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ABSTRACT

In the recent past, our country India has witnessed rapid growth in urbanization. Due to
this rapid urbanization, an inclination towards in situ testing is observed in the
geotechnical field. In this study, focus is given to the geotechnical parameters obtained
directly from the in-situ tests and compare with the results obtained from the most
widely used in-situ test (i.e., standard penetration tests, SPT) and laboratory tests
(conducted on collected undisturbed samples from conventional boreholes). Based on
the comparison, also an effort has been made to establish a relationship among them,
so that one can predict the sub-soil profile along with the required geotechnical
parameters (for design purpose) by carrying out only the in-situ tests instead of
conventional laboratory and in-situ tests.

In this context, three numbers of in-situ tests, which are rarely used for the geotechnical
investigation work in India, are chosen for this study. These tests are Marchetti Flat
Dilatometer Test (DMT), Cone Penetration Test (CPT) and Pressuremeter Test (PMT).
The DMT, CPT and PMT tests are carried out adjacent to the conventional bore-hole
(BH) accompanied with SPT test, at various project sites located in the states of West
Bengal (WB) and Odisha (OR).

Based on the laboratory test results (conducted on collected samples from the adjacent
conventional boreholes), the site wise sub-soil profile has been predicted. Also, the site
wise variation of SPT N values (estimated from the adjacent boreholes) and shear
strength parameters of sub-soil have been plotted along depth.

In each site, for DMT tests, the variation of shear strength parameters (undrained
cohesion, C, and angle of internal friction ¢), vertical drained constrained modulus
(Mbwmr), Dilatometer Modulus (Ep) and Material Index (Ip) have been plotted along

depth. Also the sub-soil profile has been predicted based on the value of Ip.
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Abstract

Besides, for the CPT test, site- wise variation of shear strength parameters (Cy and ¢),
vertical drained constrained modulus (Mcpt), Cone penetration resistance (qc), Sleeve
friction (fs) and Soil behavior type index (Ic) estimated from CPT tests, have been
plotted along depth. Also, the sub-soil profile has been predicted based on the value of
Ic. Apart from this, for the PMT tests, the variation of limit pressure (Pr) and
pressuremeter modulus (Epmt) have been plotted along depth and sub-soil profile has
been predicted based on the adjacent boreholes and by visual inspection during the
progress of PMT test in the borehole.

The first objective of this study is to compare the sub-soil profile obtained from the
conventional boreholes, with the predicted profile from DMT and CPT tests by virtue
of material index (Ip) and (Ic) respectively.

The shear parameters i.e., undrained cohesion (C,) and angle of internal friction (¢)
obtained from the laboratory tests (conducted on collected undisturbed samples) has
been compared with the values empirically estimated from the DMT and CPT tests.
Another attempt has been made to predict the range of Ep, Mpwmr for the cohesive sub-
soil (silty clay/ clayey silt) with different consistency (SPT based consistency) by
establishing a relationship between Ep and Mpwmt with the SPT N values. In this regard,
a chart has been suggested to predict the SPT based consistency from DMT test.
Besides, probable value of the plastic limit (Wp) and plasticity index (PI) have been
suggested from the estimated values of Ep and Mpwmr by establishing relations between
Ep/PI and Ep/Wp with the Mpwmr.

In addition to this, in CPT test, an attempt has been made to predict the range of qc, fs
and Mcpr for the cohesive sub-soil (silty clay/ clayey silt) with different SPT based
consistency by establishing a relation between qc, fs and Mcpr with the SPT N values.

In this regard, a chart has been prepared to predict probable value of the plastic limit
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(Wp) and plasticity index (PI) from the estimated values of qc and Mcpr by establishing
relations between q./PI and q./Wp with the Mcpr.

In PMT test, a typical range of Epmt and Pr, have been suggested for the cohesive sub-
soil (silty clay/ clayey silt) with different SPT based consistency by establishing a
relation between PL and Epmt with the SPT N. Simultaneously, another relation
(relation between Epmt1/PL with liquidity index, Ir) has been made to predict liquidity
index (I.) from the ratio of Epmt/PL.

In addition to the above, another study has been carried out on to predict the settlement
of shallow foundation (placed on cohesive silty clay/ clayey silt soil) by CPT tests. In
this context, it is worth mentioning that the settlement analysis has been calculated by
using empirical equation based average cone resistance, Cxp. Then these values have
been compared with the DMT based settlement along with the output of numerical
model, (done on PLAXIS 2D software; based on Mohr Coulomb model).

It has also been observed that the undrained cohesion (C,) estimated from DMT tests
are more compatible with the laboratory triaxial (UU) test results than the CPT tests.
However, it has been observed that the angle of internal friction (¢), estimated from
both CPT and DMT tests, are well comparable with the laboratory direct shear test (DS)
results. Besides, it has been observed that the vertical drained constrained modulus (M)
of sub-soil, estimated from DMT and CPT tests are well tallying with each other.

It is concluded that the SPT based consistency of sub-soil (cohesive silty clay/ clayey
silt) may be predicted from the DMT tests based on the value of Ep and Mpwmr. The
Liquid Limit (W¢), Plastic Limit (Wp) and plasticity index (PI) may also be predicted
from the Ep and Mpwr values. Besides, SPT based consistency of silty clay/ clayey silt

sub-soil may be predicted from the value of CPT based parameters i.e., qc, fs and Mcpr.
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Also, the value of Liquid Limit (W¢), Plastic Limit (Wp) and plasticity index (PI) may
be predicted from the value of qc and Mcpr.

In PMT test, it is found that the nature of the variation of Pr along depth is similar with
the SPT N values than the variation of Epmt along depth. However, both the values of
Epmt and Pr depend on the consistency of soils. Therefore, a typical range of Epmr, PL
alongwith the ratio of Epm1/PL for cohesive (silty clay/ clayey silt) sub-soil with
different SPT based consistency has been suggested. Also, it is concluded that the
liquidity index (IL) may be predicted from the ratio of Epmt/PL.

On the study, for the prediction of settlement of shallow foundations (placed on
cohesive soils) by CPT test, it is found that the predicted settlement based on Ckp, are
well comparable with the other method. Lastly, it is concluded that the method to
estimate settlement of shallow foundation based on the Ckp, may also be adopted for

the shallow foundation placed on cohesive soil.
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Chapter# 1
INTRODUCTION

1.1 GENERAL

The characteristics of sub-soil may be investigated by several methods. Amongst
these, the conventional boring approach (such as wash boring, rotary drilling
technique) is commonly adopted in India. Rather good to say, till date, in Eastern
part of India, general practice of the sub-soil characterization is by laboratory test
results conducted on “undisturbed samples” collected from conventional
boreholes alongwith the Standard Penetration test (SPT) conducted at every 1.50
m depth interval on the same borehole. At first, it is an age-old technique which
requires very careful handling of the undisturbed sample and also the disturbance
of the collected samples might occur during transport to the laboratory for testing
purpose. Secondly, the collection of undisturbed samples might not be possible
every time from the subsoil when it comprises very soft or very stiff cohesive
soil. On the other hand, collection of “undisturbed sample” of purely
cohesionless soils is next to impossible or even if it is possible, the preparation
and testing of the sample in laboratory is a very costly affair altogether.
Moreover, this method is involved with many “ifs and buts” and requires
thoughtful judgements and assumptions for the characterization of sub soil.
Therefore, to overcome this situation, many engineers are leaning to the direct
measurement of sub-soil formation in terms of shear parameters as well as
compressibility characteristics by various in-situ tests. Besides, the prediction of
total settlements (consolidation settlements and immediate settlement) of

foundation placed on cohesive or cohesionless soil, using the parameters directly
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obtained from this in-situ test is also becoming very popular. Hence, a new
alternative approach should be thought of which is effective both in terms of time
and cost and also depicts accurate properties of sub-soil without collecting the
soil samples during investigation (Campbell and Hudson 1969; D. B. Campbell
1972; Johnston 1983). In this regard, the in-situ penetrometer tests have been
introduced into the geotechnical engineering field. Unfortunately, these tests are
not very much in vogue and rather unexplored in this part of the country
(Sundaram et al. 2023). Purposefully for filling up this gap, three types of in-situ
tests namely, Cone penetration test (CPT), Dilatometer test (DMT) and
Pressuremeter test (PMT) are considered.

In general, the CPT and DMT tests are penetrometer tests which have been
widely used in many western countries and corresponding results have been used
for geotechnical design purpose. The Cone penetration Test (CPT) equipment
was developed at the Dutch Laboratory in the 1950s to investigate directly the
characteristics of sub-soil profile. On the other hand, Marchetti Flat Dilatometer
(DMT) had been introduced in this family in very recent period. This instrument
was developed by Prof. (Dr.) Silvano Marchetti in 1974 at the L'Aquila
University in Italy.

Apart from this, the Pressuremeter test is conducted into the small size borehole.
This test is widely used in France and a widely used tool in many parts of the
world for the estimation of stiffness of soil and corresponding settlement of
shallow or deep foundations (Clarke 1994). Initially, the concept of
pressuremeter instrument was proposed by Kogler (1933) in Germany (Hughes
et al. 1977). Based on this concept, the usable form of this instrument was first

developed by a French engineer Louis Menard in the late 1950s and subsequently
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this instrument was modified (Briaud 1992, 2019a; CLARKE 1996; Clarke

2022). This instrument was developed to apply pressure on sides of the borehole
through a flexible membrane attached to the probe. The pressuremeter probe is
built up by three cells namely “Measuring Cell”, top “Guard Cell” and bottom
“Guard Cell”. The purpose of these two numbers of “Guard cell” is to isolate the
expansion of the measuring cell from end effects (i.e., end of the probe) thus

replicating the plane strain deformation conditions.

1.2 NEED FOR PRESENT STUDY

In Eastern part of India, the uses of CPT, DMT and PMT tests are very limited. Also,
the available research on CPT, DMT and PMT tests are very scanty. In this regard, side
by side comparison of various geotechnical parameters obtained from the DMT, CPT
and PMT tests (conducted in several locations) need to be done with the conventional
tests. Also, in order to bridge the gap between conventional laboratory and in situ test
results, a design chart need to be predicted.

Besides, within the Indian context, there is a necessity to analyse the efficacy of average
cone resistance from CPT test in predicting the settlement behavior of shallow

foundation placed on cohesive soils.

1.3 OBJECTIVE AND SCOPE OF WORK

The objectives of the work are summarized below:

e To determine fundamental geotechnical parameters obtained from the
cohesive subsoil in the coastal regions of West Bengal (WB) and
Odisha (OR) using three distinct in-situ tests viz., DMT, CPT and

PMT.
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e To develop design charts based on parametric relations done by
regression analyses of the outcomes of DMT, CPT, PMT, and SPT
tests, particularly focusing on silty clay/clayey silt soil in the coastal
regions of WB and OR.

e To determine the settlement of shallow foundation placed on cohesive
soil within the coastal region of West Bengal and Odisha, using
average cone resistance (Cxp) from the CPT test and comparing it with
DMT-based settlement data along with a numerical analysis based

settlement.

The scopes of the work are outlined below:

1) To carry out 29 numbers of DMT, 25 numbers of CPT tests adjacent to
conventional boreholes at different project sites in WB and OR.

2) To carry out 48 numbers of PMT conducted into 12 numbers of NX size
(diameter = 76mm) bore-holes adjacent to conventional SX size (diameter ~
150mm) bore-hole.

3) To predict sub-soil profile from DMT and CPT tests and compare with the
sub-soil profile predicted from the conventional adjacent boreholes.

4) To measure shear strength parameters e.g., undrained cohesion and angle of
internal friction from DMT and CPT tests and compare with the results of
undisturbed samples tested in the laboratory.

5) To estimate compressibility characteristics (in terms of vertical drained
constrained modulus) from CPT test and compare the values with DMT

predicted values.
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6) To estimate basic parameters i.e., limit pressure (Pr) and pressure meter
modulus (Epmt) from PMT tests.

7) To develop relations based on the regression analysis between the
Dilatometer modulus (Ep) and vertical drained constrained modulus (Mpwmt)
estimated from DMT tests with the observed standard penetration blow count
(Nob) for cohesive soil.

8) To create relations based on the regression analysis between Ep and Mpwmt
with the Plastic limit (Wp) and Plasticity index (PI) determined from
laboratory tests on samples of soil obtained from adjacent boreholes.

9) To establish relations based on the regression analysis between the cone
penetration resistance (qc) and sleeve friction (fs) and vertical drained
constrained modulus (Mcpr) estimated from CPT tests with the observed
standard penetration blow count (Nop) for cohesive soil.

10) To establish relations based on the regression analysis between qc and Mcpr
with the Plastic limit (Wp) and Plasticity index (PI) determined from
laboratory tests on samples of soil obtained from adjacent boreholes.

11) To develop relations based on the regression analysis between the limit
pressure (PL) and pressuremeter modulus (Epmt) With the observed standard
penetration blow count (Nob) for cohesive soil.

12) To create relations based on the regression analysis between the ratio of
(Epm1/P1) estimated from PMT tests with the liquidity index (Ir) derived from
laboratory tests on samples of soil obtained from adjacent boreholes.

13) To predict reference range of Ep and Mpwmt estimated from DMT tests for

cohesive soil with different SPT based consistency.
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14) To predict liquid limit and plastic limit from the value of Ep and Mpwmr

estimated from DMT tests.

15) To predict reference range of qc, fs and Mcpr estimated from CPT tests for
cohesive (silty clay/clayey silt) sub-soil with different SPT based consistency.

16) To predict liquid limit and plastic limit from the value of q. and Mcpr
estimated from CPT tests.

17) To predict a reference range of limit pressure (Pr) and pressuremeter
modulus (Epmt) for cohesive sub-soil with different SPT based consistency.
18) To predict a reference range of Epmt/PL ratio for cohesive sub-soil with

different liquidity index.

19) To estimate the settlement of shallow foundation placed on cohesive soil by
two methods i.e., based on average cone penetration resistance (Ckp) from
CPT tests and another based on Mpwmr values from DMT test.

20) To determine settlement based on a numerical model using PLAXIS 2D

software and to compare this with those obtained from DMT and CPT.

14 ORGANIZATION OF THESIS

The present thesis has been divided into eight chapters. The table and figures have been
presented in a sequence as they appear in the text.

Chapter 1 an attempt has been made to introduce the problem along with need for
present research, scope and objectives of the work and organization of thesis.

Chapter 2 furnishes a detailed literature review on the relevant topic like data
interpretation from in-situ tests i.e., DMT, CPT and PMT, and assessment of
geotechnical parameters from the DMT, CPT and PMT tests by using correlations,

prediction of settlements etc. and site-specific correlations. The details of literature
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review on characterization of sub-soil by in-situ tests and prediction of settlements from
the data obtained from DMT and CPT tests also have been presented in this chapter.
Chapter 3 discusses the procedures for conducting DMT, CPT and PMT tests. The
method for interpreting data from these tests has been presented here. This chapter also
includes the procedure to prepare a design chart based on the comparative study.
Furthermore, the methodology for finding out the suitability of CPT tests data to predict
settlement of shallow foundations, placed on cohesive soil, are presented in this chapter.
Chapter 4 presents the detailed location plans of the study area along-with the
description of individual site.

Chapter 5 describes a comparative overview of the subsoil characteristics, depicted
from the conventional boreholes and DMT, CPT and PMT tests. It also includes the
depth-wise variations of various key parameters such as vertical drained constrained
modulus, dilatometer modulus, cone penetration resistance, sleeve friction, limit
pressure, pressuremeter modulus etc. Besides, a comparative analysis between
laboratory estimated shear strength parameters with the values predicted from DMT
and CPT tests, has been presented. Furthermore, it also enumerates a comparison
between the estimated values of qc and f; by two different methods viz. Robertson
(Robertson 1990)(Lunne et al. 2002a)(Presti and Meisina 2019)(Pagani Geotechnical
Equipment (manual) 2014) and IS 4968 (part III) (IS 4968 (Part-11I) 1976).

Chapter 6 covers the comparison of basic parameters obtained from individual DMT,
CPT and PMT tests with the observed standard penetration blow count (Nob) obtained
from adjacent boreholes. A design chart is also presented to predict those parameters
for cohesive soil having different SPT based consistency. Additionally, an attempt has
also been presented to predict index properties of cohesive soil by using the parameters

derived from DMT, CPT and PMT tests.
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Chapter 7 presents the prediction of settlement of shallow foundation with different

shape and size (placed on cohesive soil) based on average cone penetration resistance
(Ckp). The settlement has also been calculated by using Mpwmr obtained from DMT
tests. Besides, based on the geotechnical parameters estimated from DMT, CPT and
conventional laboratory tests, numerical analysis has also been made using Plaxis 2D
(ver.16) software. The estimated value of settlement from the average cone penetration
resistance (Ckp) has been compared with the values obtained from other approaches.
The detailed discussions on this comparison have also been presented.

Chapter 8 summarizes the study and presents important conclusions that have been
arrived at based on the entire study. Limitations and future scope also have been
discussed in this study.

A list of the References has been furnished at the end.

Appendix A. DMT Comparison: Comparison of DMT tests parameters with
conventional Borehole

Appendix B. CPT Comparison: Comparison of CPT tests parameters with
conventional Borehole

Appendix C. PMT Comparison: Comparison of PMT tests parameters with
conventional Borehole

Appendix D. Sample calculation for the prediction of settlement

List of journals and conference papers (first page) are provided at the end.



Chapter# 2
LITERATURE REVIEW

2.1 THE FLAT DILATOMETER (DMT)

2.1.1 DESCRIPTION OF THE DMT APPARATUS

The flat dilatometer (DMT) is a push-in type in-situ soil testing instrument. It
was developed by Prof. Marchetti in Italy on 1980 (Marchetti 1980) . In 1988,
the Dilatometer is updated by installing seismic module above the DMT blade
(Hepton 1989) referred as the seismic dilatometer (SDMT).

The DMT blade is made of by stainless steel, measured 15 mm thick and 96 mm
in length with one sided circular membrane having 60 mm diameter (Figure
2.1)(Marchetti et al. 2001)(Powell and Uglow 1988; Lutenegger 1990a; Smith
and Houlsby 1995). The blade is connected to a control unit by a nylon cable
(i.e., P-e; pneumatic electric cable) through which gas pressure and electric

circuit get connected and transmitted.
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Figure: 2.1 DMT Blade along with working principle (Marchetti et al. 2001)
The circular membrane is flushed against the blade; in this seating position

electrical circuit that runs along the single wire causes a buzzer to activate on the
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control box. When the membrane is inflated, i.e., ‘lift off” position, the circuit
breaks and causing the buzzer to deactivate. When the membrane is inflated upto
the limiting value of 1.1 mm displacement from the surface of the blade, again
the internal circuit reconnects and the buzzer activates (Marchetti 1980)(Smith
and Houlsby 1995) (Powell and Uglow 1988)(Marchetti et al. 2001)

The DMT blade is pushed into the ground by using an any penetrometer (such as
CPT rig.) at 200 mm depth intervals. At desired test depth the penetration is
stopped and the membrane is inflated by applying gas pressure (Schmertmann
1986a; Mayne and Martin 1998; Marchetti et al. 2001). When the membrane is
inflated from the seating position, beeping sound from the buzzer goes off, the
corresponding pressure reading is recorded from the dial gauge attached to the
control box and noted as “A” (Marchetti 1980; Marchetti et al. 2001). After
applying membrane correction to “A” reading, corresponding pressure reading
is calculated and noted as corrected first pressure reading (po). Further, inflation
of the membrane is allowed until the buzzer reactivates (deflection of membrane
is reached to 1.1 mm). In this stage a pressure reading is taken; referred as “B”
reading (Marchetti 1980; Powell and Uglow 1988; Smith and Houlsby 1995;
Marchetti et al. 2001). This reading is corrected to the “p:”, termed as “corrected
second pressure reading”. On the next step gas pressure is released and the blade
is drowned to the next 200 mm depth for further test and so on. The procedure is

illustrated by schematic diagram (Figure 2.2).
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Figure: 2. 2 Schematic Diagram of DMT test and its components
(Bandyopadhyay et al. 2022)

This equipment is also used to determine the seismic properties by adding a
seismic module with the DMT blade (Mtynarek et al. 2006, 2010; Bihs et al.
2010) (Amoroso et al. 2013a). The seismic flat dilatometer test was initiated by
P. Hepton on 1988 (Hepton 1989). Initially the mechanism of this test was
adopted from Seismic Cone Penetration test (Hepton 1989) shown in Figure
2.3(a). The apparatus was developed by adding two numbers of geophone at
500mm distance apart (shown in Figure 2.3(b)) above to the DMT blade. The
seismic test is carried out on every 500 mm depth interval (Marchetti et al.
2008a). The test procedure is presented schematically in Figure 5. A shear beam
is kept on the ground surface. Next, this is struck with a hammer (weighing~= 10
kg) to generate shear wave that propagates through the sub-soil(Mayne et al.
1999; McGillivray and Mayne 2004; Marchetti et al. 2008a; Amoroso et al.
2013a; Lanzano et al. 2020). The shear wave is then recognized by the geophones
attached to the seismic module. The geophone signals are then recorded through
sDMT- E lab software (previously installed on the computer kept on ground

surface) as seismographs. Then seismographs are re-phased by to calculate a

11
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true-interval of shear wave velocity (Marchetti et al. 2001, 2008a; McGillivray

and Mayne 2004).

SOUNDING RIG SHEAR WAVE Wooden Beam
\ SOURCE
/ sDMT blade

7
ml/v/
/[ .

> RECEIVERS

CONE ~—

(a) (b)

Figure: 2. 3(a) Schematic layout of seismic cone penetration test (Hepton
1989) (b) Schematic layout of SDMT test along with SDMT sensors

2.1.2 DEVELOPMENT OF THE DMT AND SDMT INSTRUMENT

The flat dilatometer (DMT) apparatus was first initiated to develop in the mid
1970’s as a tool to investigate the values of geotechnical design modulus for
laterally loaded driven piles. The concept of the instrument was originated from
the technical behavior of the “Beach Umbrella” (Marchetti 2006) (Marchetti
2015). On 1974 the first version of this apparatus was fabricated(Marchetti 1975)
(Marchetti 2006). Further modification work was undertaken to the Flat

Dilatometer apparatus. The modification is illustrated in Figure 2.4.

12
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Current
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Figure: 2. 4 Development of DMT blade 1974-2015 (Marchetti 2006)

Further many experimental works were undertaken to determine other
geotechnical parameters from the DMT tests (Marchetti and Crapps 1981;
Schmertmann and Marchetti 1981; Davidson and Boghrat 1983; Motan and Gabr
1984; Motan and Khan 1988a, b; Su et al. 1993; Marchetti S. 1997; Redel et al.
1999) and the equipment was further modified. Since 1980, the mechanical Flat
Dilatometer (DMT) equipment has been kept relatively unchanged.

The Flat Dilatometer apparatus was further developed (Hepton 1989) by adding
a single triaxial geophone located just above to the Dilatometer blade for
characterizing the seismicity of sub-soil profile and it was named as Seismic
Dilatometer tests. (SDMT). Later on, a single horizontal velocity transducer was
fitted with the SDMT apparatus. in 1996 (Kates 1996) (Holtrigter 2010). The
Seismic Dilatometer Test apparatus was further improved at Georgia Tech,
Atlanta, USA (Mayne and Martin 1998) (Mayne et al. 1999) shown in Figure 8.
Again, an modification of SDMT apparatus was undertaken by Monaco on 2007
(Monaco et al. 2006a, b) in Italy. The “true interval” SDMT system was
introduced by adding another geophone just above the DMT blade by keeping

0.5m gap from the other one (Marchetti et al. 2008a; Amoroso et al. 2013a;

13
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Lanzano et al. 2020) (Marchetti et al. 2008b; Amoroso et al. 2013b, 2014;
Marchetti and Monaco 2018) (Monaco and Marchetti 2007). This development

was done to increase the accuracy of the test, shown in Figure 2.5.

SDMT Test Setup J

Figure: 2.5 Early SDMT Setup (Marchetti et al. 2008a)

2.1.3 INTERPRETATION OF DMT DATA

Two numbers of pressure readings are observed from the gauge attached to the
control panel of DMT apparatus. Initially the first reading ‘A’ is noted when the
membrane is lifted to its seating position. the second pressure reading (i.e.,’B’)
is taken when the membrane expands to the maximum limit of 1.1 mm (Marchetti
1980; Powell and Uglow 1988; Smith and Houlsby 1995; Marchetti et al. 2001).
These pressure readings are then corrected for membrane stiffness to the pressure
which is actually applied to the surrounding soils (po and p1 respectively) as given
in following equations:

Po= A+AA 2.1)
p. = B—AB (2.2)

14
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Where AA = the external suction pressure which is applied to the membrane in
free air to keep it in contact with the sensing disc on the blade. AB = the
compression pressure applied externally which lifts the membrane 1.1 mm from
its seating in free.

The difference of corrected pressures (i.e., p1 — po) may be converted into a
modulus of elasticity of the soil (Es) using elastic theory. The solution of the
problem is achieved if the space surrounding the dilatometer is formed by two
elastic half-space, be in contact along the plane of symmetry of the blade
(Gravesen 1960). The solution is given to the following equation:

so = 2D X (p1 - Po)- (1-v?)/(m X E) (2.3)

For a membrane diameter D = 60 mm and So = 1.1 mm, becomes:

E/(1-v?) = 34.7 X (p1-Po) (2.4)
Where,

Vv = poison’s ratio

The term E/(1 - v?) is defined by Marchetti as the Dilatometer Modulus (Ep)
(Marchetti 1980). Two other indices values (i.e., material index and horizontal
stress index) were also defined. The three index parameters are given as follow

(Marchetti 1980; Marchetti et al. 2001):

Material Index (Ip) : Ip = (p1- Po)/(Po-up) (2.5)
Horizontal Stress Index (Kp) : Kp = (po-ug)/oy (2.6)
Dilatometer Modulus (Ep) : Ep = 34.7 X (p1-Po) 2.7)
Where,

uo = the in-situ static pore water pressure prior to insertion of the DMT blade

oy = in-situ effective vertical overburden pressure

15
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2.1.4 INTERPRETED PARAMETERS FROM DMT TESTS

The original correlations were explained by Marchetti based on the available data
obtained from eight numbers test sites, mostly in Italy (Marchetti 1980). The test
sites comprised of variable sub-soil conditions ranging from cohesive to
cohesionless soil with different stress history(Baldi et al. 1986; Marchetti et al.
1986, 1991; Konrad 1988; Marchetti and Totani 1989; Burghignoli et al. 1991).
The basic three parameters of Dilatometer (Equation 2.5-2.7) obtained from
those sites. These values were compared and empirically correlated to the

laboratory results. An overview of these parameters is discussed below.

2.1.4.1 MATERIAL INDEX (Ip)

The material index parameter (Ip) merely indicates the type of soil and closely
related to its grain size distribution(Iwasaki et al. 1991) (Kamei and Iwasaki
1995). Increasing or decreasing value of (Ip) mainly depends on presence of fine
contents within the soil mass irrespective of the soil stress history(Iwasaki et al.
1991; Kamei and Iwasaki 1995).

The increasing amount of fine content sharply decreases the value of Ip and vice
versa (Marchetti 1980; Powell and Uglow 1988; Iwasaki et al. 1991; Smith and
Houlsby 1995). However, it cannot provide detail information on grain size
distribution (Iwasaki et al. 1991). In this context, the value of Ip was considered
as a function of the mechanical properties of the soil which depends on grain size
as a whole (Powell and Uglow 1988; Lutenegger 1990a; Iwasaki et al. 1991;
Smith and Houlsby 1995; Marchetti et al. 2001).

It was proposed that the Material Index is to be estimated as the ratio of soil
stiffness (the difference of p1 and po) and soil strength (as estimated by po — uo)

(Marchetti 1980, 2015; Schmertmann 1986a; Marchetti et al. 2001; Penna 2006).
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These two independent variables (i.e., soil stiffness and soil strength) depict wide
range of Ip reflecting the soil behavioral qualities having different grain size.
However, there was no correlation or range found between the plasticity index
(PI) and Material Index (Ip). Soil classification system based on Ip is summarised

in Table 2.1.

Table: 2.1 soil classification based on Ip values (Marchetti et al. 2001)

Peat or Clay Silt Sand
sensitive Silty Clayey . Sandy Silty
clays Clay clay silt Silt silt sand Sand
Ip values 0.10 0.35 0.6 0.9 1.2 1.8 3.3

2.1.4.2 Ko AND OCR

The ‘lift-off” pressure, po is induced by the horizontal pressure developed by soil
during penetration of the blade. So, Kp is not a direct estimation of the horizontal
stress (on) induced by the soil (Mayne and Stewart 1988; Lawter Jr and Borden
1990; Mayne and Kulhawy 1990; Hamouche et al. 1995; Mayne and Martin
1998; Marchetti et al. 2001) . In this regard, the estimated field K, (coefficient of
earth pressure at rest condition) (Huang and Haefele 1990)value was plotted
against measured value of Kp for individual test site (Marchetti 1980; Powell and
Uglow 1988; Schmertmann 1988a; Lutenegger 1990a; Smith and Houlsby
1995), which revealed a unique relationship between these two parameters
(Figure 2.6 (a) (Marchetti 1980; Marchetti et al. 2001). The equation (Equation
2.8) of this plot is given below (Marchetti 1980; Powell and Uglow 1988, 1989;
Mayne and Martin 1998; Marchetti et al. 2001) (Marchetti 1985; Monaco and

Marchetti 2004).

Ko = (Kp/1.5)"%47-0.6 (2.8)
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It was also mentioned that this relationship was based on empirical relationship
for uncemented clays (where materials are free from any attraction) (Marchetti
1980). Also, this relationship does not valid where the clays that have
experienced aging, thixotropic hardening, naturally cemented, etc (Marchetti
1980, 2015; Schmertmann 1986a; Marchetti et al. 2001). In such soils, Kp
probably depicts the higher values due to the additional strength contributed by
these factors ((Marchetti 1980, 2015; Lutenegger and Timian 1986;
Schmertmann 1986a; Jamiolkowski et al. 1988; Bogossian et al. 1989; Mayne
and Martin 1998; Penna 2006; Marchetti et al. 2008b) (Marchetti et al. 2001)

(Marchetti 1980).
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Figure: 2. 6 Correlation between (a) Ko and Kp; (b) OCR and Kp (Marchetti
1980; Marchetti et al. 2001)

On experimental study, it was observed that the value of Kp exhibited a consistent
pattern in line with the overconsolidation ratio (OCR) (Figure 2.6 (b)). This
relationship was mathematically stated by Marchetti in 1980 (Equation 2.9)

(Marchetti 1980)(Marchetti 1979).
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OCR = (0.5 x Kpp)156 (2.9)

However, it was mentioned that this relationship is only applicable for clayey
soils (i.e., Ip< 1.2) (Marchetti 1980) . Whereas there was no definite correlation
was found for cohesionless soils due to the limited experimental data(Marchetti
1980, 2015).

Moreover, it was mentioned that the range of Kp for normally consolidated clay,
falls within the value of 1.8 to 2.3 (Averagely =2) (Marchetti 1980; Marchetti et

al. 2001).

2.1.43 VERTICAL DRAINED CONSTRAINED MODULUS (Mbwmr)

There was no direct relationship between dilatometer vertical drained
constrained modulus (Mpwmt) with the reciprocal of volume compressibility
(1/my) and dilatometer modulus (Ep) (Marchetti 1980; Marchetti et al. 2001;
Marchetti and Monaco 2018). Ep is dependent variable which depends on many
factors (Marchetti 1980). However, the Horizontal stress index (Kp) and Material
Index (Ip) reflect the information on the stress history and soil type
respectively(Marchetti 1980, 2010; Marchetti and Crapps 1981; Schmertmann
1982; Marchetti et al. 1993, 2001, 2006; Totani et al. 1999, 2001) . By
considering these two parameters, it was found that a relationship exists between
the dilatometer modulus (Ep) and vertical drained constrained modulus, Mpmr

(=1/my), as given below (Equation 2.10) (Marchetti 1980; Marchetti et al. 2001).

Mpmr = RmEp (2.10)

Where Ry is a non-dimension factor depends on Ip and Kp
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From the experimental data (Figure 2.7), the following formulae (Equation

2.11(a)—2.11(e)) for Rm were derived (Marchetti et al. 2001):

Iflp < 0.6 Ry

0.14 + 2.36 X logKp 2.11(a)
Iflp = 3.0 Ry = 05 + 2 XlogKp 2.11(b)

If0.6 < ID < 3.0 RM = RM,O + (25— RM,O) lOg KD,Where RM,O = 0.14 +

0.15 (Ip- 0.6) 2.11(c)
If Ip>10 Ry = 0.32 + 2.18 X logKp 2.11(d)
If Ry < 0.85,then set Ry = 0.85 2.11(e)

It was mentioned that the correlation between Rm with Kp was scattered in
considerable amount because of some uncertainty of the M values used as
reference (Marchetti 1980; Mayne 1987; Mayne and Martin 1998; Marchetti et
al. 2001). However, it was assumed and stated that the margin of uncertainty for
obtaining that correlation of data (Figure 2.7) was in the acceptable range as per
the reliability based alternative methods (Marchetti 1980).

The local tangent values (1/mv) were used as the reference values of M, which
was used for establishing the correlation(Marchetti 1980). Therefore, the value
of M is applicable in settlement analysis (De Beer 1965; Hayes 1986;
Schmertmann 1986b; Leonards and Frost 1988; Skiles and Townsend 1994;
Monaco et al. 2006a; Bandyopadhyay et al. 2020; Das et al. 2022). However, this
small variation of M is only applicable for the aged clay or pre-consolidated clay.
Beyond the pre-consolidation stress (Pc) or on the virgin consolidation side the
value of M, estimated from dilatometer may be the small value (Schmertmann

1983; Mayne 1987).
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Figure: 2.7 Rm vs. Kp with M from experimental data (Marchetti 1980;
Marchetti et al. 2001)

2.1.4.4 UNDRAINED SHEAR STRENGTH (Cu)

The prediction of undrained shear strength (C,) from the dilatometer test is done
based on the following relationship (Ladd et al. 1977; Marchetti 1980; Yu et al.
1992; Su et al. 1993; Bellotti et al. 1994; Kamei and Iwasaki 1995; Mello Vieira

et al. 1999; Marchetti et al. 2001; Agaiby and Mayne 2015) (Equation 2.12):

(Cu/0y)oc = (Cu/0v)nc OCR™ 2.12)

In this relationship, the ratio of undrained shear strength (Cu) to effective vertical
stress (ov’) for over-consolidated soil (OC) can be estimated. It includes
multiplying the same ratio for normally consolidated (NC) soil by the over-
consolidation ratio (OCR) raised to the power of ‘m’ (approximately 0.8).
According to Ladd et al.,, when Equations (2.9) and (2.12) are equated, the

relationship changes into the following form (Equation 2.13) (Ladd et al. 1977).

(Cu/0v)oc = (Cu/0y)ne- (0.5Kp)">° (2.13)
Later on, 1980 the ratio of Cy and o’ against Kp was plotted for cohesive soils
(based on experimental data, Ip < 1.2) (Figure 2.8) (Marchetti 1980). It was

observed that the ratio of C, and o’ for the NC soils, follows a value of 0.22
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(Marchetti 1980). Also, it was found reasonable fit as suggested by Mesri (Mesri
1975) (Marchetti, 1980)(Terzaghi et al. 1996). Hence, Equation 2.13 can be

rewritten as follow (Equation 2.14).

C, = 0.22 o, X (0.5Kp)?° (2.14)

In the Figure 2.8 (Marchetti 1980) (Marchetti et al. 2001), the dashed line
indicates a lower strength than the average values of the experimental data. That
means a conservative estimation of the in-situ Cy. It was also noted that
(Marchetti 1980) the correlation (Figure 2.8 and Equation 2.14), applicable even
if the clay is apparently overconsolidated due to aging, thixotropic hardening,
cementation, etc.. However, it is not applicable for the removal of overburden.
In that case, it would indicate a higher Kp value which results higher Cy, o’ ratio,

irrespective of the origin of Kp (Marchetti 1980; Marchetti et al. 2001).
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Figure: 2.8 Correlation between C./c,” and Kp (Marchetti 1980; Marchetti et
al. 2001)

2.1.45 SUMMARY OF MARCHETTI CORRELATIONS

The empirical correlations were suggested by Marchetti (1980) (Marchetti 1980)
on the basis for the existing data sets. Which was commonly used for interpreting

the results obtained from Dilatometer test. Later on, (Marchetti S. 1997), the
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correlation for friction angle (¢) for sand (Ip> 1.8) based on the value of Kp was

suggested

and included(ASTM International 2007). The summarised

correlations are given in the following table (Table 2.2) proposed by Totani

(Totani et al. 2001).

Table: 2.2 Marchetti DMT Interpretation Formulae (Marchetti et al. 2001;

Totani et al. 2001)

SYMBOL DESCRIPTION BASIC DMT REDUCTION FORMULAE
Py Corected First Reading po= 105 A-Zu+ AA)-005(B-Zy-28) | Zy=Gage reading when vented to atm.
If A4 & AB are measured with the sama
Corrocted Second =B-Zy-18
Ps s Fodng  Jpr=8-u gage uted for currant raadings A & B, set
Zu =0 (Zu is compansated|
Iy Waterial Index o= {ps - po) / {pa - ug) Uy = pre-insertion pode pressure
KD Horzontal Stress Index Ko=(po-w) o &' = pre-insartion overburden stress
E; |Distomater Moduus Ep=347 (piepy) Ep s NOT & Yeoung's modulus E. Ep
should be used only AFTER combining i
with Kg (Stress History). First obtain Moy
= Ry Ep. then &.9. € « 0.8 Mour
Ky | Coett Eath Presswe inSiu | Kaowr= Ko/ 15" - 06 forlpe12
OCR | Overconssidation Rato OCRur = (05 Kp)' ™ forlge1.2
Gi Undrained Shear Strength eunin =022 (1.5Kp)' s for I < 1.2
@ | Fricion Angle Duetur =28 + 4B logKo-21 ko' Ko |ferlp=1.8
Ch Cosfficent of Consobdation | snowma 7 em’ / thy tigs from A-og t DMT-A decay curve
Ky Coefficient of Pameability En= Gl M (W = Ko Mowr)
¥ Unit Waight and Description | (s chart in Fig, 18)
M Vertical Drained Constrained | Mowr = RuEn
Medulus dgz06 R 2014 # 236 lag Kp
23 Bz 05+ 2lg Ky
#06<lg<3 Ru=Rup*i25-Rup) logKp
with R =014 # 015 (lg - 0.6
#Kp =10 Ru =032 « 218 log Kp
ARu<085  salRw=0485
Uy Equilbrium Pare Pressurs W=p=C-Zys2A In free-draining sods

Further a chart was developed by Marchetti and Crapps (Marchetti and Crapps

1981) for predicting bulk unit weight corresponding to the soil type identified

from the value of Ip and Ep. That chart is given in the following Figure 2.9. The

aim behind to prepare this chart, was to predict the average value of unit weight

for “normal soil”. This was used to calculate the effective stress (6’y) and not to

estimate accurate unit weight. The value of effective stress was used in the

correlation suggested by Marchetti (Marchetti and Crapps 1981; Schmertmann

and Marchetti 1981).
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Figure: 2.9 Chart for predicting soil Unit Weight (Marchetti et al. 1981)

2.1.5 VERIFICATION TO THE MARCHETTI'S CORRELATIONS

Following the original work by Marchetti (1980), many research works had been
carried out in the various part of world. The main focus of those studies were
given to compare the DMT based test results with the conventional test
results(Gabr and Borden 1988; Schmertmann 1988b, 1989, 1991; Baldi et al.
1989; Mayne and Bachus 1989; Borden 1991; Tanaka and Tanaka 1998; Cruz et
al. 1999; Mayne and Liao 2004; Mayne 2006b, c, d, 2015; Nuno Cruz et al. 2006;
Aykin et al. 2010; McNulty and Harney 2010)(Nandi et al. 2022)(ASTM
International 1986; Schmertmann 1986b; Robertson 1988; Roque et al. 1988;

Sanglerat 2012). The parameter wise research works are outlined below.
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2.1.5.1 MATERIAL INDEX (Ip)

There have been few studies carried to compare the material index (Ip) to other
conventional soil classification tests. Also, there are limited resources available
on the comparison of soil unit weight as predicted from Dilatometer test.
However, the Building Research Establishment (BRE) in the UK, attempted to
establish a comparison of the DMT results with the known soil properties
obtained from various test sites throughout the UK (Powell and Uglow 1988).

As a part of that research work, material index, (Ip) and the dilatometer modulus
(Ep) for the various types of soils were plotted on the Marchetti density chart
(Powell and Uglow 1988) (Figure 2.10). It was found that some of the soil types
were accurately identified by the chart (mainly silty clays/clayey silts). Whereas,
the soil more than 60% clay contents, were found to be scattered. It was
concluded that the very high degree of over consolidation and relative age of

those soils might affect the value of material index (Ip)(Mayne and Martin 1998).
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Figure: 2.10 Comparison chart for soil classification (Powell and Uglow
1988)

Besides, mixed responses were found in the comparison of unit weight. The

predicted value from the chart indicated lower values for most of the soil (Figure
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2.11). However, for certain soil types, there was a good agreement, indicating a
trend of variation.

In the year 1991, another research work was carried out by Iwasaki on soft
alluvial clays in Japan (Iwasaki et al. 1991). It was revealed an average
relationship between the fines content and the material index, Ip (Figure 2.12). It
was found that the fifty percent (50%) fine content lies within the Ip of 1.8, which

belongs to the border line between silt and sand.

Assessed Unit Weight  (DMT}  Mg/m?

7 Dertford

10 12 14 16 18 20 22 24
Measured Unit Weight  Mg/m?

Fise Comisai ~ FC (%)

Figure: 2. 11 Comparison of Figure: 2. 12 variation of
unit weight (Powell and Ip with fines content
Uglow 1988) (Iwasaki et al. 1991)

2.1.5.2 OVER CONSOLIDATION RATIO (OCR) AND Ko

In the year of 1988 research was undertaken by Powell and Uglow (Powell and
Uglow 1988, 1989) regarding the over-consolidation ratio (OCR) and Ko values
for various United Kingdom (UK) soils. Theses parameters were compared
graphically with the dilatometer horizontal stress index (Kp). The results were
then compared with the Marchetti proposed correlations(Marchetti et al. 2001;
Totani et al. 2001) (Table 2.2). The corresponding graphs of those results are
shown in Figure 2.13 and Figure 2.14.

The results show that, in heavily over-consolidated clays the OCR and Ko values

corresponding to value of Kp tended above the Marchetti correlation curve.
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Whereas, these value lies below the correlation line for softer and younger clays.
However, both the plots show the same general trend as mentioned in the
correlation and it was suggested that site specific correlations could be made.

The following correlations (Equation 2.15- 2.16) were proposed for the ‘young’

clays.
Ko = 0.34 x K&°° (2.15)
OCR = 0.24 x K§*2 (2.16)

On the other hand, it was also concluded that the determination of OCR for the
heavily overconsolidated clays by oedometer test and thus establishing a

generalised relationship is difficult.
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In report of ISSMGE Technical Committee 16 (Marchetti et al. 2001; Totani et
al. 2001), it was mentioned that the original correlation was deviated as per the
research by Powell & Uglow 1988(Powell and Uglow 1988, 1989). However,

the report of the ISSMGE (Marchetti et al. 2001) indicated that:
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e The original correlation line was intermediate between the UK test data points

e The data points of each UK site, were in a remarkably narrow band parallel
to the original correlation line.

e The narrowness of the data point’s band for each site, is a confirmation of the

remarkable resemblance of the OCR and Kp profiles. Based on the parallelism

of the data points, it was confirmed the same slope.

In 1991 (Iwasaki et al. 1991), for estimation of Ko, another research was
conducted on soft alluvial clays in Japan. That study depicted a good comparison
of dilatometer test with other tests (Figure 2.15). It was also observed that the
results, predicted from dilatometer test were well tallied with other test results.
Also, it was found to be close to the results estimated from self-boring
pressuremeter and triaxial tests.

As per the research work done by Wong et al. conducted on 1993(Wong et al.
1993), it was revealed a good comparison between DMT and self-boring

pressuremeter for estimating the Ko values on soft alluvial soil (Figure 2.16)
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Figure: 2.15 Variation of
Ko values along depth
(Iwasaki et al. 1991)

Figure: 2.16 K, values
estimated from DMT and
SBP (Wong et al. 1993)
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Another good comparison was found on Ky values estimated from DMT test and
self-boring pressuremeter (SBP) (Nash et al. 1992) conducted at Bothkennar, UK

and at Fucino, Italy (Burghignoli et al. 1991) (Figure 2.17).
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Figure: 2.17 Comparison of Ky estimated from DMT tests with Ko from other
tests (Aversa and Evangelista 1993) (a) at Bothkennar (Nash et al. 1992) (b)
at Fucino (Burghignoli et al. 1991)

The original correlation between over-consolidation ratio and Kp suggested by
Marchetti (Marchetti 1980) (Equation 2.9). It was compared with a set of data by
Kamei and Iwasaki (Kamei and Iwasaki 1995). Based on that study, an
alternative relationship was suggested (Equation 2.17). It was also found that the
correlation was remarkably similar to the Marchetti proposed equation. The

illustrated plot is given in Figure 2.18.

OCR = (0.47.Kp)43 (2.17)
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Figure: 2.18 Correlation of Kp and OCR for Cohesive Soils (Kamei and
Iwasaki 1995)

Also, the relationship between Kp and OCR was confirmed by Finno on 1993
(Finno 1993) based on the comparison between field test results with a theoretical
modeling. Which was based on three-dimensional strain path methods and
anisotropic bounding space model suggested by Baligh et al. (Baligh and Scott

1975) on 1975. The illustrated graph is given in Figure 2.19.
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Figure: 2.19 Kp vs. OCR (Finno 1993)
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2.1.5.3 VERITICAL DRAINED CONSTRAINED MODULUS (M)

The dilatometer modulus (Ep) was compared with the oedometer test results
conducted for the UK test sites (Powell and Uglow 1986, 1988, 1989). It was
found that there was an indication of linear relationship between the Ep and M.
However, it had different gradients for different soil types as shown in Figure
2.20. Therefore, it revealed that the relationship between Ep and M depends on
a factor M = Rm.Ep , depending upon the soil type. Which was suggested by
Marchetti (Marchetti 1980).The factor, Rw, is not a constant. It depends on both
the material index (Ip) and horizontal stress index (Kp). However, in this (Powell
and Uglow 1988) study, the values of Ip and Kp (which was used for that study)

were not mentioned. So, the Marchetti correlation was not compared fully.
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Figure: 2.20 Constrained Modulus (1/m,) vs. Dilatometer Modulus (Ep)
(Powell and Uglow 1988, 1989)

On 1986 and 1991 two different studies were conducted on the constrained
modulus obtained from oedometer test (i.e., Moecd = 1/mv) and Dilatometer for
the soft clay at Norway (Lacasse 1986) and at Komatsugawa Japan (Iwasaki et

al. 1991) respectively. The results from both the studies depicted a good
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correlation. The results corresponding of those comparisons are given in Figure

2.21 and Figure 2.22.
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Figure: 2.21 Comparison Figure: 2.22 Comparison
between M determined between M determined
from DMT and from from DMT and from
Oedometer Test for Onsoy oedometer test for
Clay, Norway (Lacasse Komatsugawa, Japan
1986) (Iwasaki et al. 1991)

In the year 01999, a study was conducted to compare the value of constrained
modulus obtained from DMT with the oedometer test results for the alluvial soils
and residual soils in Virginia, USA (Failmezger et al. 1999). The results depicted

a good relationship as shown in Figure 2.23.
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Figure: 2.23 Comparison of Oedometer results with DMT constrained
modulus (Failmezger et al. 1999)
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2.1.5.4 UNDRAINED SHEAR STRENGTH (Cu)

In 1998, research was undertaken by Powell & Uglow ((Powell and Uglow 1989)

on UK soils. It was observed that a good correlation between horizontal stress

index (Kp) and the ratio of shear strength (C,) over effective overburden stress

(ov) was exist (Figure 2.24). The original correlation proposed by Marchetti

(1980) for Cy was plotted on the graph (Figure 2.24) and it had been observed

that the data points were not so much scattered.
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Figure: 2. 24 Shear Strength/effective Overburden Stress vs. Kp (Powell and

Uglow 1988)

Apart from this study, several research programmes were undertaken to compare

the DMT estimated C, values with the values obtained from other laboratory and

in-situ tests for various types of clay soils in different parts of the world. Some

of these results are presented by graphically (Figure 2.25 - Figure 2.28). It was

33



Chapter2

observed that the DMT estimated C, values were well tallied with the values

obtained from the other tests.
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A case study was made by Nandi et al. 2022 (Nandi et al. 2022), regarding the
comparison of horizontal stress index (Kp) obtained from DMT test with the
normalized cone resistance (Q:) estimated from CPT test. In this regard, a
correlation with good R? value, was found. In that study, the shear strength
parameters (estimated from DMT, CPT, laboratory test and SPT test) were also
compared with the shear strength parameters estimated from the predicted
correlations. On that comparison, it was found that the assessment of the shear
parameters depicted from the correlation was reasonably comparable with the

other tests. The equations of the correlations are given below:

Kp = 1.475 * QP**° (2.18)
Cy = [0.22 % 0}y * [0.5 * 1.475 * Q¥-459]125] (2.19)
2.1.5.5 DILATOMETER MODULUS (Ep) WITH SPT N VALUES

A standard correlation between SPT ‘N’ values with DMT estimated parameters
has not been properly presented yet. On 1988, Schmertmann & Crapps (1988)
(Schmertmann 1988a, c) stated that the prediction of SPT N value from
dilatometer test might be misleading. However, some site-specific correlations
were presented in the literature.

Mayne & Frost (Mayne and Frost 1988) proposed a correlation for sandy silts
soils as shown in Figure 2.29. Another study was carried out by Tanaka et al.
(Tanaka and Tanaka 1998) on three sandy soil sites in Japan. Based on this study,

a relatively good correlation was found (Figure 2.30).
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2.1.5.6 DISCUSSION ON MARCHETTI (1980) CORRELATIONS

The original correlation was proposed by Marchetti (1980) based on the
interpreted field test results for eight numbers of sites, which were mostly
situated in Italy. However, in many cases, it was found that the original
correlation (empirically predicted based on limited numbers of data) shows a
good agreement for an extensive range of soil types in many parts of the world.
In some cases, on cross-comparison research information’s, it has been observed
that the local variation of the original correlation may exist. Therefore,
subsequent evaluation of new or improved relationships is required (e.g. (Powell
and Uglow 1988, 1989), (Lacasse 1986, 1988; Lacasse and Lunne 1988) (Lunne
et al. 1990b; Gabr et al. 1992)(Campanella and Robertson 1983, 1991; Greig et
al. 1988).

On 1998, Mayne and Martin (Mayne and Martin 1998) tried to give a
comprehensive review on the available correlations based on the comparative
studies on DMT correlations. The exact method of interpretation of any soil
parameters are dependent on various factors such as complexities of the blade

penetration, stiffness of membrane, boundary and drainage conditions,
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membrane inflation and deflation disturbance effects, rate of penetration effects
etc. Therefore, the correlation for predicting the soil parameters, relies on
empirical relationships and, thus it may differ for different soil types with
different geology (Phoon and Kulhawy 1999).

Additionally, the computer software (i.e., SDMT Elab) used for analysing DMT
test results, follows only standard Marchetti correlations, neglecting the local
conditions. As such, for the design purpose, the use of these information should
therefore, be taken considering the local soil type and its conditions. However,
the Marchetti original correlations depict a useful initial approximation of sub-
soil parameters, which can be assessed rapidly in economical manner. The results
depicted from this test in absence of other tests, may be adopted for the design
purpose depending on project concerned.

Lastly, for a specific project where the accurate measurements of the sub-soil
properties are indispensable, the results from the DMT test should ideally be
compared with other in-situ or laboratory test result. This helps confirm whether

the original correlations will be applicable or if new one needs to be established.
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2.2 CONE PENETRATION TEST (CPT)

2.2.1 BACKGROUND AND DEVELOPMENT OF THE CPT

On geotechnical engineering field a mechanical in-situ test namely Cone
penetration test (CPT), was first introduced in 1930 at Netherlands (Vermeiden
1948; Schmertmann 1988a; Jamiolkowski et al. 1988; Baldi et al. 1989; Mayne
and Bachus 1989; Danziger and Velloso 1995; Kaplan et al. 2004; Been et al.
2010; Presti and Meisina 2019; Bandyopadhyay et al. 2022). It was developed
by using a 35mm diameter cone attached to smaller inner rod to a 35mm diameter
hollow pipe as shown in Figure 2.31. Initially the test was carried out under
quasi-static load for pushing the cone attached to the inner rod through outer
hollow pipe (casing) at depth interval of 150mm (Campanella et al. 1983, 1985;
Robertson and Campanella 1983a, b; Robertson 1986a; Robertson and Cabal
2015). The outer casing was then pushed down respect to the cone. Next, both
the casing and the inner rod alongwith the cone, was pushed downward upto next
test depth. This instrument was further improved by Vermeiden (Vermeiden
1948)(Holtrigter 2010), adding a conical part just above the cone to prevent
entering of soil particles through the gap between the casing and the rods (Figure
2.32). On 1953, a significant modification (adding an ‘adhesion jacket’ behind
the cone) of this instrument was made by Begemann (Begemann 1953). The test
was named as ‘Dutch cone test’ (Figure 2.33) (Mayne and Bachus 1989;
Holtrigter 2010; Robertson and Cabal 2015) . These two types of cone i.c.,
Begemann cone and Vermeiden cone are still regularly used in some parts of the

world.
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On further research, in 1965 an electric cone was designed by Fugro (de Ruiter
1971; Campanella et al. 1985). The main improvements compared to the
mechanical cone penetrometers are listed below:

*  Reducing frictional resistance between inner and outer rods and weight of
inner rods to eliminate errors.

*  To perform testing with a continuous rate of penetration by avoiding the
adjustment of different parts of the penetrometer for unnecessary soil
disturbance that may influence the cone resistance.

. Simplicity and reliability on the electrical measurement of cone resistance
and sleeve friction.

Another add-on device was further introduced to predict pore water pressure by

attaching with the Cone during the test (Campanella et al. 1983; Bihs et al. 2010),

namely as piezocone (Senneset et al. 1989). By this device, the pore water

pressure was predicted through a porous filter placed in the probe. The various
piezocone was developed by placing the porous filter in different positions on
the probe viz., uj position, uz position, uz position. In u; position porous filter is
placed half-way up the cone. Besides, in u; position and u3 position the porous
filter is placed just behind the cone and in above to the friction sleeve respectively

(Schmertmann 1988a; Kim et al. 1997). However, the most common and

recommended position for placing porous filter is ‘u>’ i.e., just behind the cone

(Fonseca 2010) as shown in Figure 2.34.

Varying size of piezocones is available in the market as shown in Figure 2.34.

However, the size of 10cm? is considered as the ‘standard’ for all type ground

conditions. Although, sometime the piezocone of larger size (i.e., 15 cm?) is used

in hard ground condition (Robertson and Cabal 2015).
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Figure: 2. 32 Schematic diagram of
‘Vermeiden’ cone (Robertson and Cabal
2015)

Figure: 2. 31 Early CPT rig in between
1930 to 1940 (Robertson and Cabal 2015)
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Figure: 2. 33 Schematic diagram of original =~ Figure: 2.34 Representative photographs of
‘Begeman’ cone (Robertson and Cabal various Piezocone u, type (Robertson and
2015) Cabal 2015)

2.2.2 CPT TEST PROCEDURE AND BASIC RESULTS

The CPT probe is first attached to the extension rod then total assembly is pushed
into the ground at a constant rate of (= 2cm/sec) (IS 4968 (Part-III) 1976;
Schmertmann 1988a; ASTM Standard 2007; Fonseca 2010; Pagani Geotechnical
Equipment (manual) 2014; Robertson and Cabal 2015). The digital load cell
attached to the push rods produce continuous resistance (produce by the cone and
sleeve) data which is reported as first reading (i.e., Rp during penetration of only
the Cone), Second reading (Ry+Rr during the penetration of cone along-with the
sleeve) and Third reading (Rt during penetration of total assembly of cone) (IS
4968 (Part-III) 1976; Schmertmann 1988a; ASTM Standard 2007; Pagani

Geotechnical Equipment (manual) 2014; Robertson and Cabal 2015; Dagger et
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al. 2018). Based on these three readings the cone resistance (q:), sleeve friction
(fs) and total thrust (Qr) are calculated (IS 4968 (Part-III) 1976; Pagani
Geotechnical Equipment (manual) 2014; Robertson and Cabal 2015; Rocscience
Inc. 2016). Also, dynamic pore pressure can be measured if the piezocone is used
at site (Lunne et al. 1986; Robertson 1986b; Keaveny and Mitchell 1988; Mayne
et al. 2000; ASTM Standard 2007; Robertson and Cabal 2015). The readings are
to be recorded continuously on every 200 mm depth interval; in no case the depth
interval should not be greater than 200mm (IS 4968 (Part-IIT) 1976; ASTM
International 2000a; Pagani Geotechnical Equipment (manual) 2014; Robertson
and Cabal 2015).

During the penetration of probe, the pore water pressure acts on the shoulder
portion behind the cone and to the end portion of friction jacket. As a result, the
equal distribution of pore pressure is affected, this phenomenon is often termed
as the “unequal end area effect” (Campanella et al. 1983). This effect is presented
as schematic diagram (Figure 2.35). This figure represents the key features for
water pressure acting ‘behind the cone’ and to the ‘end areas of the friction
sleeve’ (Lunne et al. 1986, 2002b) (Robertson and Cabal 2015) (Ahmadi and
Robertson 2005). Thus, estimated gc (mainly in soft clays and silts) is to be
further corrected for pore water pressures i.e., corrected cone resistance qt
(Equation 2.20) (Mayne and Bachus 1989; Kulhawy and Mayne 1990; Mayne
2006a, 2007; Robertson and Cabal 2015; Rocscience Inc. 2016; Sakleshpur et al.
2022). However, in absence of pore water pressure measurement, the q: will be

equal to qc (Rocscience Inc. 2016).

dt = qc + uy, (1-a) 2.20
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Here, ‘a’ (the net area ratio) is determined from laboratory calibration. The
typical value ranges within 0.70 to 0.85. A similar correction is also to be applied

to the sleeve friction as given in equation 2.21 (Robertson and Cabal 2015).

fo = fs - (uz X Agp - uzAgt)/As 221
Where, f; = measured sleeve friction (in absence of pore water pressure fi=f;),
uy = water pressure at base of sleeve, uz = water pressure at top of sleeve, As =
surface area of sleeve, As = cross-section area of sleeve at base, Ag = cross-

sectional area of sleeve at top

Cross
sectional area
(top) As

Friction sleeve
surface area As

| Cross
sectional area
(bottom) At

Figure: 2.35 Schematic diagram of cone geometry (Robertson and Cabal
2015)

For this test, the soil parameters are predicted from the three basic results (i.e., qc
or qs, fs and Ry) and thus the variation of these tests results with the depth are
reported (Rr is the friction ratio that is equal to fi/q;) (IS 4968 (Part-II1) 1976;
Lacasse 1986; Schmertmann 1988a; Kulhawy and Mayne 1990; Mayne and Rix
1995; ASTM Standard 2007; Coutinho and Mayne 2012; Pagani Geotechnical

Equipment (manual) 2014; Robertson and Cabal 2015; Rocscience Inc. 2016).
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2.2.3 CPT DATA INTERPRETATION
2.2.3.1 SOIL BEHAVIOUR TYPE INDEX (Ic)

The cone penetration test may be used to identify the sub-soil profile in terms of
soil type (Aas et al., 1986;(Robertson and Campanella 1983b, a; Aas 1986;
Robertson 1990, 2009; Bowles 2001; Lunne et al. 2002b; Akca 2003; Salgado
2006; Fonseca 2010; Robertson and Cabal 2010, 2015; Rocscience Inc. 2016;
Das 2019; Bandyopadhyay et al. 2020, 2022; Sakleshpur et al. 2022; Nandi et al.
2022). In this regard, it had been observed that the cone resistance, (qc) is in
higher side for sandy type soil and comparatively low for clayey soils (Robertson
1990; Ahmadi and Robertson 2005). Besides, the friction ratio (Ry) falls in lower
side for sands and higher side in clays (Campanella et al. 1983; Robertson and
Campanella 1983b, a; Robertson 1986b, a, 1990, 2009; Lunne et al. 2002b;
Ahmadi and Robertson 2005; Robertson and Cabal 2010, 2015). However, it is
not expected to get the accurate predictions of soil type based on CPT test in
terms of physical characteristics (Robertson and Campanella 1983b, a;
Robertson 1990; Lunne et al. 2002b; Robertson and Cabal 2010, 2015).
However, it can provide a guideline about the mechanical characteristics (such
as strength, stiffness etc.) of the sub-soil in terms of ‘soil behavior type’ (SBT)
index (Robertson and Campanella 1983a; Robertson 1990; Lunne et al. 2002b;
Robertson and Cabal 2010, 2015). Within the portion of the probe, the sub-soil
behavior can be predicted based on the estimated value of SBT (Robertson and
Campanella 1983a; Lunne et al. 2002b; Robertson and Cabal 2010, 2015). The
prediction of sub-soil type based on CPT test results is termed as ‘Soil Behavior
Type’ index (Ic) (Robertson and Campanella 1983a; Robertson 1986a, 1990;

Lunne et al. 2002b; Robertson and Cabal 2010, 2015; Rocscience Inc. 2016).
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A chart for the soil classification based on the Ic, was prepared by Robertson in
the year of 1986 (Robertson and Campanella 1983b, a; Robertson 1986a, 1990;
Schmertmann 1988a; Lunne et al. 2002b; Schnaid 2008).This chart was further
modified by Robertson on 1990 (Figure 2.38) based on normalized CPT test

results (Robertson 1990; Lunne 1997; Rocscience Inc. 2016) (Equation 2.21 -

2.22).
Q¢ = (Qt=0v0)/0v0 (2.21)
Fr = [fs/(q¢-0vo)] (2.22)

Where, Q; = Normalized cone resistance, F;= Normalized friction ratio, 6yo= in-
situ total vertical stress, c'vo = in-situ effective vertical stress

To determine the in-situ vertical overburden stress, bulk density of the sub-soil
is required. Therefore, a chart was suggested Lunne, T in the year 1997 (Lunne
1997; Lunne et al. 2002b). This was suggested according to the value of Ic
initially proposed by Robertson et al. 1986 (Robertson 1986a, 1990) (Figure 2.36
and 2.37). Besides in 2010, based on the experimental data Robertson and Cabal
proposed another chart (Robertson and Cabal 2010, 2015) alongwith the general

equation (Equation 2.23) to estimate approximate soil unit weight (unit weight).

44



Literature review

Soil Behaviour Type (SBT)* Approximate unit weight, 1 (KN/m’) Dimensionless
Soil Unit Weights, y/y,

1 175 - (v = unit weight of water)

123
]
4 18.0
5 18.0
6 18.0
18.5
§ 19.0
9 19.5
10 200
11 20.5
12 19.0

Dimensionless
- i
Cone Resistance (q,/p,)

*SBT based on charts by Robertson et al., (1986) Friction Ratio, Ry= (f/q,) X 100(%)

Figure: 2.36 Approximate soil unit weight Figure: 2.37 Approximate soil unit weight
(Robertson 1990) (Lunne et al. 2002b)

Y/Yw = [0.27 X [logR¢] + 0.36 x [log(q:/pa)] + 1.236] X G¢/2.65 (2.23)
Where, y = in-situ unit weight of soil, yw= unit weight of water, R¢= friction ratio
= (f/qr) 100 %, pa = atmospheric pressure in same units as q¢, Gs= The average
specific gravity of soil (ranges between 2.6-2.7).

Another chart was proposed by Robertson (1990) (Robertson 1990; Lunne et al.
2002b; Robertson and Cabal 2010, 2015) after incorporating the pore pressure
ratio (Bg) for eliminating the major errors on the measurements of sleeve friction.
However, it was recommended to use of Q; — F; chart to predict the sub soil
behavior (Robertson 1990; da Fonseca and Mayne 2004; Mayne 2006d;
Robertson and Cabal 2010, 2015; Dagger et al. 2018) (Figure 2.38).

On the other hand, in the year 1993 Jefferies and Davies (Jefferies and Davies
1993) proposed an index related to the “Soil Behaviour Type” index (Ic). The
definition of this index (Ic) was further modified by Robertson and Wride on
1998 ((Fear) Wride et al. 2000; Robertson et al. 2000; Holtrigter 2010;
Rocscience Inc. 2016). The relationship of Ic with Q¢ and F; is given in below

(Equation 2.24).

I. = [(3.47 - log Q)? + (logF, + 1.22)%]%5 (2.24)
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MNORMALITED COMNE RESISTANCE, Q,,,

Figure: 2. 38 Normalized soil behavior type chart (Robertson and Cabal
2015)

2.2.3.2 UNDRAINED SHEAR STRENGTH (Cu)

On the basis of classical bearing capacity theory (Equation 2.25) (Terzaghi 1943;
Terzaghi et al. 1996; Bowles 2001), several theoretical and empirical correlations
were reported in the literature (De Beer 1965; Nayak 1979, 2001; Leonards and
Frost 1988; Kulhawy and Mayne 1990; Peck et al. 1991; Chang et al. 1999;
Bowles 2001; Lunne et al. 2002b; Sargand et al. 2003; Karlsrud et al. 2005;
Salgado 2006; Robertson and Cabal 2010, 2015; Das and Sivakugan 2018; Presti

and Meisina 2019; Briaud 2019b; Sakleshpur et al. 2022), such that:

Qe = No.Cy + 0,0 (2.25)

Where, Cy = undrained shear strength; N. = bearing capacity factor (considered
as cone factor, Ni(). Besides, the undrained shear strength was calculated by

rearranging the Equation 2.25 (Senneset et al. 1982; Robertson and Cabal 2010;

46



Literature review

Meigh 2013; Feda Aral and Gunes 2017; Dagger et al. 2018; Rindertsma et al.
2018) as given below (Equation 2.26):

Cu = (q; = 0v0)/Nit (2.26)
Where Nkt = cone factor.

On 1987 (Teh and Houlsby 1991), a theoretical solution was developed for
estimating the value of Nk based on the strain path theory proposed by Baligh
(Baligh 1985) (Figure 2.39). In this figure, it is observed that the cone penetration
resistance is very much influenced by undrained shear strength (i.e., Su), in-situ
stress condition (i.e., 6’vo, Ko), rigidity factor (Ir) and the roughness coefficient

of cone (denoted as o).
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Rigidity index, 1, = =
a = Foughness cosfficient ¥
a = 1 Rough
& = O Smosth

Figure: 2. 39 Theoretical Solution for Ny (Teh and Houlsby 1991)
The mechanism of cone penetration is a complex and depends on several factors.
As various factors are need to be considered, only theoretical approach (based on

the assumptions), does not provide a complete solution, Therefore, empirical
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correlations are always prioritized over the basic theoretical framework for
establishing the empirical relationships (Lunne et al. 1990a, 2002b).

An experimental correlation for the cone factor (Nki) was proposed based on the
wide lab and field tests results, typically ranging between 10 to 18. However, an
average value (i.e., 14) was suggested by Robertson and Cabal (Robertson and
Cabal 2010, 2015).

In the year of 1986, it was evidential that the value of cone factor (Ni) leans to
increase with the increasing value of plasticity index (Ip) (Aas 1986; Holtrigter
2010). Besides, it was found that the value decreases with the increasing value

of soil sensitivity (Aas 1986; Holtrigter 2010) (Figure 2.40).
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Figure: 2. 40 Variation of Cone Factor with Plasticity index and soil
sensitivity (Aas 1986; Holtrigter 2010)
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It was also observed that the value of Ny varies with the pore pressure ratio (i.e.,
By) in which the value of Ny decreases with the increasing of pore pressure ratio
(Lunne et al. 1986, 2002b; Greig et al. 1988; Mayne and Bachus 1989; Lunne
1997; Karlsrud et al. 2005). The lowest value of N (i.e., Nt = 6) was observed
at the pore pressure ratio 1.0 (i.e., Bq = 1.0). Further, it was noticed that the
estimation of undrained shear strength (C.) for very soft soil may be inaccurate
due to the uncertainty of cone resistance value (q:;) (Schmertmann 1988a;
Robertson and Cabal 2015; Dagger et al. 2018). In this regard, alternate method
was proposed to predict Cu. This method was based on the measurement of
excess porewater pressure (Kulhawy and Mayne 1990; Lunne 1997; Robertson
and Cabal 2015) (Equation 2.27).

Cy = Ay/Nay (2.27)
Au 1s excess pore pressure (i.e., u2-uo) and Nau is the cone factor for excess pore
pressure

Based on cavity expansion theory, it was found that the variation of N, ranged
between 2 to 20, whereas, the variation was found to be 4 to10 considering the
factor Bq (Lunne 1997; Holtrigter 2010; Robertson and Cabal 2015; Dagger et

al. 2018), the correlation is given below (Equation 2.28).

Nju = BqNyt (2.28)

Where The factor ‘Bq’ is pore pressure ratio, as determined by the ratio of

(uy - ug)/(g¢-0yp); Uo is in-situ equilibrium pore water pressure

2.2.3.3 Ko AND OCR

In general, the relationship between the undrained shear strength ratio (Cu/cy)

for normally consolidated clay and over consolidated clay depends on the ‘over
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consolidation ratio (OCR)’ as mentioned below (Equation 2.29) (Marchetti 1980;

Schmertmann 1983; Boghrat 1987; Chang 1991a; Robertson et al. 2000; Lunne

et al. 2002b):

(Cu/O-'V)OC = (Cu/O-'V)NCOCRm (2.29)

In this relationship it was assumed that the undrained shear strength ratio i.e
(Cuw/oy) for over consolidated (OC) condition may be obtained by factored up
(i.e., OCR™) ratio for normally consolidated (NC) state. In this equation the value
of “m” was considered as 0.8 (Ladd et al. 1977; Powell and Uglow 1986; Boghrat
1987; Chang et al. 1999).

However, another relationship (based on the critical state theory), of the
undrained shear strength ratio was proposed by (Robertson 2009; Robertson and
Cabal 2010) (Equation 2.30). In this relationship, the undrained shear strength
ratio for normally consolidated soil i.e. (Cu/cv')nc Was evaluated under different

loading condition.

(Cu/o)ne = 0.22 (2.30)

Besides, Equation 2.25 may be rearranged and the ratio ‘Cu/0,” may be written as

given below (Equation 2.31).

(Cu/o-;lo) = [(dt = 0v0)/Nktl/0vo = Q¢/Nie (2.31)

Combining these three equations i.e. (Equation 2.29) (Equation 2.30) and
(Equation 2.31), over consolidation ratio (OCR) was proposed by Robertson

(Equation 2.32) (Robertson 2009).

OCR = 0.25 x (QL%5) (2.32)
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In the year 1990, Kulhawy and Mayne (Mayne and Kulhawy 1990) also proposed

alternate equation to predict the OCR as given in Equation 2.33

OCR = k x Q; (2.33)

However, the above equation was valid for Qi< 20. Furthermore, the value of ‘k’
ranged between 0.2 to 0.5 with an average of 0.3.

Anderson et al. 1979 (cited by (Holtrigter 2010)) suggested a chart (Figure 2.41)
for direct measurement of Ko and OCR values corresponding to the plasticity
index (Ip) and undrained shear strength ratio (Cu/c v). After that on 1990, Mayne
and Kulhawy (Mayne and Kulhawy 1990) suggested a simple approach to
determine the value of Ko (Equation 2.34).

K, =0.1x0Q, (2.34)

overburden stress o',

Undrained shear strength s,

Ll L ] aod i1
24 26 28 30 10203040 50

"4 B B 10 12 14 16 18 20 22

R Preconsolidation stress p', Plasticity index |,
“ Overburden stress o',

Figure: 2. 41 OCR and K, from s./c’, and Ip proposed by Anderson et al.
1979 cited by (Holtrigter 2010)

2.2.3.4 CONSTRAINED MODULUS (Mcrr)

Vertical drained constrained modulus, (Mcpr) can be predicted by using the cone

resistance value (i.e., q:) obtained from the CPT test. The relationship of
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constrained modulus was first established by Senneset et al. in 1982 (Senneset et

al. 1982, 1989). The original relationship is given in Equation 2.35

M = am(qc-0vo) (2.35)

Where, om= empirically derived dimensionless factor

The value of the empirical factor (am) varies between 4 and 8 (Senneset et al.
1982, 1989). In previous research was conducted on 1972 (Holtrigter 2010;
Sanglerat 2012). In that study, it was suggested that the value of the factor am
depends on the type of soil, natural moisture content and cone resistance for fine

grained soils. The detailed range is summarised below (Table 2.3).

Table: 2. 3 Range of o or values proposed by Sanglerat, 1972 (Sanglerat

2012)
Cone tip
Soil Type resistance (qc) om value
(MPa)
qc<0.7 3-8
Clay of low plasticity (CL) 0.7<q.<2.0 2-5
q.>2.0 1-2.5
) .. qc>2.0 3-6
Silts of low plasticity (ML)
qc<2.0 1-3
Highly plastic silts and clay <20 )6
(MH,CH)
Organic silts (OL) qQe<1.2 2-8
4-4 i
Peat and organic clay(Pt, OH) qc<0.7 0 (depending
onwater content)

In 1987, another study was conducted and it was suggested the range of awm in
between 2 to 8 (Meigh 2013).

In 1990, Mayne (Mayne and Kulhawy 1990) suggested a general correlation
(Figure 2.42) between constrained modulus and cone resistance based on the

twelve number of different sites.
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Figure: 2. 42 Correlation between constrained modulus and cone resistance

(Mayne and Kulhawy 1990)

Further, in 2001 Mayne (2001) (Mayne 2001); (Rocscience Inc. 2016) proposed

a general value of 8, whereas, Kulhawy and Mayne (Kulhawy and Mayne 1990)

proposed a generalised value of 8.25. In 2009; Robertson suggested that the value

of am varies with Q; and Ic (Robertson 1990). So, When Ic> 2.2 am will be Qy,

(for Q<14) and am =14 (for Qt>14). Besides, for Ic< 2.2, am will be

0.0188*[ 10351 + 1.68))

In 2004, Kaplan (Kaplan et al. 2004; Holtrigter 2010; Uzeler 2013) suggested a

relationship (Figure 2.43) between the cone resistance with the factor o based on

the results with laboratory test data obtained from two different clay sites.

16.00 -

12.00

o B.00 4

400 4

o Liboraiory ety meiis of Romanin silé
o sl Baysts pesuits of Ekgraanm wie
& Lonbonaiony ests eosais of Biancdonn sibe

000
0.0

0.5 1.0 1.5 20
Cone Ilp reslstance, i, :HP;}

2.5

Figure: 2. 43 Tip resistance and factor a (Holtrigter 2010)
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In 1997, Lunne (Lunne 1997) suggested that the total stress predicted from CPT
test is based on the undrained measurements. Hence, it is difficult to establish a
correlation with the drained parameters of soil without measuring the pore
pressure variation during the CPT test. Therefore, these methods are used only
for the rough estimate of soil compressibility characteristic (Lunne et al. 2002b).
Furthermore, the estimation of drained behavior of sub-soil (i.e., 1/my or M) from
cone resistance (without measuring of pore pressure) may portray erratic results

(Ahmadi and Robertson 2005; Robertson and Cabal 2015).

2.2.3.5 ANGLE OF INTERNAL FRICTION (®)

The angle of internal friction may be determined from the cone resistance.
Several research works were carried out to find out the effective shear strength
parameters for coarse- and fine-grained soil. On 1972, Muromachi (Motaghedi
and Eslami 2013; Mohammadi and Eslami 2016) assumed the slip surface
produced during the insertion of cone resembled a logarithmic spiral. As such,
the following correlation (Equation 2.36) was suggested for cohesionless soils

(Motaghedi and Eslami 2013; Mohammadi and Eslami 2016):

Qe = 3/2p, cos. e?mtand-1) (2.36)

Where, Py is effective overburden stress,
In the year 1974, Meyerhof (Meyerhof 1974; Motaghedi and Eslami 2013;
Mohammadi and Eslami 2016) proposed another equation to determine friction

angle (¢) for cohesionless soil based on the cone resistance and bearing capacity

factor (Equation 2.37).
¢ = tan-l(o_;chNq) (2.37)

54



Literature review

Where, Nq is the bearing capacity factor.
In the year 1983, Mitchell and Durgunoglu (Yu 2004; Holtrigter 2010;
Motaghedi and Eslami 2013) proposed a chart of varying angle of internal

friction (¢), with different value of qc and effective overburden pressure (Figure

2.44).
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Figure: 2. 44 Friction angle varies with cone resistance (Holtrigter 2010;
Motaghedi and Eslami 2013)

In the same year, a correlation was established by Robertson (Robertson and
Campanella 1983b). They suggested that the angle of internal friction for sandy
soil on drained condition depends on the cone resistance and effective

overburden pressure (Equation 2.38).

¢ = tan~! x [0.1+ 0.38 log (&)] (2.38)

Ovo

2.2.3.6 CPT CORRELATIONS

Among various in-situ tests, the Standard Penetration Test (SPT) is one of the
common test which are used in many parts of the world. Standard Blow counts
(SPT N) are commonly used to estimate various parameters such as shear

strength, compressibility characteristics, shear wave velocity, along with
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settlement analysis, liquefaction assessment etc. (Hasancebi and Ulusay 2007;
Shiuly et al. 2018; Shiuly and Roy 2018). Also, it is well established and
commonly used test in geotechnical field to characterize the sub-soil in terms of
consistency (Terzaghi 1943; Terzaghi et al. 1996; Bowles 2001). Also, many
design methods based on local SPT correlations are established by many
geotechnical engineers. As such, when CPT test came into the geotechnical
engineering field, initially it was intended to observe the CPT test results in the
form of equivalent SPT N values (Terzaghi 1943; Terzaghi et al. 1996; Bowles
2001). In CPT test, cone penetration resistance (qc) indirectly resembles the
resistance imparted by the sub-soil (Akca 2003; Robertson and Cabal 2010,
2015). Intrinsically, the consistency of sub soil can also be predicted from CPT
test (Terzaghi 1943; D. B. Campbell 1972; Bowles 2001; Lunne et al. 2002b).
Initially Robertson et al. (1983) (Robertson and Campanella 1983a, b; Robertson
1986a) presented in a unique relation between the ratio of (qc/pa)/Neo with mean
grain size, D50 (varying between 0.00lmm to 1mm) (Figure 2.45). Where, the
‘pa’ is atmospheric pressure with the same units as ‘qc’, and ‘Neo’ is the SPT N
value corresponding to the 60% energy ratio. Based on CPT-SPT correlation,
Robertson (Robertson 1986a) proposed the ratio of (qc/pa)/Neo for different the

soil type (by virtue of soil behavior type, Ic), Table 2.4.
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Figure: 2. 45 CPT-SPT correlation with Dso (Roberson et al. 1983)

Table: 2. 4 Range of (q¢/pa)/Neo ratio with SBT values (Robertson 1986a,

1990)

Zone Soil Behavior Type (SBT) (qe/pa)/Neo
1 Sensitive fine grained 2.0
2 Organic soils — clay 1.0
3 Clays: clay to silty clay 1.5
4 Silt mixtures: clayey silt & silty clay 2.0
5 Sand mixtures: silty sand to sandy silt 3.0
6 Sands: clean sands to silty sands 5.0
7 Dense sand to gravelly sand 6.0
8 Very stiff sand to clayey sand* 5.0
9 Very stiff fine-grained* 1.0

Later, in 1993, Jefferies and Davies (Jefferies and Davies 1993) suggested a
correlation of CPT-SPT with respect to the soil behavior type index (Ic). The
proposed correlation is given in Equation 2.39.

I

@e/pa) _
N—eo =8.5 X (1 ~ e (239)

Further, the above correlation was updated by Robertson in the year 2012 to
estimate the equivalent Ngo values for insensitive clay (Robertson and Cabal

2015; Robertson 2016) (Equation 2.40).
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(@t/Pa) _ 1((1.1268-0.28171c) (2.40)

N60

There also some correlations between SPT N and qc, were suggested by many
authors (Bowles 2001) (Danziger and Velloso 1995; Kara and Giindiiz 2010;
Onal and Ozmen 2015; Costa et al. 2016; Feda Aral and Gunes 2017; Firuzi et
al. 2019; Arifuzzaman and Anisuzzaman 2022; Moghadari Poor et al. 2023) for
different soil types which is summarised in Table 2.5.

Table: 2. 5 Earlier established correlations for silty clay/ clayey silt soil

Author(s) Soil Types Relationship
De Alencar Velloso . _
D..1959 Clay and silty clay (g</ Pa)/N =0.035
FrankiPiles, 1960 Silty clay (g./ P.)/N =0.030
FrankiPiles,1960 Clays (g¢/ Pa)/N =0.020
Chang.,1988 Clayey silt, sandy clayey silt (g/ Pa)/N =1.80
Danzigeret al.,1998 Clayey silt (g/ Pa)/N=13.1
Danzigeret al.,1998 Clay (g/ Pa)/N=4.5
Atmospheric pressure (P,) = 0.1 MPa, N is denoted for observed SPT N

It is to be noted that, the earlier correlations are very much site specific or region
based. As cone penetration test is rarely used in Indian condition
(Bandyopadhyay et al. 2020, 2022; Nandi et al. 2022; Das et al. 2022), there is
no specific correlation between qc with SPT N for the cohesive (silty clay/clayey

silt) soil for this region for existing SPT-based design approach.

2.3 PRESSURE METER TEST (PMT)

2.3.1 BACKGROUND AND DESCRIPTION OF THE PMT TEST
APPARATUS

Pressuremeter apparatus was developed by Louis Menard in 1954 in France
based on the concept of Kogler in 1953 (Winter 1986). Later on, this test has
become one of the popular and fundamental in-situ test in geotechnical
investigation field (Cestari Ferrucio 2012). The basic idea of the pressuremeter

test is the expansion of a cylindrical cavity in order to measure a relationship
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between pressure and deformation of the sub-soil soil (Baguelin et al. 1978). In
practice, the cavity formation is done by drilling a bore hole upto the desired test
depth. Then probe is inserted into the borehole and inflated by using of gas
pressure. During this expansion corresponding volume change is recorded
(Clarke 1996). The probe is designed such a manner that during the radial
expansion of the hole, length will not be changed (Baguelin et al. 1978; Hughes
and Robertson 1985).Therefore, the increase of volume is only due to the radial
expansion of the borehole (Baguelin et al. 1978).

At the initial period when the pressuremeter was introduced in the geotechnical
investigation, the evaluation method (described by Menard) was mostly
unknown (Hughes et al. 1977; Briaud and Jordan 1983; Winter 1986). The
question arose whether the Menard’s theory would suffice for the design or
further research would be required for local subsoil condition and make
necessary adjustments based on conventional test results (Baguelin et al. 1978).
After more than 20 years of research work, based on large number of test results
for particular geologic formations, it was established that the disturbance during
installation and also the formation of borehole had significant effect on the test
results (Baguelin et al. 1978; Amar et al. 1991; Clarke 1996; Briaud J.L 2013).
The apparatus consist of three components viz., ‘probe’, ‘the control unit’ and
the ‘coaxial tube’ (Figure 2.46).

a. Probe: The original ‘Menard’ type pressuremeter probe consist of three
different cells viz., Measuring Cell”, top “Guard Cell” and bottom
“Guard Cell” (Baguelin et al. 1978; Singh 1981; Nandi et al. 2024).,
Measuring cell is placed in the middle portion of the probe. Measuring

cell is covered with a flexible rubber membrane and is filled with water
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during the test. Prior to the starting of the test, guard cells are filled with
gas, in order to protect the membrane of measuring cell.

b. Control unit: control unit (or measuring unit) is placed on the ground
near to the borehole. It contains a pressure gauge and a gate valve. It is
used for both measuring the volume change of measuring cell and
controlling the gas pressure applied to the probe.

c. Coaxial tube: A coaxial tube is used to connect the probe with
measuring/ control unit. Main function of this tube to supply gas and

water from the control unit to the probe.

e

Tubmg

7 guard cell
i

7

Figure: 2. 46 Components of pressuremeter apparatus (Baguelin et al. 1978)
The pressuremeter test is carried out either by measuring the volume change on
every equal increment of pressure or measuring the pressure change on every
equal increment of volume (Clarke 1996; British Standard 1997, ASTM

International 2000b). In one word, the first method is termed as ‘stress
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controlled’ whereas the second one is called ‘strain controlled’. In stress-
controlled method, it is preferable to increase pressure in 10 equal increments, so
that the test is not run quickly or too slow (Baguelin et al. 1978). However, in
common practice minimum 7 to 10 increments are to be kept during the test
(Singh 1981; British Standard 1997; ASTM International 2000b; Cestari
Ferrucio 2012). Generally, 25, 50, 100 or 200 kPa pressures increment are
considered for the test conducted in soil (Clarke 1996; British Standard 1997;
ASTM International 2000b). In order to select the approximate scale of the
increment, one may divide the assumed limit pressure by the number of pressure
increment (i.e., 10) (British Standard 1997; ASTM International 2000b; Cestari
Ferrucio 2012) . In this context, the approximate limit pressure may be assumed
from the past experiences obtained for the merely same sub-soil profile.

On every pressure increment, total pressure is held for 60 second and
corresponding volume change is recorded for 15sec, 30second and 60 second
(Hughes et al. 1977; Baguelin et al. 1978; Briaud 1992, 2019a; Clarke 1994;
British Standard 1997; ASTM International 2000b). Ideally, the test is continued
until the limit pressure is achieved (i.e., until the volume of the cavity is doubled)
(Baguelin et al. 1978). As per ASTM standard, the test is carried out upto the
yielding of the soil (measured from the volumeter) disproportionately large
(ASTM International 2000b).

Baguelin et al. 1978 (Baguelin et al. 1978) also suggested that the test may be
carried out upto the working range of the volumeter to avoid the risk of bursting

of probe. However, this rule is applicable only when the bore-hole is calibrated

properly.
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In ‘strain controlled’ test, volume is increased usually in a rate of the 5 % of the
nominal volume of the probe and it is held constant for 60 seconds and
corresponding pressure reading is taken on same time interval as the stress-
controlled method (Baguelin et al. 1978; British Standard 1997; ASTM
International 2000b; Lukas 2013).

Prior to conduct the test, the instrument is to be calibrated to adjust for pressure
loss and volume loss during the test (Baguelin et al. 1978; Clarke 1996; British
Standard 1997; ASTM International 2000b). The calibration test is mainly of
volume calibration and pressure calibration as explained below:

(1) Volume calibration or Pipe calibration: Volume losses are inherent in the
pressuremeter test. These may occur due to the expansion of the tubing,
compression of the rubber membrane, compression of the water etc. (Baguelin et
al. 1978). Hence, these losses must be computed. In this regard, the probe is
inserted into the heavy-duty steel casing which should withstand to the maximum
capacity of the pressure range of the instrument, generally 80 Bar. The inner
diameter should be same as the outer diameter of probe (e.g., for NX size probe
the inner diameter of casing will be 76mm). Then the probe is allowed to be
inflated so that the membrane seat against the inner side of the casing.
Subsequently, the pressure is increased at a constant interval. In this stage, it is
assumed that no ‘volume change’ is occurred. Furthermore, if there is any change
in volume, it is ascribed to inherent losses in the pressuremeter. For this purpose,
the pressure is increased at an increment of 100kPa or 500kPa depending upon
the design pressure of the probe (i.e., 2.5 MPa or 5.0MPa) (Briaud 1992, 2019a;
Clarke 1994; British Standard 1997; ASTM International 2000b). Each pressure

is to be held for one minute and corresponding volume change is recorded. Then,
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a curve corresponding to volume change with respect to the applied pressure is
plotted. From the slope intercept of this curve, the correction volume (Vi) is
computed and corresponding initial volume (Vo) of the probe is calculated
(Equation 2.41)(Baguelin et al. 1978; Singh 1981; Winter 1986; Amar et al.
1991; British Standard 1997).

Vo = (m/4) X LD? — V; (2.41)
Where, Di= inside diameter of the heavy-duty steel casing (for NX probe 76mm)
L=Length of measuring cell of the probe, Vi= intercept of the slope with ordinate
(Figure 2.47). The volume loss (V) of the system is computed from the following
Equation 2.42.

V. = V. — aP. (2.42)
P: = pressure increment, V; = volume corresponding to each pressure increment
i.e., Pr, a = slope intercept (Figure 2.47).

The volume loss correction is deducted from the measured volume corresponding
to applied pressure. However, this volume loss is relatively small for the soil and
may be neglected when slope of the volume loss curve is less than 0.1% of the
nominal volume (Vo) of the probe per 100 kPa applied pressure (British Standard
1997; ASTM International 2000b). It is also mentioned that the maximum
correction should not cross the 0.5% of the nominal volume per 100 kPa (British
Standard 1997; ASTM International 2000Db).

(i) Pressure calibration or Air calibration or Membrane correction: As the
probe inflates due to the increase of pressure, it is necessary to know the
resistance of the rubber membrane and the sheath (Baguelin et al. 1978).
Therefore, the pressure calibration is necessary to estimate the loss of pressure

due to the membrane and sheath. Therefore, the probe is placed vertically
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downward on ground surface at open air and pressure of about 10kPa (Baguelin
et al. 1978; Clarke 1996; British Standard 1997; ASTM International 2000b) is
applied. Subsequently, corresponding volume change is recorded for 1 minute.
A graph is plotted and the pressure correction (P¢) is calculated. A schematic
graph is shown in the Figure 2.47.

Once the calibration process is over, the probe is lowered into the bore hole
(diameter according to the respective probe size) upto the desired test depth.
Next, volume meter is filled up with water. After that, corresponding pressure
increments, the change of volume is recorded (for stress-controlled method)
(British Standard 1997; ASTM International 2000b). During the test, change in
volume corresponding pressure change is recorded. Afterward, the corrected

volume vs. pressure reading is plotted upon applying the calibrated value (as

shown in Figure 2.48).
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Figure: 2. 47 Schematic graph for Figure: 2. 48 Schematic pressuremeter
calibration (ASTM International 2000b) curve for soil (Singh 1981)

2.3.2 INTERPRETATION OF PMT TEST

From the Figure 2.48 it is revealed that, inside the borehole initially the probe
inflates without any resistance upto touching the side wall of borehole. After

touching the borehole wall, the volume increases slowly and the slope of the
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curve turns into flatter (at pressure, Pom). In this initial pressure, it is assumed
that the membrane is in full contact with the side wall of bore hole. This initial
pressure is often assumed as horizontal in-situ stress (Baguelin et al. 1978; Singh
1981). Subsequent increase of pressure, the slope of the curve (i.e., reading of
the volumeter) increase slowly with a constant rate of change. This portion of the
curve depicts the pseudo-elastic behavior of the soil (Baguelin et al. 1978; Singh
1981; Clarke and Wroth 1989). Further increase of pressure, soil becomes plastic
at a pressure (Pr). Beyond this pressure, soil becomes permanently deformed and
‘creeping phase’ starts. In that stage, the volumetric expansion increases rapidly
with a nominal change of pressure. Accordingly, the slope of the curve becomes
much steeper (Hobbs and Dixon 1969; Baguelin et al. 1978; Singh 1981; Cassan
1988; Clarke and Wroth 1989; Clarke 1996; British Standard 1997; ASTM
International 2000b; Sedran et al. 2013).

Referring to Figure 2.48, it is noteworthy that at the pressure Pom, the volume is
vo, with the assumption that the probe inflates upon contact with the walls of the
borehole. Thus, vo is marked as the start of the straight-line portion of the curve
and it is termed as the initial volume of the cavity (Terzaghi 1943; Baguelin et
al. 1978; Singh 1981; Bellotti 1986; Terzaghi et al. 1996; Bowles 2001).
Theoretically, the limit pressure (Pr) is defined as the pressure corresponding to
the doubled volume of the cavity (i.e 2vo+Vo) (Baguelin et al. 1978). However,
to minimise the risk of probable damage to the probe, the limit pressure is often
determined by indirect method rather than direct measurement (Baguelin et al.
1978; Singh 1981; Cestari Ferrucio 2012). In this method (Singh 1981; ASTM
International 2000b; Cestari Ferrucio 2012), the corrected inverse volume

reading (1/V) is plotted against the corrected pressure (p) and the intersection of
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the straight line with V =2V, termed as the limit pressure (P1) as shown in Figure

2.49.
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Figure: 2. 49 Schematic diagram for determination of limit pressure by
inverse volume method (Cestari Ferrucio 2012)

It is also to be mentioned that the slope of the curve in pseudo-elastic phase
(Figure 2.48) is termed as pressuremeter modulus (Epmt). As per Baguelin 1978
(Baguelin et al. 1978; Lambe and Whitman 1991), the equation of the radial
expansion of a cylindrical cavity in an infinite elastic medium was given as
follows (Equation 2.41):

G = V.Ap/AV (2.41)
Where, G = Shear modulus, V=Volume of the cavity, p=pressure in the cavity
For the pressuremeter test, AV= Av, therefore the equation was converted as
follows (Equation 2.42).

G = V.Ap/Av (2.42)
The ratio Ap/Av is constant in pseudo-elastic phase, but V is not. Approximately,
the midpoint between vo and vf was calculated in such a manner, so that V =
VctH(votve)/2 =Vm. This volume (Vi) was then used to calculate “G” (which is

termed as Gwm) (Baguelin et al. 1978; Singh 1981). The volume ‘V.’ was termed
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as the initial volume of the probe (Vo). Hence, Equation 2.42 was rewritten as
follows

Gy = Vi Ap/Av (2.43)
Further, G = E/2(1 + v)

Henceforth, it was rewritten as following Equation2.44 (Baguelin et al. 1978)

_ _Epmr
M ™ ox(1+v) (2.44)

Or expressed as the following Equation 2.45 (Baguelin et al. 1978; Singh 1981;
ASTM International 2000b)

Epmt = 2(1 +v)(Vy + vpy,) Ap/Av (2.45)

Where, Vo=initial volume of the probe, v=Poisson ratio=0.33 (ASTM
International 2000b), and vis= Corrected volume reading in the center portion
of the Av volume increase i.c., (votvi)/2.

The limit pressure (Pr) indicates the failure pressure of the soil, while the net
limit pressure (PLa or PL”) is also used in geotechnical practice for the correlation
purpose (Baguelin et al. 1978). The term ‘net limit pressure’ (Equation 2.46 ) is
relatively insensitive to the disturbances in the borehole (Baguelin et al. 1978;
Briaud 1992).

Pin = P - P (2.46)
Where, Py is horizontal in-situ stress. It can be obtained either directly from the
graph drawn from the test (corrected volume vs corrected pressure) or calculated
manually from the following Equation 2.47.

Py = Ko.(y.2- up) + ug (2.47)
Where, vy is the unit weight of the soil at the test depth, z = test depth, uo = static

pore water pressure at test depth and Ko = coefficient of earth pressure at rest.
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b

Theoretically, the pressure ‘Pom’ (Figure 2.41) is estimated from the
pressuremeter curve which is equal to the horizontal stress Po. However, it was
observed that the estimation of Pom s very difficult due to the disturbances inside
the borehole (Baguelin et al. 1978; Singh 1981).

The result obtained from the pressuremeter test is extensively used for foundation
design (Clarke and Wroth 1989; Cestari Ferrucio 2012). This because the
methodology of the test closely replicates the actual behavior footing. It is also
observed that the test more accurately defines the in-situ boundary and stress-
strain relationship than the other in-situ test like SPT, CPT (Lutenegger 1990b;
Benoit and Lutenegger 1992; Mayne 1995). Further, this test can be carried out
on any types of soil and rock (Nayak 1979, 2001; Amar et al. 1991; Clarke 1994;

Terzaghi et al. 1996; Bowles 2001; Salgado 2006; Cestari Ferrucio 2012;

Narimani et al. 2018).

2.3.3 PRESSUREMETER CORRELATIONS

From the nature of the pressuremeter curve, the characteristics of the sub-soil can
be distinctively predicted. Also, this result may be used for the identification of
the soils (Clarke and Wroth 1989; Clarke 1996).

The curve exhibits a sharp curvature (which is a clear indication of failure) on
the transition phase between “pseudo-elastic” and “plastic” stage for clay soil.
Whereas, sharp bend is typically absent in test curve for sand, as the shear
strength of sand is primarily derived from their angle of internal friction (Hughes
etal. 1977; Baguelin et al. 1978; Fahey and Carter 1993; Cheshomi and Ghodrati
2015; Naseem and Jamil 2016; Yildiz 2021). As such, the increase of normal
forces creates better interlocking between the particles which result the increase

of effective shear strength(Terzaghi 1943; Lambe and Whitman 1991; Terzaghi
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et al. 1996). Besides, clay's shear strength primarily depends on undrained
cohesion, which remains unaffected by applied normal stress (perpendicular to
the borehole wall) during rapid test like ‘pressuremeter’(Baguelin et al. 1978;
Lambe and Whitman 1991; Briaud 1992, 2019a; Briaud J.L 2013; Ramdane et
al. 2013; Robbins 2013; Ameratunga et al. 2016). Hence, during pressuremeter
test, a ‘clear failure point’ is observed on the pressuremeter curve when the shear
force exceeds the undrained shear strength of the clay soil.

In the year of 1978, Baguelin (Baguelin et al. 1978) suggested a typical range of
net limit pressure (Prn) for different type of soils (Table 2.6). After that Briaud,
(Briaud 1992) modified those range and suggested a new one (Table 2.7). On the
other hand, the SPT test is popular and well accepted method by most of the
engineers, owing to its low cost and easy to use in geotechnical exploration
(Bowles 2001; Das and Sivakugan 2018; Das 2019). Nevertheless, the limited
numbers of studies about the correlation between SPT and PMT test, were carried
out till date. The SPT test results are used to predict many other characteristics
of sub-soil such as shear strength parameters, Liquefaction potential, bearing
capacity (Terzaghi 1943; Janbu and Senneset 1974; Mesri 1975; Mesri et al.
1975; Kulhawy and Mayne 1990; Terzaghi et al. 1996; Nayak 2001; Hasancebi
and Ulusay 2007; Ku and Mayne 2013; Chatterjee and Choudhury 2013; Shiuly
et al. 2018; Ramkrishnan et al. 2022). In this context, many research works were
conducted to correlate P and Epmt with SPT N values (Yagiz et al. 2008;
Kayabasi 2012; Cheshomi and Ghodrati 2015; Balachandran et al. 2015, 2017;
Anwar 2018; Ozvan et al. 2018; Ramaswamy et al. 2021). In between the period
of 1968 to 1969, correlation between PL and SPT N were proposed for all type

of soils (Hobbs and Dixon 1969; Cassan 1988). Further, in the year of 1978 a
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general correlation between Pr and SPT N, for all type of soil was suggested
(Baguelin et al. 1978). Another correlation between P and SPT N value was
suggested for sandy soil of Singapore (Verruijt 2021). Further, in 1982,
correlation between Epmt and SPT N values were suggested for clay and sandy
soil (Ohya et al. 2021).0n 2008, a correlation between Pr, and Epmt with SPT N
values was proposed for sandy silty clay soil (Yagiz et al. 2008). In the year of
2010, two numbers of separate correlations between Epmr with SPT N were
proposed for sandy and clayey soil respectively (Bozbey and Togrol 2010). In
the next year 2011, correlation of PL with SPT N value was proposed for all type
of soil (Kayabasi 2012; Kayabasi1 2015). Another correlation of P and Epwmr
with SPT N value for clayey soil was proposed in the year of 2012 (Kayabasi
2012; Aladag et al. 2013). In the year of 2014, separate correlations (Pr and Epmr
with SPT N) were proposed for the silty sand and silty clay soil (Cheshomi and
Ghodrati 2015). Another attempt was made to correlate Epmt with SPT blow
count for both cohesive and cohesionless soil in the year of 2015 and 2017
(Balachandran et al. 2015, 2017). Between the year of 2016 and 2018 different
correlations between Pr and Epvt with SPT N for sandy soil, were suggested
(Naseem and Jamil 2016; Ozvan et al. 2018). During the period of 2019 to 2021
several correlations of Pr and Epmt with SPT N, were proposed for different type
of soil (Firuzi et al. 2019; Onal and Ceylan 2020; Yildiz 2021,). The earlier

established correlations are tabulated below (Table 2.8).
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Table: 2. 6 Approximate common values of the pressuremeter parameters

(Baguelin et al. 1978)
PMT .
parameters Soil type (Clay)
Very . Very
soft soft firm stiff Stiff Hard
75- 350- | 800-
Pra(kPa) | 0-75 100 150-350 00 | 1600 >1600
Soil type (Sand)
IV Y| Loose Compact | Dense | Very Dense
00se
0- 200- 500- 1500-
P (P2) | 290 | 500 | 1500 | 2500 | 2%

Table: 2. 7 Approximate common values of the pressuremeter parameters

(Briaud 1992)

PMT oy Soil Type (Clay) oy
parameters soft Soft Firm Stiff Stiff Hard
400- | 800—
Prn (kPa) - 0-200 | 200 —400 200 1600 |~ 1600
Epwir (kPa) | - 0- 2500 — 5000 — 12900 >
2500 5000 12000 25000 25000
Soil Type (Sand)
Very Loose | Compact | Dense Very Dense
loose
P (kPa) - 0=500 51‘;%5 125280‘ > 2500
12000
0- 3500 —
Epmr (kPa) - 3500 12000 - > 22500
22500
Table: 2. 8 Earlier established correlations
SI. Author . . R? .
No. | proposed Correlation Unit value Type of soil
Sandy Silty
, Epyr = 388.67 x Ncor + 4554 kPa 0.91 Clay
Yagiz et
! (23168) Sandy Silty
P, =29.45 X Ncor +219.7 KPa 0.97 Clay
— 0.77
Bozbey Epur = 1.33% (Neo) MPa 1 8 Sandy soil
2 et al
(2010) E pyr = 161 x (Ngg) %77 MPa 0.72 Clayey Soil
Chesho Epgr _: Ooigi 1\>I< N6°2_ 09843 MPa 0.7 Silty sand
4 mi L—— ep =
(2014) PEZMS 0:5 XNIfI" - fgz 5 MPa | 0.85 Silty clay
L — VY- 60 .
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SI. Author . . R? .
No. | proposed Correlation Unit value Type of soil
Ohya et Epyr/P, = 19.3x N 063 0.393 Clay
5 al.
(1982) Epur/Py = 9.08 x N 066 0.482 Sand
pMT/Fa
Baguilin
6 cet N/P, = 2 kg/fm - All
al.(1978)
Loose state N/P, = 10 C ‘
Dense state N/P, = 10 P ;arse Od
(Average:N/P, = 10) a ) me. fum san
(Singapore)
Ramasw Loose state N/PL =35 to 45 Calcareos
7 amy Dense State N/P. = 10 to 35 MPa Sand(Singapor
(1982) (Average: N/P, = 35) ) gapore
Loose State N/P, = 30 Silty
Dense State N/P, =30 MPa - Sand(Singapore
(Average:N /P, = 30) )
e Epyr = 0.52 X Ngg + 3.3673 MPa 0.81 Sandy soil
Zgur Epyr = 041X N + 6.1 MPa | 0.52 Clayey Soil
YILDIZ
8 otal P, = 0.026 X Ngg + 1.1745 MPa 0.72 Sandy soil
) P, = 0.032%x N 0.8
(2021) L 6ot MPa 0.60 Clayey Soil
Ali
g | Ozvan P, = 0.142 X N60 — 1.166 MPa | 0.gos | Sandysiltyclay
yey
(2016) (Clayey soil)
Kayabas Epyr = 0.29 X (N60)%71 MPa 0.74 Clayey soil
Y Yy
10 dA. et
al. P, = 0.043 x (N60)'? MPa 0.74 Clayey soil
(2012)
Cassan.
11 M et. al. P, = 0.028 x (N) — 0.0021 kPa - All soil
(1968)
Hobbs
12 et. al. P, = 0.021 x (N) + 0.33 kPa - All
(1969)
Waschko
13 wski P, = 0.0561 x (N) — 0.092 kPa - All
(2011)
Naseem Epyr = 165.88 X (N) + 1364.1 kpa 0.85 Sandy soils
14 t. al.
(;of@ P, = 15214 x N60 + 89.276 kPa | 0.88 Sandy soils
Fine-grained
E = 6.4 x g004SPTN MP 0.83
pMT ¢ 4 soils
F ‘r“lZ‘ ot PL = 0.1x (N) +0.26 MPa | 0.63 Fme'g.rlamed
al. soils
15
201 -grai
(2019) Epyr = 8.08x e00 MPa | o0gg | Courscerained
soils
Coarse-grained
P, = 30.93 x ¢0038N MPa 0.75
soils
16 B;j:iin Epyr = 112 XN MPa | 023 Cohesive soil
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2
I\SIL-. p/:;g::g d Correlation Unit Vflue Type of soil
(2311' 5 Epyr = 1.09 X SPT N MPa | 023 C"he:;‘i’lnless
Quaternary
E pyr = 0.5304Ng, + 4.5434 MPa 0.53 Alluvial
Cigdem
17 et. al.
2020 gravel, sand,
P, = 0.0236 X Ngy + 0.4703 MPa 0.60 silt, and clay-
intercalated
mud

2.3.4 UNDRAINED SHEAR STRENGTH OF CLAYS (Cu)

In pressuremeter test, the load is rapidly applied to the bore hole wall, while the
pore water drainage is restricted. Hence, a suitable method is required to directly
estimate the value of undrained shear strength for cohesive sub-soil from the
pressuremeter test results. In this regard, several different approaches are listed
as “limit pressure method”, “yield pressure method”, “shear curve method”
etc.(Terzaghi 1943; Terzaghi et al. 1996).

Amongst those methods, the “Yield pressure method” is one of the simple to

estimate the undrained shear strength (Equation 2.47).

Cu = P, -0on (2.47)

Where, py = yield pressure, con = total horizontal stress at rest.

However, Briaud did not recommend (Briaud 1992) this ‘yield pressure’
method. Sometimes, the yield pressure may lead to give overestimated prediction
(Briaud 1992). So, another method was proposed i.e., “Shear curve method”.
However, this method was a graphical method and hence it was also not
recommended for undrained shear strength estimations.

Clarke (Clarke 1994) suggested the “limit pressure” method based on the
theoretical expression stated by Cassan (Cassan 1988) as given in Equation 2.48.

This method is more reliable and commonly accepted in practice.
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P, = ogn+ Cy {1+ In(G/Cy)}

Pr = limit pressure, con = total in-situ horizontal stress at rest, G = shear

modulus of the soil, Cy= Undrained shear strength

Above equation may be written in simplified form as following Equation 2.49

Cy =Pun/B

The factor B in is referred as “pressuremeter constant”. It mainly depends on the
ratio of shear modulus (G) over the undrained shear strength (C,). Generally, the

value of B ranges between 5.5 to 7.5 (Briaud 1992; Briaud J.L 2013) with an

average value of 6.5 (Baguelin et al. 1978) as given in Figure 2.50.

Figure: 2. 50 Py, vs. C, correlation and proposed P factor (Baguelin et al.
1978)
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proposed by different researcher, as given in Table 2.9.

Table: 2. 9 Summarised values of the factor B (Clarke 1994)

Type of soil B factor Source
All clays 2-5 Menard, 1957
Cassan, 1972, Amar &
Soft to firm clays 5.5 Jezequel, 1972
Firm to stiff clays 8 -
Stiff to very stiff 15 i
clays
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Type of soil B factor Source
Stiff clays 6.8 Marsland & Randolph, 1977
Lukas and LeClerc de
All clays 5.1 Bussy, 1976
Stiff clays 10 Martin & Drahos, 1986

However, the variation of the “B" is related to uncertainties during the
measurement of the ono, due to influence of disturbance and anisotropy (Clarke
1994).

Baguelin et al. (1978) (Baguelin et al. 1978) also established a nonlinear

correlation based on the different test results as shown in Figure 2.51.
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Figure: 2. 51 Correlation between net limit pressure and undrained shear
strength (Baguelin et al. 1978)

2.4 SETTLEMENT PREDICTION OF SHALLOW FOUNDATIONS IN

COHESIVE SOILS

24.1 DMT BASED SETTLEMENT

For predicting the settlement of shallow foundation from DMT test, Mpwmr is an
important tool (Fabius 1985). A model was proposed (by virtue of one-
dimensional consolidation theory) to predict the settlement from Mpwmr by

Marchetti et al. 1997, (Fabius 1985; Borden et al. 1986; Schmertmann 1986b;
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Chang 1987; Kalteziotis et al. 1991; Marchetti et al. 2001; Monaco et al. 2006a)

as given in Equation 2.50.

St = (Aoy/ Mpwmr) X Z (2.50)

Si = Total settlement, Aoy = Vertical stress increment, z = Thickness of
compressible layers

Prior to this recommendation, many researchers had shown the comparison
between the settlements predicted from DMT test with the other methods. A good
agreement was reported by (Schmertmann 1986b) for 16 different case histories
in different locations.

Also, a study was made by Hyes et al. in the year of 1986 (Hayes 1986) , about
the comparison of flat dilatometer results and predicted settlement for different
structures and earth work. It was found that the results were satisfactory. Also,
in 1990, another comparison was made by Hyes et al. which was reported in
TC16 (2001) (Marchetti et al. 2001). On those observations, it was found that
DMT predicted settlement were in good agreement with the observed settlement
(Figure 2.52)

In the year of 2006, a review on the DMT-predicted settlement vs observed
settlements, was described by Monaco et al.(Monaco et al. 2006a). In this review,
it was concluded that the Mpmt may be considered as an "operative modulus",
for the prediction of settlement of foundation (which is in working conditions for
a factor of safety of 2.5 to 3.5).

In India, a case study was made by Bandyopadhyay et al. for the comparison of
settlement calculated by using Mpwmrt (Bandyopadhyay et al. 2020, 2022). It was
found that the observed and the predicted settlement from DMT test was well

comparable (Figure 2.53) with the observed settlement. Another study was made

76



Literature review

by Das. K and Nandi. S in the year of 2022 (Das et al. 2022) for estimation of
sub-soil parameters and settlement for the project in Kolkata city, the similar

observations were found.
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Figure: 2. 52 Observed vs DMT- Figure: 2. 53 Predicted vs observed settlement
calculated settlement by Hayes et al. (Bandyopadhyay et al. 2020)

1990 (Marchetti et al. 2001)
24.2 CPT BASED SETTLEMENT
For the prediction of settlement, Meyerhof (1965) (Meyerhof 1974) used the CPT

cone resistance (qc) to evaluate the settlements of shallow foundation placed on
cohesionless soils (i.e., sands). it was observed that the CPT based settlement
was more conservative i.e., 1.2 to 1.5 times of field settlements (Sargand et al.
2003).

On the other hand, another refined method for the prediction of CPT-based
settlement, was proposed by DeBeer (De Beer 1965). This method was based on
the theory of the consolidation settlement of cohesive soil (Sargand et al. 2003).
On the observations, it was found that the predicted settlement was twice more
than the observed value.

In the year of 1970, another method was proposed by Schmertmann et
al.(Schmertmann 1988a). This method was based on the linear elastic theory for

the cohesionless soil. Also, a comparison was made with the laboratory model
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and finite element method. In this regard, this method was found to be more
realistic than other method (Sargand et al. 2003).

Besides, in Indian condition, there is no method to predict the settlement of the
shallow foundation placed on the cohesive soil from CPT test results. However,
an empirical equation was given in IS 8009 part-1 (IS 8009 Part-1 1985) based
on average cone resistance (Ckp). This method was described to find the
settlement for the cohesionless soils (based on CPT test results) by using
Equation 2.51 and Equation 2.52. As no other methods were available for Indian
condition, a case study was carried out by Bandyopadhyay et al.(Bandyopadhyay
et al. 2022) to predict the settlement of shallow foundation placed on cohesive
soil by using the same empirical equation. The estimated settlement was then
compared with the values of observed settlement (estimated from settlement
sensors) and with the values estimated from the numerical model (based on finite
element-based software ‘Plaxis 2D, Ver. 2016”). It was found that the value of

predicted settlement was near to the other methods (Bandyopadhyay et al. 2022)

S¢ = 2.303 “log %} (2.51)

c= 1 (2.52)

Where, St = settlement, H; = thickness of soil layer, Po- initial effective
overburden pressure at mid height of the layer, AP = vertical stress increment, ¢

= constant of compressibility, Ckp= average static cone resistance.
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METHODOLOGY

3.1 GENERAL

In order to study the comparison of geotechnical parameters to establish
relations, three distinct in-situ tests (i.e., CPT, DMT and PMT) were carried out
adjacent to conventional boring accompanied by SPT test. All the tests were
carried out at eleven numbers of different project sites in West Bengal (WB) and
Odisha (OR) states, as detailed below.

1) Site-1 (HC): at Highcourt Site, Kolkata, WB

ii) Site-2 (PB): at Panchayet Bhaban site, Kolkata, WB

ii1) Site-3(RJ): at Rajarhat CA94, Kolkata, WB

iv) Site-4 (HA): at Haldia Petrochem, Haldia, WB

v) Site-5 (DH): at Dhamra, OR

vi) Site-6 (SN): at Sonarpur, South 24 parganas, WB

vii) Site-7(LK): at Laketown project, Kolkata, WB

viii) Site-8 (BD): at Burdwan, Purba Bardhaman, WB

ix) Site-9 (VT): at Victoria, Kolkata, WB

x) Site-10 (PT): at Park Street, Kolkata, WB

xi) Site-11(ES): at Esplanade, Kolkata, WB

In this context, DMT, CPT or PMT tests were carried out at same starting
‘Reduced Level’ (R.L) corresponding to the adjacent bore holes. Besides, in
absence of reduced level, it was assumed (+) 100.0 m. Irrespective of seasonal

variation, the water level was assumed as same as the adjacent bore hole for the
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respective DMT and CPT test’s locations. On the other hand, for the PMT test,
water level was measured 24 hours after completion of each test.

The DMT and CPT tests were carried out by using Pagani TG63-150
penetrometer (maximum thrust capacity of 150 kN) (Pagani Geotechnical
Equipment (manual) 2014) as shown in Figure 3.1 and Pressuremeter test (PMT)

were carried out by using ‘pre-bored Menard Pressuremeter’ (maximum capacity

of 80 Bar), shown in Figure 3.2.

Figure: 3.1 Pagani Penetrometer TG63-150 Figure: 3.2 Prebored Menard
(150 kN capacity) Pressuremeter (80 Bar capacity)

The several parameters along with the shear strength parameters obtained from
DMT and CPT tests, have been compared with the conventional field and
laboratory test results. Besides, limit pressure (Pr) and pressuremeter modulus
(Epmt) have been compared with the observed SPT N values (Nop). On the other
hand, an attempt has been made to establish relations (based on the regression
analysis) between some basic parameters obtained from DMT, CPT and PMT
tests with the Ngp and laboratory test results. Also, the settlement of the shallow
foundation has been evaluated by using empirical equation based on the average
cone penetration resistance (i.e., Ckp) obtained from CPT test. These values have

been compared with the settlement predicted from DMT tests (by using Mpwmr)
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and numerical model (by using PLAXIS 2D ver.16 software) based on the
geotechnical parameters predicted from CPT, DMT and laboratory tests on
samples of soil obtained from adjacent boreholes.

The sub-soil of different project site comprises soils of varying nature due to the
different geological condition. However, to meet the purpose of this study, focus
is limited to the results obtained from DMT, CPT and PMT tests for the cohesive

sub-soils.
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3.2 SOIL EXPLORATION
3.2.1 CONVENTIONAL BORING AND SPT TEST

Conventional boring was done by wash boring method (IS 1892 1979) . The size
of the bore hole was 150mm (SX). During the progress of the bore-hole the
undisturbed samples were collected from the suitable depth intervals (IS 2132
2002) and Standard Penetration Test (SPT) were carried out as per IS 2131(IS
2131 2002).

Various laboratory tests viz. Grain size analyses (Sieve and Hydrometer
Analysis), Atterberg’s limits, Natural moisture content (wn), Triaxial
Unconsolidated Undrained test (UU) Unconfined Compressive strength test
(UC) and Direct shear Test (DS), were carried out on undisturbed samples as per

Indian Standards.
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3.2.2 DMT TEST

The DMT test were carried out by pushing the “Dilatometer Blade” inside to the
ground. Soon after penetration, by use of the control unit, the membrane was
inflated by ‘Nitrogen gas’ pressure and corresponding two readings namely ‘A-
pressure’ (‘lift-off”) reading and ‘B-pressure’ reading (i.e., required to move the
center of the membrane 1.1 mm against the soil) were recorded from the
‘pressure gauge’ fitted to the control unit. On arriving of “A” reading
(deactivating of signal from the ‘Buzzer’) the flow of gas pressure was continued
upto the ‘signal from the Buzzer’ was reactivated. Immediate after reactivating
of ‘signal from Buzzer’ the ‘B’ reading was recorded. After measuring ‘B’
reading, the DMT blade was further advanced to the next test depth. Before
starting of each test, ‘membrane calibration’ was carried out to estimate the
stiffness of the membrane. In this regard, ‘AA’ (on applying suction pressure to
the membrane) and ‘AB’ (on applying positive pressure to the membrane)
readings were recorded by attaching the ‘DMT blade’ to the control unit with
short ‘p-e’ cable. This calibration process was done by a standardised ‘Syringe’
provided with control unit. The corresponding ‘A’ and ‘B’ pressure readings
recorded during the test were then corrected to the pressure po and pi
respectively.

In accordance with standard method stated in TC16 2001(Marchetti et al. 2001),
the minimum depth interval may be adopted as 10cm. However, for this study
purpose, DMT test was carried out at 20cm depth intervals corresponding 2cm/s
penetration rate (Marchetti et al. 2001).The standard computer program (i.e
‘SDMT Elab’) was (Prof. Marchetti S.r.l. Studio) used for analysing the field

data.. The DMT tests were carried out to the adjacent boreholes at respective test
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location. In this study, data from 29 numbers of DMT test are considered for

analysis purpose

3.2.3 CPT TEST

In this study, total 25 numbers of CPT tests were carried out (Indian Standard
1976; Pagani Geotechnical Equipment (manual) 2014; Robertson and Cabal
2015) to the adjacent bore holes at respective test locations. It was conducted by
using the CPT assembly attached with ‘Pagani TG63-150 penetrometer as per
‘Instruction Manual’ provided by Pagani (Pagani Geotechnical Equipment
(manual) 2014). The CPT test was carried out by pushing the cone assembly
(Begemann cone) vertically into the ground surface at a constant strain rate
(=2cm/s). During the advancement of the cone three numbers of readings were
recorded viz. first reading ‘Rp’ (i.e., during penetration of only the Cone), second
reading ‘Ry+Rr’ (i.e., during the penetration of cone along-with the sleeve) and
the third reading ‘Rt’ (i.e., during the penetration of total assembly of cone).
Based on these three readings, two numbers of basic parameters i.e., cone
resistance (qc) and frictional resistance (f;) were calculated. The readings were

recorded at every 20cm depth intervals.
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3.2.4 PMT TEST

For this study purpose, PMT test is carried out by using NX size (outer dia.
~74mm) ‘Prebored Menard Pressuremeter’ having maximum capacity of 80 Bar
(ASTM International 2000b). In this regard, NX size borehole (inside dia. 76
mm) is dug adjacent to conventional bore holes (SX size, i.e., Diameter ~150mm)
at respective test location. Total 48 numbers of PMT tests are carried out inside
the 12 numbers of NX size boreholes at Sm depth intervals upto the average depth
of 20m at three different locations viz., Site-9 (VT), Site-10 (PT) and Site-11
(ES). Before starting of each test, two numbers of calibration (i.e., pressure loss
calibration and volume calibration) tests are performed. For pressure calibration,
the probe is kept vertically downward at ground and all the connections are
checked properly. Next, gas pressure is increased at average rate of 100kPa per
minute and corresponding volume change is recorded at 15s, 30s and 60s time
intervals. The pressure is increased upto the maximum pressure of 1Bar. After
completion of pressure loss calibration, pressure is released and kept the
instrument for reinstating its normal condition. For volume calibration, the probe
is kept inside to a ‘Heavy Duty’ NX size (inside dia. 76mm) steel casing and gas
pressure is increased at a rate of 1 Bar per minute upto the average pressure of
10 Bar. The volume reading corresponding to each pressure increment is
recorded at the 15s, 30s and 60s interval. On completion of pressure loss
calibration and volume loss calibration, the pressuremeter probe is then inserted
into the Prebored ‘NX’ size hole at the test depth. Next, the test is performed by
increasing the pressure in stages. On each pressure increment volume readings
are recorded at time intervals of 15, 30 and 60 seconds from the time of

application of pressure. The next incremental pressure is then applied.
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3.3 DATA INTERPRETATION
3.3.1 DMT TEST

Two numbers of pressure readings are initially recorded from the DMT test.
These two readings are further reduced to the corrected values (i.e., po and p1)
after applying the membrane stiffness correction (i.e., ‘AA’ and ‘AB’). Based on
the corrected pressure readings three numbers of basic parameters are derived
i.e., material index Ip, horizontal stress index Kp and Dilatometer modulus (Ep)
(TC 16., 2001)(Marchetti et al. 2001). Also, shear strength parameters (Cu and
¢) and compressibility characteristics in terms of vertical drained constrained
modulus (Mpwmr) are calculated. In arriving at these parameters, the vertical
effective in-situ stress (cv) is calculated based on the in-situ density chart
proposed by Marchetti (Marchetti et al. 2001). In this purpose, ‘SDMT Elab’
software (Prof. Marchetti S.r.l. Studio) has been used. In each DMT test location,
the classification of sub-soil has been predicted from the value of Ip (Marchetti
et al. 2001) and density of sub-soil has been predicted from the chart proposed

by Marchetti (Marchetti 1980; Marchetti et al. 2001).

3.3.2 CPTTEST

In CPT test, two numbers of basic parameters viz. cone resistance (qc) and
frictional resistance (f5) are calculated as per ‘Instruction Manual’ provided by
Pagani (as given in Equation 3.1 and 3.2) based on the recorded readings viz.,
Rp,Rp+RL,RT (Pagani Geotechnical Equipment (manual) 2014; Robertson and

Cabal 2015; Rocscience Inc. 2016)

__ (Rpx10+number of sounding rodxinternal weight) 31
qc = m (3.1)

_ (Rp+Rp, X 10—RpX10)

f.
S 150

(3.2)
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On the other hand, cone resistance and sleeve friction are also calculated based
on the method stated in Appendix A of IS 4968 (Part III) (Indian Standard 1976).
Based on the cone resistance and sleeve friction, normalised parameters are
estimated (Robertson and Cabal 2015).

The in-situ density (y) and soil behavior type index (Ic), are estimated as per
method stated by Robertson et. al. 2015 (Robertson and Cabal 2015; Rocscience
Inc. 2016). Subsequently, shear strength parameters (Cy and ¢), compressibility
characteristics of soil (i.e., vertical drained constrained modulus, Mcpr) are
estimated (Robertson and Cabal 2015; Rocscience Inc. 2016). On the calculation
of Mcpr, the factor am is considered 8.25 (Kulhawy and Mayne 1990; Mayne and
Kulhawy 1990; Rocscience Inc. 2016).

In each CPT test location, the classification and density of sub-soil is estimated
from the value of Ic and density chart respectively (Robertson and Cabal 2015;

Rocscience Inc. 2016).

3.3.3 PMT TEST

In PMT test, two numbers of parameters (i.e., limit pressure and pressuremeter
modulus) are calculated. In estimating these parameters, pressuremeter curve is
drawn corresponding to the corrected volume and corrected pressure (Baguelin
et al. 1978; Clarke 1996). These corrections are calculated from the volume loss
and pressure loss curve provided (Singh 1981; Clarke 1994, 1996)(ASTM
International 2000b).

Limit pressure (Pr) and pressuremeter modulus (Epmt) are calculated based on
the inverse volume method and the standard equation respectively (Baguelin et

al. 1978; Singh 1981; ASTM International 2000b). At all PMT test locations, the
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sub-soil profile is predicted from the adjacent boreholes alongwith the visual

inspection of soil during the progress of PMT test in the boreholes.

3.4 ANALYSIS

3.4.1 METHODOLOGY FOR COMPARISON OF ESTIMATED
PARAMETERS AND PREDICTION OF SUB-SOIL PROFILE

In DMT and CPT tests, interpreted results are reduced over 200 mm depth
intervals. In PMT test, the limit pressure and pressuremeter modulus are
estimated on every Sm depth interval.

In this study, at each study location, the sub-soil profile predicted from DMT test
(based on Ip), CPT test (based on Ic) and PMT test (based on PMT boreholes) is
compared with the sub-soil obtained from adjacent bore holes (conventional
boreholes).

In each project site, the variation of observed field SPT N value (Nob) and shear
strength parameters (i.e., Cu and ¢) obtained from laboratory test, are plotted
along depth.

In each CPT test location, the variation of q. and f; (calculated as per Robertson
et. al. and IS 4968 part III) (IS 4968 (Part-1II) 1976; Pagani Geotechnical
Equipment (manual) 2014) are plotted along depth. Also, the variation of soil
behaviour type index (Ic), vertical drained constrained modulus (Mcpr) and the
shear strength parameters (i.e., Cy, ¢; estimated from CPT test) are plotted along
depth.

Besides, at each DMT test location, the basic parameters viz., Ep, Mpwmrt, Ib,
alongwith the shear strength parameters (i.e., Cy and ¢) are plotted along depth.
Also, the variation of limit pressure and pressuremeter modulus is graphically

presented along the depth for each of the PMT test locations.
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The basic parameters obtained from DMT, CPT and PMT tests are side by side
compared with the conventional field test (i.e. SPT test) and laboratory test

results conducted in the adjacent boreholes.

3.42 METHODOLOGY TO PREPARE DESIGN CHART BASED ON
PARAMETRIC COMPARISON

In arriving at the design chart or reference chart, some parameters are selected
from DMT, CPT or PMT tests. These parameters are then related with some
conventional test results. Based on that, the design or reference chart are
prepared.
Based on the observations, on the variation of parameters (estimated from each
DMT, CPT and PMT tests) along depth and the variation of conventional SPT N
values (Nob) and laboratory test results obtained from adjacent boreholes, the
following parameters obtained from DMT, CPT and PMT tests, are selected for
the relationship purpose.

e For DMT test, Ep and Mpmt

e For CPT test, qc, fs and Mcpr

e For PMT test, limit pressure (PL) and pressuremeter modulus (Epmr).
In this study, relationship between the selected parameters of DMT and CPT tests
with the conventional SPT N values (Nob), plastic limit (Wp) and plasticity index
(PI) has been established for cohesive soils. In arriving at the relationship,
average values of DMT or CPT based parameters and SPT N values (Nob)
alongwith plastic limit (Wp), plasticity index (PI) are considered corresponding

to the collection depth of undisturbed samples from the adjacent boreholes.
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Besides, the limit pressure and pressuremeter modulus have been related with the
Nob and liquidity index (IL) for cohesive soils. In this regard, No» and I are
estimated from the adjacent boreholes, corresponding to the PMT test depth.
The details of the methods to establish relations for the individual test are
outlined below;
DMT test:
e In DMT test, the value of Ep and Mpwmr are considered for relationship
purpose.
e For each DMT test location the sub-soil profile predicted from Ip is
compared with the sub-soil profile predicted from adjacent borehole.
e Average values of Ep and Mpwmr corresponding to the collection depth of
undisturbed cohesive soil are considered.
Besides, average value of Nop is considered corresponding to collection depth
of undisturbed cohesive soil samples.
Also, the value of plastic limit (Wp) and plasticity index (PI), estimated from
the laboratory test are considered for the relationship purpose.
CPT test:
In CPT test, the value of qc, fs and Mcpr are considered for establishing the
relationship.
For each CPT test location, the sub-soil profile predicted from Ic, is compared
with the sub-soil profile predicted from adjacent borehole.
Average values of qc, fs and Mcpr corresponding to the collection depth of
undisturbed cohesive soil samples are considered.
Besides, average value of Nob is considered corresponding to the collection

depth of undisturbed cohesive soil samples.
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e Also, the value of plastic limit (Wp) and plasticity index (PI), estimated from

the laboratory test are considered for the relationship purpose.
PMT test:

e Two numbers of basic parameters viz., PL and Epmr are considered for the
relationship purpose.

e At each PMT test location, the sub-soil profile based on the PMT test
boreholes is compared with the sub-soil profile predicted from the adjacent
conventional boreholes.

e The average SPT N values (Nob) (obtained from the conventional boreholes)
are considered corresponding to PMT test (conducted in adjacent “NX” size
borehole).

e Liquid limit, Plastic limit and natural moisture content are considered
(corresponding to the adjacent PMT test depth) for establishing the

relationship.

3.43 CPT-BASED PREDICTIVE MODEL FOR SHALLOW
FOUNDATION SETTLEMENT ON COHESIVE SOIL

Another attempt is made to compare the settlement of shallow foundation (placed
on cohesive soil) empirically predicted from average cone resistance (Cxp) from
CPT test with the DMT based settlement and numerical model created based on
conventional approach. The settlement of shallow foundation (placed on
cohesive soils), having different shape and size are calculated against design
load. This study, is carried out for selected locations where both the DMT and

CPT tests have been conducted adjacent to common conventional borehole.
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For calculating the settlement, numerical analyses were made by means of two
numbers of computer-based softwares (i.e., Plaxis 2D ver.16 and DMT
settlement).

In a particular test location, settlement of a particular foundation has been
predicted by using an empirical equation based on the average cone resistance
(Ckp) obtained from CPT test. Besides, effort was made to create individual soil
model based on the borehole, DMT and CPT tests results using ‘Mohr coulomb
Model’ in Plaxis 2D ver.16 software. Also, the settlement of the same foundation
has been calculated (using DMT settlement software ) based on the Mpwmr values
obtained from DMT test (Marchetti et al. 2001) by using DMT settlement
software (Prof. Marchetti S.r.1. Studio).

In CPT test, the settlement has been estimated by using an empirical equation
based on average cone resistance (Ckp), as no other code is available for Indian
condition. Subsequently, these values have been compared with other results
obtained from other methods. In this context, cone resistance (qc) has been
plotted along depth for a particular test. The average cone resistance (Cxp) has
been calculated by virtue of the average line drawn through the similar type
broken part of the curve. This value (Ckp) is then considered to calculate constant
of compressibility (c) as given in Equation 3.4, the settlement (S cpr) of each
layer being calculated as per Equation 3.5. The total settlement is then calculated
by summation of each layer settlement. The vertical stress increment (Ap) has

been calculated from Boussinesq’s equation.

N | W

— 3 Cko
c= = (3.4)

H Po+ AP
StCPT = 2.303 ?t log[opT

(3.5)

Where,
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St cpr = settlement, H; = thickness of soil layer, Py - initial effective overburden
pressure at mid height of the layer, AP = vertical stress increment (calculated
using Boussinesq’s equation) , ¢ = constant of compressibility, Ckxp = average
static cone resistance.

Besides, using DMT settlement software, the total settlement is calculated below
both the center and the corner of the footing. Observing that the estimated
settlement below the center is higher than that below the corner, the settlement
value at the center of the footing is considered for the analysis.

In this case, the settlement of the foundation is calculated based on one
dimensional consolidation theory by taking thickness of each layer (Az) as 20cm
(Marchetti et al. 2001). In this regard, the vertical drained constrained modulus
estimated from DMT test (i.e., Mpwmr) and vertical stress increment (i.e., Acy,
estimated using Boussinesq’s equation) is taken for the calculation purpose
(Bandyopadhyay et al. 2022, TC-16; 2001). The relevant equation (Equation 3.3)
is given below:

Stomr = X(Aoy/Mpwr) Az (3.3)
PLAXIS 2D (ver. 2016) software is used to estimate the settlement of shallow
foundation by creating numerical model. For the purpose of creating soil profile
in Plaxis 2D software based on the DMT and CPT tests results, the sub- soil layer
is identified based on the Ip (for DMT test) or Ic (for CPT test) and the vertical
drained constrained modulus (Mpwmr or Mcpr) for respective DMT or CPT test.
The shear strength parameters for the particular layer, is estimated by averaging
total number of results obtained within that thickness of layer. The layer wise
modulus of elasticity of soil (Espmr) in the soil model (i.e. created based on DMT

test), is calculated by multiplying 0.8 to the averaged value of Mpwmr (Marchetti
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et al. 2001) for that layer. Similarly, the modulus of elasticity (Escpr) from Mcpr
(to create numerical model based on CPT test), is estimated by adopting the same
procedure as described for the DMT test (Marchetti et al. 2001)(Poenaru 2016).
On the other hand, estimation of modulus of elasticity (Esgn) to create the
numerical model on Plaxis 2D software based on conventional borehole, is
carried out by using conventional equation (Equation 3.6 and 3.7) (Terzaghi
1943; Peck et al. 1991; Terzaghi et al. 1996; Bowles 2001).

For Sand (normally consolidated) (Bowles 2001)

Esgg = 500 X (N + 15) (3.6)
For Silts, Sandy Silts or Clayey Silt (Bowles 2001)

Esgg = 300 X (N + 6) (3.7)

Here, Esgn is in kPa

Moreover, the footing section is modelled by considering it as a plate element.
the key parameters such as Young’s modulus (E) of the plate elements (specific
to M25 grade concrete), plate area (A), and moment of inertia (I) are calculated.
The effective depth (defr) of the plate is defined as 150mm. Settlement value,
derived from PLAXIS 2D software under plain strain condition, are integrated

for comparative assessment (Bandyopadhyay et al. 2022).
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LOCATION AND DESCRIPTION OF SITES

4.1 GENERAL

The DMT, CPT and PMT tests have been carried out at 11 numbers of different
sites within the eastern part of India. The locations of 11 numbers of sites are

presented in Figure 4.1.

o .
=31 ; s

ODISHA

lF.iél-lI‘GI 4.1 Indicative location plan of the study area

In most of the project sites, the laboratory test results along with conventional
SPT test results are gathered from the original conventional geotechnical
investigation report for research purpose.

DMT, CPT and PMT tests have been carried at different project sites. At Site-1
to Site-8, DMT and CPT tests have been conducted adjacent to the conventional
boreholes accompanied with SPT tests. On the other hand, at Site-9 to Site-11,
PMT tests have been carried out adjacent to the conventional boreholes
accompanied with SPT tests. Site-wise test details are given in the following

Table 4.1.
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Table: 4. 1 Project site details

Termination
. . Water Depth of .
Ste | et | DMT | T | PN Comentonl | L | DN cor | sonmye | S0
(b.g) (m) | and PMT P
test (b.g.l)
Site.1 ngslilf:““ 112mfor | Silty clay/
(HC) Kolk ,t yes yes - yes* 3.0 DMT; 10m Clayey Alluvial
VB for CPT silt
Panchayet 10.0m for .
Site-2 Bhaban, oo DMT; Silty clay/ .
(PB) Kolkata yes yes - yes 3.0 9.0m for Cla'yey Alluvial
WB CPT silt
Site-3 Rgf;gat 19m for Silty clay
(RJ) Kolkat; yes yes - yes* 35 DMT and / Clayey Alluvial
WB ? CPT silt
Haldia, 13.0m for Silty clay
?ﬁ:? Mlsgirrt:?pu yes yes - yes* 0.45 19]? (l)\ﬁ’l Ttior / Clgyey Alluvial
r, WB CPT silt
Site-5 Dhamra, 15m for Silty clay
(DH) Bhadrak, yes yes - yes* 0.8 DMT; 12m / Clayey Alluvial
OR for CPT silt
Silty clay
Sonarpur, / Clayey
Site-6 | South 24 19.0m for silt; .
(SN) parganas yes yes - yes* 2.5 both DMT Sandy silt Alluvial
WB and CPT / Silty
Sand
Silty clay
19.0m for / Clayey
Site-7 Lliliiﬁ)avtvan es es - es* 2.3 DMT; silt, Alluvial
w | Y y Y : 17.0m for | Sandy silt
CPT / Silty
Sand
Silty clay
(BD) Bardhama yes yes - yes* 4.0 DMT; 9.0m San dy’sil t Alluvial
n, WB for CPT / Silty
Sand
Silty clay
Site- | Vlctoria, / Csll?tyey
Kolkata, - - Yes yes® 7.0 20m - Alluvial
(VT) WB Sandy silt
/ Silty
Sand
site- | gk Silty clay
10 Kolkat;l - - Yes yes” 1.3 20m / Clayey Alluvial
(PT) WB ? silt
Site- Esplanade Silty clay
11 Kolkata, - - Yes yes” 1.5 20m / Clayey Alluvial
(ES) WB silt
‘b.g.I’ below ground level
# digging of conventional Borehole were done
* Borehole results were collected
** Nearest Borehole was considered as reference for analysis purpose
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4.2 DESCRIPTION OF SITE:

4.2.1 SITE-1 (HC): (Lat: 22.5693° N, Long: 88.3434°E)

This site is located inside the North West block of Hon’ble High court building in
Kolkata, WB. Based on the scope of work, four numbers of DMT tests (i.e., DMT-
1 HC, DMT-2 HC, DMT-3 HC and DMT-4_HC) and four numbers of CPT tests viz.
CPT-1_HC, CPT-2 HC, CPT-3 HC and CPT-4 HC, have been carried out on the
specific location adjacent to three numbers of conventional boreholes (namely BH-
1 HC, BH-2 HC and BH-3 HC) as shown in Figure 1. On each test location, both the
DMT and CPT tests have been carried out (Figure4.1). Since, the locations is filled up
with Brick bats, Rubbish etc. with an average thickness of 1.5m. As such, four numbers
of pits have been excavated each of the test locations as shown in location plan (Figure
4.2). In order to carrying out the tests, four numbers of steel ramps (2.72 m in length,
0.4 m in width and 0.18 m in thickness) have been converted into two numbers of longer
ramps by joining two shorter ramps through bolts such as longer ramps having length
of 5.4m.Next, the two longer ramps have been placed horizontally in parallel way by
keeping a clearance of 200mm (Figure 4.2) and Pagani TG63-150 penetrometer has
been placed over this platform by which the CPT and DMT tests have been carried out
(Figure 4.2). Both the DMT and CPT tests have been conducted upto the average depth

of 11.2m.
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Figure: 4.2 Schematic location plan of Site-1 (HC)

- Figure: 4. 3 Photographs of test pit and test set up

422  SITE-2 (PB): (Lat: 22.5701° N, Long: 88.3437°E)

This study area is located near to the Panchayet Bhaban, Kolkata, WB which is adjacent
to the Site-1 (HC). Therefore, for the study purpose two numbers of boreholes (i.e., BH-

2 HC and BH-3 HC) have taken as reference. In this location two numbers of CPT
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tests and two numbers of DMT tests (namely DMT-1_PB, DMT-2 PB, CPT-1_PB and

CPT-2_PB) have been carried out adjacent to the borehole BH-2 HC. Besides, one
DMT test has been carried out adjacent to the borehole BH3 HC as shown in Figure
4.4.

The DMT and CPT tests have been conducted upto the average depth of 9.0m below
the ground level for the test point of DMT-1_PB, DMT-2 PB, CPT-1_PB and CPT-
2 PB. On the other hand, DMT-3 PB has been conducted upto the average depth of

10.2m below ground level. A representative photograph is given in Figure 4.5.

.!‘.__
&

*
A2 M CFT.1_FB CFTZFB

4.0 |

*
B3 _HE DT FE
Figure: 4. 4 Schematic location plan of Site-2 Figure: 4.5 Photograph showing test

(PB) conducted at Site-2 (PB)

4.2.3 SITE-3 (RJ): (Lat: 22.5776°N, Long: 88.4640°E)

In this study area, two numbers of DMT tests (i.e., DMT-1_RJ and DMT-2_RJ) and
two numbers of CPT tests namely, CPT-1 _RJ and CPT-2 RJ has been carried out
adjacent to two numbers of Boreholes viz., BH-1_RJ and BH-2 RIJ respectively. The

test location plan is given in Figure 4.6.
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Both the DMT and CPT tests have been carried out upto the average depth of 18.0m. A

representative photograph of the test is given in Figure 4.7

BH2 R [ """ gPT2 R
P °F
Im
e
OMTZ Rl
A
TR
F ¢
Low
1
LR 3 | OMT-1_R
Figure: 4.6 Schematic test location plan at Figure: 4.7 Representative

Site-3 (RJ) Photograph of test at site-3 (RJ)

4.2.4 SITE-4 (HA): (Lat: 22.0666°N, Long: 88.1145°E)

This study area is located at Haldia, Purba Medinipur, WB. In this study area one DMT
test and three numbers of CPT tests have been carried out in three different locations
adjacent to three numbers of boreholes namely BH-1 HA, BH-2 HA, BH-3 HA as
shown in schematic test location plan given in Figure 4.8.

For the study purpose, a DMT test (DMT-3 HA) and a CPT test (CPT-3_HA) have
been conducted adjacent to BH-3 HA, upto a depth of 12.40m and 19.20m below
ground level respectively.

On the other hand, other two CPT tests (i.e., CPT-1_HA and CPT-2_HA) have been
carried out upto the average depth of 19.20m adjacent to BH-1 HA and BH-2 HA. A

representative photograph is given in Figure 4.9.
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BH-1_HA é 10.0n QTP
BH-2_HA éﬁ“' '*écw-z_m
BHIHA

DMT-G_HA? e ?CPT—G_HA

Figure: 4.8 Schematic test location plan at Figure: 4.9 Representative Photograph of
Site-4 (HA) test at site-4(HA)

4.2.5 SITE-5 (DH) : (Lat: 20.9930° N, 86.6390° E)

This study area is located at Dhamra, in the state of Odisha (OR). In this study area four
numbers DMT tests and three numbers CPT tests were carried out in three different
locations adjacent to three numbers of boreholes viz., BH-7 DH, BH-12 DH, BH-
15_DH as shown in schematic test location plan given in Figure 4.10.

For the study purpose, four numbers DMT tests namely, DMT-1_DH, DMT-2 DH,
DMT-3 DH, DMT-5 DH have been conducted upto the depth of 10.60m, 15.80m,
16.00m and 15.0m respectively. On the other hand, three numbers of CPT tests namely
CPT-1_DH, CPT-2_DH, CPT-3 DH, have been carried out upto the depth of 10.60m,
11.20m and 13.40m depth respectively. A representative photograph is given in Figure

4.11.
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Figure: 4.10 Schematic test location ~ Figure: 4.11 Representative Photograph of test
plan at site-5 (DH) at site-5 (DH)

4.2.6 SITE-6 (SN): (Lat: 22.4050°N, 88.4077° E)

This study area is located at Chowhati, South 24 parganas, in the state of West Bengal.
In this area five numbers of DMT tests and five numbers of CPT tests have been carried
out adjacent to five numbers of Boreholes viz., BH-1 SN, BH-2 SN, BH-3 SN, BH-
5 SN, BH-6_SN. A schematic location plan is given in Figure 4.12.

Here, five numbers DMT (i.e., DMT-1_SN, DMT-2 SN, DMT-3 SN, DMt-5 SN,
DMT-6_SN) tests have been carried out upto the depth of 20.20m, 20.00m, 19.60m,
19.60m and 20.40m respectively. Contemporarily, five numbers of CPT tests have been
carried out upto the depth of 10.40m, 19.20m,19.20m, 19.40m and 19.40m depth

respectively. A representative photograph is given in Figure 4.13.
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Figure: 4.12 Schematic test location plan at ~ Figure: 4.13 Representative Photograph of
site-6 (SN) test at site-6 (SN)

42.7  SITE-7 (LK): (Lat: 22.6035° N, 88.4040° E)

This study area is located at Laketown area in Kolkata, WB. In this area four numbers
of DMT tests four numbers of CPT tests have been carried out adjacent to four numbers
of Boreholes viz., BH-1 LK, BH-3 LK, BH-4 LK, BH-5 LK. A schematic location

plan is given Figure 4.14.
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DMT-1_LK @ DMT-2 LK @
BH-3LK @ —
BH-1LK @
CPT2LK @ -
CPT-1_LK @ -
DMT-3_LK @ -
DMT-4_LK @
BH4_LK @ BH5_LK &
CPT4 LK @
CPT3LK & -

Figure: 4.14 Schematic test location plan Figure: 4.15 Representative Photograph of
at site-7 (LK) test at site-7 (LK)
Here, four numbers of DMT (i.e., DMT-1_ LK, DMT-2 LK, DMT-3 LK, DMT-4 LK)
tests have been carried out upto the depth of 19.80m, 18.60m, 18.60m and 19.90m
respectively. Contemporarily, four numbers of CPT tests viz., CPT-1_LK, CPT-2 LK,
CPT-3_LK, CPT-4 LK, have been carried out upto the depth of 19.20m,16.40m,

19.20m and 16.00m depth respectively. A representative photograph is given in Figure

4.15.

42.8  SITE-8 (BD): (Lat: 23.2588° N, 87.8279° E)

This study area is located at Burdwan in Purba Bardhaman district, WB. In this area six
numbers of DMT tests and two numbers of CPT tests have been carried out adjacent to
six numbers of Boreholes viz., BH-1 BD, BH-2 BD, BH-3 BD, BH-4 BD, BH-

5 BD, BH-6_BD.
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Figure: 4.16 Schematic test location plan Figure: 4.17 Representative Photograph of
at site-8 (BD) test at site-8 (BD)

In this area six numbers of DMT tests (i.e., DMT-1_BD, DMT-2 BD, DMT-3 BD,
DMT-4 BD, DMT-5 BD, DMT-6_BD) have been conducted upto the maximum depth
of 7.0m, 13.80m,7.80m, 7.20m, 11.0m, 9.20m respectively. Besides, two numbers of
CPT tests viz., CPT-1_BD and CPT-2 BD, have been carried out upto the depth of
7.0m and 10.40m adjacent to BH-2 BD and BH-5 BD respectively. A schematic
location plan is given in Figure 4.16. Also, an representative photograph of the test is

given in Figure 4.17.

4.2.9 SITE-9 (VT): (Lat: 22.5483° N, Long: 88.3432° E)

This study area is located near to the Victoria Memorial of Kolkata, WB. In this area,
20 numbers of pressuremeter tests (PMT) have been conducted inside five numbers of
“NX” size boreholes (diameter ~<75mm) at Sm depth interval upto the maximum depth
of 20m at each borehole. The pressuremeter tests have been conducted adjacent to five

numbers of SX (diameter ~150mm) size boreholes.
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In this study area, pressuremeter tests have been conducted inside the boreholes

designated as BH-28A VT, BH-29A VT, BH-30A VT, BH-31A VT, BH-32A VT
adjacent to the conventional SX size boreholes namely BH-28, BH-29, BH-30, BH-31
and BH-32 respectively. A schematic layout of test location is presented in Figure 4.18.

Also, the representative photograph of the test is given in Figure 4.19.

| VT
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Figure: 4.18 Schematic test location plan at ~ Figure: 4.19 Representative photograph of
site-9 (VT) test at site-9 (VT)

4.2.10  SITE-10 (PT): (Lat: 22.5170° N, Long: 88.3459° E)

This study area is located in the Park street area, Kolkata, WB. In this area, 16 numbers
of pressuremeter tests (PMT), have been conducted inside four numbers of NX size
boreholes at Sm depth interval upto the maximum depth of 20m at each borehole. The
pressuremeter tests have been conducted adjacent to four numbers of SX size boreholes.
In this study area, pressuremeter tests have been conducted inside the boreholes
designated as BH-42A PT, BH-43A PT, BH-46A PT and BH-47A PT adjacent to

the conventional SX size boreholes namely BH-42, BH-43, BH-46, and BH-47
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respectively. A schematic layout of test location is presented in Figure 4.20. Also, the

representative photograph of the test is given in Figure 4.21.
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Figure: 4.20 Schematic test location plan at
site-10 (PT)

4.2.11

Figure: 4.21 Representative photograph of
test at site-10 (PT)

SITE-11 (ES): (Lat: 22.5653° N, Long: 88.3519° E)

This study area is located in the Esplanade area, Kolkata, WB. In this area, 12 numbers

of PMT tests have been conducted inside four numbers of NX size boreholes (diameter

~75mm) at Sm depth interval upto the maximum depth of 20m at each borehole. The

pressuremeter tests have been conducted adjacent to three numbers of SX (150mm) size

boreholes.

In this study area, pressuremeter tests have been conducted inside the boreholes

designated as BH-50A ES, BH-51A ES and BH-54A ES and adjacent to the

conventional SX size boreholes namely BH-50, BH-51 and BH-54 respectively. A

schematic layout of test location is presented in Figure 4.22. Also, the representative

photograph of the test is given in Figure 4.23.
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BH-54 A_ES

BH-51 A_ES*BH,y ES

BH-50 A_ES

BH-50ES

Figure: 4.22 Schematic test location plan at ~ Figure: 4.23 Representative photograph of
site-11(ES) test at site-11 (ES)
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Chapter# 5
DETERMINATION OF GEOTECHNICAL PARAMETERS AND
COMPARISON OF THE SAME FROM DIFFERENT TESTS

5.1 GENERAL

In this section, focus is given on the site- wise test results obtained from the
DMT, CPT and PMT tests. Also, the site- wise test results (field SPT N values
along with relevant laboratory test results viz. shear parameters and index
properties, conducted on collected undisturbed samples) obtained from the
adjacent conventional bore-holes are presented. The DMT, CPT and PMT based
sub-soil profile has been drawn and compared with the sub-soil profile predicted
from the conventional boring.

The Shear strength parameters (Undrained cohesion Cu, Angle of internal friction
@), the vertical drained constrained modulus (Mpm1/Mcpt) , sub-soil behaviour
type index (Ip or Ic), Dilatometer modulus (Ep) , cone penetration resistance (qc),
sleeve friction (fs) and field SPT N values, have been determined along depth for
each site where those tests had been carried out.

Besides, at three numbers of test locations (i.e., Site-9 (VT), Site-10 (PT) and
Site-11 (ES) ) where PMT tests have been carried out, the Limit pressure (Pr)
and Pressuremeter modulus (Epmt) were determined along depth. Also in those
areas, the SPT N values and undrained cohesion (C.) were obtained from
conventional soil exploration tests and results based on these were compared
with those obtained from DMT, CPT and PMT tests.

Apart from this, an attempt has been made to draw a design or reference chart
based on the field and laboratory test results for individual tests i.e., DMT, CPT

and PMT tests. In this regard, firstly, a comparison has been made on the
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selective parameters obtained from the individual DMT, CPT and PMT results
with the conventional SPT N value and laboratory test results of conventional
boreholes. Subsequently, relations have been formulated based on these
comparisons. Finally, respective design or reference charts have been proposed.
Besides, the settlement of the different type of shallow foundation (placed on
cohesive soil) has been calculated by using average cone resistance (Ckp) from
CPT tests, based on the empirical relation as detailed before. In this regard, the
settlement of the same footing has been analysed based on Mpwmr (by using DMT
settlement software) estimated from the adjacent DMT tests and also from the
numerical modeling on Plaxis 2D (ver.16) software. Last but not the least, the
settlement value predicted by using Ckp, are compared with those obtained from

other methods.

5.2 SUB-SOIL PROFILE

For all test locations, identification of sub-soil profile for the conventional
borehole, has been drawn based on the laboratory tests results (conducted on
undisturbed samples collected from the conventional bore-hole) along with the
visual inspection during SPT tests. Contemporarily, for DMT and CPT tests,
identification of sub-soil profile, are made from the value of Ip and Ic
respectively. Apart from this, at PMT test locations, the sub-soil profile has been
identified from the adjacent conventional boreholes alongwith the visual

inspection during the PMT tests.

5.2.1 SITE-1 (HC): (Lat: 22.5693° N, Long: 88.3434°E)

In High Court test location, it is observed that the top layer consists of rubbish

and brickbats with an average depth up to 3.0m below ground level. This top
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layer is followed by soft/ firm brownish grey silty clay/clayey silt (Layer-I) with
an average depth of 3.0m. Layer-II starts from 6m below the ground level with
soft dark grey silty clay/ clayey silt along with organic matter and decomposed
vegetation having average depth of 9.0m. A representative sub soil profile is

given in Figure 5.1.
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Figure: 5. 1 Sub-Soil profile of Site-1 (HC)

5.2.2 SITE-2 (PB): (Lat: 22.5701° N, Long: 88.3437°E)

In this site (i.e., Site-2 (PB)), it has been observed that the top layer consists of rubbish
and brickbats with an average depth up to 3.0 m below ground level. This top layer is
followed by soft/ firm brownish grey silty clay/clayey silt (Layer-1) with an average

depth of 3.0 m. Layer-II starts from 6m below the ground level with soft dark grey silty
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clay/ clayey silt along with organic matter and decomposed vegetation having average

depth of 10.0 m. Figure 5.2, demonstrates the subsoil profile.

BH-2_HC cPT-1_pa DMT-1_PB. DNT-2PB
“icao. “wos
1000
- -
sa. Fll it B S e "
s S
| - -
%0
e — o cay Sl cowt i =
. I
£ [ wapl | Layer-1
| e s
=
‘L 880
360
5 [ sl |
¢ fhesao
« Layor-1 Softto fim sity clay /clayey sft
Layor - Il - Soft sty clay  clayey silt with
Lo Gecomposed woed
BH-3_HC DMT-3_PB
+100.0 +100.0
—+100.0 TR
Fill
—+38.0 —+08
=970 +96.4
L1060 —F%2| | T~
B Sandy sitt/
= silty sand
= Layer -1 —s842| |
o g+94.0 9.5
’ L
silty clay/
® J
| ey clayey silt
o
o k2900 b1
& Layer -1l
s
o g-+88.0
©
3
- +86.0
+84.4
L1840
L +82.0
Layer - | : Softto firm silty clay / clayey silt
Layer-1l: Softsilty clay / clayey silt with decomposed wood

Figure: 5.2 Sub-Soil profile of site-2 (PB)
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5.2.3 SITE-3 (RJ): (Lat: 22.5776°N, Long: 88.4640°E)

In this test location, it has been identified that the top layer consists of brickbats and
kankars with an average depth up to 1.5 m below ground level. This top layer is
followed by firm grey silty clay/clayey silt (Layer-I) upto the average depth of 3.0m.
This Layer-I is underlain by soft grey silty clay / clayey silt with occasional presence
of decomposed wood (Layer II) with an average depth of 9.0 m below Layer-1. This
layer is under-lain by silty clay/clayey silt with occasional traces of calcareous nodules
(i.e., Layer III) with an average depth of 4.0 m below Layer I & II. This layer is finally
followed by stiff silty clay (Layer IV) (with an average thickness of 1.0m) and fine
sand/sandy silt (Layer V) (with an average thickness of 3.5 m). Figure 5.3 demonstrates

the subsoil profile.
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Figure: 5.3 Sub-Soil profile of site-3 (RJ)
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5.2.4 SITE-4 (HA): (Lat: 22.0666°N, Long: 88.1145°E)

At Haldia test location, it has been observed that the top layer consists of sandy silty
clay with brick bats etc. with an average depth up to 1.4 m below ground level. This
top layer is followed by medium stiff / soft brownish grey to grey silty clay (Layer-I
and Layer-II) with an average depth of 6.0 m. This layer is followed by loose grey
clayey sandy silt (Layer-III) with an average depth of 3.0 m. Finally, this layer is
followed by soft grey silty clay with varying percentages of decomposed wood/ organic
matter and calcareous nodules (Layer-IV and Layer-V) upto the termination depth. The

soil profile is shown in Figure 5.4.
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Figure: 5.4 Sub-Soil profile of Site-3 (HA)
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5.2.5 SITE-5(DH): (Lat: 20.9930° N, 86.6390° E)

In Dhamra test site (i.e., Site-5 (DH)), DMT and CPT tests have been carried out in
three different locations adjacent to the BH-7 DH, BH-12 DH and BH-15 DH
boreholes.

In BH-7_DH bore hole location, it has been identified that the top layer (fill) consists
of brick bats, moorum with kankars with a depth of 1.0m below ground level. This layer
is followed by very soft/soft silty clay (Layer-I) with a depth 0of 9.0m consisting of 0.5m
pocket of sandy silty clay. This Layer-I is underlain by medium dense sand (Layer-1V).
The sub soil profile is presented in Figure 5.5(a).

Based on the laboratory test results and visual identification of soil samples collected
from boreholes, it has been found that there are four numbers of soil layers exist in BH-
12_DH location. It has been observed that the top layer consists of reddish brown silty
clayey sand with moorum, kankars etc. with an average depth up to 1.0 m below ground
level. This top layer is followed by very soft / soft silty clay (Layer-I) with an average
depth of 1.0 m. This layer (i.e., Layer- 1) is underlain by very soft to soft silty clay with
decomposed wood (Layer II) (consisting of 1.5m thick band of silty clayey sand) upto
the termination depth. The sub soil profile is presented in Figure 5.5(b).

In BH-15_DH location, it has been observed that the top soil layer (Fill) consisting of
moorum, brick bats etc. with a depth of 2.0m below ground level. This layer is followed
by Layer-1, comprising very soft/ soft silty clay upto a depth of 8.5 m with two pockets
consisting of sandy silt. This Layer-I is underlain by stiff silty clay (Layer-III) upto the

termination depth. The sub soil profile is shown in Figure 5.5(c).
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(©)

Figure: 5.5 Sub-Soil profile of Site-5 (DH), (a) BH-7_DH location, (b)
BH-12_DH location and (c) BH-15_DH locations

118

DMT-5_DH DMT-3_DH BH-7_DH CPT-3_DH DMTHEH BH1Z_DH CPTI_DH
000 +100.0 +1000 +100.0 +1000 1000 +1000 +100.0 “100.0
=] R X006
Fil Fl ggo| |=X-+904 . =" Al
4987 988 U= o Fil
& — 4 = 88
-+98.0 L I
§ -+88.0
=
080 @ g § Layer- 1| E
g i 3 § - i 955 @
~a . E: - Fy
4940 %‘g g Layer= s Silty clayey sand 7
£ 22t >8 M % vy ol 253
£ F e [P a0 | SE8
8% | 38 g y < P
= 920 > > > cEd
° 55| | strsancy g5 N 20a
silty cl 33 L £ E¢g
> ity clay i o 4920 > Nnes
° 480.0 < . 3
4900 04 —— = g_ B
= ol - 2
@
° A es0 o A-+E00 Layer- I 894
° (]
° Layer- IV +86.6 5
3l es0 - g+88
°
: s .
k.
+84.0
el [
104 L4560
485, 848
-+82.0
—+84.00
+80.0
Layer | : Very soft/ soft silty clay
Layer IV : Medium dense sand —+620
+780
Layer | : Very soft/ soft silty clay
Layer |l Very softto soft silty clay with ooccasional
traces of decomposed wood
(a) (b)
DMT2_DH BH15_DH CPT2_DH
+100.0 +100,0 +100.0
1000 — —
+98.8 Ell Fill
— =87 884
+38.0 oy !
|:I: &
+36,3 T - R
£ g e %8
£2 =5
= o
= 38 Layer-1 Layer-| 5 E
o +84,0 = o a_
£ P
5 T3 025 50
@ gz e t— = gg
+32,0 G : 2
! 25 Clayey sand ERE-
21 3 g layey sa?iy_'flc e R
- - -% +01.0 |
=8 Layar=| Layar -
o M-+a0.0 55 iaaE
e rBES
=
o W a80
o Layor=1ll
*
+86.0
ES0
84,2
+84,0
L va00
Layer | @ Wery soft ! soft silty clay
Layer 112 SUff silty clay




Determination of Geotechnical Parameters and Comparison of the Same from Different Tests

52.6 SITE-6 (SN): (Lat: 22.4050°N, 88.4077° E)

In Sonarpur site, it has been observed that the top layer (fill) consists of clayey silt
mixed with brick pieces, roots etc. upto an average depth of 0.5m below ground level.
This fill layer is followed by soft to medium silty clay to clayey silt (Layer-I) with an
average depth of 3m. This Layer-I is underlain by Layer-1I comprising medium to very
dense sandy silt to silty sand upto the termination depth. The sub-soil profile is shown

in Figure 5.6.
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5.2.7 SITE-7 (LK): (Lat: 22.6035° N, 88.4040° E)

In Laketown site (i.e., Site-7 (LK)), it has been observed that the top layer (fill) consists
of clayey silt mixed with brick bats, roots etc. with an average depth of 0.80m below
ground level. This fill layer is followed by Layer-I consisting of firm silty clay with an
average depth of 2.5m. This Layer-I is underlain by Layer-II consisting of very soft/soft
silty clay containing decomposed wood with an average depth of 4.0m. The Layer-II is
underlain by Layer-III consisting of very stiff/stiff clayey silt/clayey sandy silt with an
average depth of 3.0m. Layer-III is underlain by Layer-IV consisting of dense/very
dense grey silty fine sand with traces of mica upto the termination depth. The sub-soil

profile is shown in Figure 5.7.
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Figure: 5.7 Sub-Soil profile of Site-7 (LK)

5.2.8 SITE-8 (BD): (Lat: 23.2588°N, 87.8279°E)

In Burdwan test site (i.e., Site-8 (BD)), it has been observed that the top layer (Fill)

consists of grey to black stone chips, ash fills, sand and coal having an average thickness
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of 1.4 m below ground level. This filling layer is followed by medium stiff

brown/brownish grey silty clay/clayey silt with kankars and ferruginous spots (Layer-
I) with an average depth of 3.0 m. This layer is followed by stiff/very stiff mottled
blue/yellowish-grey sandy silt clay with kankars & rusty sports (Layer-II) with an
average depth of 3.4 m. This layer is followed by dense/very dense yellow/yellowish
brown silty sand with traces of mica (Layer-III) with an average depth of 3.5m. This
layer is followed by a very stiff silty clay (Layer-IV) upto termination depth. The sub-

soil profile is shown in Figure 5.8.
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Figure: 5. 8 Sub-Soil profile of Site-8 (BD)

5.2.9 SITE-9 (VT): (Lat: 22.5483° N, Long: 88.3432° E)

At this test site (i.e., Site-9 (VT)), the top soil comprises sandy silty clay / silty clay
/clayey sand/ clayey silt with kankars, roots, brick pieces etc. with an average depth of
1.0m. This top soil layer is followed by Layer-1A consisting of soft / firm silty clay with

an average depth of 6m. This Layer-IA is underlain by Layer-IB which consists of firm
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/ stiff silty clay with high silt content / clayey silt / loose sandy silt with traces of clay

with an average depth of 5.0m. The Layer-IB is underlain by Layer-IVA consisting of
medium dense / dense silty sand upto the termination depth. The sub-soil profile is

shown in Figure 5.9.
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Figure: 5. 9 Sub-Soil profile of Site-9 (VT)

5.2.10 SITE-10 (PT): (Lat: 22.5170° N, Long: 88.3459° E)

In this study area (i.e., Site-10 (PT)), the top layer (Layer-1A) comprises soft / firm silty
clay with an average depth of 4.0m. This layer is followed by Layer-IB consisting of
firm / stiff silty clay with high silt content / clayey silt / loose sandy silt with traces of
clay with an average depth of 4.0m. This Layer-IB is underlain by Layer-II comprises
soft / firm silty clay / clayey silt with varying percentage of decomposed wood with an
average depth of 5.50m. This Layer-II is underlain by Layer-III consisting of firm / stiff
to very stiff silty clay with occasional traces of calcareous nodules with an average
depth of 4.50m. This Layer-III is underlain by Layer-1V consisting of stiff / very stift/

hard silty clay with high silt content / clayey silt with an average depth of 3.0m. This
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soil layer (Layer-1V) is underlain by stiff / very stiff / hard silty clay with brown spots

(Layer-V) upto the termination depth. The sub-soil profile is shown in Figure 5.10.
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Figure: 5.10 Sub-Soil profile of Site-10 (PT)

5.2.11 SITE-11 (ES): (Lat: 22.5653° N, Long: 88.3519° E)

In this site area (i.e., Site-11 (ES)), only at BH-54A_ES, it has been observed that the
top soil (fill) comprises sandy silty clay / silty clay / clayey sand /clayey silt with
kankars, roots, brick pieces etc. with a depth of 1.50m below ground level whereas, in
other two numbers of boreholes (i.e., BH-50A, BH-51A) there was no filling soil
observed on that depth. The Layer-IA consists of soft / firm silty clay with an average
depth of 2.50m. This Layer-IA is followed by Layer-IB consists of firm / stiff silty clay
with high silt content / clayey silt / loose sandy silt with an average depth of 2.50. This
layer (Layer-1B) is underlain by Layer-II, consisting of soft / firm silty clay / clayey silt
containing of varying percentage of decomposed wood with an average depth of 11.0m.
This layer (Layer-II) is underlain by Layer-III, and consists of firm / stiff to very stiff
silty clay with occasional traces of calcareous nodules with an average depth of 4.50m.

This Layer-III is underlain by stiff / very stiff / hard silty clay with high silt content /
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clayey silt (Layer-IV) with an average depth of 4.0m. This Layer-IV is underlain by

stiff / very stiff / hard silty clay (Layer-V) upto the termination depth. The sub-soil

profile is shown in Figure 5.11.
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Figure: 5. 11 Sub-Soil profile of Site-11 (ES)

5.3 IN-SITU TEST RESULTS

In this section, summary of all the geotechnical parameters with depth are

presented for each test location.
5.3.1 OBSERVED (FIELD) SPT N VALUE (Nos)

At each test location, the variation of SPT N (conducted in adjacent boreholes)
values has been plotted along depth.
In Site-1 (HC), the variation of SPT N values along depth is presented in Figure

5.12.
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Variation of SPT N value
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Figure: 5. 12 Variation of no» along depth for Site-1 (HC)
At Site-2 (PB), two numbers of boreholes namely BH-2 HC and BH-3 HC, has
been considered for the study purpose. The variation of SPT N values along depth

is presented in Figure 5.13.
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Figure: 5. 13 Variation of nob along depth for Site-2 (PB)
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At Site-3 (RJ), two numbers of boreholes (namely BH-1 _RJ and BH-2 R1J) has
been considered for the study purpose. The variation of SPT N value along depth

is presented in Figure 5.14.
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Figure: 5. 14 Variation of nob along depth for Site-3 (RJ)
At Site-4 (HA), three numbers of boreholes viz. BH-1 HA, BH-2 HA and BH-
3 HA) have been considered for the study purpose. The variation of SPT N value

along depth, is presented in Figure 5.15.
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Figure: 5.15 Variation of nob along depth for Site-4 (HA)
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At Site-5 (DH), three numbers of boreholes viz., BH-7 DH, BH-12 DH and BH-

15_DH have been considered for the study purpose. The variation of SPT N value along

depth, is presented in Figure 5.16.
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Figure: 5. 16 Variation of nob along depth at Site-5 (DH)
At Site-6 (SN), five number of boreholes (namely BH-1 SN, BH-2 SN, BH-
3 SN, BH-5 SN and BH-6_SN) have been considered for the study purpose.

The variation of SPT N value along depth, is presented in Figure 5.17.
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Figure: 5. 17 Variation of no» along depth at Site-6 (SN)
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At Site-7 (LK), three number of boreholes viz., BH-1 LK, BH-2 LK, BH-3 LK,
BH-4 LK and BH-5 LK, have been considered for the study purpose. The

variation of SPT N value along depth, is presented in Figure 5.18.
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Figure: 5. 18 Variation of Ny, along depth at Site-7 (LK)
At Site-8 (BD), six number of boreholes viz., BH-1 BD, BH-2 BD, BH-3 BD,
BH-4 BD, BH-5 BD and BH-6 BD) have been considered for the study

purpose. The variation of SPT N value along depth is presented in Figure 5.19.
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Figure: 5. 19 Variation of No, along depth at Site-8 (BD)
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At Site-9 (VT), In five numbers of boreholes (namely BH-28A VT, BH-
29A VT, BH-30A VT, BH-31A_ VT and BH-32A_VT) have been considered

for the study purpose. The variation of SPT N value along depth, is presented in

Figure 5.20.
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Figure: 5. 20 Variation of N, along depth at Site-9 (VT)
At Site-10 (PT), four number of boreholes viz., BH-42A PT, BH-43A PT, BH-
46A PT and BH-47A_PT have been considered for the study purpose. The

variation of SPT N value along depth, is represented in Figure 5.21.
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Variation of SPT N value
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Figure: 5. 21 Variation of Ny, along depth at Site-10 (PT)
At Site-11 (ES), three numbers of boreholes viz., BH-50A_ES, BH-51A ES and
BH-54A_ES, have been considered for the study purpose. The variation of SPT

N value along depth is presented in Figure 5.22.
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Figure: 5. 22 Variation of Nob along depth at Site-11 (ES)
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53.2 UNDRAINED COHESION (Cu)

At eight numbers of test locations, where DMT and CPT tests have been carried
out, the undrained cohesion (Cy) is estimated from CPT and DMT tests. Also,
standard laboratory triaxial (UU) tests have been carried out on undisturbed
samples collected from adjacent boreholes for comparison purpose. At eight test
locations, the value of undrained cohesion (C,) estimated from DMT and CPT
tests, are found to be consistent with UU test results.

It has been observed that the value of undrained cohesion (C.) estimated from
DMT test are closer to the value estimated from laboratory triaxial (UU) test
results. The possible reason is due to less disturbance of the sub-soil during the
penetration of Dilatometer blade into the soil as suggested by Marchetti
(Marchetti 1980). Besides, estimated undrained cohesion (Cy) from CPT tests lie
at higher side compared to other two set of tests (i.e., DMT and Laboratory
triaxial UU test) owing to higher influence zone of CPT cone during the
penetration (Robertson and Cabal 2015).

Site wise, variation of undrained cohesion (C,) along depth are plotted in Figure
5.23 to0 5.32.

Besides, at other three sites viz., Site-9 (VT), Site-10 (PT) and Site-11 (ES), the
undrained cohesion (Cy) has been estimated from the laboratory triaxial (UU)
tests conducted on collected undisturbed samples from adjacent boreholes. The

variation of (Cy) are plotted along depth (Figure 5.33 to 5.35).
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Figure: 5. 23 Variation of undrained cohesion (C.) along depth for DMT-
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5.3.3 ANGLE OF INTERNAL FRICTION (¢)

Variation of angle of internal friction (¢) along depth, has been plotted for each test
location. It is also observed that the variation of ¢ (estimated from DMT and CPT tests)
along depth, is similar in nature with the results estimated from laboratory tests. This
variation is graphically presented in Figure 5.36 to 5.43.

For Site-9 (VT), site wise variation of ¢ along depth has been plotted and presented in

Figure 5.44.
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5.3.4 VERTICAL DRAINED CONSTRAINED MODULUS (M)

In eight number of sites, the compressibility characteristics (in terms of vertical
drained constrained modulus i.e., M) of sub-soil has been estimated from DMT
(Mbwmr) and CPT (Mcpr) tests. Site wise, the variation of this parameter along
depth are presented in Figure 5.45 to 5.52.

It has been observed that the value of vertical drained constrained modulus
(Mpwmr and Mcpr) estimated from DMT and CPT tests are in agreement for both

the tests.
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At Site-1 (HC), variation (as shown in Figure 5.45) of Mpwmr (estimated from
DMT tests) and Mcpr (estimated from CPT tests) along depth, shows scatter of
values at different depth interval (between 4.0m to 6.0m depth below ground
level). It is mainly due to the presence of silty sand/ sandy silt at that particular

depth. Otherwise, the value is more or less similar in nature for both the tests.
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Figure: 5. 45 Variation of M (Mpwmr and Mcpr) along depth for DMT-1_HC,
DMT-2 HC, DMT3 HC, DMT-4 HC, CPT-1 HC, CPT-2 HC, CPT-3 HC,
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At Site-2 (PB), in DMT-2_PB and DMT-3_PB test locations, it is observed that
the variation of Mpwmr along depth (as shown in Figure 5.46) shows scatter of
values at different depth interval (in between 0.0m to 6.0m below ground level).
It is mainly due to the presence of silty sand/ sandy silt within this depth range.
On the other hand, the value of M, for CPT-1_PB, CPT-2 PB and DMT-1_PB

test locations, are found to be more or less similar for both the tests.

M (MPa)

60 80

Depth (m)

12

16

EDMT-3 PB ADMT-2 PB xCPT-2 PB xCPT-1 PB #DMT-1 PB

Figure: 5. 46 Variation of M (Mpwmr and Mcer) along depth for DMT-1_PB,
DMT-2_PB, DMT3_PB, CPT-1_PB and CPT-2_PB test points at Site-2
(PB)
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At Site-3 (RJ), variation of Mpwmr (estimated at DMT-1_RJ location) along depth,
shows scatter of values in between 5.0m to 8.0m depth below ground level. It is
mainly due to the presence of decomposed wood particles (Figure 5.47),
identified from adjacent bore hole results. Otherwise, the variation of M along
depth (estimated from both DMT and CPT tests), is found to be similar in nature

for other test locations.
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Figure: 5. 47 Variation of M (Mpwmt and Mcpr) along depth for DMT-1_RJ,
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At Site-4 (HA), the variation of Mpwmr (estimated at DMT-3_HA location) along
depth, shows some scatter of values within the depth of 8.0 to 10.0m below
ground level (Figure 5.48). It is mainly due to the presence of silty sand/sandy
silt (identified from adjacent bore hole i.e., BH-3 HA results). Otherwise, the
overall variation of M along depth (estimated from both DMT and CPT tests), is

found to be similar in nature.
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Figure: 5. 48 Variation of M (Mpwmt and Mcpr) along depth for DMT-3_HA,
CPT-3_HA, CPT-1_HA and CPT-2_HA test points at Site-4 (HA)

At Site-5 (DH), the value of M (estimated from both DMT and CPT tests) are
found to be more or less similar in nature (Figure 5.48). However, the presence
of sandy silty clay within the depth of 10.0m to 13.0m below ground level, was
observed from laboratory tests of BH-7 DH. Consequently, estimated M is found

to be somewhat scattered within this depth at DMT-5_DH and CPT-3 DH test
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location. However, the overall variation of M is found to be more or less similar

in nature for both the CPT and DMT tests at all the locations.
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Figure: 5. 49 Variation of M (Mpwmt and Mcpr) along depth for

DMT-1_DH,CPT-1_DH, DMT-2 DH, CPT-2 DH,DMT-3 DH,CPT-3_DH and
DMT-5_DH test points at Site-5 (DH)
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At Site-6 (SN), the variation of vertical drained constrained modulus (M)

(estimated from DMT and CPT tests) along depth, are found to be more or less

similar in nature for all test locations (Figure 5.50).
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Figure: 5. 50 Variation of M (Mpwmr and Mcpr) with depth for DMT-1_SN,
CPT-1_SN, DMT-2_SN, CPT-2_SN, DMT-3_SN, CPT-3_SN, DMT-5_SN,
CPT-5_SN, DMT-6_SN and CPT-6_SN test points at Site-6 (SN)
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At Site-7 (LK), it has been observed that the depth wise variation of vertical
drained constrained modulus (M) estimated from DMT and CPT tests are more
or less similar in nature for all the tests. Variation of constrained modulus along

depth is shown in Figure 5.51.
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Figure: 5. 51 Variation of M (Mpwmt and Mcpr) with depth for DMT-
1 LK,CPT-1 LK, DMT-2 LK, CPT-2 LK, DMT-3 LK,CPT-3 LK, DMT-
4 LK, and CPT-4_ LK test points at Site-7 (LK)
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At Site-8 (BD), it has been observed that the depth wise variation of vertical
drained constrained modulus (Mpmt and Mcpr) estimated from DMT and CPT
tests, are more or less similar in nature for all the test points. Variation of

constrained modulus is shown in Figure 5.52.
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Figure: 5. 52 Variation of M (Mpwmr and Mcer) with depth for DMT-1_BD,
DMT-2 BD, CPT-1 BD, DMT-3 BD, DMT-4 BD, DMT-5 BD, CPT-
2 BD, and DMT-6_BD test points at Site-8 (BD)

5.3.5 DILATOMETER MODULUS (Ebp)

At eight numbers of test locations (where DMT tests were carried out), site wise
Dilatometer modulus (Ep) was estimated and plotted along depth. The variation
of Ep along depth is presented in Figure 5.53 to 5.60.

At Site-1 (HC), it has been observed that the presence of silt/silty sand /sandy silt
is identified from DMT tests in between the average depth of 4.0m to 8.0m below

ground level. However, the presence of soft to firm silty clay/clayey silt with
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traces of decomposed wood was observed from laboratory tests. Consequently,
the variation of Ep is found to be somewhat scattered within this depth. The

variation of Ep is plotted for this site and is shown in Figure 5.53.
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Figure: 5. 53 Variation of Ep with depth for DMT-1_HC, DMT-2_HC,
DMT-3_HC and DMT-4_HC at Site-1 (HC)

At Site-2 (PB), Panchayet Bhaban site, three numbers of DMT tests were carried
out. The variation of Dilatometer modulus (Ep) with depth is presented in Figure
5.54. In this graph it has been observed that the value of Ep is scattered upto the
depth of 6.0m below ground for DMT-3_PB test location compared to other two
DMT test points (i.e., DMT-1_PB and DMT-2_PB). In this regard, at DMT-

3 PB test location, the filling soil was observed upto the depth of 3.6m below
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ground level and from 3.60m to 5.80m depth the presence of pockets of sandy
silt was identified from the tests results. Whereas, in other two DMT test points
the presence of clayey sit/ silty clay was identified. Contemporarily, beyond the
depth of 6.0m below ground level the variation of Ep is consistent for all DMT

test points (i.e., DMT-1_PB, DMT-2 PB and DMT-3 PB).

Ep, (MPa)
0 10 20 30
0
3
PR ml®
Ny
& | "2
‘0’. . [ ] .
s LD
g Iy, L N
= “' E
2 -
"v“ ’0
7,
[ |
»
12 Ai
* ”
‘ *
%
o o
16
¢DMT-1 PB EDMT-3 PB DMT-2_PB

Figure: 5. 54 Variation of Ep with depth for DMT-1_PB, DMT-2 PB, DMT-
3 PB at Site-2 (PB), Panchayet Bhaban, Kolkata, WB, India

At Site-3 (RJ), two numbers of DMT tests were conducted. The variation of
Dilatometer Modulus (Ep) with depth is presented in Figure 5.55. At DMT-1_RJ
test point, some scattered values of Ep are observed at few depths. This may be
due to the presence of decomposed wood particles. However, the overall

variation of Ep with depth is more or less similar for both DMT tests points.
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Figure: 5. 55 Variation of Ep with depth for DMT-1_RJ and DMT-2 RJ at
Site-3 (RJ), Rajarhat Site, Kolkata, WB, India

At Site-4 (HA), one DMT test was carried out namely DMT-3 HA. The variation
of Dilatometer modulus (Ep) with depth is presented in Figure 5.56. It is observed
that the Ep is consistent upto the depth of 5.80m below ground level. However,
some higher values of Ep are observed at few depths. This may be due to the

presences of sandy silt / silty sand.
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At Site-5 (DH), four DMT tests (i.e., DMT-1_DH, DMT-2 DH, DMT-3_DH
and DMT-5 DH) were carried out. The variation of Ep with depth is presented
in Figure 5.57. At each test point, some scattered values of Ep are observed at
few depths. This may be due to the presences of filling material. However, the

overall variation of Ep with depth is more or less similar for all DMT test points.
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Figure: 5. 56 Variation of Ep with depth for DMT-3 HA at Site-4 (HA)
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Figure: 5. 57 Variation of Ep with depth for DMT-1_DH, DMT-2 DH,
DMT-3_DH and DMT-5_DH at Site-5 (DH)

At Site-6 (SN), five numbers of DMT tests were carried out. The variation of Ep
along depth is presented in Figure 5.58. The overall variation of Ep with depth is

more or less similar for all DMT test points.
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Figure: 5. 58 Variation of Ep with depth for DMT-1_SN, DMT-2 SN, DMT-
3 SN, DMT-5_SN, DMT-6_SN at Site-6 (SN)
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At site-7 (LK), four numbers DMT tests were carried out. The variation of Ep
along depth is presented in Figure 5.59. The overall variation of Ep with depth is

more or less similar for all DMT test points.
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Figure: 5. 59 Variation of Ep with depth for DMT-1_LK, DMT-2_ LK, DMT-
3 LK, DMT-4 LK, at Site-7 (LK)
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At Site-8 (BD), four numbers DMT tests were carried out. the variation of Ep
along depth is presented in Figure 5.60. Some higher values of Ep are observed
at few depths. This may be due to the presences of sandy silt/silty sand. However,

the overall variation of Ep is found to be consistent.
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Figure: 5. 60 Variation of Ep with depth for DMT-1_BD, DMT-2_BD,
DMT-3 BD, DMT-4 BD, DMT-5 BD, DMT-6 BD at Site-8 (BD)
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5.3.6 CONE PENTRATION RESISTANCE (q¢)

Variation of cone penetration resistance (qc) is plotted along depth for all CPT
tests carried out at respective site.

At site-1(HC), four numbers of CPT tests were carried out. The variation of
estimated qcis plotted along depth and presented in Figure 5.61. In this graph, it
has been observed that the variation of . is consistent and more or less similar

in nature for all CPT tests.
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Figure: 5. 61 Variation of qc with depth for CPT-1_HC, CPT-2_HC, CPT-3_HC, CPT-4 _HC, at
Site-1(HC)
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At Site-2 (PB), two numbers of CPT tests were carried out. The variation of
estimated qc is plotted along depth and presented in Figure 5.62. In this graph, it
has been observed that the variation of qc is scattered probably due to the
occasional presence of sand mixture (i.e., silty sand to sandy silt) identified at

different depth for both CPT tests.
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Figure: 5. 62 variation of q. with depth for CPT-1_PB, CPT-2_PB, at Site-2 (PB

At site-3 (RJ), two numbers of CPT tests were carried out. The variation of qc is
plotted along depth and presented in Figure 5.63. In this graph it is observed that

the variation of qc along depth, is similar in nature and consistent upto the average
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depth of 16.0m below ground level. Beyond this depth, values are found to be on

the higher side due to the presence of sand mixture (i.e., silty sand to sandy silt).
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Figure: 5. 63 variation of q. with depth for CPT-1_RJ, CPT-2_RIJ at Site-3(RJ)
At site-4 (HA), three numbers of CPT tests were carried out. The variation of qc
is plotted along depth and presented in Figure 5.64. In this graph, it is found that
the variation of qc along depth is similar for all CPT tests. It is also found that for

all the tests, the value of qc is on the higher side from the average depth of 7.0m
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to 10.0m below ground level due to presence of sand mixture (silty sand/sandy

silt).
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Figure: 5. 64 Variation of q. with depth for CPT-1_HA, CPT-2 HA and CPT-
3 HA, at Site-4 (HA)

At Site-5 (DH), three numbers of CPT tests were carried out. The variation of qc
is plotted along depth and presented in Figure 5.65. In this graph, it is found that
the overall variation of qc along depth are similar in nature at all CPT tests.

However, some scattered values are found within the 5.0m to 8.0m depth below
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ground level at CPT-1_DH and CPT-3 DH tests points, probably due to the

occasional presence of organic soil.
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Figure: 5. 65 Variation of q. with depth for CPT-1_DH, CPT-2_DH and CPT-3_DH, at
Site-5 (DH)

169



Chapter 5

At site-6 (SN), five numbers CPT tests were carried out. The variation of qc is
plotted along depth and presented in Figure 5.66. In this graph, it is observed that

the variation of qc is similar in nature and also consistent for all CPT tests.
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Figure: 5. 66 Variation of q. with depth for CPT-1_SN, CPT-2_SN and CPT-3_SN, CPT-
5 SN and CPT-6_SN at Site-6 (SN)

At Site-7 (LK), four numbers of CPT tests were carried out. The variation of qc
is plotted along depth and presented in Figure 5.67. In this graph, it is observed
that the variation of qc is similar in nature and also consistent for all CPT tests

upto the average depth of 8.0m below ground level. Below this depth, it is
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observed that the values are consistently on the higher side upto the termination

depth due to presence of sand mixture (i.e., sandy silt/ silty sand) soil.
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Figure: 5. 67 Variation of q. with depth for CPT-1_LK, CPT-2_LK and CPT-3_LK and
CPT-4 LK at Site-7 (LK)

At Site-8 (BD) site, two numbers of CPT tests were carried out. The variation of
qc is plotted along depth and presented in Figure 5.68. In this graph, it has been
observed that the variation of qc along depth, are consistent and similar in nature
for both the tests upto the average depth of 6.0m below ground level. Below this
depth the value of qc is found to be on the higher side upto the termination depth,

probably due to the presence of sand mixture i.e., sandy silt / silty sand.
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Figure: 5. 68 Variation of qc with depth for CPT-1_BD, CPT-2_BD at Site-8 (BD)
5.3.7 SLEEVE FRICTION (f5)

The variation of sleeve fiction (fs) along depth has been plotted for all CPT test
points conducted at different test site. The variation of fs for each site, is shown

in Figure 5.69 to 5.76.
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At Site-1(HC), variation of fs along depth for four numbers of CPT test, is shown
in Figure 5.69. In this graph it has been observed that the nature of the variation

of fsalong depth is more or less similar for all CPT test.
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Figure: 5. 69 Variation of f; with depth for CPT-1_HC, CPT-2_HC, CPT-3_HC,
CPT-4_HC, at Site-1(HC)
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At site-2 (PB), variation of f; along depth is plotted for two numbers of CPT tests.

In this graph, it has been observed that the variation of fs is scattered due to the

presence of sand mixture identified at different depth. The variation of sleeve

friction is shown in Figure 5.70.
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Figure: 5. 70 Variation of f; with depth for CPT-1_PB, CPT-2_PB at Site-2 (PB)
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At site-3 (RJ), variation of f; along depth is plotted for two numbers CPT tests as
shown in Figure 5.71. In this graph it is observed that the variation of fs along
depth is similar in nature and consistent upto the average depth of 16.0m below
ground level. Beyond this depth, values are found to be on the higher side due to

the presence of sand mixture (i.e., silty sand to sandy silt).
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Figure: 5. 71 Variation of f; with depth for CPT-1_RJ, CPT-2_RIJ at Site-3 (RJ)
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At site-4 (HA), three numbers CPT tests were carried out. The variation of fs is
plotted along depth and presented in Figure 5.72. In this graph, it is found that
the pattern of the variation of fs along depth is similar for all CPT tests. It is also
found that for all the tests, the value of f; is on higher side from the average depth

of 5.0m to 10.0m due to presence of sand mixture (silty sand/sandy silt).
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Figure: 5. 72 Variation of f; with depth for CPT-1_HA, CPT-2 HA and CPT-3_HA, at
Site-4 (HA)
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At Site-5 (DH), three numbers CPT tests were carried out. The variation of f; is

plotted along depth and presented in Figure 5.73. In this graph, it is found that

the overall variation of fs along depth is similar in nature at all CPT tests.

However, some scattered values are found within the 5.0m to 8.0m depth below

ground level at CPT-1_DH and CPT-3 DH tests points, due to the occasional

presence of sand mixture/organic soil.
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At site-6 (SN), the variation of f; is plotted along depth and shown in Figure 5.74.

In this graph, it is observed that the variation of fs is similar in nature and also

consistent for all CPT tests.
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Figure: 5. 74 Variation of f; with depth for CPT-1_SN, CPT-2_SN and CPT-3_SN, CPT-5_SN
and CPT-6_SN at Site-6 (SN)
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At Site-7 (LK), the variation of f; is plotted along depth and presented in Figure
5.75. In this graph, it is observed that the variation of f; is similar in nature and
also consistent for all CPT tests upto the average depth of 8.0m below ground
level. Below this depth, it is observed that the values are consistently on the

higher side upto the termination depth.
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Figure: 5. 75 Variation of f; with depth for CPT-1 LK, CPT-2 LK and CPT-3 LK and
CPT-4 LK at Site-7 (LK)
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At Site-8 (BD), the variation of f; is plotted along depth and presented in Figure
5.76. In this graph, it has been observed that the variation of fs along depth, are
consistent and similar in nature for both the tests upto the depth of 6.0m below
ground level. Below this depth the value of f; is found to be on the higher side
upto the termination depth, probably due to the presence of sand mixture i.e.,

sandy silt / silty sand.
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Figure: 5. 76 Variation of f; with depth for CPT-1_BD, CPT-2_BD at Site-8 (BD)
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5.3.8 MATERIAL INDEX (In) AND SOIL BEHAVIOUR TYPE INDEX (Ic)

The material index (Ip) and soil behaviour type index (Ic), have been plotted with
depth for eight number of sites where both DMT and CPT tests were carried out.
Based on the Ip and Ic values, it is observed that at most of the sites, cohesive
subsoil is predominant up to the test depth. In few cases, presence of silt
mix/sandy mixture/silty sand/sandy silt have been noticed. Site wise, variation
of material index (Ip) and soil behaviour type index (Ic) with depth, are shown

in Figure 5.77 to 5.84.
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Figure: 5. 77 Variation of Ip and Ic with depth at Site-1 (HC)
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Figure: 5. 79 variation of Ip and I¢c with depth at Site-3 (RJ)
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Figure: 5. 84 Variation of Ip and Ic with depth at Site-8 (BD)

5.3.9 LIMIT PRESSURE (Pr) AND PRESSUREMETER MODULUS (EpmT)

At three sites viz., Site-9 (VT), Site-10 (PT) and Site-11 (ES), Pressuremeter tests
were carried out to determine Limit pressure (PL) and Pressuremeter modulus
(Epmr). Variation of Limit pressure (Pr) and Pressuremeter modulus (Epmr) along
depth have been plotted.

At Site-9 (VT), twenty numbers of PMT tests were carried out at five test
locations. The variation of limit pressure (Pr) along depth, is plotted (Figure
5.85). At these test locations, presence of silty sand/sandy silt was observed
below the average depth of 9.0m. Consequently, the value of Py is found to be
on higher side below that depth. However, it has been observed that the variation

of limit pressure along depth is consistent and similar in nature for the entire site.
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Besides, the variation of Pressuremeter modulus (Epmt) along depth has also
been plotted for these five numbers of test points (Figure 5.86). The higher value
of Epmt, has been found below the average depth of 9.0m. However, the overall

nature of the variation of Epmt, is found similar and consistent for all PMT test

points.
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Figure: 5. 85 Variation of limit pressure (Pr) Figure: 5. 86 Variation of Pressuremeter
along depth at Site-9 (VT) Modulus (Epmr) along depth at Site-9 (VT)

At Site-10 (PT), sixteen PMT tests were carried out at four locations. Limit
pressure (Pp) is plotted along depth (Figure 5.87). In this plot, it is observed that
the variation of Pr. along depth is consistent and similar in nature. Besides, the
variation of Epmt along depth has been plotted (Figure 5.88). It is found to be
consistent and similar in nature for all test locations. At these test locations, it

was observed that the sub-soil consists of soft/ firm to very stiff silty clay/clayey

186



Determination of Geotechnical Parameters and Comparison of the Same from Different Tests

silt upto the average depth of 18.5m below ground level. Subsequently, the value

of Pr and Epmt are found to be on lower side.
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Figure: 5. 87 Variation of limit pressure Figure: 5. 88 Variation of Pressuremeter
(PL) along depth at Site-10 (PT) Modulus (Epmr) along depth Site-10 (PT)

At Site-11, twelve number of PMT tests were carried out at three locations. Limit
pressure (Pp) is plotted along depth (Figure 5.89). Besides, the variation of Epumt
along depth has been plotted (Figure 5.90). In these plots, it has been observed
that the overall variation of PL and Epmt along depth is consistent and similar in
nature for the entire test locations. At these locations, it was observed that the
sub-soil consists of soft/ firm to very stiff silty clay/clayey silt upto the average
depth of 19.0m below ground level. Subsequently, the value of Pr and Epmr are

found to be on the lower side.
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5.4 SUMMARY

DMT test, CPT test and PMT test were carried out at different locations. In this
study the selected parameters obtained from DMT, CPT and PMT tests, have
been considered to compare with the conventional SPT N values and shear
strength parameters. Apart from this, the sub-soil profiling estimated from DMT
and CPT (based on Ip and Ic) have been compared with that obtained from the
conventional boring technique. Also, the value of pressuremeter modulus (Epmr)
and Limit pressure (PL) have been observed for the typical normal Calcutta soil

deposits. The principal observations are summarised below:
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o It has been observed that the undrained cohesion (C,) estimated from DMT
test, are more comparable than that the C, estimated from CPT test.

e The angle of internal friction estimated from DMT and CPT tests are
comparable with the values estimated from laboratory direct shear test (DS).
e Compressibility characteristics of sub-soil in terms of vertical drained
constrained modulus (M) are found to be more or less similar for both DMT
and CPT tests.

o [tis observed that the variation of both Mpmt and Mcpr is well tallying with
the SPT N values for entire study location.

e [t is also observed that the variation of Dilatometer Modulus (Ep) is well
tallying with the SPT N values for all the study locations.

e In CPT tests, the variation of both cone penetration resistance (qc) and
sleeve friction (fs) closely matches with the SPT N values throughout the
entire study area.

o [t has also been observed that the value of cone resistance (qc) and sleeve
friction (f;) estimated as per IS 4968 (Part-III) are very close with the values
estimated as per (Robertson and Cabal 2015).

e Moreover, the sub soil profile (identified from conventional boring work
at adjacent bore holes) is alike with predicted sub-soil profile by DMT and
CPT tests (based on the /p and Ic values).

e In PMT tests, it has been observed that the variation of P and EpmT are
more or less similar for the individual site. However, the value of these
parameters depends on the consistency of the sub-soil. Consequently, the
variation of both the parameters Pr and Epmr is found to be well comparable

with the observed SPT N values.
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o [t has also been noticed that the presence of decomposed wood particles in
sub-soil badly affects the test results obtained from DMT, CPT and PMT tests.
o In some cases, it is noticed that the sub-soil is identified as silty sand/sandy
silt from DMT or CPT tests while the presence of silty clay/clayey silt soil
mixed with decomposed wood was observed from conventional boring
technique. Consequently, the value of Mpwmt or Mcpr is found to be on higher

side compared to the silty clay/clayey silt soil.
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DESIGN CHARTS BASED ON PARAMETRIC COMPARISON

6.1 GENERAL

This chapter focuses on comparing the basic parameters viz., Ep, M, qc, fs, PL,
and Epvur with SPT N wvalues (Nop) (conducted at adjacent conventional
boreholes, (BH)) at each test location. Following that, an attempt has been made
to create a design chart for predicting the values of those parameters for cohesive
soil (with varying consistency) based on Nop value.

Furthermore, another attempt has been made to predict the index properties of

cohesive soil using the parameters obtained from the DMT, CPT, and PMT tests.

6.2 DMT TEST

In this study, two basic parameters viz., Ep and Mpmr are considered for
comparison purpose. In DMT test, dilatometer modulus (Ep) is obtained from the
pressure difference applied to the membrane during the test (Marchetti et al.
2001). It should be noted that the value of Ep does not represent the stress history
of soil (Marchetti 1980; Marchetti et al. 2001). Additionally, the observed (field)
SPT blow count (Nob) does not represent the soil stress history(Terzaghi 1943).
Therefore, at each test location, Ep is compared with the Nop. Both results are
plotted with depth to notice the nature of the variation.

Further, in DMT test, the compressibility characteristics of soil can be estimated
by virtue of vertical drained constrained modulus i.e., Mpwmr. This is one key
parameter to estimate settlement from the DMT tests data in geotechnical design

field (Marchetti et al. 2001). Also, the compressibility characteristics and
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modulus of elasticity of soil can be predicted from this parameter(Chang 1986,

1991b). Hence, at each test location, the estimated value of Mpwmr is compared

with the Nob by plotting along depth.

6.2.1 DMT ESTIMATED BULK UNIT WEIGHT

At each test location, bulk unit weight (y) of sub soil (estimated from both the

laboratory test and DMT test), is compared. In arriving at the comparison,

laboratory measured bulk unit weight is kept as abscissa and DMT estimated

bulk unit weight(Marchetti 1980; Powell and Uglow 1988; Smith and Houlsby

1995; Marchetti et al. 2001)

is kept as ordinate (Figure 6.1). In view of the

comparison, it is evident that the bulk unit weight estimated from DMT is more

or less at par with the laboratory tested value.
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Figure: 6. 1 comparison of laboratory determined bulk unit weight with DMT

estimated bulk unit weight
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6.2.2 COMPARATIVE INTERPRETATION OF SPATIAL VARIATION OF

Ep AND Nog WITH DEPTH

The variation of Ep and Nop values are plotted along depth for each site. In this
variation it is observed that depth wise variation of Ep is similar in nature with
Nob in cohesive sub-soil. The depth- wise variation of Ep is found to be scattered
for the cohesive sub soil (in some cases) which comprises decomposed wood as
well as for the cohesionless sub-soil (mainly sandy silt/silty sand). The depth

wise variation is presented in Figure 6.2 to Figure 6.9.
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6.2.3 COMPARATIVE INTERPRETATION OF SPATIAL VARIATION OF

Mbpmt AND Nos WITH DEPTH

In DMT test, vertical drained constrained modulus (Mpwmt) is estimated by virtue
of dilatometer modulus (Ep). Like Ep, the value of Mpwmr is also dependent on
Nob. In this study, Mpwr is also compared with the Ngp by plotting both the values
along depth for each site. In view of this variation, it is depicted that for cohesive
sub-soil, the depth wise variation of the value of Mpwmr is well tallying with the
Nob. For cohesionless soil or in presence of decomposed wood, the depth wise
variation of Mpwmr is somewhat scattered. The variations are shown in Figure

6.10 to Figure 6.17.
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Figure: 6. 14 Variation of Mpwr (from DMT)
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6.2.4 RELATION OF Ep AND Mpmr WITH Nog AND PLASTIC LIMIT AS

WELL AS PLASTICITY INDEX

In view of the nature of the variation of Nob, Ep and Mpwmr along depth, it is observed
that Ep and Mpmt very much depends on the consistency of cohesive soil. Therefore,
the value of Ep and Mpwmr are related with Nob, so that the SPT based consistency of
such soil may be predicted from the specific range of these parameters. Besides, the
value of Ep and Mpwmt are also compared with the plastic limit and plasticity index of
such soil (Appendix A), so that liquid limit, plastic limit and plasticity index may be
predicted from the value of Ep and Mpwmr empirically.

It is observed from both conventional boreholes and DMT estimated material index
(Ip), that the sub-soil mostly comprises silty clay / clayey silt soil at all project sites.
Therefore, in this study focus is given on the cohesive part of the sub-soil.

In arriving at the interrelationship, the DMT test result corresponding to cohesive soils
are considered. The average value of Ep and Mpwmr are estimated corresponding to the
depth at which the undisturbed cohesive soil samples are collected from adjacent
boreholes. Also, SPT N values (Ngb) (conducted in adjacent boreholes) are considered
corresponding to the same depth. The site-wise comparative results are tabulated in

Appendix A.

6.2.4.1 RELATION OF Nos WITH Ep

In arriving at the interrelation between Nop values and Ep for cohesive soil, the average
value of Ep is estimated corresponding to the depth at which the undisturbed soil
samples are collected from adjacent borehole. Also, SPT N value (conducted in

adjacent borehole) is considered corresponding to the same depth. The SPT N values
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(Nob) and (Ep) are then kept as abscissa and as ordinate respectively. The relationship

is presented in Equation 6.1 and shown in Figure 6.18.

v = 0.09x - 0.36x+ 3.84
R2=0.83
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Figure: 6. 18 Relation between Ep with observed SPT N value (Nob)
Ep = 0.09 X (N,,)? — 0.36 X (N,,) + 3.84 (6.1)

6.2.4.2 RELATION OF Nos WITH Mbmt

In determining the relation between Nop and Mpwmr, the average value of Ep is estimated
corresponding to the depth at which the undisturbed soil samples are collected from
adjacent borehole. Also, SPT N value (Nob») (conducted in adjacent borehole) is

considered corresponding to the same depth. The No», and Mpmr values are kept as
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abscissa and as ordinate respectively. The relation is presented in Equation 6.2 and

shown in Figure 6.19.
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Figure: 6. 19 Relation between Mpmr with observed SPT N value (Nob)
Mpur = 0.20 X (No,) 2 — 1.06 x (N,p,) + 8.45 (6.2)

6.2.43 RELATION OF Ep AND Mopmr WITH PLASTIC LIMIT AND

PLASTICITY INDEX

Vertical drained constrained modulus (Mpwmr) depends on the value of Ep and a factor
Rwm. This factor Rm depends on the material type and stress history of soil (Marchetti
1980; Marchetti et al. 2001). Besides, plasticity index (PI) of soil indirectly portrays the

sub-soil type and the compressibility characteristics of the cohesive soil (Tomlinson
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and Boorman 2001). Therefore, a focus is given to establish a relationship between Ep

and Mpwmr with the plasticity index (PI) and plastic limit (Wp). The value of PI and Wp
are taken from the laboratory test results (conducted on collected undisturbed/ disturbed
samples from the different depth of adjacent boreholes) for each site. Subsequently, the
average value of Ep and Mpmr are estimated corresponding to the same depth
(Appendix A). Site-wise the value of Ep/PI and Ep/Wp are estimated for all site. The
ratio of Ep/PI and Ep/Wp are separately plotted against Mpwmr by keeping it as ordinate.
The relations are presented in Equation 6.3 and Equation 6.4 corresponding to Figure

6.20 and Figure 6.21 respectively.

y =41.20x
R2=0.92
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E,,/PI (MPa)
Figure: 6. 20 Relation between (Ep/PI) and Mpmr
Ep
MDMT = 4'1 20 X (ﬁ (63)
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Figure: 6. 21 Relation between (Ep/Wp) and Mpwmr
Mpur = 41.59 X (2 (6.4)
P

6.2.5 DISCUSSION ON THE PREDICTED RELATION

At all project sites, the sub-soil mostly comprises cohesive soil, observed from
conventional boreholes. Therefore, in this study focus is given on the cohesive part of
the sub-soil. Also, it is observed that the presence of decomposed wood (observed from
the adjacent borehole) in the sub soil, largely affects the DMT test results. Therefore,
to establish the relationship, good quality data (by eliminating most scattered values) is
considered for the calculation purpose. In addition to that, on validation purpose the
estimated values (from the established relations) are compared with the laboratory
tested values and present at subsequent sections

Based on the proposed relation, it is observed that for the soft soil (Nop lies between 2
to 4) Ep varies between 3.46 MPa to 3.78 MPa, Mpwmt varies between 7.02 to 7.44 MPa.

For firm soil (Nop is in between 4 to 8) Ep varies between 3.78 MPa to 6.72 MPa, Mpmr
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varies in between 7.44 to 12.77 MPa. For stiff soil (Nop is in between 8 to 16) Ep varies

between 6.72 MPa to 21.12 MPa, Mpwmr varies in between 12.77 to 42.69 MPa. For
very stiff soil (Nop lies between 16 to 32) Ep varies between 21.12 MPa to 84.48 MPa,
Mpwmrt varies in between 42.69 to 179.33 MPa. The summarised values are presented in

Table 6.1.

Table: 6. 1 Value of Ep and Mpwmr for different observed SPT N values (Nob)

SPT based
Nob Consistency Ep (MPa) Mo (MPa)
2to4 Soft 3.46t03.78 7.02 to 7.44
4t08 Firm 3.781t06.72 7.44 to 12.77
8to 16 Stiff 6.72t021.12 12.77 to 42.69
16 to 32 Very stiff 21.12 to 84.48 42.69 to 179.33

Additionally, an alternative method is developed to predict the liquid limit (W) and
plastic limit (Wp) directly from the DMT test results by virtue of Ep and Mpwmr. Based
on these relations (Equation 6.3 and Equation 6.4), it is observed that when the Ep falls
within the range of 3.5 MPa to 3.8 MPa and Mpwmr between 7.1 MPa to 7.4 MPa, the
Wp varies between 20.5% to 21.2% and PI ranging from 20.3% to 21.0%. Similarly,
for Ep values ranging from 4.2 MPa to 6.4 MPa and Mpwmt between 8.2 MPa to 12.8
MPa, the Wp and PI are found to be in the range of 21.3% to 20.9%, and 21.1% to
20.7% respectively. Subsequently, in case when Ep value varies from 7.5 MPa to 17.7
MPa and Mpwmr between 15.1 MPa to 37.6 MPa, the range of Wp and PI is found to be
in the range from 20.7% to 19.6% and 20.5% to 19.5% respectively. Finally, for Ep
values between 20.1 MPa to 34.2 MPa and Mpmt between 42.7 MPa to 74.4 MPa, Wp
and PI are ranging from 19.5% to 19.1%, and 19.4% to 19.0% respectively. The

summarised values are presented in Table 6.2.
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Table: 6. 2 Predicted value of Liquid Limit (W), Plastic Limit (Wp) and
Plasticity Index (PI) from Ep and Mpmr

Ep Mot Ep/PI En/W»p Wi Wp PI

(MPa) (MPa) (MPa) (MPa) (%) (%) (%)
3.5 7.1 0.17 0.17 40.7 20.5 20.2
3.8 74 0.18 0.18 423 212 21.1
42 8.2 0.20 0.20 425 213 212
6.4 12.8 0.31 0.31 416 20.9 20.7
7.5 15.1 0.37 0.36 412 20.7 20.5
17.7 37.6 0.91 0.90 39.1 19.6 19.5
20.1 427 1.04 1.03 389 19.5 19.4
342 74.4 1.81 1.79 38.1 19.1 19.0

To validate these proposed relations, Chi-square test is conducted. In this test, the
(Greenwood and Nikulin 1996; Shiuly 2018; Shiuly et al. 2020; Shiuly and Roy 2021;
Deng 2022)confidence level of the proposed relation is determined. The test is
performed as follows (Equation 6.5):

(4i—Py)?
X2=Xi 5

(6.5)
where, y? is denoted the Chi-square value. A; is denoted as the observed / actual values,
and P; is the estimated / predicted values. After evaluating the Chi-square value, for the
relation, the degrees of freedom are evaluated. Which are the number of categories
minus the number of parameters of the fitted distribution. The calculated Chi-square
value is then compared with the critical value from the Chi-square distribution table for
the specific degree of freedom and confidence level.

In this study, the chi-square value is estimated using ten numbers (10) relevant observed
data from two different locations outside the study area and the predicted values
estimated from the proposed relationships (Table 6.3 and Table 6.4). The graphical
presentation of the chi-square distribution for the respective relationship is presented in
Figure 6.22 and Figure 6.23.

At null hypothesis (Ho), there is no relation exist whereas for alternate hypothesis, the

relation exists (Shiuly 2018; Shiuly et al. 2020; Shiuly and Roy 2021). In this study, the
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degree of freedom is calculated as 9. For this degree of freedom, critical value of Chi-
square is 16.919 (i.e., ¥ critica = 16.919) at significance level (o) of 0.05. Besides, the
calculated value of Chi-square is 6.828 (i.e., % calculated = 6.828) for the relation between
Ep with Nob. Hence, for this particular relation, critical value of Chi- square is greater
than the calculated value of Chi- square ( i.e., Y critical > Y calculated), thus, null hypothesis
is rejected and the alternate hypothesis at significance level 0.05 is accepted. It signifies
that, at a 0.05 significance level, relation between Ep with Nop predicts well for the
observed data. Similarly, it is found that the calculated values of Chi-square of all the
proposed relations are less than the critical value for the 0.05 significance level (i.e.,

chritical 1 6.9 1 9)

Table:6. 3 Comparison of observed value of Ep and Mpwmr with the estimated
value from proposed relation

Observed

Depth (m) SPT values Observed Ep Observed Estimated Ep | Estimated
(Nob) (MPa) MDMT (MPa) (MPa) MDMT (MPa)
1.0 6 6.0 17.4 4.8 9.5
4.0 5 4.0 6.8 4.2 8.3
7.0 4 3.8 5.1 3.8 7.4
10.0 4 6.9 10.4 3.8 7.4
13.0 7 9.2 12.1 6.1 11.1
16.0 13 14.9 27.3 13.8 29.1
2.0 7 5.0 9.1 5.6 11.1
11.0 4 3.6 53 3.8 7.4
14.0 7 7.5 13.2 5.6 11.1
17.0 12 9.2 16.9 12.0 25.1

205




Chapter 6

Chi square distribution
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Figure: 6. 22 Chi-square distribution for the proposed relations
Table: 6. 4 Comparison of Laboratory estimated Liquid Limit (Wr), Plastic
Limit (Wp) and Plasticity Index (PI) with the predicted value from Ep and
Mbpmr

Depth Labor.atory Labor.atory Labor.atory Estimated . Estimated . Estimated

(m) obtained obtained obtained W, Wp PI
WL Wp PI

1.0 42.0 21.1 20.9 28.7 14.4 14.3
4.0 53.6 26.5 27.1 48.8 24.5 24.4
7.0 70.7 42.7 28.0 62.3 31.2 31.1
10.0 50.3 25.9 244 55.2 27.7 27.6
13.0 594 194 40.0 63.4 31.7 31.6
16.0 51.1 20.6 30.5 45.2 22.6 22.6
2.0 46.8 20.2 26.6 453 22.7 22.6
11.0 51.6 25.5 26.1 56.6 28.4 28.3
14.0 53.9 19.7 342 47.4 23.7 23.6
17.0 413 224 18.9 45.1 22.6 22.5
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Chi square distribution
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Figure: 6. 23 Chi-square distribution for the proposed relations

6.3 CPT TEST

CPT tests were conducted at eight numbers of sites. From these tests, three numbers of
basic parameters (i.c., qc, fs, Mcpr) are considered for the comparison purpose. In CPT
tests, cone penetration resistance (qc) and the sleeve friction resistance (fs), indirectly
resembles the resistance imparted by the sub-soil (Robertson and Cabal 2015) . Also,
the observed (field) SPT N value (Nob) represents the soil resistance (Terzaghi 1943;
Terzaghi et al. 1996; Bowles 2001). Hence, at each site, qc and f; are compared with the
conventional SPT blow count (Nob), conducted in the adjacent borehole. Both the
results are then plotted along depth to find out the nature of the variation.

Besides, vertical drained constrained modulus (Mcpr) is one of the important
parameters in geotechnical design field. The compressibility characteristics and
modulus of elasticity can be predicted from this parameter. Hence, site-wise, the

estimated value of Mcpr has been compared with the Ny by plotting along depth.
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6.3.1 CPT ESTIMATED BULK UNIT WEIGHT

At each test location, bulk unit weight (y) of sub soil (estimated from both the laboratory
test and CPT test), is compared. In arriving at the comparison, laboratory measured bulk
unit weight is kept as abscissa and CPT estimated bulk unit weight (Robertson and
Cabal 2010) (Rocscience Inc. 2016) (Sakleshpur et al. 2022)is kept as ordinate (Figure
6.24). In view of the comparison, it is evident that the bulk unit weight estimated from

CPT is more or less at par with the laboratory tested value.
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Figure: 6. 24 comparison of laboratory determined bulk unit weight with CPT
estimated bulk unit weight
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6.3.2 COMPARATIVE INTERPRETATION OF SPATIAL VARIATION OF

qc AND Nob WITH DEPTH

The variation of qc and observed (field) SPT N value (Nob) are plotted together along
depth for each site. From this variation, it is observed that in cohesive soil (silty clay /
clayey silt), depth-wise variation of the value of qc is similar in nature with Nop.
Presence of cohesionless soil (sandy silt/ silty sand) and cohesive soil (in some cases)
consisting of decomposed wood particles, causes deviation from the normal trend of

the variation of qc along depth. The depth wise variation of qc is presented in Figure

6.25 to Figure 6.32.
q. (kg/cm?) and N, q.(kg/em?) and N,
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Figure: 6. 26 Variation of q. (from CPT)
and Ny (from BH) along depth for Site-2
(PB)

Figure: 6. 25 Variation of qc (from CPT) and
Nob (from BH) along depth for Site-1 (HC)
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Figure: 6. 27 Variation of q. (from CPT) and
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Figure: 6. 28 Variation of qc (from CPT)
and Nob (from BH) along depth for Site-4
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Figure: 6. 29 Variation of q. (from CPT) and

Nob (from BH) along depth
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Figure: 6. 31 Variation of qc (from CPT) and  Figure: 6. 32 Variation of qc (from CPT)
Nob (from BH) along depth and Ny, (from BH) along depth

for Site-7 (LK) for Site-8 (BD)
6.3.3 COMPARATIVE INTERPRETATION OF SPATIAL VARIATION OF

fs AND Nos WITH DEPTH

The variation of fs and Nop are plotted together along depth for each site. From this
variation it has been observed that in cohesive soil (mainly silty clay/ clayey silt), the
depth-wise variation of the value of f; is similar in nature with the Nop. Presence of
cohesionless soil (sandy silt/ silty sand) and cohesive soil (in some cases) consisting of
decomposed wood particles, causes deviation from the normal trend of the variation of

fs along depth. The variations are shown in Figure 6.33 to Figure 6.40.
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Figure: 6. 33 Variation of f; (from CPT) and Figure: 6. 34 Variation of f; (from CPT) and
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Figure: 6. 36 Variation of f; (from CPT) and
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6.3.4 COMPARATIVE INTERPRETATION OF SPATIAL VARIATION OF

Mcrr AND Nobo WITH DEPTH

The vertical drained constrained modulus (Mcpr) mainly depends on the value of cone
penetration resistance (qc) (Rocscience Inc. 2016; Dagger et al. 2018). Therefore, Mcpr
has also been compared with the Nop by observing the variation along depth. The
variation of Mcpr and Ny, has been plotted together along depth for each site. From this
variation it is observed that in cohesive soil (silty clay/ clayey silt) the depth- wise
variation of the value of Mcpr is similar in nature with No». However, in some cases
Mcpr is found to be scattered. This is mainly observed in cohesionless soil (sandy silt
to silty sand) and in some cases where the presence of decomposed wood particles is

observed. The variations are shown in Figure 6.41 to Figure 6.48.

Mcpr (MPa) and N, Mcpr (MPa) and N,
0 20 40 60 0 10 20 30
0 0 "
X Xx ¥ i
x
[ ] ol e
3 | % X
5 % ; . 5 N4 ¥ N x
X
B s S ‘ C 3 * q% X ox
E gl | e
E . g _xx X%
£, SNLE
510 B 10
o E 2 *
K [ 2
= *
15 X 15 —m
®
X .
EBH-1 HC ABH-2_ HC xBH-3_HC <CPT2 PB CPT-1_PB
*BH-4 HC &CPT-4 HC eCPT-1 HC
CPT-2 HC -CPT-3 HC ¢BH-2_HC mBH-3_HC

Figure: 6. 41 Variation of Mcpr (from CPT)

and No» (from BH) along depth for Site-1 Figure: 6. 42 Variation of Mcer (from CPT)
(HC) and No» (from BH) along depth for Site-2

(PB)
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Figure: 6. 45 Variation of Mcpr (from CPT)  Figure: 6. 46 Variation of Mcpr (from CPT)
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6.3.5 RELATION OF qc, fs AND Mcpr WITH Nos AND PLASTIC LIMIT AS

WELL AS PLASTICITY INDEX

In view of the variation of qc, fs and Mcpr along depth, it has been observed that the
value of qc, fs and Mcpr are very much dependent on the consistency of cohesive soil.
Therefore, the values of qc, fs and Mcpr are related with the Nob, so that the SPT based
consistency of soil is predicted from the specific range of these parameters. Besides,
another attempt has been made to establish a relationship between Mcpr with q./PI and
qc/Wp for the prediction of liquid limit and plastic limit empirically from the CPT test
results.

It is observed from both conventional boreholes and CPT estimated Ic, that the sub-soil
mostly consists of cohesive silty clay/ clayey silt soil at all project sites. Therefore, in

this study focus is given on the cohesive part of the sub-soil.
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In arriving at the relation, the CPT test result corresponding to cohesive soils are
considered. The average value of qc, fs and Mcpr are estimated corresponding to the
depth at which the undisturbed cohesive soil samples are collected from adjacent
boreholes. Also, Nob (conducted in adjacent boreholes) are considered corresponding

to the same depth. The site-wise comparative results are tabulated in Appendix B.

6.3.5.1 RELATION OF No»b WITH qc AND f

In arriving at the relation, the average value of Nob, qc and fs are calculated
corresponding to the depth at which undisturbed samples were collected from the
adjacent boreholes. It is found that the variation of fs, qc and Nop is similar in nature for
all the test locations. It is also observed that the value of Ic lies within the range of 2.65
to 3.87 (Robertson and Cabal 2015) (Lunne et al. 2002b)(Robertson and Campanella
1983a, b) (Rocscience Inc. 2016), which indicates the presence of silty clay/ clayey silt
soil. Therefore, two numbers of separate graphs (Figure 6.49 and Figure 6.50) are
plotted corresponding to the value of average Nob (as abscissa) with qc (as ordinate) and
Nob (as abscissa) with f; (as ordinate) considering the results from all the tests. Also, it
is observed that the graph corresponding to Ng, with ¢ is best fitted compared to the
earlier established relations (Figure 6.49). Based on these two plots, two separate

relations are derived and presented in Equation 6.6 and Equation 6.7 respectively.
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6.3.5.2 RELATION OF No»b WITH Mcpr

In arriving at the relation between Nop and Mcpr, the average value of Mcpr is estimated
corresponding to the depth at which the undisturbed soil samples are collected from
adjacent borehole. Also, Nob (conducted in adjacent borehole) is considered
corresponding to the same depth. The Nob and Mcpr value are kept as abscissa and as
ordinate respectively.

The relation is presented in Equation 6.8 and shown in Figure 6.51
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Figure: 6. 51 Relation between Mcpr with (Nob)
Mcpr = 0.13 X (Nob)2 — 0.51 X (Ngp) + 5.99 (6.8)
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6.3.5.3 RELATION OF qc AND Mcer WITH PLASTIC LIMIT AND

PLASTICTITY INDEX

Vertical drained constrained modulus (Mcpr) depends on the value of qc and a factor
am. This factor depends on the material type and stress history of soil (Senneset et al.
1982; Mayne 2001; Robertson and Cabal 2015; Rocscience Inc. 2016) . Besides,
plasticity index (PI) of soil indirectly portrays the sub-soil type and the compressibility
characteristics of the cohesive soil (Tomlinson and Boorman 2001). Therefore, an
attempt is made to establish a relation between the qc and Mcpr with the plastic limit
(Wp) and plasticity index (PI). The value of PI and Wp are taken from the laboratory
test results (conducted on collected undisturbed/ disturbed samples from the different
depth of adjacent boreholes) for each site. Subsequently, the average value of qc and
Mcpr are estimated corresponding to the same depth (Appendix B). Site-wise the
normalized value of (q./Pa)/PI and (qc/Pa)/Wp (Pa is atmospheric pressure i.e., 0.1 MPa)
are estimated for all sites. The ratio of (qc./Pa)/PI and (q./Pa)/Wp are separately plotted
against Mcpr by keeping it as ordinate. The relation is presented in Equation 6.9 and

Equation 6.10 and shown in Figure 6.52 and Figure 6.53.

220



Design Charts Based on Parametric Comparison

y =16.49x
R?=0.90

60

50

) e
/

20 Q
&
10 + °

Mcpr (MPa)

(q/Pa)/PI

Figure: 6. 52 Relation between Mcpr with (qc/Pa)/PI

Mcpr = 16.49 (%) /PI (6.9)
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Figure: 6. 53 Relation between Mcpr with (q/Pa)/Wp

Mcpr = 15. 64(%) /Wp (6.10)
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6.3.6 DISCUSSION ON THE PREDICTED RELATION

At all project sites, the sub-soil mostly consists of cohesive silty clay/ clayey silt soil,
observed from conventional boreholes. Therefore, in this study focus is given on the
cohesive part of the sub-soil. Also, it is observed that the presence of decomposed wood
(observed from the adjacent borehole) in the sub soil, largely affects the CPT test
results. Therefore, to establish the relations, good quality data (by eliminating most
scattered values) is considered for the calculation purpose.

Based on the established relations, it is observed that for the soft soil (Nop) between 2
to 4, qc varies between 7.5 kg/cm? to 8.8 kg/cm?, Mcpr varies in between 5.5 to 6.0 MPa
and f; varies in between 0.02 kg/cm? to 0.3 kg/cm?. For firm soil (No» between 4 to 8)
qe varies between 8.8 kg/cm? to 14.8 kg/cm?, Mcpr varies in between 6.0 to 10.3 MPa
and f; varies in between 0.3 kg/cm? to 1.7 kg/cm?. For stiff soil (Nob between 8 to 16)
qe varies between 14.8 kg/cm? to 40.6 kg/cm?, Mcer varies in between 10.3 to 31.3 MPa
and f; varies in between 1.7 kg/cm? to 7.6 kg/cm?. For very stiff soil (Nob between 16
to 21) qc varies between 40.6 kg/cm? to 65.1 kg/cm?, Mcpr varies in between 31.3 to
52.9 MPa and f; varies in between 7.6 kg/cm? to 13.5 kg/cm?. The summarised values

are presented in Table 6.5.

Table:6. 5 Range of qc, fs and Mcpr for different Nop

N SPT based Je Mcrr fs
ob Consistency (kg/cm?) (MPa) (kg/cm?)
2t04 Soft 7.5t0 8.8 5.5t06.0 0.02t0 0.3
4108 Firm 8.8 to 14.8 6.0to 10.3 0.3t0 1.7
8to 16 Stiff 14.8 to 40.6 10.3t0 31.3 1.7t0 7.6
16 to 21 Very stiff 40.6 to 65.1 31.3t052.9 7.6t013.5

Further, a relation has been developed to predict the range of liquid limit (Wy) and

plastic limit (Wp) using the values of qc and Mcpr obtained from the CPT test. Based
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on this relation, it is found that, when q. ranging from 7.5 kg/cm? to 8.8 kg/cm? and
Mcpr lies between 5.5 MPa to 6.0 MPa, the plastic limit (Wp) varies in between of
21.2% and 22.8%, and plasticity index (PI) ranges from 22.4% to 24.0%. Similarly, for
the value of qc from 9.9 kg/cm? to 14.9 kg/cm? and Mcpr from 6.7 MPa to 10.3 MPa,
the values of plastic limit (Wp) and plasticity index (PI) are found to be in between of
23.1% to 22.7%, and 24.4% to 23.9% respectively. Subsequently, in case of qc ranging
from 17.1 kg/cm? to 36.4 kg/cm? and Mcpr from 12.0 MPa to 27.8 MPa, the plastic limit
(Wp) and plasticity index (PI) varies in between of 22.4% and 20.5% and 23.5% to
21.7% respectively. Further, when the value of qc ranging from 40.6 to 65.1 and Mcer
lies between 31.3 to 52.9, the plastic limit (Wp) and plasticity index (PI) varies in
between of 20.3 to 19.5 and 21.4 to 20.5 respectively. The summarised values are
presented in Table 6.6. In addition to that, on validation purpose the estimated values
(from the established relations) are compared with the laboratory tested values and

present at subsequent section.

Table:6. 6 Predicted Value of Liquid Limit (W¢), Plastic Limit (Wp) and
Plasticity Index (PI) from q. and Mcpr

9e (11\\45,";) qe/PI q/Wp ' W PI
(kg/em?) (kg/em?)  (kg/em?) (%) (%) (%)
7.5 55 0.33 0.35 43.6 21.2 224
8.8 6.0 0.37 0.39 46.8 22.8 24.0
9.9 6.7 0.41 0.43 475 23.1 244
14.9 10.3 0.62 0.66 46.6 22.7 23.9
17.1 12.0 0.73 0.77 459 22.4 23.5
364 | 278 1.68 1.77 422 20.5 21.7
406 | 313 1.90 2.00 41.7 20.3 21.4
65.1 52.9 3.21 3.38 40.0 19.5 20.5

To validate these proposed relations, Chi-square test is conducted. In this test, the
(Greenwood and Nikulin 1996; Shiuly 2018; Shiuly et al. 2020; Shiuly and Roy 2021;
Deng 2022), confidence level of the proposed relation is determined. The test is

performed as follows (Equation 6.11):
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A;—P;)?
X2 = X, P 6.11)

where, y? is denoted the Chi-square value. A; is denoted as the observed / actual values,
and P; is the estimated / predicted values. After evaluating the Chi-square value, for the
relation, the degrees of freedom are evaluated. Which are the number of categories
minus the number of parameters of the fitted distribution. The calculated Chi-square
value is then compared with the critical value from the Chi-square distribution table for
the specific degree of freedom and confidence level.

In this study, the chi-square value is estimated using ten numbers (10) relevant observed
data from two different locations outside the study area and the predicted values
estimated from the proposed relationships (Table 6.7 and Table 6.8). The graphical
presentation of the chi-square distribution for the respective relationship is presented in
Figure 6.54 and Figure 6.55.

At null hypothesis (Ho), there is no relation exist whereas for alternate hypothesis, the
relation exist (Shiuly 2018; Shiuly et al. 2020; Shiuly and Roy 2021). In this study, the
degree of freedom is calculated as 9. For this degree of freedom, critical value of Chi-
square is 16.919 (i.e., Y uitical = 16.919) at significance level (o) of 0.05. Besides, the
calculated value of Chi-square is 12.104 (i.e., %calculated = 12.104) for the relation
between Mcpt with (q./Pa)/P1. Hence, for this particular relation, critical value of Chi-
square is greater than the calculated value of Chi- square ( i.e., Y critical > Y calculated), thus,
null hypothesis is rejected and the alternate hypothesis at significance level 0.05 is
accepted. It signifies that, at a 0.05 significance level, relation between Mcpr with
(q/Pa)/PI predicts well for the observed data. Similarly, it is found that the calculated
values of Chi-square of all the proposed relations are less than the critical value for the

0.05 significance level (i.e., ) critical =16.919).
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Table:6. 7 Comparison of observed value of qc/pa, Mcer and f; with the
estimated value from proposed relation

Observed . .
Depth SPT Observed O‘tl)\j[erved Obs;rved Estimated Eslt\;[mated Est1r;1ated
cpT s cpT s
(m) V(?\IIUSS q-/pa (MPa) | (kglom?) /P2 (MPa) = (kg/cm?)
1.0 6 8.601 6.90 0.45 11.30 7.64 0.85
4.0 5 6.69 491 0.27 9.91 6.71 0.54
10.0 4 6.85 421 0.33 8.81 6.05 0.30
16.0 13 35.34 26.80 1.05 28.88 21.46 4.87
2.0 7 10.41 8.24 0.48 12.96 8.83 1.22
5.0 5 6.16 433 0.13 9.91 6.71 0.54
8.0 4 5.24 3.18 0.15 8.81 6.05 0.30
11.0 4 12.98 9.16 0.56 8.81 6.05 0.30
14.0 7 14.72 10.13 1.36 12.96 8.83 1.22
17.0 12 26.33 19.33 0.93 25.52 18.70 4.09
Chi-square distribution
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Figure: 6. 54 Chi-square distribution for the proposed relations
Table: 6. 8 Comparison of Laboratory estimated Liquid Limit (W), Plastic
Limit (Wp) and Plasticity Index (PI) with the predicted value from q. and
MCPT
Depth Labor'atory Labor'atory Labor.atory Predicted | Predicted = Predicted
(m) obtained obtained obtained W W PI
m Wi W PI - ’
1.0 42.0 21.1 20.9 40.1 19.5 20.6
4.0 53.6 26.5 27.1 43.8 21.3 22.5
10.0 50.3 259 244 52.3 254 26.8
16.0 51.1 20.6 30.5 42.4 20.6 21.7
2.0 48.1 21.3 26.8 40.6 19.8 20.8
5.0 50.3 24.6 25.7 45.7 22.3 23.5
8.0 52.0 264 25.6 53.0 25.8 27.2
11.0 532 26.6 26.6 45.5 22.2 23.4
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Depth Labor.atory Labor.atory Labor.atory Predicted | Predicted @ Predicted
obtained obtained obtained
(m) Wy We PI Wi We PI
14.0 53.9 19.7 34.2 46.7 22.7 24.0
17.0 41.3 22.4 18.9 43.8 21.3 22.5
Chi square distribution
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Figure: 6. 55 Chi-square distribution for the proposed relations
6.4 PMT TEST

Pressuremeter tests were conducted in three numbers of sites. In this test, two numbers

of basic parameters (i.e., PL and Epmt) were considered for the comparison purpose. In

PMT tests, limit pressure (Pr) indirectly resembles the resistance (in horizontal

direction) imparted by the sub-soil. Also, the No» represents the soil resistance. As such,

at each site, PL has been compared with the Nob (conducted in the adjacent borehole)

and both the results are then plotted along depth to find out the nature of the variation.

On the other hand, Pressuremeter Modulus (Epmt) is one of the important parameters

in geotechnical design field. Indirectly, the pressuremeter modulus resembles the

modulus of elasticity of sub-soil. Also, the modulus of elasticity can be predicted from

the conventional Nop. Hence, site wise, the estimated value of Epmr has been compared

with the Nob by plotting along depth.
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6.4.1 COMPARATIVE INTERPRETATION OF SPATIAL VARIATION OF

P AND Nos WITH DEPTH

The variation of limit pressure (PL) and Nop are plotted along depth for each site. From
this variation it is observed that the depth-wise variation of Py is similar in nature with

the Nob values for all test locations. The variations are shown in Figure 6.56 to Figure

6.58.
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Figure: 6. 56 Variation of Limit Pressure
(Pr) and No» with depth for the Site-9 (VT)

227

Figure: 6. 57 Variation of Limit Pressure
(PL) and No» with depth for the Site-10 (PT)
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Figure: 6. 58 Variation of Limit Pressure (P) and N, with depth for the Site-11 (ES)

6.4.2 COMPARATIVE INTERPRETATION OF SPATIAL VARIATION OF

Epvt AND Noz WITH DEPTH

The variation of Epmt and Nob have been plotted along depth for each study area. From
this variation it has been observed that the depth-wise variation of Epmt is similar in

nature with the Nop for all tests locations. The variations are shown in Figure 6.59 to

Figure 6.61.
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Figure: 6. 61 Variation of Epvr and No» with depth for the Site-11 (ES)
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6.4.3 RELATION OF P, Epmtr WITH Nog AND LIQUIDITY INDEX (Ir)

In view of the variation of PL and Epmt along depth, it is observed that the values of PL
and Epmt very much depends on the consistency of cohesive soil. Hence, the value of
Pr and Epwmr is related with the Nop, value, so that a reference value of Pr. and Epmt can
be predicted for the different consistency or vice versa. Besides, in most of the cases, it
is observed that the ratio of Epmt1/PL is well comparable with 1. Therefore, another
relation between the ratio of Epmr and PL (Epm1/PL) with liquidity index (Ir) is
established.

In this regard, at all tests locations, natural moisture content (wn), liquid limit (W) and
plastic limit (Wp) of sub soil (estimated from laboratory tests results corresponding to
collected undisturbed sample of soil) are considered adjacent to the depth at which
pressuremeter tests were conducted. Also, Nob (adjacent to pressuremeter test depth),
are considered for the analysis purpose. The site-wise elaborative results are given in

Appendix C.

6.4.3.1 RELATION BETWEEN Nos WITH P, AND Epmr

In arriving at the relation between N, with Pr and Epmr, the PMT test results i.e., Pr
and Epmr (considering three sites) corresponding to cohesive soils (silty clay/clayey
silt) are considered. The value of Nob value is taken for the same depth at which
pressuremeter tests were conducted. For the relationship purpose, two numbers of
separate graphs are plotted corresponding P1/Pa with No, and Epmt/Pa with No» (where
Pa is atmospheric pressure ~ 0.1 MPa), keeping Nob as abscissae. The relationship is

presented in Equation 6.12 (Figure 6.62) and Equation 6.13 (Figure 6.63) respectively.
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Figure: 6. 62 Relationship between Pr/Pa with Noy
(P./Pa) = 0.53 X (Ngp,) + 0.25 (6.12)
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Figure: 6. 63 Relationship between Epmr with Noy
(Epmt /Pa) = 5.38 X (Ng,) — 5.08 (6.13)
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6.4.3.2 RELATION OF Epm1/PL WITH LIQUIDITY INDEX (IL)

If the soil is identified by other method (such as by laboratory tests conducted on
collected samples), the condition of the sub-soil can be predicted from pressuremeter
test results. In this regard, the ratio between Epmt and PL is useful information and the
consistency can be predicted from this value (Briaud 1992, 2019a; Clarke 1994). 1t is
to be noted that the ratio between Epvt and Pr is an important tool to predict the
settlement of shallow foundation (Baguelin et al. 1978; Amar et al. 1991; Clarke 1994;
Cestari Ferrucio 2012). Besides, liquidity index (IL) is also an important parameter to
characterize the sub-soil in terms of its consistency and compressibility behavior
(Carter and Bentley 1991). However, there is no such relation between the Epmt/PrL and
I.. Hence, a relation between Epmt/Pr with liquidity index (Ip) is established. In arriving
at the relationship, a graph between Epmt/Pr and 11 is plotted by ignoring some scattered
values. For this relationship purpose, IL is kept as abscissa and Epmt/PL is kept as

ordinate. The relationship is presented in Equation 6.14 (Figure 6.64).
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Figure: 6. 64 Relationship between Epmr/Pr with Liquidity Index
Epwr/PL = 3.75 x I;%57 (6.14)

6.4.4 DISCUSSION ON THE PREDICTED RELATIONSHIP

The sub-soil profiles (in most of the cases) are found to be cohesive by nature for all
the PMT test locations. This is why to establish the relationship, only the tests results
for the cohesive soil, are considered. It is also observed that the presence of decomposed
wood (observed during the visual inspection of the excavated soil for the PMT test and
also from disturbed samples collected during collection of samples from bore holes) in
the sub soil, largely affects the PMT test results. Therefore, to establish the relations,

good quality data (by ignoring some scattered values) is considered for the calculation

purpose.
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In this study, it is observed that P. and Epmr linearly related with the Nop for the

cohesive soil. Based on the new established relations (No, with PL and Epwr), it is found
that Pr varies between 0.19 MPa to 0.24 MPa and Epmr varies between 1.11 to 1.65MPa
for the soft soil (Nob between 3 to 4). For firm soil (Nop between 5 to 8) P varies
between 0.29 MPa to 0.45 MPa and Epvr varies between 2.18 to 3.80 MPa. For stiff
soil (Nob between 9 to 15) Py varies between 0.51MPa to 0.83MPa and Epmt varies in
between 4.34 to 7.57 MPa. For very stiff soil (No» between16 to 18) Py varies between
0.88 MPa to 0.99 MPa and Epmr varies in between 9.21 to 9.31 MPa. The summary of
all these values is presented in Table 6.9.

Table:6. 9 Value of Epmr, PL. for different observed (field) SPT N values (Nob)

) Predicted Epmt Predicted Predicted
Nob Consistency (MPa) PL Eput/P
(MPa) PMT/ L
3to4 Soft 1.11-1.65 0.19-0.24 = 5.97-6.89
5to 8 Firm 2.18-3.80 0.29-0.45 @ 7.47-8.39
9to 15 Stiff 4.34-7.57 0.51-0.83 = 8.57-9.16
16to 18 Very stiff 8.11-9.18 0.88-0.99 = 9.21-9.31

Besides, the ratio of Epmr and PL (i.e., Epm1/PL) varies inversely with the value of
liquidity index (Ir) of soil. Based on the established relation between Epmt/PL with the
liquidity index (Ip), it is observed that the value of Epmt/PL, for soft soil varies in
between of 4.4 to 5.6. For firm soil Epm1/PL lies between of 5.6 to 8.3. For stiff soil

Epm1/PL lies above 8.3. The summary of all these values is presented in Table 6.10.
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Table: 6. 10 value of Epmt/Py for different Liquidity Index

Liquidity index (/1) = Consistency prﬁl;;?f
0.75 Soft 44
0.50 Firm 5.6
0.25 Stiff 8.3

6.5 SUMMARY

For individual in-situ test (i.e., DMT, CPT and PMT tests), separate relationship
has been established by comparing the test results (estimated from DMT, CPT
and PMT tests) with the results obtained from the adjacent boreholes. In majority
of the cases, the sub-soil profiles were found to be cohesive by nature. Therefore,
to establish the relationship, only the test results corresponding to the cohesive
sub-soil have been considered. Also, in arriving at the relation, good quality data
(by eliminating most scattered value) have been taken in the calculation. The
major findings from this investigation are summarised below.
e In DMT test, for the silty clay/ clayey silt soil, the value of Ep and Mpwmt
highly depends on the soil consistency.
e Presence of decomposed wood particles badly affects the test results obtained
from DMT, CPT and PMT tests
e It is also observed that the ratio of Mpm1/Ep linearly relates with the plastic
limit and plasticity index for the silty clay/clayey silt soil.
e In CPT test, the values of qc, Mcpr and f; highly depend on the consistency of
cohesive soil.
e Also, it is observed that the ratio of q./PI and q./Wp linearly relates with the

Mcepr.
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e In both DMT and CPT tests, the calculated values of Chi-square for all the
predicted relations fall well within the critical values at the 0.05 significance

level.

o In PMT test, it is observed that P. and Epmr linearly relates with the observed
(field) SPT N values (Nob) whereas the ratio of Epmt/PL decreases with the

increase of liquidity index (IL), conforming to a ‘power-law’ behavior.
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Chapter# 7
CPT-BASED PREDICTIVE MODEL FOR SHALLOW
FOUNDATION SETTLEMENT ON COHESIVE SOIL

7.1 GENERAL

In this chapter focus is given to estimate settlement of shallow foundation (placed
on cohesive soil) based on average CPT cone resistance and compare with the
other method. The settlement analysis has been carried out based on the average
cone resistance (Ckp) by using an empirical equation, Mpmr from DMT tests and
by using conventional Mohr Coulomb model in PLAXIS 2D (ver. 2016)
software. Indian standard suggested an empirical equation for carrying out
settlement analysis based on CPT cone resistance. It is recommended for
cohesionless soil only. In this study, as no other code is available for Indian
condition, same empirical equation is tried to predict the settlement of shallow
foundation (placed on cohesive soil) based on CPT test as per (Bandyopadhyay
et al. 2022). The estimated values are then compared with the estimated
settlement by other methods (i.e., using Mpmr from DMT settlement software
and two-dimensional model created by using PLAXIS 2D software), based on
the conventional bore holes results, CPT test results and DMT test results.
Finally, efficacy of use of this formula for cohesive soil is judged. For this study
purpose, based on the cohesive sub-soil formation, among eight number of test
locations (at which CPT and DMT tests were carried out) four numbers of test
locations had been selected. On these locations the settlement of shallow
foundation had been calculated. Typical calculation for selected sites is given in

Appendix D.
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7.2  SETTLEMENT ANALYSIS

7.2.1

SITE-1 (HC)

At site-1 (HC), the depth of foundation was at 1.9 m below the existing ground

level. The shape of the foundation was found to be ‘strip footing’ with an

approximate width of 2.13 m. Total design load intensity on the footing was 200

kPa. The comparison is shown in Table 7.1.

Table: 7. 1 Comparison of estimated settlement

. Depth Settlement value
Size of ¢
Location foundati o | Load DMT PLAXIS | PLAXIS PLAXIS CPT Observed
on foundati Settlement 2D 2D 2D (BH) Empirical | settlement
on software (DMT) (CPT) equation
(mx m) (m) (kPa) (mm) (mm) (mm) (mm) (mm) (mm)
CPT1_HC/
DMT1_HC/ 169.4 158.3 127.6 172.2 151.7 23491
BH2 HC
CPT2_HC/
DMT2_HC/ 118.3 121.7 132.3 172.2 103.2 101.63
BH2 HC 2.13x
CPT3_HC/ 21.3 1.9 200
DMT3_HC/ 72.4 76.3 123.3 151.8 130.4 78.55
BH3 HC
CPT4_HC/
DMT4_HC/ 155.7 197.4 168.3 150.4 167.0 153.42
BH1 HC

From the above table it is observed that the settlement estimated from DMT settlement

software, PLAXIS 2D, and average cone resistance (Ckp) are well tallying with each

other. To observe the actual settlement, at this site, six numbers of settlement sensors

were installed (Bandyopadhyay et al. 2020, 2022). Therefore, on comparing with the

observed values, the estimated settlement is found to be in good agreement.

7.2.2  SITE-3 (RJ)

At Rajarhat test site, the foundation was placed at 1.5 m below the existing ground

level. The foundation had been assumed to be isolated footing with varying length and
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breadth, i.e. 2.0 m x 2.0 m, 3.0 m x 3.0 m, 1.5 m x 15.0 m, Total design load intensity

on the footing was assumed as 40 kPa. The comparison is shown in Table 7.3.

Table: 7. 2 Comparison of estimated settlement.

Settlement value
. Size of Depth of
Location | ' ation | foundation | 0% | (PMT | praxis | paxis | praxis | CPT
2D (DMT) | 2D (CPT) 2D (BH) P
software equation
(mx m) (m) (kPa) (mm) (mm) (mm) (mm) (mm)
CPT1_RJ/
DMTI1_RJ | 2.0 x2.0 1.5 40 234 29 39 20 30.0
/BH1 RJ
CPT2_RJ/
DMT2 RJ | 3.0 x3.0 1.5 40 36.3 45 39 22 39.7
/BH2 RJ
CPT2_RJ/
DMT2_RJ 1.5 x15 1.5 40 38.4 33 28 28 42.5
/BH2 RJ

From the above table, it is observed that the estimated settlement obtained from

DMT settlement software and PLAXIS 2D are more or less same. However, in

some cases settlement obtained from PLAXIS 2D based on CPT parameters are

on lower side as the undrained cohesion obtained from CPT was on higher side.

Besides, in all the cases, estimated settlement obtained from average cone

resistance (Ckp), are found to be a little bit higher.

7.2.3 SITE-4 (HA)

At Haldia test site, the foundation was assumed to be placed at 2.0 m and 6.0 m below

the existing ground level. The foundation was considered as isolated footings with

varying length and breadth, i.e. 1.5 m x 15.0 m, 6.0 m x 7.0 m, and 10.0 m x 12.0 m.

Total design load intensity on the footing was taken as 81 kPa for 1.5 m x 15.0 m, 84

kPa for 6.0 m x 7.0 m, 37 kPa for 10.0 m x 12.0 m at CPT3_HA/DMT3 HA/BH3 HA

test points. The comparison is shown in Table 7.4.
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Table: 7. 3 Comparison of estimated settlement

Settlement Values
CPT
. Size of Depth of DMT 1 o ax1s | pLAXIS Empiri
Location foundation | foundation Load Settlem D 2D PLAXIS C;)l
ent owmt) | (cpry | 2P BH ati
software equn 0
(mx m) (m) (kPa) (mm) (mm) (mm) (mm) (mm)
CPT3_HA/DM
T3 HA/BH3 H | 1.5 x15.0 2.0 81 289 222 19.3 23.0 36.4
A
CPT3_HA/DM
T3 HA/BH3 H 6.0 x7.0 6.0 84 154 16.7 15.2 20.1 17.2
A
CPT3_HA/DM
T3 HA/BH3 H | 10.0x 12.0 6.0 37 9.0 8.8 7.3 13.2 12.0
A

From the above table, it is observed that settlement values obtained from DMT

settlement software, PLAXIS 2D, and average cone resistance (Cxp) of CPT, are

more or less similar in nature.

7.2.4 SITE-5 (DH)

At Dhamra test site, the foundation was assumed to be placed at 2.0 m and 6.0 m below

the existing ground level. The foundation was considered as isolated footings with

varying length and breadth, i.e. 2.0 mx 2.0 m,3.0 mx 3.0 m, [.5m x 15.0 m, 2.5 m x

25.0m, 6.0 m x 7.0 m, and 10.0 m x 12.0 m. Total design load intensity on the footing

was considered as 39 kPa for 3.0 m x 3.0 m, 32 kPa for 6.0 m x 7.0 m, 19 kPa for 10.0

mx 12.0 mat CPT1_DH/DMT1 DH/BH12 DH test points, 48 kPa for 2.0 m x 2.0 m,

45 kPa for 3.0 m x 3.0 m, 39 kPa for 1.5 m x 15.0 m, 36 kPa for 2.5 m x 25.0 m at

CPT3 DH/DMT3 DH/BH7 DH test points and 32 kPa for 2.5 m x 25.0 m, 52 kPa for

6.0 m x 7.0 m, 38 kPa for 10.0 m x 12.0 m at CPT2 DH/DMT2 DH/BH15 DH test

points. The comparison is shown in Table 7.5.
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Table: 7. 4 Comparison of estimated settlement

Size of

Settlement Values

. foundati | DPHOL | g DMT | PLAXIS | p1 ax1s | pLAXIS CPT
Location on foundation Settlemen 2D 2D (CPT) | 2D (BH) Empirical
t software (DMT) equation
(mx m) (m) (kPa) (mm) (mm) (mm) (mm) (mm)
3.0 x
) 39 13.61 14.59 8.59 11.59 194
CPT1_D 3.0
H/DMT1 6.0 x
DH/BH 70 ] 32 17.34 14.56 12.56 15.58 19.79
12_DH 1102.%x 19 13.74 21.63 19.63 21.78 20.83
25 x 32 20.48 25.08 15.08 16.23 2691
CPT2 D 25.0 ) ) ) i i
H/DMT2 6.0 x
DH/BH 70 6 52 4791 32.21 33.21 35 54.16
15_bH 1&00)‘ 38 43.74 35.21 15.21 2243 45.83
2’200X 48 28.84 22.73 18.73 22.82 34.27
CPT3_ D 3.0 x
H/DMT3 30 , 45 43.60 38.73 35.73 32.85 49.50
_DH/BH 1.5 x
7 DH 15.0 39 40.56 45.24 42.24 45 42.86
2.5 x
5.0 36 58.36 50.8 41.8 47.76 60.85

From the above table, it is observed that settlement values obtained from DMT

settlement software, PLAXIS 2D, and average cone resistance (Ckp) of CPT, are

more or less similar in nature However, in some cases settlement obtained from

PLAXIS 2D based on CPT parameters are on lower side as the undrained

cohesion obtained from CPT is on higher side.

7.3 SUMMARY

e Settlement analysis was performed utilizing an empirical equation based on

average cone resistance (Ckp). Although the Indian standard typically suggests

this empirical correlation solely for cohesionless soil, due to the lack of

alternative codes for Indian conditions, settlement analysis on cohesive soil was

carried out by using the same equation. After comparative evaluation with other

methods, it is observed that this correlation may be suitable for cohesive soil as

well
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o In most cases, it is observed that the predicted settlement (foundations placed on
cohesive soil) from the average cone resistance (Ckp), is well tallying with Mpmt
based settlement (calculated by using DMT Settlement software).

e In general, it is observed that the value of settlement (estimated by using
numerical model through PLAXIS 2D software) lies on lower side compared to
other methods.

e Besides, in some cases it is also observed that the settlement of the footing
predicted from the PLAXIS 2D software (for the numerical model created by
using the CPT based shear strength parameters) depicts lower values. This is due
to the comparatively higher values of undrained cohesion estimated from CPT

tests.
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Chapter # 8
SUMMARY AND CONCLUSIONS

8.1 GENERAL

In India, the geotechnical investigation works are carried out by conventional
boring approach, but it is an age-old technique and time consuming. Hence, a
transformation from this technique to the new method is very much needed in
this field. In this context, an attempt has been made to ascertain some in-situ test
parameters which can be related with the basic geotechnical parameters and the
prediction of sub-soil profile may be defined. This study has been conducted in
two parts: In the first part, three types of in-situ tests (i.e., DMT, CPT and PMT)
have been carried out to the adjacent conventional boreholes, at different
locations with different geological formation to predict the sub-soil formation.
The basic parameters obtained from these in-situ tests are then compared with
the conventional SPT N values (Nob) and shear strength parameters (estimated
from laboratory tests). The depth wise estimated in-situ test results (i.e., Ep,
Mbwmr, e, Mcpr, fs, PL and Epmt) are then accumulated for all sites, and compared
with the observed (field) SPT N values (Nob), plastic limit, plasticity index to
establish relation. In the second part, settlement analysis of shallow foundation
(placed on cohesive soils), has been carried out based on the results obtained
from DMT, CPT and Laboratory tests and tallied. Finally, relations have been
proposed for the prediction of consistency, liquid limit, plastic limit and plasticity
index of cohesive soils from DMT and CPT tests. Besides, the range of limit
pressure and pressuremeter modulus has been proposed for different consistency
of sub-soil and the range of the ratio of Epm1/PL with liquidity index, has been

suggested.
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8.2 CONCLUSIONS

This study highlights the efficacy of advanced in-situ tests like DMT, CPT, and
PMT, and suitability of these results in comparison with in-situ tests with
traditional SPT and laboratory experiments. This study also reveals the reliable
relations for predicting the sub-soil profiles in terms of its consistency and
compressibility characteristics. It also explains about the accurate prediction of
settlement from these in-situ tests. Moreover, implementation these advanced
techniques can significantly enhance the accuracy and efficiency of geotechnical
investigations, leading to improved foundation design and soil characterisation.
The major conclusions made from the present study are as follows

1) From the present investigation, for eight numbers of test locations, it is
observed that the sub-soil profile predicted from Dilatometer and Cone
Penetration tests are more or less similar in nature compared to the sub-soil
profile exhibited through the conventional soil exploration by digging bore hole.
2)  Secondly, it is noticed that the undrained cohesion obtained from DMT tests
shows better parity with the values obtained from laboratory triaxial (UU) test.
On other hand, in most of the cases estimated undrained cohesion from CPT tests
are on the higher side. Though the influence zone of CPT cone is higher than
DMT blade, the cone factor (Nk) played a vital role on the undrained cohesion.
As such more research on better prediction of cone factor for cohesive soil
deposits is very much needed.

3) The variation of Mcpr (Which depends on cone resistance qc) and Mpmt
along depth is found to be similar in nature for all the cases. Hence from both the
tests, compressibility characteristics of sub-soil may be predicted in an accurate

manner by estimating these parameters.
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4) Ttis observed that the variation of dilatometer modulus (Ep) along depth is
highly dependent on the type of sub-soil formation. In cohesive sub-soil (silty
clay/clayey silt), the value of Ep clearly depends on the consistency of sub-soil
and it follows a uniform variation with depth. However, in a few cases, the
variation is found to be scattered due to the presence of decomposed wood
particles (exhibited in the adjacent boreholes). Besides, in silty sand/ sandy silt,
the value of Ep is on the higher side.

5) It is also observed that the variation of dilatometer modulus (Ep) and
vertical drained constrained modulus (Mpwmt) along depth is well tallying with
Nob.

6) From the established relation (between No, with DMT estimated Ep and
Mbpwmt), SPT based consistency of the cohesive sub-soil (comprising silty clay/
clayey silt) may be predicted by virtue of Ep and Mpwr.

7)  This study also reveals the feasibility of predicting liquid limit, plastic limit
and plasticity index based on the established relation (between Mpmt with Ep/Pl
and Mpwmr with Ep/Wp value) for similar or competent subsoil.

8) Besides, the uniformity in the variation of q. with depth is noticeably
influenced upon consistency/compactness and type of sub-soil. In most of the
cases, it is observed that the variation shows uniformity for silty clay / clayey silt
soil. But the value of cone resistance is found to be scattered in some cases due
to the presence of decomposed wood particles (exhibited in the adjacent
boreholes). It is also noticed that, in silty sand/ sandy silt, the value of qc is on
the higher side.

9) It is observed that the variation of cone penetration resistance (qc), sleeve

friction (fs) and vertical drained constrained modulus (Mcpt) with depth is well
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tallying with the SPT N values for silty clay/clayey silt soil. Therefore, for similar
or comparable sub soil, the SPT based consistency may be predicted by virtue of
these parameters. It is also found that the predicted relation is well tallying with
other previous relations.

10) Furthermore, it is to be mentioned that the ratio between Mcpr and qc
effectively represents the value of plastic limit (Wp) and plasticity index (PI).
Therefore, it is possible to predict liquid limit, plastic limit and plasticity index
by virtue of Mcer and . for similar or comparable sub-soil.

11) Moreover, Chi-square values calculated for all predicted relationships (in
both DMT and CPT tests) are significantly within the critical values at the 0.05
significance level.

12) For PMT test, it is observed that the value of limit pressure (Pr) and
pressuremeter modulus (Epmt) is high for silty sand/ sandy silt soil compared to
cohesive silty clay/ clayey silt soil. Also, these parameters are very much
influenced by the amount of decomposed wood particles present in the sub-soil.
13) Itis noticed that the variation of limit pressure and pressuremeter modulus
with depth is nearly comparable with the SPT N value (Nop), for the cohesive
(silty clay/ clayey silt) sub-soil. Therefore, at particular depth in cohesive sub-
soil (silty clay/ clayey silt), the limit pressure and pressuremeter modulus may
be predicted from the estimated SPT N values (Nob) or vice versa.

14) On the other hand, the ratio of Epmr to Pr (i.e., Epmt/ Pr) can be used to
predict liquidity index (Ir) for cohesive (silty clay/clayey silt) sub-soil or vice

versa.
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15) In this study, it reveals that the values of predicted settlement by using the

average cone resistance (Ckp) are nearly same as the settlement calculated by
using the Mpwmr.

16) Also, it may be concluded that the estimated settlement by using Mpwmt
values and average cone resistance (Ckp) for foundations placed on cohesive soil
are more conservative in nature than those obtained from PLAXIS2D.

17) Last but not the least, use of the empirical equation based on the average
cone resistance gives well comparable values with other conventional methods

for finding settlement of shallow foundation placed on cohesive soil.

8.3  LIMITATIONS OF THE PRESENT STUDY

The limitations of the present study are as follows:

1) The proposed relations in this study are valid for the coastal east zone
cohesive (silty clay/ clayey silt) soil.

2) The soil exploration data from 29 numbers of DMT tests, have been
incorporated in the study. The value of material index (Ip) of the soil mostly
lies between 0.15 to 0.75 which indicates the presence of silty clay / clayey
silt sub-soil. It is obvious that more DMT test data with wide range of Ip
will be more effective for similar study.

3) In arriving at the relation, it is found that the SPT blow counts are ranging
from 2 to 23. Presumably, the proposed relation for the prediction of SPT
based consistency from DMT test is valid within this range.

4) The test data used for this study are mostly obtained for sub- soil having

plasticity index ranging from 18% to 45% and plastic limit varying between
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5)

6)

7)

8)

9)

10)

20% to 29%. Studies with wide variation of plasticity index and plastic limit
may be more useful for similar study.

Also, it may be noted that the proposed relation for the prediction of liquid
limit, plastic limit and plasticity index from DMT test, is valid for the sub
soil having similar or comparable properties i.e., coastal east zone cohesive
soil.

Besides, soil exploration data from 25 numbers of CPT tests have been
considered for this study purpose. It is observed that most of the values of
Ic lie between 2.6 to 3.6, indicating the presence of silty clay / clayey silt
soil. It is obvious that more CPT tests with wide range of Ic may be more
effective for similar study.

In arriving at the relation to predict the SPT based consistency from CPT
test, SPT blow counts ranging from 2 to 21 are considered. Therefore, the
proposed relation is valid within this range of SPT blow count.

To establish the relation for predicting Wi, Wp, and PI from CPT tests, data
from sub-soil having plasticity index ranging from 14% to 50% and plastic
limit mostly in between of 18% to 31% are considered. It is obvious that
the broad range of plasticity index and plastic limit will enhance the
effectiveness of the study.

This study utilised data from 48 PMT tests conducted in 12 boreholes. It is
evident that a larger dataset of PMT tests would be more beneficial for this
study.

Moreover, the majority of the PMT test points belonged to cohesive soil
profile. Therefore, the analysis focused on using the cohesive soil (silty
clay/clayey silt) data to establish relations. It is also to be mentioned that

range of I varies between 0.18 to 0.75 and the SPT N values lies between
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3 to 18 in the present study. Further studies with other I and SPT N values
may be conducted

11) Further, it is important to note that, all the relations may be used for same
or competent deposit having similar geomorphological characteristics.
Though, it is to be noted that the DMT, CPT and PMT test results are highly
affected by the presence of decomposed wood, one may use these relations
with prior knowledge of the presence of decomposed wood in the sub-soil.

12) In numerical model (created in PLAXIS 2D ver. 2016) based on the CPT
test results, the cohesion values from CPT test (generally which is on higher
side) is used for the settlement analysis. It is obvious, that more comparable
value of undrained cohesion estimated from CPT tests, may be more useful
for the study.

13) In majority of study locations, CPT based settlement has not been compared
with the observed settlement due to the scarcity of data. It is obvious that
comparing the estimated settlements (from all methods) with the observed

settlement will make the study more accurate.

8.4 RECOMMENDATION FOR FURTHER STUDY

The recommendation for further study as follows:

1) It recommended to carry out more numbers of DMT, CPT and PMT tests at
different locations within this region.

2) The value of cone factor (Nk) in CPT tests for estimating the undrained
cohesion needs to be reaffirmed for the cohesive sub-soil within this study area.
3) The range of limit pressure and pressuremeter modulus needs to be developed

for the silty sand/sandy silty deposits for the Kolkata region.
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4) More case studies need to be done for the comparison of the settlement of
shallow foundation (placed on cohesive soil) predicted from CPT and DMT tests,

with the observed one.
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Appendix

APPENDIX D

SAMPLE CALCULATION FOR THE PREDICTION OF SETTLEMENT

SITE-1 (HC)

2.13m X 21.3 m Strip footing (depth of foundation 1.9 m, design load 200 kPa)

LOCATION CPT1_HC, DMT1_HC, BH2 HC

Selection explorer
& @ Line_t

x: 5.000m
y:-L.900m

x:7.130m
¥: -1.900m
=+ LineLoad_1
|- Distribution: Uniform
@y marnef’ 0.000 KNfmfm
Gy stz et 2000 KNfmfm
19 200.0 Kiimjm
| & Dynlineload_1
Distrbution: Uriform
By stz et 0-000 KU fm/m
0y st 0:000 Kfmjm
[ tar et 0000 Kyfm/m
Multpiier; <not assigned>
H Multpler,,: <not assigned>
E- Plate_1
£} Materisl: FOOTING
Colour: W
Apply strength reduction: [7]

Model explorer

& - Attributes library

- @) Geometry

Borehcles
@ Plates

1 ) Line loads

@ @ Sols

JEE] PLAXIS 2: Highcourt Plaxis X 15_20.08.21_6.03pm.p2dx =
File Edit Structures Options Expert Help

B s R

. s

‘zaaa

T_:

s

[ Coordnates  (17.00-2.000) Rulers || origin | Crosshair | Snap to obiect || Snap togrid || Gnd | 5
Command line
Session Model history

Use the "commands” command to view the commond parameters expected by the commands of the target object
15205

oK
15835 _gotostructures
<

Command

Figure: Appendix-D: 1 : Input parameters in Plaxis 2D for modelling based on conventional

Borehole
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Appendix

Output Version 30461 21797 15047

-5.00

-150

1%.00 1750 20.00

Deformed mesh u| (scaled up 5.00 imas)
Maximum value = 0.1722 m (Element 17 at Node 798)

PLAXIS |

| Propac! Bieriarai Stas
{Highcourt Plaxis X 15_2 ... |i.’9

Highcourt Plaxis BH2

|8/20/2021

rjaﬁa‘avpur University

Figure: Appendix-D: 2 : Output in Plaxis 2D for modelling based on conventional Borehole

£ PLAXIS 2D: CPT HIGHCQURT SETTLEMENT p2dix *

o x
File Edit Structurss Options Expert Help
CEH S~ &R | s
— > S
Selection axplorer ‘E ‘ =00 000 B 10.00 18,00 2000 2800
=] T
x s.000m =
o yi-Lgoom % B %
g s 1
i x:7.130m 25| 000
y:-L300m ) i
) Uneload_1 J 3 X
Distrbution: Uniform o 2
Qs 0.000 KN/ - i
et -200.0 K m| —
el 200.0KYfm/m R ]
: El-Dynlineload_1 4 1
- Distrbution: Uniform o
stz rest 0-000 KU fm/m Yy | /]
- 0 st 0.000 KN " g
(e et 0.000 i = ]
- Multiplier ; <not assigneds> = ]
Muitplier, : <not assigned> Al
B Plate_1 LS B
£} Material: FOOTING N 1
* Colour: W F i
Apply strength reduction: [ a 60
Model explorer g Coordnats (3.000-10.00) | [Ruders |[ onign | crosshair [ snap to object | snap togrd | [ Gnd | &
@ Attrbutes lbrary e
B e Session  Modlhistary
el Use the "comands” command to view the commang parameters expected by the comnands of the target object ~
B @) Plates it
& @ e loads o«
B ® sois o227 _gotostructures .
< >
Command

Figure

sub-soil profile
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Appendix

Outpul Version 2018.1.21797 16047

-200 o.00 200 400 6.00 B00 1000 1100 14.00 LB.00

fm)
NI FETTE AT FRETE FET R FARTE FEAEE P FETE FE RS SRSl RN TN ETTTS SRS FR T ST PREN NS R
= 18
o 2
= 18
200 }
: ! - 16
= 14
400 o
- 12
= 1
£00 =
= o8
3 06
400 = Y
= 0.4
-1008
o= > x =
= a

Deformed mesh |u| (scaled up 5.00 times)
Maximum value = 0.1276 m (Element 125 at Node 1475)

CPT1 HIGHCOURT SETTLEMENT EE?!EDZ‘E
PLAXIS

[Prepact Brume i ==
CPT HIGHCOURT SET ... |45 |Jadavpur University

Figure: Appendix-D: 4 : Output in Plaxis 2D for modelling based on CPT predicted sub-soil
profile

File Edit Phases Options Expert Help

DEE S| AR “

| Phases explorer 500 0.00 509 0.00 1690 2000 2500

BB ED

af Initial phase [InitialPhase]
() EXCAVATION [Fhase_1]

) FOUNDATION [Phase_2]
9 FILL [Phase_3]

YA

| Selection explorer (Phase_2)
= @ [F] tne_1_1
Coarseness factor: 0.2500
£ @) [¥] GWFiowBaseBC_9
Behaviour: Seepage
= @) [ Lineload_1_1
Distribution: Uniform
e’ 0-000 Kilfmjm
et 2000 KNmfm
18 s ref i 2000 KNjmfm
= @[] DyntineLoad_1_1
Distribution: Uriform
Gzt 0-000 K/
Gy smareret 0.000 KA/
18t 0.000 WY/ <1000
Multplier : <not assigned> ]
Multipler  : <not assigned>

& @ Pate_1 1

Coordates (16,00 -10.00) |[Ruders |[@rigin | crosshair [Snap to obiect |[Snep togrd |[Gnd |

“Command line
Session Mode! history

Use the “commands” command to view the Command parameters expected by the commands of the target object =
e215>
i

- Material: FOOTING
Colour: W
Apply strength reduction: []
Model explorer (Phase_2)
- Attributes library

02175 _view Phase_2
) %

v
- Gy [E] Geometry c )
- @[] Plates I

@ @[] Line loads v | Command

Figure: Appendix-D: 5 : Input parameters in Plaxis 2D for modelling based on DMT
predicted sub-soil profile
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Chutpat Version 2016.1.21797.15047

Daformed mesh |u| (scaled up 5.00 imas)
Maximum value = 0.1583 m (Element 195 at Node 1474)

DMT1 HIGHCOURT SETTLEMENT [or2712021
PLAXIS DMT HIGHCOURT SET ... |43 | Jadavpur University

Figure: Appendix-D: 6: Output in Plaxis 2D for modelling based on DMT predicted sub-soil
profile
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Table: Appendix D: 1 Settlement Calculation using empirical equation

CPT-1_HC
Vertical | Depth In-situ
stress below Cpne effective | Compressibility | Settlement Total
increments | ground Resistance | Cp stress (©) (AS) Settlement
(Ap) level (9e) (a" (S)
(kPa) m (kPa) | (kPa) | (kPa) (kPa) (m) (m)
192.84 2.5 163.15 3.27
183.9 2.7 563.15 6.74
172.68 2.9 863.15 310 10.15 69.0 0.0291 0.0291
160.62 3.1 2763.15 13.78
148.73 33 4076.9 15.62
137.55 3.5 2876.9 17.42
127.33 3.7 1476.9 19.06
118.13 3.9 1176.9 20.73
109.89 4.1 1276.9 22.46
102.54 4.3 1190.65 24.09
95.97 4.5 1490.65 25.85
90.09 4.7 1190.65 27.34
84.81 4.9 990.65 28.85
80.06 5.1 1290.65 30.42
75.76 53 1204.4 170 32.07 377 0.085 0.114
71.86 5.5 1504.4 33.76
68.3 5.7 1804.4 35.64
65.06 59 2904.4 37.51
62.08 6.1 3504.4 39.56
59.33 6.3 1818.15 41.65
56.8 6.5 1318.15 43.73
54.45 6.7 2018.15 45.62
52.27 6.9 1218.15 4737
50.24 7.1 1818.15 49.19
48.34 7.3 831.9 50.78
46.56 7.5 831.9 52.28
44.89 7.7 1031.9 53.8
43.32 7.9 1731.9 554
41.84 8.1 1231.9 890 57.14 23.4 0.0376 0.1517
40.45 8.3 1545.65 58.79
39.13 8.5 1145.65 60.43
37.88 8.7 845.65 62.03
36.69 8.9 845.65 63.53
Total Settlement 0.1517
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SETTLEMENT CALCULATION FROM Mpwmt BY USING DMT SETTLEMENT

SOFTWARE

DMT-1_HC
SITE-1 (HC)

LOAD DESCRIPTION

V = 8820 kN

1 B=21m
L=21.0m

q =200 kPa

— il —
L=210m Z2°18m

CONSTRAINED MODULUS M
(MPa)

00 10 20 30 40 50

Z (m)

CALCULATION OPTIONS

Lower limit of Constrained Modulus assigned in the calculation 0.60 MPa

Thickness of calculation layer

End of Calculation

SETTLEMENTS CALCULATION

(one-dimensional conventional method)

0.20m
Z=9.00m

Ao Settlements [mm
M 52.4 104.5 52.4
Calculation Point Settlements | Z Stop 84.9] 169.4 |84.9
52.4 1045 524
[mm] [m]
below the center 169.4 8.90
below the corner 52.4 8.90
below the median point of 84.9 8.90
short side
below the median point of 104.5 8.90
long side

The calculated settlements are obtained using the interpretation formulae and the calculation
method recommended in the TC16 DMT Report(2001). It is the designer's responsability to use

alternative procedures if considered preferable.
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jusl

z
(m)

SETTLEMENTS CALCULATION - below the center
JoB
CUSTOMER LOCATION
CONSTRAINED VERTICAL STRESS VERTICAL TOTAL
MODULUS INCREMENT STRAIN SETTLEMENT
00 20 40 60 80 00 50 100 150 200 00 10 20 30 40 00 50 100 150 200
S =169.4 mm
1 1
2 2
3 3
4 4
5 5
6 6
7 7
8 8
M (MPa) Ao (kPa) € (%) S (mm)

Figure: Appendix-D

: 7: Output in DMT settlement software based on Mpwmr

Table: Appendix D: 2 Settlement below the center of the footing

y4
[m]

2.10
2.30
2.50
2.70
2.90
3.10
3.30
3.50
3.70
3.90
4.10
4.30
4.50
4.70
4.90
5.10
5.30
5.50
5.70
5.90
6.10
6.30
6.50
6.70

M a'v Ac
[MPa | [kPa] | [kPa]

]
1.9 3 | 199.93
1.9 3 | 198.20
1.9 3 | 192.84
5.6 6 | 183.90
5.0 9 | 172.68
0.6 13 | 160.62
15.4 16 | 148.73
9.7 19 | 137.55
11.5 22 | 127.33
30.8 25 | 118.13
29.6 29 | 109.89
34.0 32 | 102.54
5.1 36 95.97
8.9 39 90.09
9.6 42 84.81
10.7 45 80.06
11.3 49 75.76
12.5 50 71.86
9.3 51 68.30
11.2 53 65.06
10.4 54 62.08
10.8 56 59.33
11.5 57 56.80
7.1 58 54.45
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£
[%]

10.523
10.431
10.149
3.284
3.454
26.770
0.966
1.418
1.107
0.384
0.371
0.302
1.882
1.012
0.883
0.748
0.670
0.575
0.734
0.581
0.597
0.549
0.494
0.767

AS
[mm]

21.05
20.86
20.30
6.57
6.91
53.54
1.93
2.84
2.21
0.77
0.74
0.60
3.76
2.02
1.77
1.50
1.34
1.15
1.47
1.16
1.19
1.10
0.99
1.53

S
[mm]

21.0

41.9

62.2

68.8

75.7
129.2
131.2
134.0
136.2
137.0
137.7
138.3
142.1
144.1
145.9
147.4
148.7
149.9
151.3
152.5
153.7
154.8
155.8
157.3
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[m]

6.90
7.10
7.30
7.50
7.70
7.90
8.10
8.30
8.50
8.70
8.90

M
[MPa

41.7
13.7
12.7
9.2
12.2
5.1
4.8
5.4
7.1
6.9
4.9

c'v
[kPa]

60
61
63
64
66
67
68
70
71
72
74

Ac
[kPa]

52.27
50.24
48.34
46.56
44.89
43.32
41.84
40.45
39.13
37.88
36.69
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£
[%]

0.125
0.367
0.381
0.506
0.368
0.849
0.872
0.749
0.551
0.549
0.749

As
[mm]

0.25
0.73
0.76
1.01
0.74
1.70
1.74
1.50
1.10
1.10
1.50

[mm]

157.6
158.3
159.0
160.1
160.8
162.5
164.2
165.7
166.8
167.9
169.4





