tests were conducted, 

unconfined compression tests also were conducted on those specimens and other 

related combinations. The stress-strain graph of sand-fly ash-PC mix specimens is 

shown in Figure 4.20. In Table 4.9 a comparison of triaxial test results and UCS is 

shown. 

Increasing percentage of fly ash and Portland cement to fine sand causes a 

fundamental change in the stress-strain characteristics of the treated samples. It can be 

readily observed from Figure. 4.20 that the overall behavior is significantly influenced 

by the addition of more fly ash and cement to the samples. Distinct changes are 

notices in stiffness, brittleness and peak strength as a consequence of separate or 

combined effects of cement and fly ash remarkable change in their characteristics 

takes place. 

Sample 

Deviatoric 
stress at 
failure  
(kPa) 

Axial 
strain at 
failure 

(%) 

Stress 
ratio on 
failure 
(σ1'/σ3') 

 

Pore 
water 

pressure 
at failure 

(kPa) 

A-
factor 

at 
failure 

Sand+20%Fly Ash+7%PC 895 0.9 11.17 112 0.12 
Sand+40%Fly Ash+14%PC 736 1.3 9.46 113 0.15 

Sand 397 7.5 5.32 108 0.27 
Sand+20%Fly Ash+2%PC 365 4.6 10.12 160 0.44 

Sand +5%Fly Ash 368 10.5 5.72 122 0.33 
Sand+10%Fly Ash 348 8.5 5.64 125 0.36 

Sand+5%Fly Ash+5%Slag 282 8.5 5.03 130 0.46 
Sand+5%Fly Ash+5%Lime 251 8.5 6.23 152 0.60 
Sand+5%Fly Ash+2%Slag 215 11.5 7.94 169 0.78 
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With the increase of cement content from 7% to 14% and fly ash from 20% to 40% 

the initial stiffness of the treated sample is found to increase almost double.   

 
Figure 4.20: Typical stress-strain behavior of sand-fly ash-Portland cement samples 

From Table 4.9 the main observation is sample which shows greater deviatoric stress 

also shows greater UCS and less pore water pressure and less axial strain. Another 

obserbation is samples which exhibit UCS more than 300 kPa are comparatively non 

liquefied as they also exhibit more than 700 kPa deviatoric stress and less pore water 

pressure. 

Table 4.9: Stress-strain and pore water pressure values of sand-fly ash-PC samples 
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 UCS 
   at 
failure 
(kPa) 

 
Axial 
strain 

at 
failure 

(%) 

Deviatoric 
stress at 
failure  
(kPa) 

Deviatoric 
axial strain 
at failure 

(%) 

Pore 
water 

pressure 
at 

failure 
(kPa) 

A-
factor 

at 
failure 

Sand+40%FA+14%PC 514 2.0 736 1.3 113 0.15 

Sand+20%FA+7%PC 360 1.5 895 0.9 112 0.12 

Sand+20%FA+2%PC 65 1.0 365 4.6 160 0.44 
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4.7.5    Comparison with Published Results 

To compare some test results of this study  PhD thesis of Kalita (2011) was selected. 

The Author Kalita, published more than four research paper on his PhD thesis. A 

comprehensive laboratory investigation was conducted by Kalita (2011) to fulfill his 

thesis work. The detail about his research work is discussed in Chapter 2, section 2.4 
 
The comparisons of unconfined compressive strength (UCS) values and deviatoric 

stress values are presented in Table 4.10 it can be noted  that samples of this thesis 

exhibited very poor strength than the samples of compared thesis. Although there are 

several other parameters are involved in results variation one of the main reason for 

result variation is relative density and another is pore water pressure. Two things are 

very common between this two researches are that the increasing amount of cement 

increase the strength of sample, although a high percentage of fly ash is used. Another 

thing is that an increasing  percentage of fly ash decreased the strength of samples and 

the addition of a few percentages of cement was very effective. 

Table 4.10: Comparison of test results with Kalita (2011)  

Curing 
time Work done Sample 

combinations UCS (kPa) Relative   
density (%) 

28days 

Unconfined compression test results 
Kalita (2011). S+20FA+2C 165 100 

This Study S+20FA+2C 65 25 
Kalita (2011) S+20FA+4C 1337 100 
This Study S+20FA+5C 336 25 

Triaxial test results 

Work done Sample 
combinations 

Deviatoric 
strength (kPa) 

Relative 
density (%) 

Kalita (2011) S+3C 826 100 
This Study S+5C 620 50 

Kalita (2011) S+20FA+2C 1142 100 
This Study S+20FA+2C 365 25 

 Notes: UCS= Unconfined compressive strength, S= Sand, FA=Fly ash, C= Cement 
 
The difference of this thesis work with Kalita (2011) can be well explained 

considering materials used in tests, sample size, relative density, combinations of 

additives, curing procedure, type of triaxial test and moisture content.                    

Kalita (2011) performed consolidated drain test and used 100% dense samples that’s 

why strength was much greater than this thesis. 
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4.8    Summary 

In this study soil sample was collected from CNB ghat Faridpur and additives were 

collected from cement factory and local market in Dhaka, Bangladesh. To identify the 

characteristics of sand and additives, several property analysis tests were conducted. 

Series of unconfined compression tests and consolidated undrained triaxial tests were 

conducted to identify the strength deformation and pore water pressure characteristics 

of sand and sand-additive treated samples and the observations from the experimental 

results are 

(i) Sand-cement treated samples exhibited high compressive and deviatoric 

strength  in all curing days on the other hand, fly ash, slag and lime treated 

samples exhibited lowest strength in all curing days. Bentonite and gypsum 

treated samples behaved moderately strong after 28 days of curing. 

(ii) The deviatoric strength and pore water pressure of experimental fine sand 

sample increased with the increase of confining pressure and relative density 

on the other side, it decreased with the decrease of confining pressure and 

relative density.  

(iii) Soil treated with fly ash exhibited less deviatoric stress. Addition of lime and 

slag lowered the deviatoric strength and increased the pore water pressuse.  

(iv) The addition of Portland cement to the sand-fly ash treated soil samples 

significantly increased  the peak strength with the appearance of cohesion. As 

a result, peak deviatoric stress and brittleness increased considerably 

accompanied by a reduction in failure strain. 

(v) Addition of fly ash to the sand-Portland cement mixture resulted in 

significant increase in the cohesion along with the peak strength. The 

substantial increase in the cohesion clearly reflects the increase in 

cementation due to high pozzolanic activity. The increase in friction, on the 

other hand, can be attributed to the change in texture and the gradation of the 

material.    



 

 

Chapter 5                                                                                                   

CONCLUSION AND SUGGESTIONS 

 

5.1    Conclusion  

The study mainly focused on the stabilization of fine sand using different stabilizers. 

The findings from the study are given below:  

(i)  Test results from the group of samples with relative density 50% which were 

prepared for the comparison of the test results of sand treated with the same 

percentage of different additives showed that sand treated with cement 

exhibited the highest compressive and deviatoric strength and less pore water 

pressure for all curing days compared to the strength of other sand additive 

combinations such as sand+5lime, sand+5%gypsum, sand+5%fly ash, 

sand+5%slag and sand+5%lime samples. Curing was comparatively very 

much effective for bentonite and gypsum treated samples for increasing their 

strength. After 7 to 28 days curing shear strength values increased 5 times for 

bentonite treated sand samples and it increased 3 times for gypsum treated 

sand samples. On the other side, curing was not so effective for fly ash, slag 

and lime treated samples.   

(ii)  It was observed from unconfined compression test results and triaxial test 

results from another group of sample with relative density 25% which were 

prepared with sand and different percentage of additives as (slag, lime, fly 

ash and Portland cement) that sand treated by increasing the percentage of fly 

ash decreased the strength of samples and generate more pore water pressure. 

To reduce pore water pressure slag, lime and Portland cement were added. It 

was observed from the test results that addition of Portland cement was more 

effective than the addition of lime and slag. On the basis of test results 

suitable combinations as sand combined with 20% fly ash and 7% PC and 

sand combined with 40% fly ash and 14% PC were proposed for improving 

loose sandy deposits against liquefaction and other possible hazards. 

It is expected that this research will be useful to those who are involved in ground 

stabilization and searching for a cost effective and environmental friendly solution for 

ground improvement.  
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5.2    Suggestions for Future Study  

The main objective of this research work was to stabilize fine sand with cost effective 

and environmental friendly sand-additive combinations. During this study, it was felt 

that the following studies can be conducted in future. 

(i)  In this research work Portland cement(PC) was mixed with fly ash to stabilize 

fine sand as fly ash used in this study was class F containing < 20% lime. To 

find out more cost effective solution PC can be replaced with blast furnace 

slag.  

(ii)  Additional lime may be added to fly ash rather than increasing the percentage 

of Portland cement. Again the type of lime used in this research purpose was 

slaked lime which is less reactive than quicklime. Further research can be 

conducted using quicklime which is much more reactive than slaked lime. 

(iii)  Cyclic triaxial test or software analysis may be done for samples to identify 

the cyclic performance for the same combinations so that cyclic liquefaction 

can be predicted for different cyclic stress ratios.     

Thus, it is recommended to work on these areas in the future to find out a more cost 

effective solution to stabilize soil.     
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