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ABSTRACT: The application of classical geotechnical engineering concepts which were developed for soils in temperate zones 
needs reexamination when applied to residual soils in the tropical environment The behaviour o f soils with possible bonded 
structure is best understood through comparing their properties with those o f the same soils in their remoulded state. It is examined 
as to how far simpler methods to characterize the behaviour o f in-situ residual soils which are cemented can be developed. Such 
methods may allow some form o f generalization which can be applied in the same way as the concepts o f normally consolidated 
uncemented soils. The possible indication o f this analysis o f the behaviour o f cemented soils would form the basis for constitutive 
modelling which would enable the analysis and assessment o f the response o f these class o f materials under different loading and 
boundary conditions.

RÉSUMÉ: L'application des concepts géotechniques classiques d'ingénierie qui ont été développés pour des sols dans des zones 
tempérées a besoin de réexamen une fois appliquée aux sols résiduels dans l'environnement tropical. Le comportement des sols avec 
la structure collée possible mieux est compris en comparant leurs propriétés à ceux des mêmes sols dans le leur remoulded l'état. Il 
est examiné quant à à quelle distance des méthodes plus simples caractériser le comportement des sols résiduels in-situ qui sont 
cimentés peuvent être développées. De telles méthodes peuvent permettre une certaine forme de généralisation qui peut être 
appliquée de la même manière que les concepts normalement de consolidé uncemented des sols. L'indication possible de cette 
analyse du comportement des sols cimentés formerait la base pour modeler constitutif qui permettrait l'analyse et l'évaluation de la 
réponse de ces derniers classe des matériaux dans différentes conditions de chargement et de borne.

1 INTRODUCTION

The inherent nature and diversity o f geological processes 
involved in the formation o f soil deposits are responsible for a 
wide variability in the in-situ state o f the soil. Only a minute 
fraction of the soil can be sampled and tested because of 
practical and economic constraints. Hence with innovative 
approaches which are rational and simple, practical problems 
can be tackled satisfactorily and economically, if  the soil 
variability in terms o f soil parameters due to erratic conditions 
can be realistically rapidly arrived at and appropriately 
accounted for in practical applications. This would be in tune 
with the phenomenological changes taking place in geotechnical 
engineering practice. Appropriate ground modification 
techniques, most often, provide satisfactory means to solve 
many o f  the problems encountered. Hence the emphasis has 
turned towards rapid and reliable means o f engineering property 
assessment and characterization. In fact this is one o f the future 
trends in geomechanics in the 21st century (Zaman e t  al., 
1992).

2 GEO-MATERIAL SPECTRUM

The in-situ soil formations might arise due to sedimentation or 
may be non- sedimentary residual deposits in origin. Although 
soils, primarily, are particulate media, the stresses to which they 
are subjected to, the environment in which the deposits are 
formed and the time, in the geological time scale, that has 
elapsed, have all been recognized as potential factors to impart 
their effects to the in-situ soil systems encountered. It is very 
well known that the equilibrium state o f the in- situ deposits are 
the resultant effects o f stress, time and environment.

Residual soils develop a particular fabric grain structure and

grading in-situ. In this they are fundamentally different from 
transported soils. These soils develop an initial packing as they 
are deposited, which is modified by stress history. Both types of 
soils have a bonded structure when subjected to geologic age. 
The type o f engineering behaviour which is due to this structure 
is common to most naturally occurring soils (and must be taken 
into account if  their properties are to be fully understood and 
modelled). The behaviour o f natural soils is highly compelled 
and is influenced by such factors as the physical properties, 
nature o f cement bonds, present and past stress states. These 
soils fall in an intermediate area between rocks and soils from 
the point o f view of their mechanical behaviour. As a 
consequence, the understanding o f their behaviour has lagged 
behind that developed for rocks and unstructured materials 
(Gens and Nova, 1993). The models that are available for 
characterizing the behaviour o f cemented/bonded soils are 
rather complex in the sense o f understanding the constitutive 
parameters and most often their assessment requires elaborate 
experimental program.

It appears that there is an urgent need for a suitable 
constitutive model that adequately describes the basic 
characteristics such as material behaviour under various stress 
conditions for needed assessment o f geotechnical engineering 
problems o f residual soils. The recent research is devoted to a 
better understanding o f the mechanical behaviour o f the soils 
w ith cementation and the development o f material models 
within the framework o f the principle o f continuum mechanics. 
Such a material model could be developed, i f  it is established, 
as a first step, fundamentally that the bond structure and its 
evolution with stress as a superposition over frictional 
component. Such an approach may indicate several methods 
whereby the void ratio o f residual soils in-situ can be 
characterised from fundamental principles o f frictional/ 
thermodynamic concepts.
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3 SCOPE OF THE PAPER

In this paper the possibility o f  analysis and exercising 
engineering judgm ent to arrive at engineering parameters 
applicable for the tropical residual soils is examined along with 
the information from exploration, sampling and laboratory 
testing to a minimum extent coupled with the physical and in- 
situ parameters normally determined in routine investigations. 
Another cardinal aim is to suggest methods which would enable 
the reconfirmation o f the assessment o f the nature o f the in-situ 
soil deposits and consequently the engineering decisions be 
taken regarding the suggested engineering parameters for 
integration with analysis o f the problem to arrive at acceptable 
design o f the sub-structure.

Particularly soils in the Southern Indian Region are residual 
in nature ( those derived by in -situ weathering o f rock). In 
residual soils the particles and their arrangement would have 
evolved progressively as a consequence o f physical and 
chemical weathering. Although the geological study o f  the 
formation and structure o f in-situ residual soils is well 
advanced, the simple and rapid methods to analyze and assess 
the engineering properties o f these soils have not received the 
same level o f attention. This is in contrast to the situation while 
sedimentary soil deposits are encountered Quite often 
cementation in rock would be left behind due to varied degrees 
o f weathering. In a broad sense it can be regarded that most 
residual soils in-situ are weekly bonded with varying void 
ratios. The possibility o f extending the same frame work 
developed for sedimentary deposits has already been 
substantiated ( Nagaraj e ta l., 1998).

4 NEED FOR A REFERENCE STATE

In any investigation the undisturbed and representative 
samples procured at different depths are available. The 
representative samples or reconstituted soils are usually used to 
determine the index properties o f soils and from the sampled 
depth data the overburden pressure can be assessed. Having a 
reference state-stress path o f the reconstituted soil in relation to 
which analysis o f soil behaviour can be made appears to be 
advantageous since the stress history, time and cementation 
effects are subdued in  the undisturbed state o f the natural 
deposit. If  the reference path can be identified, which is 
independent o f the stress history, tim e and cementation effects it 
would serve the purpose of identifying the dominance o f any of 
the above factors controlling the soil behaviour considering the 
undisturbed state and the overburden pressure.

5 REFERENCE STRESS-STATE PATH

Several attempts to establish the Intrinsic State Line, (ISL), 
(Nagaraj and Srinivasa Murthy 1983, 1986, Nagaraj et. al., 
1990, 1993, 1994, 1994a) have been with reference to an 
intrinsic state parameter (e/eL) and its variation with effective 
stress for reconstituted clays (F ig.l). The relationship can be 
expressed as:

|~|=|t"|=a ~b iog <Te+c iog {̂ } — ̂
For the data analyzed a = 1.122 to 1.23 and b= 0.24 to 0.28, c =
0.04 to 0.05. Subsequently, Burland (1990) proposed void index 
parameter and consequently Intrinsic Compression Line (ICL) 
to analyse the compressibility and shear strength response of 
natural soils. It was recognized and explicitly stated by Burland 
(1990) that both ISL and ICL are identical for the range o f soils 
examined. Further examination o f these independently 
developed approaches ( Nagaraj et.al., 1999) in  the present

context possibly reinforce the systematic analysis o f data o f 
natural soils in their soft and stiff conditions.

6 EXPERIMENTAL INVESTIGATIONS

6 .1 Residual soils tested

In order to establish the difference in the behaviour of 
sedimented and residual soils, the undisturbed soil samples from 
five different locations within a distance o f 150 km from 
Tirupathi in Chittor district (Figure 1). The area falls in the 
Arehian age and is mostly occupied by pegmatities, basalts, 
migmatities, quartzites and shales. The soils are tropical in 
nature and their residual formation is due to in-situ weathering 
of the rock, subsequently being subjected to cyclic wetting and 
drying. This is typical o f natural soils formation in tropical 
regions. The investigation considers the laboratory testing on 
representative field samples (both disturbed and undisturbed) 
which have been extracted from the bottom o f test pits o f depths 
ranging from 1.5m to 3.0m. The soil properties are shown in 
table 1.

6.2 Identification o f nature of in-situ soils

In order to identify the physical state o f the soil samples, the 
compression path in each o f the cases is superposed on the 
intrinsic state line o f the respective sample as given by the 
expression (Nagaraj et.al, 1993)

—  1 = 1.23 -0 .2 8  log a 0 -------(2)
eL \

It can be seen (Figure 2) that state o f the soil samples are found 
to be to the right o f intrinsic state line. From the principles o f 
critical state soil mechanics it is clear that no state o f stress can 
exist to the right o f the intrinsic state line. The existence o f bond 
structure at microlevel can only allow such a state to be 
prevalent. This is fairly clear indication that weak bond 
structure is possible in these soils.

Locations 1. Nagalapuram 2. P u ttu r 3. Chandragiri 

A, Kuppam 5. Mahila Pranganam

Figure 1. Location of sampling sites
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Table 1 Soil properties of field samples

SI.
No.

Depth,
m

yb kN/m3 a„ kPa e0 wL Percent 

<425 jim
wLM e LM C o ^ L M

1 Nagala puram 2.70 18.2 44 0.7 35 85 30 0.81 0.86

2 Puttur 2.4 16.74 38 0.73 45 67 30 0.81 0.90
3 Chandragiri 2.7 16.25 44 0.69 56 40 23 0.62 1.11

4 Kuppam 1.2 16.29 17 0.927 50 65 32.5 0.88 1.05
5 M ahila Pranganam 2.3 16.0 36 0.74 63 44 28 0.76 0.97

6.3 Compressibility behavior:

The oedometer tests on samples from five locations were 
carried out. In order to establish the yield at the soil samples in 
oedometer compression, the results are plotted on log(l+e) vs 

log Cy The values o f stress at intersection of the bilinear paths 
called yield stress are indicated in table 2  along with their 
respective overburden pressure. It may be seen that values o f 
yield stress are found to be higher than the existing over burden 
pressure. A  typical compression path o f undisturbed path 
superposed on the corresponding intrinsic state line is shown in 
figure 3.

6.4 Unconfmed compressive strength behaviour:

In order to further explore the possibility o f  cementation 
bonding, the unconfmed compression tests have been performed 
and the test results are shown in table 3. The unconfmed 
compression strength o f remoulded specimens have 
been evaluated based on the expression given below (Griffiths
& Joshi, 1998):

log ?  = 2.196
“3395{t}+0-

452Iogo-0 -------(3)

The values thus obtained are o f the order o f a maximum of 
about 10 kPa which is very minimal strength. It may therefore

Consolidation S tre s s , a ;' in kPa

Figure 3. Typical e-log a 'v paths o f unconfmed sample with its 
corresponding intrinsic state line

be deduced that, since the remoulded strength is found to be 
minimal, the entire undisturbed strength is due to bond 
structure.

An attempt also has been made to find out a relationship 
between yield stress in oedometer and unconfmed compresson 
strength The yield values in odeometer compression and 
unconfmed compressive strength are indicated in Table 3. The 
following functional relationship has been obtained

- X Nagolopuram

1 .0 - V  o  * O Puttur

. \  * Û Chandragiri

0 .8 _ \ < S ( Kuppam

_ H Mahila Prangnam

0 .6

0 .4 -

0 .2 -

.. _J---1—L ........1 1 I 1 1 1 1 1 11 ... t 11 . ■. ..I . .
10 100 1000

Figure 2. Intrinsic state line with disposition of in-situ soil data

Table 2 Yield stress in oedometer compression & overburden 
pressures

Sl.No. <t v (kPa) a 0 (kPa)
1 Nagala puram 75 44
2 Puttur 70 40
3 Chandragiri 90 44
4 Kuppam 40 17
5 M ahila Pranganam 10 0 36

<Ty = 5.76 + 0.826gu -------(4)

However, more elaborate experimental program on soil samples 
obtained from different locations and depths would further 
reinforce the observations obtained in the present investigation. 
It is quite possible that the psedo overconsoldation 
compressibility behaviour is due to possible desiccation as a 
result o f different cycles o f wetting and drying. This 
compressibility response can not be related to the existing 
overburden pressure.

7 ANALYSIS OF TEST RESULTS:

7.1 Evolution o f cementation bond strength with consolidation 
stress

An examination o f the typical compression path of undisturbed 
specimen in relation to the remoulded state (see Figure 3) 
indicate the following picture. A t any given void ration e, the 
normal effective stress a ’ is in excess o f a r on the remoulded 

state by an amount Cb = a ’i - a r which may be viewed as 
contribution from the bonded structure in order to understand 
the evolution o f cement bonds. The variation of bond resistance 
Ob with normal effective stress merits examination. The 
component o f bond stresses with normal effective pressures are 
indicated in table 3 with normalization by yield stress in 
oedometer compression. The same results are plotted with 
on y axis and cr/cry on x axis (Figure 4). It is o f interest to note
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Table 3 Yield stress in oedometer compression and unconfmed 
compression strengths

Sl.No. ctv (kPa) qu (kPa)

1 N agala puram 75 120

2 Puttur 70 90

3 Chandragiri 75 92

4 Kuppam 31 35

5 M ahila Pranganam 10 0 10 0

Figure 4. Normalized cementation bond strength versus 
Normalized consolidation stress plot.

that the data points fall on a linear path with a regression 
coefficient o f 0.97. This turns out that the linear relationship of 
bond stress with normal effective pressure is related to the yield 
stress (E qa5). The number o f bonds/ unit volume increase with 
beyond yield stress linearly with the relationship to be a 
function of yield stress itself.

8 POSSIBLE MODELLING FEATURES

1. From unconfmed compressive strength predict a y’.

2. Knowing a 0 and a y’ compression path upto yield stress can 
be predicted.

3. From evolution o f bond stress beyond yield, crVcr’y can be 

predicted from functional relationship between f fV o ’y and 

a / c ’ y.

4. From elaborate experimental programme involving shear 
tests qb/cr’y can also be predicted and hence yield curve for 
bond component.

5. By superposition o f bond stress on frictional component, 
constitutive model can be described.

9 CONCLUDING REMARKS

Despite the examination of the limited data, the following
concluding remarks can be made:

1. Clear indication o f bond resistance both in compression 
and shear.

2. Bond stress in compression is linearly dependent on 
normal effective stress with normalizable parameter being

CTy\
3. A frame work for modelling is clearly indicated,

However further examination o f extensive data is needed to
reinforce the evolution of cementation bond strength due to
consolidation stress.
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