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NOTATIONS 

A Skempton's pore pressure parameter 
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AR Area ratio = (D.2- D12  ) I D 2  
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AL! Skempton's Pore pressure parameter for undrained release of shear stress 

C Compression index 

Compression index from isotropic consolidation test 

C 0)  Compression mdcx from K0-consolidation test 

Intrinsic compressibi lily 

C. Swelling index 

Intrinsic swelling index 

C s0)  Swelling index from isotropic consolidation test 

C5 °  Swelling index from K0-consolidation test 

CSL Critical state line 

CI U Isotropical ly consolidated undrained test 
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External diameter of sampler tube 
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D External diameter of cutting shoe 

Au Change in pore pressure 

e Void ratio 
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Ev  Volumetric strain 
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the void ratio of the natural soil at yield. 

Mea1i effective stress prior to undrained shearing 

 Deviator stress = a'a - 0'r 

R Correlation coefficient 

s
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St  Sensitivity 

s, CU Undrained shear strength 
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ABSTRACT 

A considerable development activity within the Coastal Region of Bangladesh has 
necessitated an understanding of the gcotechnical behaviour of soils from this region. 
With this objective in view a study into strength-deformation, compressibility and 
intrinsic properties of reconstituted samples of Chittagong coastal soils were 
undertaken. This thesis presents stress-deformation characteristics of three selected 
coastal soils and their sampling effects. The soils were collected from Banskhali, 
Anwara and Chandanaish in Chittagong coastal belt of Bangladesh. Th' soils are low 
to medium plasticity (Liquid limit = 34 to 45 and Plasticity index = 10 to 20). 
Reconstituted samples of the three soils were prepared in the laboratory by K0-
consolidation of slurry in a large cylindrical consolidation cell using a consolidation 
pressure of 150 kN/m2. Overconsolidated samples were prepared in the triaxial cell by 
releasing the maximum isotropic consolidation pressure of 150 kN/m2  to appropriate 
values to achieve overconsolidation ratios (OCR) of 1 .5, 2, 5, 10, 20 and 30. 

The stress-deformation-strength, stiffness and pore pressure characteristics of 
reconstituted isotropically normally consolidated and overconsolidated "block" 
samples of the three coastal soils were investigated in the laboratory by pc forming 
undrained triaxial compression tests. Models for the prediction of undrain. J shear 
strength of normally consolidated and overconsolidated samples have been developed. 
To develop intrinsic models of compressibility, intrinsic compression lines (ICL) for 
the three soils under K0  and isotropic stress conditions have been established which 
can be used to determine compressibility indices of soils at any depth of known 
overburden pressure. State boundary surfaces (Roscoe and Hvorslev state boundary 
surfaces) and critical state lines of the three coastal soils have been established. The 
critical state parameters of the soils have also been evaluated. Constitutive models 
relating critical state soil parameters and plasticity index of the soils have been 
pro1 sed. Applications of these models to undisturbed naturaj clays will require 
further investigation. The experimentally observed stress-strain behaviour of 
reconstituted normally consolidated samples of the three coastal soils have been 
compared with those predicted using two critical state models, namely, "Cam clay 
model" and "Modified Cam clay model". It has been found that the results predicted 
by using "Modified Cam clay model" compared more favourably with the observed 
experimental results than "Cam clay model" for the three coastal soils. 

The present study has also been carried out to investigate the effects of "perfect" 
sampling disturbance and tube sampling disturbances on engineering properties of 
reconstituted normally consolidated samples of the three coastal soils. Undrained 
triaxial compression tests were carried out on "in situ", "perfect" and "tube" samples. 
"In situ" samples were prepared by consolidating reconstituted specimens of 38 mm 
diameter by 76 mm high under K0-condition in the triaxial cell to its in situ stress 
state. "Perfect" samples were prepared from "in situ" samples by undrained release of 
the total stresses in the triaxial cell. "Tube" samples were prepared from the large 
diameter consolidated samples by inserting samplers of 'lifferern area ratios, external 
diameter to thickness ratio (D/t) but of constant outside cutting edge angle (OCA) 
and internal diameter (D1 ). Area ratio, D/t ratio, OCA and Di  of the samplers were 
16.4% to 73.1%, 27.3 to 8.3, 5° and 38 mm, respectively. Undrained triaxial 
compression tests were carried out on reconsolidated "perfect" and "tube" samples of 
the three coastal soils to assess the suitability of various reconsolidation techniques to 
minimize sampling disturbance effects. 



Experimental results indicate that disturbances due to perfect and tube sampling have 
significant influence on the mechanical properties of coastal soils. The nature of the 
effective stress paths and por' pressure responses of both "perfect" and "tube" 
samples are markedly different from those of the "in situ" samples. The "perfect" and 
"tube" samples adopted stress paths and showed pore pressure responses which are 
more typical of overconsolidated clays. Disturbances due to perfect sampling led to 
reduction in the values of undrained shear strength (se), Skempton's pore pressure 
parameter A at peak deviator stress (Ar), initial tangent modulus (E') and secant 
stiffiess at half the peak deviator stress (E5 ) whilr a:i:i strain at peak deviator stress 
(t) increased due to total stress relief. Due to total stress relief, the reduction s1  E 
and E50  increased with the decrease of plasticity while the increase in c. increased 
with the decrease of plasticity of the soils. It is also evident that the decrease in meaii 
effective stress (p') due to perfect sampling increases with decreasing plasticity of the 
soils. The initial effective stress ((' 1) of "tube" samples reduced considerably because 
of disturbance caused by penetration of tubes. Compared with the "in situ" samples, 

values of s, E1, E50  and A of the "tube" samples decreased while sp  increased. The 
changes in measured soil parameters between the "in situ" and "tube" san )les have 
been found to depend significantly on the sampler characteristics, i.e., area ratio, D/t 
ratio, used for retrieving the "tube" samples. The values of o•'. s,. E and F50  were 
decreased due to increase in area ratio (or reduction in D/t ratio). The values of Ep,
however, increased due to increasing area ratio. A quantitative increase in the degree 
of disturbance (Dd) has been obtained due to increase in area ratio, while the values of 
Dd  increased with the decrease of D/t ratio of sampler. Disturbance due to tube 
sampling has been found to depend on the plasticity of the samples of the three 
coastal soils. The highest reductions in a', st,. Ei  and E 0  occurred in the least plastic 

samples, whereas the minimum reduction in a', s, Ej and E50  occurred in the most 
plastic samples. Among the samples of the coastal soils, the least plastic sample 
produced higher degree of disturbance than the most plastic sample. 

11 appeared from the present investigation that for good quality sampling, a sampler 
ouglil to have an area ratio as low as possible, preferably less than 10 %. A correction 
curve has also been developed from the strength data of "perfect" and "tube" samples 
for estimating the perfectly undisturbed undrained shear strength of the tube samples 
retrieved from the coastal region studied for use in geotechnical analyses and designs. 

isotropic reconsolidation to a pressure equal to vertical in situ pressure a' (CIU-
I .Oa') has the effect of producing large overestimation of in situ strength s, c, E 

and E50  of the "perfect" and "tube" samples. Isotropic reconsolidation to GIV, also 
overestimated the values of A. However, isotropic reconsolidation to a pressure equal 
to isotropic effective stress a' (CIU- I .0a') of the "perfect" sample underestimated 
the values of s,, E1, E50  and A0, while overestimated the value of s1, for "perfect" 
samples. It has been found that compared with SHANSEP procedures. K0-
reconsolidation up to in situ state of stress, i.e., Bjerrum procedure (CK0U-1 .0a') 
produced the best overall estimate of the in situ properties in terms of the undrained 
strength, strain, stiffness and pore pressure response. 



CHAPTER 1 

INTRODUCTION 

1.1 General 

Bangladesh is almost entirely an alluvial, deltaic plain with hills on the north-east, 

east and south-east margins. fhe land of Bangladesh slopes gently from the north 

towards the Bay of Bengal at a rate of Im in 20 km (Alam et al., 1990). The alluvial 

plains extend about 400 km south eastward, falling gradually from an elevation of 

about 90 m in Tetulia in the far northwest to a coastal plain of less than 3 in in 

elevation south of a line joining Khulna-Chandpur-Noakhali. These low tying areas 

and the Chittagong coastal plains forms the coastal areas of Bangladesh. hittagong 

coastal zone is geologically different from the deltaic arcs of Khulna, Patuakhali, 

Noakhali. It occupies entire lower reaches of the Karnaphuli and the Sangu rivers in 

Patya, Anwara, Banskhali and Chandanaish Upazilas. Chittagong coastal tidal flood 

plain comprises almost level landscape with low ridges, inter-ridge depressions and 

shallow basins. Most of the ridges arc shallowly flooded by rain water in the monsoon 

season and low ridges inter-ridges depression and shallow basins adjacent to rivers, 

creeks along the coastal belt arc inundated for few hours by tidal waters during high 

tits. The landscape is underlain by the fine textured deposits that filled up a huge 

tidal back swamp and was later mostly covered by mainly moderately fine textured 

sediments. All the sediments are rather silty. They were carried down mainly by the 

Karnaphuli and the Sangu rivers and were deposited under tidal condition. 

It is essential to understand the stress-deformation characteristics of the soil in the 

coastal belt of Chittagong region in Bangladesh as in recent times considerable 

development works are in progress in this region. Every year this region is affected by 

severe cyclone and flood. Several million people live in the coastal high risk area 

along the Chittagong coastal belt which is prone to cyclone damage. In addition to 

this, cyclone and storm surge produced extensive damage to livesLick, agriculture, 

power system, telecommunication, housing and qthcr physical infrastructure facilities 

mainly in and around Chittagong. Flood protectiot enibankmerts and cyclone shelters 
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are needed to build in large quantities in this coastal region. So it is important to 

determine the necessary soil properties, particularly stress-deformation-strength, 

01 
stiffness and compressibility of the soil at shallow depths of this region. 

From the above different points of views, soils from the three locations in the coastal 

belt of Chittagong region were selected for evaluation of their stress-deformation-

strength, stiffness and compressibility characteristics. To determine compressibility of 

natural intact soils, it may be useful to establish a generalized curve or equation using 

Burland's (1990) concept. A model to predict undrained shear strength of natural soils 

is to be established from the correlation of shear strength and over1urden pressure in 

case of reconstituted samples of normally consolidated and overconsolidated states. 

Comparison of experimentally observed stress-strain behaviour with those predicted 

using two Critical State theories, namely Cam clay and Modified Cam c :iy, are to be 

made. To develop the complete stale boundary surface of the coastal soils, laboratory 

tests were perfonned on reconstituted isotropically normally consolidated and 

overconsolidated samples. In this research work attempt has also been made to 

develop some constitutivc models relating critical state parameters and the plasticity 

indices of the soils. 

The engineering properties of soils needed for geotechnical analyses and designs are 

usually carried out on soil samples previously retrieved from the ground using some 

form of sampling procedure. in the laboratory the stresses, deformations and boundary 

conditions can be readily and precisely controlled and observed (Jamiolkowski et al., 

1985). However, the inherent problem with the sampling approach is that it disturbs 

the soil sample. This disturbance can be significant, such that the behaviour of the soil 

in the laboratory differs markedly from its in situ behaviour. The significance of the 

disturbance of the soil depends on many factors including the type of soil, the method 

of sampling, sealing, storage, specimen preparation and testing procedure. Soil 

disturbance is often regarded as a significant problem because it is thought to prevent 

acquisition of realistic soil pLranleters. During sampling process, soil is disturbed in 

4 
two major ways. Firstly, mechanical disturbance is caused by pushing tube samplers 

into the soil which produces shear distortion and subsequent compression of soil close 

to the inside wall of the tubes (Schjetne, 1971). This disturbance is cnned as tube 
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penetration disturbance. The source of this disturbance is (hrectly associated with 

samplcr design and can be conliollcd to certain extent. Secondly, the disturbance can 

be experienced as a result of s11cs5 relief due to removal of the sample from the field 
VI 

to zero total stress state in the laboratory. This disturbance is termed as stress relief 

disturbance or "perfect" sampling disturbance. Numerous investigators attempted to 

assess the influence of "perfect" and tube sampling disturbance for both intact natural 

soils and laboratory prepared reconstituted soils (Skempton and Sowa, 1963; Noorany 

and Seed, 1965; Davis and Poulos, 1967; Kubba, 1981; Kirkptrick and Khan, 1984; 

Hight et al., 1985; Baligh ct al., 1987; Hight and Burland, 1990; Siddique, 1990; 

Clayton et al., 1992; Wei ct al., 1994;  Hird and Jajj, 1995; (ieorgiannou and Hight, 

1994; Hight and Georgiannou, 1995; Siddique and Farooq, 1996; Siddique and Sarker, 

1995; Siddique and Sarker, 1997: Siddiquc ct al., 1999; Siddique ct al., 2000; Siddique 

and Rahnian, 2000; Rahman, 2000). 

Since the stress-deformation properties of soils are significantly affected by sample 

disturbance due to sampling operations, atternj)t has been made in present research to 

evaluate the effects of sampling process, e.g. "perfect" sampling and tube sampling on 

the measured geotechnical paranleters of the coastal soils. Comparisons of the results 

of the present investigation can be made with the available limited results on "perfect" 

and tube sampling disturbance effects in coastal soils of Bangladesh as reported by 

Farooq (1995), Siddique and Farooq (1996) and Siddique et al. (2000). This would 

establish a generalized framework of behaviour of coastal soils of Bangladesh and 

their sampling effects. 

In order to study specific effects of tube and perfect sampling disturbance only on 

soil behaviour, disturbances due to other sources should be eliminated. This can be 

achieved in laboratory study on reconstituted soil in which disturbances due to boring 

and trimming of specimens can be eliminated. Natural intact soils are seldom uniform 

due to complex geological conditions in the field acted upon them. As such, from the 

test results on the samples collected from the field, it is rather difficult to generalize the 

behaviour of soils and to study specific effects on soil properties due to disturbance 

caused by "tube" sampling and also by "perfect" sampling. Therefore, in this research it 

has been considered essential to use uniform reconstituted samples prepared under 



controlled conditions in the laboratory. Reconstituted soils enable a general pattern of 

behaviour to be established. The major advantages of using data from reconstituted soils 

are that the ambiguous and substantial effects of sample inhoniogeneity can be 

eliminated while the essential histoiy and composition of in-situ soils can be 

represented. 

Regarding the extent of sample disturbance in clays, one of the most important 

contributory factors is the design of the sampler. Soil disturbance can be minimized 

by careful control of the whole sampling process and also to large extent by using 

properly designed sample tubes. The degree of disturbance varies considerably 

depending upon the dimensions of the sampler and the precise design of the cutting 

sCC of the sampler (Hvorslev, 1949; Jakobson, 1954; Kallstenius, 1958; Kubba, 

1981; Andresen, 1981; La Rochelle et al. 1981; Baligh et al., 1987; Siddic te, 1990; 

Siddiquc and Clayton, 1995; Siddique and Sarker, 1996; Tanaka et al., 1996; :.iddique 

and Clayton, 1998; Clayton et al., 1998; Siddique and Farooq, 1998; Clayton and 

Siddique, 1999; Siddique et al., 2000; Siddique and Rahman, 2000). It is therefore 

extremely important that geotechnical engineers have a sound understanding of the 

extent, both qualitative and quantitative, to which the soil parameters being used have 

been affected by the sampling process as well as by the design of a sampler. In the 

present works, attempt has also been made to assess the effect of sampler 

characteristics, namely area ratio and external diameter to thickness ratio of sampler, 

on the measured undrained soil parameters of the three coastal soils. 

A number of investigations were carried out in the past to select the appropriate 

technique for minimizing the effects of "perfect" and "tube" sampling disturbances on 

the undrained stress-strain-strength, stiffness, and pore pressure characteristics of 

soils. Anisotropic K0-reconsolidation to in situ stress state has been suggested as the 

best minimizing method by a number of researchers (Davis and Poulos, 1967; 

Atkinson and Kubba, 1981; Kirkpatrick and Klian, 1984; Graham et al., 1987; 

Graham and Lau, 1988; Fleming and Duncan, 1990). On the other hand SHANSEP 

proceduie has been suggested as the best minimizing procedure by other researchers 

(Gens, 1982; Hight et al., 1985; Baligh et al., 1987; Siddique and Sarker, 1996; 

Siddique and Farooq, 1996). Moreover, Wang et - al. (1982) and Ladd et al. (1985) 
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reported that the values of normalized strength vary considerably from one silt to 

another and would need to be evaluated specifically for each new silt deposit. So, it is 

necessary to know by how much the stress level should be raised in order to eliminate 

or minimize the effects of "perfect" or "tube" sampling disturbance. Therefore, the 

present investigation has also been aimed to investigate different reconsolidation 

techniques, particularly isotropic reconsolidation and anisotropic reconsolidation 

under K0-conditions including SHANSEP procedures, in order to minimize the effects 

of both "perfect" sampling and "tube" sampling disturbance in the coastal soils. 

1.2 Objectives of the Present Research 

The present study has been undertaken to investigate the stress-deformation 

characteristics and sampling effects of the three soils collected from Chittagong 

Coastal region in Bangladesh in order to achieve the following objectives: 

To evaluate the intrinsic compressibility characteristics of the three coastal 

soils using Burland's (1990) concept. 

To develop models to predict undrained shear strength of normally 

consolidated and overconsolidated samples, and compressibility of three soils 

collected from the Chittagong Coastal region of Bangladesh. 

To evaluate the critical state soil parameters for reconstituted isotropically and 

K0  consolidated soils and to establish some constitulive equations between 

plasticity index and critical state parameters. 

To develop the complete state boundary surfa"c (Ros(,ue and Hvorslev State 

Boundary Surfaces) for the three coastal soils. 

To predict the strains and the effective stresses using the critical state Cam 

clay model and Modified Cam clay model, and to compare those with the 

experimental results of reconstituted isotropical ly normally consolidated 

samples. 

To investigate the effects of "perfect" and "tube" sampling disturbance on 

engineering properties (e.g., undrained shear strength, deformation, stiffness 

and pore water pressure response) of the three reconstituted soils of varying 

plasticity. 
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To investigate the effects of "tube" sampling disturbance on sampler 

characteristics (e.g., area ratio and D/1 ratio) undrained shear characteristics of 

the three coastal soils. rj 

To investigate the influence of isotropic reconsolidation and anisotropic 

reconsolidations using Bjemim (1973) and SI-LANSEP procedures (Ladd and 

Foott, 1974) in order to assess the suitability of reconsolidation of both 

"perfect" and "tube" samples to establish "in situ" behaviour by minimizing 

sampling disturbance effects in reconstituted coastal soils. 

1.3 The Research Scheme 

The use of undisturbed soil samples for testing would be very much desirable in the 

Hvestigation of their behaviour. However, such samples are seldom unif: rm due to 

complex geological conditions acted upon them and as such, from the test results on 

such samples, it is rather difficult to generalize the behaviour of soils. Therefore, to 

study any specific effect on the behaviour of soils, reconstituted samples (of unifonn 

density and water content) of coastal soils were prepared. From such samples, it is 

possible to develop basic frame work for strength and deformation characteristics of 

coastal soils and their sampling effects. Since reconstituted samples have been used in 

this research, the pattern of behaviour discussed in this thesis will be taken to 

represent that of young or unaged resedimented soils where no post depositional 

process have operated. In order to attain the objectives, the whole programme was 

carried out according to the following phases: 

Phase 1: Index properties of the three soils of Chittagong coastal region were 

determined for characterization of the soils. 

Phase 2: Compressibility and swelling characteristics of the reconstituted normally 

consolidated samples under isotropic condition and Ic-condition were 

performed in the triaxial cell to develop a model of compressibility for 

providing a frame of reference for assessing the in situ state of a natural 

-4 soil. 



Phase 3: Conventional triaxial compression test (CIU-test) were performed on 

reconstituted normally consolidated and overconsolkhted "block" samples 

4 
of three coastal soils to establish a model for predicting undrained shear 

strength of normally consolidated and overconsolidaled samples and to 

establish the complete state boundary surface. 

Phase 4: Conventional triaxial compression tests (CIU- test) on reconstituted 

samples of three coaslai soils were carried out to determine critical state 

soil parameters and to establish models relating critical state soil 

parameters and plasticity index. 

Phase 5: Computer programme were developed to predict axial strains and effective 

stresses using two constitutive models, namely, the critical state Cam clay 

4 model and the Modified Cam clay model. 

Phase 6: Sampling tubes of different area ratio but of same internal diameter as that 

of test specimens have been designed and fabricated to study the effects of 

tube sampling disturbance and sampler geometry on undrained shear 

properties. 

Phase 7: The engineering properties of "in situ" samples of the three reconstituted 

s'ils were determined by performing undrained triaxal compression tests 

to determine the reference "undisturbed" behaviour of the soils. 

Phase 8: Behaviour of "perfect" samples was investigated by modelling "perfect" 

sampling on "in situ" samples in the triaxial cell. Unconsolidated 

undrained (UU) triaxial compression test was performed on each "perfect" 

sample of reconstituted soils from three locations. 

Phase 9: Behaviour of "tube" samples was investigated by performing 

unconsolidated undrailLd (UU) triaxial compression tests on "tube" 

samples of the three reconstituted soils. 

PhaselO: Finally, undrained triaxial compression tests were carried out on both 

isotropically and anisotropically reconsolidated "perfect" and "tube" 

samples to investigate the suitability of various reconsolidation procedures 

to minimize the effects of "perfect" and "tube" sampling disturbances. 



[.J 

1.4 Thesis Layout 

4 
Chapter 2 presents a review of available literature or' geology of coastal region of 

Bangladesh and engineering properties of soils of coastal region of Bangladesh. 

Review on Critical Statc concept, critical state models, stress-strain-strength 

characteristics of soils, intrinsic models of shear strength and compressibility of 

reconstituted soils have been reviewed in this chapter. The effects of "perfect" and 

"tube" sampling disturbances on undrained shear properties of both intact and 

reconstituted soils, effect of sampler geometry on sample disturbance have been 

reviewed. The application of different reconsolidation procedures to minimize sample 

disturbance and the various methods for correcting sample disturbance effects have 

also been reviewed. 

In Chapter 3 the equipment and instrumentation used for the laboratory ifl\ stigation 

in order to develop models for strength and deformation of soils and to investigate 

sample disturbance effects in reconstituted soils from the locations in Chittagong 

Coastal belt arc outlined. 

Chapter 4 presents the experimental techniques and procedures used for investigating 

compression and swelling characteristics, undrained shear characteristics for different 

stress histo:y and the effects of sample disturbance on reconstituted coastal soils. 

Chapter 5 presents the undrained behaviour of reconstituted normally consolidated 

and overconsolidated "block" samples of coastal soils of Chittagong region. Stress-

strain, strength, pore pressure and stiffness characteristics of reconstituted coastal 

soils, model for prediction of undrained shear strength of soils, compressibility or 

deformation characteristics of reconstituted soils as a basic frame of reference for 

assessing the in-situ state of stress are presented in this Chapter. 

Determination of critical state soil parameters, establishment of state boundary 

surfaces, correlations of soil constants with plasticity index are presented in Chapter 6. 

Comparison of experimental stress-strain and stress path with the predicted values 

using two critical state models are also presented and discussed in this Chapter. 



Chapter 7 presents the undrained shear properties of "in situ" samples, "perfect" 

samples and reconsolidatcd "perfect" samples. The influence of "perfect" sampling 

disturbance on undrained shear properties of the soil have been presented in this 

Chapter. The effects of reconsolidation of "perfect" samples to 1'etore "in situ" 

behaviour have also been discussed in this Chapter. 

Chapter 8 presents the effects of tube sampling disturbance on undrained shear 

properties. The influence of sampler geometry on the measured soil properties and the 

different reconsolidation procedures to minimize tube sampling disturbance effects are 

discussed in this Chapter. A procedure for correction of undrained shear strength is 

also presented in this Chapter. 

Chapter 9 presents the conclusions of the present investigation and rccomi iendations 

for further research in this field. 

Fq 
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CHAPTER 2 

REVIEW OF STRESS-DEFORMATION CHARACTERISTICS 

OF SOILS AND THEIR SAMPLING EFFECTS 

2.1 General 

This review deals with the geology of coastal soils and their physical and engineering 

properties. Stress-deformation behaviour of reconstituted coastal soils and the effects 

of sample disturbance on the stress deformation behaviour have also been reviewed 

and discussed in this chapter. Intrinsic properties, undrained stress-strain, strength, 

pore water pressure, stiffness characteristics of reconstituted normally cr nsolidated 

and overconsolidated soils have also been discussed. This review also deals with 

Roscoe and Hvorslev state boundary surfaces, critical state parameters, some critical 

state models, etc. 

The availability of realistic mechanical soil parameters for gcotechnical design 

depends on careful testing. Testing may be performed in the field or in the laboratory, 

but in both the cases the most significant factor controlling the quality of the results 

would depend on soil or sample disturbance. The mechanisms of sample disturbance 

have been well understood since 1940s (Hvorslev, 1940 and 1949; Jakobson, 1954; 

Kallstenius, 1958). Disturbances to soil in its widest sense occur during drilling, 

during the process of sampling itself, transportation and storing after sampling. A 

number of different procedures are adopted for measuring, analyzing and correcting 

the effects of soil sampling disturbance and, in order to highlight the importance of 

the present research, it is necessary to review previous investigations on sample 

disturbance. 

There has been a wide range of reported observations on the effects of sampling 

procedures on different types of soils. Some direct investigations considered the 

effects of major causes of disturbances on the stress-strain, strength, stiffness and pore 

pressure properties of soils white other i1direct observations were concerned more 

with the design, use and maintenance of samplers and the development of sampling 



techniques. In this chapter, the previous investigations performed on topics related to 

soil sampling disturbance are revicwed. The effects of sampling disturbance on the 

mechanical properties of soils, particularly regional soil are presented. The influences 

of the design parameters, dimensions of sampler and sampling methods on the 

measured soil parameters are reviewed. Methods of correcting sampling disturbance 

effects are also presented. 

2.2 The Coast of Bangladesh 

2.2.1 The Coastal Zone 

Coasts are dynamic interface zones involving the meeting of atmosphere, land and 

sea. Within the coastal zone, major movements of sediments and nv rients are 

powered by waves, tides and currents in water and air. These movement: shape the 

coastal profile, producing erosional and depositional landforms. 

Characteristically, the coastal zone is taken to include the area between the tidal limits 

as well as the continental shelf and coastal plain (Viles and Spencer, 1995). Most of 

the seas are margined by shallow water zones, called the continental shelves, 

bordering the continents. Tidal range is an important control .on coastal ecology and 

geomorphology, determining the width of coast subjected to alternate wetting and 

drying and the impact of waves. 

2.2.2 Geological Settings of Coastal Regions of Bangladesh 

Bangladesh is almost entirely an alluvial, dcltaic plain laid down by the sediments of 

great rivers, Padma, Meghna and Brahmaputra which covers as much as 90 percent of 

the total land area. The alluvial plain gradually slopes towards the southeast falling 

from an elevation of 90 meters at Tetulia in northwest corner of the country and 

extends for about 400 km up to coastal plain having an elevation of 1.5 meters in a 

line south of Khulna-Barisal-Lakhmipur. These low-lying areas and the Chittagong 

coastal plains form the coastal areas of Bangladesh. The geology of the coast area is 

part of the overall Quaternary geology of the Bengal Basin. Bangladesh is situated at 

the top of the Bay of Bengal where the Indo-Gangetic plain meets the Indian Ocean. 

I 

4. 
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Bangladesh occupies the largest delta in the world. The delta is located at the vertex of 

the funnel shaped Bay of Bengal. Tropical cyclones are frequent in this area. Storm 

-4 
surges cause an elevation of sea level above the tidal height, which if they occur at 

spring maxima may have devastating effects on a low-lying coast such as that of 

Bangladesh. 

Bangladesh Coastal area is situated to the south of the line connecting Khulna, 

Barisal, Chandpur and Noakhali as shown in Fig. 2.1. Bangladesh has been divided 

into a number of physiographic units, each having fairly uniform physical 

characteristics (Brammer, 1971). Coastal area of Bangladesh can be placed under the 

following physiographic units. 

Estuarine Flood Plains: 
4 

The estuarine flood plains sproading around ti'e mouth of ti'e old Meguna river 

contain sediment deposits originating from the Ganges and Brahmaputra rivers. Few 

undulations are observed and the soil type is silty soil. This area is shown under 

alluvial deltaic silt deposits in Fig. 2.1. In Fig. 2.1 this plain is known as Meghna delta 

plain.  

Ganges Tidal Flood Plains: 

These plains are linked to the Ganges estuarine flood plains upstream but are less 

undulating. The tidal flood plains differ from the Ganges estuarine flood plains in that 

a well-developed network of numerous tidal creeks and river channels has been 

formed in the Ganges tidal flood plains. The sediments are mainly of non-calcareous 

clay, but become more silty in the east and have a buried peat layer in the west. The 

area is marked as Ganges tidal plain in Fig. 2.1. 

The Sundarbans: 

The Sundarbans, the south-western forest area of Bangladesh, are areas covered by - 

mangrove forests which are under the influence of tidal floods of brackish or saline 

water. This unit comprises two sub-units: The Khulna Sundarbans in the south-west 

and the Chokoria Sundarbans at the mouth of the Matamuhuri in the 1b-east. 

II 
73 
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The landscape is almost level with innumerable tidal rivers creeks criss-crossing the 

area. The Sundarbans lies in front of the Ganges Delta and along side of the Early 

Meghna Delta. The shallow sediments of the Sundarbans consist of flood deposited 

saline clay and peat layers (BWDB, 1979). 

Chittagong Coastal Plain: 

This unit comprises the generally narrow strip of land between the Chittagong hills 

and the sea, together with the Halda, the Karnafuli and the Sangu floodplains and the 

offshore islands. The landscape is underlain by the fine textured deposits that filled up 

a huge tidal back swamp and was later mostly covered by mainly moderately fine 

textured sediments. All the sediments are rather silty. They were carried down mainly 

by the Karnaphuli and the Sangu rivers and were deposited under tidal condition. 

Chittagong coastal tidal floodplain comprises almost level tidal landscape with low 

ridges, inter-ridge depressions and shallow basins. The landscape is traversed by 

numerous tidal creeks. Most of the ridges are shallowly flooded by rainwater in the 

monsoon season and low ridges, inter-ridge depression and shallow basins adjacent to 

rivers, creeks along the coastal belt are inundated for few hours by tidal waters during 

high tides. The eastern part of this landscape is usually non-saline and the parts 

adjaciit to iivers, creeks and along the coastal belt are locally saline (Soil Survey, 

1973). The eastern part of Chittagong coastal zone is also formed of piedmont alluvial 

deposits transported from the Hill Tracts. The area is shown in Fig. 2.1. 

Ak 

2.2.3 Characteristics of Deposition by Rivers 

Rivers play a vital role in the process of erosion, transportation and deposition of 

sediments. Bangladesh broadly is a drainage basin of the eastern Himalayan region. 

The Ganges-Brahmapulra-Meghna river systems bring annually about 120 million 

hectare meter of water into Bangladesh from a catchment area of about 1,65,000 sq. 

km  which is carried to the Bay of Bengal. The tremendous amount of water passing 

through this river systems lose energy on reaching the plain from hills or adjoining 

higher areas due to drop of gradient and consequently coarser sediments are deposited 

in the higher flow regime and progressively liner materials are transpoil and 

deposited in the lower flow regime till carried to the sea. On the other hand, vertical 
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accretion leads to lateral variation in the nature of sediments from coarse to line 

materials progressively from riverbanks towards the back swamps. 

2 2.4 Ground Water in Coastal Area 

Ground water in the coastal area is strongly influenced by saline water. Tube wells of 

more than 200 in deep are dug in and around the Chittagong hills and hills near 

Moheskhali Island to avoid saline water intrusion. Some flowing artcsian wells are 

also observed in these areas. The well depth in other parts of the coastal area of 

around 300 m is generally much deeper. Some wells near Noakhali are more than 400 

in in depth (MPCSP, Phase II, 1992). 

2.2.5 Generalized Geological Cross-Section of Coastal Areas 

Most soil studies in the coastal area in the past have dealt with the soil types up to 

approximately 20 in below the jound surface. Fig. 2.2 shows the generalized 

geological sections of coastal areas of the three major rivers based on data collected 

from deep tubewells in the relevant areas. The surface layer mainly consists of silt and 

clay and has a thickness of some 50 111, except at the mouth of the Meghna river where 

the thickness is reduced to some 10 in. A more detailed examination reveals that the 

soil texture of the surface layer differs from one area to another in both the horizontal 

and vertical directions. The grain size, density and consistency also largely differ from 

Ak 
one area to another. These differences reflect the sedimentation environment and are 

caused by frequent changes of the well-developed river and water channel courses. In 

general, the deposits of the major rivers are coarser than those of the sea currents. 

2.2.6 Physical and Engineering Properties of Coastal Soils of Bangladesh 

Available published literature on the geotechnical characteristics of soils are based on 

soil borings made within the coastal areas for the purpose of building water 

(iL':Plopment projects and low rise buildings such as cyclone shelters. Serajuddin 

(1969) reported correlation between Dutch Penetrometer cone resistance (q) and 

standard penetration test (SPT) N-value and unconfmed compressive strength (q) of 

silty clay mteriaIs of the coastal districts of Khulna, Barisal and Chittagong including 

tq 
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islands of Maheskhali and Kutubdia. Dutch cone penetration resistance and disturbed 

sampling at a large number of sites (163) were done of which probing for 74 sites 

have been considered. The study also reveals that project area generally has three 

predominant soil materials, i.e. cohesionless fine sand-silt, peat and cohesive silt-clay. 

Cohesive silt-clay soils usually exist in the surface and upper layers in varying 

thickness of about 2 in to about 9 111, particularly in the districts of Khulna and 

Barisal. In some places the silt-clay is from surface down to depths as great as about 

18 in to 24 ni, and in other areas it is interbedded with fine sand-silt. The silt-clay 

materials at the upper layers appear to possess an average cone resistance of about 490 

kN/1112  to 980 kNIm2. In the non-plastic silty fine sands cone resistance ranged from 

1960 kN/nY to 8830 kN/1112  at depths greater than 9 in. However, The SPT N-values in 

the upper silty clay layers varied widely (from I to 17). In some areas, peat layers are 

found within silt-clay layers. 

':'in Ct al. (1987) reported a comprehensive data on the geotechnical properties of 

the coastal soils for the districts of Barisal, Bhola, Noakhali and Sandwip from about 

200 boreholes. It has been found that the soils from top eight to ten meters of all the 

zones are predominantly composed of inorganic sandy silts which are saturated, soft 

to medium stiff in consistency and moderately compressible. These soils are of low 

plasticity, moderate sensitivity and low activity. Below this silt 1ayr horizons of sand 

layers exist. Almost all the soils are seen to fall in ML group according to Unified Soil 

AL 
Classification System. A summary of the geotechnical properties of the soils in upper 

layer studied by Amin et al. (1987) is given in Table 2.1. 

Safiullah (1991) reported that geotechnical aspects of soils of Bangladesh is' complex 

and arc usually heterogeneous, both in vertical and horizontal directions. Soils consist 

of wide varieties of material ranging from gravel, poorly graded sand to silt and clay. 

In general, there is a predominance of silt size(l p'rticles. Majory of the soils of 

Bangladesh falls in two types of deposits, namely ten-ace deposits and as recent 

deposits. Finer materials at the surface underlain by coarser materials characterize 

recent deposits, which consist more than eighty percent of land surface of Bangladesh. 

Soils of coastal region consist of recent deposits. 



Table 2.1 Geotectinical Properties of Soils from Coastal Regions (after Amin et 

at., 1987) 

Location 

Properties Barisal Bhola Noakhali Sandwip 

Physical Properties 

Liquid limit, LL (%) 24-57 26-45 24-52 25-47 

Plastic limit, PL (%) 22-37 23-34 21-31 21-3 1 

Natural moisture content, w (%) 28-57 24-47 27-42 26-46 

Plasticity index, P1 (%) 2-25 2-21 2-21 2-24 

Clay content (%) 0-18 0-16 0-17 0-26 

Enginee1ing Properties 

Compressibility ratio, C / (1+e0) 0.07-0.21 0.06 -0.13 0.05-0.19 0.05 -0.16 

Undrained shear strength, 8-75 10-90 12-90 12-84 

s (kN/m2) 



Safiullah (1994) also reported the geotechnical properties of some coastal soils of 

Bangladesh collecting from ten locations. At each location boreholes were made 

each within 100 in distance. The details of the soil exploration can be found in 

MPCSP (1992). The soil profiles are, in general, highly stratified and discontinuous in 

each direction. The grain size distribution and plasticity chart for soils from above 50 

boreholes are presented in Figs. 2.3 and 2.4 respectively. Fig. 2.3 shows that there is 

an absence of coarse or medium grained sands while Fig. 2.4 shows that finer soils are 

clays of low plasticity (CL) or silts of low plasticity (ML). Fig. 2.5 shows the plotting 

of undrained shear strength ratio versus plasticity index for nine coastal soils. Some 

variation in strength ratio due to variation in individual samples and testing techniques 

has been observed Fig. 2.5 also shows that under normally loaded condition the low 

plasticity soils show a significant increase in strength ratio with decrease in plasticity 

which is contrary to Skempton's (1957) observation shown in the figure fo normally 

loaded sediniented clay, but converge at P1 close to 20%. For minimum .umber of 

tests, it might be possible similar to Skempton's (1957) observation. This deviation of 

trend may also be due to difference in depositional environment or depositional 

;rocess in soils. The problems of evaluation of in situ undrained shear strength of silty 

deposits of the coastal areas have also been discussed. It has been demonstrated that 

traditional correlations of strength and compressibility used for clays may be in error 

if applieO to these soils. Safiullah (1994) also suggested field tests (such as plate load) 

than laboratory tests for estimation of base stability of embankment in silty clays of 

Bangladesh. Compressible formations exist within the coastal zones. Analyses of one-

dimensional consolidation data for nine locations showed that values of compression 

index (Ce) ranged between 0.C7 for non-plastic silts and 0.41 for plastic clays. Fig. 2.6 

shows correlation between liquid limit and C/(1+e) for the coastal soils. Some scatter 

at higher values of liquid limit is apparent from Fig. 2.6. 

Undrained shear strength and onipressibility c1ir::teristics of four Coastal soils 

collected from Chittagong, Patuakhali and Cox's Bazar were reported by Ansary 

(1993). Tests were carried out on both undisturbed and laboratory prepared 

reconstituted samples at different stress history and stress conditions. The soils 

studied consisted of clays of high plasticity (CH), clays of low plasticity (CL) and silts 

of low plasticity (ML) with clay contents varying from 30 to 41% with little or no 
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sand depending on location. For these samples in normally loaded condition, range of 

s/o' was between 0.30 and 0.35 and between 0.14 and 0.31 for undisturbed and 

reconstituted Coastal soils, respectively. Compared with Skempton's (1957) equation, 

Ansary (1993) found that for undisturbed soil sample the values of s/a' lie well 

above Skempton's value for the same plasticity index as shown in Fig. 2.7. Ansary 

(1993) also found that for reconstituted coastal soils, the undrained strength ratio 

value was high compared to that from Skempton's equation for low plastic clay. 

However, for high plastic clay the strength ratio is slightly lower than that predicted 

using Skempton's equation. Siddique and Farooq (1995) studied the strength 

characteristics of three reconstituted coastal soils and it has been found that strength 

ratio is increased with the increase of plasticity index. Amin et al. (1987) also reported 

that s/' increased with the increase of plasticity index for the coastal soils as shown 

in Fig. 2.8. In Fig. 2.8, zone A, B, C and D means the district of Barisai, Bhola, 

Noakhali and Sandwip, respectively and their physical properties are shown in Table 

2.1. 

Siddique and Farooq (1997) investigated the compressibility characteristics of three 

reconstituted coastal soils from Chittagong belt. They showed that the values of 

compression index, C and the values of swelling index, C varied from 0.26 to 0.30 

and 0.02 to 0.03, respectively. Ansary et al. (1999) presented the compressibility and 

swelling characteristics of reconstituted and undisturbed samples of the four coastal 

sos. They found that the values of C  and C for reconstituted samples varied from 

0.29 to 0.40 and 0.028 to 0.046, and for undisturbed samples varied from 0.22 to 0.42 

and 0.037 to 0.062, respectively. Ansary et al. (1999) reported that for the samples of 

high natural water content (38 to 52%), the C- values of the undisturbed samples are 

higher than those of reonstit:ttd Sarnpies. Fcr the samples of comparatively low 

natural water content (26 to 28%), however, the C, values of the undisturbed samples 

are lower than iose of reconstituted samples. Ansary et al. (1999) also reported that 

the Cval ues of undisturbed samples were always higher than those of reconstituted 

samples for any water content. 

Experiments were also conducted on Rann of Kutch clay (P1 = 49) and Kanpur clay 

(P1 = 18) by Varadarajan (1973) to investigate consolidation characteristics. It 
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appeared that Rann of Kutch clay has more recoverable strain energy than Kanpur 

clay and this would be expected from the differences in plasticity indices of the two 

clays. From the swelling behaviour of the two clays, it migi" be no.ed that, while the 

swelling index of Rann of Kutch clay is 56% of the compression index, it was only 

21% of the compression index in case of Kanpur clay. Tiiis relative difference in 

swelling behaviour suggests that Rann of Kutch clay is "weakly bonded" while, 

Kanpur clay is "strongly bonded" (Bjcrrum, 1967). The compression indices are 0.61 

and 0.34 and the swelling indices are 0.28 and 0.06 for Rann of Kutch clay and 

Kanpur clay, respectively. 

2.3 Use of Intrinsic Compressibility of Soils 

Burland (1990) introduced a new normalizing parameter termed as the void index to 

aid in correlating the compression characteristics of various clays. Burland (1990), in 

his 30 Rankine Lecture, tenicd the properties of reconstituted clays as "intrinsic" 

properties since they are inherent to the soil and independent of natural state. A 

reconstituted soil has been defined as one that has been thoroughly mixed at a 

'oisture content equal to or greater than liquid limit (LL). The term "intrinsic" has 

been used to describe the properties of clays which have been reconstituted at a water 

content of between LL and 1.5 LL (preferably 1.25 LL) and then consolidated under 

one-dimensional condition. The term "intrinsic" was chosen since it refers to the basic 

A or inherent properties of a given soil prepared in a specified manner and which are 

independent of its natural state. The intrinsic properties provide a frame of reference 

for assessing the in situ state of a natural clay and the influence of structure on its in 

situ properties. The compressibility characteristics of reconstituted clays were used as 

a basic frame of reference for interpreting the corresponding characteristics of natural 

sedimentary clays (Burland, 1990). 

Fig. 2.9 shows one-dimensional compression curves for some reconstituted natural 

clays covering a wide range of plasticity (Burland, 1990). One dimensional 

14 compression curve for reconstituted natural clay is normalized by assigning fixed 

values to e'100  and e'1000. An asterisk is used to denote an intrinsic property. The 
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parameters e 10()  and C 1)()  arc the intrinsic void ratios corresponding to consolidation 

pressure, a's, = 100 kPa and = 1000 kPa, respectively. The normalizing parameter 

chosen has been defined as the vuid index, l, such that 

00 e - e oo 

euo - ej000 C • 
(2.1) 

where, (= e 1(0) - e 000) is called the intrinsic compression index. Fig. 2.10(a) shows 

the intrinsic compression curve for a given clay. Using normalizing parameter Lb,, the 

compression curve in Fig. 2.10(a) may be transformed to the normalized curve in Fig. 

2.10(h). When e = e ), L, = 0 and when e = e 1000, I, = -1. The void index may be 

thought of as a measure of the intrinsic compactness of a sediment. When Iv  is less 

than zero the scdirncnl is compact and when l, is greater than zero the sediment is 

loose. Following Tcrzaghi (1925) the parameters e',(,(,  and C arc called constants of 

intrinsic compressibility. 

The intrinsic compression curves shown in Fig. 2.9 covering a wide range of liquid 

niits and of pressures have been replotted in Fig. 2.11 in terms of void index I 

versus log oh,. It has been shown that a reasonably unique line is achieved which is 

termed as the Intrinsic Compression Line (ICL). The available. experimental evidence 

suggests that the ICL is insensitive to the test conditions and also to load increment 

ratio in excess of unity. The co-ordinates of the ICL arc given in Fig. 2.11 and may be 

represented with sufficient accuracy by the following cubic equation 

= 2.45 - I .285x + 0.015x3 (2.2) 

where, x = log a',  in kPa and o, = effective vertical stress. 

The intrinsic compression line may either be measured directly for a clay or, if the 

values of e 100  and are known for the clay, the ICL may be constncted using the 

above equation (2.2). In the latter case, if it is re(luired to plo .hc ICL in terms of e 

versus log v. then the values of e corresponding to various values of log may be 

obtained from Fig. 2.11 or froni equation (2.1) using th. following expression: 

c = Iv  C + e* joO (2.3) 

where, again the values of l., may be obtained from equation (2.2). 
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For a normally consolidated natural clay with a void ratio of e under an effective 

overburden pressure of a's, the void index l of the clay clement is given by the 

-1 
following equation: 

Iv  - (e - e'ioo)/Cc (2.4) 

The value of e 00  and C are preferably measured by means of an oedometer test on 

the reconstituted soils. Burland (1990) also suggested the following empirical 

equations for prediction the values of c 11  and C. 

= 0.109 + 0.679 e1  - 0.089 e1 2  + 0.016 e 3 (2.5) 

and C = 0.256 eL - 0,04 (2.6) 

where CL  is the void ratio at liquid limit. 

Using Burland's concept (1990), Ansary ct al. (1 999) investigated the compressibility 

characteristics of four coastal soils (P1 = 16 to 26) of Bangladesh. The intrinsic 

compression lines for four coastal soils are shown in Fig. 2.12. It can be seen from 

Fig. 2.12 that, the intrinsic compression lines for the samples of the coastal soils 

investigated compared favourably with that proposed by Burland (1990). Intrinsic 

compression line for Dhaka clay (Kamaluddin, 1999) also agrced with that proposed 

by Burland (1990). Table 2.2 shows a summary of intrinsic constants of 

compressibility for some reconstituted natural clays, including the coastal soils of 

Bangladesh as reported by Ansary et al. (1999). Equations of intrinsic compression 

lines of Dhaka clay and four coastal soils are as follows: 

= (e - e 100)/C (e - 0.775)10.25 for Dhaka clay (2.7a) 

Iv  = (e - e'100 )IC= (e - 1 .02)/0.405 for Gohiral (coastal soil) (2.7b) 

Iv  = (e - e 100 )IC= (e - 0.73)/0.242 for Gohira3 (coastal soil) (2.7c) 

Iv  = (e - e 10)/C'= (e - 0.80)/0.295 for Kalapara (coastal soil) (2.7d) 

Iv  = (e - e'100)/C' (e - 0.73)/0.272 for Mognama (coastal soil) (2.7e) 

Intrinsic swelling characteristics of overconsolidated clay can be represented by 

intrinsic swelling line (ISL) a shown in Fig. 2.13. It is to be noted that the intrinsic 
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swelling ir'dex Cs*  is defined as the slope of the ISL at an overconsolidation ratio of 

10. For overconsolidated clays, ICL provides a useful means of assessing the degree 

of overconsolidation of a natural clay particularly when the yield pressure is not 

well defined. Kamaluddin (1999) also developed the intrinsic swelling line (ISL) for 

reconstituted Dhaka clay. The alucs of CS7CC  varied from 0.14 to 0.10 and the void 

ratio corresponding to liquid limit (c1 ) for Dhaka clay has been found to be 1.17. 

Table 2.2 Intrinsic Constants of Compressibility for Reconstituted Natural 

Clays 

Soil LL P1 c1  e 1  C. Reference 

Lower Crorner Till 25 12 0.663 0.503 0.154 Gens (1982) 

Silty clay 28 20 0.762 0.603 0.136 Ramiah(1959) 

Weald clay 39 20 1.065 0.77 0.24 Skempton (1944) 

Boston Blue clay 39 16 1.084 0.80 0.21 

Oxford clay 53 26 1,362 0.96 0.30 Skenipton (1944) 

London clay 62 38 1.707 1.20 0.446 Jardinc(1985) 

Belfast Estuarine clay 67 37 1.782 1.0 0.32 

Skempton (1944) Ganges delta clay 69 41 1.911 1.22 0.42 

London clay 77 49 2.087 1.28 0.49 

Argue plastique 128 97 3.302 1.82 0.81 

Dhaka clay 43 23 1.17 0.775 0.25 Kamaluddin (1999) 

Kleinbelt Ton 127 91 3.518 2.18 0.91 Hvorslev (1937) 

Whangamarino clay 136 61 3.74 2.44 0.797 Newland and Allely 

(1956) 

Gohira(3.5m) 36 16 1.11 0.73 0.242 

Ansary etal. (1999) Gohira (1.5m) 48 24 1.65 1.02 0.405 

Kalapara(GL) 45 18 1.19 0.80 0.295 

Mognama(lni) 49 26 1.80 0.73 0.272 Li 
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2.4 Critical State Models for Prediction of Soil Behaviour 

For clays generally the critical state is the condition in which the clay continues to 

deform at constant volume under constant effective stress. The critical state concept 

represents idealized behaviour of remoulded clays, but it is assumed to apply also to 

undisturbed clays in triaxial comprcs;ion test. The critical state parameters and two 

Critical state models, namely, Cam clay model and modified Cam clay model are 

explained in the following sections. 

The critical state model in its original form is best described by reference to a three 

dimensional space (Fig. 2.14) whose three axes define the magnitudes of the variables 

p" q' and v, where 

jl_J (2.8a) 
I - 3 

3 
= 

(0-
1
1  o)2 +(; _a)2  +(u 1'_a;)2  

OC13  

(2.sb) 

V1+e (2.8c) 

The specific volume (v) is the total volume of soil containing unit volume of solid 

particles. In case of triaxial compression test in hydrostatic state, o2 = then the 

stress parameters are defined as 

p' = (y'1 +2 c 3)/3 (2.9a) 

q'— o' — o (2.9b) 

n which 't '2 and o3  are the principal effective compressive stresses, and p' and q' 

are referred to as the mean normal stress and deviator stress respectively. The stress 

ratio, q'/p', is denoted by q . The stress parameter, p, is called the mean equivalent 

pressure and is defined as 

p = p'0  exp [(e(,-e)/X (2.9c) 

4 
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in which Pit)  and C0  correspond to the preshcar consolidation pressure and void ratio on 

the isotropic consolidation line; and X is the slope of the isotropic consolidation line in 

the e, In p' plot. During undrained tests, there is no change in voids ratio and, 

therefore, p remains constant during shear at a value of p'0. However, during a 

W'uined test in which the voids ratio, e, decreases, the mean equivalent pressure, p, 

increases from its initial value of p'0. 

In the cas. of one-dimensional consolidation, there is a nearly linear relationship 

between specific volume (v) and the logarithm of mean effective stress. This 

relationship may be expressed as 

v = N - X logp' (2.9d) 

where N (capital nu) is defined as the specific volume corresponding to p' = 1.0. Then 

p' = exp [(N- v)/] (2.9e) 

Since the curves for one dimensional and spherical consolidation are nearly parallel, 

C, = 2.3032.. 

For overconsolidated soil, relationship between specific volume (v) and the logarithm 

of mean effective stress can be expressed as follows: 

v - iclog, p' (2.91) 

where Vk  is defined as the value of v of an overconsolidated soil corresponding to p' = 

A 
1.0 on the line BD produced (swelling line). Since, however, the slopes of the lines for 

one dimensional and spherical consolidation are not exactly the same, C is only 

approximately equal to 2.303k. 

The equivalent consolidation pressure, p',  as the value of p'  on the normal 

consolidation line corresponding to any value of e. Then for any value of v, 

v = N - X Iogp' (2.9g) 

so that 

P'e = exp [(N - v)IX] (2.9h) 

F: overconsolidated soils, where p'< p', the overconsolidation ratio (for spherical 
14 

consolidation) will be defined as 

OCR = p', I p' (2.9i) 
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2.4.1 State Boundary Surface and Critical State Line 

The State Boundary Surface (SBS) is defined as a unique surface as shown in Fig 2.14 

which separates the states of an clement of the soil from those that are not admissible. 

This surface is fonned by two distinct surfaces, namely the Roscoe surface, on which 

volumetric yielding takes place, and the Hvorslcv failure surface. The Roscoe surface 

s defined by undrained stress paths of normally consolidated clay while the Hvorslev 

surface is the locus of failure points for heavily overconsolidated samples. The 

existence of the State Boundary Surface has been verified by many investigators 

(Parry, 1960; Wroth and Loudon, 1967; Balasubramaniam, 1969). 

The end points of all specimens, when they are sheared to failure, lie on a unique line 

defined as the Critical State Line (CSL). Its projection on the (q', p') plane is a straight 

line which passes through the origin having a constant slope M (capital mu) and can 

be described by the following equation: 

= Mp' (2.10a) 

The projection of the CSL onto the v : p' plane in Fig. 2.15 is curved. iicwever, if the 

same data are replotted with axes v : In p' or q' p'. the points f1l close to a straight 

line. It is highly convenient that the gradient of this line turns out to be the same as the 

gradient of the corresponding normal consolidation line. The critical state line in v: In 

p' space can be described by the following equation: 

v=F-21np' (2.1ob) 

F (capital gamma) is defined as the value of v corresponding to p' = 1.0 kN/m2  on the 

critical state line; thus F locates the critical state line in v : In p' plane in the same 

way that N located the normal compression line. Eqns. (2.10a) and (2.10b) together 

define the position of the CSL in q' : p' : v space; M and F like N, X and K are 

regarded as soil constants. 

The Critical State Line separates the Roscoe surface which dictates the volumetric 

yielding from the Hvorslev failure surface. When a state of sample reaches the Critical 

State, it experiences unlimited distortion while the effective stress and the volume of 

'he soil remains unchanged. The area between the Critical State Line and the normal 
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consolidation linc in the water content-log mean normal stress plot is called 'wet of 

critical' while the area to the left of the Critical State Line is cattcd 'dry of critical'. 

The soil when sheared in the 'wet' zone would generate a positive pore pressure 

response under undrained concliticu or decrease in volume under drained conditions. 

On the other hand, a soil in the 'dty' zone would show an increase in volume under 

drained conditions or tend to develop a n'gativc pot-c Pressure. In its simplified form, 

the SBS is accepted to be symmetrical about the hydrostatic p-axis provided there is 

no substantial time effects and anisotropy either from the depositional mode or from 

the applied stress conditions. Much of the challenge and arguments on SBS and the 

Critical State Concept seem to be on these aspects, but nevertheless their effects can 

be incorporated in a primary SBS with appropriate deviations as per the perturbations. 

Thc State Boundary Surface for triaxial compression (isotropic) consists of the 

following: 

Critical State Line (CSL): q' = Mp', v = F - 2lnp' (2.11a) 

irmal Consolidation Line (NCL): v= N — Amp' (2.11b) 

Elastic Walls: v= Vk  —Klflp' 
(2.11c) 

(d) Roscoe Surface: cj'(
AJ

11121
F_v

,A— A—K (2.11d) 

Hvorslev Surface: Si_(M_h1)'' exp 
1'Fv")

) 
= 1 

Hp' /ip' (2.11e) 

Tension Cutoff: q' = 3p' 
(2.110 

For one dimensional compression 

Normal Consolidation Line (NCL) : V = No  - Amp' (212a) 

Elastic Walls (or Overconsolidacd clay): v = v —K!np' 
(2.12b) 

Typical values of the constants M, N, X and K for some clays are listed in Table 2.3. 
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Table 2.3 Typical Values of Soil Constants for a Wide Range of Clays 

Properties Klein 
Belt Ton 

Wiener 
Tegel V 

London 
Clay 

Wcald Kaolin 
Clay  

Bothkennar 

0.356 0.122 0.161 0.093 0.26 0.181 

F 3.990 2.130 2.448 1.880 3.265 2.78 

1.38 M 0.845 1.01 0.888 0.95 1.02 - 

21.75°  25.75°  22.50  24.250  260  

Average K 0,184 0.026 0.062 0.035 0.05 

A = (X-K)IA. 0.483 0.788 0.614 0.628 0.807 

LL(%) 127 47 78 43 74 67 

PI(%) 91 25 52 25 32 38 

2.77 2.76 2.75 2.75 2.61 

Source of 
Data 

Hvorslev (1949) Parry (1956) Loudon 
 (1967) 

Ailman & 
Atkinson (1992) 

2.4.2 The Critical State Pore Pressure Parameter 

i critical state theory can be used to represent the undrainçd shear strength of 

overconsolidated soils. Atkinson and Bransby (1978) have derived an expression for 

the undrained shear strength of an overconsolidated soil in terms of its normally 

A consolidated strength times OCR raised to a power function. This equation can be 

used in a normalized fashion for an overconso li dated soil which has experienced 

simple rebound. 

[5/l]t)C 

= [s/'0] x (OCR (2.13a) 

where, A = Critical state pore pressure parameter 

= 1— 
I   
c 

(iso) 
 Ic 

I 

(iso) 
I — K i 

(iso) 
/ ,

(iso)] 

(2.13b) 

[s/&
0
]0c Ratio of undrained shear strength to overburden pressure of over- 

consolidated soil 

Jr 
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= Ratio of undrained shear strength to overburden pressure of normally 

consolidated soil 

Cso) and  Coso) = Isotropic virgin compression and swelling/recompression indices 

respectively, i.e., slope of c-logp curve for loading and unloading/ 

reloading respectively for isotropically consolidated soil. 

= 2.303X°'°, CS(s) = 2.303K(iSO) 

The results of isotropic and anisotropic consolidated undrained shear tests (CIU, 

CK )U) can be used to determine the critical state pore pressure parameter. The effects 

of OCR and initial stress state (Ku) on Skemplon's pore pressure parameter (A) can 

significantly alter effective stress predictions of undrained strength. The critical state 

parameter is independent of OCR, K(, and level of shear of failure, thus requiring only 

two basic soil constants in order to predict undrained shear strength, namely, the 

effective stress friction angle (') and critical state pore pressure parameter (A). 

Different Scientists have shown that C,° ° is in fact a variable with OCR and is 

different during loading than for reloading. To avoid this anonialy, the critical state 

pore pressure parameter (A0) has been redefined in terms of overconsolidated state. 

A = [log log (su/v(,) IC] / log OCR (2.14) 

Ladd and Foott (1974) demonstrated that normalized strengths (sU/OV))  are a function 

of OCR. The "critical state failure" described by Schofield and Wroth (1978) is 

defined as the stress level at which continuous deformation occurs at no change in 

volume. The basic proposed by the theory would be valid if applied to undrained 

strength at niaxinium deviator stress. 

Most soil encountered in nature are overconsolidated to some degrees. The OCR is 

not often known during testing unless supplementary co'-solidation testing is 

conducted or SHANSEP approach is applied. The parameter A may be determined 

from the results of CU shear tests condtioted at coafining piessures less than the 

preconsolidation pressure without knowledge of OCR. The critical state pore pressure 



parameter is then defined by the absolute value of' the slope of a linear relationship 

between log (s/'0)°  and log OCR as shown in Fig. 2.16. 

It is important to note that critical state pore pressure parameter (A) has been 

determined from a total stress appn1acli and i1 is a soil constant. The parameter A can 

be used to predict undrained shear strengths for various stress histors and initial 

stress conditions. The application for pore pressure parameter is best presented in its 

relationship with the critical state theory. The normally loaded undrained strength of a 

clay soil can be determined from the relationship between log (sIF 0 )0c and log OCR 

as the imercept at OCR=l as shown in Fig. 2.16 

2.4.3 Cain Clay and Modified Cam Clay Models 

Stress-strain models to describe the soil behaviour are developed based on several 

assumptions and hypotheses in conjunction with well-known concepts of plasticity 

theory. These theories assume that the soil is isotropic, follow the Critical State 

Concept, and that there is no recoverable shear strain. The state of the sample inside 

the State Boundary Surface must remain on the elastic wall which is a vertical plane 

ihove an isotropic swelling line. The plastic deformation is assumed to occur only 

when the state of the sample changes on the State Boundary Surface. These theories 

appeal to only a few well-known soil parameters instead of depending on a large 

iumher of empirical constants. 

The Cam Clay model was developed for normally consolidated and lightly over 

consolidated clay. The authors assumed that the energy dissipated at any infinitesimal 

increment of plastic work is only a function of the plastic shear strain. The proposed 

expression for energy dissipation with an assumption that the principal axes of stress 

and plastic strain increment coincide is, 

(1W = pde + (2.1 5a) 

where, dW : energy dissipated per unit volume of soil 

p, q : mean effective principal stress, deviator stress 

dc5  : increncnts of plastic strains 
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Eqn. (2. 1 5a) can be expressed as, 

dW = pde + qd 1, = Mpde (2.15b) 

where M is the slope of the Critical State Line in (q', p') plot. Eqn. (2.15b) leads to the 

following flow rule, 

(de,' 
iC 

(16 

 

where 11 is the sticss ratio, q7p'. 

The normality rule is applied such that the equation of the yield locus is, 

= Mp'lnI ') (2.15d) 

where p0  is the preconsolidaton stress. In this theory the shear and volumetric strain 

increments for states on the State Boundary Surface are given as, 

/2_K 
(~Wl— d' = 

_'i)I M ' I 

v[ M p'] 

As{dS >oj (2.15e) 

(2.151) 

The State Boundary Surface can be derived as, 

 

 

2M (p 
)7= 

(2_K) \p -) 
(2.15g) 

The volumetric yield loci as described by Eqn. (2.15d) is bullet shaped at the p-axis 

and seems to be more applicable for volumetric yielding inside the SBS when the 

associated plastic volumetric strain is smaller than the value when the state paths lie 

on the SBS. 
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In an attempt to improve the limitations of the Cam Clay model, Burland (1965) 

proposed a modified work equation which considers the work dissipated in plastic 

volume change. The energy dissipated in the M cd Cam Clay Model is given by, 

dW = p[(d.,,)2  +(Md
1,
)2 ]

'12  
(2.16) 

The flow rule and yield locus are given by the following equations (2.17) and (2.18), 

respectively: 

d6 M 2 -7 2 (2.17) 

dcv, 2i 

p0 M 2 (2.18) 
M+  72  

Hence, the shape of the volumetric yield locus was changed from the earlier log spiral 

to an elliptic form. 

The incremental shear and volumetric strains are as follows: 

(2-A-V 2i 2,1di7 i1 (2.19a) d= )M2_2[M2+?12 ,j 

I  
dc [2?y(2_/c)dll 2dp'l (2.19b) =—I 

v[ M 2 -i-,72  

T'ie State Boundary Surface described in this theory is, 

7 2 \ 

M +111 A (2.20) 
2  ) 



2.5 Undrained Behaviour of Normally Consolidated and Overconsolidated Clays 

2.5.1 Undrained Stress Paths 

Wroth and Loudon (1967) conducted a series of triaxial tests on sedinicnted and then 

overconsolidated Kaolin under isotropic pre-shear conditions. They demonstrated that 

the undrained stress paths for the normally consolidated samples formed a part of the 

boundary to the possible states of stress that can be experienced by such samples. 

Also, the undraf:cd stress paths within the State Boundary Surface (SBS) rose nearly 

vertical until they approached the State Boundary Surface and then reached the 

Critical State. It is noted that the State Boundary Surface is defined as a unique 

surface which separates the states of an clement of the soil from those that are not 

dnissible and the critical state is the condition in which the clay continues to deform 

at constant volume under constant effective stress. The Critical S1'te Soii Mechanics, 

which deals with the behaviour of soil sheared from an initially isotropic stress 

condition, imply that the undrained stress paths of an overconsolidated clay will reach 

the same point at the Critical State Line as a normally consolidated sample with the 

same water content (Schofield and wroth, 1968). This idea was not fully supported by 

the experimental data on overconsolidated clays. Mitchell (1970) rather observed that 

the effective stress paths of cemented clay tested from isotropic stress conditions 

within a yield curve reached a portion of the failure envelope parallel to the p-axis and 

deviating from the Critical State Line. 

Aliman and Atkinson (1992) investigated the basic behaviour of one-dimensionally 

normally consolidated and lightly overconsolidated reconstituted Bothkennar soil (LL 

= 67%, PL = 29%, clay = 22%, w = 73%) in laboratory triaxial stress path tests. The 

..--in programme of tests established a State Boundary Surface containing Critical 

State Lines, and evaluated the basic material parameters. The one dimensional and 

isotropic compression lines were identified from the results of continuous loading 

tests and are given by X = 0.18 1, N0  = 2.88 and N = 2.91. During one-dimensional 

normal compression, the value of K, was 0.5. The gradient of compression lines (A. = 

0.181) is approximately the same as that for Kaolin clay (A. 0.2) and is larger than 

the typical value for London clay (A. = 0.1). The relationship between A. and PT is A.IPI 
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= 1/210, which is comparable with the value of 1/170 given by Schofield and Wroth 

(1968). Allman and Atkinson (1992) also showed that most soils reached reasonably 

well-defined critical states identified from t s-strain curves. The Critical State 
I 

Lines were given by M = 1.38, ? = 0.181 and F = 2.78. 

2.5.2 Undrained Stress-Strain and Stiffness Characteristics 

The remoulded clays and normally consolidated clays clearly demonstrate the 

nonlinearity of clay behaviour. On the contrary, it was reported that most natural clays 

were often stiffer and showed more linear behaviour in a certain range of loading. 

Parry and Nadarajah (1973) demonstrated that the stiffness (i.e., deviator stress 

increment Aq for a given strain ) of renioulded clay specimens with the isotropic 

consolidation was uc 1, the same in compression as it was in extension during the 

early stage of undrained loading. 

Crooks and Graham (1976) showed that the stress-strain behaviour of samples 

consolidated isotropically under pressures less than the maxinilirn past pressure, even 

at a stress below the overburden pressure, has no sharp break in P'rnax  between the low 

compressibility and the high cimprcssibiliy behaviour while hose under anisotropic 

conditions exhibited a distinct change of rate when axial stresses exceeded p',. It 

was also found that the samples which has been consolidated isotropically to stresses 

either above or below P'inax  showed much higher strains at maximum deviator stresses 

than those observed from the anisotropically consolidated samples. 

Fig. 2.17 (a) and (b) show typical stress-strain curves for consolidated undrained tests 

(Arora, 1992) and Fig. 2.18 shows stress-strain curves for five normally consolidated 

clays (Ladd, 1964). The general similarities are evident. At larger strain level, the 

clays experience slow and gradual increase of stress with increasing strain. It can be 

observed that the clays do not have any peak values where recession occurs. This is 

the general trend which all the normally consolidated clays experience. 

The immediate or undrained settlement is referred to as elastic settlement. The 

undrained settlement occurs without sufficient dissipation of excess pore water 
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pressure due to sudden application of load. Undrained settlement is closely related to 

the undrained stability of foundation and is very important in foundation in design. 

Linear displacement theory is widely used Ic ting initial settlement. In this 

theory the soil is characterized as an uniform layer. The calculation of 

undrained settlement is based on the theory of elasticity which requires a value of the 

young's modulus, E,,  for the clay layer involved for undrained loading condition. 

The modulus of soil for undrained loading is not a unique property but varies widely 

wE stress le'cl, stress history, time, type of loading and soil disturbance. A 

significant amount of work on young's modulus of clays has been reported by various 

investigators such as Ladd (1964), Desai (1971) and Yudhbir et al. (1975). 

Duc to difficulties in oh Hing undisturbed soil samples, attempts have been made in 

the past to correlate undrained modulus (En) to undrained shear strength (se) to 

determine elastic modulus. Cooling and Skcmpton (1942), Skempton and Henkel 

(1957) have found that the undrained young's modulus for saturated clay soils can be 

obtained by the following relation: 

Eu  = k s1, (2.21) 

The value of k suggested by them was equal to 140. But Bjemim (1964) suggested the 

value of k as 250 to 500. 

D'Appolonia et al. (1971) made the follov g comments regarding the 

interrelationship between k, Eu  and other soil properties: 

The value of k decreases with increase of overconsolidation of the clay. This is 

shown for three clays in Fig. 2.19. 

The value of k generally decreases with the increase of the plasticity index of the 

clay. 

The value of Eu  determined from unconlined compression tests and 

It unconsolidated undrained triaxial tests are generally low. 

The value of k deceases with the organic content in the soil. 

I' 

a'  
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For most cases, CIU or CKOU type of tests on undisturbed samples yield values 

of Eu  that are more representative of field behaviour. 

For highly plastic clays, CU tests yield E ; generally indicative of field 

behaviour. 

Factors Affecting the Undrained Stress-Strain Modulus of Clays 

Any factor which will modify the slope of the stress-strain curve will affect the 

Yol, modul' These factors inciude con'iidation pressure, stress level, OCR, 

type of initial consolidation pressure, soil unit weight, Ihixotropy, aging, strain-rate, 

soil fabric, sample size, type of tests such as UU or CU, sample disturbance, factor of 

safety, load cycle and anLropy. Some of the salient factors are discussed below 

icfly: 

Consolidation Pressure: Yudhbir ct al. (1975) found that initial tangent modulus (E) 

increaes with consolidation pressure. This has been shown in Fig. 2.20. The variation 

as a crude approximation, is linear. The same has also been observed by Janbu (1963), 

add (1964) and Varadarajan (1973). In Fig. 2.21, Lambe and Whitman (1969) 

presents the results of undrained triaxial tests for three clays in the fomi of stress paths 

through which strain contours have been drawn. This is particulaly informative type 

of plot. If the effective stress paths are geometrically similar and the strain contours 

are straight radial lines for a group of tests, then a plot of t'Io' (where, t' ('1 -o'3)/2 

and = consolidation pressure) versus strain would be unique. If the plot is unique, 

the modulus is then proportional to consolidation prcs c. 

Stress Level: Ladd (1964) found that at a particular consolidation condition, modulus 

decreases with the increa 'fstress level. Fig. 2.22 (afler Ladd and Varallyay, 1965) 

presents a plot of normalized secant modulus, (ratio of secant modulus and 

vertical consolidation pressure) versus applied shear stress ra1u, Aq/ q1  i.e. (C7

d73)/(o-cY3)f  for tests on normally consolidated Boston Blue clay. The data suggest that 

the stress level is more important than the type ofCL •st. 
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Overconsoljdatjon: Yudhbjr et al. (1975) showed the variation of the ratio of initial 

tangent modulus to reduced swelling pressure (E/a') with OCR for three clays in Fig. 

2.23. The trend is pronounced at high values of OCR. Ladd (1964) and Varadarajan 

(1973) found similar trend. 

Factor of Safety: Fig. 2.24 (Ladd, 1964) shows the ratio of secant modulus to 

consolidation pressure (') for clays of Fig. 2.18 plotted againsl the factor of safety. 

The plot shows that E/a' increases with the increase of factor of safety. 

2.5.3 Undrained Shear Strength Characteristics 

In most practical problems, undrained shear occurs wherever the load imposes at a 

much faster than the rate at which the induced pore pressures can dissipate. The 

excess pore pressures dissipate relatively slowly from a clay than from a cohesionless 

soil. The undrained shear strength is thus of great practical importance in the case of 

clays. In most practical problems related to clay soils, undrained shear strength is of 

interest to the geotechnical engineers. 

The undrained strength of normally consolidated clays is known to increase with the 

consolidation pressure. However, the change in the undrained strength was observed 

to he small for lightly overconsolidated clay with an overconsolidation ratio less than 

(Parry and Nadarajah, 1973). This was particularly true for the K( -consolidated 

samples. This indicates that no significant increase in shear strength with increasing 

consolidation pressure can be expected in lightly overconsolidated samples until they 

reached the normally consolidated state. Similarly, Hight et al. (1987) reported that 

the undrained strength ratio was reduced with the increase in overconsolidation ratio, 

especially on lightly consolidated samples (OCR < 2.0), when those values were 

normalized with respect to the vertical preconsolidation pressure. On the contrary, the 

normalized undrained strength iatio with respect to vertical pre-shear consolidation 

pressure increased with increasing overconsolidation ratio ( Yudhbir and Varadarajan, 

1974; Ladd et al., 1977; Koutsoftas, 1981; Hight et al., 1987). The increase being 

pronounced at the higher value of the overconsolidation ratio. This tendetcy is due to 

a significant increase in the effertive stress during shear of the overconsolidated 

samples. 
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Clays exhibit normalized behaviour between undrained shear strength, s, the in situ 

overburden pressure, and some index properties. Tihlr 2.4 prcnts a number of 

relations obtained by various researchers those can be used to obtain undrained shear 

strength of clay soils. Equations (a) to (e) are for normally consolidated clays. The 

values are related to plasticity index in equations (a) and (b), to liquidity index 

1L in equation (c) and liquid limit in equation (d). In equation (e), is the angle of 

internal friction that can be obtained from drained triaxial test and A0  is the critical 

state pore pressure parameter (Schofield and Wroth, 1968). Equations (f) to (k) are 

applicable to overconsohidated soils. 

Ladd et al. (1977) gave an extensive discussion on soils to obtain normalized soil 

parameters (NSP) for design use. Ladd et al. (1977) summarized the effect of OCR on 

K0  and undrained stress- strai n -strength parameters for a variety of clays. Most of 

those data came from SHANSEP (stress History and Normalized Soil Engineering 

Properties) test programmes, wherein undisturbed samples were I( consolidated in 

t' laboratory into the virgin compression range and then rebounded to varying OCR. 

Hence in-situ preconsolidation pressure, f1, for all SHANSEP test specimens is 

caused by mechanical overconsolidation. 

Fig. 2.25 shows plots log OCR versus log su/o [where = in-situ consolidation 

p ssure] from CKoUTC, TE and DSS tests (Koutsoftas and Ladd, 1984; Lcfebvre, 

1i83). The log-log plot gives essentially straight lines and hence is closely 

approximated by the relationship: 

[s °  /o' ] / [ s (nc) 
U /] = (OCR)" (2.22) 

where m is a dimensionless coefficien's 

Ameen and Safiullah (1986) also showed linear relationship for Dhaka ciay under 

isotropic and K stress conditions between undrained shear strength ratio and 

overconsolidation ratio in log-log scale. Moreover, the slope of this line in is almost 

same for both isotropic and I( stress conditions and its value closely approximate to 

that (1-C)/C, where C and C  are compression and swelling indices, respectively. 
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Therefore m may be replaced by A. Amcen and SafiuUah (1986) reported that the 

general equation proposed by Mitachi and Kitago (1976) was valid for Dhaka clay as 

a model to determine the undrained shear strength of overconsolidated Dhaka clay. 

Fig. 2.26 presents the relative increase in undrained shear Irengta ratios with 

increasing overconsolidation ratio (Koutsoftas, 1981). In this figure, the normalized 

shear strength ratio at a particular OCR, [s/&,Joc, is divided by the corresponding 

normalized shear strength ratio for the normally consolidated soil, [s,11a'0J'.  The data 

of the figure are from a comprehensive series of undrained shear strength tests 

performed on a lean sensitive marine clay in both the normally consolidated and 

overconsolidated state. The type of tests performed included triaxial compression and 

extension and direct simple shear tests on K0  consolidated specimens. The data from 

all three types of tests fall within a narrow range. The relationship between the ratio of 

normalized strengths and OCR may be described as suggested by Ladd et al. (1977) 

by an equation of the form as shown in Eqn. 2.22. 

For the data shown in Fig. 2.23, the value of m varies from 0.8 to 0.85. It is interesting 

: note that Ladd et al. (1977) reported iii values ranging from 0.75 to 0.85 from direct 

shear tests on five other clays. For Dhaka clay Ameen and Safiullah (1986) reported 

that in isotropically consolidated and K,)  consolidated conditions the values of A are 

0.746 and 0.83 respectively. Kamaluddin (1999) also showed the values of m are 

.734 and 0.821 for isotropic and K stress conditions respectively for reconstituted 

Dhaka clay. For four reconstituted coastal soils, Ansary (1993) found that the 

variation of undrained shear strength ratio with OCR is linear and the values of A 

varied from 0.80 to 0.87. The model, valid for Dhaka clay and coastal soils, as 

reported by Kamaluddin (1999) and Ansary (1993) are shown in Table 2.4. These 

results suggest that in order to generalize the value of A parameter for coastal soils, 

further tests are required for other varieties of coastal soils with different plasticity 

indices and different liquid limits. At the same time further stud:' is also required to 

obtain more controlled field data with actual field strength tests to verify the 

applicability of the proposed modl for coastal soil. 

Ladd and Foot (1974) and Ladd et al. (1977) have shown  that the results of laboratory 

shear tests performed on clay samples with the same overconsolidation ratio, but 
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different consolidation stresses, exhibit very similar stress-strain characteristics when 

normalized with respect to the vertical consolidation stress. These clays are said to 

A exhibit normalized behaviour. Ladd Ct al. (1977) gave a means of estimating the 

undrained shear strength of preloaded soil as illustrated in Fig. 2.27 based on direct 

simple shear (DSS) tests. The original plot used live soils: three from the N.E. United 

States; one from Louisiana; and one from Bangkok, Thailand. The liquid limits (for 

all but the varved clay) ranged fr)m 41 to 95% ard with LI from 0.8 to 1.0. These 

clays were tested in CK0UDSS at OCR from I to large values with the results 

normalized as follows: 

Y = (s)" / v. and X = (s1 ) / &. 

IL 

It is evident that at OCR = 1, Y/X is equal to 1. Also when is the in-situ 

overburden pressure, the ratio Y/X (s)°V(s)'.  The more general form of Y/X 

allows one to use a laboratory value of c' which may be different from the field 

value. The initial curve had only a modest scatter and would appear useful for almost 

any clay. Other tests data from Mahar and O'Neill (1983) and Simons (1960) have 

been plotted by the author onto this curve (codes 2 and 3 of Fig.. 2.27). Clays range 

fron1 norganic to organic and highly desiccated (code 2). Code I covers live clays, 

ode 2 is same locale but two separate stratums, Code 3 is from Oslo, Norway. The 

general curve trend is present and it can be suggested that these curves might be used 

br similar soils and the same local test method. 

Mahar and O'Neill (1983) reported that higher values of liquid limit of soil will 

produce lower value of slope of the curve log s/o'..,0  versus log OCR. They plotted 

s0/o,0  versus OCR for two different types of soils and found two different curves 

whereas they found that the plot of s. LL versus OCR for the two types of soils 

produced a common curve as shown in Fig. 2.28. 
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Table 2.4 Some Models to Represent Undrained Shear Strength of Normally 

Consolidated and Overconsolidated Clays 

Eqn 

No. 

Model Equation State of 

Strcss 

Reference 

 = 0.11 + 0.0037 (P1) NC Skempton (1957) 

 s/a = 0.45 (pj)½  where P1>5% NC Bjerruin and Simons (1960) 

 s/o = 0.18 (J)_½,  where 1L >05  NC 

 s1 /o' = 0.5 LL, where LL > 20% NC Karisson and Viberg (1967) 

 = [3 sin4'/(3- sin4')]x[l/exp(A)] NC Schofield and Wroth (1968) 

(0 [sI& 0] I[sI&%,] > 
= (OCR)'1  OC Ladd and Foot (1974) 

(g) [s °  /'J = Ia'] x (OCR)" OC Atkin'son and Bransby (1978) 

(Ii) {s ° /o]= [S(h1 Io] x (OCR)_N 

where N = C/C 

OC Mitachi and Kitago (1976) 

 = [3 Sin4'/ (3- Sin4')] x 

[(OCR)"/exp (A)] 

OC Maync (1980) 

 [s°' /y'] = [su(T 
/o] x 

(OCR)A OC Kamaluddin (1999) 

 [s (oc) /cT,,,.] = [s /cY'] x (OCR)" OC Ansary (1993) 
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2.5.4 Pore Pressure-Strain Relationships 

A. Previous research has shown that the pore pressure parameter at failure, Af  decreased 

as the overconsolidation ratio is increased and eventually the variation of Af  is 

significantly smaller at higher overconsolidation ratios as compared with its variation 

at low overconsolidation values. It was also noted that the value of Af  was generally 

dependent not only on the type of clay and its overconsolidation ratio, but also on the 

applied stress systems. 

Parry and Nadarajah (1973) reported the results from a series f tria:;ial compression 

and extension tests on normally and lightly ovcrconsolidatcd kaolin clay sheared both 

from isotropic and K )-conditions. The relationship between Af  and the 

overconsolidation ratio for the isotropically consolidated samples both in compression 

and in extension was almost identical over the range of overconsolidation ratio close 

to 2.6. Up to an overconsolidation ratio of 1 .25 the Af  values from the K0-compression 

tests were much higher than those from the isotropic compression. For 

overconsolidation latios of higher than 1.25, the value of Af  from the K0-compression 

test drop quickly to a constant value of 0.3. Similarly, Koutsoflas (1981) also 

observed a rapid decrease in the value of Af  for K0-overconsolidated samples as the 

overconsolidation ratio is increased. Flowever, these values remained positive even for 

overconsolidation ratios up to 10. This observation agreed well with those made by 

Nakase and Kobayashi (1971). 

Yudhbir and Varadarajan (1 974) carried out triaxial tests on reconstituted clay under 

normally consolidated and overconsolidated pre-shear isotropic conditions to study 

the effect of overconsolidation ratio, OCR on the stress-strain-pore pressure response. 

A relationship for the shear strain, the overconsolidation ratio and the A parameter for 

isotropically consolidated cky was suggested by Yudhbir and Varadarajan (1974). 

The values of A at various levels of strains in the normally consolidated states 

converged to a lower strain-independent A value, at an overconsolidation ratio termed 
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as he "critical overconsolidation ratio". The critical overconsolidation ratio, which 

depends on the type of clay, separated the overconsolidation ratio into two zones: for 

overconsolidation ratios less than the critical value, A increases with the strain and for 

overconsolidation ratio greater than the critical value, A decreases with the strain. 

Yudhbir and Varadarajan (1974) emphasized the significance of the degree of 

overconsolidation on the stress-strain relationship. 

Mayne and Stewart (1988) presented the overall trend of A1  value from anisotropically 

and isotropically consolidated samples. The authors have shown that the A1  values of 

anisotropically consolidated sample tend to be asymptotic to zero at higher 

overconsolidation ratios, while these Af  va'ues fo: ;suiropically consolidated clay 

became negative for overconsolidation ratios of 4 to 6. 

Handali (1986) also normalized all excess pore pressure, u measured from undrained 

tests of the overconsolidated samples with respect to the pre-shear consolidation 

pressure of normally consolidated samples instead of normalizing them with respect 

to their individual pre-shear consolidation stress. In other words, the points of 

reference for normalization of the excess pore pressure of overoonsolidated samples 

were taken as the same as the pre-shear consolidation pressure of the normally 

onsolidated sample with the same void ratio. 
jk 

2.6 Stress Deformation Characteristics of Silts 

An extensive series of undrained triaxial tests were performed on reconstituted 

samples of Alaskan silts (LL = 22 to 60, P1 = 3 to 28) in both the normally 

consolidated and overconsolidated state by Fleming and Duncan (1990). The results 

of the investigation show that the pore water pressure increases to a peak and then 

gradually and continuously decreases with strain. Comparison of deviator stress and 

pore pressure behaviour for undisturbed and remouldcd samples are shown in Fig. 

2.29. 
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Fleming and Duncan (1990) developed a testing programme to determine whether the 

A Alaskan silt exhibits normalized behaviour. A series of UU, IC-U and AC-U tests 

were performed at varied consolidation pressures and overconsolidation ratios. The 

measured range of normalized shear strength at various OCR for each type of test is 

given in Table 2.5. It was found that the normalized strength varied with the 

consolidation pressure. The higher the consolidation pressure, the lower was the 

normalized strength. This may appear to indicate that the undrained strength of 

Alaskan silts can not be normalized. However, these relatively small variations in 

normalized strength are believed to result from sample preparation and 

reconsolidation effects. The no malizcd strengths (sl&,.0 ) versus overconsolidation 

ratios (OCR) are shown in Fig. 2.30. 

Fleming and Duncan (1990) compared the results of the test on normally consolidated 

samples in Table 2.6 to results obtained by Ladd et al. (1985) and Wang and Vivatrat 

(1982) from tests performed on other silts. It may be seen that there is a considerable 

variation among the various measured values of normalized strength. It may thus be 

concluded that values of normalized strength vary considerably from one silt to 

another, and would need to be evaluated specifically for each new silt deposit. The 

-¼ 
results have shown that the stress-deformation characteristics of silts are quite 

different from those of clay. Silt samples are easily disturbed, and their undrained 

strengths are more likely to be seriously affected by disturbance than those of many 

clays. Therefore, minimizing sample disturbance is important in order to obtain 

reliable estimates of the strengths of silts in the ground. 

41 
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Table '.5 Values of s/&  for Alaskan Silt (after Fleming and Duncan, 1990) 

Overconsolidation Ratio 

Type of Test 1 2 3 8 

UU 0.25-0.30 0.60-0.64 - 1.55-1.60 

IC-U 0.85-1.00 1.70-1.85 - 2.85-3.00 

AC-U 0.78 - 1.28 2.37 

Table 2.6 Normalized Strength Parameters for Normally Consolidated Silts 

(after Fleming and Duncan, 1990) 

Type of Test s1 /o K0  Reference 

UU 0.25-0.30 - Fleming and D'uncan (1990) 

UU 0.185 - Ladd et al. (1985) 

IC-U 0.25 - Ladd et al. (1985) 

IC-U 0.30 - Ladd et al. (1985) 

IC-U 0.85-1.0 - Fleming and Duncan (1990) 

IC-U 0.30-0.65 - Wang et al. (1982) 

AC-U 0.32-0.39 0.84; 0.59 Ladd et al. (1985) 

AC-U 0.26 0.59 Ladd et al. (1985) 

AC-U 0.75 0.50 Fleming and Duncan (1990) 
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2.7 Use of Critical State Models 

2.7.1 Prediction of Strains Using Cam Clay and Modified Cam Clay Models 
A 

Balasubramaniam and Chaudhry (1978) investigated experimentally the stress-strain 

characteristics for Bangkok clay (LL = 97-121%, PL = 32- 46%, w = 99-122% and 

clay = 55-68%). Balasubramaniam and Chaudhry (1978) compared their observed 

strains with the strains predicted from the critical state theories. Two models are 

employed and these are the Cam Clay model by Roscoe, Schofield and Thurairajah 

(1963) and Schofield and Wroth (1968); and the Modified Cam Clay model by 

Roscoe and Burland (1968). The fundamental soil parameters used in the Critical 

State Theories were X, K and M. Isotropic consolidation and swelling tests were 

carried out on soft Bangkok clay which indicated the value of X is 0.51 and that of K 

is 0.091. Also, the critical slate parameter, M, was taken as 1.0. From the 

experimental data on Bangkok clay, Balasubramaniam and Chaudhry (1978) 

compared the observed strains with the predicted strains from Critical State Models 

and the following conclusions were drawn 

The Cam Clay Model overpredicts the strains in all tests, and 

The Modified Cam Clay Model successfully predicts the strains in all tests. 

In the Modified Cam Clay model of Roscoe and Burland, corrections were made for 

the shear strain from the contribution due to the constant q yield loci. The 

contributions from the constant q yield loci were approximately the same as the shear 

strain obtained from undrained tests in the q'/p': s plot. From their tests, the following 

conclusions have been drawn: (i) The Cam Clay model overpredicts the volumetric 

strains and the shear strain; and (ii) the Cam Clay Modified model successfully 

predicts the strains in all tests. 

2.7.2 Relationship of Critical State Parameters with Plasticity Index and 

Experimental Stress-Strain Values with the Prediction Values 

4 The possibility of establishing correlations between constitutive parameters and 

simple soil properties such as consistency limits has long attracted researchers, and 

Nakase et al. (1988) have presented some useful data in this direction. An attempt was 
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made by Nakase ci ai. (1988) to correlate various parameters often used in specifying 

the constitutive models, based on data obtained from laboratory tests. For each soil 

sample, ocdomctcr tests and a series of triaxial tests were performed consisting of 

CIUC (undrained compression test on an isotropically consolidated specimen), ClUE 

(undrained extension test on an isotropically consolidated specimen), CKUC 

(undrained compression test on a Ku-consolidated specimen) and CK0UE (undrained 

extension test on a K0-consolidatcd specimen), with a constant rate of axial strain of 

0. 07%/mm. 

The Cam Clay model (Schofield and Wroth, 1968) and the Sekiguchi-Ohta (1977) 

model were considered by Nakase et al. (1988). The Cam Clay model has been 

generated largely from the results of triaxial compression tests on soft clay samples; it 

can be expected to be effective in predicting the behaviour of isotropically 
F' 

consolidated samples, but not to be particularly successful at matching the observed 

experimental data of anisotropically consolidated samples. The Sekiguchi-Ohta model 

can, however, incorporate the anisotropical stress history that the soils have more 

commonly experienced into the model, requiring the same parameters as the Cam 

Clay model for their in viscid model. 

In these constitutive models, the following four basic soil pw-ameters are required to 

specify the model: 

compression index, 

K = swelling index, 

M = 6 sin4)'/(3 - sin4)", where, 4)' = the effective angle or internal friction 

obtained from the compression test, and 

N = a specific volume of soil isotropically normally consolidated at 98 kPa. 

In order to specify the behaviour of the model, three other values are also required to 

describe the current condition of the soil, namely, initial void ratio (or specific 

volume), current stress state, and the K()  value of the soil. 

Nakase et al. (1988) estimated soil properties from experimental observations for 

stress-strain and stress path predictions of models. These are shown in Table 2.7 and 

their correlations with plasticity indices are shown in Table 2.8. 



-w 

66 

From above discussions (lie following conclusions can be drawn: 

Correlations between plasticity index and the soil parameters for the constitutive 

equations were obtained with high values in the coefficie,t cf correlation. There 

was no direct correlation between M and PT, i.e., M is independent of plasticity 

index. Similar observations have been made by the writers (Frydman and 

Samoocha, 1985: Frydman, 1987) with regards to the effective friction angle, 4)', 

of compacted Israeli clays. For a large range of clays, 4)' was found to be about 

25°, regardless of the consistency limits of the clay. Vaughan et al. (1979) also 

obtained similar results fbr UK clays, again finding an average 4)' of about 25°. 

On the contrary, Hvorsiev (1949) and Parry (1960) have been shown that M 

decreases with the increase of plasticity index. 

The correlations may be used together or separately to estimate the parameters, 

if a better alternative is not available. 

Table 2.7 Estimated Soil Properties for Stress-Strain and Stress Path 

Predictions (after Nakase et al., 1988) 

Soil P1 K CO K0  M M 

M-50 51.1 0.25 0.038 1.49 0.42 1.65 1.13 

M-30 29.4 0.16 0.021 1.07 0.42 1.65 1.24 

M-10 10.7 0.06 1  0.005 1  0.70 1  0.42 1 1.65 1.33 

Table 2.8 Correlation Between Critical State Parameters and Plasticity Index 

(after Nakase et al., 1988) 

Parameters - Correlation Coefficient, R 

= 0.02 + 0.0045 P1 0.98 

K = 0.00084 (P1-4.6) 0.94 

N = 1.517 + 0.019 P1 0.95 

M = 1.650 

M = 1.385 - 0.00505 P1 0.85 
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2.8 Mechanisms of Sample Disturbance 

A 
A soil sample will be subjected to disturbance when it is transferred from its position 

in the ground to the laboratory and prepared for testing. The mechanisms associated 

with this disturbance can be classified as follows: 

Changes in stress conditions; 

Mechanical deformation; 

Changes in water content and voids ratio; and 

Chemical changes 

Changes in stress conditions occur as the total stresses being applied to the sample of 

soil change. In its extreme, this is the relaxation of the total horizontal and vertical 

stresses from their in-situ value, to zero, on the laboratory bench. Mechanical 

deformations are shear deformations applied to the soil sample while the sample 

experiences no change in volume. Changes in water content can be an overall swelling 

or consolidation of the soil sample, or a redistribution of moisture due to the setting 

up of pore pressure gradients. A change in voids ratio distinct from the above changes 

in moisture content, is associated with the expansion of gases in the soil sample as a 

consequence of relaxation of total stresses. These gases either being free in partially 

satu.-'ted soils or in solution in saturated soils. Chemical changes are associated with 

the change in chemical properties of the soil particles, inter-particle bonding or pore 

water. 

These mechanisms can occur at different stages during the process of transferring a 

soil sample from the ground to the laboratory, and during preparation for testing. 

Some of the mechanisms occur very quickly, while others are more time dependent. 

Some of the mechanisms are unavoidable while others can be minimized or even 

eliminated. The magnitude of the mechanisms is not only dependent on the sampling 

processes being used, but also on the type of soil being sampled. The effect of these 

mechanisms can also be different for different soil types. 

A geotechnical engineer is fundamentally concerned with the physical stress-strain-

strength properties of the soil under investigation. If the effective stress, fabric or 

structural features in a sample of soil are altered during the sampling process, then the 
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soil sample in the laboratory will no longer exhibit the same physical properties as it 

would in situ. It is therefore important to understand where, in the sampling and 

4 
testing process, the afore-mentioned mechanisms are occurring, and it is necessary to 

minimize or even eliminate these mechanisms wherever possible. Where these 

mechanisms are unavoidable, it is important to know what affect, both qualitatively 

and quantitatively, they have on the physical properties being measured. In addition, it 

is important to establish whether the effects of these mechanisms on the physical 

properties being measured can be assessed and even corrected for. 

2.9 Different Stages of Sample Disturbance 

The disturbance experienced by a sample of soil due to sampling from the ground is 

caused by several stages. The principal stages of sampling disturbance can be stated as 
4 

follows (La Rochelle et al., 1981): 

Disturbance of the soil to be sanipled before the beginning of sampling as a 

result of poor drilling operation. 

Mechanical distortion during the penetration of the sampling tube into the soil. 

Mechanical distortion and suction effects during the retrieval of the sampling 

tube. 

Release of the total in-situ stresses 

Disturbance of the soil during transportation, storage and sample preparation. 

The first cause can be reduced by sampling with properly cleaned boreholes advanced 

by using bentonite slurry. The second and third causes are directly associated with 

sampler design and can be controlled to certain extent. The fourth cause is unavoidable 

even though its effects may be different depending on the depth of sampling and soil 

properties. The fifth cause can be reduced by storing samples for minimum time in 

controlled atmosphere and careful handling of samples during transportation and 

preparation. 

Mechanisms and causes of sampling disturbance have been summarized by Clayton 

(1986). Detail descriptions of the disturbances caused during boring, excavating, 

sampling, transportation, storage and sample preparation have been reported by a 
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number of researchers (Hvorslcv, 1949; Kallstenius, 1971; Schjetne, 1971; Bozozuk, 

1971; Shackel, 1971; Sone et al., 1971; Bjerrum, 1973; Brand, 1975; Arman and 

McManis, 1976; La Rochelle et al., 1976; Kimura and Saitoh, 1982; Kirkpatrick and 

Khan, 1984; Baligh, 1985; Clayton, 1986; Chin, 1986; Baligh et al,, 1987; Graham et 

al., 1987; Baldi et al., 1988; Siddique, 1990; Hajj, 1990; Hight and Burland, 1990; 

Hopper, 1992; Chandleret al., 199; Sarker, 1994; Rahman, 2000). 

Formation of a hole in the ground modifies the stresses, can impose strains, and even 

lead to fai!ure of the soil at the base of the hole. The disturbances are dependent on 

both the type of boring or excavating technique, and the type of soil. Hvorslev (1949), 

ISSMFE (1965) and Brorns (1980) stated that the borehole should always be cleaned 

out before sampling is commenced. BS:5930 (1981) Clayton (1986) commented on 

the importance of ensuring good maintenance of equipment, good drilling technique 

and expert and detailed supervision. 

Another principal cause of sample disturbance during drilling is the reduction in total 

vertical and total lateral stresses due to removal of soil from the borehole. Swelling at 

the base of borehole occurs as a consequence of stress relief. The process is fast and 

"iavoidab1e in granular soil; in cohesive soils, however, swelling can be reduced by 

sampling as quickly as possible following boring. The amount of swelling that occurs is 

proportional to the change of total stress occurring at the base of a borehole. Thus if the 

orehole is substantially empty of water there is likely to be more swelling than if the 

borehole is kept full of mud or water. Other severe effects of stress relief during drilling 

on soil are base heave, piping and caving (Clayton et al., 1982). Base heave can be 

thought of as foundation failure under decreased vertical stress. When the total stress 

relief at the base of a borehole is very great compared with its undrained shear strength, 

plastic flow of soil may take place upwards into the borehole. Failure in a borehole by 

base heave can occur in very soft soils if the water level is kept too low (Begemann, 

1977). When a borehole is inducing total stress relief, and water balance is insufficient 

to prevent high seepage pressure gradients in the soil at the ba of the hole, large 

volumes of fine granular soil may move up into the casing. Soil below the bottom of the 

- casing will be brought to a very loose state. This rhenornenon is called piping. Both 

base heave and piping can be reduced by keeping the hole full of water. Caving typically 

occurs when boreholcs are advanced into soil, loose or fissured soils. Material from the 
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sides of the borehole collapses into the bottom of the holc and 
must be cleaned out 

before sampling can take place. 

4 During sampling the change of volume resulting from the intrusion of a sampling tube 

into a soil mass produces appreciable distortions. ilvorslev (1949) described the forces 

acting on an element of soil while it is being tube sampled. There are two main forces 

associated with sampling. The (irst is that occurring as the soil is displaced by the 

advancing cutting edge. This can cause quite considerable shear strains, and possibly 

large forces. This disturbing efkct is reduced by decreasing the cross-sectional area of 

the cutting edge. The second disturbing force in the soil during tube sampling is that 

caused by friction or adhesion between the soil and walls of the sampler. Hvorslev 

(1949) considered that friction on the internal wall would be more significant than that 

on the outside wall, causing the structure of the sample to be altered. Ejerrum (1973) 

also reported that due to friction between the clay and the sanipliir: tube, the outer zone 

of the sample becomes renioulded. The volume of these Zones of badly disturbed clay 

and the degree to which the origi.ial stnlctut-c of th clay in these cones is destroyed is, 
howcvc, not the same in all types of clay. l'hc greatest an 

mouni of disturbance is, lbr 

instance, experienced in clays of low plasticity. Clays with pronounced cohesive 

propertie, will undergo less disturbance. The same is the case with highly sensitive or 

quick clays, the remouklcd strength being so low that the friclihn between clay and 

sampling tube is Practically ci iminated. 

During sampling another inlpOrtant contributory factor to disturbance is due to release of 

in-situ total stresses. in response to the reduction of applied total stresses, the pore 

pressures in a sample will reduce and may normally be expected to become negative. If 

the sample is coarse-grained, it will have a high coefficient of permeability and a large 

average pore size and water or air will rapidly Penetrate it and dissipate the negative 

pore pressures. Thus, with total and effective stresses reduced to zero, a granular soil has 

ttic strength and is very difficult to sample or prepare for laboratory testing. In a 

cohesive soil, however, a small average pore size nomially precludes the penetration of 

air. Because of low permeability a considerable period of time may be required for water 

to penetrate and dissipate the negative pore pressures set up in the sample. A sample 

which has received no disturbance other than that involved with the release of in-situ 
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total StreSSeS is tCrme(J "perfect" Sample and the (liStur1jiicc caused due to the 
release of 

in-situ total strcsses is called stress release or "perfect' sampling dis1urbaice Several 

workers have Investigated the effects Of"perfcct" sampling disturbance on the undrained 

4 stress-straiii, stiffliess and strength propejes of clays. These have been discussed 
in detail in SeCtiOn 2.10.1 

When lransporing the samples froni the field to the Iaboratoiy the sample can be 

disturbed due to inadequate sealing, vibration and shock, tllernial variations, pore 

pressure edlualisation and chemical effects. Samples are usually sealed and stored for 

onìe period of time before testing and this delay may cause fuither alten)atioiis to the 

clay structure. Migratjoti of water within the sample may still lead to significant 

changes of propelijes such as cofliprcsSil)jhity and undraijiecj strength Two types of 

cffects have been noted. Firstly, water migrates from one type of soil to another 
(Kimball 1936; Rowe, 1972) and secondly

,  differential residual pore pressures in the 
samples equalize with time (Kallstc,iius 1971; Schjetne 1971; Bjemm 1973). 

A major contributoty flictor to disturbwice is the extrusion of the m   sample fro the 
sampling tube. When the specinleii is being prepared for testing, the soil  
disturbed mainly due to the (i) lbrces and fr 

extru 
can be 

iction during 
sion and (ii) moisture 

changes. The force required to extrude a soil sample from a ampling tube was 
investigated by Sonc Ct al. 

(1971) for a clayey silt. It was much larger than the 

unConfined compressive strength of the soil. The undrained shear strength was reduced 

)% to 20% by the extraction up to 10 cni to 20 cm from the bolom of the sample. 

Arman and McManis (1976) also examined the extrusioii stress for tube samples of ve 
ry  stiff clay. Soil cores were extru(Jc(

j using hydraulically operate(l Pistons During core 
extrusioji, the end of the sample in 

contact with the pistoii began to show measurable 
displaceiic,its before the opposite end. Thus inteniab displacements Were OcCurnng 

within the tube. The maximu,ii strain at the piston end varied from 0.001 to 0.005. 
In 

all cases, the applied stress exceeded the unconfined compressive strength of (lie soil to 

a maximumii of 900%. X-ray radiograpl]y was also carried out to deterniizie the extent of 
disturbances in 

the extruded soil cores. Radiograpjis showed two distinct distoi0fl 

effects caused by Cxtflisiomi process The first type of distortion obsej'ed in all cores, 
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was a gradual bending of the soil layers, with it maxinhtjii at the tube surface and 
decreasing toward the Center. 

2.10 Effects of Sample Disturbance 

The effects of sanipliiig (Ii5turbaice On Stress-strain characteristics can be Considered 
by dealing separately with the following: 

(i) 
In the "Perfect" sampling which is usually simulated by Consolidating specizens 

anisotropically in the triaxial apparatus 
 and then releasing firstly the in-situ shear 

stress and secondly releasing the total isotropic stress to zero under undrained 

conditjoiis The isotropic effective stress lefl in the removed sample, so called 
resid"al effective stress, 

for a "perfect" Saturated sample of clay which had 

in-situ vejcal and horizontal eflective stresses of 
and & K0 ' 0) ho  

respectively is given by the following expression (Ladd and Lambe, 1963; Ladd 
and Varallyay, 1965): 

= [K0  + A,, (I 
- K,,)] 

(2.23a) 

Where K,, 
is the coefficient of earth pressure at rest and 

A,, is the Skempton's 
pore pressure paramctcj• for 'he undrained rc.c4s,  of the In-situ stresses which 
existed at the K0 

 conditions The parameter A,, for a saturated clay (i.e., 

Skempton's B parameter is equal to unity) is given by 

A,, = (Au - / (A - 

(2.23b) 

Where All is the pore pressure change; and A, and A, are the changes of 
vertical and horizontal total Stresses 

For normally consoljdaed clays, A,, = 0.1± 0.2, K,) 0.55 ± 0.1. For heavily 
overconsolidated clays, where K, = 2 ± 0.5, A is approximately equal to 0.4 ± 
0. 1. Typical values of A,,, K0  and stress ratios cy,  Ia',,, are shown in Table 2.9. 
What are thought to be typical values of K,, A and a',/a', are Suggested in 
Table 2.9 based on the limited data by Bishop and Henkel (1962) and Skempton 
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(1961). As shown in Table 2.9, the effective stress of "perfect" samples will be 

only 35 to 80 percent of the in-situ vertical effective stress o for normally 

consolidated clays, but may be double for a highly overconsolidated plastic 

clay. 

Imperfect sampling, in which some arbitrary stress path is assumed to be applied 

before undrained shearing to failure. Imperfect sampling has been further 

subdivided into tube sampling and block sampling. 

"Ideal" sampling (Baligh ci al., 1987), which can be modelled in the laboratory 

by consolidating samples anisotropically in the triaxial apparatus and then 

imposing predicted tube l)CliCtration strains, followed by undrained stress relief 

4 simulating "perfect" sampling. 

Table 2.9 Typical Values of K0, A. and Stress Ratios for "Perfect" Sampling 

(after Bishop and Henkel, 1961) 

Types of Specimen K0  A,, at 
PS b',,,>  

Normally Consolidated 

Claycy Silt 0.4100.5 -0.1 to 0.0 0.35 to 0.5 

Lean Clay 0.5 to 0.6 0.1 to 0.2 0.55 to 0.7 

Plastic Clay 0.6 to 0.7 0.2 to 0.3 0.65 to 0.8 

Heavily Overconsolidatcd 2.0 

Plastic Clay 1.5 to 2.5 0.3 to 0.5 

2.10.1 "Perfect" Sampling 

In order to understanding the influence of "perfect" sampling on the undrained shear 

characteristics of soils, a number of investigators (Skcmpton and Sowa, 1963; Ladd 

and Lambe, 1963; I-light et a]., 1985) have idealized the process of stress release in the 

laboratory either by undrained release of the total deviator stress to zero from an in 
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situ anisotropic condition, 1)111 maintaining an isotropic total stress state. Others, 

however, simulated stress relief' by unloading both the deviator stress and isotropic 

stress to zero, i.e., by reducing the total stresses to zero (Noorany and Seed, 1965; 

Davis and Poulos, 1967; Kirkpatrick and Khan, 1984; Kirkpatrick et al., 1986; 

Graham and Lau, 1988; Sarker, 1994; Siddi(jue and Farooq, 1996; Rahman, 2000). 

Ladd and Lambe (1963) investigated the effect of Itperfectu sampling on undrained 

behaviour of Kawasaki clay (LL = 48-106, P1 = 1 6-46). "Perfect" sampling produced 

completely different stress paths as conipared with in-situ sample. Ladd and Lambe 

(1963) also determined the values of isotropic effective stress, & and pore pressure 

parameter, Au  of "perf'eet specimens of Kawasaki clay and Boston Blue clay. The 

t'culting values of the ratio, /o were 0.56 ± 0.05 with corresponding A values of 

0.17 ± 0.10. Similar test data on normally consolidated Boston Blue clay yielded 

= 0.59 and A, = 0.11. Skempion and Sowa (1963) reported values of the ratio, 

= 0.57 and 0.67 with corresponding Au  values of -0.02 and -0.10 for 

overconsolidated clays of Weald (OCR = 2) and Weald (OCR = 14) respectively. 

Ladd and Varallyay (1965) also reported values of A,,, 0.12 to 0.24 and 0.57 

to 0.67 for remoulded Boston Blue clay. Kirkpatrick et al. (1986) reported values of 

the ratio were 0.48, 0.38 and 0.20 with corresponding AL, values of 0.25, 0.20 

and 0.20 for ovcrconsolidated clays of Kaolin (OCR = 2), Illite (OCR = 2.7) and Illite 

(OCR = 5), respectively. 

Siddique and Farooq (1 996) reported values of the ratio, were 0.55 to 0.58 

with AL, values of 0.10 to 0.13 for normally consolidated soil Chittagong coastal soils 

(LL = 43 to 57, P1 = 18 1033), Siddique and Sarker (1997) reported value of the ratio, 

were 0.65 with corresponding A value of 0.13 for reconstituted normally 

consolidated soil Dhaka clay (LL = 45, P1 = 23). The values of A and the ratio 

a PS/ V,, for "perfect"  sampling obtained by different investigators are summarized in 

Table 2. 10. 
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Table 2.10 A-VaJues and Stress Ratios (°1,100) lor "Perfect" Sanpling of 

Normally Consolidated and Overconsolidated Clays 

Clay Type Index K0  A, Reference 

Properli CS 

Undisturbed LL=48-106 .47 .07 .51 Ladd and Lanibe 
Kawasaki clay P1 = 16-46 to .28 to .61 (1963) 

Undisturbed Boston LL = 33 .54 .11 .59 Ladd and Lanibe 

Blue clay P1=14 (1963) 

Remoulded Boston LL = 33 .54 .12 .57 Ladd and Varallyay 

Blue clay, St  = 7 ± 2 PT = 15 to .24 to .67 (1965) 

Rernoulded Weald LL = 46 .59 -.02 .57 Skcrnpton and Sowa 
clay, S, = 20 P1 = 24 to -.1 to.61 (1963) 

Undisturbed San LL = 88 .50 .16 .58 

Francisco Bay Mud, P1 = 45 to .24 to .62 Seed et al. (1964) 

St . 10 

Kaolin, OCR = 2 P1 = 30 .85 .25 .48 

Kirkpatrick et al. 

(1986) 

Illite, OCR = 2.67 PT = 40 1.0 .20 .38 

Illite, OCR =5 P1=40 1.0 .20 .20 

Kaolin, OCR = 1 P1 = 30 .56 .25 1.0 

Illite, OCR = 1 P1 = 40 X7 .20 1.0 

Reconstituted LL = 45 .6() .13 .65 Siddique and Sarker 

Dhaka Clay PT = 23 (1997) 

Reconstituted LL = 44 .49 .133 .56 

Patcnga clay P1 = 18 

Siddiquc and Farooq Reconstituted LL = 43 .50 0.10 0.55 

Fakirhat clay PT = 22 (1996) 

Reconstituted LL = 57 .52 0.117 0.58 

Kumira clay P1 = 33 

Reconstituted LL = 47 .50 0.182 0.59 

Dhaka clay, OCR=I P1 26 

Reconstituted LL = 47 .50 0.077 0.54 

Dhaka clay, OCR=2 P1 = 26 Rahnian (2000) 

Reconstituted LL = 47 .50 0.0053 0.503 

Dhaka clay, OCR=5 P1 = 26 
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Skem1)toI and Sowa (1963) cxamined the cf1ct of "perfect" sampliiig in rcmoulded 
Weald Clay (LL = 46, P1 = 24) which has a low Sensitivity (S = 2). Skcmpton and 

Sowa (1963) found that the undrained strength of normally consolidated "perfect" 

-4 samples were only 2% less than IjiaL 
of the "ground" samples although the stress paths 

were entirely different. They also found that failure strain of "perfect" samples were increased 

Most likely, clays with higher Sensitivity will be affected more by "perfect" sampling; 
since Noorany and Seed (1965) observed a 5% reduction of the undrained strength for 

San Francisco Bay Mud with a sensitivity 8 to 10. Noorany and Seed (1965) also 
observed a 5% 

increase in strain at peak strength and 10% reduction of the initial 

stiffliess for normally consolidated "perfect" samples of soft clay (LL 88, P1 = 45). 
Ladd and Varallyay (1965) foun(l a 7% decrease in undrained strength and 150% 

inch case (highly) in the strain at peak strength for normally consolidated Boston Blue 
clay (LL = 

33, P1 = 15) due to "perfect" sampling. Davis and Poulos (1967) reported a 

19% decrease in undrainc(l strength of a remoulded "perfect" kaolin (LL = 
55, P1 

22) specimen tested unconfjned However, the undrained strength of the 

reconsolidated "perfect" specimen was only 5% less than that of the "field" element. 
Kubba (1 981) reported a decrease in undrained strength of 

5 to 11% due to "perfect" 
sampling for normally consolidted samples of kaolin. 

"Perfect" sampling has a marked influence on pore pressure responses as reported by 

Seed et al. (1964), Noorany and Seed (1965), and Ladd and Varallyay (1965). The 

pore pressure parameter A at failure was found to decrease by as much as 50% for 

specimens subjected to "perfect" smpling. Ladd and Varallyay (1965) also observed 

a slight reduction in stiffness and a large increase in axial strain required to mobilize 

the peak shearing resistance Atkinson and Kubba (1981) also reported considerably 

lower stifficss for anisotropically consolidated "perfect" speeinicris than that for the 
In situ" sl)eCimens 

Kirkpatrick and Khan (1984) investigated the influence of stress release caused by 

"perfect" sampling on the undrained stress-strain behaviour of normally consolidated 

Kaolin (P1 = 30) and Illite (P1 = 40). The tests on both clays showed that, compared to 
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in situ" soil, "perfect" 
samples suffered considcra()le loss in strength, increase in 

failure strain, and produced appreciably different effective stress paths to failure. 

Kirkpatrick and Khan (1984) reported that 56% and 38% reduction of the undrained 
4 strength, 175% and 250% increase in strain at pcak strength, 24% and 22% decrease 

in the initial stiffness obtained lbr normally consolidated clays of Kaolin and IlJitc 

respectively duc to "perfect" sampling. The strength losses were more acute in the less 

plastic Kaolin compared with the more plastic and less permeable Illite. Kirkpatrick et 

al. (1986) also reported that due to perfect sampling, undrained strength decreased to 

48%, 38% and 14%, strain at peak strength increased to 
75%, 150% and 10%, and 

initial stiffness decreased to 68%, 73%, 6% for the overconsolidated clays of Kaolin 
(OCR = 2), Illite (OCR = 2.7) and IlIite (OCR = 5), respectively. Kirkpatrick et al. 

(1986) reported from Fig. 2.31 that the undrained strength (s,,) increased with 

'lcreasing OCR for "perfect" samples. In Fig. 2.31 
s,q, and s are undrained strength of 

"perfect" and "in situ" samples respectively. This finding contrast with that reported 

by Rahinan (2000). Rahman (2000) found the decrease of s with increasing OCR for 

"perfect" samples as shown in Fig. 2.32. 

The effects of"perfect" sampling on low plasticity clays (LL = 32, P1 = 17) have been 

discussed by Hight et al. (1985). Fig. 2.33 presents the undrained behaviour of a 

young K-consoljdated low plasticity clay from North Sea when 'sheared at two OCRs 

(=1 and 7) from either in situ conditions or those resulting from perfect sampling. It is 

evident from Fig. 2.33 that perfect sampling greatly reduces the initial mean effective 

stresses. Peak undrained strength of both normally and overconsoli'jatcd samples 

were reduced due to "perfect" sampling. The ultimate strength is ittle afrected but the 

overall stress-strain behaviour is modified considerably. It is apparent from Fig. 2.33 

that the effective stress changes during "perfect" sanp!ing are completely different 

from the two stress histories considered. The effect of stress history on the "perfect" 

sampling stress path and on the changes in effective stress was reported by Hight and 

Burland (1990) for the case of a low plasticity clay. This is shown in Fig. 2.34. It can 

be seen froni Fig. 2.34 that the effective stress cli inges reduce as the OCR increases: 
for an 

OCR of 4, there is no change in effective stress; for the heavily 

Overconsolidated clay, however, there is a slight increase in average effective stress. 
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The effect of "perfect" sampling disturhaiicc on OVCrcoflsoljdatcd (OCR 
= 2.5) plastic 

Dranimeji clay (P1 = 27) has been reported by Lacasse and Berre 
(1988). Lacasse and Berrc (1 988) reported about 11% decrease in undrained shear resistance in 

4 compression "Perfect" samples, however, when consolidated to maximuni vertical 

stress of the undisturbed specimen and then unloaded to the appropriate OCR of 
2.5 

provided 3% increase in shear resistance in conlpressjoii Kubba (1981) reported a 
decrease in undrained strength of 5 to 11% due to "perfect" sampling for nonaI1y 
consolidated samples of Kaolin. 

Apart from leading to a decrease in strength, "perfect" sampling has a marked 

influence on pore pressure responses as reported by Seed et al. (1964), Noorany and 
Seed (1965) 

nd Ladd and Varallyay (1965). The pore pressure parameter A at failure 

was found to decrease by as much as 50% for Specimens subjected to "perfect" 

sampling. Ladd and Wrallyay (1965) also observed a slight reduction in stiffliess and 

a large increase in axial strain required to mobilize the peak shearing resistance. 

Atkinson and Kubba (1981) also reported considerably lower stifthess for 

anisotropically consolidated "perfect" specimens than that for the "in situ" specimens 

Siddique and Farooq (1996) in Vestigatcd the effects of'  perfect" smpling disturbance 

on undrained shear properties of reconstituted normally consolidated coastal soils. 

Reductions in undrained strength 1s,,) and porc pressure parameter A at peak deviator 
'I  stress, A,, while increase in axial strain at peak deviator stress (c

r), initial stiffliess (E) 

and secant stiffness at half the peak deviator stress (E) have been reported due to 

"perfect" sampling. Siddique and Farooq (1996) reported that because of the relief of 

total stress, undrained strength of the samples from Patenga (LL = 44, 1)1 = 18) and 

Kuinira (LL = 57, P1 = 
33) decreased by 13% and 7% respectively while c increased 

by 32% and 24% respectively for the samples of Patenga and Kuniira. The nonnalized 

Stiffness E/& have been increased by about 40% and 47% in samples from Patenga 

and Kumira respectively. The value of A,, reduced considerably by about 68% and 

83% for Patenga and Kumira respectively because of disturbance due to total stress 
relief. Fig. 2.35 and Fig. 2.36 show the compariso,i of pore pressure response and the 



stress paths of "perIct' and 'in situ" samples of two reconstituted coastal soils 

investigated by Siddique and Farooq (1996). It can be seen from Fig. 2.36 that the 

"perfect" samples adopted stress paths completely different from the "in situ" samples. 

Effective stress paths of "perfect" samples are similar to those of overconsolidated 

samples. In Fig, 2.35 and Fig. 2.36, P1 and KI means "in situ" samples ofPatcnga and 

Kuniira, respectively, and PP and KP means "perfect" samples of Patenga and 

Kuniira, respectively. 

The effect of "perfect" sampling disturbance on undrained shear properties of 

reconstituted normally consolidated soft Dhaka clay (LL = 45, P1 = 23) has been 

investigated by Siddique and Sarker (1997). Siddique and Sarker (1997) reported 

deviator stress of the "perfect" sample is lower than that of the "in situ" sample 

resulting in reduction in undrained strength. Siddique and Rahman (2000) also 

reported ihat EP,  initial stiffness and secant stifThess increased due to "perfect" 

sampling. The value of A1), however, reduced considerably because of "perfect" 

sampling in Dhaka clay. Fig. 2.37 and Fig. 2.38 show the variation of deviator stress 

and pore pressure response with the axial strain for "in situ" and "perfect" samples of 

normally consolidated and ovLrconsolidated Dhaka clay. From Figs. 2.37 and 2.38 it 

can be concluded.that the reduction in s, increase, increase in value of sp increases, 

increase in the value of E j  and E 1, reduces, and reduction in the value of A reduces 

with the increase of OCR. 

A summary of the effects of "perfect" sampling on some engineering properties of the 

soils as reported by a nunther of investigators is presented in Table 2.11. 
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Table 2.11 Summary of the Effccts of "Perfect" sampling on Eiigineering 

4 Properties of Normally Consolidated and Overconsolidated Soils 

Soil Index OCR Ratio Ratio Ratio Ratio I Ratio Reference 

Values of s of E of Fi  of Fç , of A1,  

Weald LL = 46 1.0 0.98 1.29 - - - Skempton 

clay 1-11 = 24 and Sowa 2.0 1.03 0.88 - - - 

(1963) 14.0 1.08 - - - - 

Soft clay LL = 88 1.0 0.95 1 .05 0.9 - - Noorany and 

P145 Seed (1965) 

Boston LL = 33 1.0 0.93 2.50 - - - Ladd and 

clay PT = 15 Varallyay 

(1965) 

Kaolin LL = 55 1.0 0.81 - -- - - Davis and 

P1 = 22 Poulos 

(1967) 

Kaolin P1=30 1.0 0.44 2.75 0.76 - - Kirkpatrick 

Illite PT = 30 1.0 0.58 3.50 0.78 - - and Khan 

(1984) 

North LL = 32 1.0 0.72 8.00 1.19 - - Hight et al. 

Sea clay P1 = 17 (1985) 7.4 0.96 1.00 0.47 - - 

Patenga LL 44 1.0 0.87 1.32 1.40 0.32 Siddique and 

soil' P1=18 Farooq 

Kumira LL=57 1.0 0.93 1.24 1.47 0.17 (1996) 

soi1 P1 = 33 

Dhaka LL=45 1.0 0.97 1.16 1.67 1.40 0.36 Siddiqucand 

clay P1 =23 Sarker 

(1997) 

Dhaka LL=47 1.0 0.96 1.07 1.14 1.19 0.10 Rahrnan 

clay P1 = 26 (2000) 2.0 0.94 1.09 1.09 1.11 0.21 

5.0 0.92 1.2 1.08 1.11 0.25 

.41/ ratios are of(peiji'ct ''fin suit ') samples 

± Reconstituted Coastal soils 
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2.10.2 Tube Sampling 

The response that could be anticipated in 
normally consolidated soil after tube 

sampling and extrusion has been investigateel by Flight et al. (1987) for young low to 

i1edium plastic clays. It has been found that the undrained stress path and stress_strain 
CUICS of "tube" 

sample are markedly diffcreit from those of "perfect" and 
"in situ" samples Hight et al. (1987) 

also reported the behaviotir of three "tube" samples taken 

from the sea bed in the North Sea. The estimated OCR's of the Iirst two samples were 
1. 1 

and the OCR of the third sample was greater than 
50. The initial mean effective 

stresses of the normally consolidated samples 
WCre below those estimated in situ, but 

the heavily ovcrconsojj(hatcd sample showed a large overall increase 
in initial mean 

effective stress. None of the three intact tests provided a satisfactory model for the in 
situ behaviour. Fig. 2.39 ShOWS 

the unconsoljditec1 undrained stress paths and stress-
stra1 "urves for "perfect 

tube and "in situ samplcs. From Fig. 2.39 
it can be Seen 

that the undrained stress Path and stress-strain curve of tube sample are markedly 

different from those of "perfect" and "in situ" samples 

The effects of tube sampling disturbance on undrained shear l)roperties of 

reconstituted normally consolidated samples of Dhaka clay (Siddiqiie and Sarker, 

1995, Siddique and Rahnian 2000) and three coastal soils (Siddique et al., 2000) are 
sumrnari7ed1 in 

Table 2.12. It can be seen from Table 2.12 that disturbaiices due to 
tube sampling cause the following effects: 

• reduction in initial effective stress ('); 

reduction in undrained shear strength (s,); 

• reduction in 
initial stiffness (E) and secant stiffness at half the peak deviator stress 

(E50); 

• reduction in 
and Skempton's pore Pressure parameter A at peak deviator strcss 

(Ar); and 

increase in axial strain at peak deviator stress (cr). 

4 
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Table 2.12 Effects of Tube Sampling Disturbance on Mechanical Properties of 

Reconstituted Normally Consolidated Regional Soils of Bangladesh 

Reduc.. Chang—C 
compared with "in Situ" 

lion in Sample 

Reference 
Reduc- Increa- Reduc- Reduc- Reduc- 

(%) lion Ill SC in lion in tion in 
tion in 

s, (%) (%) 1 (%) 
E50() 

A (%) 

18.5- 17-35 35-81 11-49 1-34 106-111 Siddique and 
33.8 

Sarker (1997) 

8.3-33.5 1  42 - 55 119 - 78 1 I 115 -123 

Siddique 

7.3-30.0 134- 55 1 4-32 1 31 - 70 1 et al. (2000) 

5.7-22.7 1 34 -56 14-13 131 -76 1 --- 102 -117 

9.0-26.2 21 —41 13— 58 
I 12— 62 

/ 

33— 67 11477 Siddique and 

Rahrnan (2000) 

Soil 

location 

Dhaka 

/LL=45 

i',, enga 

(LL =44 

P1 = 1 8 

Fakirhat 

LL=43 

A 
P1 = 22 

Kum Ira 

LL=57 

P1 = 33 

Dhaka 

LL=47 

J P1=26 
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Figs. 2.40 (a) and (b) show the effective stress paths of samples of reconstituted 

normally consolidated Dhaka clay and coastal soil from Kumira respectively. It can be 

seen from Figs. 2.40 (a) and (b) that, "tube" samples adopted stress paths completely 

different from the normally coisolidated "iii sih" samples. Ef;ccivc stress paths of 

"tube" samples arc similar to those for overconsolidated samples. Fig. 2.41(a) and (b) 

show the variation of pore pressure change with axial strain for "tube" and "in situ" 

samples of a coastal soil and Dhaka clay, respectively. It can be seen from Fig. 2.41 

that compared with the "in situ" sample, the values of pore pressure changes of the 

"tube" samples are considerably less. 

Apart from stress-strain behaviour, tube sampling also affects the compressibility 

characteristics of clays. The effect of tube sampling disturbance on consolidation 

parameters of soft clay samples was examined by Bromham (1971), The major effect 

of sampling disturbance was to produce low values of coefficient of volume 

compressibility, in, especially micar the overburden pressure. Values of in, calculated 

from the reconstructed field curve were considerably higher than those obtained 

directly from the laboratory consolidation test. Coefficient of consolidation, c, for the 

least disturbed specimens, with disturbance factor of 15 to 20, were less than the 

extrapolated field values by a factor of 2 to 5. Hight et al. (1987) also reported higher 

volumetric strains for tube samples of lightly overconso1idatedMagnus clay (OCR = 

1.15) than those for "in situ" samples. For the tube samples the values of m were 

considerably smaller than the "in situ" sample. Compression indices, C were, 

however, the same for tube and "in situ" samples. 

2.10.3 Block Sanipluig 

Block sampling can be modelled in the laboratory by releasing and trimming blocks 

of soil from large oedometer samples. Hight et al. (1985) demonstrated the behaviour 

of specimens of Lower Cronier Till, another low plasticity clay, due to block 

sampling. The results of unconsolidated undrained triaxial c )nlpresion tests are 

presented in Fig. 2.42. The specimens were cut from the blocks having different stress 

histories (OCRs of 1, 2, 4, 7 and 80). It can be seen that the effect of block sampling 

largely obliterates the important effects of stress history on in situ behaviour. The 



90 

specimens tend towards similar initial mean cfTectivc strcss levels and, as a 

consequence, show similar behaviour. As could have been anticipated from the results 

of "perfect" sampling, peak strcm'ths and undrained brittleness arc reduced in the 
A 

normally and lightly ovcrconsolidatcd soil. The effect of block sampling on the stress-

strain behaviour was also assessed by Ilight et al. (1985). They reported results from 

two similar unconsolidated undrained tests on specimens of North Sea cliy cut from 

reconstituted blocks (OCR = 2). Both the initial stiffhess and degree of non-linearity 

were reduced. 

The quality of block samples has been compared with that of tube samples by several 

workers. Raymond ci al. (1971) studied the behaviour of sensitive Leda clay sampled 

by six different sampling methods to assess the significance of the different features in 

1 
the design of samplers. As an example is shown in Fig. 2.43, demonstrating 

qualitatively the differences in stress-strain relationships of block and tube samples 

and the qualitative similarities between different tube samplers. Of the five different 

tube samplers used, the samplers causing least disturbance were, in order: (a) the 125 

mm Ostcrberg hydraulic piston sampler; (b) the SGI 50 mm standard piston sampler; 

the 50 mm thin-walled Shelby tube piston sampler with sharp outside cutting edge; 

the 50 mm thin-walled Shelby tube piston sampler with normal cutting edge: and 

the 30 mm thin-walled open-drive Shelby tube. 

The influence of sampling methods on some soil properties for two sensitive slightly 

overconsolidated clays was reported by Milovic (1971 a). Clay samples were obtained 

by Shelby tubes and Norwegian piston sampler. The area ratio and inside clearance 

ratio for both Shelby tube and piston sampler were respectively 12 ± 1.51/o and 0.8 ± 

0.1%. Cubic blocks were cut by hand. The unconfined compressive strength, the 

secant modulus, shear strength parameters and consolidation parameters of these 

sensitive clays, determined on Shelby and Piston specimens, were systematically 

lower than those obtained for Blocks. 

La Rochelle and Lefebvrc (1971) .eported that for sensitive Champlain Clay, 

undrained shear strengths measured on samples obtained by NGI 54 samnlcr (AR 

10%, 1CR = 1%) were 50to 60% of the value measured on block samples. 
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Fig. 2.40 Comparison of Typical Effective Stress Paths between "In Situ" and "Tube" 
Samples: (a) Dhaka Clay (After Siddique and Rahnian, 2000), 
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Milovic (1971b) also studied the effect of sampling methods on some loses properties. 

Loess samples (LL = 41, P1 = 18) were obtained by Shelby tubes (AR = 12%, ICR 

A 
0.8%) and also from blocks, cut by hand. The unconfined compression tests and 

consolidation tests were calTied out on both types of specimens. The unconfined 

compressive strength, Young's modulus, compressibility modulus and 

preconsolidation pressure obtained on Shelby specimens were considerably higher 

than those obtained on Block specimens. This was attributed to higher initial density 

of Shelby specimens. It is well known that the initial density aff:cts the elastic, shear 

and consolidation properties of bess. 

McManis and Aniian (1979) investigated the effect of sampling on the properties of 

undisturbed soil specimens. The soil types studied were soft organic silty clays and 

stiff, fissured Pleistocene clays. Sampling was performed using 76 mm and 127 mm 
'I 

thin-walled open-drive tubes and by hand cutting of block samples. They also 

observed that specimens cut from block provided higher undrained strengths than the 

tube specimens. 

Lacasse et al (1985) compared the behaviour of block samples of Norwegian marine 

clays with the behaviour of 95 mm tube samplers. The block samples were taken with 

the University of Sherbrooke cylindrical block sampler for soft sensitive clays (Lefebvre 

and Poulin, 1979). Using a series of rotating blades, this sampler carves out a block of 

soil, 300 mm dia. by 350 mm high, at the base of a mud-filled hole. On completion of 

the carving, blades fan out to slice through the base of the block and these blades 

support the sample as it is raised from the borehole. With this sampler block samples 

can be obtained at much greater depths than in an open trench. During sampling with 

the Sherbrooke sampler, the borehole is kept full of bentonite mud to reduce drastically 

the stress relief. In addition to allowing block sampling from the surface, the method 

provides samples of equivalent or better quality than conventional block samples 

(Lefebvre and Poulin, 1979). The tube samples were obtained with the NGI 95 mm 

fixed piston sampler (AR = 14%, 1CR = 1.41/o, outside cutting edge taper angle = 100). 

Two quick clays of low plasticity and one sensitive clay of high plasticity were sampled. 

The laboratory test results were compared in terms of preconsolidation pressure, 

oedorneter curves, and stress-strain-strength behaviour from unconfined compression, 

triaxial and direct simple shear tests. The quality of the block samples was superior to 
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the quality f the samples obtained by 95 mm piston sampler. I lowever, the degree of 

disturbance due to tube sampling varied for different types of clays. In case of lean 

quick clays, block sampling resulted in 30% higher undrained strength and 4 times 

higher Young's modulus. In case of the plastic sensitive clay, the block and 95 mm 

samples had similar characteristics. Only small differences were observed in the 

preconsolidation stress profiles derived from tests on both types of samples. The effect 

of sampling disturbance on the test result also varied with the type of test. The 

disturbance effect appeared smaller in tests offered large confinement. The effect of 

sampling disturbance was indeed he least in the odmeter test, intermediate in 

consolidated triaxial test and the largest in unconfined compression tests. The 

experience in the Norwegian clays demonsu-ated the ability of the University of 

Sherbrookc cylindrical block sampler to obtain samples of excellent quality, even at 

large depths ( >10 m). 
A 

2.10.4 "Ideal" Sampling 

"Idcal" sampling (Baligh ci al., 1987) are modelled in the laboratory by consolidating 

samples anisotropically in the triaxial apparatus and then imposing predicted tube 

penetration strains, followed by undrained stress relief simulating "perfect" sampling. 

The effects of ideal tube sampling have been studied by differcntresearchers (Baligh 

ci al., 1987; Hajj, 1990, Siddique, 1990; and Clayton, Hight and Hopper, 1992). In 

general, the effect of ideal sampling disturbances causes significant reduction in initial 

mean effective stress. It also found that undrained shear strength and stiffliess 

.Hcreascs and axial strain at peak deviator stress increases due to ideal sampling 

disturbance. 

i'Jew insights into tube sampling disturbance have been made possible using the Strain 

Path Method (Baligh 1985). Baligh (1985) used the Strain Path Method to predict the 

strains that would be set up by a "simple sampler" with external diameter (De) to 

thickness (t) ratio, i,e., D/t ratios varying from 10 to 40. Fig. 2.44 shows predicted 

strains for B/t values of 10, 20 and 40. For this particular tube geometry, Baligh 

(1985) predicted that strains excursions on the centerline of the sample would have 

maximum values in axial compression and extension of between 0.75% and 4.0%. 



so 

-M 

PAl 

I NN 

Iffe 

2.0 

o. 

ic 

;
0.5 

c 
0 

a 
U 
WOR 

I 
a -1.5 
U 
I- 

> 2 -.0 

r 

A 

96 

- -.4 -2 -1 0 1 2 3 4 
Vertical strain, C1  

Fig. 2.44 Strain Paths for an Element on the Centerline of a Tube Sampler 
(after Baligh, 1985) 



OWIA 

Baligh et al. (1987) proposed ideal sampling approach (ISA) as an extension to 

"nerfect" sampling. Ideal sampling approach denotes an idealised method of 

incorporating the effects of tube penetration, sample retrieval to the surface and 

extrusion from the tube, but neglects all other types of disturbances, including 

operator dependent disturbances and water content changes in the soil. The proposed 

method for implementing ISA consists of the following steps: 

Estimation of tube penetration disturbances at the centerline of sampler using 

the Strain Path Method (Baligh, 1985). 

Estimating the effects of sample retrieval and extrusion by assuming an 

idealised process of undrained stress relief from the (generally) anisotropic 

stress conditions in the tube to the final isotropic stress state of the sample 

before testing. 

Step (ii) adopts the same simplification adopted by "perfect" sampling regarding 

sample retrieval and extrusion simulation. Therefore, the only difference between the 

proposed ISA and "perfect" sampling is the incorporation of  tube penetration 

disturbances, i.e., step (i), and hence ISA is equivalent to "perfect" sampling when 

tube penetration disturbances are insignificant. 

I-light (1986) pointed out the following effects due to ideal sampling: 

in the normally consolidated soil, the effective stresses are rciuccd; 

in the heavily overconsolidated soil, the effective stresses arc increased; 

ILI 
(iii) changes in pore pressure are different on the centerline and around the 

periphery so that a process of cqualisation takes place. 

The level of distortion which occurs around the periphery of tube samples is ollen 

apparent when such a sample is split to CXOSC its fabric. Although the strain paths 

followed in this outer zone have been modelled in triaxial tests, it can be reasonably 

anticipated that: 

soil in an initially normally consolidated or lightly overconsolidated state will 

develop positive pore pressure increments. 

soil in a heavily overconsolidated state will develop negative pore pressure 

increments. Extrusion involves additional distortion. 
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Because of axial symmetry, the ciThels of the predicted tube sampling strains on soil 
1 mpertjes can be examined by applyin t igm pecmen  in the form of 
compression, followed by extension, test phases. In most of these studies, strain path 

excursions of amplitude ±1% have been applied to reconstituted clays. This is 

equivalent to imposing the strains predicted along the centerline of a simple sampler 

with Dc/i = 40 and an inside clearance ratio of about 10/ The reported results show 

marked changes in mean effective stress, peak undrained shear strength, strain at 

failure, and undrained stiffness between the "undisturbed" samples and samples to 

which tube penetration disturbances or ideal sampling disturbances have applied: 

Progressive destructuring and changes in the yield surface have been observed in 

natural (bonded) clays (Clayton Ct al., 1992). 

Table 2.13 shows a summary of' previous results on the effeci of ideal sampling 

disturbance on undrained shear strength properties of nonnally consolidated and 

overconsolidated clays. It can b seen that altho'igh very largc (lecrcases in mean 

effective stress (p',) have been observed, particularly for normally consolidated 

reconstituted clays, the associated reductions in undrained shear strength (sj have not 

been particularly great. Indeed, it seems likely that if samples are reconsolidated to 

their effective stress before sampling, the decrease in void ratio may lead to an 

increase in s, as found by Hajj (1990). But the decreases in stiffness caused by a 

reduction in mean effective stress are likely to be high. Baligh et al. (1987) found 59% 
reduction in p'0  in normally consolidated reconstituted Boston Blue clay (LL = 42, P1 
= 20) while in slightly overconsolidated natural Bothkennar clay (LL = 76, P1 

= 42), 
Clayton et al., (1992) found that p'0  reduced by 43% due application of tube sampling 

strains of amplitude ±1%. In the natural overconsolidated Vallericca clay (LL = 53, PT 
= 31), and London clay (LL = 60, P1 = 32), Gcorgiannou and Hight (1994) found that 

p'0 reduced by 10%. In reconstituted normally consolidated Speswhite kaolin (LL 
= 

72, l = 32). Hird and Fhjj (1995) reported 50% to 60% reduction in p'0  while in the 

reconstituted normally consolidated London clay (LL = 69, PT = 45), Siddique et al. 

(1999) found 10% to 37% reduction in p'0. Baligh et al. (1987) have reported a 21% 

reduction in undrained strength ratio (s /') for reconstituted Boston Blue clay due to 

application of tube sampling strains of amplitude ±1%. Wei et al. (1994) found a 

reduction in s of about 14% for normally consolidated reconstituted mixture of i'iolin 
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(80%) and silty sand (20%). Siddiquc et al. (1999) found a reduction of 2% to 6% in 

s in reconstituted London clay. In Vallcricca and London clays, Georgiannou and 

Itight (1994) found that s reduced by Icss than 5% while in Bothkennar clay, Clayton 

et al.(1992) reported that s, reduced by 5%. Siddique et al. (1999) found that c 

increased up to 127% due to application of tube sampling strains of amplitude ±1% in 

reconstituted London clay. Baligh et al. (1987) and Wei et al. (1994) also reported 

significant increase in cP5  27 times and 10 times, respectively. For strain path 

excursion of amplitude ±1%, Baligh et al. (1987) reported decrease in undrained 

modulus ratio, E50 /' (E.()  is the secant stiffness at half the peak deviator stress) of as 

much as 95%. 

Lacasse and Berre (198$) also reported reductions in initial moduli for normally 

consolidated and overconsolidated specimens of Drammen chv due to application of 

equivalent tube sampling strains. For Bothkennar clay, Clayton et al. (1992) reported 

a reduction in normalized secant stiffness at 0 1% axial strai. ci  between 30% and 

61%, when the amplitude of the strain cycle was greater than ±0.5%. However, an 

increase in stiffness of' 32% was found following a strain cycle of amplitude ±0.5%, 

which was attributed to reduction in water content during reconsolidation more than 

compensating for any damage to the structure due to disturbances during path cycles. 

In overconsolidated rccoiisl i tuted \'allericca clay and London clays, Georgiannou and 

Hight (1994) have reported reductions of stiffness at 0.01% axial strain of 35% and 

25%, respectively. 

In reconstituted normally consolidated claycy sand, Hight and Georgiannou (1995) 

found minor effects on small stiffness due to application of tube sampling strains of 

amplitudes ±0.5% and ±1%. Siddique et al. (1999) reported that values of E , E5(, and 

A reduced by 77%, 65% and 78% respectively, provided in reconstituted London 

"lay due application of tube sampling strains of amplitude ±1%. For overconsolidated 

London clay 1"7 = 3.7), Siddique et al. (1999) reported a reduction in mean 

effective stress (p'0) 10.5% and reduction in undrained shear strength 6% while 

increase n strain at peak strength 56%. 
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Table 2.13 Effects of Ideal Sampling on Undrained Shear Properties of 

Normally Consolidated and Overconsolidated Clays 

Soil type Attcrberg OCR Change in properties (%) Reference 

limits (%) 

LL P1 Reduc- Reduc- Increa- 

tion in p'0  tion in s se in  EP  

Boston Blue 42 20 1.3 59 21 5 - 18 Baligh et al. 

clay (1987) 

Lightly - 27 2.5 - 0 - Lacasse and 

Drammen clay Berre (1988) 

Speswhite 72 32 4 11 16 - llajj (1990) 

Kaolin 

Bothkennar 76 42 1.4- 43 - 1/2 - 10 35 Clayton et al. 

Clay 1.6 (1992) 

OC Vallericca 53 31 - 10 <5 20 Georgiannou 

and and Hight 

London clays 60 32 - (1994) 

Sandy - - 1.0 - 14 7 - 10 Wei et al. 

Kaolin (1994) 

Spcswhite 72 32 1.0 50-60 - 10 Hird and Hajj 

Kaolin (1995) 

London Clay 69 45 1.0 10-37 2-7 30-313 Siddique et al. 

London Clay 86 61 3.7 10.5 6 56 (1999) 
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2.11 Sampler Design and its Effect on Sample Disturbance 

The design ofa sampler is one of the most important factors that should be considered 

for quality sampling. The amount of disturbance varies considerably depending upon 

the dimensions of the sampler and the precise geometry of the cutting shoe of the 

sampler (Hvorslev, 1949; Jakobson, 1954; Kallstenius, 1958; Kubba, 1981; Andresen, 

1981; La Rochehle et al. 1981; Baligh et al., 1987; Siddiquc, 1990; Siddique and 

Clayton, 1995; Siddique and Sarker, 1996; Tanaka et al., 1996; Siddique and Clayton, 

1998; Clayton et al., 1998; Siddique and Farooq, 1998; Clayton and Siddique, 1999, 

Siddique Ct al., 2000; Siddique and Rahman, 2000). 

Hvorslev (1949) defined the geometry of a sampling tube in terms of its area ratio, 
J 

lengthldiameter ratio, and inside clearance ratio, and the International Society for Soil 

Mechanics and Foundation Engineering (ISSMFE). Working party on Soil Sampling 

(1965) recognized the very significant importance of cutting-edge taper angle. More 

recently, Baligh (1985) has preferred to work in terms of diameter/thickness (Djt) 

ratio, rather than area ratio. Dimensions and terms used to define cutting shoe 

geometry a tube is shown in Fig. 2.45. Traditionally, when developing a new 

sampling device, a single (more or less) uniform soil would be arnpled using a range 

of samplers, and perfoniiance would be judged by reference to the average and scatter 

of some index parameter such as unconsolidated undrained strength. Investigations of 

these sorts showed the importance of the details of cutting-shoe design, and 

subsequently led to the recommendations of the JSSMFE. Experience suggests that 

the most important fiictor governing sample disturbance is the combination of area 

ratio and cutting-edge taper angle. 

2.11.1 Effect of Area Ratio and Cutting Edge Taper Angles 

Area ratio is considered one of the critical parancters affecting the disturbance of soil 

during sampling. Increasing area ratio gives increased soil disturbance and 

remoulding. The penetration resistance of the sampler and the possibility of the 

entrance of excess soil also increase with increasing area ratio. For soft clays, area 
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ratio is kept to a minimum by employing thin-walled tubes. For composite samplers, 

the area ratio, however, is considerably higher. In these cases, sample disturbance is 

reduced by tapering the outside of the sampler tube very gradually from a sharp 

cutting edge (1-1vorslcv, 1949), recommended a maximum 10°, so that the full wall 

thickness is far removed from the point where the sample enters the tube. 

Jakobson (1954) investigated the effect of sampler type on the shear strength of clay 

amplcs. Samples were collected using nine different types of samplers. These types 

differ from one another in area ratio, edge angle, inside clearance, drive velocity and 

other factors. Shear strength of samples was determined by carrying out the 

unconuincd compression tests, the cone test and the laboratory vane test. It was found 

that an extremely small area ratio offers no special advantages and that the cutting 

edge taper angle does not seem to have any great influence. However, a very large 

If area ratio or cutting edge taper angle is not recommendable. Kallstcnius (1958) also 

studied the effect of area ratio and cutting edge taper angles on the shear strength of 

Swedish clays. He calTied out tests similar to those reported by Jakobson (1954) on 

samples obtained using six types of piston samplers. Kallstenius (1958) recommended 

that a sampler ought to have a sharp edge and a small outside cutting edge taper angle 

(preferably less than 50)•  Very large OCA has also been not recommended by 

Jakobson (1954) and Andrcsen (1181). The combined requirements for area ratio and 

cutting edge taper angle to cause low degrees of disturbance were proposed by the 

International Society for Soil Mechanics and Foundation Engineering's Sub-

Committee on Problems and Practices of Soil Sampling (1965). For samplers of about 

75 mm diameter, they suggested the following combinations of area ratio and cutting 

edge taper: 

Area Ratio, AR Outside Cutting Edge Angle (OCA) (°) 

5 15 

10 12 

20 9 

40 5 

80 4 

Clayton and Siddique (1999) reported that sampling tubes having good sampler 

"cometries are available, which arc capable of reducing tube sampling strains to 



acceptably low levels. Siddiquc and Clayton (1995) reported that the higher the tube 

sampling strains, the greater is the changes in the undrained soil parameters. 

4- 
Siddique and Sarker (1996) investigated the effect of area ratio and outside cutting 

edge angle on undrained soil parameters of reconstituted Dhaka clay by carrying out 

undrained triaxial compression tests and one-dimensional consolidation tests on tube 

samples collected with samplers of varying area ratio and outside cutting edge angle. 

Siddique and Sarker (1996) reported that, for Dhaka clay, initial effective stress (oh), 

unuiained strength (se),  initial stiffness (E) and secant stiffness (E50) were reduced up 

to 41.5%, 35%, 49% and 34%, respectively, while axial strain at peak strength () 

was increased up to 81% due to increase in area ratio from 10.8 to 55.2%. Siddique 

and Sarker (1996) also reported that c', s11, E and Eç0  were reduced up to 36.9%, 32%, 

41% and 31%, respectively while sp  was increased up to 81% due to increase in OCA 
VF 

from 40  to 1 5°  for Dhaka clay. They found that Skemptonts pore pressure parameter, A 

at peak deviator stress, A1, reduced considerably as area ratio increased and the values 

o1A1, of the "tube" samples of different area ratios are negative. 

Siddique et al. (2000) reported that o, s,, Ej  reduced while c increased due to 

increase in area ratio and OCA for three Chittagong coastal soils. Siddique et al. 

(2000) also found that A, reduced Lonsiderably due to increase in area ratio and OCA. 

Siddique and Rahman (2000) also reported that increase in area ratio of sampler 

caused increasing reductions in , s, E, Eç0  and increasing the area ratio of the 

sampler, however, caused an increase in ci,. The results are shown in Table 2.14. 

Compared with "in situ" samples, it has been found that the values of A are decreased 

significantly with the increase of area ratio. 

The effects of area ratio of samplers on undrained soil parameters for samples of 

Dhaka clay (Siddique and Rahman, 2000) and a coastal soil (Siddique et al., 2000) are 

presented in Figs. 2.46 (a) and 2.46 (b), respectively. It can be seen from Figs. 2.46 (a) 

and (b) that strength and slifiliesses decrease with the increase in area ratio while 

strain at peak strength increases with the increase in area ratio of "tube" samples. 

Increase in the degree of disturbance due to increasing area ratio and outside cutting 
A 

edge angle has been reported by Kallstenius (1958), Andresen (1981) and has also 

been predicted numerically by Siddique (1990). 
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Table 2.14 Effects of Area Ratio (AR) and OCA on Sampling of Samples of 

Normally Consolidated Reconstituted Regional Soils of Bangladesh 

Location 

of soil 

Sampler 

(1inensions 

% Change in properties compared with 

"in situ" sample Reference 

runi 

AR 

(4) 

OCA 

(°) 

Redu- 

ction 

Of PO 

Redu- 

ction 

ofs 

Increa- 

sed of c 

Redu- 

ction 

olE, 

Reduc 

tion 

ofE )  

1.5 10.8 8.5 18.5 17 35 11 1 

3.0 22.2 8.5 26.2 23 54 28 14 Siddique 

Dhaka 4.5 34.1 8.5 33.8 28 62 36 25 and 

LL. 45 

P1= 23 
7.0 55.2 8.5 41.5 35 81 49 34 

Sarker 

(1996) 
4.5 34.1 4 21.5 21 54 15 8 

4.5 34.1 15 36.9 32 81 41 31 

1.5 10.8 8.5 8.3 32 19 34 -- 

3.0 22.2 8.5 10.1 38 46 42 -- 

Patenga 4.5 34.1 8.5 17.3 43 67 50 -- 

LL=44 

P1 = 18 
7.0 55.2 8.5 33.5 55 78 74 -- 

4.5 34.1 4 13.7 42 62 47 -- 

4.5 34.1 15 23.6 46 70 61 -- 

1.5 10.8 8.5 7.3 34 4 31 -- 

3.0 22.2 8.5 11.8 47 6 42 -- 

Fakirhat 4.5 34.1 8.5 16.4 47 26 62 -- Siddique 
LL = 43 

P1=22 
7.0 55.2 8.5 30.0 55 32 70 -- etal. 

4.5 34.1 4 14.5 46 21 56 -- 
(2000) 

4.5 34.1 15 20.9 48 27 69 -- 

1.5 10.8 8.5 5.7 34 4 31 -- 

3.0 22.2 8.5 10.0 47 6 42 -- 

Kumira 45 34.1 8,5 12.6 51 8 52 -- 

LL=57 

PT = 33 
7.0 55.2 8.5 22.7 
- 

56 13 76 -- 

4.5 34.1 4 11.8 50 8 50 -- 

4.5 34.1 15 18.7 51 H 62 -- 

1.5 16.4 5 9.0 22 13.4 32 33 Siddique 

Dhaka 3.0 34.1 5 11.8 26 29.9 42 45 and 

LL = 47 

Pt = 26 
4.5 53.0 5 16.8 32 40.2 50 52 Rahman 

6.0 73.1 5 26.2 43 57.7 62 65 
(2000) 
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Siddiquc and Rahman (2000) and Siddiquc et al. (2000) investigated the effects of 

outside cutting edge angles (OCA) of samplers On undrained soil parameters for 

samples of Dhaka clay and a coastal soil. Fig. 2.47 shows the influence of OCA on 

undrained soil parameters. It can be seen from Figs. 2.47 (a) and (b) that strength and 

stiffnesses decrease with the increase in OCA while strain at peak strength increases 

with the increase in OCA of "tube" samples. 

The effects of area ratio and outside cutting edge angles (OCA) on soil properties due 

to tube sampling for the regional clays of Bangladesh are also summarized in Table 

2.14. 

Clayton et al. (1998) implemented a method via a finite element approach to assess the 

influence of cutting shoe geometry (AR, OCA, ICR, cutting edge taper angles) on tube 

sampling disturbance. Degree of disturbance has been assessed in terms of predicted 

tube sampling strains in compression and extension at the centrelinc of soil sample. 

Figs. 2.48 and 2.49 show the variation of peak axial strain in compression with area ratio 

and outside cutting edge angle of sampler, respectively. It can be en from Figs. 2.48 

and 2.49 that the peak axial strains in compression increase with increasing area ratio 

and outside cutting edge angle of s.mplcr. It can be scn flrorn Fig. 2.48 that the imposed 

tube sampling strains predicted numerically and the predicted strains increased with 
10 

increasing area ratio of the samplers. It can also be seen from Fig. 2.49 that the predicted 

strain increased with increasing outside cutting edge angle of the samplers. 

Clayton ci al. (1998) concluded that in order to restrict the degree of disturbance (peak 

axial strain in compression) to less than 1%,  a sampler should have the following 

values of design parameters: 

The sampler should have a low area ratio, preferably not more than 10%. 

The sampler should have a moderate inside cutting edge taper angle of I to 1.50. 

The sampler should have a small outside cutting edge taper angle, preferably not 

more 5°. 
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2.11.2 Effect of Inside and Outside Clearance 

Inside wall friction is one of the principal causes of disturbance of the sample 

(Hvorslcv, 1949). One of the methods of reducing or eliminating wall friction 

between the soil and sampler is to provide inside clearance by making the inside 

diameter of the cutting edge, D1, slightly smaller than the inside diameter of the 

sampler tube, D. 

lnsklL 'iearance should be large enough to allow partial swelling and lateral stress 

reduction but it should not allow excessive soil swelling or loss of the sample when 

withdrawing from the sample tube. Hvorslev (1949) suggests an inside clearance 

ratio of 0.75 10 1 .5% for long samplers and 0 to 0.5% for very short samplers. 

Kallstenius (1958) on the basis of Swedish clays sampled by six different piston 

samplers, also recommends that a sampler ought to have a moderate inside clearance. 

The clearance reduces the wall friction and probably counteracts to a certain extent 

the disturbance from displacement of soil caused by the edge and sampler wall during 

the driving operation. If the inside clearance and the edge angle are moderate, the 

above positive effects outweigh the disturbance caused by deformation when the 

sample tends to fill the clearance. The existence of inside clearance may have 

detrimental effects on sample disturbance as pointed out by La Rochelle et al. (1981). 

They reported from the work of Sarrailh (1975) that, in general, a "reshaped" 54 mm 

sampler without inside clearance seemed to give better results than a 54 mm sampler 

piston tube sampler with inside clearance. The improvement in strength was of the 

order of 20% or more and the tangent nioduli were higher by 50-100%. Based on 

these observations, La Rochelle et al. (1981) developed a new sampler with no inside 

clearance for sampling in sofi sensitive soils. This sampler, called the Laval Sampler, 

is of large diameter (208 mm inside diameter and 218 mm outside diameter) and also 

without a piston. The area ratio, DIt ratio and outside cutting edge taper angle of this 

sampler are 10%, 43.6 and 5° respectively. Clayton et al. (1998) reported that an 

increase in the inside clearance ratio causes an increase in extensive strain and a 

A slight decrease in compressive strain ahead of the sample tube. Clayton et al. (1998) 

suggested that in order to restrict the degree of disturbance to less than 1%, a sampler 

should have a low inside clearance ratio of not more than 0.5%. 



In order to reduce outside wall friction, samplers are often provided with outside 

clearance. An outside clearance ratio of a few percent may decrease the penetration 

resistance of samplers in cohesive soils. Although outside clearance increases the area 

ratio, a clearance of 2 to 3% can be advantageous in clay (Hvorslev, 1949). 

2.11.3 Effect of Diameter and Leiigth 

1-1vorslcv (1949) stated that the amount of disturbance would be decreased with 

increasing diameter of the sample. Berre ci al. (1969) observed that larger tube 

samples showed more constant behaviour than those from small tube samples. 

Oedometer tests carried out on samples of soft marine clay in Norway indicated that a 

95 mm piston sampler (area ratio, AR = 14%, inside clearance ratio, ICR = 1.4%) 

gave less disturbance than a 54 mm piston sampler (AR = 12%, ICR 1 .3%). 

An investigation of the difference in quality of samples taken with large diameter 

fixed piston samples and the 50 mm diameter Swedish Standard piston sampler (AR = 

21%, ICR = 0.4%, outside cutting edge taper angle = 5°) was carried out by Hoim and 

1-Ioltz (1977). The large diameter piston samplers used were the 95 mm NGI 

(Norwegian Geotechnical Institute) research sampler (AR = 14%, ICR = 1.4%, 

outsid' cutting edge taper angle = 100),  the 127 mm Osterberg sampler (AR = 18%, 

ICR = 0.4%, outside cutting edge taper angle = 
70) and the 124 mm SM (Swedish 

Ccotechnical Institute) research sampler (AR = 27%, ICR = 1.2%, outside cutting 

edge taper angle = 51). The investigation has shown that the results of oedometer tests 

on 50 mm samples are more scattered, supporting findings of Berre et al. (1969). The 

undrained modulus obtained from 50 mm samples have been found to be lower. 

Bozozuk (1971) performed undrained triaxial tests on 1.4 inch diameter samples of 

soft marine clay. Samples were obtained by the 54 mm NGI piston sampler (AR = 

11%, ICR =1%) and the 127 mm Osterberg piston sampler (AR = 6%, ICR = 0.42%). 

A lest results showed that the undrained strengths of samples cut from 127 mm tube 

sample were higher than those cut from 54 mm tube samples. Samples cut from 54 

mm tube samples showed lower stifThess and pore pressure responses. 
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McManis and Arman (1979) investigated the effect of sampler diameter on the 

properties of undisturbed soil specimens. The soil types studies were soil organic silty 

clays and stiff, fissured pleistocene clays. For stiff fissured clay, the strength of the 76 

mm diameter tube sample exceeded that of 127 mm diameter specimen. This was 

aflributcd to stress release and migration of moisture toward and along the fissure 

planes. Maguire (1975) also found that for stiff fissured overconsolidated clay the 

undrained strength increased with decreasing diameter of sample. However, for soft 

silty clay, McManis and Aniian (1979) found that 127 mm tube specimens exhibited 

r'rengths greater than that of 76 tube specimens. 

Sample quality is also related to the length to diameter ratio of the sampler. One of the 

major factors controlling sample jamming is the length to diameter ratio of the 

sampler. The optimum length to diameter ratios suggested for clays of different 

sensitivities are as follows (the Report of the Sub-Committee on Problems and 

Practices in Soil Sampling, 1965). 

Sensitivity, S, Length / diameter ratio 

>30 20 

5to30 12 

<5 10 

Conlon and Isaacs (1971) carried out unc'onsoidatcJ undrained triaxial compression 

tests on specimens of sensitive lacustrine clay of medium to high plasticity. The clay 

was sampled using 73 mm outside diameter thin-walled Shelby tube (AR = 9.3%) and 

127 mm outside diameter fixed-rod thin-walled piston sampler (AR = 10.8%. Some 

51 mm thin-walled tube samples were obtained in wash borings and auger holes. 

Block samples were also collected. Conlon and Isaacs (1971) observed that 

disturbance increased as the size of the tube sample decreased. 

An investigation of the difference in quality of samples taken with large diameter 

fixed piston samplers and the 50 mm diameter Swedish Standard piston sampler (AR 

= 21%. ICR = 0.4%, outside cutting edge taper angle = 5°) was carried out by Hoim 
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and I1oUz (1977). The large diameter I)1st011 SaIfl!)lCrS used were (lie 95 mm NGI 

research sampler (AR = 14%, ICR = 1 .4%, outside cutting edge taper angle = 10) the 

127 mm Osterberg sampler (AR = 18%, ICR = 0.4%, outside cutting edge taper angle 

= i') md the 124 mm SGI research sampler (AR = 27%, ICR = 1.2% and angle of 

cutting edge = 
50)• The investigation has shown that in general no significant 

differences between either the ratio (preconsolidation pressure / in-situ vertical stress) 

or undrained r1iear strength derived from laboratory tests on specimens obtained by 

the various devices, but there are indications that results of oedorneter tests on 50 mm 

samples are more scattcied, supporting findings of Berre et al. (1969). The undrained 

modulus obtained from 50 mm samples has been found to be lower. Hoim and Holtz 

(1977), however, concluded that foc routine investigations in soft Swedish clays, there 

seems to be no need to perform sampling with large diameter piston samplers. 

2.11.4 Effect of External Diameter to Thickness Ratio (De l t Ratio) of Sampler 

Kubba (1981) investigated the effect of thickness of tube on sampling disturbance for 

a reconstituted Spcstone Kaolin (LL = 51, P1 = 30). Tube samples were obtained by 

inserting 38 mm diameter tubes of different wall thicknesses into a 102 mm diameter 

"perfect" sample. Three tubes of thickness to diameter ratios of 0.039, 0.072 and 

0.105 were used for sampling. Kubba (1981) found that increasing the ratio of wall 

thickness to diameter (LID1 ) of the tube caused a qualitative increase in the degree of 

disturbance. Kubba (1981) also reported a qualitative increase in the degree of 

disturbance due to increase in the ratio of thickness to diameter of the samplers. 

Marked increase in degree of disturbance (measured in terms of tube sampling 

strains), with decreasing D/t ratio of sampler has also been analytically predicted 

(Baligh, 1985; Baligh et al., 1987). The levels of straining resulting from penetration 

of"simple sampler" have been predicted analytically by Baligh et al. (1987). Baligh et 

. (1987) found that the peak axial strains are very much dependent on the aspect 

ratio (De/t), as can be seen from Fig. 2.44. Baligh et al. (1987) found from analytical 

-4 study that the peak axial strain in compression and extension decreases with 

ii'creasing DIt ratio of the samplers. Clayton et al. (1998) also investigated the effect 

of D/t ratio on tube sampling disturbance. Variatioh of peak axial strain with Dc/t 
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ratio of sampler is shown iii Fig. 2.50. Clayton ci al. (1998) found reduction in peak 

axial strain in compression and extension with increasing DIt ratio. 

Chin (1986) showed that, for thin-walled simple samplers (DIt >>1), both maximum 

axial strain in compression and extension at the centerline of sampler is approximately 

given by the following expression; 

(2.24) 

8ivax  = 0.3 85 tIDe  

Siddique and Clayton (1998) and, Clayton and Siddique (1999) also reported that both 

the peak axial strain in compression ahead of the sampler and the maximum axial 

strain in extension inside the sampler are dependent on the external diameter (De) to 

thickness (t) ratio of the sampler. From a numerical study on the c1Tcct of cutting shoe 

geometry of a number of realistic samplers on tube sampling strains, it has been 

observed that peak axial centre line strain in compression and extension decrease with 

'icreasing DIt ratio. 

Siddique and Sarker (1996) investigated the effect of D!t ratio on undrained soil 

narameters of reconstituted Dhaka clay by carrying out undrained triaxial compression 

tests on tube" samples collected with samplers of varying diameter to thickness (De/t) 

ratio. Siddique and Sarker (1996) reported that strength, stiffnesses and pore pressure 

110. parameter decreased while strain at peak strength increased with the decrease in D/t 

ratio of sampler. Siddique et al. (2000), and Siddique and Rahman (2000) obtained the 

similar effects of D/t ratio o undrained soil parameters for three Chittagong coastal n  

soils and a Dhaka clay, respectively. 

2.12 Assessment of Sample Disturbance 

The mechanical l)ropcIties of soils are modifed by sampling disturbance and hence, 

they can be used to calculate the amount oldisturbance quantitatively. The properties of 

in-situ soils are required as reicrences in calculating disturbance. However, there is no 

way of obtaining a soil sample so as to maintain exactly the in-situ conditions. This is 

because its removal involves a change in the in-sitq state of stress and usually some 

disturbance due to sampling and handling. So, degree of disturbance can be assessed by 
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investigating the behaviour of the least disturbed sample which is usually a laboratory 

siiiiulatcd "perfect" sample. 

el 

Because of additional disturbance,; other than that occurred due to total stress release, 

the residual effective stress of a disturbed sample, (T'i  is usually less than the effective 

stress, of a "perfect" sample. Perfect sampling, which is usually simulated in the 

laboratory by consolidating specimens anisotropically in the triaxial apparatus and then 

releasing firstly the in situ shear strcs and seccndly reicasing the total isotropic stress to 

zero under undrained conditions. The residual stress Wi  is the initial effective stress 

because of additional disturbance other than that occurred due to total stress release at 

the time of "perfect" sampling. 

A number of investigators have defined the degree of disturbance (Dd) in terms of a ,,'  

and ' . These are as follows: 

(a) Ladd and Lambe (1963) proposed that disturbance could be defined as 

Dd  = 
(2.25a) 

Noorany and Seed (1965) regarded the difference between o',, and as a measure 

of disturbance, i.e., 

- (y'ps - Y'j (2.25b) 

Okumura (1971) and Nelson et al. (1971) defined the degree of disturbance as 

follows: 

Dd  = I - (ci' /o') (2.25c) 

The value of Dd  varies between zero (no disturbance) and unity (maximum disturbance). 

Direct and indirect methods of measuring the residual effective stress of a disturbed 

sample were proposed by Skempton (1961) and Lambe (1961). Different methods of 

measuring the residual or initial effective stress in clays have been summarized by Baldi 

et al. (1988) and Hight and Burland (1990) 
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Siddique and Sarker (1997), Siddique ci al. (2000) and Siddique and Rahman (2000), 

investigated the degree of disturbance in clays of tube sampling at selected regional soils 

r of Bangladesh. Siddique and Sarker (1996) reported that the values of Dd  (measured by 

using cqn. 2.25c) increased from 0.19 to 0.42 due to increase in area ratio from 10.8 to 

55.2 (decrease in D/l ratio from 40.0 to 10.1) and also the values of Dd  increased from 

0.22 to 0.37 due to increase in OCA from 40  to 15° for reconstituted Dhaka clay. 

Siddique and Rahman (2000) investigated the variation of degree of disturbance, Dd  

with the variation of area ratio or DIt ratio for another reconstituted Dhaka clay and 

found similar results as Siddique and Sarker (1996). Siddiquc ci al. (2000) also reported 

that similar effect of area ratio, OCA and DIt ratio on degree of disturbance obtained for 

reconstituted three coastal soils. 

Fig. 2.51 and Fig. 2.52 show the variations of degree of disturbance (Dd) with area ratio 

(AR) and outside cutting edge angle (OCA) of samplers respectively for Dhaka clay and 

three Chittagong coastal soils. Siddique and Sarker (1996), Siddique et al. (2000) and 

Siddique and Rahman (2000) reported that degree of disturbance increased with the 

increase in area ratio and OCA of sampler. 

2.13 Methods Used for Correcting Undrained Strength of Disturbed Samples 

Due to sampling disturbances, it is necessary to correct the undrained strength in order 

that it is representative of the in situ soil. A number of methods have been proposed for 

correcting the undrained strength of disturbed sample. Ladd and Lambe (1963) 

considc'cd the difference between measured residual effective stress, a'1  and the residual 

effective stress expected with "perfect" sampling, a' as being similar to an 

ovcrconsolidation phenomenon which iniluences the measured strength. For each 

particular soil they established a relationship between the overconsolidation ratio, OCR 

and undrained shear strength, s, Then by considering the OCR as being equal to 

4 they corrected the strength measured at an effective stress of a'1  to the value that would 

have existed if the sample had been tested at a stress of 
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Fig. 2.51 Variation of Degree ol'l)isturbancc with Area Ratio of Sampler for Samples: 

Dhaka firm clay (after Siddiquc an(1 Rahman, 2000); three Coastal Soils 

(after Siddiquc et at.. 2000), Dhaka soft clay (after Siddique and Sarker, 1996) 

Fig. 2.52 Variation of Degree of Disturbance with OCA of Sampler for Samples: 

Dhaka firm clay (after Siddique and Rahman, 2000), Three Coastal Soils 

(after Siddique et al., 2000); Dhaka soft clay (after Siddique and Sarker, 1996) 
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Nelson Ct al. (1971) also rcportcd the (lillerelice between measured residual effective 

stress, ' 
(') and the residual cffbctive stress expected with "perfect" sampling, 

(o,) as being similar to an overconsolidation phcnomeiot which inulucnccs the 

meas1'ed strength of Bangkok clay (LL = 42 to 85%, PL = 5 to 35%). Fig. 2.53 shows 

the effect of OCR on undrained shear strength for various clays. It is found from Fig. 

2.53 that undrained shear strength ratio decreases with increasing OCR. 

A method similar to Ladd and Lambe (1963) was proposed by Okumura (1971) to 

correct for a disturbed measured strength. In order to obtain the base for correction, a 

triaxial compression test, loaded repeatedly up to failure, is performed on a 

representative specimen consolidated under K0-conditions and with its deviator stress 

released in an undrained condition ("perfect" sample). Test results are plotted as 

disturbed strength ratio (s,,Isu1,) against disturbance ratio where s is the 

undrained strength aflcr each cycle, s,1, is the undrained strength of the "perfect" sample, 

o is the residual effective stress afler Lach cyck and, u 1, is the residual effective stress 

of the "perfect" sample and also presents the results from repeated loading shear tests 

plotted as disturbed strength ratio and disturbance ratio. The sample is then sheared to 

find its disturbed strength. The correction curve obtained by the above process gives the 

perfectly undisturbed strength of each sample. 

Siddique et al. (2000) developed a correction curve by plotting disturbed strength ratio 

(s/s) versus degree of disturbance [1- (o 1/a')], where 5L1L  is the undrained strength of 

the "tube" sample, s1, is the undrained strength of the "perfect" sample, is the residual 

effective stress of the "tube" sample, and p. is the isotropic effective stress of the 

"perfect" sample for three coastal soils (Patenga, Fakirhat and Kumira) as shown in Fig. 

2.54. This strength correction curve is a wide range of band curves for coastal soil 

samples. It is found from Fig. 2.54 that undrained shear strength ratio decreases with 

increasing degree of disturbance. 

A comprehensive way of correcting the measured value of the undrained shear strength 

for sample disturbance has been reported by Nakase Ct al. (1985). An expression has 

bccn proposed lo evaluate the disturbance ratio (a ratio of the undrained strength of the 

"perfect" sample to the undrained strength of the actual sample) of a soil sample from 
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the measured values of plasticity indeX, sceant modulus, Es(, and the in-situ effective 

overburden pressure. The disturbance ratio could then be used to correct the measured 

undrained strength value. The proposed method of correction is apphcable to soils of 

wide range of plasticity. 

Two types of disturbance for unconlined compression strength in soil clay, namely, a 

remoulding type disturbance and a crk type disturbance has also been reported by 

Tsuchida (1993). Tsuchida (1993) recommended that the correction methods proposed 

by Okurnura (1971) and Nelson Ct al. (1971) are valid only for the remoulding type 

disturbance and not for the crack type disturbance. Tsuchida (1993) also showed that for 

the crack tvpe disturbance, the reduction in strength obtained from undraaed triaxial 

compression test is much less than that obtained from unconfined comprcsion test. 

2.14 Methods U:;ed for Minimizing Sample Disturbance Effects 

It is possible to reduce the effects of sampling disturbance on the undrained behaviour of 

clays by reconsolidating the sample to a more appropriate stress level prior to shearing. 

The effects of isotropic and anisotropic reconsolidation procedures have been 

investigated by a number of researchers for minimizing the sampling disturbance. The 

influence of different types of reconsolidation techniques on the undrained shear 

properties of "perfect" samples are described as follows. 

2.14.1 Isotropic Reconsolidatioii 

Raymond et al. (1971) applied hydrostatic isotropic consolidation pressures to samples 

of sensitive Leda clay. The ratio of undrained stiffness to undrained strength was close 

to undisturbed behaviour, when disturbed samples were consolidated to 50 - 75% of 

their preconsol idation pressure. When the consolidation pressures exceeded the 

preconsolidation pressure, there was a dramatic decrease of the stiffness-strength ratio, 

indicating a beak-down in the structure of the sensitive clay. 

Kirkpatrick and Kharm (1984) adopted two methods of isotropic reconsolidation to 

examine whether the "in situ"  undrained behaviour could be reproduced. Hydrostatic 
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reconsolidations to 1rcssllrcs equal to Wp,  and "in Siti vertical effective pressure, 

were applied to samples of Kaolin (P1 30) and Illite (P1 = 40). It was found that, 

reconsolidation to & resulted in underestimation of "in situ" strength by as much as 

14%. However, hydrostatic reconsolidation to had the effect of producing fairly 

large overestimation of "in situ" strength of 16 % or more. They also reported that the 

undrained strength of the reconsol idated "perfect" samples for normally consolidated 

Kaolin and Illite clay increase up to 10.7 % and 5.77 % respectively as compared with 

those of the "in situ" samples due to isotropic reconsolidation. Failure strains and pore 

water pressures were heavily overestimated by both the methods of reconsolidation. 

Graham et al. (1987) reported that in both normally consolidated and ;erconsolidated 

samples of Kao1i, isotropic reconsolidation to overestimated i strength of "in 

:ii" specimens while isotropic reconsolidation to underestimated it. In both 

cases the strains to failure and pore pressure parameter at failure were higher than the "in 

situ" specimens. These findings agree with those reported by Kirkpatrick and Khan 

(1984). Similar results have also been reported by Graham and Lau (1988) for normally 

consolidated kaolin. 

2.14.2 An isotropic Reconsolidation 

Instead of isotropic reconsolidation, anisotropic reconsolidation has been proposed by 

several investigators as an effective method of reducing sampling disturbance effects. 

K0-consolidation to the in situ stresses has been suggested by Davis and Pou!os (1967) 

and Bjerrum (1973). Ladd and Foott (1974) proposed the SHANSP (Stress History 

and Normalized Soil Engineering Properties) method for reducing the effects of sample 

disturbance. This method is based n two concepts. The first is that the soil exhibits 

normalised stress-strain and strength behaviour. The second is that anisotropic 

reconsolidation of the soil samples that should he reconsolidated anisotropically to a 

pressure at least equal to 1.5 to 2 times the in-situ vertical effective stress, 

eliminates the effects of any sample disturbance. The effect of anisotropic 

reconsolidation in recovering the in-situ behaviour has been studied by many research 

workers. 
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rcconsolidating the soil and couid, in died, be virtually eliminated by the SHANSEP 

method. 

2.15 Isotropic and Anisotropic Reconsolidation of Reconstituted Norially 

Consolidated and Overconsolidated Samples of Selectec Regional 

Soils of Bangladesh 

2.15.1 Reconsolidation of "Perfect" Samples 

Isotropic and anisotropic reconsolidation of "perfect" samples of Dhaka clay and coastal 

soils in Bangladesh were carried out to investigate the suitability of different 

reconsolidation procedures to restore again the in situ behaviour. Siddique and Farooq 

(1996) reported that undrained strength ratio (sIo') increased by 49% and 70% and 

stiffness ratio (E/G') increased by 42% and 38% due to isotropic reconsolidation for 

reconstituted normally consolidated "perfect" samples of two coastal soils (Patenga and 

Kumira respectively). Siddique and Farooq (1996) also reported that strain at peak 

strength (cr) increased by 56% and 5% while, pore pressure parameter at peak strength 

(Ar) decreased by 34% and 32% due to isotropic reconsolidation. Siddique and Farooq 

(199k) reported that the values of reduced by 13% and 164/o (Patenga), 6% and 

13% (Kumira) while the values of E increased by 96% and 65% (Patenga), 10% and 

2% (Kumira), due to reconsolidation procedures SHANSEP-1 .5 and SHANSEP-2.5, 

respectively, for "perfect" samples. Siddique and Farooq (1996) also reported that the 

values of E1/c' reduced by 4% and 19% (Patenga), 20% and 38% (Kumira), while the 

values of A. increased by 26% and 62% (Patenga), 14% and 34% (Kumira), due to 

reconsolidation procedures SHANSEP-1 .5 and SFIANSEP-2.5 respectively for "perfect" 

samples. Siddique and Farooq (1996) found that K0-reconsolidation of "perfect" sample 

in SHANSEP-1.5 produced the best agreement between the "perfect" and "in situ" 

samples in terms of undrained strength ratio, stiffness ratio and A - values for two 

coastal soils. 

/ 
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Fig. 2.55 shows a comparison of variations of deviator stress with axial strain of "in 

situ" and rcconsolidatcd "perfect" samples of Dhaka clay. Siddique and Sarker (1998) 

reported that strengths due to isotropic and anisotropic rcconsolidation of "perfect" 

samples are greater than that of "in situ" sample of Dhaka clay. Siddique and Sarker 

(1998) reported that the values of and E/o increased by 26% and 139% 

respectively due to isotropic reconsolidation for reconstituted normally consolidated 

"perfect" samples of Dhaka clay (LL = 45, P1 = 23). Sfddk1 e and Sarker (1998) also 

reported that the value of F,, increased by 62% while A1, decreased by 26% due to 

isotropic reconsolidation. Siddiquc and Sarker (1998) reported that the valus of sJ' 

reduced by 21% and 15% while the values of Fp 
increased by 62% and 81% due to 

procedures SHANSEP-1.5 and SHANSEP-2.5 respectively, for "perfect" samples of 

Dhaka clay. Siddique and Sarker (1998) also reported that the values of E1/' reduced 

by 26% and 54% while the values of A increased by 39% and 55% due to procedures 

SHANSEP- 1.5 and SHANSEP-2.5 respectively for "perfect" samples. Siddique and 

Sarker (1998) found tlia, reconsolidation of "perfect" specimens using SHANSEP 

procedures could not restore the characteristics of the "in situ" specimen in terms of its 

strength, strain, stiffness and l)OFC pressure response for normally consolidated Dhaka 

clay. 

Ri,:"an (2000) found that isotropic reconsolidation has the effect of marked 

overestimation of "in situ" undrained shear strength (s), axial strain at peak deviator 

stress (C1)), initial stiffness (E), secant stiffness (E50) and pore pressure parameter at peak 

deviator stress (.\) for reconstituted overconsolidated samples (OCR = 2 and 10) of 

Dhaka clay (LL = 47, P1 = 26). Rahman (2000) reported that compared with SHANSEP 

procedures, the soil parameters of "perfect" samples reconsolidated using Bjerrum 

procedure (CK0U-1 .0c') agrees more closely with those of the respective "in situ" 

samples than those of the samples reconsolidated using SHANSEP procedures. 

A comparison of undrained shear characteristics of "perfect" samples due to isotropic 

and anisotropic reconsolidation of regional soils of Bangladesh is shown in Table 2.15. 
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Table Comparison of Undrained Shear Characteristics of "In Situ" and 

Reconsolidated Normally Consolidated (NC) and Overconsolidated 

"Perfect't Samples of Regional Soils of Bangladesh 

Location I Test type s/ , E/G' A I Reference 

CIU1•0' (  0.49 6.0 460 0.76 

Dhaka SHANSEP-1.5 0.31 6.0 141 1.43 Siddique and 

Saker(1998) 
(NC) SHANSEP-2.5 0.33 6.7 88.4 1.60 

"In Situ" 0.39 3.7 192 1.03 

CIU-1.0p'0  0.67 13.1 255.9 0.43 

Patenga SHANSEP-1.5  0.39 1 1719 0.82 

(NC) SHANSEP-2.5 0.38 14S.8 l.0 
Siddique and 

"In Situ" 
______  

0.45 

E13.9 

180.3 
_______  

0.65 
 

Farooq(1996) 

CIU-1.0p'0  0.80 14.8 306.3 0.40 

Kuniira SHANSEP-1.5 0.44 155 176.7 0.51 

(NC) SHANSEP-2.5 0.41 13.9 136.6 0.79 

"in Situ" 0.47 14.1 221.2 0.52 

Dhaka C1U-1.0c' 0.87 11.3 567.2 400.5 0.26 

Rahman 
(0CR2) CK0U-1.0a',,. 0.70 9.3 332.6 274.2 0.22 

-- (2000) 
SHANSEP-1.5 0.63 9.5 269.2 236.7 

SHANSEP-2.5 0,62 10.7 215.3 189.4 0.41 

"In Situ" 0.72 9.0 353.8 290.0 0.19 

Dhaka CIU-1.0a, 3.56 10.0 2216.0 1557.6 0.19 

Rahman 
(CR10) CK0U-1.0' 3.02 7.3 1298.6 1095.0 0.17 

(2000) 
SHANSEP-1.5 2.53 8.5 1032.2 944.0 ---- 

SHANSEP-2.5 2.38 9.3 790.8 729.7 0.34 

"In Situ" 3.10 6.7 1482.0 1263.0 0.13 

Pi 
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2.15.2 Reconsolidation of "Tube" Samples 

Isotropic and anisotropic reconsolidation of "tubC" samples of Dhaka clay and coastal 

soils in Bangladesh were carried out to investigate the suitability of different 

reconsolidation procedures to restore again the in-situ behaviour. A comparison of 

undraHed shear properties of "tube" samples due to isotropic and anisotropic 

reconsolidation of regional soils in Bangladesh is shown in Table 2.16. 

The effect of reconsolidation of "tube" sample of reconstituted Dhaka Clay was 

investigated by Sarker (1994) by carrying out isotropic and K-reconsolidation on a 

typical "tube" sample. Sarker (1994) reported that the values of s,/' and 

decreased by 8% and 3 1 % respectively due to isotropic reconsolidation for reconstituted 

nonnally consolidated "tube" samples of Dhaka clay. Sarker (1994) reported that the 

value of s.,, increased by 27% while the value of A1, reduced by 2% due to isotropic 

reconsolidation. Sarker (1994) also found that the values of sjo %  reduced by 21% and 

18% while the values of sp  increased by 62 % and 81% due to reconsolidation 

procedures SHANSEP-1 .5 and SHANSEP-2.5 rc'specti"cly for "tube samples of Dhaka 

clay. Sarker (1994) also reported that the values of reduced by 27% and 56% 

while the values of A1, increased by 16% and Ol% ucc to procedures SHANSEP-1.5 

and SHANSEP-2.5 respectively. Sarker (1994) concluded that K0-reconsolidation of the 

"tube" samples beyond in situ stresses could not recover the "in situ" behaviour and the 

result of K-reconsolidation of "tube" samples using the SHANSEP procedures of 

reconsolidation to restore "in situ" behaviour may not be applicable to Dhaka clay 

samples. 

A comparison of variations of normalised deviator stress with axial strain of "in situ" 

and reconsolidated "tube" samples of Patenga clay is shown in Fig. 2.56. Farooq (1995) 

reported from Fig. 2.56 that normalised strengths due to reconsolidation using 

SHANSEP-1.5 and SHANSEP-2.5 procedures are lower, while normalised strength due 

to isotropic reconsolidation is greater of "tube" samples than that of "in situ" sample. 

! ILL variation of pore pressure change with axial strain of "in situ" and reconsolidated 

"tube" samples of Patenga is shown in Fig. 2.57. Farooq (1995) reported from Fig. 2.57 

that pore pressure changes due to isotropic, SHANSEP-1.5a' and SHANSEP-2.5o 

reconsolidation procedures of "tube" samples are greater than that of "in situ" sample. 
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'l'able 2.16 CompariSon of Undrained Shear Properties of "In Situ" and 

Reconstituted Normally Consolidated and Overconsolidated 

"Tube" Samples of Regional Soils of Bangladesh 

Rocation Test type sI' c 

10/ 
/0 

E1 I' ES(/a'%,C A Reference 

CIU-1.0c. 0.36 4.7 132.8 1.01 

Sarker 
SHANSEP-1.5 0.31 6.0 139.3 1.16 

(1994) 
Dhaka SHANSEP-2.5  0.32 6.7 84.0 1.66 

(NC) In  Situ" 0.39 3.7 192.0 1.03 

CIU-1.3p'()  0.60 14.4 218.7 0.49 

SHANSEP-1.5 0.41 14.1 160.8 0.56 

Patenga SHANSEP-2.5  0.43 16.6 158.0 0.56 
Siddique 

(NC) "In Situ" 0.45 8.4 180.3 0.65 
Ct al. 

CIU-1.0 p'0  0.81 13,4 247.1 0.17 
(2000) 

SHANSEP-1.5 0.47 17.9 173.5 (128 

Kumira SHANSEP-2.5 0.48 14.3 167.5 0.46 

(NC) "In Situ" 0.47 14.1 

12.0 

221.2 

483.4 334.5 

0.59 

0.23 Dhaka CIU-1.0' 0.84 

(OCR=2) CK0U-1.0a' 0.69 9.3 286.5 217.2 0.21 Rihman 

(2000) 
SHANSEP-1.5  0.59 

- 

11.3 226.1 176.6 0.33 

SHANSEP-2.5 0.57 13.0 180.5 149.7 0.36 

"In Situ" 0.72 9J 353.8 290.0 0.19 

Dhaka CIU-1.0a' 3.46 10.0 1653.3 1511.9 0.17 

(OCR=10) CK0U-1.0' 2.95 8.0 1050.6 853.0 0.15 Rahman 

(2000) 
SHANSEP-1.5 2.34 8.7 904.0 728.8 0.30 

SHANSEP-2.5 2.17 10.6 701.8 611.8 0.32 

"In Situ" 
fO 

6.7 1482.0 1263.0 0.13 
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Siddiquc Ct at. (2000) reported that the values of E1I' and c, increased while A 

decreased due to isotropic rcconsc1 idation for rcccnGtuted normally consolidated 

Ak "tube" samples of two coastal soils (Patenga and Kuniira). Siddique et al. (2000) also 

reported that the values of s/o, Eio', and A reduced while the values of c, increased 

due to the reconsolidation using SFlANSEP-1.5o and SHANSEP-2.5& procedures 

of "tube" samples. Compared with isotropic reconsolidation, it can be seen in Table 2.16 

that the undrained strength ratio s11/o of the "tube" samples reconsolidated using 

SHANSEP-1.5&vc  and SHANSEP-2.5c7 compares favourably with those of the "in 

situ" samples. The undrained stiffness ratio however, decreased by 11% and 12% 

for samples from Patenga reconsolidated using SHANSEP-1 and SHANSEP- 

2.5& procedures, respectively. For the Kumira soil, decreased by 22% and 24% 

V. 
for samples reconsolidated using Sl-lANSEP-1.5o and SHANSEP-2.5o procedures, 

respectively. Siddique et al. (2000) concluded that strength ratio, stiffness ratio, A 

values and 6P of the samples reconsolidated using SHANSEP-1 and SHANSEP- 

2.5o'. procedures compared more closely with the respective "in situ" sample than the 

samp 's reconsolidated isotropically using an effective consolidation pressure equal to 

l'o. Rahnian (2000) also reported that K0-rcconsolidation of overconsol i dated "tube" 

samples using the SHANSEP procedures could not restore "in situ" behaviour and the 

samples reconsolidated using Bjerrum (1973) procedure agreed most favourably with 

the "in situ" sample. 
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3.2.1 The Rotary Laboratory Mixer 

Fu roducing uniform soil slurry, a Hobart mixer machine was used. The rotary 

blades of this machine ensured proper mixing of soil particles with water over a short 

period of time at the required moisture content. The mixer machine used has a 

dimension of 738 mm x 406 mm x 489 mm and includes a three-speed gearbox driven 

by a fully enclosed and ventilated motor. The shift handle is mechanically interlocked 

with the switch, giving definite gear location and making necessary to switch off the 

motor before changing gear and the beater shaft is carried on ball bearings. The bowl 

locks at the top and bottom of lift travel, which is controlled by convenient hand lever. 

The speed used for preparing slurry was 113 revolutions / min for attachment and 198 

revolutions per minute for beater. The mixing time was approximately 30 minutes. A 

photograph of the rotary mixer machine, bowl and attachment used is shown in Fig. 

3.1(a) and Fig. 3.1(b). 

3.2.2 Apparatus for K )-Consolidation of Slurry 

The type of loading frame shown in Fig. 3.2 has been used for K()-consolidation of 

slurry. The dimension of the large cylindrical consolidation cell in the loading frame 

was 210 mm internal diameter and 180 mm in height. The consolidation cell, 

containing the soil slurty is placed on a rigid platform. The platform is raised 

* nianually by rotating a wheel and thus loading the soil sample is achieved through a 

loading ram and proving ring. in this process, continuous raising of platform by 

manual operation is required to adjust with the deformation i.e. to maintain required 

pressure on the sample. The deformation of the proving ring is measured by a dial 

gauge that gives the load imposed to sample at any stage of consolidation. 

3 1.3 Triaxial Apparatus 

Standard triaxial cell manufactured by Wykeham Farrancc Engineering Co. which can 

accommodate 38 mm diameter samples were used. The cell consists of three main 

components, namely the cell base, the removable perspex cylinder and the top head 

assembly. The cell base consists of the pedestal for the set up of specimen and three 
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(a) 

ID 

Fig. 3. I The Robert Laboratory Mixer Machine (a) Photograph of the Machine 

(b) Photograph of Attachment and Bowl 
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Fig. 3.2 Apparatus for Ko-Consolidation of Soil Sluny 
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vater passages - two are drainage hues and the other is it cell pressure line. Among 

two diuivage lines, one can be connected to (lie R)p and another to the bottom of the 

hIlL' 1)000111 (lialllage fifle coulilcctL(l to the cell pedestal is used together 

with it pore pICSSLIrC transducer and it l)urette to measure the pore pressure response 

during undrained loading and volume change (f' drained tests. The back 

prcssuril.ing for the saturation ol pccinien is applied ihrotigh the bottom drainage 

line. The cell pressure line is used to (ill the cell chamber with the drained and 

distil led water, and through which pressure is applied to the Soil SCC i men. 

The cell is provided with a motorized drive unit. The rate of' strain during undrained 

shear test can be control led by selecting proper (lrivcr and driven numbers and gear 

position. Defbniiation rates between 0.00064 nim/min and 1 .50 nim/mIn can be 

If 
applied to sample. A schematic diagrani of the triaxial cell is shown iii Fig. 3.3. In the 

triaxial cell, a standard proving ring of' capacity 2.8 kN was used to measure the axial 

load where the resolution of the proving ring was 0.4077 lb. Axial deformation during 

consolidation and undrained shearing of sample. was measured by it strain gauge 

whose resolution is 0.0254 mm and maximum travel range is 25 mm. Cell pressure to 

sample was applied using a standard pressure gauge of operating range from 0 to 1700 

'N/rn2  Back pressure was applied to sample using dash pot and control cylinder 

system. l3ack pressure up to 1200 kN/m2  can be applied whi'ch is monitored by 

standard I3udenberg test gauge. A photograph of' the triaxial machine together with 

other measuring devices is shown iii Fig. 3.4. 

3.2.4 Volume Change l\ieasureuneuu( I)evice 

Volume change can be measure in triaxial testing by means of three methods (Bishop 

and 1-lenkel, 1962). The first method measures the volume of' fluid entering or leaving 

the triaxial cell to compensate for the change in vol nine of the sample. This method is 

used for the partially saturated soils. Appropriate corrections are reciuircd for cell and 

tubing expansion and piston t'O(l penetration into the chamber d.iring shearing. The 

second method measures the volume of (mid entering or leaving the pore space of the 

soil. This method is used only lot' saturated specilIens. The third perillits calculation 

of volume from direct measurement of the change in length and diameter of the 
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Fig. 3.4 General View Showing the Triaxial Machine 
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iiccinicii using locil axial iiid radial sliiiii measuring deviceS (( layton and Khatrush, 

1980, ('layton. Kli.itrush, Rica nd Sidtli(Jtic. 1 989). This method may be used cr 

1)0th sal u rated and ui isat ii rated spec iii iei is. 

With a Ilil ly saturated sample a volume chaige can only occur wider the action of ccli 

pressure, if water is permitted to drain froiii the sample. In the laboratory, burette 

system (Bishop and Donald, 1961) is available. The burette is of 10 ml volume. It is 

necessary to measure volume change by the displacement of the surfiice between two 

liquids having di iftrenl densities. Paraffin has been used as the second liquid. Details 

of the volume change apparatus have been reported by Bishop and 1Icnkcl (1962). A 

red dye is added to the paraffin, and a silicon water repcllant is applied Io the glass to 

maintain a meniscus of uni form shape. Volume chan(,es in 10 m1  graduated tube can 

be read to a minimum of 0.02 iiil. 

3.2.5 Pore Pressti re Frans(lLlcer 

In undrained triaxial tests, pore water i)lessurcs arc normally measured at the base of 

the samples. In tests carried out with hxed end samples, the shearing rate has to be 

selected to ensure that hole  pressure nonuni formities arising from the restraint have 

equalized throughout the height of the sample either at failure, if'only effective stress 

shear strength parameters are required, or at an early stage of the test if the effective 

stress path has to be deri\'c(l. 

Measurement of pore water pressure has been greatly siinpli lied l)y using a pressure 

transducer. The transducer mounting block as shown in Fig. 3.5 is fitted directly to the 

triaxial cell at the outlet part (valve A) from the sample base, ensuring that the 

trai1s* icer is as close to the sample as possible. A Bell and Howell pore pressure 

transducer of operating range of 0 to 150 psi (0 to 1034 kN/m) has been used to 

record pore pressure generated on samples. Calibration of the transducer has been 

done by applying known increments of cell pressure and recording the corresponding 

value from the transducer in millivolt. A typical calibration curve of the pore pressure 

transducer is shown in Fig. 3.6. 
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3.3 1'uhe Samplers 

I 
3.3.1 Fabrication of Samplers 

Three samplers of different area ratios were fabricated from locally available mild 

steel tubes. The internal diameter and outside cutting edge angle of all samplers are 

constant which are equal to 38 mni and 50  respectively. The thickness (t) of the 

sample tubes are 1.5 mm, 3 mm and 6 mm. 

3.3.2 Dimensions and Characteristics of Tube Samplers 

Three samplers of diffirent area ratio were fabricated. The area ratio of these samplers 

was changed by varying the thickness (t) of the sample tubes and hence the external 

diameter of the sampler tube (Do) while keeping the internal diameter (D,) of the 

samplers unchanged. 

Sampler designations and the dimensions and characteristics of the samplers are 

presented in Table 3. 1. The sampler designations T, M and H have been used to 

indicate sampler tubes of thickness thin, medium and high, respectively. In Table 3.1 

the outside cutting edge angle (OCA) has been defined as the angle which the outside 

edge of the cutting shoe makes with a vertical plane. Length of each sampler was 127 

inm. Internal diameter of the sample tube (D) and internal diameter at cutting shoe 

(D) of each sampler was equal, as such each sampler had no inside clearance (i.e., 

inside clearance ratio = 0%). External diameter of the sample tube (D) and external 

diamelL: at cutting shoe (D,) oleach sampler was equal, as such each sampler had no 

outside clearance (i.e., outside clearance ratio = 0%). The area ratio mentioned in 

Table 3.1, therefore, has been defined by the following equation (Hvorslev, 1949): 

Area Ratio = (D2e  D2 )I D2 (3.1) 

1- 



Table 3.1 Dimensions and Characteristics of the Tube Samplers Used 

Sampler 

Designation 

t 

(mm) 

D 

(mm) 

D1  

(mm) 

D/t 

Ratio 

Area Ratio  

(%) 
OCA  (°) 

1 1.5 41 38 27.33 16.4 5 

M 3.0 44 38 14.67 34.1 5 

H 6.0 50 38 8.33 73.1 5 
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CHAPTER 4 

LABORATORY INVESTIGATIONS 

4.1 General 

The use of undisturbed samples of soils lbr testing would be very desirable in the 

investigation of their behaviour. Such samples are seldom uniform due to the complex 

geological conditions acted 111)011  them and as such, from the test results on such 

samples, it is rather difficult to generalize the behaviour of soils. Therefore, to study 

any specific effect on the behaviour of soils, it is considered essential to use uniform 

reconstituted samples prepared under controlled conditions in the laboratory 

(Hvorsiev, 1960). In the investigations reported here, three selected constituted soils 

of Chittagong coastal region in Bangladesh were chosen for the tests and the physical 

properties of them have been presented. The luboïaory investigations made on the 

soil samples have been described in details in this chapter. A Flow chart of the 

laboratory investigations is presented in Fig. 4. 1 

4.2 Soils Used 

The three reconstituted soils used in the tests are Banskhali soil, Anwara soil and 

Chandanaish soil. These sites are shown in Fig. 4.2. 

For the present study disturbed soils were collected from the selected locations. The 

soils were taken by excavating up to depth of about 2.5 Ill to 3 ni using hand shovels. 

Proper Care was taken to remove any loose material, debris, coarse aggregates and 

\'r2ctation from the bottom of the excavated pit. Disturbed samples were collected 

from tht. bottom of the borrow pit through excavation by hand shovels. All samples 

were packed in large polythcie bags and were eventually transported to the 

Gc3technicai Engineering Laboratory of' Bangladesh University of Engineering and 

Technology (BUET), Dhaka. 
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Fig. 4.1 Flow Chart for Laboratory Testing Programme on Reconstituted Soils from 

C1iittgong Coastal Region in Bangladesh 
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4.3 Physical and Itidex h'roperlics of so ils  

Physical and index properties of the soils were delenni ned in order to chai-actcrizc the 

soils. The samples collcctcd from the field were (iiSturbcd samples. These samples 

were then air-dried and the soil lumps were broken carefully with a wooden hammer 

so as to avoid breakage of' soil particle. The following tests were performed to 

deterni i tic index properties of soil: 

Specific gravity 

Atterberg limits 

Grain sc distribution 

The sped lie gravity, liquid limit, plastic limit and plasticity index, and grain size 

distribution of all the soil samples were determined following the procedure specified 

in ASTM D854, BSi377, ASTM D424, ASTM D422 respectively. The percentage of 

sand, silt and clay were determined according to MIT Classification System (1931). 

The soils were also classified according to Unified Soil Classification System 

(Casagrandc, 1948). Table 4.1 shows the index properties and classification of the 

soils used. The grain size (hstribution curves are shown in Fig. 4.3. 

Table 4.1 Index Properties and Classification of the Coastal Soils Used 

Index Properties and 

Classification 

Location 

Banskha Ii Anwara Chandariaisli 

Spcoilic Gravity 2.69 2.70 2.72 

Liquid Limit, LL 34 40 45 

Plasticity Index, P1 10 16 20 

%Sartd 4 3 1 

% Silt 8() 75 67 

%Clay 16 22 32 

Activity 0.63 0.73 0.63 

USCS Si'inbol ML CL CL 
LI 
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4.4 Preparation of Reconstituted Soil 

4.4.1 General 

Reconstituted soils arc those which are prepared by breaking down natural soils, 

mixing them as slurry and rcconsolidating them. Reconstituted soils arc distinguished 

from both rernoulded soils and from rcsedirncnted soils which are mixed as a 

Suspension and allowed to settle from that state. Jardine (1985) discussed the 

difficulties of irnj)lenlenting detailed investigations of general stress-strain and 

strength properties using intact samples and it was found that the most comprehensive 

stucs invariably employed reconstituted soil. Reconstituted soil enables a general 

pattern of behaviour to be established and comparisons with the response of intact 

samples may be used to identify any special features associated with fabric, stress 

hstoiy or bonding. The major advantages of using data from reconstituted soils are 

that the ambiguous and substantial effects of sampling of natural soils and 

inhomogencity can be eliminated, while the essential history and composition of in-

situ soils can be reprcscntd. The disadvantages are that the important effect of post-

depositional process, such as ageir.g, leaching, etc. and of variations of composition 

and fabric are not included. So the pattern of behaviour for reconstituted soils 

discussed in the following chapters will be taken to represent that ol young or unaged 

soils where no post-depositional processes have operated. 

Ak 

4.4.2 Preparation of Soil SIn rry 

Clay slurry with an initial  water content well beyond the luid Ii mit has been 

commonly used as an initial state for sample Preparation (Siddique, 1990, Hopper, 

1992). Higher initial waler contents provide higher degrees of saturation and higher 

freedom of particle orientation but require larger initial volumes and longer 

consolidation periods. Since a large volume of clay was required for preparing enough 

samples and also in order to reduce the consolidation time, it was essential to use an 

initial waler content which was sufficient to yield a uni fbrm and homogeneous slurry. 
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ftc samples were first air dried and Powdered with the help of a motorized grinding 

machine. The powdered samples were then sieved through No. 40 sieve and the sieved 

samples were mixed with waler at appR)xuflately 1 .5 times the liquid limit to form 

soil slurry. The soil and water were thoroughly mixed by hand kneading to form a 

slurry to ensure full saturation. The product was then further remixed uniformly by 

using rotary laboratory mixer for about 30 minutes. 

4.4.3 Consolidation of Slurry 

For Ku-consolidation of slurry to form a uniform soil cake, a cylindrical consolidation 

cell of 210 mm diameter and 180 mm in height was used. A wire net and a 6 mm 

thick perforated steel disc were placed at the bottom of the mould of the cell. The wall 

I of the 11 was coated with a thin layer of silicon grease to minimize side friction and 

two filter papers were placed over the disc at the bottom of the cell. The slurry was 

then poured into the K0-consolidation cell and stirred with steel rod to remove the 

entrapped air fi.rn the slurry. Aller removing air bubble, the top surface of the soil 

sample was levelled properly. At the top of the slurry, two filter papers followed by 

two perforated discs were placed to permit drainage. A wire net was used between the 

two discs for easy flow of waler in the horizontal direction. A clearance of a few 

millimeter in between the perforated discs and inside edge of the cell was provided to 

eliminate side friction. Arrangements for preparation of reconsolidated sample in K0-

consolidation cell is shown in Fig. 4.4. 

The required axial load of 150 kN/m was gradually applied to the sample using a 

loading frame with proving ring. Initially the slurry was allowed to consolidate by the 

sell' weight of' the sample and the weight of the porous discs for about 24 hours. Then 

a lressure of 14 kNlm2  was applied to the sample for the next 24 hours. Similarly, 

pressui'e was increased gradually to the required value 150 kN/1,12. This pressure (150 

kN/m2 ) was maintained until the end of primary consolidation, which was indicated 

by the constant reading of compression dial gauge. It took about seven to eight days 

the completion of primary consolidation. Rate of compreSsiOn was very fast at 

initial stage of consolidation and then it gradually decreased with time. After the 

completion of consolidation, the top and bottom part of the cell were separated and 
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thc soil cake was cxtrudcd by using a mechanical cxtnider. A soil cake of about 114 

mm to 127 mm (4.5 to 5 inch) thickness was obtaincd by the abovc procedure. The 

- uniformity in density and moistui-e centent of the consolidated soil ckc wai checked 

from moisture and density of specimens from two to three locations within the cake. 

The average ater contents of the reconstituted noniiahly consolidated soil samples 

from Banskhaii, Anwara and Chandanaish were 30.5 ± 0.5%, 31.2 ± 0.5% and 32 ± 

0.751/0. respectively and the respective average values of bulk density were 19.4 ± 

0.07 kN/ni3. 19.7 ± 0.15 kN/in3  and 19.5 ± 0.2 kN/m3, respectively. 

4.4.4 Selection of Overburden Pressure 

Early in the research it was considered that a consolidation pressure (o) of 276 

kN/1112  was about the minimum value which could make the clay soil just stiff enough 

to allow setting up specimens (Kirkpatrick and Khan, 1984). Latter on skill in testing 

improv(.. 1  and it was found possible to handle samples removed at = 150 kN/m2  

(after Kirkpatrick and Khan, 1984) but this produced insignificant difference in 

undrained stress-strain behaviour. So in the present study the reconstituted samples 

were prepared in a large oedomcter cell by consolidation pressure equal to 150 kN/ni2. 

A 
4.5 K0  of Soil Samples 

The value of K0  was detei-mined from a series of anisotropic continuous loading 

consolidation tests with different stress ratios (oI'). The stress ratio for which the 

axial strain (ci) during consolidation is approximately equal to volumetric strain () 

has been taken to he the value of 'ç The approinate values of K0  of the 

reconstituted noniially loaded soils from Banskhali, Anwara and Chandanaish have 

been found to be 0.47, 0.49 and 0.50, respectively. 
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4.6 Types of Test Samples 

4.6.1 lNorivally Coimsolidated and Overcon.solidatcd "Block" Samples 

Afler extruding the reconstitutcd soil block from consolidation cell, the large soil 

block was sliced into small blocks by wire and knife. Each small block was trimmed 

by using piano wire, soil lathe and a split mould to prepare a sample of nominal 

dimensions of 38 mm diameter by 76 mm high. Then isotropic consolidation of the 

sample was carried out in the triaxial cell by applying allround consolidation pressure 

equal 10 150 kN/1112. These samples have been termed as normally consolidated 

"block" samples. Aller completion of consolidation under cell pressure of 150 kN/m2, 

the cell pressure was reduced to allow swelling of the sample completely under 

I different swelling pressures. The maximum consolidation pressure of 150 kN/m2  was 

reduced to 100 kN/1112, 75 kN/m2, 30 kN/m2, 1 5 kN/m2, 7.5 kN/m2  and 5 kN/1112  to 

prepare overconsolidatcd samples of OCR values of 1.5, 2, 5, 10, 20 and 30, 

respectively. These types of samples have been termed as overconsolidated "block" 

samples. A back pressure of 270 kN/m2  was used during isotropic consolidation and 

s:"lling of the samples. 

4.6.2 "In Situ" Sample 

A 
Samples of nominal dimensions of 38 mm diameter by 76 mm high were prepared 

from large soil block by adopting the procedure as mention in Article 4.6.1. These 

samples were consolidated under K0-condition in the triaxial cell to its "in situ" 

vertical effective stress, o' (i.e., 150 kNI1112). A back pressure of 270 kN/1112  was used 

during Ku-consolidation of the samples. These samples have been termed as "in situ" 

samples. The "in situ" Salllj)leS prepared from the soils from Banskhali, Anwara and 

Chandanaish, have been designated as BI, Al and Cl, respectively. 

4.6.3 "Perfect" Sample 

4 

"Perfect" samples were prepared from "in situ" samples in the triaxial cell. The "in 

situ" shear stress, i.e., dcviatoric stress of the "in situ" sample was first released from 
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its "in situ" anisotropic stress condition. Al this stage, the sample was subjected to an 

allrouniJ isotropic stress (i.e., ccli pressure). The ccii pressure was then reduced to 

zero and thereby the sample was subjected to zero total stress. This sample has been 

termed as "perict" sample obtained from the complete release of the total "in situ" 

stresses. 'Flie "perfect" samples prepared from the soils from Banskhali, Anwara and 

Chandanaish, have been designated as UI', AP and ('P, respectively. 

4.6.4 "Tube" Sample 

At first the reconstituted soil cakes were prepared from the disturbed samples in a 

large consolidation cell as described inArt. 4.4.3. Then the porous dises and filter 

papers were removed from the top of the consolidated soil cake in the large 

consolidation cell. Sample tubes of 38 111111 inner diameter each but of different area 

ratios (AR) as mentioned in Table 3.1 were steadily pushed into the reconstituted soil 

cake. The samples were then extruded manually from tile tubes by pushing a steel 

solid shaft of diameter slightly less than the tube samplers into the sample tubes. 

These samples have been termed as "tube" samples. The samples have been 

designated as T, M and I-I as shown in Table 4.2, and the tube samples prepared from 

the soils from Banskhali, Anwara and Chandanaish, have been designated as BT, BM, 

BH, i\i, AM, AH, CT, CM and Cl-I as shown in Table 4.2. T, MThnd H are tile 

samplers of wall thicknesses of 1 .5 mm (thin), 3 mm (medium) and 6 mm (high), 

respectively. 

Table 4.2 Designation of "In Situ", "Perfect" and "Tube" Samples 

Type of 

Specimen 

Sampler Used 

for Sampling 

(wall thickness) 

Sample Designation 

Banskhali Soil Anwara Soil Chandanaish Soil 

"In situ" - BI Al CI 

"Perfect" - BP AP CP 

"Tube" T (thin) B F AT CT 

"Tube" M (mcdi urn) BM AM CM 

"Tube" H (high) BFI AH Cli 
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4.7 1 ahoratory 'I'esting Progranitue 

The test programme consisted of carrying out the following types of tests: 

The compressibility and swelling characteristics of the three reconstituted 

coastal soils were performed by consolidating the samples under isotropic 

condition and K1,-condition in the triaxial cell. 

Undrained triaxial compression tests were earned out on three isotropically 

normally consolidated "block" and eighteen overconso lidated "block" samples 

of reconstituted soils, seven tests on sample from each location. Among seven 

tests on each sample, one test for normally consolidated "block" amp1e and 

six tests on ovcrconsolidated "block" samples of different ovcrconsolidation 

ratios were cai-ried out. I'hesc "block" samples were prepared by trimming 

from a large reconstituted block. In these tests, after the completion of 

consolidation, the samples were sheared at a deformation rate of 0.025 

mm/minute in compression under undrained condition. 

Undrained triaxial compression test was performed on three "in situ" samples 

of reconstituted soils from three locations in order to determine the reference 

"undisturbed" behaviour of the soils. In these tests after the completion of K-

consolidation, each sample was sheared in compression under undrained 

condition at a deformation rate of 0.025 mm/minute. 

Unconsolidated undrained (VU) triaxial compression test on "perfect" samples 

lk of reconstituted soils from three locations were carried out. In these tests, soon 

after simulation of the release of the total "in situ" stresses, each sample was 

subjected to a total isotropic stress (i.e., allround cell pressure) equal to "in 

situ" effective vertical stress under undrained condition. When the pore water 

pressure became steady, each sample was then sheared in compression under 

undraincu condition at a deformation rate of 0.025 mm/minute. 

Undrained triaxial compression tests were run on fifteen reconsolidated 

"perfect" samples of reconstituted soils from three locations, five tests on 

sample from each location. In these tests, after the completion of 

reconsolidation, the samples were sheared at a deformation rate of 0.025 

m rn/minute in compression under undrained condition. The reconsolidation 

techniques will be discussed latter in this page. 
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lJnconsolidaled undrained (UIJ) triaxial conipression tests were carried out on 

nine "tube" samples of three rconstituted soils. In these tests, soon afler 

saturation (P-i 58), the samples were sheared at a dcfonimtion rate of 0.025 

mm/minute in coml)ression under undrained condition. 

Undrained triaxial compression tests were carried out on twelve reconsolidated 

"tube" samples of reconstituted soils, four tests on sample from each location. 

In these tests, alter the completion of rcconsolidation, the samples were 

sheared at a deformation rate of 0.025 mm/minute in comprcsion under 

undrained condition. The i-econsolidalion techniques will c discussed latter. 

Reconsolidation Procedures 

in the present investigation live different rcconsolidation procedures were adopted for 

each reconstituted soil in order to assess their applicability to minimize "perfect" and 

"tube" sampling [as mentioned in Steps (v) and (vii) above] disturbance effects. The 

following reconsol idation techniques were adopted: 

"Perfect" and ''tube" samples were reconsolidated isotropicalty using 

hydrostatic stress equal to the in situ vertical effective stress, a' (i.e., 150 

kNI1112). "Perfect" or "tube" samples reconsolidated using this procedure and 

sheared in compression under undrained condition have been designated as 

clU- l .0&,. 

"Perfect" samples were reconsolidated isotropically using hydrostatic stress 

equal to isotropic effective stress, (i.e., 81.0 kN/m, 83.06 kN/m2  and 85.5 

kN/m2  for the samples from l3anskhali, Anwara and Chandanaish, 

respectively) of the "perfect" samples. "Perfect" samples reconsolidated using 

this procedure and sheared in compression under undrained condition have 

been aesignated as CIU- I 

Recorisolidation using BjciTum (1973) procedure, i.e., Ku-consolidation using 

vertical effective stress equal to in situ vertical effective stress, a' was 

lb I lowed. In this procedure, "perfect" and "tube" samples were reconsolidated 

No in the triaxial cell under K0-conditions to vertical effective stress equal to in 

situ vertical effective stress, (i.e.. 150 kN/m). The stresses were applied in 

two steps. First the total hydrostatic component was applied in oac step. After 
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the porcwaler pressure had dissipated, the deviator part of the in situ stress (&a  

- 0'r) was applied in stages. "Perfect" samples reconsolidated using this 

procedure and sheared in compression under undrained condition have been 

designated as CK{)U-l.Oa \C. 

"Perfect" and "tube" samples were reconsolidated under Ku-condition using 

SHANSEP (Stress Histoiy and Normalized Soil Engineering Properties) 

procedure (Ladd and Foott, 1974)10 vertical effective stress equal to 1.5 times 

During reconsolidation three increments of the hydrostatic stress 

component were applied. Each increment of hydrostatic stress was followed 

by an increment of the deviatoric stress component. Drainage was allowed 

throughout and an increment of hydrostatic and dcviatoric stressec  was applied 

when the excess pore pressure resulting from the previous step had dissipated. 

"Perfect" or "tube" samples reconsolidated using this procedure and sheared in 

comi)ression under undrained condition have been designated as S 1-JANSEP-

1.5. 

"Perfect" and "tube' samples were reconsolidated under K( -condi tion using 

SIIANSEP procedure (Ladd and Foott, 1974) to vertical effctivc stress equal 

to 2.5 times During reconsolidation, the same procedure as that for 

sample SHANSEP-1 .5 was followed, but instead of' three increments 

hydrostatic and deviatoric stress components four increments of the stresses 

(hydrostatic and deviatoric) were applied during reconsolidation. "Perfect" or 

"tube" samples reconsolidated using this procedure and sheared in 

compression under undrained condition have been designated as SI JANSEP-

2.5. 

4.8 Test Procedures 

4.8.1 Undrained Triaxial Compression Test on Normally Consolidated and 

Overconsolidated "Block" Samples 

Conventional undrained triaxial compression tests were performed on "block" 

samples as prepared in Laboratory. 
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I'reparaiio:i and Selling-uj of "Block" Saiiiple 

As the testing programmc progressed, the samples of nominal dimensions of 38 mm 

diameter by 76 mm high were prepared by trimming from reconstituted samples using 

piano wire, a soil lathe and a split mould. The initial water content of the sample was 

determined from the trimmings. The dimensions and the weight of sample were 

measured with a scale and the balance. After that, to prepare the "in situ" sample total 

laboratory works were divided into three phases, namely, placing of sample in the 

triaxial cell, saturation of the sample and linally Isotropic consolidation and swelling 

in the cell. These phases were discussed as follow: 

Placing of Sample in the ('ell 

(i ) Prior to placing the trimming sample and cylindrical cell cap, the base of the 

triaxial cell was connected with the pressure lines and a pore pressure 

transducer. Then the entire pressure lines with both bottom and top drainage 

li nes, were flushed with deaired and distilled water to get rid of any entrapped 

air bubbles. To avoid entrapped air in the line, water was allowed to run 

slowly. After flushing the drainage control valves were closed. 

Porous stones which were deaired and cleaned by boiling in distilled water, 

filter papers, and a membrane were placed for the prompt sealing of the 

sample after trimming. 

One filter paper followed by one saturated porous stone was placed at each end 

of the soil sample and vertical strip of filter paper were used along the 

neriphery of the sample to permit double drainage and drainage from radial 

boundary respectively during consolidation. Both ends of the filter paper strip 

were extended to the porous stones. Each sample was enclosed in a rubber 

membrane with the help of membrane si' 'her and was placed on the pedestal 

of the cell base. The top cap was placed properly and the top and bottom 

rubber "0" rings were placed over the rubber membrane. 
k 

Care was taken to keep the sample concentric with both the pedestal and the 

top loading cap. 
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By raising the top nut and upper assembly, the cell cap was placed and three 

clamps were fiXed properly so that the apex of the loading ram was just in 

4 contact with the centrally piaccd ball of the top cap. 

Then the cell was tilled with water by opening the bleed valve which was at 

the top of upper assembly. Aficr filling the cell chamber, the bleed valve was 

closed. 

Sat,iraiio,, of Samples 

Even though the sample itself was fully saturated, there was always a certain 

amount of air entrapped between the rubber membrane and the sample, and 

perhaps, in the previously saturated porous stones and soaked filter papers. 

Initially the sample was kept under a cell pressure of 34.5 kN/m2  (5.0 psi) 

using a dashpot and control cylinder system and back pressure of 24.1 kN/m2  

(3.5 psi) using an overhead water bottle for overnight saturation to temove the 

entrapped air bubbles within the sample. 

Both bottom and top drainage lines were kept open. The bottom drainage line 

was connected to the back pressure system and the top drainage line was 

subjected to atmospheric pressure. 

The proving ring and strain gauge were placed. The base of the cell was raised 

slowly by operating the wheel handle manually until the proving ring was just 

in contact with the top of the loading ram. This was showed by the movement 

of the proving ring dial gauge indicator. 

At this stage, The cell pressure and back pressure using the dash pot and 

control cylinder system were gradually increased to saturate the sample with 

the pressure increment of 10 psi until the B-value of the sample reached 0.97 

or above. During the application of pressures, the cell pressure was always 

maintained 6.89 kN/1,12 (1.0  psi) higher than the back pressure. 

The volume change of the sample and the corresponding axial strain were also 

measured. Immediately after saturation, effective cell Iressure applied to the 

sample was 6.89 kN/1,12  (1 .0 psi). 
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Isotropic COflSO!idUliOfl of S(IhI1J)l(' 

(i ) A 11cr full saturation was achieved (Skcnipton's B-valuc was greater than 0.97) 

the consolidation phase was commenced. At this stage, isotropic consolidation 

was carried out by applying allround consolidation pressure equal to 150 

kN/1112. Consolidation was generated by using the daslipot and control 

cylinder system. The drainage valves were opened. 

During this operation cxccss pore water pressure was generated within the 

sample. The sample was then allowed to consolidate until the excess pore 

water pressure completely dissipated. 

During isotropic consolidation the volume change and the compression of the 

sample were measured. Aller completion of consolidation, the sample thus 

obtained in the triaxial cell has been termed as normally c'nsolidated "block" 

sample. 

Aller isotropic consolidation the samples were attempted to swell back with 

the required overconsolidation ratios. These types of samples were known as 

overcorisolidated "block" san iplcs. The maximum isotropic consolidation 

stress of 150 kN/m2  was reduced to 100 kNI1112, 75 kNlm2, 30 kN/m2, 15 

kN/m2, 7.5 kN/m2  and 5 Mni2  to prepare samples of ovcrconsolidated 

"block" samples of OCR values of 1.5, 2, 5, 10, 20 an' 30. 

Shearing of "Block" Samples 

The shearing of "block" samples were carried out on the prepared normally 

consolidated and overconsolidated "block" samples in the triaxial cell in the following 

way: 

(i) The drainage valves were closed and the strain gauge was set at zero position. 

The proving ring dial gauge reading and the corresponding pore pressure 

transducer reading were rccorde(l. 
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'[lie sample was then sheared and the proving dial gauge readings and the 

coi-icsponding pore pressure transducer readings were recorded at spcciuicd 

dclormation of the sample. A deformation rate of 0.025 mm/minute was used. 

Shearing was continued until the proving ring dial reading remained constant 

%,sr decreased for a few readings of strain dial gauge. 

At the end of the test, cell base was lowered and cell pressure was released. 

The cell was disassembled and sample was carefully removed from the cell. 

The weigL of the sample was taken and its water content was determined. The 

cl ual itati ye e ffeeti ye stress paths for normally consolidated and 

ovcrconsohdatcd "block" samples are shown in Fig. 4.5. 

4.8.2 Undrained Triaxial Compression Test on "In Situ" Samples 

Conventional undrained triax ial compression tests were performed on laboratory 

simulated "in situ" samples of three reconstituted samples. 

K-Consoiida(ion of Sample 

After lull saturation was achieved as described above in "block" sample, the 

consolidation phase was commenced. At this stage, the required effective 

radial stress required for K(,-consolidation was generated by using the dashpot 

nk and control cylinder system. The drainage valves were opened and total 

devialoric load was applied in small increments to attain K,,-condition. 

During this operation excess pore water pressure was generated within the 

sample. The sample was then allowed to consolidate until the excess pore 

water pressure completely dissipated. 

i) During Ku-consolidation the volume change and the compression of the 

sample were measured. After completion of consolidation, the sample thus 

obtained in the triaxial cell has been termed as "in situ" sample. 

3 
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LShearillI,' of "In Sit,," SainjIt' 

The shearing of "in situ" samples were carried out on the prepared "in situ" sample in 

the triaxial cell as described above in "block" sample. The weight of the sample was 

taken and its water content was determined. The qualitative effective stress path for 

"in situ" sample is shown in Fig. 4.6. 

4.8.3 Undrained Triaxial Comiwesson lest on " l'eri'ect" Sample 

The undrained triaxial compression tests were carried out on each "perfect" sample of 

three locations. At first Ku-consolidation performed on each sample under in situ 

stress. K0-consolidation was carried out following the procedure as mentioned in 

Article 4.8.2. After completion of' K0-consolidation the following procedure was 

adopted. 

Top and bottom drainage valves were closed. 

Deviator stress, i.e., in situ shear stress was unloaded and the pore pressure 

reading was recorded. At this stage the sample was subjected to only an 

isotropic effective stress. 

i sample was then subjected to zero total stress by reducing the cell 
1 

pressure to zero. 

Following the abo e procedure "perfect" sampling was simulated in the triaxial cell. 

At this stage, a cell pressure equal to that required for isotropic consolidation was 

applied to the sample. The pore pressure transducer reading was recorded at the steady 

state. At the same time, the proving ring dial gauge reading was recorded and strain 

dial gauge was set at zero position. Then the sai le was sheared in compression 

under undi'aincd condition at a consimit deformation rate of 0.025 mni/min. The 

qualitative effective stress path for "perfect" sample is shown in Fig. 4.7. 



(0 
U) 
a) 
I- 

(I) 

0 
a) 

a) 

ABC Initial Setup stress 

('E) K-consolidation upto I .Or' 

DEUndrained Shearing KIP 

163 

E 

A B 

Mean Effective Stress, p 

Fig. 4.6 Quahtiative Effective Stress Path for Undrained 1'riaxial lest 

on "In Situ" Sample 

AI3C = Initial setup stress 

Cl)=K-consolidation nplo I .O',  

DEF = Release of total in-situ stresses 

FG = Application of cell pressure 

rM GH = Undrained shearing 

El 

U) 
(0 

(I) 

0 
TO 
> 

H 

(1.O() 

A F G B E 

Mean Effective Stress. p 

Fitz. 4.7 Oualitativc Effective Stress Path for (Jndraincd Triaxial •Ucst 

on "Perfect" Sample 



164 

4•. I Undrained Triaxial Compression Test on "I'(Il)e" Samples 

The test was perfoniicd at two stages. Firstly, the sample was saturated as mentioned 

in Article 4.8.1. Finally, each sample was sheared in compression under undrained 

condition at a constant deformation rate of 0.025 mm/mm. The qualitative effective 

stress path for UU-test on "tube" sample is shown in Fig. 4.8. 

4.8.5 Undrained Triaxial Compression Test on Reconsolidated "Perfect" and 

"Tube" Samples Using Bjerrum and SIIANSEP Procedures 

Undrained triaxial compression tests were performed on "perfect" and "tuhe" samples 

from three different locations. In these tests "tube" and "perfc:t" samples were 

-i consolidated in the triaxial cell equal to and beyond the in situ stress (' = 150 

kN/m2 ). The sample tube of area raio = 34.1% (t 3 mm) and outsiuc cutting edge 

angle of 5°  was used to collect "tube" samples. The test procedures were similar to 

those described in Article 4.8.2. In this test, the sample was reconsolidated up to 

vertical effective stress of 150 kN/iiY, 225 kN/m2  and 375 kN/m2  which are 

respectively 1.0 times, 1.5 times and 2.5 times the effective in situ vertical stress, 

(i.e. 150 kN/ni2). The qualitative effective stress paths for reconsolidated "perfect" 

samples up to above three stresses arc shown in Fig. 4.9, Fig. 4. 10(a) and Fig. 4. 10(b). 

respectively, and the qualitative effective stress paths for reconsolidated "tube" 

samples up to above three stresses are shown in Fig. 4.11, Fig. 4.12(a), Fig. 4.12(b), 

respectively. 

4.8.6 Undrained Triaxial Compression Test on Isotropically Reconsolidated 

"Perfect" and "Tube" Samples 

This test was carried out on each "perfect" and "tube" samples of the three locations. 

In this test, initially the procedures mentioned as in Article 4.8.2 were followed for 

"tube" samples and the procedures mentioned in Article 4.8.3 to simulate "perfect" 

A sample in the triaxial cell were followed for "perfect" sample. The samples were then 

allowed to reconsolidate under isotropic stress condition. For "perfect" samples CJU- 
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l.0o and C1U-' tests were followed, while for "tube" samples C1U-l.0' test 

was followed. A back pressure of 270 kN/m2 was maintained during reconsolidation. 

The volume change and consolidation of the samnle were monitored. Reconsolidation 

was continued until the volume change indicator showed constant reading. After 

completion of reconsolidation, the samples were sheared in compression under 

undrained condition at a constant deformation rate of 0.025 mm/mm. The qualitative 

effective stress paths for isotropically reconsolidated "perfect" and "tube" samples are 

shown in Fig. 4.13 and Fig. 4.14, respectively. 
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ChAPTER 5 

UNDRAINED BEHAVIOUR OF ISOTROPICALLY NORMALLY 

CONSOLII)ATED AND OVERCONSOIIIDATEI) SAMPLES 

5.1 General 

To study the behaviour of isotropic normally consolidated and ovcrconsolidatcd soil 

during shear, undrained triaxial compression tests were conducted on the normally 

consolidated and ovcrconsolidated "block" samples of reconstituted soils from 

:"skhali, Anwara and Chandanaisli as indicated in Fig 4.5 of Chapter 4. The 

maximum consolidation pressure, used was 150 kN/m2  and the minimum 

consolidation pressure used for overconsolidatcd samples was of the order of 5.0 

kM/ni2. In all these tests, the samples were sheared to failure by increasing the vertical 

stress, a and keeping the cell pressure, cy, constant. A total of six overconsolidated 

samples for each reconstituted soil were sheared from different prc-shcar stresses. The 

overconsolidation ratios of the samples were 1.5, 2, 5, 10, 20 and 30. Each sample 

was initially subjected to a different pre-shear consolidation stress corresponding to 

the overconsolidation ratio. The test results have been presented and the effect of 

ovcrconsolidation on different aspects of the behaviour of the soils has been 

discussed. 

The geotechnical properties of these reconstituted coastal soils such as undrained 

initial tangent modulus (E), secant modulus at half the half the peak deviator stress 

(E 0), K, (one- dimensional) and isotropic compression and swelling indices (C and 

Cs), critical state pore pressure parameter (A), effective stress friction angle (4'), 

undrained shear strength (S) and othcr important soil parameters and characteristics 

have been determined for different stress history. Evaluation of some normalized 

panuileters for these reconstituted soils is presented. Roscoc and Hvorslev state 

boundary surfaces with crilicl state soil parameters have been established. 

Correlations of some soil constants with plasticity index have also been established. 
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5.2 (ousolidation and SveIling (liaracterislics 

1 i'he consolidation characteristics of recons(ituted normally consolidated samples of 

three coastal soils froni 13anskha11, Anwara and Chandanaish were investigated by 

ca "ing out incremental loading consolidation tests in triaxial cell. Void ratio versus 

pressure relationships for isotropic consolidation and swelling of the soils are shown 

in Fig. 5.1. The compression indices (C t °)  ) are 0.265, 0.295 and 0.313 and the 

swelling indi.es (Cso) ) are 0.044. 0.053 and 0.068 respectively for the three soils 

from Banskhali, Anwara and Chandanaish, respectively. The same relationships for 

Ku-consolidation and swelling of Banskhali, Anwara and Chandanaish soils are shown 

in Fig. 5.2. Fig. 5.2 shows the compression indices (C °°') of 0.256, 0.288 and 0.309 

and the swelling indices of(C°) are 0.039, 0.048 and 0.06, respectively for the three 

soils. In any consolidation test the swelling index is the slope of the line which is the 

average of swelling and rccomprCssion lines. The values of C and C  for the three 

soils are listed in Table 5. I 

From the consolidation characteristics of the soils, it is clear that the recoverable 

strain energy increased with the increase of plasticity of the soils. In case of isotropic 

consolidation and swelling. of Banskhali, Anwara and Cliandanaish soils are 

16.6%, 18% and 21 .7%, respectively of their compression indices. While in case of 

K( -consolidation and swelling, C..KO)  of Bansh hali, Anwara and ('handanaish soils are 

I 5.2%, I 6.7% and 19.4%, respectively of their compression indices. From this 

swelling behaviour of the three soils, it may be noted that the percentage of swelling is 

increased with the increase of plasticity for both isotropic and K, conditions. 



173 

- 0.9 

0.7 

WE 

0 

Cu 

V 
0 

0.5 

0.4 
I 

• Banskhali 

. Anwara 

- - - Banskhali 

Anwara 

Chandanaish 

Chandanaish  

I 

C) 100 1000 300( 

Vertical Effective Stress, y'vc   (kPa) 

Fig. 5.1 Isotropic Compression and Swelling Curves for Reconstituted "Block' 

Samples of Three Coastal Soils 



0.9 

I1 

74 

L 
- 

0.7 

w 
0 
Co 

> 0.6 

Banskhal 
Anwara 

----- Chandanaish 
- - - Bansh1i 

Anwara 
Chandanaish 

100 100(3 

Vertical Effective Stress, VC  (kPa) 

Fig. 5.2 K u-Compression and Swelliog Curves for Reconsliluled 131ock 

Samples of Three Coastal Soils 

0.5 

t 

0.4'- 
10 3000 



175 

lahle 5.1 Comparison of (ompressihililv Parameters of the Reconstituted 
Samples of I lie Three Coastal Soils 

Location of 

Soil 

II. 

(%) 

P! 

(%) 

From K- 

Coiisol idation 

From Isotropic Consolidation 

Ko) C(KU) CS(ISO)  

Banskhali 34 10 0.256 0.039 0.265 0.044 

Anwara 40 16 0.288 0.048 0.295 0.053 

Chandanaish 45 20 0.309 0.060 0.313 0.068 

5.3 Undrained Behaviour of Normally Consolidated "Block" Samples 

5.3.1 Effective Stress Paths 

'Flic effective stress l)a1h5  of,  the samples in q'- p' space are shown in Fig. 5.3 in the 

plot. The effective stress paths for the threc soils are found to be somewhat similar in 

this plot. The end points of the samples also seem to lie on a straight line which may 

pass through the origin for average line. 

5.3.2 Stress-Strain Relationship 

Fig. 5.4 presents the variation of axial strain with deviator .tress for reconstituted 

isotropically normally consolidated samples of Banskhali, Anwara and Chandanaish 

soils. From the Fig. 5.4. ii can be observed that the stress-strain diagram is nonlinear. 

The elastic modulus is higher at small strains and gradually decreases with increasing 

of strain. It can be seen from the figure that the stress-strain curves for the three 

normally consolidated samples show mild peak and a slight strain softening beyond 

the peak. At larger strain, the stress of normally consolidated samples increases very 

slowly and the three coastal soils exhibit similar behaviour. The undrained strength 

(sn), E,, and E5(, were determined from stress-strain data. The undrained shear 

properties for reconstituted isotropic normally consolidated soils are presented in 

Table 5.2. The undrained shear strength is determined from half of the peak deviator 

1. 
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stress. The initial tangent mo(lu I is was dctcrii'tincd by approximating stress-strain 

curves to hyperbolac as indicated by Kondrier and Zclasko (1963) in the form, 

(c'1 -c')=c/(a+bc) (5.1) 

where, (& I  - (T') = deviator stress 

c = axial strain 

a, b = constants 

The equation 5.1 when rewritten as I(' - o') = a + b f. is a straight line in c versus 

: '(at - &) or c versus q' graphical plot. Then the values of a and b was determined 

A 
from the plot as shown in Fig. 5.5. a is the ordinate at c = 0 and b is the slope of the 

line. 1/a gives the initial tangent modulus, E. The secant modulus (E50) was 

determinLd from the slope of the line joining the point at half of the peak deviator 

stress on the curve with zero axial strain. 

From Table 5.2 it can also be concluded that undrained strength (se),  axial strain at 

peak deviator stress (ce), initial tangent modulus (E) and secant modulus (E50) 

increased with the increase of plasticity. 

Table 5.2 Undrained Shear Properties for Reconstituted Isotropic Normally 
Consolidated Soils 

Location of 

the Soil 

P1 

% (kN/m) 

s, 

(kN/m)  

- cp 

(%) 

A1)  

(kN/m2) (kN/m2) 

Banskhali 10 150 596 11.0 0.82 37095 24525 

Anwara 16 150 62.7 11.8 0.79 39345 26145 

Chandanaish 20 150 65.0 13.5 0.74 41355 27555 
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5.3.3 Pore Pressure Response 

Fig. 5.6 preseilts the relationship between pore pressure change and axial strain for the 

isotropically normally consoli(lalcd samples from Banskhali, Anwara and 

Chandanaish. It can be seen from the Fig. 5.6 that pore pressure response decreases 

with the increase of plasticity. Skenipton's pore pressure parameter A at peak deviator 

stress (A1,) of the samples were determined which have already been presented in 

Table 5.2. It can be observed from Fable 5.2 that the values of A varied between 0.74 

and 0.82. It can also be found that the value of A1)  increased with the decrease of 

plasticity. Similar results were obtained by Varadarajan (1973). This may be due to 

present ol'highcr percentage of silt with the decrease of plasticity. 

5.4 Undrained Behaviour of Overconsolidated "Block" Samples 

.4.1 Effective Stress Path for Overconsolidated "Block" Sample 

Fig. 5.7 shows the undrained effective stress paths for overconsolidated "block" 

sample in p': q' space. In Fig. 5.7 it is shown that at low overconsolidation ratio (up to 

2) the sample behaves like a normally consolidated soil and for higher consolidation 

ratio the failure points lie on the dry side of the critical which exhibits dilation of the 

samples. Similar results were also observed for chandanaish soil 

5.4.2 Stress-Strain-Streii gth and Stiffness Characteristics 

Fig. 5.8 shows the typical variation of axial strain with deviator stress for 

reconstituted isotropically overconsol idated samples of Banskhial i and Anwara soi Is. 

From the Fig. 5.8, it can be observed that the stress-strain diagram is nonlinear and 

there was no sharp break betwcn the low compressibility and high compressibility 

behaviour. Crooks and Graham (1976) also showed that the stress-strain behaviour of 

samples consolidated isotropically under pressures less than the maximum past 

pressure, even at a stress below the overburden pressure, has no sharp break in P'13 

between the low compressibility and high compressibility behaviour. Similar 

behaviour was also shown by the sample from Chandanaish. Tables 5.3, 5.4 and 5.5 

present the values of s E5(/' E1/s,  E50Is,,, for the normally 

and overconsol idaic "block" samples of Banskhali, Anwara and Chandanaish soils, 
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Table 5.3 Undrained Shear Properties for Reconstituted Isotropic Normally 

Consolidated and Overconsolidated "Block" Samples of Banskhali 

Soil (P1 = 10) 

'kPa) 150 150 150 150 150 150 150 

o (kPa) 150 100 75 30 15 7.5 5 

OCR 1 1.5 2 5 10 20 30 

s, (kPa) 59.6 49.0 45.0 37.8 31.0 26.2 22.5 

(%) 11.0 10.22 9.35 8.72 8.14 

-0.13 

'.5 7.24 

A, 0.82 0.4i 0.33 -0.07 -0.28 -0.34 

0.397 U.49 0.60 1.26 2.067, 3.493 4.50 

1.0 1.234 1.51 3.174 5.214 8.791 11.335 

s,"'I 1.0 0.82 0.755 0.634 0.52 0.44 0.378 

247.3 299.6 364.5 728.0 1255.0 1897.0 2416.6 

Ei 163.5 200.0 241.4 487.0 827.6 1278.5 1625.4 

[/ s 622.3 611.5 607.5 578.0 559.0 543.0 537.0 

411.5 408.0 402.0 386.4 371.8 365.0 361.2 
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Fable 5.4 Ufl(llaille(1 Shear I> rOj)ertieS for Reconstituted Isotropic Normally 

Consolidated and Overconsolidated "Block" Samples of Anwara Soil 

(P1 = 16) 

o(kPa) 150 150 150 150 150 150 150 

y' (kPa) 150 100 75 30 15 7.5 5 

OCR 1 1.5 2 5 10 20 30 

s1, (kPa) 62.7 54.0 50.25 42.75 35.55 30.0 26.6 

11.8 10.7 10.12 9.25 8.7 8.2 7.32 

A1, 0.79 0.38 0.28 -0.11 

1.425 

-0.19 -033 -0.40 

s/cf 0.418 0.54 0.67 2.37, 4.0 5.32 

1.0 1.29 1.603 3.41 5.67 9.57 12.73 

1.0 0.86 0.80 0.682 0.566 0.478 0.424 

262.3 333.5 409.0 835.4 1350.4 2218.0 2882.0 

174.3 222.5 271.3 557.0 894.7 1472.0 1931,0 

627.5 617.6 610.4 586.0 569.8 554.5 541.7 

E511/  Su 417.0 412.0 405.0 391.0 377.5 368.0 363.0 

-A 
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i'able 5.5 Undrained Shear Properties for Reconstituted Isotropic Normally 

Consolidated and Overconsolidated 'Block" Samples of Chandanaish 

Soil (P1 = 20) 

(0a) 150 150 150 150 150 150 150 

& (kPa) 150 100 75 30 15 7.5 5 

OCR 1 1.5 2 5 10 20 30 

s, (kPa) 65.0 58.5 54.3 45.5 38,4 32.5 29.9 

, (%) 13.5 12.53 11.75 10.56 10.0 8.86 8.52 

Ap  0.74 0.34 0.23 -0.14 -0.25 -0.37 -0.45 

0.433 0.585 0.724 1.517 2.56 4.33 5.98 

1.0 1.35 1.67 3.5 5.9 10.0 13.8 

II' SI,
(110  
 1.0 0.9) 0.836 0.'0 0.59 0.50 0.46 

Eicy' 1, 275.7 365.6 445.6 902.4 1478.0 2422.0 3277.0 

183.7 243.4 296.3 600.6 984.0 1625.0 2201.0 

636 625 615 595 577 559 548 

Ec/Su  424 416 409 396 385 375 368 
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respectively. is the reduced consolidation pressure (i.e., preshear consolidation 

press(re) under which the sample was allowed to swell in triaxial cell. The strain at 

peak deviator stress (cr) varies between 7.24% and 13.5% for the three soils. It can be 

seen that, compared with normally consolidated samples, t, decreases with 

ovcrcorisolidation ratios 1 .5 to 30 from about 7% to 34%, 9%  to 38% and 7% to 37% 

for the samples from Banskhali, Anwara and Chandanaish, respectively. From Tables 

5.3 to 5.5, it is also observed that for the same overconsolidation ratio, 60  increased 

with the increase in plasticity index. 

From Tables 5.3 to 5.5, it is exhibited that undrained shear strength of these samples 

varies with OCR. For the same preconsolidation pressure, the strength decreases with 

'crease in OCR and from Fig. 5.8 it is observed that the undrained shear strength is 

reduced by swelling process. The amount of reduction of shear strength due to 

swelling depends on the extent to which the soil sample is allo\ved to swell. Thus for 

same 11 ax imum consolidation pressure, the undrained strength of normally 

consolidated sample is greater than that of overconsolidated sample since stress 

recession occurs at larger strain region. All these overconsolidated samples show clear 

peak strength. For these samples, failure stress has been considered at peak deviator 

stress. The undrained shear strength for these soils has been defThed as half of the 

peak deviator stress. 

The three overconsolidated coastal soils from Banskhali, Anwara and Chandanaish 

exhibited the undrained shear strength ratio (s/o' 0) ranging from 0.397 to 4.5, 0.418 

to 5.32 and 0.433 to 5.98, respectively which are already prcsentcJ in Tables 5.3 to 

5.5. The variation of undrained shear strength ratio (s,/f0)  with OCR in semi-log 

scale and log-log scale for the three soils is also shown in Fig. 5.9 and Fig. 5.10. In the 

Fig. 5 9, 5.10, the three coastal soils have been compared with other clays (Ladd and 

Foott, 1974 Mahar and O'Neill, 1983 Ameen and Safiullah, 1986; Ansary, 1993). 

The three soils produced curves having trend similar to other clays and close to the 

upper bound of other clays. In Fig. 5.11, the data for the three overconsolidated 

samples have been plotted as s1 /&, versus OCR in log-log scale. In log-log scale, the 

variation of s/a' with OCR yielded a straight line for each "block" sample. The 

intercept of each line with the ordinate is the undrained shear strength 
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ratio at normally loaded state (OUR 1) for that sample. At normally loaded state, the 

values of s/G' obtained froin eurvcs are 0.397, 0.418 and 0.43 for the three samples 

!iomi l3anskhali, Anwara and Cliandanalsh respectively. Anicen and Safiullah (1986) 

and Kamaluddin (1 999) reported that the values of SLJI'VC  for isotropic consolidation 

are 0.3 and 0.295 for soil Dhaka clay, respectively. 

The slope of each line, A"°, is the critical state pore pressure parameter for isotropic 

stress condition. for the above three samples are equal to 0.745, 0.761 and 0.775, 

respectively. The average valuc of A' is 0.76. This linear relationship indicates that 

the value of At "'m  is essentially constant with overconsolidation ratio for a soil. Ladd 

and Footi (1974), Mahar and O'Neill (1983) reported similar observations. Ladd et al. 

(1 977) reported A values ranging from 0.75 to 0.85 from direct shear tests on live 

other clays. The values of A are shown in Table 5.6. Ameemi md Safiullah (1986) 

reported that for Dhaka clay the value of A°° is 0.746 and Kamaluddin (1999) 

reported that for Dhaka clay the 'alue of At' is 0.734. Table 5.6 shows the difference 

between A(1s0)  experimentally determined froni s/cY' data and the approximate 

theoretical value of A(10) = [1_C 1s0)/C0) ] determined from consolidation tests. It is 

postulated that this discrepancy occurs because of problems in properly determining 

the swelling index parameter (Cs). During most routine laboratory testing, little 

attention is given to deFining a value of range of values for C It' appears that the 

swelling index is actually nontmincar on a plot of void ratio and log-effective stress and 

the value of C. vary with different overconsolidation ratio, while the value of A0s0) 

determined from data is constant for any overconsolidation ratio. 

Fig. 5.12 shows the variation of undrained shear strength ratio, Su ' /O.c  of normally 

consolidated soils with plasticity index while Fig. 5.13 shows the variation of critical 

iie pore pressure parameter, i\ with plasticity index. It can be seen that these plots 

are almost linear (R = 0.94 to 0.97). In Fig. 5.12 the data for oilier coastal soils have 

also been plotted for comparison with the results obtained from the present study. 

From Fig. 5.12 and 5.13, values of and A, respectively can be predicted for 

any soil of plasticity within 10 to 20% from the curves of present study. For practical 

purposes, the average value 0.76 of A may be used for the three soils, as this value is 

more accurate than the curves value (approximate value from consolidation test). 
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Figs. 5. 14 and 5.15 show the variation of normalized undrained strength ratio (a) with 

OCR and these curves are compared with the ranges provided by Ladd and Foott 

(1974) and also with the curves of Mahar and O'Neill (1983) and Ladd Ct al. (1977). 

In Fig. 5,14 normalized plots of four coastal soils investigated by Ansary, 1993 are 

also included for comparison with the prcscnt study. From Figs. 5.14 and 5.15, it is 

"ident that almost all portion of the curves of the three reconstituted soils lie within 

the limits proposed by Ladd and Foott (1974). Ladd and Foott (1974), Mitachi and 

Kitago (1976), Mayne (1980), Mahar and O'Neill (1983), Arisary (1993) reported 

similar observations. The critical state pore pressure parameters (A(so)  and Ao(0)  for 

isotropic and K(  conditions have also been determined fioni consolidation and 

swelling indices as shown in Table 5. 1 . The values of AOSO)  found from the relations 

[1-C/C1°] become equal to 0.835, 0.82 and 0.783 for the samples from Banskhali, 

Anwara and Chandanaish, respectively. The values of AK0)  found from the relations 

[lC0h/CK0h] become equal to 0.847, 0.832, 0.806 for the samples from Banskhali, 

Anwara and Chandanaish, respectively. It shows that the values of A° obtained from 

e-log', plot give higher values than those of A°"'>, but the difference is insignificant. 

it is also evident that the values of Al"")  From e-log' plot give higher values than that 

determined from experimental piot of log vs. log (OCR) for all the soils. 

Mitachii and Kitago (1976) also provided similar results but the values were close. 

Ameen and Safiullah (1986) and Kamaluddin (1999) reported fat the value of A°1  

from c-logo. plot, gives higher value than that determined from experimental plot of 

log (s/')  vs. log (OCR) for Dhaka clay. The predicted values of theni arc shown in 

Table 5.6. 

The normalized parameters E/s, E50/s, Es(JOVO are shown in Tables 5.3 to 5.5 

for the samples from Banskhali, Anwara and Chandanaish. The initial tangent 

modulus (F) and the secant modulus (F50) were predicted by the same procedure as 

described in Article 7.3.1. The ranges of E1/s1  and E/o 0  are 537.0 to 636.0 and 247.3 

to 3277.0 respectively (for OCR = 1 .0 to 30) for three samples. The ranges of E5/s, 

arc 361.2 to 424.0 and 163.5 to 2201.0 respectively (for OCR = 1.0 to 30) for 
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'Fable 5.6 Critical State Pore Pressure Parameter, A 

Location of P1 Dctcriuined from Determined from Slope of log (s/o 0) 

Soil % [1 -C/C )} [1 C(IC0] vs. log OCR 

(isotropic (Ku-compression) (isotropic) 

compression) 

Banskhali 10 0.835 0.847 0.745 

Anwara 16 0.820 0.832 0.761 0.76 

(average) 
Chandanaish 20 0.783 0.806 0.775 

Dhaka(1) 22 0.87 0.907 0.746 

Dhaka(2) 23 0.863 - 0.821 

(I) Ahicen and Saliullali (1986) 

(2) Kamaluddin (1999) 
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three samp 's. The variation of these normalized parameters as a function of OCR are 

prcscntcd in Figs. 5.16 to 5.19 in semi-log scale. From Figs. 5.16 and 5.19, it is 

concluded that the normalized parameters, E1/',0  and E5(/o increased with the 

increase of OCR. At higher OCR values, the same effect is highly pronounced. 

Yudhhir Ct al. (1975) had found similar trend for Wcald clay, Rann of Kutch clay and 

Kanpur clay. Ladd (1964) and Varadarajan (1973) reported similar observation for 

other clays. It is also noted from Figs. 5.16 to 5.19 that the normalized parameters, 

E1 /s and  E)/5U,  decreased with the increase of OCR. The tren'1 of variation of these 

curves fbr three samples fr in Banskhali, Anwara and Chandanaish is similar to the 

investigation made by Appc)loii:a et al. (1971) o i Bangkok clay (LL = 65, P1 = 41), 

Maine organic clay (LL = 65 ± 10, P1 = 33 ± 2) and Boston blue clay (LL = 41, P1 = 

22) and Kamaluddin (1999) on Dhaka clay (11 = 43, P1 = 23). 

5.4.3 Pore Pressure Cli a racteristics 

Fig. 5.20 presents the variation of excess pore pressure (au) with respect to axial 

strain (c) for all the overconsolidated samples from Banskhali and Anwara, sheared 

from the isotropic stress state. Similar behaviour has also bcenshown by the sample 

from Chandanaish. Pore pressure in all samples decreases with increasing 

overconsolidation, the rate of reduction decreased with increasing values of OCR. For 

hL."ily overconsolidated samples (OCR > 4) the pore pressure is found to increase 

slightly in the initial phase of shear, thereafter pore pressure decreased continuously 

until failure is reached. However, for lightly overconsolidated samples, the pore 

pressure increased initially and then there was a gradual decrease until failure. The 

behaviour of the sample sheared from 100 kN/1112  preshcar consolidation is very 

similar to that of normally consolidated sample. This behaviour was observed similar 

I the samples from Banskhali, Anwara and Chandanaish. The pore pressure 

eter. A i, peak deviator stress. A1, for each sample is shown in Tables 5.3 to 5.5. 
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Fie 5.2 1 shows the variation o the pole pressure parameter A at peak deviator stress, 

All \vitll the overconsolidation ratio br the three reconstituted samples from 

Baiiskhali, Anwara and Chandanaish. [hose curves also compared with the typical 

curve given by Head (1986). From the Fig. 5.21, It might be concluded that the value 

of Al, decreases with the increase in the ovcrconsolidation ratio. The observed values 

of A1, for the lightly ovcrconsolidatcd sample (OCR < 4.0) remained positive and it 

was negative in the higher OCR for all samples from the three locations. Similar 

resu Its alSO reported by II cad (I 986), M aync and Stewart (I 988). 

5.5 Model for Prediction of,  udrained Shear Strength of the Reconstituted 

Coastal Soils 

5.5.1 Shear Strength Model for Normally Consolidated Soils 

From :'-'e discussion of Art. 5.4.2, it was observed that the variation of undrained shear 

strength ratio (sIo,)  with OCR in semi-log scale for the three soils is nonlinear, 

while in log-log scale they represents linear relationship. Similar graphs were also 

plotted by Mitachi and Kitago (1976), Mayne (1980) for other clays and those were 

straight lines in behaviour. From Fig. 5.11 it is noted that the intercept of each line is 

the undrained shear strength ratio at normally loaded state (OCR = I) for that sample. 

At normally loaded state, the vaIus at the intercepts are 0.397, 0.418 and 0.43 for the 

three samples from Banskhali, Anwara and Chandanaish respectively. These values 

are known as experimental values of undrained shear strength ratio (s,/a') at 

i sotropical ly normally loaded state. So these three experimentally determined values 

can be used to predict undrained shear strength of the respective soil at isotropically 

normally loaded state as the following equations. 

0.397 o, for reconstituted l3anskhali soil (5.2a) 

0.418 for reconstituted Anwara soil (5.2b) 

= 0.43 fo. reconstituted Chandanaish soil (5.2c) 

where is the overburden pressure. 
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5.5.2 Shear Strength Model for Overconsolidated Soils 

Undrained shear strength of reconstituted coastal soils at overcoosolidated state can be 

predicted by using curves showii in Fig. 5. 15, where a vcrsus OCR has been plotted 

in semi-log scale. Here a is the ratio of undrained shear strength ratio for 

overconso I idated state and normally consolidated state [s(hl/l}.  The 

values of for normally consolidated state have been found experimenta]ly 

which are 0.397, 0.418 and 0.43 for die reconstituted soils from Banskhali, Anwara 

and Chandanaish, respectively. So from Fig. 5. 14, 

(X = [s,1 '/o',.,] / [s1(hh/ol] 

that is sc = 0.397 x a x for reconstituted Banskhali soil (5.3a) 

that is = 0.418 x a x for reconstituted Anwara soil (5.3b) 

that is = 0.430 x a x for reconstituted Chandanaish soil (5.3c) 

Where is the in situ overburden pressure corresponding to isotropic stress 

condition. Simons (1960), Ladd et al. (1977) and Mahar and O'Neill (1983) used such 

curves to predict SOd>  for clays investigated by them. 

For a particular value of OCR (where, OCR = / a can be found out from Fig. 

and then from above relations undrained shear strength for overconsolidated soil 

can be predicted. The OCR of a soil under certain overburden pressure can be known 

if past maximum pressure of the soil is known. The past maximum pressure (a') can 

be predicted fr'im e -- log curve (Fig. 5.1) if void ratio and overburden pressure of 

in situ soil are known. Aller locating the point of void ratio and the overburden 

pressure of in situ soil, in Fig. 5.1, a line is drawn parallel to the nearest 

overconsolidated line in the figure. The point of intersection of this drawn line and the 

normally loaded line in the Figure will have its abscissa equal to the predicted value 

of past maximum pressure (') of the soil. 

or 

The undrained sheaieng(h of overconsolidated soils can also be predicted from the 

curves of Fig. 5.9 to Fig. 5.11. In thc Figs 5.11 to 5.11, 5/0J()  versus log OCR has 
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h.'CU plotted for all the soils. For a particular OCR, 'lhc undrained shear strength of 

the tlii cc soils for isotropic stress COI1(li( ion caii be found out from thcsc curves. OCR 

can be predicted if void ratio and overburden pressure of the soils are known by using 

- 

1ogoJ pioi (Fig, 5.1) as stated above. 

As discussed in literature ICVIC\V, Atkinson and Bransby (1978) has derived an 

expression of the undrained shear strength of an overconsolidated soil in terms of its 

normally consolidated strength raised to a power function. Later on this equation was 

used by Mitachi and Kitago (1976) as model for undrained shear strength of 

overconsolidated soils. The equation is as follows: 

[ s°/ cy'.11  ] = [ 
(IR)/ ]x (OCR)' (5.4) 

It has been shown in Article 5.'. I that the cxpeiimeiilal data of undrained shear 

strength ratio (s110 / and OCR when plotted in log-log scale produced straight 

lines for the three soils. This has been shown in Fig. 5.11. In this Figure, the equation 

of the lines for isotropic stress eondition.is  as follows: 

(0)/ O ] = [ s 1 / ]x (OCR)' (iso) (5.5) 

At"' is the slope of each line for overconsolidated samples shown in Fig. 5.11. The 

slope of the lines have been determined from the plot of Fig. 5.11 which are 0.745, 

0.761 and 0.775 for the samples from Banskhali, Anwara and Chandanaish 

respectively. The intercepts of the lines at OCR = 1 are undrained shear strength ratio 

at normally consolidated state which are 0.397, 0.418 and 0.43 for the samples from 

'inskhali, Anwara and Chandanaish respectively. These straight lines can be used as 

model to detenmne undrained shear strength of the three soils. By replacing the values 

of A°1  and for three soils, the equation 5.5 can be written as follows: 

= 0.397 x (o) (''>)°
255  
 for Banskhali Soil (5.6a) 

-F 5U  - 
(oc) 

0.418  x (a's,)0701 , 
a)

0239 for Anwara Soil (5.6b) 

S"(00 () 775 
= 0.43 x (o) (I)0225 for Chandanaish Soil (5.6c) 



Or in general. 0.4 15 x )o (J) for the three soils (5.6(1) 

For practical purposcs, the model as in eqn. (5.6d) may be very helpful to predict 

where 0.415 is the average value of the three values of 5L1  and 0.76 is the average 

value of A. o, and are the past maximum pressure and overburden pressure, 

respectively. As discussed earlier, the past maximum pressure can be predicted from e 

log curve (Fig. 5.1) ii void ratio and overburden pressure are known. 

For any soil of plasticity index within 10 to 201/o, the equation (5.5) can also be 

applied to find out the undraincd shear strength of overconsolidated soil if overburden 

pressure is known. The value 0.76 of A(s0)  should be used in general eqn.for more 

accurate value of as the value predicted from consolidation data is approximate. 

Table 5.7 gives a list of model equations, discussed so far, useful for prediction of 

undrained shear strength of the hrcc rcc.mstitited coastal soils from Banskhali, 

Anwara and Chandanaish. After all present research suggests to use three models just 

above the last model or in general the last model of the Table 5.7 for predicting 

undrained shear strength of normally consolidated and overconsol idated soils. 

Table 5.7 Models for Prediction of Undrained Shear Strength 

Location of 

Soil 

Stress history Equation Derived from 

Plot! Model 

Equation for Isotropicahly 

Consolidated Soil 

Banskhali For NC soil s vs. & plot S
U I1C) 

= 0.397 o 

Anwara For NC soil s vs. & plot s,,(nc 
 = 0. 418 o 

Chandanaish For NC soil s vs. plot s1,(nC) 
 = 0.430 cf 

Banskhali For OC soil a vs. OCR plot s1,(oc) 
 = 0.397x a x 

Anwara For OC' soil a vs. OCR plot S. = 0.418x (x x 

Chandanaish For OC soil a vs. OCR plot s' = 0.430x a x 

Banskhali For NC  & OC Mitachi & Kitago (1976) s,(oc) 
= 0.397 x ((Y,,

)0.741 
( ) 

0.255 

Anwara For NC' & OC M itachi & Kitago (1976) ' 
o =  0.418 x (,)0761 

( 
)0.239  s 

Chandanaish For NC & OC Mitachi & Kitago (1976) s, 1(") 
= 0.43 x (&)° (l)o22) 

For 3 soils For NC & OC Mitachi & Kitago (1976) s01° = 0.415 x ()0,76 
(H

0.24 

(General equation for three soils) 

NC Normally consolidated: OC : Overconsolidated 
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5.6 Void Index and Intrinsic Compression I iiics 

Figs. 5.1 and 5.2 show the K( -consolidation and isotropic consolidation curves, 

respectively for the reconstituted soils of three locations of coastal region. These 

tigwc also show swelling curves. The compression and swelling curves plotted in 

Figs. 5.1 and 5.2 represent the intrinsic compression curves and intrinsic swelling 

curves for the three soils, since each soil was reconstituted at water content of 1.5 

times of the 1iuid limit. It is useful to normalize these laboratory compression curves 

with respect to void ratio. 

Referring to Burland's concept (1990) the intrinsic compression curves shown 

qualitatively in Fig. 2.9, has been normalized with respect to void ratio as shown in 

Fig. 2.11. Similarly, the intrinsic compression curves for the coastal region shown in 

Figs. 5.1and 5.2 have been normalized by plotting void index, l, versus log CY'v  and 

shown in Figs. 5.22 and 5.23. Burland's curve are also shown in Figs. 5.22 and 5.23 

for comparison. l, is defined by the iollowing equation in terms of the two intrinsic 

constants e and C. 

* 
, e—eioo 

(5.7a) 
Ce  

where C = e 100  - 
C. 

MOO 

The intrinsic void ratios, e' ()  have been found as 0.7805, 0.812 and 0.832 for the three 

K 1-consolidated soils from Banskhali, Anwara and Chandanaish respectively, while 

0.754, 0.773 and 0.797 for the three isotropic consolidated soils from Banskhali, 

Anwara and Chandanaish, respectively. The intrinsic void ratios (c'10) have been 

found as 0.522, 0.52 and 0.518 for the three K0-consolidated soils from Banskhali, 

Anwara and Chandanaish, respectively, while 0.489, 0.478 and 0.484 for the three 

isotropic consolidated soils from Banskhali. Anwara and Chandanaish, respectively. 

The intrinsic void ratio (C'1(Q), intrinsic compressibility (Ce ), void ratio at the liquid 

limit (es ) and the equation of void index in both K0  and isotropic compressive stress 

conditiuii for the three locations of the coastal region are shown in Table 5.8. By  using 

/ the equations given for the void index in Table 5.8, intrinsic compression lines for the 

three Coastal soils are plotted in Figs. 5.22 and 5.23 for K )  and isotropic compression, 

respectively. In Fig. 5.22 the intrinsic compression lines of four other coastal soils 
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(Ansary, 1993) has been drawn for comparison. From the curves in Figs. 5.22 and 

5.23, it is shown that thc CLIFVCS thus constructed almost coincide with the intrinsic 

compression line (ICL) drawn by the k)liowing equation (5.7b) Furnished by Burland 

(1990) which represents ICL Ibr most clays. So the following equation is also 

applicable to these three coastal soils. 

l \ ..S 1.285x+0.015x3 (5. 7h) 

where, x = log in kN/1112. 

The intrinsic cunstarits C 10()  and C may also be predicted from the following 

empirical equations (5.7c) and (5.7d) which was suggested by Burland (1990). 

= 0.109 + 0.679 e1  --0.089 c1 2  + 0.016 c1 3 (5.7c) 

and 

= 0.256 e1  - 0.04 (5.7d) 

where c1  is the void ratio at liquid limit. 

The values of intrinsic swelling index (Cs') have been found from Fig. 5.1 and 5.2 for 

K()  and isotropic compression respectively of the three samples from Banskhali, 

Anwara and Chandanaish. These 'values are SI1OWI in Table 5.. [he intrinsic 

properties of the four other coastal soils are showii in Table 5.9 for comparison with 

the j)resenl study. it can be concluded that the variation of the values of intrinsic 

properties among two Tables 5.8 and 5.9 was not so deviated. From Fig. 5.22 and Fig. 

5.23, it can be concluded that for both isotropic and K consolidated soil Burland's 

(1990) equation can be used for constructing ICL of these three coastal soils. 
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Table 5.8 Inti Alisic Properties of the Soils of Three Locations of Coastal Region 

Intrinsic 

Parameters 

Stress 

('ond I lion 

(eon1prcssun) 

I Location olthc Soils 

I3anskha Ii Anwara Chandanaish 

C2  

F 

K4, 0.915 1.080 1.224 

e WO K 2  0.7805 

0.256 

0.812 

0.285 

0.832 

( 1K 0.309 

K 

K, 

0.039 0.048 0.060 

Equation for L (c-0.7805)I0.256 (e-0.812)/0.288 (e-0.832)/0.309 

Isotropic 0.915 1.08 1.224 

Isotropic 0.754 0.773 0.797 

Isotropic 0.265 0.295 0.313 

Isotropic 0.044 0.053 0.068 

Equation for I Isotropic (c-0.754)! 0.265 (c-0.773)/0.295 (c-0.797)/0.3 13 

Table 5.9 Intrinsic Properties of the Soils of Four Locations of Coastal Region 

(after Ansary et al., 1999) 

Soil LL (°/) c1  e 00  Cc

. 
 Eqn. for l 

59 1.65 1.02 0.405 (e- 1 .02)/0.405 

i3 41 1.11 0.73 0.242 (e-0.73)/0.242 

KA 45 
- 1.19 0.80 0.295 (c-0.80)/0.295 

66 0.272 0.73 (1.272 (c-0.73)/0.272 
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CHAP'I'ER 6 

CRITICAL STATE PARAMETERS AND 

STATE BOUNDARY SU FACE 

6.1 Critical State Parameters for Isotropic Compression 

Figs. 6.1 to 6.3 show the results of isotropic compression and swelling tests in triaxial 

ccli for the three reconstituted samples from Banskhali, Anwara and Chandanaish 

respectiecly in (In i',  v) space where p' is the average effective stress ( 1'+o'+G31)I3 

and v is the specific volume (i,e., I-fe). In the Figures the line AB is the isotropic 

virgin compression line (often called the isotropic normal consolidation line) and the 

line BC is the average line of swelling and recompression lines. The values of 

compression index, ? (slope of line AB in Figs. 6.1 - 6.3) were computed to be 

- 0. 115, - 0.128 and - 0. 130 and the values of swelling index, K (slope of line BC) 

were computed to be - 0.019, - 0.023 and - 0.03 for the samples from Banskhali, 

Anwara and Chandanaish, respectively. From the Figs. 6.1 to 6.3, it was found that 

the values of N are 2.29, 2.37 and 2.45 for the samples from I3anskhali, Anwara and 

Chandanaish respectively. The values of soi1  constants X, N, K and A for isotropic 

normal consolidation and swelling lines of the three samples from Banskhali, Anwara 

and Chandanaish are presented in Table 6. 1 

it is evident that if the soil sample is loaded isotropically from A, the normal 

consolidation line (NCL) always follows the path AB and its state may be moved to 

the left of AB by unloading along  a swclliig line such as BC, but it is not possible to 

move the slate of the soil to the right of AB. The line AB represents a boundary 

between possible states to the left and impossible states to the right as indicated in the 

Figs. 6.1 to 6.3. It can also be concluded that the values of X, N, K and vk  increased 

with the increase of plasticity for isotropically normally consolidated samples, whie 

the values of i\ decreased with the increase of plasticity. Similar behaviour were 

observed by Hvorslev (1949) and Parry (1956). 
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Table 6.1 Values of Critical State Soil Parameters un(lcr Isotropic Stress 

Condition 

Parameters 

B :inskhali 

0.115 

Location of Soils 

Anwara 

0.128 

Chandanaish 

0.136 X 

K 0,019 0.023 0.03 

A 0.835 0.82 0.783 

N 2.29 2.37 2.45 

vk  1.77 1.80 1.86 

6.2 Critical State Parameters for 1,1,0  Compression 

Figs. 6.4 to 6.6 present [lie results of' K0-comprcssion and swelling tests in triaxial cell 

for the three samples from Banskhali, Anwara and Chandanaish respectively in (In p', 

v) space. In the Figures line AB is the K()  virgin compression line (often called the K0  

normal consolidation line) and the line BC is the average line of swelling and 

i'ecompression line. From the Figs. 6.4 to 6.6, it is cxhibicd that the values of 

compression index, X (slope of' line AB) arc 0. 111, 0.125 and 0. 134 and the values of 

swelling index, K (slope of line BC) arc 0.017, 0.021 and 0.026 for the samples from 

Banskhali, Anwara and Chandanaish, respectively. From the Figs. 6.4 to 6.6, it is 

found that the values of N,, arc 2.252, 2.345 and 2.402 for the samples from 

Banskhali, Anwara and Chandanaish, respcctiv&v. From the Figs. 6.4 to 6.6, it is 

found that the values of v are 1.786, 1.827 and 1.87 for the samples from Banskhali, 

Anwara and Chandanaish, respectively. 

The values of soil constants X, Ni>, I< and A()  for K0  normal consolidation and swelling 

line of the three samples from 13 inskhali, !\nwala anu Chandanaish arc presented in 

Table 6.2. 

'2* 
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Table 6.2 Values of Critical State Soil Parameters under K0-Stress Condition 

Parameters Location of Soils 

Banskhali Anwara Chandanaish 

0.111 0.125 0.134 

K 0.017 0.021 0.026 

A()  0.847 0.832 0.806 

No  2.252 2.345 2.402 

vk  1.786 - 1.827 1.87 
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It is evident that if the soil sample is loaded one-dimensionally from A, the K0  normal 

consolidation line (K()  NCL) always will follow the path AB and its state may be 

moved to the left of AB by unloading along it swelling line such as BC, but it is not 

possible to move the state of the soil to the right of AB. The line AB represents a 

boundary between possible states to the lcfl and impossible states to the right as 

indicated in the Figs. 6.4 to 6.6. it is also evident that K0  normally consolidated 

samples behaved similar as in isotropically normally consolidated samples in terms of 

the values of X, N0, K, Vk  and A. From lables 6.1 and 6.2 it is observed that the values 

of X. K. N are higher lbr isotropic stress condition while the values of v and A are 

higher for K0  stress condition fbr three coastal soils but the differences are 

insignificant. 

-4'  

6.3 Critical State Lines of the Coastal Soils 

Fig. 6.7 preseilts the critical state line (CSL) in (p', q') plot for three isotropically 

normally consolidated samples from l3anskhali, Anwara and Chandanaish. Though 

the critical state line is a curved line in three dimensional (p',v, q') space as shown in 

Fig. 2.39, the projection of the CSL onto the q' p' plane is a straight line and can be 

represented by the following equation 

= lvi p' (6.1) 

where M is the gradient of the CSL. q' and p' are the values of deviator stress and 

mean effective stress respectively at the failure point. In the Fig. 6.7, the lines joining 

ABl, AB2 and AB3 are called the CSL of Banskhali, Anwara and Chandanaish, 

respectively. The values of lvi thus obtained are 1 .34, 1.32 and 1.31 for the three 

samples from Banskhali, Anwara and Chandanaish, respectively. From the 

fliprCSSioii test, the effective angle of internal friction, 4)' was found to be 33.210, 

32.750 and 32.5 for isotropic consolidated samples from Banskhali, Anwara and 

Chandanaish, respectively.. From the results it is evident that the values of M and 4)' 

increased with the decrease of plasticity for isotropically normally consolidated 

samples. Similar results were obtained by I ivorslev (1949) and Pariy (1956). 
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6.4 State Boundary Snrfaies of the Coastal Soils 

A. 
To establish the state boundary surliice of reconstituted soils, the samples of normally 

consolidated, lightly overconsolidatcd and heavily overconsolidated were sheared in 

triaxial cell under isotropic stress condition. The overconsolidation ratios were ranged 

from 1.5 to 30. The effective undrained stress PItl1S in p' - q' space of the samples are 

sitc'vn in Figs. 6.8 to 6.10 for three soils. Since these undrained stress paths are 

sections of the state boundary surface by constant void ratio planes, it is possible to 

transforin the 3-dimensional state boundary surface (p' : c : q' space) to a 2-

dimensional curve by a suitable selection of stress parameters. The parameters 

selected were q'/p',  and p'/p', where the parameter p is similar to that suggested by 

1-lvorslev (1949). 

p1 = p' exp[(e0  - e)I7.] (6.2) 

where p' and Co  correspond to the isotropic stress and void ratio respectively on the 

isotropic consolidation line inan e - log p') plot. For undrained test, void ratio is 

constant throughout the shear test. i.e., e, = c. Then p. = p'. in these plets (Figs. 6.8 to 

6.10) the critical state line is reduced to a single uniquC critical state point indicated by 

B Thc normalized stress paths obtained from the undrained test on three samples are 

shown in Figs. 6.11 to 6.13 together with points representing the isotropic normal 

compression lines from Figs. 6.1 to 6.3 and the critical state lines for compression 

from Fig. 6.7. Together these dcfine a smooth state boundary surface for each 

reconstituted sample of the three coastal soils as given by the line DB. 

The framework provided by the intrinsic behaviour may be extended to include 

shearing behaviour. The critical state framework (Roscoc, Schofield and Wroth, 1958) 

unifies the work of Rendulic (1937) for normally consolidated soils and Hvorslev 

(1937) for overconsolidated soils. It is of the utmost importance to appreciate that this 

°ramcwork was developed from the results of tests on reconstituted soils from 

B anskhal i, .Anvara and Chandanaish. 
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Fits. 6.11 to 6.13 show the failure envelope for thc reconstituted SOIlS in a normalized 

plot of q'/p' against p'/p'. The lill l ine BC is the intrinsic I lvorslev fttilure surface, 

where failure is defined by the following normalized Mohr-Couloinb equation 

I / I): = X'  -I- (5'/p) tan) (6.3) 

\vhcrc. x' = the cohesive intercept of the intrinsic failure surface, which is given by the 

distance AC in Figs. 6.11 to 6. 13, 

= equivalent pressure on the intrinsic compression curve corresponding to 

the void ratio of the natural soil at yield. 

The line DB is the intrinsic Roscoc-Rendulic boundary surface for normally 

consolidated soils. The point B is the intrinsic critical state line (CSL) having an angle 

of intrinsic shearing resistance 4' and no cohesion. The location of the critical state 

line is defined by the important quantities V/PC  and q'Ip'. The state defined by a 

point in (q', p', e) space, of a young reconstituted soil can not lie outside the lines DB 

and BC, which are therefore known as intrinsic state boundary surfaces. No tension 

cut-oil line AE is also shown in ::igs. 6.11 to 6.13. The slopes oi Flvorslcv surface, H 

for isotropic compression, were obtained as 1 .053, 1.086 and 1.136 for reconstituted 

Banskhal i . Anwara and Cliaiidanaish soils, respectively. 

101 The behaviour of the heavily overconsolidated samples (OCR = 10, 20 and 30) can be 

seen to be strongly dilatant, with the undrained effective stress paths travelling a long 

way up to the right before rupture. 

6.5 Correlation of Critical State Parameters with Plasticity Index 

To specify the sonic constitulive models such as Cam clay model (Schofield and 

Vroth, 1968), the following four basic soil parameters are required: X, K, M and N. In 

order to specify the behaviour of the models, three other values are also required to 

dcsL. be  the current condition of the soils, namely, initial void ratio (or specific 

volume), current stress state and the K-values Of the soils. The above critical state soil 

parameters of reconstituted samples were used to study whether it is possible to 

determine parameters speci lying a conslitutive soil model simply by using the 
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plaStiCit) ifl(ICX. in the following section the correlation of the listed five basic 

P1ILmCtC15 with plasticity index has L)eCl1 established. 
.1 

Figs. 6.14 and 6.15 show the compressibility index, X and swHling index, K data from 

the results of triaxial tests in isotropic and K(, stress conditions, plotted against the 

plasticity mdcx (P1). As shown in tik Figs. 6.14 and 6.15, the compressibility of soils 

increases with increasing plasticity index. This trend has been repeatedly reported by 

various researchers. In their experiments, Kurata and Fujishita (1961) and Akio 

Nakase, et at. (1988) reported the existence of a linear relationship between P1 and 

compressibility. Ogawa and Matsumoto (1978) found a similar relationship, deduced 

Iru. i a massive amount of oedomeler test data related to the constnmction of port and 

harbor facilities in Japan. Critical state soil mechanics theory (Schofield and Wroth, 

1968) also predicted this relationship, expressed as 

= 0.00585 P1 (6.4) 

A similar relationship was fouad between the swelling index and the plasticity index. 

Similar behaviour was also observed by Hvorslcv and Parry (After Schofield and 

Wroth, 1968) and Akio Nakase et al. (1988). Regression lines for these relationships 

obtained from the present data can be given as 

for isotropic stress condil ion. 

= 0.09405 + 0.00211 P1 6.5(a) 

K = 00076() + 0.0() II P1 6.5(h) 

for K,, stiess condition. 

X = 0.088 + 0.0023 P1 6.6(a) 

K = 0.00782 + 0.00088 P1 6.6(b) 

The values of the correlation cocilicient (R) are high. R = 1.0 and 0.97 to 0.98 for the 

compressibility index and the swelling index respectively. 
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Fig. 6.16 illustrates the relationship of N1 and NO  [or NKO)]  (the values of spccific 

A 
volume at p' = 1.0 kPa on isotropical I)' and K0  normally consolidated line 

respectively) with Pt. Fig. 6.17 illustrates the relationship of the critical state 

parameters, Miso  with P1. It was found from the Figs. 6.16 and 6.17 that there exists a 

linear relationship of N''°, NK()  and M °  with P1. From Figs. 6.16 and 6.17 it is also 

evident that the values of N'5°  and increase with the increase of P1, while the 

values of M'°  decrease with the increase of P1. Similar behaviour was reported by 

Sch field and Wro(h, 1968) for isotropic stress condition. Akio Nakase et al. (1988) 

reported for K()  stress condition that the values of NKO  increase with the increase of 

P1, while M'5°  is constant with P1. The resulting relationships for the present study are 

A as follows: 

for isotropic stress condition. 

N = 2.128 ± 0.0158 P1 6.7(a) 

M = 1.37 (1 -0.0022 P1) 6.7(b) 

for K. stress condition. 

N0 =2.1024+0.0l5Pl 6.8 

The values of the coefficient of correlation (R) obtained are the remarkably high 

values of 0.99 to 1.0 for NKO and MlSo.  Fig. 6.18 shows the relationship between 

the slope of Hvorslev surface, H and P1. It was found that the value of H decreases 

with the increase of Pt. I'hesc correlations are summarized in Table 6.3. 

6.6 Comparison of Experimental Stress-Strain and Stres3 Path with the 

Prediction Values from 'Iwo Critical State Models 

In this section, the experimentall observed stress-strain and effective stress path are 

compared with those from Critical State 1'heories. Two theories have been employed 

and these are the Cam Clay Theory by Roscoe. Schofield and Thurairajah (1963); and 

Modified Cam Clay Theory by Roscoe and Burland (1968). 
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4. 

YL 

Table 6.3 Constitutive Equations of Critical State Soil Parameters with 

Plasticity Index 

Relationship of Parameters Stress Condition Coefficient of Correlation 

(R) 

X = 0.094 ± 0.0021 PT Isotropic consolidation 1.0 

K = 0.00766 + 0.0011 PT Isotropic consolidation 0.97 

N = 2.128 + 0.0158 P1 Isotropic consolidation 0.99 

M = 1.37(1-0.0022 P1) Isotropic consolidation 1.0 

H = 1.219(1-0.0068 P1) Isotropic consolidation 1.0 

= 0.088 + 0.0023 P1 K0-consolidation 1.0 

K = 0.00782 ± 0.00088 P1 K(1colisolida(ton 0.98 

No  = 2.1024 + 0.015 P1 K0-consolidation 1.0 
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The fundamental soil parameters used in the Critical State Theories are ?, K and M, in 

which X = tlic slope of the isotropic normally consolidation line in v, in p' plot; K = 

the slope of isotropic swelling line in v, In p' plot; and M = the slope of the critical 

state line in the q', p' plot. Previously it was found that the values of 2. are 0.115, 

0.128 and 0.136 for the reconctituted aniplc frcm Banskhali, Anwara and 

Chandanaish respectively, and (he corresponding values of K are 0.019, 0.023 and 

0.03. Also, the critical state parameters, M, for the three soils have been found to be as 

1.34, 1..2 and 1.31 respectively. 

Two programmes were developed, one for Cam Clay model and another for Modified 

Cam Clay model. The values of X, K, M, A, v, w and preshear consolidation pressure 

as shown in the previous sections are used for the prediction of stress and strains using 

the two models. The programmes used are shown in "APPENDIX-I" and 

"APPENDIX-Il". To develop the programs, equations (2.15(1), (2.1 5e), (2.15g) were 

used for Cam Clay model and equations (2.18), (2.1 9a) and (2.20) were used for 

Modified Cam Clay model. 

Figs. 6.19 to 6.21 show the comparative stress-strain plot of experimental data for 

Chaidanaish soil with the predicted data using Cam Clay and Modified Cam Clay 

1*1 Models. From the Figs. 6.19 to 6.21, it is observed that Modified Cam Clay Model 

better represents the experimental curve than Cam Clay Model. Similar behaviours 

were Ibund by Balasubramaniam and Chaudhry (1978) for Bangkok clay. At Low 

strain level (up to 40/0) modified Cam Clay Model overestimates the values of deviator 

stress while at relatively large strain levels, modified Cam Clay Models slightly 

underestimates the values of deviator stress. Cam Clay Model highly underestimates 

the value of deviator stress at all strain levels. Figs. 6.22 to 6.24 show the typical 

elThctive stress path l)lots of experimental data for three soils with thu predicted data 

using Cam Clay and Modified Cam Clay Models. From the Figs. 6.22 to 6.24, it has 
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been observed that effective stress path Iiom Modified Cam Clay Model is very close 

to the experimental curve than Cam Clay Model. Similar results were found by 
4.' 

Balasubramaniam and Chaudhry (1978) for Bangkok clay. From the Fig. 6.22 to 6.24 

it can be concluded that the experimental stress paths are in tiuch better agreement 

with that predicted using Modified Cam Clay Model than that predicted using Cam 

Clay Model. 
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CHAPTER 7 

BEHAVIOUR OF "IN SiTU" AND "PERFECT" AMP1ES AND 

EFFECTS OF "PERFECT" SAMPLING DISTURBANCE 

7.1 General 

A basic idea of the present research is that the behaviour of "in situ" samples will be 

used as a reference to assess the effects of smp1ing disturbances and a "in situ" 

sample consoidaied to the required stress state and tested without subjecting it to 

stress or mechanical disturbances can be regarded as an undisturbed sample. The 

findings of the laboratory investigations on "in situ" and "perfect" samples of three 

reconstituted soils collected from the coastal belt of Chittagong are reported in this 

chapter. The stress-strain-strength, stiffness and pore-pressure characteristics of the 

reconstituted coastal soil samples are presented and discussed in tile following 

sections of this chapter. The behaviour of "perfect" samples might be examined 

quantitatively within a reference to the behaviour of "in situ" samples. In this chapter 

attention should also be directed iovards thc suitaiiity of various reconsolidation 

techniques to flhiiiiiiii/.0 perfect sampling disturbance effects. 

7.2 Behaviour of "In Situ" Samples 

To determine the reiereiicc "in situ" behaviour of tile reconstituted soil samples, 

undrained triaxial compression tests on "in situ" samples were performed. The 

undrained shear characteristics of tile "in situ" samples are discussed in the following 

articles. 

7.2.1 Effective Stress Pal us 

For the sample tested with pore pressure measurement, it was possible to construct the 

effective stress path during undrained condition. Fig. 7.1 shows tile effective stress 

.4'  
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paths in p'- q' [ p = (c'+ 2a',)/3, q' = (a'. - a'r)} space for undrained triaxial 

compression tests on three "in situ" samples 131, Al and CI from Banskhali, Anwara 

and Chandanaish, respectively. It can be seen from Fig. 7.1 hat for the "in situ" 

samples, initially p' increases with the increase in q' and then it creases with further 

increase in q' and at the end of each test, again p' increases with the increase in q' as 

failure approaches. The effective stress paths for the "in situ" samples are typically 

similar to those of normally consolidated clays. Similar effective stress paths have also 

been found for other reconstituted normally consolidated "in situ" clay samples 

(Skempton and Sowa, 1963; Ladd and Lambe, 1963; Atkinson and Kubba, 1981; 

flight, Gcns and Jardine, 1985; Siddi(lue and Farooq, 1996; Siddique and Sarker, 

1 098; Rahman, 2000). 
19 

7.2.2 Stress-Strain and Stiffness Properties 

A comparison of deviator stress (q') versus axial strain (c) plots for the "in situ" samples 

of the three coastal soils is presented in Fig. 7.2. The following features can be noted 

from the stress-strain curves as shown in Fig. 7.2. 

The peak undrained strength is mobilized at relatively large axial strain. 

The strength mobilized at ultimate strain is slightly lower than that mobilized at 

peak. The soils, therefore, do not show any undrained brittleness or strain hardening 

behaviour when sheared in compi 'ssion. 

Axial strain at peak deviator stress is increased with the increase of plaeticity. 

. The stress-strain relationships are nonlinear. 

The undrained shear strength (s), axial strain at peak deviator stress (cr), initial 

tangent modulus (E), secant modulus at half the peak deviator stress (E50) and secant 

stiffness (E) at small strain levels (upto 10/0) have been determined from the stress-

strain curves of Fig. 7.2 for the three soils. The initial tangent modullii (E) have been 

determined from the following hyperbolic expression for stress-strain curves proposed 

by Kondncr and Zelasko (1963). 
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(CT'1 
- CT') = C / (a + 1) i:) 

Li 

where, (cy% - CT'r) is the deviator stress in the triaxial test, c is thc axial strain, a and b 

are constants for one stress-strain curve, but dependent on t c soil type, relative 

density, and confining pressure. 'l'rans lbrmation of the hyperbolic expression into 

/(cy'3 
 - 'r) = a + b c (7.2) 

as shown in Fig. 7.3 for Anwara sample, facilitates the determination of the values of 

a and b. From Fig. 7.3, intercept with the ordinate, a, is the reciprocal value of the 

initial tangent modulus and slope b is the reciprocal value of the ultimate deviator 

stress, which the stress-strain curve approaches at large values of strain. Undrained 

shear strength is equal to half of the peak deviator stress. The predicted values of s, 

, E, and E50  are listed in Table 7.1. It can be seen from Table 7.1 that undrained 

strength for the coastal soils varied between 51.0 kN/m2  and 55.5 kN/m2, being 

maximum for the most plastic sample Cl (P1 = 20) and minimum for the least plastic 

sample Bi (PT = 10). The values of c, E1  and E50  vary from 7% to 8.8%, 24570 kN/m2  

to 27600 kN/m2  and 18720 kN/1112  to 22050 kN/m2, respectively and it is observed that 

th lucs of them increase with the increase of plasticity. In Fig. 7.4, secant stiffness 

(En) at small strain levels (tip to 1(y0)  have been plotted for the three "in situ" samples 
jr 

BI, Al and Cl. It can be seen from Fig. 7.4 that, in general, secant stiffness decreases 

with increasil:g levels of strains. Similar trend has also been reported for "in situ" 

normally consolidated reconstituted clays (Hight Ct al., 1985; Hajj, 1990; Hopper, 

1992; Siddique et al., 1999; Rahman, 2000). 

Table 7.1 Undrained Shear Characteristics of "In Situ" Samples 

Sample 

Designation 

sit 

(kN/1,12) 

C1, 

(%) 

E - 

(kN/m2) 

E50  

(kN/m2) 

A E at 

1% 

131 51.0 7m 24570 18720 0.76 5400 

Al 53.6 7.8 26280 19845 0.14 6125 

Cl 55.5 8.8 27600 22050 0.71 6590 

245 

(7.1) 
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7.2.3 Pore Pressure Responses 

The response of pore pressure was observed throughout the whole shearing stage for 

et 'I "in situ" sample. Fig. 7.5 shows the variation in S. empton's pore pressure 

parameter, A with axial strain for the three "in situ"  samples. It can be seen from Fig. 

7.5 that during undrained shearing, the pore pressure parameter A increases rapidly 

with the increase in deviator stress for strain levels of about 2.0% and then increases 

slowly. Afler a certain strain level the pore pressure parameter decreases slowly 

before peak deviator stress. Skcmpton's pore pressure parameter A at peak deviator 

stress (A1,) of three coastal soils are also shown in Table 7.1. It can be seen from Table 

7.1 that the values of A,,  decrease with the increase of plasticity. 

7.3 Behaviour of "Perfect" Samples 

The purpose of this article is to examine the ftindamental behaviour of "perfect" 

samples of the three reconstituted coastal soils and to assess the effects of stress relief 

or "perfect" sampling disturbance. The effects of "perfect" sampling might be 

examined qualitatively and quantitatively within the reference to the behaviour of "in 

situ" samples. To study the undrained shear behaviour of "perct" samples, "perfect" 

samples have been modeled on three coastal soils in the laboratory by undrained 

release of the total stresses from the in situ stress state. The "perfect" samples were 

sheared in compression under undrained condition up to failure. The effects of 

"perfect" sampling on undrained shear characteristics are discussed in the following 

sections. 

7.3.1 Changes in Effective Stress Paths and Mean Effective Stress 

Fig. 7.6 shows the effective stress paths in p'-q' [p' = ('a+2 'j/3, q' = ('a - 'r)1 space 

r undrained triaxial compression tests on "perfect" samples for the three coastal soils 

(which simulated total stress release). The effective stress paths of the "in situ" samples 

arc also shown in Fig. 7.6 for comparison. It can be seen from Fig. 7.6 that for the "in 

situ" samp1 cs, initially mean effective stress (p') slightly increases with the increase in 

deviator stress (q') and then it decreases with further increase in q' and as failure 
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approaches p' increases with the iner 'ase in q'. For tl 'perfect" samples, however, p' 

remains almost constant with the increase in q' during the most part of undrained 

shearing and as failure approaches p', however, slightly increases with the increase in q'. 

"Perfect" sampling, therefore, produced appreciably different effective stress paths. The 

effective stress paths for the "in situ" samples are typically similar to those of normally 

consolidated clays. However, although the "perfect" samples have been prepared from 

the normally consolidated "in situ" samples they adopt stress paths similar to those for 

overconsolidated samples. Significant difference in the effective stress paths between 

the "in situ" and "perfect" samples has also been reported for the regional clays of 

Bangladesh (Siddique and Farooq, 1996; Siddique and Sarker, 1998; Rahrnan, 2000). 

Similar results have also been reported by several investigators (Skempton and Sowa, 

1963; Ladd and Lambe, 1963; Atkinson and Kubba, 1981; Hight et al., 1985). 

Another significant effect of "perfect" sampling is the reduction of mean effective stress, 

p "hich is also evident from Fig. 7.6. Due to "perfect" sampling the mean effective 

stresses of the "in situ" samples of Banskhali. Anwara and Chandanaish reduced by 

34.5%, 32.7% and 31% respectively. It is also evident that the reductions in p' due to 

"perfect" sampling disturbance increases with decreasing plasticity of the soils. 

7.3.2 Changes in Stress-Strain and Stiffness Properties 

A comparison of deviator stress (q) versus axial strain (c) plots for the "in situ" and 

"perfect" samples is presented in Fig. 7.7. From the stress-strain data the undrained 

strength (se),  axial strain at peak deviator stress ( cr), initial tangent modulus (E), secant 

modulus at half the peak deviator stress (E50) and secant stiffness (En) at small strain 

levels have been determined for both t1e "in sit" and 'perfect" samples. A comparison 

of the undrained soil parameters of the "in situ" and "perfect" samples is oresented in 

Table 7.2. The test results are not corrected with respect to water content. It can be seen 

from '['able 7.2 that because of the relief of total stress, the values of s,, of the "perfect" 

samples reduced. Reduction of Sti-C110-th might be resulted from less mean effective 

stress in "perfect" samples due to disturbance caused by stress relief. The values of s,, 

of the "perfect" samples BP, AP and C11  reduced by about 11.2%, 7.6% and 5.4%. 
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Fig. 7.7 Deviator Stress vs. Axial Strain Plots for "In Situ' and "Perfect" Samples 
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Table 7.2 Comparison of Undrained Shear I'roperties of "In Situ" and "Perfect" 

Samples of the 'fhree Coastal Soils 

Undrained Shear 

Parameters 

Samples 

B! UP Al AP CI CP 

s, (kN/1,12) 51.0 45.3 53.55 49.5 55.5 52.5 

7.0 8.9 7.8 9.4 8.8 10.3 

E1 (kN/1,12) 24570 22410 26280 24406 27600 26120 

E50 (kN/1,12) 18720 17162 19845 18486 22050 20844 

A 0.76 0.41 0.74 0.37 0.71 0.31 

AL  - 0.132 - 0.125 - 0.14 
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respectively. Values of axial strain at peak deviator stress ( E), however, increased due 

to disturbance caused by stress relicf. Values of c increased by 27.1%, 20.5% and 17% 

for the "perfect" samples BP, AP and CP, respectively. Decrease in undrained strength 

due to stress relief has been found for other normally consolidated clays by a number of 

researchers (Skempton and Sowa, 1 963; Noorany and Seed, 1965; Davis and Poulos, 

1967; Ladd and Varallyay, 1965; Kirkpatrick and Khan, 1984; Higiit et a!, 1985; 

Siddique and Sarker, 1998; Sidique and Faroo' (1996); Ranman (2000). Ladd and 

Varallyay (1965), Kirkpatrick and Khan (1984), Siddiquc and Sarker (1998), Siddique 

and Farooq (1996), Rahman (2000) also observed considerable increase in c for 

normally consolidated Boston Blue clay (LL = 33, P1 = 15), Kaolin (P1 = 30) and Illite 

(P1 = 40), reconstituted soft Dhaka clay (LL = 45, P1 = 23), two reconstituted 

Chittagong coastal soils (LL = 44 and P1 = 18; LL = 57 and P1 = 33) and reconstituted 

fiiiii Dhaka clay (LL = 46, P1 = 26), respectively. From present study, it is also evident 

that the degree of reduction in undrained strength and increase in axial strain at peak 

deviator stress increases with decreasing plasticity of the soils. This might be due to 

increase of disturbance with the decrease of plasticity. Kirkpatrick and Khan (1984) 

and, Siddiquc and Farooq (1996) also found larger reduction in undrained strength in 

less plastic soils than in more plastic soils due to "perfect" sampling. A noticeable 

behaviour observed in these coastal soils, is that the values of for these samples (both 

"in situ" and "perfect") are considerably large. Similar results were also reported by 

Siddique and Farooq (1996) for other coastal soils of Bangladesh. 

Table 7.2 also shows that because of disturbance due to "perfect' sampling, both the 

initial tan'ent modulus (E) and secant modulus at half the peak deviator stress (E50) 

decreased. Compared with the "in situ" samples, the values of E1  of the "perfect" 

samples from Banskhali, Anwara and Chandanaish decreased by 8.8%, 7.13% and 

5.36%, respectively while the values of E 0  of the respective samples decreased by 

8.32%. 6.85% and 5.47%, respectively. These results contrast with those reported by 

Siddique and Sarker (1998), Rahman (2000). Siddique and Farooq (1996), for normally 
4 

consolidated reconstituted samples of soil Dhaka clay (LL = 45, P1 = 23), firm Dhaka 

clay (LL = 47, P1 = 26) and two reconstituted coastal soils (LL = 44 and P1 = 18; LL = 
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57 and P1 = 331, of Bangladesh. Atkinson and Kubba (1981), and Kirkpatrick and Khan 

(1984), however, found reduction in sti filiess because of "perfect" sampling disturbance. 

Plottings of secant stiffnesses (E,,) at small strain levels (up to 1%) for "in situ" and 

"perfect" samples are shown in Fig. 7.8. It can be seen from Fig. 7.8 that, in general, 

secant stiffnesses of the "in situ" and "perfect" samples reduced with the increase in 

axial strain. It can also be seen from Fig. 7.8 that in each soil, secant stiffnesses (at all 

strain levels) of the "perfect" sample are lower than those for the "in situ" sample. For 

comparison, the values of secant sti liliesses (a 0. 1 O/  axial strain) of the "perfect" 

samples from Banskhali, Anwara and Chandanaish decreased by about 11.63%, 

ii .14% and 10.93%, respectively. 
V.  

7.3.3 Changes in Pore Pressure Responses 

Fig. 7.9 shows the comparison of Skempton's pore pressure parameter A with axial 

strain between the "in situ" and "perfect" samples of reconstituted soils. It can be 

observed from Fig. 7.9 that, compared with the "in situ" samples the values of 

Skempton's pore pressure parameter A for the "perfect" samples are considerably less. 

From Fig. 7.9, it appears that for the "perfect" samples at low strains the pore pressure 

parameter A increases rapidly with the increase in deviator stress. The pore pressure, 

however, typically start to decrease before the peak deviator stress has reached 

resulting in considerably lower values of Skempton's pore pressure parameter A at 

p.'. deviator stress (A1,) than those for the "in situ" sample. The "perfect" samples 

despite being prepared from normally consolidated "in situ" sample thus showed a 

pore pressure response which is more typical of overconsolidated clay. The values of 

Skmpton's pore pressure parameter A at peak deviator stress, Ap  were also determined 

and have been shown in Table 7.2. It can be seen from Table 7.2 that for each soil, the 

values of A1, of the "perfect" sample are considerably less than that for the "in situ" 

sample. The values of A1, reduced by 46.1%, 50% and 56.31/o for "perfect" samples BP, 

AP and CP, respectively because of disturbance due to stress relief. These results also 
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indicate that the reduction in the values of A, increased with increasing plasticity of 

the soils. Similar findings were also reported by Siddiquc and Farooq (1996) for other 

coastal soils. Significant reduction in A1. due to stress relief has also been reported by a 

number of investigators (Skcnipton and Sowa, 1963; Seed Ct 1964; Noorany and 

Seed, 1965; Ladd and Varallyay, 1965 Kirkpatrick and Khai. 1984; Siddique and 

Sarker, 1998; Siddique and Farooq, 1996; Rahman, 2000). Much of these differences 

can be attributed to the nonlinearity of the relationship between pore pressure change 

and deviator stress change, but they are also caused, in part, by the nonreversibility of 

pore pressure change caused by the release of the deviator stress from an "in situ" 

sample (Noorany and Seed, 1965). 

p1  

lilt.. 'alues of Skempton's pore pressure parameter for the undrained release of shear 

stress, A and the isotropic effective stress, o P.of  the"perfect" sample have also been 

determined using Equations (2.5b) and (2.5a), respectively. The values of Au  for the 

"perfect" samples from Banskhali, Anwara and Chandanaish are 0.132, 0.125 and 

0.14, respectively and the respective values of' of the "perfect" samples are 81.0 

kN/n12, 83.06 kN/m2  and 85.5 kN/m2, respectively. The ratio of / are 0.54, 

0.554 and 0.57 for BP, AP and CP respectively. The values of A and / o for a 

number of clays investigated have already been presented in Tb1c 2.8. Rahman 

p. 

(2000) reported that the values of O'l)s  and AU  for firm Dhaka clay are 88.7 kPa and 

0.182, respectively. Rahman (2000) also reported that the value of / for Dhaka 

clay is 0.59. The values of A and o / of BP, AP and ('P also compare 

reasonably with those reported by a number of investigators for different clays (Ladd 

and Lambe, 1963; Skempton and S(- wa, 1963; Seed 't al., 1964; Noraiiy and Seed, 

1965; Nelson et al. 1971; Siddique and Farooq, 1996; Siddique and Sarker, 1998). 

From the aforementioned effects of "perfect" sampling disturbances in unaged 

Chittagong coastal soils, it is evident that substantial changes in the effective stress path 

and undrained soil parameters between the "in situ" and "perfect" samples occurred. 

Therefore, appropriate technique should be adopted to minimize the "perfect" sampling 

effects in these coastal soils. Although the effect of reconsolidation of "perfect" samples 

in order to recover the in situ behaviour for these unaged samples was not investigated, 
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this suggested the need to minimize the "perfect" sampling disturbance by 

Al reconsolidating before being sheared. The eftbcts of reconsolidation of "perfect" 

samples to different stress levels are discussed latter. 

7.4 Characteristics of Reconsohidated "Perfect" Sample 

The undrained stress-strain-strength, stiffness and pore pressure response of "perfect" 

samples due to reconsolidation have been investigated and presented in the following 

subsections. All the "perfect" samples were reconsolidated isotropically and 

anisotropically before being sheared in compression in order to select the appropriate 

reconsolidation technique to recover the "in situ" behaviour and properties. The 

reconsolidation techniques mentioned in Article 4.7 were used for the " perfect" 

samples: 

7.4.1 Normalized Effective Stress Paths 

7.10 to 7.12 show the comparison of normalized effective stress paths of "in situ" 

and reconsolidated "perfect" samples from Banskhali, Anwara and Chandanaish 

respectively. Comparing the effective stress paths of the three reconsolidated "perfect" 

samples with the respective three "in situ" samples in Figs. 7.10 to 7.12, it can be seen 

that for each sample the effective stress path of the "perfect" sample reconsolidated 

under K0-condition to vertical effective stress equal to in situ vertical effective stress, 

i.e.. Bjemtm (1973) procedure, compares most favourably with the "in situ" 

sample. 

7.4.2 Stress-Strain and Stiffness Properties 

The normalized deviator stress, 'io, versus axial strain plots for the reconsolidated 

"perfect" samples from Banskhali and An\vara are presented in Figs 7.13 and 7.14 

respectively. In Figs. 7.13 and 7.1 4, the corresponding plots for the "in situ" samples are 

also shown for comparison with the reconsolidated samples. It can be seen from Figs. 

7.13 and 7.14 that deviator stress versus axial strain plots of the "perfect" samples 

reconsolidated using Bjcrrum (1973) procedure (i.e., K0- consolidation to vertical 
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effective stress equal to in SUn vertical effective stress, c') produced the best agrcenicnt 

with the "in situ" samples of 13anskhal i and Anwara. Situ i lar results were also obtained 

for the samples of another soil from Chandanaish. 

Undrained shear strength (s), initial tangent stifthess (E), secant modulus at half the 

deviator stress (E5 ) and axial strain at peak deviator stress (s,), have been deten-nined 

from the stress-strain data for the "in situ" and reconsolidated "perfect" samples of the 

three soils. A comparison of nonualizcd undrained shear parameters between the "in 

situ" and rcconsolidatcd "perIct" samples is presented in Table 7.3. 

It is observed from Table 7.3 that isotropic reconsolidation using a pressure equal to the 

vertical effective "in situ" stress, o has the effect of overestimation of "in situ" 

strength ratios (sU/a'. )) and vp  for all the soils. Values of s /o and have been 

overestimated up to 20.8% and 6 1.4% respectively. Similar results were also reported by 

Ladd (1965), Crooks and Graham (1976), Milachi and Kitago (1979), Nakase and 

Kamei (1983), Kirkpatrick and Khan (1984), Mayne (1985), Wijeyaku!asuriya (1986), 

Graham et al. (1987), Siddiquc and Farooq (1996), Siddique and Sarker (1998), Rahrnan 

(2000). Compared with the "in situ" samples, the values of stiffliess ratios, E, 
''V() and 

L ()  Io' increased significantly tbr the "perfect" samples reconsolidated using isotropic 

pressure equal to o. Values of F1  /a' and F50  /cr', increased up to 60.3% and 42.6%, 

respectively due to reconsolidation using an isotropic pressure equal to o•'. Kirknatrick 

and Khan (1984), Siddique and Sarker (1998), Siddique and Farooq (1996) also found 

increased stiffness of"perfct" samples reconsolidated using an isotropic pressure equal 

to The higher values of s, F1  and E5(  probably resulted from less water content in 

samples under isotropic reconsolidation to caused by the higher mean normal 

consolidation pressure. 

Isotropic reconsolidation using a pressure equal to a' underestimated the values of s 

/, E 
'VO and E50 for the three soils. Values of s1, E and E$()  

reduced up to 12.6%, 17.4% and 2 1.8%, respectively. The values of S
p  were, however, 

overestimated up to 25.6% for the soils. Similar results have also been reported by 



Table 7.3 Comparison of Undrained Shear Characteristics of "In Situ" and 

Reconsolidated "Perfect" Samples of the Three Soils 

Soil Test type s, /o•' 61)  (%) E1  /a 0  E5)) /CyfVC, 
AT) 

CIU-l.0y 0.40 11.3 230.0 175.0 0.81 

CIU-cY'1))  0.297 8.2 139.0 102.5 0.56 

BansJiali Soil CKU-1.0o.. 0.336 7.5 156.1 116.3 0.74 

SHANSEP-1.5 0.305 9.8 123.8 105.2 1.31 

SHANSEP-2.5 0.293 10.5 103.1 84.5 1.40 

BI 0.34 7.0 163.8 124.8 0.76 

CIU-l.0o' 0.424 12.0 250.0 188.7 0.79 

0.315 9.8 146.3 110.3 0.58 

Anwara Soil CK0U-1.0a'. 0.346 8.3 170.7 128.3 0.72 

SHANSEP-1.5 0.32 10.6 132.0 112.4 1.20 

SHANSEP-2.5 0.31 12.2 109.9 89.7 1.32 

Al 0.357 7.8 175.2 1323 0.74 

Chandanai sh 

C1U-1.0o 0.447 13.2 295.0 201.0 0.76 

0.322 10.14 152.0 115.0 0.535 

Soil CK0U-l.0a' 0.364 9.3 173.0 139.0 0.73 

SHANSE1-1.5 0.327 11.23 140.0 120.0 1.27 

SHANSEP-2.5 0.32 11.63 112.0 96.0 1.38 

Cl 0.37 8.8 184.0 147.0 0.71 
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Kirkpatrick and Khan (1984), Graham CE al. (1987) and, Graham and Lan (1988). The 

lower values of s,  E j  and F5)  probably resulted from more water content iii samples 

under isotropic rcconsolidation to o' s  caused by the lcsscr mcan normal consolidation 

pressure than that of "in situ" sample. 

It can be seen from Table 7,3 that the strength ratios and stiffness ratios of the "perfect" 

samples rcconsolidatcd using Bjcrrum (1973) procedure (i.e., consolidation under K()

condition to vertical effective stress equal to in situ vertical effective stress, ') and 

SHANSEP (Ladd and Foott, 1974) procedures (i.e., K0-consolidation to vertical 

effective stress equal to 1 .5 times and 2.5 times the in situ vertical effective stress, 

are less than those for the "in situ" samples. The undrained strength ratio (s /a) for the 

"perfect" samples from Banskhali reconsolidated using Bjcratni (1973), S1- ANSEP-1.5 

and SHANSEP-2.5 procedures reduced by 1.2%, 10.3% and 13.8%, respectively. The 

1L..CCtIVC reductions for the samples from Anwara are 3.1%, 10.4% and 13.2%, 

respectively while those for the samples from Chandanaish are 1 .6%, 11.6% and 

13.5%, respectively. The undrained stiffness ratio (EI /'VO) reduced by 4.7%, 24.4% and 

37.1% for "perfect" samples from Banskhali reconsolidated using Bjerrurn (1973), 

SI-IANSEP- I .5o and SHANSEP-2. 5' procedures, respectively. The respective 

reductions for the samples from Anwara are 2.6%, 24.7% and 37.3% The stiffness ratio 

(E1  /o v ) reduced by 6%, 23.9% and 39.1% for "perfect" samples from Chandanaish 
a. 

reconsolidated using Bjerrurn, SHANSEP- 1.5 and SHANSEP-2.5 procedures, 

respectively. The undrained stiffness ratio (E )I,) reduced for samples from Banskhali 

by 6.8 % 15.7% and 32.3% ; for samples from Anwara by 3%, 15% and 32.2%; and, 

for samples from Chandanaish by 5.4%, 1 8.4% and 34.7% due to reconsolidation using 

the above Bjerruni, SI IANSEP- 1.5 and SI IANSLP-2.5 procedures, respectively. 

The values of EP  of all the "perfect" samples reconsolidated using above Bjcrrum 

(1973), SHANSEP- 1.5 and SHANSEP-2.5 procedures, however, increascd. The values 

of c., increased for samples from Banskhali by 7.15%, 40% and 50%; for samples 

from Anwara by 6.4%, 35.91/o and 56.4%; and for samples from Chandanaish by 

5.7%, 27.3% and 3 1.8% due to rcconsolidation using the Bjerrum, SHANSEP-1.5 and 

SHANSEP-2.5 procedures, respectively. 
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From the above comparisons of the values of s,, E vo , E 0 and c between 

the "in situ" and reconsolidatcd "perfect" samples, it is evident that for each soil, 

despite all the anisotropic reconsolidation procedures provided a lower bound strength 

and stiffness, and an upper hound axial strain at peak deviator stress, the values of s 

E, E5(J and c of ft "pence" samj1c econsolidated using Bjerrum 

procedure (i.e., consolidation under K0-condition to vertical effective stress equal to in 

situ vertical effective stress, compared more closely with the "in situ" sample in 

terms of strength, deformation and stiffness properties than the "perfect" samples 

reconsolidated using SI-IANSEP-I .5 and SHANSEP-2.5 procedures. Kirkpatrick and 

Khan (1984), Graham ci al. (1987) and Graham and Lau (1988), Rahman (2000) also 

found that K-reconsolidation of the "perfect" sample to produced the best 

agreement between the "perfect" and "in situ" samples in terms of the strength, 

deformation and stiffness. Siddiquc and Sarker (1998) reported that reconsolidation of 

"perfect" specimens using SHANSEP procedures could not restore the characteristics of 

the "in situ" specimen for normally consolidated Dhaka clay. Siddique and Farooq 

(1996) found that K0-reconsolidation of "perfect" sample to SHANSEP-1.5 produced 

the best agreement for two coastal soils. Siddiquc and Sarker (1998) and Siddique and 

Farooq (1996), however, did not adopt the reconsolidation of "perfect" samples using 

crrum procedure. 

In recommending the CK0U test consolidating to in situ stresses as a means of 

predicting in situ behaviour from samples it is recognized that difficulties can arise in 

testing. Firstly, although the in situ vertical stress may readily be found, K,,  may not 

always be known. For the soils examined here, however, it may be possible to 

determine the value of K0  by K-consolidometer (if available in the laboratory) or may 

be assumed 0.5 for K0  for quick test as typical values of normally consolidated clays 

are 0.4 to 0.7. Though this value is approximate value but this must give the better 

result in finding undrained soil parameters than isotropic consolidation. A second 

problem arises in the practical sense of applying an anisotropic consolidaticn pressure. 

The use ofan incremental system or consolidations, employing sILall steps of deviator 

component of stress is both troublesome and time consuming. Comparison between 

incremental stress and two steps method of consoiidation, two steps method is 
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relatively simple and of shorter duration, where the total hydrostatic component is 

applied, followed by the total deviatoric component allowing consolidation. 

Kirkpatrick and Khn (1984) found that the final results are almost same for both 

incremental methods and two Step methods to apply the prcshcar consolidation 

pressure. 

7.4.3 Pore Pressure Responses 

Fig. 7.15 shows typical plottings of the variation of Skempton's pore pressure 

parameter. A with axial strain for "in situ" and reconsolidated "perfect" samples from 

Banskhali. It can be seen from Fig. 7.15 that the pore pressure response (as evaluated in 

terms of Skempton's pore pressure parameter, A) of the "perfect" sample reconsolidated 

using Bjerrum (1973) procedure (i.e., consolidation under K0-condition to vertical 

effective stress equal to in situ vertical effective stress, produced the best 

agreement with the "in situ" sample than the "perfect" samples reconsolidated using 

other techniques. Skempton's pore pressure parameter, A at peak deviator stress ( A) 

has been determined from stress-strain and pore pressure data. Similar results were 

found for other soils (Rahrnan, 2000). The values of A1, for all samples of the three soils 

are listed in Table 7.3. The following points can be noted from Table 7.3: 

. Isotropic reconsolidation with pressure equal to overestimated (up to 7.0%) the 

values of A. 

• Isotropic reconsolidation with pressure equal to o '  underestimated (up to 26.3%) 

the values of A. 

• Anisotropic reconsolidation using Bjerrum (1973) procedure slightly underestimated 

or overestimated (up to 3%) the values of A1 . 

• Anisotropic reconsolidation using Bjerrum (1973) procedure slightly underestimated 

or overestimated (up to 3%) the values of A. 

• Anisotropic reconsolidation using SHANSEP-1.5a' and SHANSEP-2.5. 

procedures grossly overestimatcu (up to 94.4%) the values of A1,. 
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It is generally know'i that the pore pressure generated during undrained shear is not a 

unique property of the soil, but it depends on the applied stress increments. The pore 

pressure can be spF into two components, namely the shear induced pore pressure and 

the pore pressure due to the increase in the applied mean normal stress. Thus, in case of 

normally consolidated samples under "in situ" stress conditions, the total amount of 

excess pore pressure is reduced when it was compared with that of isotropically 

co1--olidated samples, since a large portion of the stress difference was applied prior to 

the undrained shear due to anisotropic consolidation. Several investigators (Ladd, 1965; 

Crooks and Graham, 1976; Kirkpatrick and Khan, 1984; Graham Ct al., 1987; Graham 

and Lau, 1988; Siddique and Farooq, 1996) have shown that the isotropic 

reconsolidation resulted in higher values of A than those obtained from "in situ" 

J. samples. 

From the above comparisons, it is evident that the values of Ap  of the "perfect" samples 

reconsolidated using Bjemim (1973) procedure compares most favourably with the "in 

situ" sample than the "perfect" samples rcconsolidated using other techniques. 

Kirkpatrick and Khan (1984), Graham et al. (1987) and, Graham and Lau (1988) also 

found that K-reconsolidation of the "perfect" ampis to a produced the best 

agreement between the "perfect" and "in situ" samples in terms of the values of A. 

11 
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CHAITER 8 

BEHAVIOUR OF RECONSTITUTED "TUBE" SAMPLES AND 

EFFECTS OF "TUBE" SAM ILING DISTURBANCE 

8.1 General 

This chapter presents the experimental results of the influence of tube sampling 

disturbances on undrained shear properties of reconstituted samples of the three coastal 

soils. In order to investigate the effect of tube sampling on undrained shear behaviour, 

iriaxial compression tests were carried out on samples collected from reconstituted soils 

with sampling tubes of valying thicknesses (t), i.e., of valying area ratio (AR). Attempt 

has been made to assess the effects of sampler characteristics, namely area ratio and 

external diameter to thickness (D/t) ratio of sampler, on the measured undrained soil 

parameters. The investigation also examines the suitability of different reconsolidation 

procedures, both isotropic and anisotropic, in order to minimize the effects of tube 

sampling disturbance in the coastal soils. Initial effective stress, undrained stress-strain-

strength, stiffiess and pore pressure characteristics of "tube" samples of the three 

reconstituted soils were determined from unconsolidated iindrainethfriaxial compression 

tests. The experimental results are prcscntcd and discussed in the following sections. 

Comparisons of "tube" behaviour with the "in situ" behaviour are also presented. 

8.2 Effects of Tube Sampling Disturbance 

8.2.1 Changes in Initial Effective Stress 

In order to determine initial effective stress, of a "tube" sample, relatively high cell 

pressure was applied on sample under undrained condition and a steady pore pressure 

generated within the sample was recorded. Initial effective stress has been calculated 

by subtracting pore water pressure from all-round cell pressure (Skempton, 1961; 

Baldi et al., 1988). The initial effective stress of the "tube" samples of each location 

was compared with the isotropic effective stress, Wp.  in a "perfect" sample of the 
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respective location. The isotropic cficctivc stress in a "perfect" saturated sample of 

each type of sample which had in-situ vertical and horizontal effective stresses of '. 

and K0  o, respectively, has been deteririuied by the following expression (Ladd and 

Lambe, 1963; :dd and Varallyay, 1965): 

= + A,,(l - (8.1) 

where K()  is the coefficient of earth pressure at rest and A1  is the pore pressure parameter 

for the undrained release of the in-situ shear stress existed at the K0-conditions. The 

parameter A, for a saturated clay (i.e., Skeniptoti's B parameter is equal to unity) is given 

by the foliwing expression: 

/1,, 
Au - 

(8.2) 
- 

where, Au is the pore pressure change; and Ac and Acyl, are the changes of vertical and 

horizontal total stresses. The values of A1  and a of the samples BP, AP and CP are 

shown in Table 8. 1 

Table 8.2 shows comparison of initial effective stress of "tube" samples with isotropic 

effective stress of the respective "perfect" sample. Table 8.2 shows that compared 

with isotropic effective stress, of "perfect" samples, o of "tube" samples reduced 

significantly because of disturbance caused by penetration of tubes. It can be seen 

from Table 8.2 that the values of'1  reduced by 14.2% to 36.3%, 12.95% to 32.94% 

and 10,53% to 25.73% for samilcs of Uanskhali, Anwara and Chandanaish, 

respectively. Reduction in effective stress due to tube sampling disturbance has also 

been reported for the regional clays of Bangladesh (Siddique and Sarker, 1995; 

Siddique et al., 2000). Siddique and Sarkcr (1995) reported a reduction in initial 

effective stress between 19% to 42% in reconstituted normally consolidated Dhaka 

clay. Siddique et al. (2000) also reported that, initial effective stress reduced between 

8.6% to 33.7%, 7.3% to 30% and 5.4% to 22.4% in reconstituted normally 

consolidated samples of three coastal soils due to tube sampling disturbance. The 

results of the present investigai.ion, however, indicated that the less plastic coastal 

soils used in this study suffered higher reduction in than the more plastic coastal 

soils reported by Siddique and Farooq (1998). Significant reduction in initial mean 
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Table 8.1 Values of K0 , A,, , O'I)S and S111)  of "Perfect" Samples of the Coastal Soils 

Sample a' (kN/m2) KO -  All - a' (kN/m2) s,p  (kNIm2) 

BP 150 0.47 0.132 81.0 46.57 

AP 150 0.49 0.125 83.06 49.50 

CP 150 0.50 0.140 85.5 53.00 

Table 8.2 Comparison of Initial Effective Stress of "Tube" Samples with 

Isotropic Effective Stress of "Perfect" Samples of the Three 

Coastal Soils 

Sample 
 

designation 

Initial effective stress, Wi  

(kN/rn) 

% Reduction in a' 

compared with o' PS 

BT 69.5 14.2 

BM 64.2 20.7 

BH 51.6 36.3 

AT 72.3 13.0 

AM 68.2 17.9 

AH 55.7 32.9 

CT 76.5 10.5 

CM 73.1 14.5 

CH 6 3. 5 25.7 
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effective stress due to application of' tube sampling strains ([3aligh, 1985) has also 

been reported for other reconstituted normally consolidated soils (Baligh et at., 1987; 

Hajj, 1990; Clayton et at., 1992; Flird and Hajj, 1995; Sicldiniic and Clayton, 1995; 

Siddique ci al., 1999). 

8.2.2 Changes in Stress Paths 

Fig. 8.1 presents the effective stress paths in s'-t' [ s' = (, + 'r)/2, t' = (Oa - 'r)"2  I 

space for "tube" samples for the two soils from l3anskhali and Chandanaish. Fig. 8.1 also 

shows the stress path of the corresponding "in situ" samples to compare with the "tube" 

samples. It can be seen from Fig.  8.1 that the stress patti of "in situ" samples are 

markedly different from that of "tube" samples of both i us. The "tube" samples 

adopt stress paths similar to those for overconsolidated samples. Marked difference in 

the effective stress paths between normally consolidated "in situ" and "tube" samples of 

three Bangladesh coastal soils has also been reported by Siddique and Farooq (1998) and 

Siddique et al. (2000). The Present results therefore compares favourably with those of 

other Bangladesh coastal soils. Difference in the effective stress paths between the "in 

situ" and "tube" samples were also reported for other reconstituted soils (Atkinson and 

Kubba, 1981; I-light et at., 1985; Siddique and Sarker. 9Y; Siddique and Rahman, 

2000). 

8.2.3 Changes in Strength, Deformation and Stiffness Properties 

The values of undrained shear strength (s), axial strain at peak deviator stress (cr), initial 

tangent modulus (E1), secant modulus at half the peak deviator stress (E50) and secant 

stiffness (Ed) at small strain levels of the "tube" sani 'vc "n determined from the 

stress-strain data of all the "tube" and "in situ" samples. 8.2 shows the typical 

stress-strain curves for "in situ" and "tube" samples from A5wara. Table 8.3 presents 

comparisons of the undrained shear properties between the "in situ" and "tube" samples 

of Banskhali, Anwara and Chandanaish soils, respectively. It can be seen from Table 8.3 

that compared with the "in situ" samples, the values of s , Ej and E50  reduced for the 

three soils. The values of ci,, however, increased significantly due to disturbance caused 

by penetration of sampler. Siu.ilar elfeLis have also been reported for normally 

consolidated clays by Okumura (1971), Siddiquc and Sarker (1995), Siddique et al. 

(2000), Siddique and Rahman (2000), for Honmoku Marine clay, soil Dhaka clay, 

Coastal soils and firm Dhaka clay, respectively. 
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Table 8.3 Comparison of Undrained Shear P rties of Samples of the Three 

Coastal Soils 

ample 

FDesignatiun 

s 

(kN/m2) (%) 
- 

(kN/rn2) 

E50  

(kN/m2) 

AP  

BI 51.0 7.0 24570 18720 0.76 

BT 37.2 9.45 15390 11010 -0.135 

BM 34.5 10.72 13170 9180 -0.151 

BH 24.8 11.5 - 6851 5480 -0.215 

Al 53.6 7.8 26280 19845 0.74 

AT 39.8 9.83 16950 12255 -0.12 

AM 37.1 11.22 14250 10425 -0.137 

Al-I 29.7 12.3 8460 6150 -0.176 

CI 55.5 8.8 27600 22050 0.71 

CT 42.5 107 18250 14046 -0.102 

CM 39.8 11.5 1558fl 11840 -0.116 

CH 32.6 F 3.0 9650 - 7233 -0.144 
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The results of the present investigation conlirm and validate the findings of the previous 

study on other coastal soils. The present results also show that the generalized stress-

strain and stilThess behaviour of the less Plastic coastal soils used in this study is similar 

to more plastic coastal soils. 

Small strain stiffness behaviour of the "in situ" and 'tube" samples has also been 

investigated. Plottings of secant stiffncsscs (En) at small strain levels (up to 1%) for 

"in situ" and "tube" samples of a typical sample from Anwara are shown in Fig. 8.3. 

11 can be seen from Fig. 8.3 that, in general, secant stiffoesses of the "in situ" and 

"'ihe" samples reduced with the increase in axial strain. It can also be seen from Fig. 

8.3 that in each soil, secant stiffnesscs (at all small strain levels) of the "tube" samples 

are considerably lower than those for the "in situ" sample. For comparison, the values 

of secant stiffnesses (at 0.1% axial strain) of the "tube" samples AT, AM and Al-I 

from Anwara decreased by 26.54%, 39. 1 % and 64.45%, respectively. Similar results 

have been exhibited by the samples from Banskhali and Chandanaish. The values of 

secant stiffliesses (at 0.1% axial strain) of the "tube" samples BT, BM and BH from 

Banskhali decreased by 31.251/0, 42.47% and 70.1%, respectively. The values of 

secant stiffncsses (at 0.1% axial strain) of the "tube" samples CT, CM and CH from 

Charidanaish decreased by 22.93%, 36.86% and 58.63%, respectively. Compared with 

the "in situ" sample, significant reduction in stiffness for soft normally consolidated 

Dhaka clay (Siddique and Sarker, 1995), firm norrna!ly consolidated Dhaka clay 

(Siddique and Rahman, 2000) and soil nonrially consolidated Coastal soils (Siddique 

et al., 2000) have also been reported. Considerable reduction in stiffliess for reconstituted 

and intact clays due to application of tube sampling strains (Bali}i et al., 1985) have also 

been reported (Baligh et al., 1987; Lacasse and Berre, 1988; Hjj, 1.990;' Hopper, 1992; 

Hight and Georgianriou, 1995; Siddique and Clayton, 1995; Siddique ct al., 1999; 

Siddique and Rahman, 2000) 

Small strain stiffness behaviour of"in situ" and "tube" samples of coastal soils has been 

found to be similar to other normally consolidated reconstituted and intact soils (Hight 

and Georgiannou, 1995; Siddique Ct al., 1999). 
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8.2.4 Changes in Iore Pressure Responses 

A typical comparis"l ol the changes in poic pressure with axial strain during undrained 

shearing betweei e" and "in situ" saiiiplc of Banskhali soil is shown in Fig. 8.4. II 

can be seen from Fig. 8.4 that compared with the "in situ" sample, the pore pressure 

responses of the "tube" samples are considerably less. For the "tube" samples, the pore 

pressure responses are slightly negative at peak deviator stress. It is also evident that the 

pore pressure responses of the "tube" samples are similar to those of overconsolidated 

clays. Similar pore pressure responses in reconstituted soft normally consolidated "in 

situ" and "tube" samples of soft Dhaka clay (Sarker, 1994), Ccastal soils (Farooq, 1995) 

and firm Dhaka clay (Siddiquc and Rahman, 2000) were reported. 

Skempton's pore pressure parameters A at peak deviator stress (Ar) of the "tube" and 

"in situ' samples vere determined Inch have already been presented in lable 8.3. It 

can be seen from Table 8.3 that compared with the "in situ" samples, the values of A 

of the "tube" samples reduced considerably. The values of A of the "tube" samples 

'ried between -0.102 to -0.2 15. These results compared favourably with those of more 

Plastic reconstituted samples of thi-ce coastal soils (Siddique et al, 2000). Considerable 

seductions in Ar-values due to tube sampling have also been reported by Siddique (1990) 

for normally consolidated reconstituted soft Londun clay (LL = 69, P1 = 45). Siddique 

and Sarker (1995), Siddique et al., (2000) and Siddique and Rahman (2000) also found 

that the values of A1)  decreased significantly for the "tube" samples in reconstituted soft 
11. 

Dhaka clay (LL = 45, P1 = 23), reconstituted coastal soils and reconstituted firm Dhaka 

clay, respectively. 

8.3 Assessment ifect of Sampler Geometry on Undrained Soil Parameters of 

Reconstitu asta1 Soils 

Initial effective suess, undrained stress-strain-strength stiffness and pore pressure 

parameters of "tube" and "iii sit'i" samples were determined from undiained triaxial 

compression tests. The experimentally measured soil parameters of the "in situ" and 

"tube" samples have been presented in the previous section. The effect of sampler 

geometry on disturbance have 3een assessed by comparing the soil parameters of the 

"tube" samnnes with those of the "in situ" samples retrieved with samplers of different 

area ratio and external diameter (Dc) to thickness (t) ratio. 
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8.3.1 Effect of Area Ratio and Dit Ratio 

Fig. 8.5 shows typical comparisons of the chan"cs in undrained shcat strength (si,), axial 

strain at peak deviator stress (CJ)), initial tangent odulus (E1) and secant modulus at half 

the peak deviator stress (F50) due to change in area ratio of the samplers used to retrieve 

samples of Chandanaish soil. It can be seen fron ;. that increasing area ratio (or 

reducing D/t ratio) caused increasing reductions in s, and E50. Increasing area ratio 

(or decreasing DIt ratio) of sampler. however, caused an increase in 6p. Similar results 

were observed in case of samples from Banskhali and Anwara as shown in Table 8.4. 

Compared with the "in situ" sample. the following effects on the measured soil 

parameters have been observed due to increasing area ratio (or decreasing DIt ratio) of 

samplers: 

Values of s1  decreased fi'oni 27% to 51.5%, 2..8 to 44.5% and 23.5% to 41.4% 

in samples from Banskhali, Anwara and Chandanaish, respectively due to increase 

in area ratio from 16.4 to 73. 1% (or decrease in D/t ratio from 27.3 to 8.3). 

Values of FP increased from 35% to 64.3%, 26% to 58% and 21.3% to 47.7% in 

samples from Banskhali, Anwara and Chandanaish, respectively due to increasing 

area ratio (or decreasing DIt ratio). 

Values of Ej decreased by 37.4% to 72%, 35,c 67.8% and 33.7% to 65.2% in 

samples from Banskhali, Anwara and Chandanaish, respectively due about 4.5 

times increase in area ratio (or about 70% reduction in D/t ratio). 

Values of E50  decreased by 41.2% to 70.7' 8.2% to 69% and 36.8% to 67.2% in 

samples from Banskhali, Anwara and Chandanaish, respectively due about 4.5 

times increase i: '"'ca ratio (or about 70% ied'. tion in D/t ratio). 

Compared with the A1)  values of the "in situ" samplc ('i Ic 8.), it has been found that 

the pore pressure responses of the samples collected with varying area ratio are 

considerably less, resulting in significantly lower values of A. Table 8.2 indicates that 

initial effective stress reduced up to maximum 36.3%, 32.9% and 25.7% due to increase 

in area ratio from 16.4% to 73.1% for the samples from Banskhali, Anwara and 

Chandanaish, respectively. 
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Table 8.4 Influence of Increasing Area Rat' or Decreasing Dit Ratio) of 

Sampler on Undrained Shear Pr 
- 

rues of Samples of the Three 

Coastal Soi!s 

Sample 

designation 
Area ratio (%) 

D/t ratio 

* Ratio of 

s, 6P  E1  E50  

BT 16.4 27.33 0.73 1.35 0.626 0.588 

BM 34.1 14.67 0.676 1.53 0.536 0.490 

BH 73.1 8.33 0.485 1.64 0.280 0.293 

AT 16.4 27.33 0.742 1.26 0.645 0.618 

AM 34.1 14.67 0.692 1.44 0.542 0.525 

All 73.1 8.33 0.555 1.58 0.322 0.310 

CT 16.4 27.33 0.765 1.21 0.663 0.632 

CM 34.1 14.67 0.716 1.31 0.565 0.537 

CH 73.1 8.33 0.586 1.48 0.348 0.328 

* Ritios arc compared with the values of "in situ" samples. 

V. 
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Siddique and Sarker (1996) and Siddique ci al. (2000) i"vcstigatcd the effect of area 

ratio on soil parameters of reconstituted normally consolidated soft Dhaka clay and 

Chittagong coastal soils, respectively. Siddique and S'cr (1996) reported reduction in 

c' (up to 42%), s (up to 35%) and E (up to 49%) an a increase in c (up to 81%) in 

reconstituted noniially consolidated soft Dhaka clay due to increase in area ratio of 

samplers from 10.8% to 55.2%. Due to increase in area ratio, Siddique ci al. (2000) also 

reported that the values of a'j, s 1  and Ej reduced significantly while the value of c 

increased of reconstituted normally consolidated soft samples of three Chitlagong coastal 

soi 

The results of the previous and present investigations on coastal soils clearly 

demonstrate that in order to minimize disturbance due to sampling in coastal clays of 

low to high plasticity, area ratio of sampler should be kept as low as possible. Practically, 

the area ratio should not exceed 10%. 

8.4 Quantitative Assessment of Sample Disturbance 

There is no way of obtaining a soil sample so as to maintain exactly the in situ 

conditions. This is because its removal involves a change in the in situ state of stress 

and usually some disturbance due to ;ampling and h&iidliiig. So, degree of disturbance 

can be assessed by investigating the behaviour of the least disturbed sample which is 

usually a laboratory simulated "perfect" sample. Because of additional disturbances 

other than that occurred due to total stress release, the residual or initial effective 

stress of "tube" (disturbed) sample, Wi is usually ; than the isotropic effective 

stress, of a "perfect" sample. Based on the values of of "perfect" sample and 

initial effective stress, o for "tube" sample, degree of disturbance (Dd) has been 

calculated using the following equation proposed by Okumura (1971) and Nelson Ct al. 

(1971): 

Dd  =1-k- (8.3) 
yps 

The values of Dd of the "tube" samples have been presented in Table 8.5. Table 8.5 

shows that the values of Dd of the "tube" samples 0.14 to 0.36, 0.13 to 0.33 

and 0.06 to 0.22 for the samples from Banskhali, Anwara and Chandanaish, respectively. 
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Table 8.5 Values of Degree of Disturbance 'Tube" Samplers of Different 

Wall Thickness (t) 

Sample 

Designation 
BT BM BH AT AM AH CT CM CH 

Wall Thickness, 
1.5 3 6 1.5 3 6 1.5 3 6 

tin mm 

Degree of 

Disturbance, 0.14 0.21 0.36 0.13 0.18 0.33 0.06 0.10 0.22 

Dd =I(cf/c?) 
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Figs. 8.6. 8.7 and 8.8 show the plotS of' degree of chsturbancc versus ci,, E/G',>  and 

E/'V(), respectively for "tube" samples of' the three coastal soils. Fig. 8.6 shows that for 

each soil, there is a trend of increase in !hc values with increasing dcgre' of 

distu; ancc. Figs. 8.7 and 8.8, however, show that stiffness ratios (E/o 0  and 

E5Wo0) reduced sharply with the increase in the degree of disturbance. Similar 

beha four as shown in Figs. 8.6, 8.7 and 8.8 has also been found by Okumura (1971) for 

Honmoku Marine Clay (LL = 93, P1 = 51); and Siddique Ct al. (2000) for three coastal 

soils (LL = 43 to 57, P1 = 18 to 33) of Bangladesh. Fig. 8.9 shws the plot of disturbed 

strength ratio (s,/s,1,) versus degree of disturbance for nine "iube" samples of three 

coastal soils. s and s are the undrained shear gth of the "tube" and the 

coi sponding "perfect" sample, respectively. The v. s of s, of the samples of 

Banskhali, Anwara and Chandanaish (i.e., samples BP, AP and CP, respectively) have 

been hound to be 46.57 kN/m2, 49.5 kN/m2  and 53.0 kN/m2, respectively as shown in 
" 8.1 It can be seen from Fig. 8.9 that the disturbed strength ratio (Stit/Su;)) reduces 

with increase in degree of disturbance. The quantitative values of the degree of 

disturbance have also been found to he dependent upon the design paranieters of the 

samplers used for sampling the clays. Degree of disturbance has been p4 Ited against 

area ratio and D/t ratio as shown in Figs. 8.10 and 8.11, respectivel". It ca be seen from 

Fig. .10 that the values of D(; increased with the increasing values of area ratio. While 

the values of Dd, however, increased with decreasing values of D/t ratio of sampler as 

shown in Fig. 8.11. Degree of disturbance increased up to 2.6, 2.5 and 3.9 times for 

increase in area ratio (or decrease in De/t ratio between 27.3 and 8.3) between 16.4% and 

73.1% for the samples from Banskliali, Anwai'a and Chandanaish, respectively. 

Increase in the degree of disturbance increased due to increase in area ratio (or 

decrease in D/t ratio) was also reported for rCCOflStitUL soft samples of Dhaka clay 

(Siddique and Sarker, 1996), soft samples of coastal soils (Siddique and Farooq, 

1998; Siddiquc et al., 2000) and firm samples of Dhaka clay (Siddique and Rahman, 

2000). 

Marked increase in the degree of distu; ince (measured in terms of tube sampling 

"ains) with decreasing D/t ratio of sample has also beer' alytically predicted (Baligh 

et al., 1987; Baligh, 1985). Clayton et al. (I )8) from ii neal finite element analyses 

also predicted considerable increase in the cgI-ee of disturbance with increasing area 

atio (or decreasing D/t ratio). 
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8.5 Correction of Unconsolidated Undrained Shear Strei;th 

It has been observed from the present study that because of sample disturbance 

undrained strengths of "tube" samples are always less than those of "in situ" samples. 

So, from practical point of view, although designs based on strength of soils obtained 

from laboratory tests of tube samples are on the safe side but it would lead to 

uneconomic and overdesign of structures. For optimum and economic design, 

undrained shear strength obtained from laboratory test on tube samples, therefore, 

should be corrected before being used in the design. In the present research, a 

correction procedure for estimating undrained shear strength of the coastal soils 

studied has been proposed. The relationships shown in Fig. 8.9, in conjunction with 

Figs. 8.10 and 8. 11, can be used as for correcting the undrained shear strength of 

samples retrieved from the coastal region studied using sampling tubes of varying 

area ratio and De/l ratio. Th proposed meth'Dd of correctiug the undrained shear 

strength for sample disturbance involves the following four steps: 

For a sample of given plasticity index (P1) and area ratio or D/t ratio of the 

sampler used for sampling, the degree of disturbance (D(I) is estimated from the 

curves shown in Fig. 8. 10 or Fig. 8.11. 

From the value of D(1, the s1  /s1  ratio of the tube sampl&is determined using the 

correction curves shown in Fig. 8.9 

Unconsolidated undrained (UU) triaxial compression test is to be performed on 

the sample to find its disturbed undrained shear strength, i.e., s, 

Dividing the undrained shear strength of the sample by the s, /s, ratio of the 

sample, the perfectly undisturbed strength, i.e., s, of the sample is obtained. 

As an example, from Fig. 8. 10 the value of Dd of a sample (P1 = 1 6) obtained using a 

sampler tube of area ratio of 40% is approximately 0.2. From Fig. 8.9, the ratio 

is approximately 0.72 when Dd = 0.2. If the laboratory measured undrained shear 

strength of the sample is 40 kN/m2, then the corrected undrained strength will be 55.5 

kN/1112. Correction of unconsolidated undrained strengths by use of the above 

procedure should be considered as an approximate engineering approach. 
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It is to be note(l that the relationshi's shown in Figs. 8.9 to 8.11 , however, can be used 

for coastal soil samples of plasticity index varying from 10 to 20 and samples 

retrieved with sampler tubes of different area ratio or D/t ratio but fixed OCA and 

1C'. values of 5° and 0%, respectively. Further investigations may be carried out to 

establish correction curves for coastal soils of high plasticity and for samples retrieved 

with sampler tubes having various OCA and ICR values. 

8.6 Effect of Soil Type on Disturbance 

Disturbance due to tube sampling has been found to depend on the plasticity of the 

samples of the three coastal soils. From the data of Table 8.2, it can be seen that 

depending on soil type, the highest reduction in initial effective stress, o occurred in the 

least plastic Banskhali samples (P1 = 10) whereas the minimum reduction in cr'i  occurred 

in the most plastic Chandanaish samples (131 = 20). Among the samples of the coastal 

soils, the least plastic (P1 = 10) samples from Banskhali produced higher degree of 

disturbance than the most plasic (1>1 = 20) sam1)les Ioni Chandanaish. These results 

agreed well with those reported by Siddique et al. (2000) for reconstituted samples of 

three coastal soils. Compared with less plastic (P1 = 20 ± 2.5) reconstituted Boston Blue 

clay (Baligh et al., 1987), Siddiquc (1990) also reported lesser degree of disturbance in 

highly plastic (P1 = 45) reconstituted London clay due to application of tube sampling 

strains. 

Fig. 8.12 also shows the variation of degree of disturbance with plasticity index for 

different D/ t ratios. From Fig. 8.12 it is observed that for a particular D/ t ratio, degree 

of disturbance increases with the decrease of plasticity index. 

8.7 Influence of Reconsolidation of "Tube" Samples 

Isotropic and anisotropic reconsolidation procedures were adopted in order to assess the 

suitability of different reconsolidation procedure to minimize the sampling disturbance 

effects in Famples of the reconstituted coastal soils. Reconsolidation was carried out on 

samples from Bmskha1i, Anwara and Chandanaish retrieved using the sampler of area 
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ratio = 34.1% (t = 3 mm) and OCA = 50  The reconsolidation techniques mentioned in 

Article 4.7 were used for the " tube" samples. The undrained soil parameters of the 

reconsolidated "tube" samples have been determined from stress-strain and pore pressure 

data. 

8.7.1 Normalized Effective Stress Paths 

The normalized effective stress paths of the reconsolidated "tube" samples from 

Banskhali, Anwara and Chandanaisli are presented in Figs. 8.13 to 8.15, respectively. In 

Figs. 8.13 to 8.15, the corresponding plots for the "in situ" samples are shown for 

comparison with the reconsolidated samples. From these figures it can be observed that 

the effective stress path of the "tube" sample reconsolidated under K0-condition to 

vertical effective stress equal to in situ vertical effective stress, i.e., Bjerrum 

procedure, compares better with the "in situ" samples of the three soils. 

8.7.2 Stress-Strain-Strength and StilTness Properties 

Fig. 8.16 shows a typical comparison of normalized deviator stress as a fuwtion of axial 

strain of the reconsolidated "tube" samples with the "in situ" sample from Bansk.hali. It 

can be seen from Fig. 8.16 that deviator stress versus axial strair plot of the "tube" 

sample reconsolidated using Bjcrrum (1973) procedure produced the better overall 
Pr estimate with the "in situ" sampic. Similar results were also found for samples of the 

other soils from Anwara and Chandanaish. 

Undrained shear strength (s1 ), initial tangent stiffness (E), secant modulus at half the 

deviator stress (E50) and axial strain at peak deviator stress (ce), have been determined 

from the stress-strain data for the "in situ" and reconsolidated "tube" samples of the three 

soils. A comparison of normalized undrained shear parameters between the "in situ" and 

reconsolidated "tube" samples is presented in Table 8.6. 

It can be seen from Table 8.6 that isotropic rcconsolidation, using in situ vertical 
lk- 

effective stress equal to (i.e., 150 kN/ni2), has the effect of grossly overestimation of 

ii situ" strength ratio (s/o0)  and c for all the soils. ' lues of and c have been 
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Table 8.6 Comparison of Undrained Shear CharacteristiCS of "In Situ" and 

Reconsolidated "Tube" Samples of the 'l'hree Coastal Soils 

Sample Test Type , 
(%) E,I ' 0 E5  '0 A1)  

Designation 

CIU1.0' 0.383 11.92 242.5 159.15 0.802 

CK,U-1.0 o 0.31 8.15 141.23 102.4 0.745 

BM SHANSEP- 1.5 0.285 10.72 117.58 89.53 1.12 

SHANSEP - 2.5 0.276 11.3 97.53 84.49 1.24 

BI 0.34 7.0 163.8 124.8 0.76 

CIU1.0 0.408 12.7 256.4 170.67 0.772 

AM 

CK0U 1.0 Ovc 0.327 8.9 150.3 112.5 0.723 

SHANSEP - 1.5 0.302 11.25 125.2 101.17 1.18 

SHANSEP-2.5 0.29 13.5 101.73 89.10 1.26 

Al 0.357 7.8 175.2 132.3 0.74 

C1U1.0' 0.42 12.62 276.0 189.0 0.74 

CK0U-1.0' 0.34 9.72 161.0 127.0 0.726 

CM SHANSEP- 1.5 0.31 11.47 133.0 110.0 1.26 

S11ANSEP-2.5 0.304 13.10 107.0 91.0 1.42 

CI 0.37 8.8 184.0 147.0 0.71 

1 
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overestimated up to 14.3% and 70.3%, respectively. Compared with the "in situ" 

samples, the values of stiffness ratios, F/c'. and increased significantly for the 

A "tubc"saniplcs reconsolidated using isotropic pressure equal to Values of E  

and E50  k'V()  increased up to 500/o and 29%. reSpect! vely (Iue to rcconsolidattoii using an 

isotropic pressure equal to o. Sidd lue et al. (2000) also reported that s Ia', c and E 

/(T'V. increased (lue to isotropic reconsolidation in two normally consolidated sofi 

samples of coastal soils. Similar results have been found by Siddiquc and Rahman 

(2000) for firm Dhaka clay. 

Compared with "in situ" samples, the ratios s/a',, EI/O V()  and E of "tube" samples 

reconsolidated using Bjerrum (1973) procedure, SHANSEP-1.5 and SHANSEP-2.5 

reduced significantly. The undrained sti-cngth ratio (s/'.(,) for the "tube" samples from 

Banskhali reconsolidated using Bjerrum (1973), SHANSEP-1.5 and SHANSEP-2.5 

procedures reduced by 8.82%, 16.2% and 18.82%, respectively. The respective 

reductions for the samples from Anwara are 8.4%, 15.4% and 18.77%, respectively 

while those for the samples from Chandanaish are 8.11%, 16.2% and 17.84%, 

respectively. The undrained stiffness ratio (Ei /?) reduced by 13.78%, 28.2% and 

40.5% for "tube" samples from Banskhali reconsolidated using Bjerrum (1973), 

SHANSEP-1.5 and SHANSEP-2.5 procedures, respectively. The respective reductions 

for ti samples from Anwara are 14.2%, 28.540/o and 41.9%. The stiffness ratio (E, / 'vo) 

reduced by 12.5%, 27.72% and 43.95% for "tube" samples from Chandanaish 

reconsolidated using Bjcrrum, SHANSEP-1.5 1.5 and SHANSEP-2.5 procedures, 

respectively. The undrained stiffness ratio (E50 /' 0) reduced for samples from Banskhali 

by 17.95%, 28.3% and 32.3%; for samples from Anwara by 14.97%, 23.53% and 

32.65%; and, for samples from Chandanaish by 13.61%, 25.2% and 38.1% due to 

reconsolidation using the above Bjcrrum. SHANSEP-1.5 and SHANSEP-2.5 

procedures, respectively. 

The values of t, of all the "perfect" samples reconsolidated using above Bjerrurn 

(1973), SHANSEP-1.5 and SHANSEP-2.5 procedures, however, increased. The values 

of increased for samples from Baniskhali by 16.4%, 53.14% and 61.4%; for samples 

from Anwara by 12.36%, 44.231/o and 73. 1 %: and for samples from Chandanaish by 

10.34%, 30.34% and 48.86% due to reconsolidation using the Bjemim, SHANSEP-1.5 

and SHANSEP-2.5 procedures, respectively. 
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From the above comparisons of the ValueS of s , F , E and F.  between 

the "in situ" and rcconsolidatcd "tube" samples, it is cvidcnt that for each soil, despite 

-41 all the anisotropic reconsolidation procedures including S HANSEP procedures 

provided a lower bound strength and stiffness, and an upper bound axial strain at peak 

deviator stress, the values of s, . E /o , E o  /' and Ep  of the "tube" sample 

reconsolidated using Bj errum procedure (i.e., reconsolidation under K-condition to 

vertical effective stress equal to in situ vertical effective stress, produced the best 

agreement between the ''tube" and "in situ" samples in terms of the strength, 

deformation and stiffness properties than the 'tube" samples reconsIidated using 

SHANSEP-1.5 and SFIANSEP-2.5 procedures. Siddiquc and Rahman (2000) reported 

that compared with SFIANSEP reconsolidation procedures, the soil parameters of "tube" 

samples reconsolidated using Bjcrrum procedure (CK0U-1 .0a'J agrees more closely 

with those of the respective "in situ" samples than those of the samples reconsolidated 

using SHANSEP procedures. Siddiquc et al. (2000) reported that rcconsolidation of 

"tube" samples using SHANSEP-1.5 procedure produced better agreement with the 

characteristics of the respective "in situ" samples for the reconstituted normally 

consolidated two coastal soils. Sarker (1994) reported that K0-reconsolidation of "tube" 

samples using the SHANSEP procedures could not restore "in situ" behaviour of soil 

Dhaka clay. Siddiqite et al. (2000) and Sarker (1994), however, did not adopt the 

reconsolidation of "tube" samples using Bjerrum procedure in their investigations. 

8.7.3 Pore Pressure Responses 

Typical plottings of the variation of Skempton's pore pressure parameter, A with axial 

stn:in are presented in Fig. 8.17 for reconsolidated "tube" samples from Anwara. In Fig. 

8. 17, the corresponding plot for the"in situ"sample are also shown for comparison with 

the reconsolidated samples. It can be seen from Fig. 8.17 that the pore pressure response 

(as evaluated in terms of Skempton's pore pressure parameter, A) of the "tube" sample 

reconsolidated using Bjcrrum (1973) procedure (i.e., consolidation under K( rcondition to 

vertical effective stress equal to in situ vertical effective stress, ') produced the best 

agreement with the "in situ" sample than the "tube" samples reconsolidated using other 

techniques. Skempton's pore pressure parameter, A at peak deviator stress ( Al) has been 

determined from stress-strain and pore pressure data. Similar results were also found for 
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other soils from 13an.skhali and ('handanaish. 1'1ic values of A1)  for all samples of the 

three soils have already been shown in Table 8.5. The following points can be 

sununarized from Table 8.5: 

Isotropic reconsolidation with p"cssure equal to c , ovcrcstirnatcd (up to 5.53%) 

the values alA1.,. 

Anisotropic reconsolidation using 13jcrrum (1973) procedure slightly underestimated 

or overestimated (up to 2.25%) the values of A. 

• Anisotropic reconsolidation using SHANSEP-1 .5a' and SHANSEP-2.5' 

procedures grossly overestimated (up to 77.5% and 100%, respectively) the values of 

A1 . 

From the above comparisons, it is evident that the values of A of the "tube" samples 

reconsolidated using Bjerrurn (1973) procedure provided the better estimate of "in situ" 

sample than the "tube" samples reconsolidated using other techniques. 

Siddique and Rahman (2000) reported that the value of A increased significantly due to 

isotropic reconsolidation of "tube" samples of Dhaka clay, while Siddique et al. (2000) 

'norted that the value of A decreased due to isotropic reconsolidation of "tube" 

samples of two coastal soils. The contradictory results might be possible due to variation 

of reconsolidation pressure. Siddique and Rahman (2000) considered effective 

overburden pressure as a isotropic reconsolidation pressure, whereas Siddique et al. 

(2000) considered P'o  as isotropic reconsolidation pressure. Siddique and Rahman (2000) 

reported that compared with reconsolidation procedures, the value of A of "tube" 

samples reconsolidated using Bjerrum procedure (CKoU-l.O') agrees more closely 

with the respcctive value of "in situ" samples of Dhaka clay. Siddique et al. (2000) 

reported that reconsolidation of "tube" samples using SHANSEP-1 .5 procedure 

produced better agreement with the respective value of A of the "in situ" samples for the 

reconstituted normally consolidated two coastal soils. Sarker (1994) reported that 1(-

reconsolidation of "tube" samples ting the SI IANSEP procedures could not restore "in 

situ" behaviour of sofl Dhaka clay in case of A. Siddique Ct al. (2000) and Sarker 

(1994), however, did not adopt the rcconsolidalion of "tube" samples using Bjerrum 

procedure in their investigations. 
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CHAPTER 9 

CONCLUSIONS AND RECOMMENDATIONS 

FOR FUTURE STUDY 

9.1 Conclusions 

in the present study, undrained strength-deformations compressibility and intrinsic 

properties of three reconstituted samples of Chittagong coastal soils of Bangladesh 

have been investigated. Attempts have been made to evaluate normalized soil 

engineering properties for these soils. Models to predict undrained shear strength were 

also developed for normally consolidated and overconsolidated soils. Deformation 

characteristics of IK, and isotropically consolidated samples have been evaluated for 

reconstituted soils. Using Burland's (1 990) concept, a general intrinsic compression 

cui ye has been established which may be used to determine compressibility of soils at 

any depth of known overburden pressure. From the stress paths of normally 

consolidated and overconsolidated reconstituted samples of the three soils, State 

Boundary Surfaces were established. Some constitutive models showing the 

'lationship between critical state parameters and plasticity index of the soils were 

also developed. 

Ir 

In addition 10 evaluation of stress deformation properties, sampling effects in these 

three coastal soils have also been assessed. The effects of "perfect" sampling 

disturbance am. "tube" sampling disturbance on undrained shear characteristics have 

been examined for reconstituted normally consolidated soil samples. The influence of 

the sampler characteristics, nanely area ratio and D/t (external diameter to wall 

thickness) ratio on the measured soil parameters has also been examined. Attempt has 

been made to examine the suitability of different reconsolidation procedures to 

minimize the "perfect" and "tube" sampling disturbance effects. The main findings 

have been outlined into three sectio.s relating to the following areas: 
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Stress-defirniation-strcngth properties, compressibility and swelling 

characteristics and intrinsic properties of' reconstituted samples of three coastal 

soils. 

Effects of "perfect" and tube sampling on undrained shear properties of 

reconstituted samples of three coastal soils and also the influence of sampler 

geometry Oil the measured undrained shear parameters of the reconstituted 

samples of the three coastal soils. 

(C) Assessment of various icconsolidation techniques to minimize 'perfect" and 

tube sampling disturbance effects in the three coastal soils. 

On the basis of experimental results, the following major findings and conclusions can 

be drawn: 

The general equation st°/o, = [sL/'(} x (OCR)' proposed by Mitachi and 

Kitago (1976) has been found to be valid for the three coastal soils to determine 

the undrained shear strength of overconsolidated samples under isotropic stress 

condition. 

The intrinsic compression line for the three coastal soils found from the intrinsic 

values almost coincided with the ICL values for most clays furnished by 

Burland (1990). This curve can be used as a basic frame of reference for the 

compressibility of iiatural soils. 

For the reconstituted normally consolidated samples of the soils s,  c E,, E50  

increased with the increase of plasticity while A1, decreased with the increase of 

plasticity of the soils. 

For the reconstituted overconsolidated soils, s,, c 
P. E1/s, E5Js, A.  decreased with 

the increase of OCR for each soil. Strength ratio (s/'0)  and Stiffness ratios 

(EIo >  and EJo), however, increased with the increase of OCR. At higher 

OCR, the rate of increase of s F/o' 0  and Eç0/', was highly pronounced. 

On the other hand, E,/s  and E50  /s decreased with the increase of OCR for each 

soil. 

The relations Ei  = k s, and E, = 4; s can be applied to coastal soils to represent 

their initial tangent modulus and secant modulus. iE 

'I AUET l 

ILI 
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From the co!niralive ctiidy hc'I.wccn thr CXnPrj11ç'nt 11  results an' t1iec-

predicted using theoretical models, it has been found that the Modified Cam clay 
41 model compares more favourably with the cxperimcntal results than the Cam 

clay model in tel-ills of 1)0th stress-strain curves and effective stress paths for 

each soil. 

Compared with the "in situ" samples, undrained strength, s, the initial tangent 

modulus, E,, secant modulus at half the peak deviator stress, E5,, pore pressure 

parameter at peak deviator stress, A of the "perfect" and "tub samples 

decreased while the values of axial strain at ak deviator stress. c icreased for 

the three samples. It is also evident that the initial ci ctivc stress a'1  decreased 

in case of "tube sampling disturbance and mean effective stress, p' decreased in 

case of "per'ct" sampling in comparison with the "in situ" samples. 

It was low that the nature of the effective stress paths and pore pressure 

responses of the "perfect" and "tube" samples were markedly different from the 

"in situ" samples. The "perfect" and "tube" samples showed stress paths and pore 

pressure :esponses similar to those for overconsolidated samples. 

The xtcnt of disturbances due to "perfect" and "tube" sampling has been found to 

dej id on the type of soil. The less plastic samples from Banskhali (P1 = 10) 

sufLrc ""('' Cl-  reductions in s,,, E1, Eç,, and p' and a'1  than the more plastic samples 

from ,danaisli (P1 = 20). The values of Dd  of the "tube" samples have also 

be a ihund to be higher in less plastic samples than in more plastic samples. 

'1ie findings of the previous and present investigations on coastal soils clearly 

demonstrate that the design of a sampler tube has profound influence on sample 

disturbance. In order to illinimize disturbance due to sampling in coastal soils, area 

ratio of sampler should be kept as low as possible. From practical point of view, 

the area ratio of a tube sampler should not exceed 10%. 

The expc;n tal results of the present investigation agree favourably with those 

reported previously by Farooq (1995). Siddique and Farooq (1996) and Siddique 

et al. (2000), for tllree coastal soils of higiler plasticity and thereby confirm and 

validate the previous works on coastal soils of Bangladesh. The present results 

tilerefore illustrated that the behaviour of the coastal soils studied is, in general, 

similar to those of other coastal soils of I3angladesh. The results of the present 

investigation also indicated that the effects of "perfect" and "tube" sampling 



disturbance on undrained stress-strain-strength, stiffness and pore pressure 

characteristics in the coastal soils are similar to those in other soils. 

NO The experimental results of the preSent investigation i:dicatcd that the assessment 3 
of the effects of tube sampling disturbance in the coastal soils is important and 

should be ecognized specially in connection with the evaluation of undrained 

shear strength for these soils. A method for correcting undrained shear strength 

suggested in this research work may be utilized for this '.irpose. 

In each soil, isotropic reconsolidalion of "perfect" and "tube" samples using a 

pressure equal to vertical effective consolidation pressure (a') has the effect of 

grossly overestimation of "in situ" strength. stiffnesses E1  and E50, c,,, and A, while 

isotropic rcconsolidation oi"perfect" samples using a pressure equal to results Ps 

in substantial underestimation of "in situ" strength. E,, E 0  and A and 

overestimation of &P for the three coastal soiis. 

The results indicate that all the anisotropic reconsolidation techniques provided 

lower bound strength and stiffness ratios than those of "in situ" samples. 

Reconsolidation of "perfect" and "tube" samples using SHANSEP procedures (K0-

consolidation to vertical effective stress equal to 1.5 times and 2.5 times the in situ 

vertical effective stress, c',) considerably underestimated the values of strength 

and stiffness ratios, and overestimated the values of 
) and A. However, 

reconsolidation of the "perfect" and "tube" samples 'using Bjemini (1973) 

procedure slightly underestimated in situ strength ratio and stiffness ratios, slightly 

underestimated or overestimated the values A1,, and overestimated to some extent 

the values of c1,. Compared with the "in situ" samples Bjerrum (1973) procedure 

provided the results with the lesser variation than all other reconsolidation 

procedures in all respects. So it may be concluded that the anisotropic 

reconsolidation to under Ku-condition, i.e., Bjerrum procedure produced the 

best agreement between the "in situ" and "perfect" or "tube" samples from 

Banskhali, Anwara and Chandanaish in terms of strength, deformation, stiffness, 

and pore pressure responses. It, therefore, appears from the present investigation 

that reconsolidation using ANSEP procedures may not be applicable to these 

coastal soils. In order to determine the undrained shear parameters of these coastal 

soils from triaxial testii on samples retriev from ground. the samples should 

first be reconsolidated using Bjerrum (1973) procedure before being sheared up to 

fni lure. 



'.2 Recommendations for Future Study 

4 

cvcral aspects of the work prescntcd in this thesis require further study. Some of the 

important areas of further research may be listed as follows: 

) In this research, reconstituted samples have been used to develop models of 

undrained shear strength of overconsolidated and normally consolidated soils. 

This research may be extended using natural undisturbed coastal soils in order to 

make comparisons between the behaviour of reconstituted and intact soils. 

Three coastal soils have been used in this research to develop constitutive 

models for critical state soil parameters. Research on more sofls from different 

coastal belts of Bangladesh may be carried nut to rify and validate these 

models. Such studies would also lead to develop a generalized frame work of 

behaviour of coastal soiis of Bangladesh. 

The scope of' present research has been limited to investigating the effects of 

sampling disturbance in reconstituted unaged or young coastal soils. The fabric 

of natural soils may have a significant influence on the behaviour of soils and 

hence, further research is required on natural soils to identify any special features 

associated with fabric, composition, bonding and ageing. 
* 

The scope of the testing programme has been limited to investigating only the 

"perfect" and tube sampling disturbance effects in reconstituted normally 

'V 
consolidated unaged coastal soils. Further study can be carried out to investigate 

the influence of "ideal" sampling disturbance in coastal soils. 

Effects of area ratio or Deft  ratio of sampler on disturbance have been 

investigated. Besides this, the effects of other design parameters on sampling 

disturbance can be investigated. Such design parameters may include variation 

of outside cutting edge angle, inside clearance ratio, outside clearance ratio, 

inside cutting edge angle and variation of sampler diameter. 

To observe and identify the important effects of stress history on soil 

disturbance, it is per ps desirable to extend similar investigation on 

overconsolidated samples having a wide range of ovc"consolidation ratios. 
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APPENDIX - I 

LISTING OF COMPUTER PROGRAM TO PREDICT 

THE VALUES OF STRESS AND STRAIN USING CAM 

CLAY MODEL FOR ISOTROPICALLY NORMALLY 

CONSOLIDATED SOIL 
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/ typical Program to Predict the Values of Stress and Strain by Using Cam 

C1a' f'Io(lel for lsotiopicallv Normally Consolidated soil / 

jk 

#include<stdio.h> 1/ including Standaid Input Output I-leader File 
#include<coiiio.h> //Including Configuring Input Output I leader File 
#iiiclude<math h> /1 1 lie I ud lug NI at Ii II eadcr H Ic 

/* Header (lies contains the built-in functions/keywords of'C Compiler */ 

#define pe 150 II Constant pe declaration 

#define k 0.019 II Constant k declaration 

#define 1am 0. 115 II Constant lam declaration 
.1efmne Mc 1 .34 /1 Constant Mc declaration 

1* 

14  PC = prcshcar consolidation pressure, 
k = slope of average line swelling and recompression line, 
ani slope of normal consolidation l ine, critical state parameter, 

Mc = ratio of deviator stress and mean cfIcctivc normal stress at 
failure point. 

*1 

void calculation( ); If Ptinetion prototype declaration 

/* Float type Variable declaration i 

float 

j,dEs[40],sdEs[40].c[40],\V,c,Vo,o[40].ita[40],dita[40,qOp[4Oi p0p[4G1,pp[40],qp[40 

dpp[40] ,m[40] ,'[40], I [40] ,xx [40] ,v[40]  .i.[40],blam; 

1* 

dEs=diflcrcntial strain 

sdEs=summation of di ifirentiaI s rain 
W=nioisture coniclit 
G=spccific gravity 
Vo=specific volume 

dita=cli Ilerential ita 

pOp=pnot prillic 

qOp=qnot prime 
dpp=differcntial pprimc 

-4 
blan=big lanida 

*1 
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niain() II 1 his is the m;iin function from where program execution 

starts 

calculation(); 1/ Function names cakutation is l)ci ng cal led 

void calcu lation() II Function dctai Is 

FILE *foiit; ii FILE is it built-in structure 

FILE *1111; 

hit ii ,n; //Integer type Variable declaration 

Iin=lopeii("c:\\incl.(Ioc","w"); 1/ fopen function opens a document file in the 

patti ''own 

fout=fopen("c:\\outcl  .(Ioc","w"); 

/* fin is the input file pointer in which all the input data of the program will be stored 
/ lout is the output file pointer in which all the output data of the program will be 

stored 

if (fin=NULL) 

puts ("Cannot OCfl file"); 

if(lout= NULL) 

puts ("Cannot open file"); 

prin(f ("\t\t\t Enter the number of data's"); i/ Writes to the standard output I,c 

monitor 

scauf ("%d",&n); Ii Cursor waits here for the user-input from the standard input 

I,e keyboard 

fprintf (fin,"\n\t\tThis is the input Listn"); II 1printf writes to a function 
/* Sending the text inside the double quotation to the input file pointer names fin */ 

f1rintf ( iin,"\n\t 'l'otal Number oldata's are : %d\n''n± 1); 

printf ("\t\t\t enter the value of W"); 

scan I ("%r',&w); 



fpriutf (fin,"\n\t 'l'hc value of W is: %.31\if',W); 

priutf("\t\t\t enter the value of G"); 
jk scanf ("%f',&G); 

fprintf(1in,\n\t The value of G is: %.21\ii",G); 

I/calculation of sped lie volume, Vo 
Vor=( l+W*G); 

I/assigning the value of qnotprime// 

fprintf(fin,"\ii\t The value of qnotprimc is\n); 
fprintf(fin,"\t ------------------------- 

for(i l=O;i 1<=n;i I-i I) 

printf("\t\t\t enter the va lue of qOprinc"); 
scanf("%C',&qOp[i I ]); 

fprintf(fin,'\t\t\t 2f\n",qOp[i I 

I/assigning the value of pnotprinic// 

fprintf(fin,"\ii\t The value of pnolprimc is: \ n u);  

fprintf(fin,"\t --------------------------\ n");  
for(i 1=O;i I <=n;i 1++) 

printf(H\n\t\t\t enter the value of poprime"); 
scanf("%f",&pOp[i I ]); 
fprintf(fin,"\t\i\t I\n",pOp[i I]); 

fclose(fin); II closing the input file pointer names fin 

ii calculation br ita II 

for(i I 0;i 1<=n;i I ++) 

it'I[i I ]=qOp{i I }/pOp[i I]; 
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I/calculation for big Iambda(blam)// 

blarn=(1-k/lani); 
I/finding the value of ila/Me which is yl/ 

fo:(i10;i 1<=n;il++) 

{ 
y[i I ]1ta[i 1 ]/Mc; 

} 
I/finding the value of z=ln(pc/pp)which is italMc*blam  II 

for(i I=O;i 1<=n;i 1+4-) 

{ 
z[il]=y[i I ]*J; 

//lindiug the value of pc/pp -xx II 

for(il=O;il<=n;il++) 

{ 
xx[i I ]cxp(z[i  I]); 

II linding the value Ofl)l)fl111C,PP=Pc/XX Ii 

for(i 1=O;i 1<=n;i I ++) 

pp[i 1 ]=pe/xx[i 1]; 

} 
I/finding the value of qprime,qp=ita*pp  II 

for(il=O;il<=n;il++) 

qp[il]ita[il]*pp[i 1]; 

} 

I/finding the value of differential pprirne,dpp=dpp I -dppO II 

dpp[O]=O; 

for(il=I;il<=n;il+-f) 

dpp[i I ]=pp[i l}-pp[i  1-1]; 
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//findii value ol v=dpprime/pprimc=dpp!pp ii 

for(i1O;il<n;i1++) 

v[i I ]=dpp[i I ]/pp{i 1]; 

I/finding the value o £ di flercntial ita,dita=dita 1-ditaO II 

dita[O]=O; 

for(i11 ;i l<=n;il++) 

{ 
dita[i 1 ]=ita[i I ]-ita[i 1-1]; 

I/finding the value of ditaJMcl// 

for(il=O;il<=n;il-4-+) 

{ 
Ifi I J=dita[i I ]/Mc; 

I/finding the summation of I and v i,e m=ditalMc+(dpp/pp) II 

for(i l=1;il<=n;il++) 

{ 
m[i I j=I[il ]+v[i 11; 

I/finding the value ofj=(larn-k)/Vo II 
4 

j=(lam-k)/Vo; 
I/finding the value of o=l/(Mc-ita) II 

for(il=O;il<=n;il++) 

o[i 1 ]=1/(lvlc-ita[i 1 :!); 

I/finding the value of dEs=I/(Mc_ita)*(lam_k)/Vo*(dita/Mc)+(dpp/PP) II 

for(il =O;i 1 <=n;i I ++) 

{ 
dEs[i I ]=o[i I ]*j*n.[i  I]; 

} 
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I/iiiiding (hc sminiation oF dFs Sd Es II 

c[0fdEs[0]; 

sdEs[O]dEs[O]; 

for(i 1=1 ;il<=n+1 ;il++) 

c[i I ]=(dEs[i I ]+c[i I-I]); 

sdEs[i 1 ]=c[i I 100; 

//out put table/i 

clrscrO; 
printf("\n\t\t qOprime pOprime ha italMc 111(p0plpp)\11"); 

printf(t' \t\t ------ ------ ------ ------ ------ \n"); 

for(i 10;il<n;hl++) 

printf("\t\t %7.4f ¶74f 9'7•4f /07.4f 'Yo7.41\ii",qOp[i 1 j,pop[i ] ],ita[i I ],y[i 1 ],z[i I]); 

getcheQ; II wait for any lilt from keyboard 

clrscrQ; II clears the screen 

printf("\n\t pOp/pp pprime qpriiiic dPprime priine/rincn. ); 

printf("\t ---- ------ ------ ------- ------------  \S?); 

for(i 10;i I<=n;i 1++) 

{ 
printf("\t %7.4f %7.4f %7.4f %7.4f 

%961\n",xx[i 1 ],pp[i I ,qp[i I ],dpp[i I ],v[i 1]); 

getcheO; 

clrscrQ; 

printf("\n\t d italMc dilalMc4dpp/pp 1/(N4c-ita) dEs sdEs\n); 

printf("\t 

for(il=0;il<n;il++) 

{ 
printf("\t %7.4f 0/07.41\t %7.4f %11.8f 

%96fn"I[i I ],ni[i I ],o[i I ],dEs[i 1 ],sdEs[i I]); 
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INPUT LIST FOR ('AM CJAY MOIEL 

Fotal Number of data are: 16 

Ihe lueofW is: 0.305 

The value of G is: 2.69 

The value of qnotprime is: 
--------------------------------- 

0.0 6.26 12.54 18.57 25.04 35.44 48.94 59.6 61.52 

65.45 75.14 93.25 104.32 110.28 115,5() 117.63 119.20 

The value of pnotprime is: 

150.0 149.83 149.33 148.75 148.25 146.85 145.20 142.33 141.51 

139.41 132.74 120.58 111.11 104.32 97.01 94.34 88.95. 



0tI'Ii'UT III' 10K (A1 (I.A\' ti0I)J]. 

qOprime pOprirne ita ita/Mc In(pOp/pp) 

0.0000 150.0000 0.0000 0.0000 0.0000 
6.2600 149.830() 0418 00312 0.0260 

12.5400 149.3300 0.0840 0.0627 0.0523 
18.5700 148.7500 0. 1248 00932 0.0778 
25.040() 148.2500 0.1689 0 1260 6.1052 
35.4400 146.8500 0.2413 0.1801 0.1503 
48.9400 145.2000 0.3371 012515 0.2100 
59.600() 142.33)() 0.417 0 3125 0.7609 
61.5200 141.510() 0.4347 0.3244 0.2708 
65.4500 139.4100 0.4695 0.3504 0.2925 
75.1400 132.7400 0.5661 0.4224 0.3526 
93.2500 120.5800 0.7733 0.5771 0.4818 

104.3200 111.1100 0.9389 0.7007 0.5849 
110.2800 104.3200 1.0571 0.7889 0.6586 
115.5000 97.0100 1.1906 0.8885 0.7417 
117.6300 94.3400 1.2469 0.9305 0.7768 
119.2000 88.9500 1.3401 1.0001 0.8348 

P0P/PP pprime qpnme (Ipprune dppnme/pprime 

1 .0000 150.0000 0.0000 0.0000 0.000000 
1.0264 146.1461 6.1061 -3.8539 -0.026370 
1,0537 142.3546 11.9542 -37915 -0.026634 
1.0809 138.7763 17.3249 -3.5783 -0.025785 
1.1110 135.0186 22.8052 -3.7576 -0.027831 
1.1622 129.0617 31.1471 -5.9570 -0.046156 

1.2336 121.5908 40.9825 -7.4709 -0.061443 

1.2981 115.5576 48.3892 -6.0332 -0.052210 
.3111 114.4118 49,7394 -1.1457 -0.010014 
1.3397 111.9624 52.5639 -2.4494 -0.021877 
1.4228 105.4240 59.6772 -6.5384 -0.062020 

1.6189 92.6531 71.6529 -12.7709 40137835 
1.7948 83.5741 78.4668 -9.079() -0. 108635 
1.9320 77.6391 920749 -5.9349 -0.076442 
2.0995 71.444S 85.0621 -6.1943 -0.086701 
2.1744 68.9836 R6.0137 -2.4613 -0.035679 
2.3044 65.0921 87.226 -38914 -0059783 
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jr 

dita/Mc dita/Mc-Fdpp/pp l/(1c-ita) dEs sdEs 

0.0000 0.000() 0.7463 0.00000000 0.000000 
0.0312 0.0048 0.7703 0.00019537 0.019537 
0.0315 0.0049 0.7962 0.00020380 0.039917 
0.0305 0.0047 0.8229 0.00020447 0.060364 
0.0329 0.0051 0.8539 0.00022752 0083116 
0.0541 0.0079 0.9102 0.00037904 0.121020 
0.0714 0.0100 0.9971 0.00052516 0.173536 
0.0610 0.0088 1.0855 0.00050116 0.223652 
0.0119 0.0019 1.1047 0.00011198 0.234850 
0.0259 0,0040 1.1487 0.00024517 0.259367 
0.0721 0.0101 1.2921 0.00068561 0.327928 
0.1547 0.0168 1.7647 0.00156799 0.484727 
0.1235 0.0149 2.4931 0.00195963 0.60690 
0.0882 0.0118 3.5352 0.00219950 0.900640 

0.0996 0.0129 6.6934 0.00455383 1.356023 
0.0420 0.0063 10.7380 0,00357687 1.713710 

0.0696 0.0098 12.7046 0.00600415 2.314124 
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APPENDIX -II 

LISTING OF COMPUTER PROGRAM TO PREDICT 

THE VALUES OF STRESS AND STRAIN USING 

MODIFIED CAM CLAY MODEL FOR ISOTROPICALLY 

NORMALLY CONSOLIDATEt SOIL 
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1* Typical Prograni to Predict the Values of Stress and Strain by Using Modified 

Cam Clay Model for Isotropically Normally Consolidated soil *1 

* 

#include<stdio.h> I/Including Standard Input Output Header File 

#include<conio.h> Including Configuring Input Output header File 

#include<niath.h> //Including Math Header File 

/ Header files contains the built-in functions/keywords o1C Compiler */ 

idefine PC 150 II Constant pe declaration 

#define k 0.019 II Constant k declaration 

#dcline lam 0.11 5 II Constant lam declaration 

#defiuie Mc 1.34 1/ Constant Mc declaration 

1* 

pe = prcshear consolidation pressure, 

k = slope of average line swelling and recompression line, 

lam = slope of normal consolidation line, critical state parameter, 

Mc = ratio of deviator stress mid mean eficctivc nonnal stress at 

failure point. 
*1 

void alculationO; II Function prototype dcclaration 

/* Float type Variable dcclaration I 

float 
j ,dEs[40],sdEs[40],c[40],d [40] ,q [40],W,G,Vo,o[40] ,ita[40] ,dita[40],q0p[40] ,p0p[40],p 

rd P[40],  
qp[40] ,dpp[40] ,ni [40] ,v[40] ,l [40],xx [40] ,y[40] ,i[40],blam; 

1* 

dEs=differential strain 
sdEs=summation of di ITerential strain 

W=moisture content 

G=specilic gravity 
Vo=spcciuic volume 
dita=di fferential ita 

p0p=pnot prime 

qop=qnot prime 
dpp=diffcrential pprimc 

blam=big lamda 
*1 
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ivaiu() II 'l'his is the main function from where prograiii L.xccution 

starts 

* 

calculationQ; II Function names calculation is being called 

11 

VOi(l calculation() /1 Function details 

FILE *fout; 1/ FILE is a built-in structure 

FILE *1111; 

jut ii ,n; //Integer type Variable declaration 

fin=fopen("c:\\inmcl.doc","w"); II fopen function opens a document file in the 

path shown 

fout=fopen("c:\\out_mcl  .doc","w"); 

1* fin is the input file pointer in which all the input data of the program will be stored 
/* foul is the output file pointer in which all the output data of the program will be 

stored 

if(fin ==NULL) 

puts("Cannot open file"); 

if(lout==NULL) 

{ 
puts("Caiinot open file"); 

printf("\t\t\t Enter the number of data's"); 

monitor 

II Writes to the standard output 1,e 

scanf("%d",&n); 7/ Cursor viits here for the user-input from the standard input 

l,e keyboard 

fprintf(fin,"\n\t\tThis is the input ! .ist\n"); II fprintf writes to a function 

/ Sending the text inside the double quotation to the input file pointer names fin */ 

fprintf(fin,"\n\t Total Number of data's are %cl\n",n+ 1); 



printf("\t\(\t enter the vihie of W"); 

scanf("% r' ,&W); 

fpriiitf(fin,"\n\t The value of VV s: %.31\n,W); 

printf("\t\t\t enter the value of G't); 

scanf("%V',&G); 

fprilltf(fin,"\n\t The value of G is: Vo.2f\n",G); 

//calculation of specific volume, Vo 

Vor( I +W*G);  

I/assigning the value of qnotpri me// 

fprintf(uin,"\n\t The value of qnotprime is\n"); 

fprintf(fin,"\t -------------------------  

for(il=O;il<=n;i l++) 

prh. tf("\t\t\t enter the value of qOpri mc"); 

scan f("%f",&qOp[i I]); 

fprintf(fin,"\t\t\t %.21\n",q0p[i 1]); 

I/assigning the value of piiotprinic// 

fprintf(fin,"\n\t The value of pnotprimc is: \n"); 

fprintf(fin,"\t --------------------------\n"); 

for(i 10;i I <n;i l++) 

printf("\n\t\t\t enter the val tie of pOprinic"); 

scanf("%f',&pOp[i I ]); 

fprintf(fin,"\t\t\1 %.21\n",p0p[i 1 ]); 

fclose(fin); II closing thc input file pointer names fin 

//calculation for ital/ 
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41 

for(il=O;il<=n;il+±) 
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{ 
itafi I Jq0p[1 I }/pop{i I]; 

} 

//calculation for big lam bdai/ 

blam=( 1-k!lam); 

iYindiiig 
 the value of {(ita square)+(Mc square)}/(Mc square) which is 

yll 

for(il=O;j l<n;il++) 

{ 

y{i l](ita[ 1 *jta[j I]+MC*MC)/(MC*MC); 

.4 //finding the value of zy to the power blarn = pe/pprirne Ii 

for(i I=O;i 1<=n;il++) 

{ 
z{i I ]=pow(y[j I ],blani); 

} 

I/finding the value of pprinie=pe!z II 

for(i frO;i l<zrn; j  I++) 

{ 
pp[i I J=pe/z[i I]; 

LI 
} 

II finding the value ofqprinie,qpriniejta*ppj1  II 

for(i l=zo;il<=n;jl++) 

{ 
qp[i l]pp[i  I]*ita[i  I]; 

//findi the value of pprirne/pcprirne = d 

for(i l=O;j I <n;i I ++) 

d{il}1/z[jl] 

//finding the value of differential pprimc,dpp=dpp 1-dppO II 
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dpp[O]=O; 
* for(i l—l;il<n;il ii-) 

dpp[il]pp[il]-pp[i  I - I]; 

I/finding the value of v=dpprime/pprirne /1 

for(i 1=O;i 1<=n;i 1++) 

v[i I ]=dpp[i I ]/pp[i 1]; 

I/finding the value of differential ita,ditadital-ditaO II 

dita[O=O; 

for(i l=1;il<=n;il++) 

{ 
dita[i 1 ]=ita[il]-ita{il -1]; 

//finding the value of 2* iti*dita/(Me*Mc+ita*ita)=]// 

for(i l=O;il<=n;il++) 

Ii I j=2*ita[i I]*dita[i I ]/(ita[il ]* ita[i I ]+Mc*Mc); 
4 

I/finding the summation of q and v i,e mq+(dpp/pp) II 

for(i l=1 ;il<n;11++) 

{ 
m[il] 1[il]+v[il]; 

} 

//finding the value ofj(Iam-k)/Vo II 

j=(larn-k)/Vo; 

I/finding the value of 0=2* itaJ(Mc*Mc ita* ita) 

for(i l=O;i 1<=n;il++) 

{ 
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o[i 1 ]=2*ita[i I  ]/([V1c*1V1c_ita[i  1  ]*i(a[i  1]); 

ra 

I/finding the value of dEs=2*  ita/( Mc*Mcita*ita)*(1amk)/Vo*(q+dpp/pp) II 

for(i 1=0;i 1<=n;i 1++) 

dEs[i I ]=o[i I ]*j*i[j  I]; 

I/finding the summation ofdEs=sdEs II 

c[0]=dEs[0]; 

sdEs[0]dEs[0]; 

for(il=1;il<=n+1;il++) 

c[i I ]=(dEs[i I ]+c[i 1-1]); 

sdEs[i I ]c[i I ]'' 100; 

//out 1)ut table// 

clrscrO; 
printf(\n\t\t qOprinie pOprinie ita y ypowblam\if'); 

printf(' \t\t ------ ------ ------ ------ ------\n"); 

for(il=0;il<=n;il++) 
4 

priutf("\t\t %7.4f O,/074f O,/74f %7.4f %7.41\n",q0p[i ] ],pop[il ],ita[i1],yifl,4iI]); 

} 

geheO; II wait for any hit from keyboard 

clrscrQ; II clears the screen 

printf("\n\t ppri me qpri me pp/pc (1pprime dpp/pp\n"); 

printf('\t ------ ------ ------- ------- -------- \n"); 

for(i I =-0;i 1<=n;i 1++) 

{ 
printf(tt\t %7.4f %7.41 %7.4f %7.4f %9.6t\n",pp{i ] ],qp[i I ],ci[i I ],dpp[i I ],v[i 1]); 

getcheQ; 
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clrscrO; 

printf(\n\t I l+dpp/pp o (1LS sdEs\n"); 

priutf("\t 

for(il=O;il<n;il++) 

printf("\t %7.4f %7.41\t %7.4f 1/011.81 

Yo9.6f\n,1[1 1],n4i fl,o[i 1 ],dEs[i I ],sdEs[i 1]); 

getcheO; 

clrscrQ; 

/ Sending output to the output file pointer names fout I 

fprintf(!but,"\n\t\t qOprirne pOprime ita y ypowblam\nTh 

fprintf( lout," \t\t ------ ------ ------ ------ ------\n"); 

for(i 1=O;il<=n;il±+) 

{ 

fprintf(fout,"\t\t °A7.4f %7.4f %741 %7.41 

%7.4f\n",qOp[i 1 ],pOp[i I ],ita[i I ],y[i I ],z[i 1]); 

fprintf(fout,"\n\t pprinlc qprirnc 1)1)/Pc dpprimc dpp/pp\n"); 

fprintf(fout,"\t ------ ------ ------- ------- --------\n"); 

4 
for(i1O;i1<n;i1++) 

fprintf(fout,"\t %7.417 %7.4f %7.41 %7.41 

o!f\n",pp[i I ],qp[i I ],d[i I ],dpp[i I ],v[i 1]); 

fprintf(fout,"\n\t I 1+dpp/pp o dEs sdEs\n"); 

fprintf(fou,"\t ------ ------------- -------- ------- ------- \n"); 

for(i 1=Oi 1<=n;i 1++) 

fprintf(lout,"\t %7.4f %7.41\t %7.41 %1I.8f 

%9.61\n",I{1 I },rn[i I ],o[i 1 ],dEs[i I ],dEs[i 1]); 

fclose(fout); II closing the output file pointer names lout 

1* Bold words reler to the key words ol'the standard C library *1 
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INPUT LISI FOR MODiFIED CAM CLAY MODEL 

Total Number of data are: 17 

The value of W is: 0.305 

The value of G is: 2.69 

The value of lnotprEme : 
--------------------------------- 

0.00 6.26 12.54 18.57 25.04 35.44 48.94 59.60 61.52 

65.45 75.14 93.25 104.32 110.28 115.5() 117.63 119.20 

The value of pnotprime is: 

150.00 149.83 149.33 148,75 148,25 146.85 143.20 142.33 141.51 

139.41 132.74 120.58 111.11 104.32 97.01 94.34 88.95 

I 

I . 



OUTPti' 1.IS'I' 10k \i0I)IFIF'.) (i\i (LA\ ii0I)F1I. 

qOprime pOprime ita y ypowbiam 

0.0000 150.0000 0.000() 1.0000 1.0000 

6.2600 149.8300 0.0418 1.0010  1.0008 

12.5400 149.3300 0.0840 1.0039 1.0033 
18.5700 148.750() 0.1248 1.0087 1,0072 
25.0400 148.2500 0.1689 1.0159 1.0132 

35.4400 146.8500 0.2413 1.0324 1.0270 

48.9400 145,2000 0.3371 1.0633 1.0525 

59.6000 142.3300 0.4187 1.0977 1.0809 

61.5200 141.5100 0.4347 1.1053 1.0871 

65.4500 139.4100 0.4695 1.1228 1.1015 

75.1400 132.7400 0.5661 1.1785 1.1469 

93,2500 120.5800 0.7733 1.3331 1.2712 

104.3200 111.1100 0.9389 1.4909 1.3957 

110.2800 104.3200 1.0571 1.6224 1.4977 

115.5000 97.0I0() I 1996 I I .254 

117.6300 94.3400 1,246 1.8658 1.6831 

119.2000 88.9500 1.3401 2.0001 1.7837 

pprime e pp/pt' (1 P  prime (1 pp/pp 

1 50.0000 0.0000 1.0000 0.0000 0.000000 

149.8784 6.2620 (.),9992 -0.1216 -0.000811 
149.5100 12.5551 0.9967 -03684 -0.002464 

148.9217 18.5914 0.9928 -0.5883 -0.003950 

148.0391 25.0044 0.9869 -0,8826 -0.005962 

146.0557 35.2483 0.9737 -1 .98 -0.013580 

142.5116 48.0339 0,9501 -15 -0.024869 

138.7751 58.1114 0.9252 -3.73 -0.026925 

137.9777 59.9844 0.9199 -0.79. -0.005779 

136.1808 63.9339 0.9079 -1.7970 -0.013195 
130.7857 74.0337 0.8719 -5.3951 -0.041251 

117.9956 91.2514 0.7866 -12.7901 -0.108395 
107.4712 100.903() 0.7165 -10.5244 -0.097927 

100.1525 105.8740 0.6677 -7.3187 -0.073076 

92.2840 109.8733 0.6152 -7.8685 -0.085263 

89.1192 111.1203 0,5941 -3.1649 -0.035513 

84.0960 112.6953 0.5606 -5.0232 -0.059731 
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l+'dPP/I)P 0 t1Fs s(11';s 

0.0000 0.000() 0.00()() 0.00000000 0.000000 

0.0019 0.0011 0.0466 0.00000278 0.000278 
0.0039 0.0015 0.0939 0.00000727 0.001004 

0.0056 0.0017 0.1403 0.00001245 0.002250 
0.0082 0.0022 0.1912 0.00002216 0.004465 
0.0189 0.0053 0.2778 0.00007733 0.012198 
0.0338 0.0089 0.4008 0.( 0018868 0.031066 
0.0347 0.0078 0.5169 0.00021226 0.052293 
0.0070 0,0012 0.5412 0,00003507 0.055800 
0.0162 0.0030 0.5961 0.00009381 0.065181 
0.0517 0.0104 0.7675 0.00042202 0.107382 

0.1339 0.0255 1.2916 0.00173944 0.281326 

0.1161 0.0182 2.0543 0.00197037 0.478363 
0.0858 0.0127 3.1181 0.00209496 0.687859 
0.0989 0.0136 6.2982 0.00453256 1.141115 
0.0419 0.0064 10.355 0.00347949 1.489064 

0.0696 0.0098 12.7049 0.r0658275 1.636682 
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